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PREFACE 

During the time since the first Thorium Fuel Cycle Sym
posium was held (December 1962), four reactors based on 
the thorium fuel cycle have become operational, new esti
mates suggesting even more extensive deposits of low-cost 
thorium ores than were previously thought to exist have 
been made, improved methods for preparing and for fabri
cating thorium fuel materials have been developed, and 
studies for processing them have been carried out. It is 
time to take a fresh look at the reasons for working on the 
thorium fuel cycle and at its long-range prospects. This 
symposium was designed to that end. Its international flavor 
attests to the widespread interest in thorium. The nature 
of the papers clearly shows that the interest is not merely 
dilettante but is an expression of confidence in the thorium 
fuel cycle to produce economically competitive power. 

I l l 
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IMPORTANCE OF THE APPROACH TO EQUILIBRIUM 

AND COMPARISON OF ACCURATE REACTOR 

HISTORIES WITH EQUILIBRIUM FUEL CYCLES 

IN THE HIGH-TEMPERATURE GAS-COOLED REACTOR 

S. JAYE and D. H. LEE, JR. 
John J. Hopkins Laboratory for Pure and Applied Science, General Atomic, 
Division of General Dynamics Corporation, San Diego, California 

ABSTRACT 

In the choice of the optimum fuel cycle for the High-Temperature Gas-Cooled 
Reactor (HTGR), it is most convenient to characterize the effects of the various 
parameters by their behavior in the repetitive equilibrium mode of operation. 
However, the achievement of the equilibrium cycle for a reactor recycling its 
own fuel takes two or more core lifetimes, and this period of time exerts a 
disproportionate influence on the fuel-cycle cost if a present-worth analysis is 
used. The choice of the optimum approach to equilibrium Is particularly difficult 
as a result of the many potential paths available and the interdependence of 
succeeding cycles. The operation during the approach generally exhibits higher 
fuel-cycle costs since the first core receives less than the equilibrium cycle 
burnup. There are several ways by which this effect can be at least partially 
mitigated. One approach considered for a lOOO-Mw(e) HTGR maintains the same 
specific power in the initial and equilibrium cycle and defers the first refueling 
for one year. As a result the conversion ratio in the first core is 0.78 compared 
with 0.79 in the recycle equilibrium core, and the cost penalty is only 7% even 
with the first core fueled with ^'^U. 

Several alternate methods of approaching the equilibrium cycle have been 
studied, and their neutronic and economic characteristics are described. A 
correlation is developed to relate the start-up penalty associated with several 
methods for approaching the equilibrium cycle. Since optimum cycles are more 
conveniently defined by equilibrium conditions, a comparison is made to ensure 
that the relative advantages of the optimum cycles are unchanged when complete 
reactor histories are considered. 

The High-Temperature Gas-Cooled Reactor (HTGR), like most other 
reactors, utilizes a graded fuel cycle where in equilibrium conditions 
a nominally constant fraction of the core is refueled periodically. If 
annual refueling is used, this fraction is the inverse of the fuel res i 
dence time T. The attainment of the equilibrium cycle takes several 
years of operation since the first core contains no bred fuel (i.e., 

1 



2 JAYE AND LEE 

initially fueled with ^̂ ^U) or fission products and as a consequence has 
significantly different neutronic characteristics than those obtained in 
an equilibrium core. For a reactor recycling its own fuel, two or more 
fuel residence times may be required before an equilibrium or repeti
tive cycle is achieved. There are certain cost penalties associated 
with the approach to equilibrium because 

1. The neutronic characteristics may be inferior to those of the 
equilibrium cycle. 

2. The first core receives less exposure and may be more ex
pensive than equilibrium cores. 

3. The extra costs incurred early in a reactor history carry 
larger than average weight if the present-worth accounting procedure 
is used. 

Since it is convenient and calculationally simpler to evaluate fuel 
cycles in terms of their equilibrium characteristics, it is important 
to assess the penalties not reflected in such analyses and to develop 
design strategies that minimize these penalties. In this study we ex
amine the following items: 

1. What are the significant variables in determining the approach 
to equilibrium penalty ? 

2. How sensitive is the penalty to the particular strategy em
ployed ? 

3. What is the magnitude of the penalty for reasonable strat
egies? 

We briefly discuss the present-worth accounting system for fuel-
cycle analysis and indicate its effect on the components of the fuel-
cycle cost. Also, we contrast the fuel-cycle costs in a 1050-Mw(e) 
HTGR as determined from equilibrium cycles and accurate reactor 
histories and show the variation in the optima. Conclusions are given 
in the last section. 

EFFECTS OF PRESENT-WORTH ACCOUNTING 

Although it is not within the scope of this paper to present a de
tailed discussion of accounting procedures, a few comments are nec
essary to understand the forces at work. The present-worth method 
eliminates the time dependence of each contributing cost or revenue 
by discounting them to obtain equivalent costs at some arbitrary time 
point, usually taken as time zero. The present-worth factor is defined 
as (1 + i ) - ' , where i is the discount interest rate and t is the time in 
years. If one chooses to break the costs down into the traditional com
ponents used in fuel-cycle evaluations, they can be represented as 
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X = 

N 

L " 
E 

k=l k=l -• k=l 

(1) 

where X = fuel-cycle-cost components, such as fabrication or repro
cessing, per unit energy output 

X(k) = component cost during the k year 
L = levelizing factor = i /[ l - (1 + i)~^] 
N = reactor life in years 
E = energy generated per year 

PwF(k) = present-worth factor of the k year 
ij = working-capital interest rate 

For simplification, in this equation equal energy generation each 
year is assumed. The terms in the brackets represent the cost of 
money, i.e., the difference between the overall present-worthed cost 
and the out-of-pocket cost. The second term reintroduces the out-of-
pocket costs. This particular form of handling the working capital is 
due to the financial structure of most of the private utilities in the 
United States; i.e., ij generally exceeds i. To translate into traditional 
reactor-fuel-cycle terminology, the first term in Eq. 1 is the working 
capital on a particular component and the second term is the com
ponent itself. This procedure is essentially the same as that suggested 
by Rosenthal et al.-' 

Keeping in mind that the present-worth factors decrease with 
time, it is easily seen how the increased expenditures during the ap
proach to equilibrium have a disproportionate effect on the overall 
cost. Equation 1 is perfectly general, with the exception that it does 
not include the settlement after the reactor is decommissioned. By 
factoring in some of the basic characteristics of the HTGR, it is pos
sible to determine which parameters have the strongest effect on the 
approach to equilibrium penalty, and consequently clues are provided 
to the best way to minimize this penalty. 

Arbitrarily assigning unity to the cost of fabricating fuel for 
1 year and assuming, for the time being, that fabrication costs are 
dependent only on the number of elements fabricated, Eq, 1 may be 
written for the fabrication component as 

Fabrication = L T P W F ( - 0 . 5 ) + L ^ PwF(k-0 .5) 
k=tl 

T + (N - tl) h , T + ( N - t l ) , . 
N JT + S '̂̂  
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where the fabrication working capital includes 0.5 year preirradiation, 
t l is the time in years of the first reload, and N is the assumed life
time of the reactor. 

For determining the start-up penalty, it is convenient to make a 
comparison with the equilibrium costs, which for fabrication are 

Fabrication (equilibrium) = 1.0 + ^ I2 + O.5I2 (3) 

where the first term is the unity cost of fabrication, the second term 
is the in-core fabrication working capital, and the third term is the 
preirradiation working capital. 

Using some typical values, the penalty can now be evaluated. 
Typical fuel residence times for the HTGR are from 3 to 6 years and 
the assumed plant lifetime is 30 years. The present-worth interest 
rate is taken as 6.5% and the working-capital interest rate as 10%. A 
usual strategy is to first reload after 2 years of operation and annually 
thereafter. Under these conditions, the start-up penalty on the fabrica
tion cost is shown in Table 1 for several cycle times. 

Table 1 

START-UP PENALTY ON FABRICATION COSTS FOR 
SEVERAL CYCLE TIMES 

Cycle time, Equilibrium 30-year-average Penalty, 
years fabrication cost fabrication cost % 

3 
4 
5 
6 

1.20 
1.25 
1.30 
1.35 

1.33 
1.43 
1.54 
1.64 

10.8 
14.4 
18.5 
21.5 

Using similar assumptions, the recovery costs (i.e., shipping and 
reprocessing) can be written as 

N 

Recovery L ^ PwF(k + 0.5) - ^ ^^""^ 
k=tl 

i^Lli ,„ 
In this case ij is usually equal to i, and reprocessing occurs 0.5 year 
after the fuel is removed from the core. The recovery costs, with the 
normalization used, are seen to be invariant with cycle time. The 
equilibrium costs, however, as shown in Eq. 5, are dependent on cycle 
time: 

Recovery (equilibrium) = 1.0 - ( - + 0.5\ i (5) 
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The r ecove ry -cos t penalty for typical conditions is smal l (~3 to 5%) 
and negative. The saving is at t r ibuted to the fact that the f i r s t expendi
ture does not occur until the third yea r of power production. The 
negative working capital itself i s the r e su l t of the associa ted power 
being produced and the revenue received before the expenditure . 

Analysis of the fuel component in a p resen t -wor thed fuel-cycle 
cost r equ i re s some additional simplifying assumpt ions . Although these 
assumpt ions introduce some e r r o r s in the r e su l t s , they should be 
adequate as a ba s i s for the genera l conclusions that will be drawn. 
Since the f i r s t co re contains no recyc le fuel, the init ial conversion 
ra t io tends to be lower than the equil ibr ium value. We have assumed 
that the net fuel r equ i rements during the rep lacement of the f i r s t co re , 
Mu(0), a r e equal and change s tepwise to the equil ibr ium value, Mu, 
thereaf te r . If the value of the fuel inser ted each year at equil ibr ium is 
unity, then Mu = (1 - CR)difa*, and the cost of fuel can be writ ten a s 

Fuel = I . 2 - M u + ( M U / T ) „ -r, / n r \ , AT^ T^/ii f% c\ 

A j . —^ '—i Pvi^F (-0.5) +APwF( t l - 0 . 5 ) 

tl+T-2 N-2 

+ > Mu(0)PwF(k + 0.5) + V MuPwF(k + 0.5) 

k=tl 

2 - Mu - ( M U / T ) 

k=tl+T-2 

PwF(N + 0.5) 

_1_ 
' N E 

. 2 - M U + ( M U / T ) . , WW, /^x 
A T r-'^ '—'• + A + (T - 1 ) M U ( 0 ) 

+ (N - t l - T)MU - T 

I 

2 - Mu - ( M U / T ) 

NE 
2 - M U + ( M U / T ) , , , , , , „ , 

AT ~ '—^ + A + (T - l)Mu(O) 

+ ( N - t l - T ) M U - T 
2 - Mu - ( M U / T ) (6) 

where A is the ra t io of the specific powers in the equil ibr ium and 
init ial c o r e s . 

For equil ibrium conditions, the cost of fuel i s 

Fuel (equilibrium) = Mu + O.Sij + r -^—^ ii + 0.5ii(l - Mu) (7) 

*Here difais defined as fissile atoms destroyed per initial fissile atom and 
CR is the conversion ratio. 
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Typical conversion ratios for a lOOO-Mw(e) HTGR are in the range 
from 0.7 to 1.0 with fifas from 1 to 2. Some results for typical condi
tions are shown in Fig. 1 with the fuel residence time T taken as 4 
years and Mu as 0.4. This penalty can be kept fairly small by utilizing 
the lack of fission products in the initial core to keep A and Mu(0)/Mu 
less than 1.1. 

20 

16 

12 

o tr 
u j 
Q_ 

8 

4 

0 

Fig. 1—Incremental increase in cost of fuel as a function of A and 
CR(o). 

From Eqs. 2, 4, and 6, three major variables can be seen which 
are of importance in reducing the penalty associated with the start-up 
and approach to equilibrium. In general, the initial core produces less 
power than do later cores, and present worthing these earlier expendi
tures further increases the penalty in terms of fabrication and r e 
covery costs. One strategy used in the HTGR for alleviating this 
problem is to delay the first reload; i.e., t l is usually set equal to 2, 
The second variable is the specific power in the first core relative to 
that in the equilibrium cycle. Increasing the specific power in the first 
core decreases the expenditure for fuel prior to start-up; this effect 
is also magnified by the present-worth system of accounting. The 
third variable of importance is the conversion ratio of the first core 
relative to the equilibrium cycle. For a reactor recycling its own bred 
fuel, a low conversion ratio initially prolongs the time during which 
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ex t ra fuel mus t be purchased to supplement the s m a l l e r quantity of 
available recyc le fuel. 

These three var iab les a r e not independent, but a r e linked with the 
requ i rements for cr i t ica l i ty . Increas ing the init ial specific power, for 
example, is not consis tent with delaying the f i r s t re load and increas ing 
the conversion ra t io . The optimum approach is therefore a compromise 
between these th ree p a r a m e t e r s , which in turn i s influenced by the 
re la t ive magnitude of the var ious economic p a r a m e t e r s . High-priced 
fuel, for example, puts added emphas i s on increas ing the specific 
power and the conversion ra t io of the init ial core r a the r than delaying 
the f i rs t re load. 

COMPARISONS OF EQUILIBRIUM CYCLES 

AND ACTUAL REACTOR HISTORIES 

Equil ibr ium-fuel-cycle cos t s have been calculated for a typical 
l a rge HTGR, and some of the per t inent information i s shown in Table 
2. The r eac to r i s the one descr ibed in the TARGET Design Study,^ and 
the economic p a r a m e t e r s a r e those general ly a s sumed to be a p p r o 
priate^ for l a rge HTGR's in the late 1970's or ea r ly 1980's. For these 

Table 2 

SOME REACTOR CHARACTERISTICS AND ECONOMIC 
PARAMETERS 

Reactor power, Mw(t) 
E lec t r i ca l output, Mw(e) 
Load factor , % 
Active co re d iamete r , ft 
Active co re length, ft 
Core power densi ty, wat ts /cm^ 

Coolant 
Coolant inlet t e m p e r a t u r e , °F 
Coolant outlet t e m p e r a t u r e , °F 
Coolant p r e s s u r e , psia 
Fuel-fabricat ion cos t , $ /kg 
Graphite cos t , $ / c o r e 

Virgln-BeO cost , $ / c o r e 
BeO-recovery cos t , $ / c o r e 
Fue l - r ep roces s ing cost , $ /kg 
Uran ium-ore cos t , $ / lb 
Uranium-convers ion cost , $ /kg 
Separat ive-work cos t , $ /kg 

238U/235U value 
Working-capi tal r a t e , % 
Basic in te res t r a t e , % 
Pre i r r ad i a t i on t ime , y e a r s 
Pos t i r rad ia t ion t ime , y e a r s 

2340 
1050 
82 
31.1 
15.5 
7 

Helium 
720 
1470 
450 
100 
2.8 X IC 

9.4 X 1( 
2.7 X 1( 
50 
8 
2.70 
30 

1.17 
10 
6.5 
0.5 
0.5 
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assumptions the equilibrium-fuel-cycle costs and conversion ratios 
are shown in Fig. 2 as a function of C/Th and fuel residence time. The 
C/Th = 200 and T = 4 years is close to the optimum and was arbitrarily 
chosen as the base case. The equilibrium-fuel-cycle cost is 0.97 
mill/kw-hr, and the conversion ratio is about 0.8. 

1.10 

1.05 -

1.00 

10.95 

-

v ^ 
^ 

C/Th = 2 2 5 / 

— ^ —""** -^ff 
"'~~«——--̂ "̂ ^^^^^ ÎI-—"̂ ^ 

1 

/2OO / 

^ ^ 

BASE CASE 

1 

/ • 

1 

A 
BeO CASE 

1 0.90 
0.70 0.75 0 80 0.85 0.90 

CONVERSION RATIO 

Fig. 2—Equilibrium-fuel-cycle costs and conversion ratio. 

One method often considered for enhancing the conversion ratio 
in the HTGR is to replace about a third of the graphite moderator with 
BeO. The better moderation of the BeO results in a more thermal 
reactor and a correspondingly larger conversion ratio. However, a 
larger quantity of thorium must be used in the core and BeO must be 
recovered; both of these requirements add to the fabrication cost. A 
single arbitrarily chosen but typical BeO point, Be/Th = 40 and T = 6, 
is also shown in Fig. 2. These values lead to an equilibrium-fuel-
cycle cost of 1.06 mills/kw-hr and a conversion ratio of 0.9. By de
creasing the Be/Th or the fuel residence time, the conversion ratio 
can be increased to unity. 

A cash flow for the base case with the typical conditions for the 
lOOO-Mw(e) HTGR's outlined in Table 2 is shown in Table 3. The 
strategy employed in this case was to defer the first refueling until 
after 2 years of operation and to load about the same value of fissile 
material in the first core as that which obtains in the equilibrium core 
at the beginning of the cycle. The fuel-cycle cost in this case is 1.04 
mills/kw-hr, which is less than 7% larger than the equilibrium value. 
Of this total fuel-cycle cost, 0.44 mill/kw-hr represents tiie cost of 
money, i.e., working capital. 
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Table 3 

CASH FLOW, $ X 10«, FOR A 1050-Mw(e) HTGR* WITH FUTURE COST 
PARAMETERS 

Time , 
y e a r s 

- 0 , 5 
0.5 
1.5 
2.5 
3,5 
4,5 

5.5 
6.5 
7.5 
8.5 

29.5 
30.5 

Total 

Fabr ica t ion 

7.03 

1,80 
1.79 
1.7S 
1.78 

1.78 
1.78 
1.78 
1.78 
0 

- 2 . 6 7 

54,24 

Reprocess ing 

0,50 
0,50 
0,51 

0,51 
0.51 
0,51 
0.51 
0,51 
1,28 

15.54 

Net 
fuel purchase 

22.91 

7.85 
2,63 
2.27 
1,88 

2,14 
1.92 
2.05 
2,10 

- 4 , 1 3 
- 1 8 , 4 3 

65.19 

Total 

29,94 

9.65 
4,92 
4.56 
4,17 

4,43 
4.21 
4.34 
4,39 

- 3 . 6 2 
- 1 9 . 8 2 

134.97 

P r e s e n t -
worth total 

30,91 

8.83 
4,23 
3,69 
3.17 

3,17 
2.82 
2.73 
2.59 

- 0 , 5 7 
- 2 , 9 5 

86,77 

*C/Th = 200, T = 4 y e a r s , t l = 2, and A = 1,10. 

Table 4 shows the results for the same reactor and cost parame
ters shown in Table 2 but for a somewhat different strategy. The 
fissile concentration in the initial core corresponds to that in the feed 
fuel of the equilibrium core, and the excess reactivity is compensated 
by additional thorium. Thus the initial cash outlay is larger, but the 
conversion ratio is increased and the net fuel purchase is reduced for 
several years. The net result of this additional early expenditure is 
a very slight increase in the fuel-cycle costs, of which 0.45 mill/kw-
hr represents the working capital. The relative insensitivity in the 
cost for these quite different strategies allows the reactor designer 
quite a lot of flexibility in designing the initial core for less severe 
operating conditions while experience is being gained by the operator. 

The cash flow for an HTGR using BeO is illustrated in Table 5, 
and the most striking difference is the very large cost of the first 
core. It was assumed that the BeO was initially purchased, which alone 
adds $9.4 x 10^ to the cost. Even though the direct costs are reduced 
by about $8 x 10^, the present-worth levelized costs are increased 
by 0.1 mill/kw-hr to 1,14 mills/kw-hr. Clearly, for this particular 
example, it is not advantageous to use BeO with this specific set of 
economic conditions. It is interesting to note, however, that if the cost 
of BeO were to decrease markedly or if it were capitalized at a low 
interest rate, this BeO case would have fuel-cycle costs lower than 
the graphite case. 
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Table 4 

CASH FLOW, $ X 10«, FOR A 1050-Mw(e) HTGR* WITH FUTURE COST 
PARAMETERS 

Time, Net P r e s e n t -
y e a r s Fabricat ion Reprocess ing fuel purchase Total worth total 

- 0 , 5 
0,5 
1,5 
2,5 
3,5 

4,5 
5,5 
6,5 
7,5 
8,5 

9,5 
10.5 
29.5 
30,5 

Total 

7,48 

1.79 
1.78 
1,78 

1,78 
1,78 
1.78 
1,78 
1.78 

1.78 
1,78 

- 2 , 6 7 

54,66 

0.62 
0,57 

0,54 
0.51 
0,51 
0.51 
0.51 

0,51 
0,51 
0.51 
1,28 

15,76 

25,00 

7,06 
1.25 
1,51 

1,39 
2,19 
2,00 
2,63 
2.12 

2.11 
2,10 

- 4 . 1 3 
- 1 8 , 4 3 

64.60 

32.48 

8.85 
3.65 
3.86 

3.71 
4.48 
4.29 
4,92 
4,41 

4,40 
4,39 

- 3 , 6 2 
- 1 9 , 8 2 

135.02 

33,54 

8,10 
3.14 
3,13 

2,82 
3,20 
2,87 
3.10 
2.60 

2.42 
2.27 

- 0 . 5 7 
- 2 , 9 5 

87,11 

*C/Th = 200, T = 4 y e a r s , t l = 2, and A = 1,22. 

Table 5 

CASH FLOW, $ X 10«, FOR A 1050-Mw(e) HTGR* WITH BeO AND FUTURE 
COST PARAMETERS 

Time, 
y e a r s Fabricat ion 

- 0 , 5 
0,5 
1,5 
2,5 
3,5 
4.5 

5,5 
6.5 
7.5 
8.5 

29,5 
30,5 

Total 

17,74 

3,55 
2,10 
2,09 
2,09 

2,09 
2,09 
2.09 
2,09 

- 9 , 3 6 

68,37 

Reprocess ing 

0,51 
0,51 
0,51 

0,52 
0,52 
0,52 
0,52 
0,52 
1,56 

16,09 

Net 
fuel purchase 

21,12 

6.10 
2.30 
1.89 
1.70 

1.65 
1,53 
1,28 
1.30 

- 3 . 4 9 
-18 .79 

42.59 

Total 

38.86 

9,65 
4,91 
4.49 
4.30 

4,26 
4.14 
3.89 
3.91 

- 2 , 9 7 
- 2 6 , 5 9 

127,05 

P r e s e n t -
worth total 

40,12 

8.83 
4,22 
3,64 
3,27 

3.05 
2.77 
2.45 
2.31 

- 0 . 4 7 
- 3 , 9 9 

92,04 

*Be/Th = 48, T = 5 y e a r s , t l = 2, and A = 1.05, 
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Fig. 3—Comparison ofequilibrium-fuel-cycle costs with corresponding 
present-worthed levelized values. 

Figure 3 compares some of the equilibrium-fuel-cycle costs 
shown in Fig. 2 with the corresponding present-worth levelized values. 
In all cases the strategy was that of equal fissile-mate rial value in 
the initial and equilibrium cores and the deferment of the first refuel
ing until two years of operation. The relative position of the points 
using accurate reactor histories and the present-worth analysis are 
about the same as those using the much simpler and more convenient 
equilibrium analysis. The effect of the present-worth analysis is to 
add a relatively constant penalty of about 7% to the fuel-cycle cost. 

CONCLUSIONS 

Large fuel-cycle-cost penalties, which are not reflected in the 
analysis of the equilibrium fuel cycle, can be incurred due to the initial 
operation of a reactor. By employing a strategy that takes advantage 
of the lack of fission-product poisons in the first core, this penalty 
can be held to about 7% of the total fuel-cycle cost in lOOO-Mw(e) 
HTGR's by using the cost parameters expected for the late 1970's or 
early 1980's. The penalty does not seem to be sensitive to the partic
ular strategy employed, however, and the strategy can be chosen to 
yield operating conditions which are less severe than those expected 
at equilibrium. This could be of particular advantage when newly de
signed fuel elements or primary-system components are used. 

Equilibrium-fuel-cycle analyses can be used to define the optimum 
mode of operation. This is a considerable advantage due to their 
simplicity and low cost, particularly when the effects of several r e -



12 JAYE AND LEE 

actor variables and economic parameters are to be considered. How
ever, it must be recognized that even with a good strategy, a start-up 
penalty of about 10% has to be added to the equilibrium costs. 
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POSSIBLE OPTIMUM USE OF THORIUM AND URANIUM 

EMPLOYING CROSSED-PROGENY FUEL CYCLES* 

E. A. ESCHBACH and D, E. DEONIGI 
Battelle Memorial Institute, Pacific Northwest Laboratory, Richland, Washington 

ABSTRACT 

Plutonium-enriched thorium appears to have advantages over ^^^U-enriched 
thorium in some reactors. The fuel-cycle costs, for example, appear to be 
lower, and the newly formed ^̂ Û is not contaminated with ^̂ *U, Furthermore, if 
the Plutonium is concentrated as lumps within the thorium rods, the effective 
plutonium fission cross section can be reduced to that of ^^'U. Such plutonium 
lumping would offer the additional advantage of a reduction in alpha because of 
the special shieldii^ of the 239pu resonance. Fueling tight-lattice water reactors 
with ^^^U-natural uranium may be an efficient way of using ^̂ ^U, and the plu
tonium produced could be used to enrich the Pu-Th cycle. 

A technique for determining the relative value of ^̂ Û in thorium to plu
tonium in thorium is described. Also considered is the use of reduced-density 
thorium fuels in water reactors. A special form of reduced-density fuel con
sidered is the ternary fuel consistirg of '̂lOpu, ^ssy, and ^ssxh. The effective 
resonance integral can be adjusted so as to produce relatively flat reactivities 
by changing the relative fuel concentrations. Also, very high power densities 
may be obtained if these fuel concentrations are low enough in density to allow 
them to be placed in a durable matrix. 

In this paper , we will consider how the advantages of thor ium and 
uran ium fuel cyc les might be combined so that thor ium could be more 
economically used in the rma l r e a c t o r s of cu r r en t design. 

Both thor ium and natura l u ran ium have about the same mining 
cos t s , but na tura l u ran ium contains some f iss i le m a t e r i a l (1 p a r t in 
139) whereas thor ium has none. Hence the cost to enr ich thorium i s 

*Work performed under U. S. Atomic Energy Commission Contract AT(45-
1)-1830. 
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higher. Cost therefore is the reason that most thermal reactors use 
uranium instead of thorium as a fertile material. This cost disadvantage 
is emphasized in the United States because we already have a sizeable 
nuclear industry oriented toward the use of slightly enriched uranium. 

This disadvantage, however, might be overcome by maximizing the 
advantages of the thorium and uranium fuel cycles. One way to do this 
would be to cross the fissile progeny of thorium and ^̂ Û so that the 

233p (27.4 DAYS) 
BETA DECAY 

233u + 1 NEUTRON 
90% FISSION 
10% CAPTURE 

234U + 1 NEUTRON 

235U + 1 NEUTRON 
80% FISSION 
20% CAPTURE 

236U + 1 NEUTRON 

FERTILE 

FISSILE 

FERTILE 

FISSILE 

PARASITE 

238u + 1 NEUTRON 

I 

239^^ (2.3 DAYS) 
' ^P BETA DECAY 

Z39pu + 1 NEUTRON 
65% FISSION 
35% CAPTURE 

2t0pu + l NEUTRON 

ZIlPu + 1 NEUTRON 
75% FISSION 
25% CAPTURE 

242pu + 1 NEUTRON 

237[̂ p 

CHEMICALLY SEPARABLE 
2«Am 

CHEMICALLY SEPARABLE 

Fig. 1—Isotopic buildup in thorium and ^^^U systems. 

Plutonium formed from ^̂ Û would serve as enrichment for thorium 
and the ^̂ Û formed from thorium would serve as enrichment for ^̂ ^U. 
However, before showing how such crossed-progeny fuel cycles would 
maximize the advantages of the thorium and uranium fuel cycles, let 
us first consider both the buildup of plutonium in ^̂ Û and the buildup 
of ^̂ Û in thorium. 

In Fig. 1 we notice the striking parallel that exists between the 
two series. Both series begin with an abundant fertile material, and, 
when ^̂ ^Th and '̂̂ U capture a neutron, they form a new isotope that 
beta decays to form a fissile isotope (̂ '̂ U or ^^^Pu). Thereafter, each 
series has the same rhythm of fertile isotope, fissile isotope, and 
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parasite, which terminates the chain when it captures a neutron to 
form a chemically separable isotope. 

If we consider more closely the isotopic properties in each series, 
we find some significant differences. Uranium-238, for example, has a 
much larger fast fission cross section, or fast effect, than thorium. 
The fast effect is important because it produces both neutrons and heat 
from an inexpensive material. Now when ^̂ Û captures a neutron, it 
forms ^^^Np; and, when thorium captures a neutron, it forms ^^^Pa. 
Here again, we observe a difference: ^^^Pa has a much longer half-life 
than ^ '̂Np and also has a larger absorption cross section, which in
cludes a sizeable resonance integral. So the probability of ^^^Pa 
absorbing a neutron to form ^̂ *U instead of ^^% is much greater than 
the probability of ^̂ ^Np absorbing a neutron to form ^^'Pu instead of 
^^'Pu. This probability of ^^^Pa forming nonfissile ^̂ *'U instead of 
fissile ^̂ Û becomes a serious problem if the flux level is very high or 
if the neutron spectrum is very hard. 

The next isotopes in the series, ^̂ Û and ^^^Pu, are both fissile, but 
their characteristics are also distinctly different. In the thermal-
neutron spectrum, ^̂ Û has a much lower alpha {oc/at) and therefore a 
higher eta [v/{l + a)] than ^^^Pu. This difference in eta, however, is 
not as large as the difference in alpha might suggest because ^^^Pu has 
a larger u, or a larger number of neutrons produced per fission. Our 
next observation is that ^^'Pu, because it has a higher alpha, produces 
3.5 times more of the fertile isotope ^ '̂'Pu than ^̂ Û produces of the 
fertile isotope ^^''u. Also, when comparing the fertile materials ^^"Pu 
and ^̂ *U, we find that '̂*''Pu has a much larger cross section, possibly 
making it the more valuable of the two fertile isotopes. 

After each of these two fertile materials absorbs a neutron, two 
new fissile isotopes are formed, namely, ^̂ Û and ^*'Pu. Here the dif
ference in alpha is small, and it seems to favor the thorium series. 
The difference in v, however, causes ^^'Pu to have the larger eta; and 
this larger eta of ^*'Pu over ^̂ Û tends to reduce the net effect of the 
larger eta of ^̂ Û over ^^'Pu. Moreover, *̂*Pu has a larger cross sec
tion than ^^^U. However, the 13-year half-life of ^""Pu means that some 
^^^Pu will be lost by decay. As for the percentage of fissions to the 
percentage of captures in thermal reactors, ^*^Pu forms '̂'̂ Pu about 
25% of the time, whereas ^^'u forms ^̂ Û about 20%of the time. Both 
^̂ Û and '̂'̂ Pu are parasites because they require the absorption of still 
another neutron to produce another nonfissile, nonfertile isotope. These 
nonfissile, nonfertile isotopes, ^ '̂Np and ^*^Am, are both chemically 
separable and terminate their respective series. Even though we have 
described ^̂ Û and ^*^Pu as parasites, it should be noted that both of 
them would become valuable if a market ever arose for transuranium 
heat-source isotopes. In that event ^̂ ^Np and '̂'̂ Am targets would be i r 
radiated to form "8pu and ^^^Cm, respectively. 



16 ESCHBACH AND DEONIGI 

Now let us take an even more detailed look at the two sets of fissile 
isotopes as shown in Table 1. In particular, let us consider the effect 
of the neutron spectrum on eta, which is the ratio of the neutrons 

Table 1 
ETA OF FISSILE ISOTOPES FOE VARIOUS REACTOR SPECTRUMS 

Neutron 
temperature, °C 

100 

400 

1000 

Spectral 
index r 

0.05 
0.15 
0.25 
0.35 

0.05 
0.15 
0.25 
0.35 

0.05 
0.15 
0.25 
0.35 

233U 

2.27 
2.26 
2.23 
2.22 

2.26 
2.24 
2.22 
2.20 

2.25 
2.23 
2.20 
2.19 

235U 

2.06 
2.01 
1.97 
1.94 

2.04 
1.98 
1.94 
1.89 

2.01 
1.95 
1.89 
1.83 

239 p y 

2.06 
2.00 
1.96 
1.93 

1.95 
1.92 
1.90 
1.88 

1.87 
1.87 
1.87 
1.86 

2"Pu 

2.24 
2.24 
2.23 
2.22 

2.20 
2.20 
2.20 
2.20 

2.12 
2.15 
2.17 
2.20 

produced to the neutrons absorbed. Note that the table shows the com
puted eta values for four spectral indexes and three neutron tempera
tures. The spectral index of 0.05 represents a well-moderated reactor; 
the spectral indexes of 0.15 and 0.25, typical power reactors; and the 
spectral index of 0.35, a power reactor using a highly enriched fuel. 
When considering temperatures, we should keep in mind that the neu
tron temperature of 100°C relates to a heavy-water-moderated reac
tor (HWR), the 400 °C neutron temperature relates to a light-water-
moderated reactor (LWR), and the 1000°C temperature relates to a 
high-temperature gas-cooled reactor (HTGCR). 

Looking at the isotope ^̂ ^U, we see that its eta changes little when 
either the spectral index or the neutron temperature increases. This is 
in marked contrast with ^^^Pu, whose eta changes considerably when 
either the temperature or the spectral index increases. As for the eta 
of ^̂ ^U, we see that it has only a small reduction when the temperature 
increases but a significant reduction when the spectrum hardens. It 
should be pointed out, however, that the concentrations of ^̂ Û used in 
these calculations are typical of the dilute quantities produced from 
^̂ *U captures. These dilute ^̂ Û quantities are only one-tenth of the 
^̂ Û concentrations in light-water-moderated reactor fuels. Thus the 
self-shielding of the ^̂ Û resonance here is very small when compared 
to the self-shielding in ^̂ Û enriched fuel. 

Plutonium-241 is the second fissile plutonium isotope shown in 
Table 1. Although some uncertainties still exist, our data for •̂**Pu 
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indicate a very small eta variation when the temperature or the spec
trum changes. The one exception is in the 1000°C neutron-temperature 
range. The reason the ^̂ *Pu eta increases in this range is that a higher 
percentage of the reactions are taking place above the 0.3-ev resonance. 

From what has been shown thus far, we can conclude, without 
considering special fuel configurations,* that plutonium performs best 
in a soft spectrum and at a low neutron temperature, two characteris
tics that are typical of HWR designs. We can conclude further that, 
since spectrum changes do not affect the eta of '̂̂ U, the reactor in 
which ^̂ Û is used could maximize some other fuel or reactor character
istic. For example, ^̂ Û used in an HTGCR would allow the thermal-to-
electrical efficiency of that reactor to be maximized, or ^̂ Û used in 
a tight-lattice LWR would allow the ^̂ Û fast effect to be maximized. 

Table 2 shows both the fate of 100 atoms of ^̂ Û enriching thorium 
in an idealized HWR and the fate of 100 atoms of ^^^Pu enriching ^̂ Û 
in an idealized LWR. If we examine the box on the left, we see that 100 
neutrons absorbed in ^̂ Û produce 223 neutrons, forming at the same 
time 11 atoms of ^̂ ^U. In its turn ^̂ *U absorbs 11 neutrons that produce 
11 atoms of ^̂ ^U. These ^̂ Û atoms absorb an additional 11 neutrons, 9 
of which cause fission, producing 19 more neutrons. The two ^̂ Û atoms 
formed from the two ^̂ Û captures absorb two more neutrons to termi
nate the series. Thus there is a total of 124 neutrons absorbed and 
242 neutrons gained, leaving an excess of 118 neutrons for absorption 
in ^^^Th, which, as shown at the top of the left-hand column above the 
box, also absorbs two neutrons from the thorium fast effect. Since 
^^^Pa captures two neutrons, the potential conversion ratio of a ^^^U-
Th fuel when there are no neutron losses is 118/100, or 1.18. Turning 
now to the other box, in which the fate of 100 ^^^Pu atoms is shown, we 
obtain 262 neutrons from 176 neutrons absorbed, leaving an excess of 
86 neutrons to be absorbed in ^̂ ^U. Because of the ^̂ Û fast effect, 13 
more neutrons become available to form 99 atoms of new ^^^Pu. Thus 
the potential conversion ratio for the idealized Pu~^^^U system is 0.99. 
When the two idealized conversion ratios are compared, it is evident 
that the ^'^U-Th system has a potential conversion ratio 20% higher 
than that of the Pu—^̂ *U system. As for the percentage of heat produced, 
we see that ^̂ Û produces nearly 90% of the heat in ^^^U~Th fuel, 
whereas ^sspu produces only 67% in the 233u_238u fuel. 

We will now show how crossing the progeny of the ^^^U-Th and 
Pu_238u systems, as represented by the two boxes just shown, will 
maximize the virtues of both the fertile and the fissile materials. The 
first thing to notice in Table 3 is that the HWR spectrum has been 
slightly softened to better accommodate the plutonium enrichment. 

*Such as the pencil-lead configurations described at the American Nuclear 
Society 1965 Winter Meeting.' 



T a b l e 2 

F A T E O F 100 ATOMS O F ^ ' 'U OR ^ " P u IN O P T I M I Z E D R E A C T O R SYSTEMS WITHOUT NEUTRON LOSSES 
00 

^ u - T h in a n o p t i m i z e d HWR (€ = 1.01) 

A t o m s N e u t r o n s in N e u t r o n s out Hea t , ° 

2S2xh 
233 P a 
2330 

120 
120 

120 
2 

2(net) 

formed 
233 u 

234u 
235u 
238 u 

118* 

100 
11 
11 

2 

100 
11 
11 

2 

124 

223 

19 

242 

89 

9 

P u - 2 3 8 0 in a n o p t i m i z e d LWR (c = 1.05) 

A t o m s N e u t r o n s in N e u t r o n s out Hea t , % 

238u 99 

239NP 99 
239pu 

f o r m e d 99* 

99 
0 

13 (net) 

239 p u 

2"PU 
24ipu 
242pu 

100 
34 
33 

9 

100 
34 
33 

9 

l 7 6 

190 

72 

282 

67 

25 

*Ini t ia l c o n v e r s i o n r a t i o i s 1.18 fo r ^ 3 3 u _ x h 
and 0.99 for P u - 2 3 8 u . 

/ 242 \ 
~ \_100+ l l j 

\ l 0 0 + 3 3 / ^^ 

(1.01) = 2.20 for 2330 -T i l 

05) = 2.07 for PU-Z38U 

T a b l e 3 

F A T E OF 100 ATOMS O F 2S9pu Q R ^330 IN O P T I M I Z E D R E A C T O R SYSTEMS W I T H O U T NEUTRON LOSSES 

P u - T h in a n o p t i m i z e d HWR (e = 1.01) 

A t o m s N e u t r o n s in N e u t r o n s out Hea t , 

232Th 108 
233pa 108 
2330 

f o r m e d 107* 

108 
1 

3 (net) 

239 Pu 

240pu 
241 P u 
242 Pu 

100 
29 
28 

7 

100 
29 
28 

7 

164 

205 

64 

269 

75 

22 

2330_2380 j „ a n o p t i m i z e d LWR (e = 1.10) 

A t o m s N e u t r o n s in N e u t r o n s out Hea t , % 

2380 142 
239j^p 142 
239pu 

f o r m e d 142* 

142 
0 

24(net) 

2330 
2340 
2350 
2360 

100 
11 
11 

2 

100 
11 
11 

2 

124 

223 

19 

i 4 2 

*Ini t ia l c o n v e r s i o n r a t i o i s 1.07 fo r Pu—Th 
and 1.42 for 2330_2380^ 

= ( 269 \ 
yiOO + 2 8 / 

^ / 242 \ 
\^100 + llj 

(1.01) = 2.12 t o r P u - T h 

(1.10) = 2.40 to r 2330_Z380 

a a w 
> o 

> 

d 
M 
O 
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Furthermore, the lattice spacing of the LWR has been tightened to 
maximize the fast effect of ^̂ ^U. Tightening the lattice will reduce the 
water volume and hence increase thermal utilization. Moreover, the 
reactor power per unit volume will be significantly increased if the 
lattice is tightened. 

Considering the box to the left of the table, we see that plutonium 
in the HWR spectrum produces 269 neutrons for 163 neutrons absorbed, 
leaving an excess of 105 neutrons to be absorbed by ^^^Th. Three more 
neutrons are gained from the thorium fast effect, but one of these is 
lost to ^^^Pa absorption. Hence the number of ^̂ Û atoms formed from 
100 atoms of ^'^Pu is 107, which is equal to a conversion ratio of 1.07. 
Thus the conversion ratio of Pu -Th is 10% less than that of ^^^U-Th, 
and the eta epsilon is 4% less, or 2.12 for Pu -Th and 2.20 for "^U-Th. 
These comparisons show that a small reduction in neutron availability 
occurs when plutonium instead of ^̂ Û is used to enrich thorium. How
ever, this small reduction will be more than offset by the gain in the 
conversion ratio of 233y_238y^ ^g y^g ^^^ ^^ ĵjg right of the table 
shows. This box indicates that the number of neutrons available for 
^̂ Û absorption is equal to 242 neutrons produced, minus 124 neutrons 
absorbed, plus 24 neutrons gained from the ^̂ Û fast effect. The con
version ratio of 233u_238y therefore is 1.42, as compared to a 0.99 one 
of Pu-^^^U when no neutrons are lost, or a gain of 42%. A significant 
increase is also seen in the percent of heat derived from the larger 
23̂ U fast effect of 233u_238u_ j ^ ^^^^^ ^^ nearly doubles, going from 
8% in PU-238U to 15% in ^'^V-^^^V. 

Thus far we have considered idealized reactors that have no neu
tron losses. Now we will consider the conversion ratios of reactors 
that do have neutron losses. Moreover, we will no longer use pure ^̂ Û 
as a term in our comparisons. The new comparison term will now be 
the more realistic natural uranium. 

It should be noted that, although ^^^U-natural uranium fuel has the 
economic advantage of the inexpensive fissions from ^̂ Û in natural 
uranium, the conversion ratio of ^'^U-natural uranium will be less than 
that of ^^^U-^^^U. Furthermore, if ^̂ Û can be easily separated from 
^^^U-natural uranium after the fuel is burned, the economic advantage 
of the inexpensive ^̂ Û fissions can be maintained. However, if the 
separation of the ^̂ Û and ^̂ Û cannot be maintained, the fuel-cycle 
cost penalty, according to our calculations, will only be about 0.05 
mill/kw(e)-hr, whereas the conversion ratio will be higher. 

Before going on to Fig. 2, we should say something about the 
reactivity swing both of ^^^U-natural uranium and of P u - T h in a 
reactor designed for slightly enriched uranium fuel. Both ^^%—natural 
uranium and ^^^U—natural uranium have a reactivity swing less than that 
of Pu-Th . The general reason for this is that ^̂ Û or ^̂ Û has a 
microscopic fission cross section smaller than that of plutonium. 
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Fijg'. 2—Average conversion ratios and enrichments of optimized ^^^U—natural 
uranium, and Pu—Th fuels. 

More particularly, the macroscopic fission cross section of ^^^U-
natural uranium or ^^^U-natural uranium remains more constant 
during burnup than the macroscopic fission cross section of plutonium. 
To understand why this is so, let it be recalled that the macroscopic 
fission cross section is equal to the sum of the fissile atoms multiplied 
by their corresponding effective microscopic fission cross sections. 
Now during the burnup of ^^^U—natural uranium or ^^^U-natural ura
nium, the destroyed ^̂ Û or ^̂ Û atoms, which have a low microscopic 
fission cross section, are being partly replaced with plutonium atoms, 
which have a high microscopic fission cross section. Just the opposite 
happens during the burnup of P u - T h fuel: the destroyed plutonium 
atoms, which have a high microscopic fission cross section, are being 
partly replaced with ^̂ Û atoms, which have a low microscopic fission 
cross section. Furthermore, Pu -Th systems generally have a lower 

conversion ratio than that of "U-natura l uranium or '^^^U-natural 
uranium. Thus as burnup proceeds the macroscopic fission cross 
section of Pu-Th fuel is further reduced; this increases the reactivity 
swing. 

It is also interesting to note that one way to reduce the reactivity 
swing of Pu -Th in an HWR is to refuel it at frequent intervals. More
over, computations indicate that the reactivity swing of Pu—Th in an 



CROSSED-PROGENY FUEL CYCLES 21 

HTGCR could be made equal to or less than that of slightly enriched 
uranium by decreasing the amount of graphite in the reactor to harden 
the spectrum. At the neutron temperatures characteristic of HTGCR's, 
hardening the neutron spectrum would bothincrease the fertile-material 
cross section and decrease the fissile-material cross section. 

Our work in other studies of plutonium-enriched fuel shows that: 
* 1. The large reactivity swing of plutonium-enriched fuel is often 

due to a low ^^"Pu content in the initial plutonium enrichment. (The 
Plutonium Recycle Test Reactor and Experimental Boiling Water 
Reactor had to use plutonium whose ^ '̂'Pu content was low because none 
other was available. Fortunately, however, the plutonium available from 
pressurized-water reactors and boiling-water reactors has a substan
tial amount of ^"Pu.) 

2. Minor adjustments in the effective moderator-to-fuel density 
will usually make the reactivity swing of plutonium-enriched fuel equal 
to or less than that of slightly enriched uranium. 

Figure 2 shows how the buildup of plutonium and fission products 
affects the conversion ratio of ^^^U-natural uranium. We can see that 
a conversion ratio of 0.94 can be maintained through an exposure of 
15 Mwd/kg, or 15,000 Mwd/metric ton. The figure also indicates that 
the enrichment necessary for ^'^U-natural uranium to reach an expo
sure of 15 Mwd/kg is only 2.2%; this percentage is typical of the enrich
ment levels proposed for advanced LWR's. These tidy results will be 
altered if there is an unforeseen resonance absorber among the fission 
products. Whether there is such an absorber will not be known until 
burnups are performed in such a spectrum. 

The conversion ratio of a realistic Pu-Th-fueled HWR is also 
shown in Fig. 2. This conversion ratio does not change much with 
exposure owing to the buildup of ^̂ ^U, and the enrichment of the Pu-Th 
fuel is lower than the ^^^U-natural-uranium fuel because HWR's 
normally have low neutron losses. It should be noted that Pu — Th, when 
compared to ^^^U-Th, has the advantage of not contaminating ^̂ Û with 
large amounts of ^̂ Û and ^̂ ^U. 

Figure 3 compares the fuel-cycle cost of ^^^U-natural uranium, 
slightly enriched uranium, and plutonium-natural uranium as a func
tion of moderator-to-fuel ratios. The point to be made here is that 
^^^U—natural uranium optimizes at a moderator-to-fuel ratio of 0.6, 
whereas slightly enriched uranium optimizes at 1.7. This means that 
^^'U-natural uranium, if used in existing LWR lattices, would not have 
a lower fuel-cycle cost than slightly enriched uranium fuel. However, 
^^'U-natural uranium compared to slightly enriched uranium has a 
0.2 mill/kw(e)-hr cost advantage when both fuels are in optimized 
lattices. This advantage, however, does not take into account the 
additional advantage of lower capital costs that might be achieved by 
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doubling the overall reactor-power output per unit core volume. This 
doubling of reactor power is possible because of the larger heat-transfer 
area associated with a tighter lattice. 

SLIGHTLY ENRICHED URANIUM 

V 
^ Pu - NATURAL URANIUM 

U - NATURAL URANIUM 

^ " " o 1 2 3 4 5 
VOLUME OF M O D E R A T O R / V O L U M E OF FUEL 

Fig. 3—Minimum fuel cost as a function of moderator-to-fuel ratio for various 
LWR fueling systems. (Fuel prices: plutonium., $10/g fissile; ^^^U, %14/g fis
sile; and ^^^U, %12/g fissile. 

In Table 4 we compare an LWR and an HWR that have the same 
electrical capacity. Also we will compare the fuel-cycle cost and con
version ratios for three general fueling methods, namely, direct 
recycle, cross-progeny recycle, and slightly enriched uranium without 
recycle. Both the LWR and the HWR are shown here for slightly en
riched uranium without recycle because this is the fueling system that 
is presently in place, and its cost should be used as a standard for 
comparing the other fueling systems. It should also be made clear that, 
although the reactor type is the same in each of the three fueling sys
tems, the reactor lattice spacing is different because it has been 
optimized from a cost standpoint. We begin our comparisons by noting 
that the HWR using ^^^U-Th fuel in direct recycle has a lower fuel-cycle 
cost and a higher conversion ratio than the plutonium—natural-uranium 
fuel in direct recycle. The HWR fuel-cycle cost, of course, does not 
include the cost of the DgO moderator. Now if the HWR "^U-Th fuel-
cycle cost of 1.25 mills/kw(e)-hr is compared with slightly enriched 
uranium without recycle in an HWR, we see that the 0.96 fuel-cycle cost 
is substantially less. Also the average fuel-cycle cost of the HWR and 
LWR reactors using direct recycle is higher than the average fuel-
cycle cost of the HWR and LWR reactors using slightly enriched ura
nium without recycle, 1.45 to 1.30 mills/kw(e)-hr. However, the 
average conversion ratio is somewhat higher than that of slightly en
riched uranium, 0.75 to 0.66. 
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Table 4 

FUEL-CYCLE COSTS AND AVERAGE CONVERSION RATIOS FOR OPTIMIZED 
LWR AND HWR FUELS* 

Direc t r ecyc le Crossed-progeny recycle 
Slightly enriched uranium 

without recyc le 

Mininaum Minimum Minimum 
Conversion fuel cos t , Conversion fuel cost , Conversion fuel cost , 

r a t io mi l l s /kw(e ) -h r ra t io mil ls /kw{e)-hr ra t io mi l l s /kw(e) -hr 

LWR 

HWR 

Average 
va lues t 

Plutonium—natural uranium 
0.64 1.64 

238u_Th 
0.86 1.25 

^^'U—natural uranium 
0.92 1.47 

P u - T h 
0.74 1.17 

235u_238u 

0.64 1.64 

n%u_23Sy 

0.69 0.96 

0.75 1.45 0.83 1.32 0.66 1.30 

*Fuel p r i c e s : plutonium, $10 /g f i ss i le ; ^'Sy, $14/g f issi le; and ^ '^U,present AEC pr ice schedule. 
tWhen instal led Mw(e) capac i t ies a r e equal . 
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Next, considering the crossed-progeny recycle, we see a consider
able cost reduction in the LWR compared to slightly enriched uranium, 
1.47 to 1.64, whereas the Pu-Th HWR is still somewhat higher than 
slightly enriched uranium, 1.17 to 0.96. However, the average fuel-cycle 
costs of the crossed-progeny recycle and the slightly enriched uranium 
without recycle are nearly equal, 1.32 and 1.30 mills/kw(e)-hr. The 
conversion ratio is substantially greater, 0.83 to 0.66. The difference in 
the conversion ratios, however, between crossed-progeny recycle and 
direct recycle is not as large, 0.83 to 0.75. Summarizing then, we can 
see that the crossed-progeny recycle may be competitive with slightly 
enriched uranium without recycle while showing a substantial improve
ment in the average conversion ratio. 

It should be emphasized that these fuel-cycle cost comparisons 
are highly dependent on the assumed fuel prices of plutonium and ^̂ Û 
of $10/g fissile and $14/g fissile, respectively. We have performed 
calculations to assess the relative worth of plutonium and ^^'u as en
riching materials for both natural uranium and thorium. The purpose 
of the calculations was to determine what price ratio, i.e., the price of 
^ '̂U to plutonium, would be required to achieve the same fuel-cycle 
cost. Calculations using plutonium to enrich thorium and ^^'u to enrich 
thorium in an HWR show a price ratio of 1.4, which is consistent with 
the $10 and $14/g values used thus far for plutonium and ^̂ ^U, respec
tively. Further calculations were performed to assess the relative 
worth of '̂̂ U and plutonium as enrichments for natural uranium in 
LWR's. These calculations show a price ratio of 1.5, which reflects the 
increase in ^̂ Û value acquired by the gain in fast effect in tight-lattice 
LWR's. Again it should be pointed out that this high value of ^^'u as 
enrichment for ^̂ Û is dependent on the ease with which ^̂ Û is sepa
rated from ^^^U-natural uranium after the fuel is burned. 

The crossed-progeny example used thus far was chosen because it 
showed the greatest economic potential for using thorium in thermal 
reactors (i.e., current types). However, plutonium enrichment of 
thorium may also be of interest in LWR's because Pu-Th exhibits a 
lower fuel-cycle cost than ^^^U-Th. This cost difference is basically 
due to the large cross section of plutonium, which reduces the enrich
ment requirement necessary for a given fuel exposure. 

Further reductions in the enrichment requirements are possible if 
the thorium density is reduced. Thorium, having a larger absorption 
cross section, requires a high enrichment to stay critical; and the 
inventory charges of this high enrichment make thorium fuels unattrac
tive compared with slightly enriched uranium. Reducing the thorium 
density could lower fuel-cycle costs as much as 0.15 to 0.3 mill/ 
kw(e)-hr. 

Figure 4 shows the effect of thorium density on the fuel-cycle 
costs of a PWR. It should be noted here that the fabrication cost ex-



CROSSED-PROGENY FUEL CYCLES 25 

pressed in $/kg for any given density is equal to the fabrication cost 
at full density, i.e., 8.8 g/cm^, times the ratio of the full density to the 
actual density. Thus, if the full-density fabrication cost is $100/kg and 
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Fig. 4—Effect of thorium density on the fuel-cycle cost of a PWR. 
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the density is reduced by 50%, the fabrication cost doubles. In other 
words, the volumetric fabrication cost remains constant. The factors 
that determine an optimum fuel density are the reduction in inventory 
cost and the increase in fabrication cost. Thus if fabrication costs are 
low compared with inventory costs, a greater reduction in the optimum 
density will be possible. For example, in the top curve shown in the 
figure where the full-density fabrication cost is $100/kg, the optimum 
density is 6.3 g/cm^, and the fabrication cost is $140/kg. If we use the 
bottom curve in the figure as another example, we see that when the 
full-density fabrication cost is $25/kg the optimum density is 4.4 
g/cm^ and the fabrication cost is $50/kg. It should be pointed out that, 
although these fuel-cycle cost reductions are impressive, the Pu—Th 
fuel still is not competitive with slightly enriched uranium, which is 
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shown as a single point that has the same $100/kg full-density fabrica
tion cost as the top curve. 

An extension of both the crossed-progeny and reduced-density fuel 
concepts is a fuel form described as a ternary fuel. Ternary fuels con
sist of ^̂ Û and thorium combined with a plutonium enrichment. The 
mixture of these materials, which include a high ^ '̂'Pu content, has an 
effective fertile absorption rate equal to that of ^^^Pu or thorium at full 
density. The reason for this is that the resonance integrals of the three 
fertile materials ^'^Th, ^̂ ^U, and ^^'Pu are more nearly equal to their 
dilute values, and the energies where resonances occur are not over
lapping (see Table 5). Furthermore, the reactivity during burnup r e -

Table 5 

FERTILE-MATERIAL RESONANCE 

Isotope 

232 xh 

238 u 

MOpu 

Dilute 
resonance 
integral. 

barns 

82 

282 

8600 

Major 
resonance 
location, 

ev 

20 

6 

1 

mains nearly constant because the depletion of the fuel combination 
effectively compensates for the burnout, of fissile material. Another 
attractive property of ternary fuels is that the volume made available 
by reducing the fuel densities may be replaced by a matrix, and the 
heat conductivity of this combination may be better than that of full-
density fuel. Thus higher power levels could be maintained without the 
fuel being melted in the center. A second way of using the extra volume 
made available by reducing the fuel density would be to construct fuels 
with extended cooling surfaces. This, too, would increase the heat 
removal rate per unit reactor volume. 

Figure 5 shows a plot of reactivity vs. exposure for a ternary fuel 
whose density is 15% of a normal UO2 fuel. As you can see, the reac
tivity is quite flat over the exposure. The high fabrication cost and the 
high fuel exposures are both due to the fuel density being reduced. It 
should be pointed out that at an exposure of 200,000 Mwd/metric ton 
the heat removed from this reduced-density fuel would be about equal 
to that removed from a full-density fuel whose exposure was 15,000 
Mwd/metric ton. 

In conclusion, then, we have indicated that: 
1. The crossed-progeny fuel cycles could be competitive with 

slightly enriched uranium fuel cycles. 
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2. Crossed-progeny fuel cycles would upgrade p resen t LWR 
per formance , making it a t r ue advanced conver te r . 

3. Heavy-wate r -modera ted r e a c t o r s fueled with Pu — Th could 
economically supply the ^̂ ^U for the c rossed-progeny fuel cycles . 

4. Unlike ^^^U-thorium, Pu — Th fuel would not contaminate the new 
235T 236T ^̂ ^U with la rge amounts of ""U and ""U. 

5. The high enr ichment requi red by thor ium fuels could be d e 
c r ea sed by reducing the thor ium density. 

6. Very high specific power and at t ract ive reductions in react ivi ty 
swing could be obtained by using thor ium, ^^%, and plutonium as a 
t e rna ry fuel. 
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Fig. 5—Infinite multiplication factor as a function of exposure for a reduced-
density ternary fuel (15% of normal UO^ density). Fabrication costs: $400/kg. 
Fuel credits: Pu = $20/g fissile and ^^^U = %14/g fissile. 
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EXPERIMENTAL STUDIES OF MIXED D2O LATTICES 
CONTAINING Th02 RODS 

E. SOKOLOWSia, A. J. W. ANDERSSON, R. PERSSON, and C.-E. WIKDAHL 
Aktiebolaget Atomenergi, Studsvik, Sweden 

ABSTRACT 

In the Pressurized Heavy Water Reactor, the fuel assemblies are In the form 
of single rods uniformly distributed throughout the core. The possibility of 
keeping the thorium in rods separate from, but admixed with, the power-
sustaining - uranium rods is attractive with this type of lattice. The influence 
of an admixture of Th02 rods on various lattice parameters is studied, the 
power-sustainir^ fuel being UO2 of either natural composition, 1.2% ^̂ Û en
richment, or 2.0% 2S9p^ enrichment. These studies are complemented by mea
surements on a pure Th02 lattice containing no fissile material. Apart from the 
fuel composition, the lattice pitch is varied. Buckling measurements are carried 
out by a progressive substitution technique. Spectrum and power distributions 
are studied by foil-activation techniques. In addition to the measurements on 
uniform lattices, investigations on an internal thorium blanket inside the power-
sustaining region is reported. 

The P r e s s u r i z e d Heavy-Water Reactor (PHWR) concept i s based 
on a uniform rod la t t ice in heavy water . In the las t y e a r a r a t h e r 
extensive exper imental p r o g r a m has been c a r r i e d out with different 
ze ro -power facil i t ies a t Studsvik to invest igate the neutron physica l 
p rope r t i e s of such la t t ices . Apar t from the usual p a r a m e t e r s con
s ide red in such invest igat ions, i .e . , la t t ice pi tch and modera to r t e m 
p e r a t u r e , the fuel composition was also var ied. We had at our d i s 
posa l fuel rods of sui table dimensions containing na tura l UOj, UO2 
enriched to 1.2% in ^^^U, and UO2 enriched to 2.0% in ^^'Pu. The PHWR 
design shows some p romise in connection with a thor ium cycle (see 
paper by Almgren included in this volume) . So that the cu r r en t ca lcu la 
tion techniques could be tes ted, pa r t of the PHWR exper imenta l p r o 
g r a m was devoted to thor ium-bear ing l a t t i ces . This pa r t of the p r o 
g r a m was a joint undertaking of Aktiebolaget Atomenergi and the Axel 
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Johnson Institute for Industrial Research, Sweden, and the Atomic 
Energy Establishment, Trombay, India, The Indian organization sup
plied the thorium in the form of sintered oxide pellets, which were 
subsequently canned in A l - S i - N i alloy tubes. In the experiments the 
Th02 rods were admixed with lattices of natural and 1.2% enriched UO2 
in various proportions. Although mixed-lattice configurations introduce 
additional theoretical complications, they may conceivably have some 
practical advantage in a power core from the point of view of fuel 
reprocessing. 

Table 1 gives the properties of the different types of fuel rods 
used in the zero-power thorium program. 

Table 1 

FUEL COMPOSITIONS 

Material 

UO2 (natural) 

UO2 (1.2% enriched) 

Th02 

Fuel 
d iameter , 

cm 

1.35 

1.25 

1.26 

Density, 
g / c m 

10.45 

10.5 

>9.3 

Canning 

Mater ia l OD, cm 

Aluminum 

90% A l - 9 % S i -
l % N i 

90% A l - 9 % S i -
l % N i 

1.52 

1.47 

1.47 

ID, cm 

1.37 

1.29 

1.29 

The thorium-lattice experiments were carried out in the zero-power 
reactor RO* and in the exponential facility ZEBRA. Only room-tem
perature measurements were made. The D2O content in the moderator 
was 99.65%. The experiments fell into three categories: 

1. Measurements of buckling. 
2. Measurements of spectral indices and flux distributions, 
3. Measurements of conversion ratios. 

The final evaluation of all the measurements has not yet been com
pleted. In particular, the conversion-ratio measurements require some 
more development work before definite values can be given. They will 
be reported in a forthcoming Aktiebolaget Atomenergi internal report 
shortly. 

BUCKLING MEASUREMENTS 

Because of the limited amount of fuel available and the high nega
tive buckling of some of the lattices, the progressive substitution tech
nique was used. The fuel rods were mounted into guide plates with 
square arrays of holes. With a basic lattice pitch 1, the pitches 1/2 and 
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2 x 1 were simply obtained by removing rods. In the following discus
sion, the pitch is taken to mean the distance between nearest neighbors 
in the lattice, even when the compositions are dissimilar. The different 
types of test lattices are shown in Fig. 1. 
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o 

Fig. 1—Configurations of mixed U02 — Th02 lattices, o, UO2. e, ThOg. 

In RO the thorium-bearing test zone was surrounded by a buffer 
zone of enriched- or natural-uranium rods with a pitch such as to give 
approximate spectrum matching between the two zones. The buffer fuel 
was mounted in the same basic array as the test-zone fuel; this 
arrangement made it possible to achieve a smooth boundary between 
the zones. In the substitution measurements the buffer lattice was 
progressively replaced by the test lattice. The buffer lattice was in 
turn surrounded by a driver zone of metallic uranium rods. The spec
trum mismatch and irregularity at the buffer-driver boundary was of 
little importance since that boundary remained fixed throughout a s e 
ries of substitutions. The change of buckling was obtained by water-
level measurements with an accuracy of 0.1 mm. 

In the exponential assembly ZEBRA, the reference medium was 
pure D2O. The lattices investigated consisted of pure ThOa rods and of 
mixtures of Th02 and natural UO2 rods. In all these cases the material 
buckling was negative. 
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The material buckling of the test zone was evaluated from the sub
stitution data by means of the IBM 7044 program SIMBA based on two-
group perturbation theory.^ 

The experimental buckling values were compared to those obtained 
theoretically with the four-group collision-probability program CAROL, 
designed for survey calculations on uniform rod lattices (see paper by 
Almgren included in this volume and Ref. 3). This program, however, 
does not operate on mixed-lattice configurations. Therefore for such 
lattices the parameters had to be calculated for each type of constituent 
cell, after which the volume-weighted averages of the lattice parame
ters were fed into the four-group critical equation, which was solved 
for the buckling. To check the approximation inherent in the simple 
volume weighting, we applied a newly designed four-group collision-
probability program for checkerboard lattices, FLUSCH, to two cases 
of ThOa and UO2 (1.2%) rods in the ratio of 1:1 . The resulting buckling 
values were very close to the ones obtained with CAROL. The experi
mental and calculated bucklings are shown in Figs. 2 and 3 and Table 2. 
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Fig. 2—Buckling vs. lattice pitch of a pare Th02 lattice. 

The agreement between experiment and theory is good for the pure 
lattices of U02(natural), U02(1.2%), and ThOj, with the possible excep
tion of the most under mode rated thorium lattice. The discrepances are 
considerably greater, and not systematic, for the mixed lattices. 
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Fig. 3—Buckling vs. lattice pitch of pure and mixed lattices of natural 
UO2, 1.2% enriched UO2, and Th02. 

SPECTRAL-INDEX MEASUREMENTS 

Spectral indices were determined by activation of *^̂ Lu, "^In, and 
^̂ Mn foils inside the fuel rods in mixed lattices of 1.2% enriched UO2 
and Th02. In each case the test-lattice region was large enough to 
ensure spectral equilibrium conditions at the site of the activations. 

From the Lu/Mn reaction-rate ratios, the neutron temperature 
was evaluated according to the Westcott formalism. Since thorium is 
a 1/v absorber in the thermal region, the thorium absorption rate is 
virtually independent of neutron temperature, and it is primarily of 
interest to determine the perturbation of the thermal-neutron spectrum 
in the other fuel rods due to the introduction of thorium into the lattice. 



34 SOKOLOWSKI, ANDERSSON, PERSSON, AND WIKDAHL 

Table 2 

EXPERIMENTAL AND CALCULATED BUCKLINGS 

Fuel - rod 
distribution 

UO2 (natural) . 
pure lat t ice 

UO2 (1.2%), 
pure lat t ice 

Th02, pure 
lat t ice 

ThOj + UO2 (natural), 
[1:4] 

ThOj + UO2 (natural), 
[1:11 

Th02 + UO2 (1.2%), 
[1 : 3] 

Th02 +UO2 (1.2%), 
[1:1] 

Lattice 
pitch, cm 

3 .2 /2 
3.8/2" 
6.4 
3.8 
3 .8 /2 
3.8 
3 .8 /2 

3 .8 /2 

3 .8 /2 
3.2/2" 
6.4 
3 .2 /2 
6.4 

Buckling 

Experimental 

4.79 ± 0.22 (Ref.4) 
6.06 ± 0.17 (Ref.4) 
6.15 ± 0.17 (Ref.4) 

12.39 ± 0.05 
14.85 ± 0.10 
- 1 4 1 ± 5 

- 66 ± 3 

- 0 . 4 6 ± 0.15 

- 2 3 . 5 ± 0.3 
5.03 ± 0.05 
4.92 ± 0.05 

- 6 . 9 3 ± 0.20 
- 4 . 1 8 ± 0.15 

, m-2 

CAROL 

4.9 
6.2 
6.2 

12.8 
14.9 

- 1 2 4 
- 6 5 

- 1 . 3 

- 1 5 . 6 
3.9 
5.0 

- 1 0 . 7 4 
- 5 . 9 6 

FLUSCH 

- 1 1 . 0 9 
- 5 . 9 7 

According to the simple theory of Coveyou et al. for homogeneous 
absorber-moderator mixtures, the ratio Tn/T^ should be a linear 
function of Sa/Ss for constant moderator temperature. If the approxi
mation is extended to the heterogeneous case, a straight-line de
pendence may be expected for a plot of Tn/T^ vs, VfSf/VmS^^, where 
Sf is the thermal absorption cross section of the fuel and S„ is the 
thermal scattering cross section of the moderator. Letting the sub
script U refer to the 1,2% enriched UO2 fuel and Th to the Th02 rods, 
we get 

Vf = 

= k 

= Vu 

v„, 
Sf 

+ VTh (1) 

Vf s„ + 
V. Th 
Vf •^Th 

where k is a proportionality constant. In calculating the effective fuel 
Cross section Sf, simple volume weighting has been applied. According 
to data given in the preceding section and the following section of this 
paper this approximation is reasonable. 

For reference the neutron temperature was measured inside the 
fuel rods of a pure lattice of 1.2% enriched UO2 for different values of 
the lattice pitch. Next, the neutron temperature was determined inside 
the UO2 rods of mixed lattices of pitch 3.2/2 and 6,4 cm with U02/Th02 
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ratios of 1:1 and 3 : 1 . The resulting T„/Tm ratios for all cases are 
plotted against VfSf/VmSu in Fig, 4. (The abscissa is normalized to 
Su since it then reduces to the fuel-to-moderator volume ratio in the 

1.55 

1.50 

1.45 

140 

1.35 

H=|H-̂  1.30 

1.25 

1.20 

1.15 

1.10 

1.05 
0 0.04 008 0.12 0.16 

Vm Zu 

Fig. 4—Neutron temperature/moderator temperature as a function of 
m.odified fuelvolum.e/m.oderator volum.e ratio for different rod lattices. 
«, pure lattice of UO2 (l.SfJo). a, mixed lattice of ThOi + UO2 (1.2%) 
[1 :lj. a, mixed lattice of ThO; + UO2 (l.Sffo) [1 :3j. 

case of the pure lattice. The moderator scattering cross section has 
been included in the proportionality constant.) The linearity condition 
is seen to be fairly well fulfilled and might be used as a rule of thumb 
for mixed rod lattices in D2O. 

To determine an epithermal spectrum index, we used the sandwich-
foil method with ''^In as the spectrum indicator. This method^ makes 
use of the self-shielding in the foils around the main detector reso
nance (1.2 to 1.7 ev) and results in a spectrum index q that is the ratio 
between the neutron density in the resonance interval to the total 
neutron density. Since the energy limits of the resonance interval 
depend on the particular foils used and cannot be determined accu
rately, the spectrum index q is normalized to the same index for a 
known calibration spectrum q .̂ We can show^ that, if tfte spectrum 
conditions are such as to justify the Westcott spectral model, 

1 I \ \ \ \ 
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^=^JII (2) 
a r ' T ^ ' 

For the present experiments the calibration spectrum was char
acterized by the parameters 

T„e = (323 ± 3)°K 

re = 0.0425 ± 0.0020 

Spectrum calculations usually refer to a cell of an infinite lattice 
without leakage. In the experiments we have a lattice of finite buckling. 
The leakage probability down to indium resonance energy will differ 
from the average for the total neutron population, which is concentrated 
around thermal energy. To correct for this finite lattice effect, the 
experimental ratio q/q^ should be multiplied by the ratio P between the 
nonleakage probabilities for thermal neutrons and indium resonance 
neutrons, which is given approximately by 

1 + 0 . 9 T B L /^S 

^ " " I T - T M ^ B L ^^' 

where T is the age from fission to thermal energy, M^ is the migration 
area, and B^ is the material buckling for the test lattice. The values 
for B^, T, and M ,̂ obtained by CAROL calculations, have been used. 
According to simple theory the plot of the corrected spectrum index 
P q/Qc vs. Vf Sf/VmSu should give a straight line. In Fig. 5 such a plot 
is made for the spectrum indices measured inside the UO2 rods in 
pure 1.2% enriched UO2 lattices and in mixed lattices of pitch 3 .2 /2 
and 6.4 cm with U02/Th02 ratios of 1:1 and 3 : 1 . The straight-line 
approximation holds well for all cases. The epithermal indices as 
measured inside the Th02 rods give the same slope as those measured 
inside the UO2 rods but are slightly lower and therefore extrapolate 
closer to a purely thermal spectrum for a single ThOg rod in an infinite 
moderator, 

FLUX SPLITTING BETWEEN ThOa AND UO2 RODS IN MIXED LATTICES 

For some of the mixed lattices, thin copper bands were placed 
around the fuel rods. After corrections for macroscopic flux variations, 
the copper activity gave the surface flux at the Th02 rods relative to 
that at the UO2 rods. (Copper is essentially a 1/v absorber, and, since 
the spectral conditions at the Th02 and the UO2 rods are very nearly 
the same, the activity ratios are equal to the thermal-flux ratios within 
experimental error.) Table 3 gives the experimental activity ratios at 
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0.16 

Fig. 5—Infinite-lattice epithermal spectrum indices inside UO2 rods 
as a function of modified fuel volume/moderator volume ratio for dif
ferent rod lattices, m, pure lattice of UO2 (1.2%). m, mixed lattice of 
Th02 + UO2 (1.2%) [1 :1]. D, mixed lattice of Th02 + UO2 (I.2PI0) ll :3j. 

the surface of the canning and the thermal-flux ratios within the 
canning as calculated with FLUSCH. For the lattices with a U02/Th02 
ratio of 3 : 1 , the flux at the two nonequivalent UO2 positions was the 
same within experimental error. 

The flux levels for the two different types of rods do not differ 
greatly. This gives further justification to the procedure of obtaining 

Table 3 

FLUX SPLITTING BETWEEN UOj AND ThOj 
RODS IN MIXED LATTICES 

UOj/ThOj 
ra t io 

1:1 

3 : 1 

Latt ice 
pitch. 

cm 

3 . 2 / 2 
6.4 
3 .2 /2 
6.4 

A U D / A T I I O J 
(experiment) , % 

(95.8 ± 0.6) 
(95.2 ± 1.5) 
(94.7 ± 0.5) 
(95.9 ± 0.6) 

(p V0i/(t>Th02 

(FLUSCH), % 

97.4 
97.1 
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the effective parameters for the mixed lattices by volume weighting of 
the different types of cells, 

CONVERSION-RATIO MEASUREMENTS 

Lattice parameters related to the conversion of fertile material 
have been measured in the mixed lattices containing U02(1.2%) + Th02 
in the ratios of 1: 1 and 3 : 1. The quantities determined are primarily 

^̂ ^Th capture , ,^. 
lattice spectrum 

•^Th " 

1/v capture 

^̂ ^Th capture ^̂  
-^r-/ T̂ thermal spectrum 

1/v capture 

^^% capture , ^̂ . 
lattice spectrum 

A„ = 
1/v capture 

^̂ Û capture ^̂  
rrT , thermal spectrum 
1/v capture 

^̂ °U capture , ^̂ . 
235 j,,„„;„_ lattice spectrum 

RCR* =• 
'U fission 

^̂ Û capture ,̂ 
235 ^,„„;„„ thermal spectrum 

U fission 

Capture in ^̂ ^Th and ^̂ Û leads to ^^^Pa and ^̂ ^Np, respectively. 
The protactinium and neptunium samples were obtained from dis

solved Th02 and UO2 pellets, respectively, giving homogeneous activity 
distributions. The neptunium activity was distinguished from unwanted 
activities with a y coincidence technique.^ In the dissolved Th02 sam
ples, the protactinium activity was completely predominant after a 
decay time of approximately 1 week and was selected out by differential 
energy discrimination of the y spectrum. The tendency of protactinium 
to adhere to container walls during the dissolving procedure caused 
some difficulties, which, however, were overcome by following a given 
time schedule for all processing and by monitoring the decontamination 
of the vessels. The 1/v activities were obtained from thin copper foils 
activated between fuel pellets. The copper activity was corrected for 
deviations from the 1/v cross section with the aid of the measured 
spectrum indices. The results of the measurement will be reported 
shortly in an internal Aktiebolaget Atomenergi report. 

*This quantity differs somewhat from the conventional definition of con
version ratio. 
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SUMMARY OF MOLTEN-SALT BREEDER 
REACTOR DESIGN STUDIES 

PAUL R. KASTEN, E. S. BETTIS, H. F. BAUMAN, W. L. CARTER, W. B. 
MCDONALD, R. C. ROBERTSON, and J. H. WESTSIK 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Design and evaluation studies were made of thermal molten-salt breeder reac
tors (MSBR) to assess their economic and nuclear potential and to identify im
portant design and development problems. The MSBR reference-design concept 
is a two-region two-fluid system with fuel salt separated from the blanket salt 
by graphite tubes. The energy produced in the reactor fluid is transferred to a 
secondary coolant-salt circuit that couples the reactor to a supercritical steam 
cycle. On-site fluoride volatility processing is employed, which leads to low 
unit processing costs and economic reactor operation as a thermal breeder. The 
resulting power cost is estimated to be 2.7 mills/kw-hr for investor-owned 
utilities. The associated fuel-cycle cost is 0.45 mill/kw(e)-hr, the specific 
fissile inventory is 0.8 kg/Mw(e), and the fuel doubling time is 21 years. Devel
opment of a protactinium removal scheme for the blanket region of the MSBR 
could lead to power costs of 2.6 mills/kw(e)-hr, a fuel-cycle cost of 0.33 
mill/kw(e)-hr, a specific fissile inventory of 0.7 kg/Mw(e), and a fuel doubling 
time of 13 years. 

Design and evaluation studies have been made of t h e r m a l mol ten-sa l t 
b reeder r e a c t o r s (MSBR) to a s s e s s the i r economic and nuclear poten
t ia l and to identify the important design and development p rob l ems . 
The re fe rence design p resen ted here contains p rob lems re la ted to 
mol ten-sa l t r e a c t o r s in genera l . 

The MSBR re fe rence-des ign concept is a two-region two-fluid s y s 
tem, with fuel sal t separa ted from the blanket sa l t by graphi te tubes . 
The fuel sal t cons is t s of u ran ium fluoride dissolved in a mixture of 
l i thium and beryl l ium fluorides, and the blanket sa l t i s a thor ium — 
lithium fluoride of eutectic composit ion (about 27 mole% thorium 
fluoride). The energy generated in the r eac to r fluid i s t r a n s f e r r e d to 
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a secondary coolant-salt circuit that couples the reactor to a super
critical steam cycle. On-site fluoride volatility processing leads to 
low unit processing costs and economic operation as a thermal breeder 
reactor. 

PLANT DESIGN 

Flowsheet 

Figure 1 is the flow sheet of the lOOO-Mw(e) MSBR power plant. 
Fuel flows through the reactor at a rate of about 44,000 gal/min 
(velocity of about 15 ft/sec), entering the core at 1000°F and leaving 
at 1300 °F. The primary fuel circuit has four loops, each loop having 
a pump and a primary heat exchanger. Each of these pumps has a 
capacity of about 11,000 gal/min. The four blanket pumps and heat 
exchangers, although smaller, are similar to corresponding compo
nents in the fuel system. The blanket salt enters the reactor vessel 
at 1150 °F and leaves at 1250 °F. The blanket-salt pumps have a 
capacity of about 2000 gal/min. 

Four 14,000 gal/min coolant pumps circulate the sodium fluoro-
borate coolant salt, which enters the shell side of the primary heat 
exchanger at 850°F and leaves at 1112°F. After leaving the primary 
heat exchanger, it is further heated to 1125°F on the shell side of the 
blanket heat exchangers. The coolant then circulates through the shell 
side of 16 once-through superheaters (four superheaters per pump). 
In addition, four 2000-gal/min pumps circulate a portion of the coolant 
through eight reheaters. 

The steam-system flow sheet is essentially that of the new 
Tennessee Valley Authority (TVA) Bull Run plant, with modifications to 
increase the rating to 1000 Mw(e) and to preheat the working fluid to 
700 °F prior to its entering the heat exchanger-superheater unit. A 
supercritical power-conversion system is used which is appropriate 
for molten-salt application and takes advantage of the high-strength 
structural alloy employed. Use of a supercritical fluid system results 
in an overall plant thermal efficiency of about 45%. 

Reactor Design 

Figure 2 is a plan view of the MSBR cell arrangement. The reac
tor cell is surrounded by four shielded cells containing the super
heaters and reheater units; these cells can be individually isolated for 
maintenance. The processing cell, located adjacent to the reactor, is 
divided into a high-level and a low-level activity area. 

Figure 3 is an elevation view of the reactor and shows the position 
of equipment in the various cells. Figure 4, a plan view of the reactor 
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cell, shows the location of the reactor, pumps, and fuel and blanket 
heat exchangers. Figure 5 is an elevation of the reactor cell. The 
Hastelloy N reactor vessel has a side wall thickness of about 1/4 in. 
and a head thickness of about 2^/,^^ in.; it is designed to operate at 
1200°F and 150 psi. The plenum chambers, with V^-in.-thick walls, 
communicate with the external heat exchangers by concentric inlet — 
outlet piping. The inner pipe has slip joints to accommodate thermal 
expansion. Bypass flow through these slip joints is about 1% of the 
total flow. As indicated in Fig. 5, the heat exchangers are suspended 
from the top of the cell and are located below the reactor. Each fuel 
pump has a free fluid surface and a storage volume which permit rapid 
drainage of fuel fluid from the core upon loss of flow. In addition, the 
fuel salt can be drained to the dump tanks when the reactor is shut 
down for an extended time. The entire reactor cell is kept at high 
temperature. Cold "fingers" and thermal insulation surround struc
tural support members and all special equipment that must be kept at 
relatively low temperatures. The control-rod drives are located above 
the core, and the control rods are inserted into the central region of 
the core. 

The reactor vessel, about 14 ft in diameter by about 15 ft high, 
contains a 10-ft-diameter core assembly composed of reentry-type 
graphite fuel cells. The graphite tubes are attached to the two plenum 
chambers at the bottom of the reactor with graphite-to-metal t ransi
tion sleeves. Fuel from the entrance plenum flows up fuel passages in 
the outer region of the fuel cell and down through a single central 
passage to the exit plenum. The fuel flows from the exit plenum to the 
heat exchangers, then to the pump and back to the reactor. A ly^-fi-
thick molten-salt blanket plus a y4-ft-thick graphite reflector surround 
the core. The blanket salt also permeates the interstices of the core 
lattice so that fertile material can flow through the core without mixing 
with the fissile fuel salt. 

The MSBR requires structural integrity of the graphite fuel cells. 
The cells have been made small to reduce the fast flux gradient across 
the graphite wall and thus to reduce the effect of radiation damage. 
Also, they are anchored only at one end to permit axial movement. The 
core volume has been made large to reduce the flux level in the core. 
In addition, the reactor is designed to permit replacement of the entire 
graphite core by remote means if required. 

Figure 6 shows a cross section of a fuel cell. The fluid fuel flows 
upward through the small passages and downward through the large 
central passage. The outside diameter of a fuel-cell tube is 3.5 in. 
There are 534 of these tubes spaced on a 4.8-in. triangular pitch. The 
tube assemblies are surrounded by hexagonal blocks of moderator 
graphite with blanket salt filling the interstices. Nominal core compo
sition is 75 vol.% graphite, 18 vol.% fuel salt, and 7 vol.% blanket salt. 
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Fig. 6—Reactor core cell. 
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PARAMETER VALUES OF MSBR DESIGN 

Power, Mw 
Thermal 
Elec t r ica l 

Thermal efficiency 
Plant factor 
Dimensions, ft 

Core height 
Core d i a m e t e r 
Blanket thickness 

Radial 
Axial 

Reflector thickness 
Volumes, cu ft 

Core 
Blanket 

Volume fract ions 
Core 

Fuel sa l t 
Fe r t i l e sa l t 
Moderator 

Blanket, fer t i le sal t 
Salt volumes , cu ft 

Fuel 
Core 
Blanket 
P lena 
Heat exchanger and piping 
P roces s ing 

Total 

2220 
1000 
0.45 
0.80 

12.5 
10.0 

1.5 
2.0 
0.25 

982 
1120 

0.169 
0.0735 
0.7575 
1.0 

166 
26 
147 
345 
33 
717 

F e r t i l e 
Core 
Blanket 
Heat exchanger and piping 
Storage (protactinium decay) 
P r o c e s s i n g 

Total 
Salt composit ion, mole % 

Fuel 
L iF 
BeFa 
UF4 (fissile) 

F e r t i l e 
LiF 
BeFa 
ThF4 
UF4 (fissile) 

Core a tom ra t ios 
Th/U 
C/U 

F i s s i l e inventory, kg 
Fe r t i l e inventory, 1000 kg 
P roces s ing 

Fuel s t r e a m 
Cycle t ime , (volatility 
Ra te (volatility proces 
Unit p rocess ing cost, 

F e r t i l e s t r e a m 
Cycle t ime (volatility 
Rate (volatility proces 
Unit p rocess ing cost . 

p rocess ) days 
>s), cu f t /day 
$ /cu ft 

p roces s ) . days 
3s), cu f t /day 
$ /cu ft 

72 
1121 
100 
2066 
24 
3383 

63.6 
36.2 
0.22 

71.0 
2.0 
27.0 
0.0005 

41.7 
5800 
769 
260 

47 
14.5 
183 

23 
144 
6.85 
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A summary of the parameter values chosen for the MSBR design 
is given in Table 1. 

Fuel Processing 

The primary objectives of fuel processing are to purify and r e 
cycle fissile and carrier components and to minimize fissile inventory 
while holding losses to a low value. The fluoride volatility-vacuum 
distillation process fulfills these objectives through simple operations. 

The core fuel is conveniently processed by fluoride volatility and 
vacuum distillation. Blanket processing is accomplished by fluoride 
volatility alone, and the processing-cycle time is short enough to main
tain a very low concentration of fissile material. The effluent UFg is 
absorbed by fuel salt and reduced to UF4 by treatment with hydrogen to 
reconstitute a fuel-salt mixture of the desired composition. 

Molten-salt reactors are inherently suited to the design of pro
cessing facilities integral with the reactor plant. These facilities 
require only a small amount of cell space adjacent to the reactor cell. 
Because all services and equipment available to the reactor are avail-
£Lble to the processing plant and shipping and storage charges are 
eliminated, integral processing facilities permit significant savings 
in capital and operating costs. Also, the processing-plant inventory of 
fissile material is greatly reduced, resulting in low fuel-inventory 
charges and improved fuel-utilization characteristics for the reactor. 

The principal steps in core- and blanket-stream processing for 
the MSBR are shown in Fig. 7. A small side stream of each fluid is 
continuously withdrawn from the fuel and blanket circulating loops and 
circulated through the processing system. After being processed, the 
decontaminated fluids are returned to the reactor at some convenient 
point, e.g., via the fuel and fertile-stream storage tanks. 

Fuel inventories retained in the processing plant are estimated to 
be about 10% of the reactor-system inventory for core processing and 
less than 1% for blanket processing. 

Heat Exchange and Steam Systems 

The structural material for all components contacted by molten 
salt in the fuel, blanket, and coolant systems, including the reactor ves
sel, pumps, heat exchangers, piping and storage tanks, is Hastelloy N. 

The primary heat exchangers are of the tube-and-shell type. Each 
shell contains two concentric tube bundles connected in series and 
attached to fixed tube sheets. The fuel salt flows down in the outer 
section of tubes, enters a plenum at the bottom of the exchanger, and 
then flows up to the pump through the center section of tubes. Entering 
at the top, the coolant salt flows on the baffled shell side of the ex-
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changer down the central core, under the barrier that separates the 
two sections, and up the outer annular section. 

Since a large temperature difference exists in the two tube sec
tions, the tube sheets at the bottom of the exchanger are not attached 
to the shell. The design permits differential tube growth between the 
two sections without creating troublesome stress problems. For this, 
the tube sheets are connected at the bottom of the exchanger by a 
bellows-type joint. This arrangement, essentially a floating plenum, 
permits enough relative motion between the central and outer tube 
sheets to compensate for difference in tube growth without creating 
intolerable s tresses in the joint, the tubes, or the pump. 

The blanket heat exchangers increase the temperature of the 
coolant leaving the primary core heat exchangers. Since the coolant-
salt temperature rise through the blanket exchangers is small and the 
flow rate is relatively high, the exchangers are designed for a single 
shell-side pass for the coolant salt; two-pass flow, however, is r e 
tained for the blanket salt in the tubes. Straight tubes with two tube 
sheets are used. 

The superheater is a U-tube U-shell exchanger using disk and 
doughnut baffles with varying spacing. It is a long, slender exchanger 
having relatively large baffle spacing. The baffle spacing is estab
lished by the shell-side pressure drop and by the temperature gradient 
across the tube wall and is greatest in the central portion of the ex
changer where the temperature difference between the fluids is high. 
The supercritical fluid enters the tube side of the superheater at 700 °F 
and 3800 psi and leaves at 1000 °F and 3600 psi. 

The reheaters transfer energy from the coolant salt to the working 
fluid before its use in the intermediate-pressure turbine. A shell-tube 
exchanger is used, producing steam at 1000 °F and 540 psi. 

Since the freezing temperature of the secondary salt coolant is 
about 700 °F, a high working-fluid inlet temperature is required. 
Preheaters, along with prime fluid, raise the temperature of the 
working fluid entering the superheaters. Prime fluid goes through a 
preheater exchanger and leaves at a pressure of 3550 psi and about 
870°F. It is then injected into the feedwater in a mixing tee, producing 
fluid at 700°F and 3500 psi. The pressure is then increased to about 
3800 psi by a pressurizer (feedwater pump) before the fluid enters the 
superheater. 

CAPITAL-COST ESTIMATES 

Reactor Power Plant 

Preliminary capital-cost estimates of a lOOO-Mw(e) molten-salt 
breeder reactor power station indicate a direct construction cost of 
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about $80.4 million. After the indirect cost factors used in the ad
vanced converter evaluation are added,* an estimated total plant cost 
of $113.6 million is obtained. A summary of plant costs is given in 
Table 2. The conceptual design was not sufficiently detailed to permit 
a completely reliable estimate; however, the design and estimates 
were studied thoroughly enough to make meaningful comparisons with 
previous converter-reactor-plant cost studies. The relatively low 
capital-cost estimate results from the small physical size of the MSBR 
and the simple control requirements. The results of the study en
courage the belief that the cost of an MSBR power station will be as 
low as for stations utilizing other reactor concepts. 

Table 2 

PRELIMINARY COST-ESTIMATE SUMMARY OF lOOO-MW(E) 
MOLTEN-SALT BREEDER REACTOR POWER STATION* 

Federa l Power Commission account Costs x $1000 

20 Land and land r ightsf 360 

21 Structures and improvements 
211 Ground improvements 866 
212 Buildings and s t ruc tu re s 

.1 Reactor buildingj 4,181 

.2 Turbine building, auxil iary building, 
and feedwater -hea ter space 2,832 

.3 Offices, shops, and l abora to r ies 1,160 

.4 Waste-disposal building 150 

.5 Stack ' 76 

.6 Warehouse 40 

.7 Miscellaneous 30 
Subtotal account 212 8,469 
Total account 21 9,335 

22 Reactor-plant equipment 
221 Reactor equipment 

.1 Reactor vesse l 1,610 

.2 Control rods 250 

.3 Shielding and containment 1,477 

.4 Heating —cooling sys tems and vapor -
suppress ion sys tem 1,200 

.5 Moderator and ref lector 1,089 

.6 Reactor-plant c rane 265 
Subtotal account 221 5,891 

222 Heat - t ransfer sys t ems 
.1 Reactor-coolant sys tem 6,732 
.2 Intermediate cooling sys tem 1,947 
.3 Steam genera tor and r e h e a t e r s 9,853 
.4 Coolant supply and t rea tment§ 300 
.5 Coolant-sal t inventory 354 

Subtotal account 222 19,186 

223 Nuclear-fuel handling and s torage 
(drain tanks) 1,700 
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Table 2 (Continued) 

Federa l Power Commission account Costs x $1000 

224 Nuclear-fuel process ing and fabrication 
(included in fuel-cycle costs) If 

225 Radioact ive-waste t r ea tment and 
disposal (off-gas system) 450 

226 Instrumentation and controls 4,500 
227 Feedwater supply and t rea tment 4,051 
228 Steam, condensate, and feedwater piping 4,069 
229 Other r eac to r -p lan t equipment (remote 

maintenance) 5,000** 

Total account 22 44,847 

23 Turbine —generator units 
231 T u r b i n e - g e n e r a t o r units 19,174 
232 Circulating water sys t em 1,243 
233 Condensers and auxi l iar ies 1,690 
234 Central lube-oil sys tem 80 
235 T u r b i n e - p l a n t instrumentat ion 25 . 
236 Turbine-plant piping 2 2 0 t t 
237 Auxiliary equipment for genera tor 66 
238 Other turbine plant equipment 25 

Total account 23 22,523 

24 Accessory e lec t r ica l 
241 Switchgear (Main and station service) 550 
242 Switchboards 128 
243 Station s e rv i ce t r a n s f o r m e r s 169 
244 Auxiliary genera to r 50 
245 Distributed i tems 2,000 

Total account 24 '• 2,897 

25 Miscellaneous 800 
Total d i rec t construct ion cost} | : 80,402 
Total indirect cost 33,181 
Total plant cost 113,583 

*Es t lmates a r e based on 1966 cos t s , assuming an establ ished mol ten-sa l t 
nuclear power plant industry. 

tLand costs a r e not included in total d i rec t construct ion costs , 
{MSBR containment cost is included in account 221.3. 
§Assumed as $300,000 on the bas i s of MSRE exper ience . 
ITSee Table 3 for these cos t s . 
**The ample MSBR allowance for r emote maintenance may be too high, and 

some of the included replacement equipment allowances could more logically 
be classified as operat ing expenses r a t h e r than as f i r s t capital cos ts . 

t t B a s e d on TVA Bull Run plant cost of $160,000 p lus~37% for uncer ta in
t i e s . 

t JDoes not Include account 20, Land Costs . This is included in the indirect 
cos ts . 

The operating and maintenance costs of the MSBR were not esti
mated. On the basis of the ground rules given in Ref. 1, these costs 
would be about 0.3 mill/kw(e)-hr. 
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Fuel-recycle Plant 

The capital costs associated with fuel-recycle equipment were ob
tained by itemizing and costing the major process equipment required 
and estimating the costs of site, buildings, instrumentation, waste 
disposal, and building services associated with fuel recycle. 

Table 3 summarizes the direct construction costs, the indirect 
costs, and the total costs associated with the integrated processing 
facility having approximately the required capacity. 

Table 3 

SUMMARY OF PROCESSING-PLANT 
COSTS FOR 1000-MW(E) MSBR 

Installed p r o c e s s equipment 
St ruc tures and improvements 
Waste s torage 
P r o c e s s piping 
P r o c e s s instrumentat ion 
Elec t r ica l auxi l iar ies 
Sampling connections 
Service and utility piping 
Insulation 
Radiation monitoring 

Total d i rec t cost 

Construction overhead 
(30% of d i rec t costs) 

Total construct ion cost 

Engineering and inspection 
(25% of total construction cost) 

Subtotal plant cost 

Contingency (25% of subtotal 
plant cost) 

Total plant cost 

$ 853,760 
556,770 
387,970 
155,800 
272,100 

84,300 
20,000 

128,060 
50,510 

100,000 

$2,609,270 

782,780 

$3,392,050 

848,010 

$4,240,060 

1,060,020 

$5,300,080 

The operating and maintenance costs for the fuel-cycle facility 
include labor, labor overhead, chemicals, utilities, and maintenance 
materials. The total annual cost for the capacity considered here 
(15 cu ft of fuel salt per day and 105 cu ft of fertile salt per day) is 
estimated^ to be $721,230, which is equivalent to about 0.1 mill/kw(e)-
hr. A breakdown of these charges is given in Table 4. 

NUCLEAR-PERFORMANCE AND FUEL-CYCLE ANALYSES 

The fuel-cycle cost and the fuel yield are closely related, yet 
independent in the sense that two nuclear designs can have similar 



M S B R D E S I G N S T U D I E S 

Table 4 

SUMMARY OF OPERATING AND 
MAINTENANCE CHARGES FOR 

FUEL RECYCLE IN A lOOO-MW(E) 
MSBR ($/YEAR) 

Direct labor 
Labor overhead 
Chemicals 
Waste containers 
Util i t ies 
Maintenance ma te r i a l s 

Site 
Services and ut i l i t ies 
P r o c e s s equipment 

Total annual charges 

$222,000 
177,600 

14,640 
28,270 
80,300 

2,500 
35,880 

160,040 

$721,230 

costs but significantly different yields. The objective of the nuclear-
design calculations was primarily to find the conditions that gave the 
lowest fuel-cycle cost and then, without appreciably increasing this 
cost, the highest fuel yield. 

Analysis Procedures 

The calculations were performed with OPTIMERC, a combination 
of an optimization code with the MERC multigroup, diffusion, equi
librium reactor code. MERC calculates the nuclear performance, the 
equilibrium concentrations of the various nuclides, including fission 
products, and the fuel-cycle cost for a given set of conditions.^ OPTI
MERC permits up to 20 reactor parameters to be varied, within 
limits, to determine an optimum by the method of steepest ascent. The 
designs were optimized essentially for minimum fuel-cycle cost, with 
lesser weight given to maximizing the annual fuel yield. Typical pa
rameters varied were the reactor dimensions, blanket thickness, 
fractions of fuel and fertile salts in the core, and fuel- and fertile-
stream processing rates. 

Several equations were included in the code for approximating 
certain capital and operating costs that vary with the design parame
ters (e.g., capital cost of the reactor vessel, which varies with the 
reactor dimensions). These costs were automatically added to the 
fuel-cycle cost in the optimization routine so that the optimization 
search would take into account all known economic factors. However, 
only the fuel-cycle cost itself is reported in the results. 

Modified GAM-1-THERMOS cross-section libraries were used to 
compute the broad group cross sections for these calculations. It was 
assumed that all nuclides in the reactor system are at their equilib
rium concentrations. To check this assumption, a typical reactor de-
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sign was examined to determine the operating time required for the 
various uranium isotopes to approach their equilibrium concentrations 
from a startup with ^̂ ^U. It was found that ^̂ Û and ^̂ Û were within 
95% of their equilibrium concentrations in less than 2 years. Uranium-
234 was within 95% of equilibrium after 8 years, and ^̂ Û was within 
80% after 10 years. Since the breeding performance depends mainly 
on the ratio of ^̂ Û to ^̂ Û in the fuel, the equilibrium calculation 
appears to be a good representation of the lifetime performance of 
these reactors, even for startup on ^̂ ^U. 

Basic Assumptions 

Economic The basic economic assumptions employed in the calculations 
are given in Table 5. The values of the fissile isotopes were taken from 
the current U. S. Atomic Energy Commission price schedule. 

Table 5 

BASIC ECONOMIC ASSUMPTIONS 

Reactor power, Mw(e) 1000 
Thermal efficiency, % 45 
Load factor 0.80 
Cost assumptions 

Value of 233u and 233Pa, $ /g 14 
Value of 236u, $ /g 12 
Value of thor ium, $ /kg 12 
Value of c a r r i e r salt , $ /kg 26 
Capital charge (annual ra te ) , % 

Plant 12 
Nondepreciating capital, including 

f issi le inventory 10 
P rocess ing cost , $ /cu ft sal t 

Fuel (at 10 cu ft/day process ing rate) 228 
Blanket (at 100 cu ft /day process ing rate) 8.47 

P r o c e s s i n g - c o s t scale factor (exponent) 0.4 

The processing costs are based on those given in the section 
entitled "Capital-cost Estimates" and are included in the fuel-cycle 
costs. The capital and operating costs were estimated separately for 
each stream as a function of plant throughput, based on the volume of 
salt processed. The total processing cost is assumed to be a function 
of the throughput to some fractional power called the scale factor. 

Processing The processing scheme is that indicated in Fig. 7. A fissile 
material loss of 0.1% per pass through processing was assumed. 

In addition to the basic processing scheme, results were obtained 
for the case in which protactinium can be removed directly from the 
blanket stream. The improvement in performance under these c i r -



MSBR DESIGN STUDIES 59 

cumstances is a measure of the incentive to develop protactinium-
removal ability. 

Fission-product Behavior Disposition of the various fission products 
assumed is shown in Table 6. The behavior of ^̂ ^Xe and other fission 
gases has a significant influence on nuclear performance. A gas-
stripping system is provided to remove these gases from the fuel 
salt. However, part of the xenon could diffuse into the moderator 
graphite. In the calculations reported here, a ^̂ ^Xe poison fraction of 
0.005 was assumed. 

Corrosion-product Behavior The control of corrosion products in molten-
salt fuels does not appear to be a significant problem, and the effect of 
corrosion products was neglected in the nuclear calculations. The 
processing method considered here can control corrosion-product 
buildup in the fuel. 

Nuclear-design Analysis 

The important parameters describing the MSBR design are given 
in Table 1. Many of the parameters were basically fixed by the ground 
rules for the evaluation or by the engineering design. These include the 
thermal efficiency, plant factor, capital-charge rate, maximum fuel 
velocity, size of fuel tubes, processing costs and fissile loss rate, and 
the out-of-core fuel inventory. The parameters that were optimized by 
OPTIMERC were reactor dimensions, power density, core composition 
(including the C/U and Th/U ratios), and processing rates. 

Nuclear Performance The results of the calculations for the MSBR design 
are given in Table 7, and the neutron balance, in Table 8. The basic 
design has the inherent advantage of no neutron losses to structural 
materials other than the moderator. Except for some unavoidable loss 
of delayed neutrons in the external fuel circuit, there is almost zero 
neutron leakage from the reactor because of the thick blanket. The 
neutron losses to fission products are minimized by the availability of 
rapid and inexpensive integrated processing. 

Fuel-cycle Cost The components of the fuel-cycle cost for the MSBR 
are given in Table 9. The main components are the fissile inventory 
and processing costs. The inventory costs are rather rigid for a given 
reactor design since they are largely determined by the assumed 
external fuel volume. The processing costs are, of course, a function 
of the processing cycle times, one of the chief parameters optimized 
in this study. 

Performance with Protactinium-removal Scheme The ability to remove prot
actinium directly from the blanket of the MSBR has a marked effect on 
fuel yield and fuel-cycle cost. This is primarily because of the marked 
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Table 6 

DISPOSITION OF FISSION PRODUCTS IN MSBR 
REACTOR AND PROCESSING SYSTEMS 

Elements present as gases, assumed to be partly Kr, Xe 
absorbed by graphite and partly removed by 
gas stripping ^/^o poisoning assumed) 

Elements that plate out on metal surfaces, Ru, Rh, Pd, Ag, In 
assumed to be removed instantaneously 

Elements that form volatile fluorides, assumed to Se, Br, Nb, Mo, Tc, 
be removed in the fluoride volatility process Te, I 

Elements that form stable fluorides less volatile Sr, Y, Ba, La, Ce, 
than LiF, assumed to be separated by vacuum Pr, Nd, Pm, Sm, 
distillation Eu, Gd, Tb 

Elements that are not separated from the Rb, Cd, Sn, Cs, Zr 
carrier salt, assumed to be removed only by 
salt discard 

Table 7 

MSBR PERFORMANCE 

Fuel yield, % per year 
Breedir^ ratio 
Fissile losses in processing, 

atoms/fissile absorption 
Neutron production per fissile 

absorption (rje) 
Specific inventory, kg fissile/Mw(e) 
Specific power, Mw(t)/kg fissile 
Power density (core average), 

kw/liter 
Gross 
In fuel salt 

Neutron flux (core average), 10'* 
neutrons/cmVsec 

Thermal 
Fast 
Fast over 100 kev 

Thermal-flux factors (core), peak/mean 
Radial 
Axial 

Fraction of fissions in fuel stream 
Fraction of fissions in thermal 

neutron group 
Mean TJ of ^̂ Û 
Mean 77 of '̂̂ U 

4.86 
1.0491 

0.0057 

2.221 
0.769 
2.89 

80 
473 

6.7 
12.1 
3.1 

2.22 
1.37 
0.987 

0.806 
2.221 
1.958 



Table 8 

MSBR NEUTRON BALANCE 

Mater ia l 

232Th 
23Spa 
233 u 
234 u 
235 u 
238 u 

237Np 
238U 

C a r r i e r sal t 
(except ^Li) 

6Li 
Graphite 

"5xe 
"9Sm 
l6lSm 
Other fission 

products 
Delayed neutrons 

lost* 
Leakage-}-

Total 

Neutrons 

Absorbed 
total 

0.9710 
0.0079 
0.9119 
0.0936 
0.0881 
0.0115 

0.0014 
0.0009 

0.0623 
0.0030 
0.0300 

0.0050 
0.0069 
0.0018 

0.0196 

0.0050 
0.0012 

2.2209 

per f iss i le ab: 

Absorbed 
by fission 

0.0025 

0.8090 
0.0004 
0.0708 
0.0001 

0.8828 

sorption 

Produced 

0.0059 

2.0233 
0.0010 
0.1721 
0.0001 

0.0185 

2.2209 

*Delayed neutrons emitted outside the core. 
fLeakage, including neutrons absorbed in the reflector. 

FUEL-

F i s s i l e inventory* 
Fe r t i l e inventory 
Salt inventory 

Total inventory 

Fe r t i l e rep lacement 
Salt rep lacement 

Total rep lacement 

P roces s ing 
Total p rocess ing 

Product ion c red i t 
Net fuel-cycle cost 

Table 9 

-CYCLE COST FOR MSBR 

Cost, mill! 

Fuel 
s t r e a m 

0.1180 
0.0000 
0.0146 

0.0000 
0.0565 

0.1102 

Fe r t i l e 
s t r e a m 

0.0324 
0.0459 
0.0580 

0.0185 
0.0217 

0.0411 

3/kw(e)-hr 

Total 

0.1504 
0.0459 
0.0726 

0.0185 
0.0782 

0.1513 

Grand 
total 

0.2689 

0.0967 

0.1513 

0.0718 
0.4452 

*Including 233pa, zssy, and ^^^u. 
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Table 10 

COMPARISON OF MSBR PERFORMANCE WITH 
AND WITHOUT PROTACTINIUM REMOVAL 

Fuel yield, % per year 
Breeding ra t io 
Fuel -cyc le cost, mi l l s /kw 
Specific inventory, kg/Mw 
Specific power, Mw(t)/kg 

-h r 
(e) 

Neutron production pe r fissile 
absorption {rje) 

Volume fractions, co re 
Fuel 
Fer t i l e 
Moderator 

Salt volumes, cu ft 
Fuel 

Core 
External 

Fe r t i l e 

Core atom ra t ios 
Th/U 
C/U 

Total 

Total 

Without 
removal 

4.86 
1.0491 
0.45 
0.769 
2.89 

2.221 

0.169 
0.0745 
0.7565 

166 
547 
713 

3383 

39.7 
5440 

With 
removal 

7.95 
1.0713 
0.33 
0.681 
3.26 

2.227 

0.169 
0.0735 
0.7575 

166 
551 
717 

1317 

41.7 
5800 

Table 11 

POWER COST AND FUEL UTILIZATION 
CHARACTERISTICS OF THE MSBR WITH 

AND WITHOUT PROTACTINIUM REMOVAL 

Cost, mi l l s /kw(e) -hr 

Without 
removal 

With 
removal 

Capital cost* 1.95 1.95 
Operating and maintenance costf 0.30 0.30 
Fuel -cyc le cos t j 0.45 0.33 

Total power cost 2.70 2.58 

Specific f iss i le inventory, kg/Mw(e) 0.77 0.68 
Fuel doubling t ime, yea r s 20.6 12.6 

*Twelve percent fixed charge r a t e , 80% load factor, 1000-
Mw(e) plant. 

fNominal value used in advanced-conver ter evaluation.^ 
j C o s t s of on-s i te integrated p rocess ing plant a r e included in 

this value. 
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decrease in protactinium-neutron absorptions when protactinium is 
remc ved from the blanket region. A simple and inexpensive blanket 
protactinium-removal scheme would give the MSBR the performance 
indicated in Table 10. For comparison the results without protactinium 
removal are also given in the table. 

POWER-COST AND FUEL-UTILIZATION CHARACTERISTICS 

Based on the preceding discussion, the power cost, specific fissile 
inventory, and fuel doubling time for the MSBR with and without prot
actinium removal are summarized in Table 11. 

Table 11 illustrates the economic advantage of MSBR's as nuclear 
power plants. Also, the fuel-utilization characteristics as measured by 
the product of the specific inventory and the square of the doubling 
time* are excellent. On this basis the MSBR is comparable to a fast 
breeder with a specific inventory of 3 kg/Mw(e) and a doubling time of 
10.5 years, and the MSBR with protactinium removal is comparable to 
the same fast breeder with a doubling time of 6 years. 
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USE OF THORIUM IN PRESSURIZED HEAVY 

WATER REACTORS* 

B. ALMGREN 
Aktiebolaget Atomenergi, Stockholm, Sweden 

ABSTRACT 

The Swedish Pressurized Heavy Water Reactor is different from most other 
heavy water reactor designs since the fuel rods are arranged uniformly over 
the core instead of being concentrated into clusters. The uniform lattice was 
originally chosen for a U02-fueled reactor since it gave favorable heat-transfer 
and control characteristics. The design appears especially suitable for the 
23S'pjj-U fuel cycle. To obtain information for a better assessment of the 
potential of this fuel cycle, a reactor-physics program is being performed. 
The program includes: (1) thorium lattice measurements, (2) development of 
computer codes, and (3) fuel-cycle calculations. 

Results from the calculations are presented and discussed. A series of 
point-reactivity calculations on ^^^U-enriched Th02 lattices has been made for 
studying the influence on burnup and breeding ratio of different parameters. 
Calculations have also been performed on different ways to shuffle the fuel 
in the reactor and on some cores using more than one fuel type. 

The Swedish reactor program has been concentrated on pressure-
vessel water-mode rated reactors. Most research work has been made 
on heavy-water-moderated reactors. The first power-producing reac
tor, Agesta, fueled with clusters of natural UO2 and cooled by pres 
surized heavy water, started to deliver power of 65 Mw(t) in 1964. A 
boiling-water reactor of 400 Mw(e) designed by a private firm, ASEA, 
has been commissioned and will produce power in 1970. 

O 

After Agesta, heavy-water-moderated reactors have been devel
oped along two different lines. One type is represented by Marviken, 

*This work has been supported by the Axel Johnson Institute of Industrial 
Research and is partly performed in cooperation with the Atomic Energy Estab
lishment, India. 
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which will be a boiling-water reactor with the possibility of nuclear 
superheating. The fuel element consists of clusters of 30 slightly en
riched UO2 rods. Refueling and shuffling of fuel is made on power 
with use of an internal refueling machine. Marviken is now under 
construction. The other development line is represented by the P re s 
surized Heavy Water Reactor (PHWR). The core is different from 
most other heavy-water-moderated reactors since the fuel rods are 
arranged uniformly over the core instead of being concentrated in 
clusters. The uniform core was chosen since it -̂ ave favorable heat-
transfer and control characteristics. There has been an aim to use 
PWR technology to a great extent. 

For the first design, reloading was done at shutdown, as is usual 
in light-water-moderated reactors. In a later design, reloading at 
power is possible. Boron is used for long-time reactivity control, 
and control rods will not be needed at full power. The original design 
was made with enriched UO2 as fuel. Later work has also been done 
on natural UO2 and plutonium recycling. The open uniform cores are 
especially suitable for the Th-^^^U fuel cycle because of the following 
reasons: 

1. Low parasitic absorption due to the absence at pressure of 
flow tubes. 

2. There is no incentive to cluster the fuel since fast fissions are 
negligible and resonance absorption is of minor importance. 

3. The flexible-core design gives freedom to change moderator-
to-fuel ratios and fuel-rod diameters over the core or during the 
reactor lifetime. 

In the spring of 1964 there were negotiations with the Atomic 
Energy Establishment, Trombay (AEET), India, regarding the possible 
construction of a PHWR in India. Because of the large Indian resources 
of thorium, AEET was especially interested in the potential of the 
Th-^'^U fuel cycle in a PHWR. A joint Indian-Swedish reactor-physics 
program was then started to study this fuel cycle. The program in
cluded measurements on Th02 rods (see paper by Sokolowski, Anders-
son, Persson, and Wikdahl included in this volume), development of 
calculation methods, and reactor-physics calculations on different 
fuel cycles. 

CALCULATION METHODS 

For the study a new program, CAROL, for point-reactivity burnup 
calculations has been developed.^ This program, which is aimed for 
survey calculations, is very fast (0.5 min for one burnup calculation 
up to 20,000 Mwd on an IBM 7044) and is therefore cheap to use. 
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The program uses the following four energy groups in accordance 
with MUFT-SOFOCATE practice. 

Group Energy 

1 0.821 to 10 Mev 
2 5.5 to 821 kev 
3 0.625 to 5500 ev 
4 0 to 0.625 ev 

The smooth cross sections of groups 1 to 3 have been obtained from 
the METHUSELAH fast library,^ which is an extension of Ombrellaro's 
tabulation. Resonance cross sections of group 3 are calculated with 
Hicks' expression 

where A ,̂ Cj, and Dj are constants for the isotope and reaction that are 
derived from Hellstrand's measurements and calculations,^ For the 
thermal group the METHUSELAH thermal library has been used. The 
library has been produced with use of SOFOCATE. 

The flux variations over the cell of groups 1 and 4 are calculated 
by a collision-theory routine, FLURIG,^ in an annular geometry. The 
Dancoff correction is calculated according to Sauer.^ The differential 
equations of the variation of the isotope-number density with burnup 
are solved by a predictor-corrector method that appears to be very 
efficient. The spectrum and thermal-flux distribution is recalculated 
at every burnup step. 

As previously mentioned most library data originate from the 
METHUSELAH library. Some more important data have been updated, 
A few more important cross-section data that have been used in this 
work are given in Table 1, 

Table 1 

SOME OF THE MORE IMPORTANT CROSS-SECTION DATA 
THAT HAVE BEEN USED IN THIS WORK 

Data 

O-a 

at 

V 
O-a 
(Ja 
a 
RIo2 
^^03 

Isotope 

233u 
233u 
233U 
232 T h 
233pa 
233u 

232Th02 
233pa 

Energy, ev 

0.253 
0.253 
0.0253 
0.253 
0.253 
Resonance 
Resonance 
Resonance 

Value 

574.8 ba rns 
525.5 ba rns 
2.2923 
7.4 ba rns 
39 barns 
0.17 
5 .0+ 15,6V S/M 
920 barns 

Refers 

6 
6 
6 
7 
8 
9 
3 

10 
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Table 2 

SENSITIVITY TO DIFFERENT CHANGES IN CROSS SECTIONS* 

Batch Final ^'^U Change Change in 
burnup, content, burnup, final ^"U 

Mwd/ton % % content, % 

Standard l ib ra ry 
Fiss ion and absorption resonance 

integrals of ^̂ ^U increased by 20% 
Fiss ion resonance integral of ^'^U 

increased by 2% 
Thermal rj of ^^'U increased by 0.5% 
Thermal absorption c r o s s section of 

^'^Pa increased by 20% 
Resonance Integral of ^^^Th 

increased by 10% 
Yield of pseudo-fission products 

increased by 20% 

16,117 

18,185 

19,815 
19,230 

15,829 

13,552 

12,667 

1.483 

1.454 

1.486 
1.486 

1.482 

1.508 

1.479 

13 

23 
19 

- 2 

- 1 6 

- 2 1 

-2.0 

0.2 
0.2 

- 0 . 1 

1.7 

- 0 . 3 

*Initlal enrichment, 1.5% ^'''U; specific power, 
fuel volume ra t io , 14.8. 

11.90 wat t s /g ; m o d e r a t o r - t o -

The program has been compared^' with a great number of buckling 
measurements on UO2 and ThOs moderated by heavy water and light 
water. For moderator-to-fuel ratios of interest, the program predicts 
reactivities within 1%. Unfortunately there are very few experiments 
available for Th02. 

Since fewer experiments have been made on Th02 than UO2, theo
retical predictions on thorium fuel cycles are less reliable than theo
retical predictions on uranium fuel cycles. To examine the sensitivity 
for different cross-section changes, a number of burnup calculations 
have been made. The results are given in Table 2. In this table it is 
seen that changes due to er rors in cross sections influence the burnups 
considerably but that, if the er rors do not add up, it is possible to use 
the burnup calculation results for evaluation of the Th-^^^U fuel cycle. 

The two-dimensional burnup calculations have been performed*^ 
with MABUS, which uses two-group diffusion theory in r -z on x-y 
geometry to calculate flux distribution over the reactor. Two-group 
constants as functions of burnup for two specific powers are supplied 
by CAROL, The two-group constants are corrected to the actual 
specific power by linear interpolation or extrapolation. By use of the 
flux distribution, the burnups of different regions are calculated. The 
program can also handle fuel-shuffling automatically. 

SURVEY CALCULATIONS 

A series of calculations have been made on Th02 enriched by U 
to study the influence of burnup and breeding ratios on volume ratios, 
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enrichment, specific power, etc. Some results are given in Fig. 1 and 
Table 3. The burnup and breeding ratios have been calculated for 
two different assumptions: 

1, Batch refueling, where the final burnup Ef is obtained from the 
condition 

keff(Ef) = 1.0 

2. Continuous refueling, where the final burnup Ef is obtained 
from the condition 

„Ef 
/„ [keff(E) - 1.0] dE = 0.0 

108 

o \ 04 

100 

0 92 

30,000 

20,000 

Q 

5 

< 0,000 

1 5% ^ ' ' U , 150 WATTS/CM 

1 5% "^U ,300 WATTS/CM 

17% ^ ' 'U,300 WATTS/CM 

1 7% 2^'U, 150 WATTS/CM " 

1 7% ^^^U,150 WATTS/CM 

1 5% ^"U,150 WATTS/CM 

1 7% ^^ 'U, 300 WATTS/CM 

1 5% ^ ' 'U ,300 WATTS/CM 

20 25 

Fig 1 —Batch burnups and breeding ratios for ^•^^U-enriched Th02 as 
a function of moderator-to-fuel volume ratio 



Table 3 

POINT-REACTIVITY SURVEY CALCULATIONS* 
-a 
o 

Case 
No. 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 

Fuel 
r ad ius . 

cm 

0.55 
0.65 
0.75 
0.85 
0.55 

0.65 
0.75 
0.85 
0.55 
0.65 

0.75 
0.85 
0.55 
0.65 
0.75 

0.85 
0.55 
0.65 
0.75 
0.85 

0.55 
0.65 
0.75 
0.85 

Modera tor -
to-fuel 
volume 

ra t io 

21.21 
14.80 
10.79 
8.1 

21.21 

14.80 
10.79 

8.10 
21.21 
14.80 

10.79 
8.1 

21.21 
14.80 
10.79 

8.10 
14.80 
10.20 

7.33 
5.41 

14.80 
10.20 

7.33 
5.41 

Enrichment , 
% U233 

1.5 
1.5 
1.5 
1.5 
1.7 

1.7 
1.7 
1.7 
1.5 
1.5 

1.5 
1.5 
1.7 
1.7 
1.7 

1.7 
1.5 
1.5 
1.5 
1.5 

1.7 
1.7 
1.7 
1.7 

Linear 
loading, 

w a t t s / c m 

150 
150 
150 
150 
150 

150 
150 
150 
300 
300 

300 
300 
300 
300 
300 

300 
150 
150 
150 
150 

150 
150 
150 
150 

Specific 
power, 

wa t t s /g fuel 

16.61 
11.90 
8.94 
6.96 

16.61 

11.90 
8.94 
6.96 

33.23 
23.79 

17.87 
13.91 
33.23 
23.79 
17.87 

13.91 
16.61 
11.90 
8.94 
6.96 

16.61 
11.90 
8.94 
6.96 

Batch 
burnup. 
Mwd/ton 

metal 

15,920 
16,330 
12,360 
2,400 

23,860 

24,210 
22,360 
18,270 
2,230 
1,750 

800 
150 

14,270 
15,230 
13,140 

8,760 
8,160 
1,260 

80 
0 

20,330 
17,510 
11,180 
2,061 

Batch 
breeding 

ra t io 

1.025 
1.048 
1.064 
1.023 
0.933 

0.959 
0.994 
1.030 
1.006 
1.009 

1.006 
1.002 
0.973 
0.988 
1.009 

1.027 
1.039 
1.010 
1.0 
1.0 

0.977 
1.013 
1.038 
1.0 

Continuous 
burnup. 
Mwd/ton 

metal 

36,320 
35,890 
26,740 

6,380 
62,060 

62,560 
56,280 
44,170 

6,390 
5,350 

2,020 
330 

35,760 
37,070 
31,420 

20,090 
19,810 
4,870 

190 
0 

50,680 
41,840 
26,000 

5,030 

Continuous 
breeding 

rat io 

1.043 
1.077 
1.108 
1.055 
0.923 

0.960 
1.012 
1.070 
1.031 
1.032 

1.017 
1.004 
0.975 
0.999 
1.035 

1.060 
1.076 
1.039 
1.0 
0 

0.986 
1.041 
1.085 
1.039 

> 

!z; 

*Enriched Th02 moderated by heavy water (with 1% H2O); modera to r t empera tu re , 537°K; co re volume, 
100 m^; ref lector th ickness , 60 cm. 
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The breeding ratio is defined here as the ratio between the final con
tent of ^̂ Û + ^^'Pa + '̂'̂ U and the initial ^^% content. The high burnup 
values for continuous refueling compared to batch refueling depend on 
the small slope of the kgff curve at high burnups (see Fig, 2). In the 
reactor burnups are generally reached somewhere between the men-

105 

100 — 

095 
1000 

300 WATTS/CM 
233u + 233po 

.233y 

• 150 WATTS 

-300 WATTS/CM TO 1750 M W D / M E T R I C TON 
THEN 150 WATTS/CM 

300 WATTS/CM 

5000 10,000 15,000 
BURNUP, MWD/METRIC TON 

20,000 

Fig 2 — The keff and content of^^^XJ + ^^^Pa as a function of burnup at 
different power levels. Fuel-rod radius, 0.65 cm; moderator-to-fuel 
volume ratio, 14 8; core size, 100 m.^; and reflector thickness, 60 cm 

tioned values. The actual burnup is strongly dependent on the amount 
of fuel which is reloaded each time. Burnups of cores with different 
reloading schemes are discussed later in this paper. The results show 
that breeding ratios slightly above 1 are possible. This means that 
self-sustaining fuel cycles are feasible (i.e., fuel cycles where only 
natural thorium is added). 

The fuel cost for such fuel cycles appears rather attractive. With 
the assumptions that the cost of fabrication and reprocessing is $70/kg, 
the cost of '̂̂ U is $12/g, the cost of ^^^Th is $20/kg, and the interest 
rate is 7%, for case 2 one would get fuel costs of 1.2 mills/kw-hr for 
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20,000 
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16,000 
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^ 12,000 
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^ 
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V 
13 

1 1 
" ^ > ^ \r 
^ 

1 1 

~ " ~ - ^ i - ^ 
4 ^ T l 

1 START WITH 1.5% ^ ' ' U 

2 START WITH 2.0% " ^ U 

3 START WITH 47= Pu 

4 START WITH 3% Pu; 1% Pu 
ADDED AT FIRST RECYCLING 

1 1 

— 

— 

5 10 
RECYCLING NUMBER 

15 

Fig. 3—Batch burnups and^^^U contents for different ways to start up 
Th—^^^U fuel cycles. Fuel-rod radius, 0.65 cm; moderator-to-fuel vol
ume ratio, 14.80; core size, 100 m^; reflector thickness, 60 cm.; mod
erator temperature, 537°K; light-water content of moderator, 1%; and 
linear loading, 150 watts/cm.. The plutonium is composed of ^^^Pu, 
89.2%; ^*Opn^ g^3%. and ^^'Pu, 1.5%. 

batch refueling and 0.9 mill/kw-hr for continuous refueling. The fixed 
charge on the ^̂ Û is in both cases 0.65 mill/kw-hr. The fixed charge 
is decreased if one increases the specific power, but then the burnup 
is radically reduced (compare case 10 in Table 3), 

In Fig, 2 are curves of keff as a function of burnup given for cases 
2 and 6. There are also curves for keff for the cases when the specific 
power is reduced to the lower value when k̂ ff = 1,0 for the higher spe
cific power. From Figs. 1 to 3 it is seen that the reactivity is a 
little sensitive to the power history of the fuel. It is mainly dependent 
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on burnup and p r e sen t power density. The f igures also show that it 
could be a t t ract ive to run a r eac to r at high power after refueling and 
then reduce the power after a cer ta in burnup if th is would suit the 
power demand. 

Typical la t t ice p a r a m e t e r s for 1.5% ^^% enrichment a r e given in 
Table 4. For compar ison a few calculat ions have been made on a PWR, 

Table 4 

TYPICAL LATTICE PARAMETERS FOR 1.5% ENRICHED ThOj 
MODERATED BY HEAVY WATER (CASE 2 AT 7500 MWD/T) 

P a r a m e t e r 

Fuel - rod radius 
Lat t ice pitch 
Initial enrichment 
Specific power 
Moderator t empera tu re 
Moderator H2O content 
Burnup 

Weight content 
232Th 
233py 
233u 
234u 
235 u 
236u 

keff 
k ^ 
7)233 the rmal 
77235 the rma l 
7)fuel the rmal 

ff (rat io of t he rma l absorpt ions 
in fuel) 

fo (rat io of t he rma l absorpt ions 
in cladding and s t ruc ture) 

fm (rat io of the rmal absorpt ions 
In moderator) 

fpu (rat io of absorpt ions 
in ^^^Pu/total absorptions) 

4>th ( thermal flux) 

(rat io of ^^^Th absorpt ions 
above 0.625 ev) 

Value 

0.65 cm 
4.63 cm 
1.5% 233u 
11.90 wa t t s /g fuel 
264°C 
1% 
7500 Mwd/t 

0.9758 
0.00065 
0.01466 
0.00083 
0.00070 
0.00005 

1.0145 
1.0367 
2.3009 
2.0652 
1.1802 

0,9818 

0.0085 

0.0097 

0.0061 
3.53 X 10*3 

neu t rons / cm^/ sec 

0.304 

The la t t ice pitch has been decreased and light water used as the 
modera to r . The r e su l t s given in Table 5 showthat burnups and breeding 
ra t ios a r e considerably lower than in a heavy-wa te r -modera ted r e a c 
tor . It i s evident that the be t t e r neutron economy of the heavy -wa te r -
moderated r eac to r is of g rea t impor tance if one wants to es tabl ish 
se l f -sus ta in ing Th-^^^U fuel cyc les . 



Table 5 

POINT-REACTIVITY SURVEY CALCULATIONS* 

Case 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

Fuel 
r ad ius . 

cm 

0.55 
0.65 
0.75 
0.85 
0.55 
0.65 
0.75 
0.85 

Moderator-
to-fuel 
volume 

ra t io 

3.08 
1.82 
1.03 
0.51 
3.08 
1.82 
1.03 
0.51 

Enrichment , 
% "^U 

1.7 
1.7 
1.7 
1.7 
2.0 
2.0 
2.0 
2.0 

Linear 
loading. 

w a t t s / c m 

150 
150 
150 
150 
150 
150 
150 
150 

Specific 
power. 

wa t t s /g fuel 

16.61 
11.90 

8.94 
6.96 

16.61 
11.90 

8.94 
6.92 

Batch 
burnup. 
Mwd/ton 

meta l 

640 
4,310 
1,080 

0 
9,670 

16,150 
16,300 

0 

Batch 
breeding 

r a t io 

0.996 
0.998 
1.006 
1.0 
0.910 
0.912 
0.982 
1.0 

Continuous 
burnup. 
Mwd/ton 

meta l 

1,470 
9,460 
3,314 

0 
21,540 
38,280 
39,550 

0 

Continuous 
breeding 

ra t io 

0.992 
0.997 
1.019 
1.0 
0.854 
0.883 
1.003 
1.0 

> 

« 

•Enr iched Th02 moderated by H2O; modera to r t empera tu re , 537°K; c o r e s ize , 100 m ' ; ref lec tor th ickness , 
60 cm. 
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STARTUP OF A SELF-SUSTAINING FUEL CYCLE 

Since ^̂ Û is not available at a reasonable price on an open market, 
it is necessary to start a self-sustaining fuel cycle with some other 
fissile material. One possibility is to enrich the thorium with ^̂ ^U. 
Since highly enriched uranium is not available to many countries, it 
would be desirable to use plutonium. Another method is to produce 
^̂ Û by irradiation of thorium in a reactor fueled with natural or 
enriched uranium. 

Results from some recycling calculations are presented in Fig. 3. 
In the calculations thorium has been mixed with the final content of 
uranium and plutonium of the previously described fuel cycle with the 
assumption of 1% loss during reprocessing and fabrication. It is evident 
that the lower 77-value and the higher absorption cross section of 
plutonium make it necessary to use higher contents of plutonium than 
of ^̂ ^U. 

Some calculations have also been made to investigate the possi
bility to produce ^̂ Û by irradiation of thorium rods uniformly mixed in 
a 1.75% ^̂ Û enriched core. The results are: 

Ratio of Burnup of a 
thorium to batch core. Final ^•"u/Th 

enriched uranium Mwd/ton metal ratio 

0 15,280 0 
10 11,680 0.015 
20 6,850 0.010 
30 0 

The production of thorium is in this case paid for by lower burnups 
of the enriched fuel. 

STUDIES ON ZONED CORES 

To study the influence of different fuel distributions, a number of 
two-dimensional calculations in r -z geometry have been performed. 
Because of large migration length in a heavy-water-moderated reactor 
and the uniform lattice, the errors caused by assuming cylindrical 
symmetry are small. All calculations have been with the same core 
size and geometrical division. The core composition has been varied. 
The division of the core into regions is described in Fig. 4. The core 
regions numbered 1 to 18 are of equal size. In all calculations the 
Th02 rods had the radius of 0.65 cmand the square pitch was 4.63, i.e., 
a moderator-to-fuel ratio of 14.8. The ^̂ Û enrichment was 0, 1.5, or 
3%. 

Results for different fuel shuffling are given in Table 6. The fol
lowing approximative formula gives good agreement with the calcula
tions: 
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E = A 1 + 

where E = actual burnup 
Ec = continuous point reactivity burnup 
a = ratio of the fuel reloaded at each reloading 
A = about 0.7 and depends mainly on the final flux distribution 

19 
REFLECTOR 

13 14 15 

10 

16 17 

12 

18 

20 

REFLECTOR 

-»-R 

100 200 
CM 

Fig. 4—Division of the reactor into regions. 
Reflector thickness, 60 cm.. 

300 

Core volume, 100 m^. 

A few results of calculations on different ways to shuffle the fuel 
are given in Table 7. In cases 2 to 4, natural Th02 is used together 
with 1.5% ^^^U-enriched rods. The burnup is strongly reduced com
pared to case 1 without natural ThOj. In cases 5 to 7 the core contains 
equal amounts of 3% enriched and natural Th02fuel rods, i.e., the aver
age enrichment is 1.5% as in case 1. In case 5 the region is fueled 
alternately with enriched and natural fuel. The peaking factor gets 
very high, and the burnup is low. The reason is that natural fueled 
regions shield the enriched regions too much from each other. In case 
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Table 6 

TWO-DIMENSIONAL BURNUP CALCULATIONS ON DIFFERENT 
SCHEMES TO SHUFFLE THE FUEL 

Case 
No. 

1 
2 

3 
4 

Regions where 
fresh fuel 
i s loaded 

at each 
refueling 

All 
4 , 5, 6, 10, 11, 

12, 16, 17, 18 
6, 12, 18 
All ( thermal power 

of 1200 Mw) 

Type 
of fuel 

shuffling 

None 

O u t - i n 
O u t - in 

None 

Average 
final 

burnup 
of fuel. 

Mwd/t metal 

11,870 

16,070 
20,880 

1,780 

Time 
between 
refueling, 
full-power 

days 

940 

610 
254 

77 

E d + a) 

23,740 

24,100 
24,360 

Maximum 
l inear 

loading. 
w a t t s / c m 

320 

220 
230 

610 

*Thermal power, 700 Mw; 
1.5% 233u enriched ThOj. 

core volume, 100 m^; reflector thickness, 60 cm; fuel. 

6 the enriched fuel i s placed in an annulus between the regions con
taining the natura l ThOj rods . The burnup of the enr iched fuel i s about 
twice the burnup in case 1. The cos ts for fabrication and reprocess ing 
becomes considerably lower than for case 1. The average initial en
r ichment is the same, but the average breeding ra t io is considerably 
l e s s than in case 1. In case 7 the enr iched fuel has be6n concentrated 
in the cent ra l half of the co re . The burnup then gets higher than in 
case 6, but the breeding rat io i s lower . 

Two-dimensional calculat ions have a lso been made i nx -y geometry 
on 3% ^̂ ^U enr iched- and na tu ra l - thor ium rods mixed in the c o r e . The 
r e su l t s a r e : 

Ratio of 
enriched to 
natural rods 

1: 1 
5.4 

Average 
initial 

enrichment 

1.5 
1.667 

Burnup 
of enriched 

rods, Mwd/ton 

570 
4.770 

Average 
breeding 

ratio 

1.005 
1.031 

Compare the batch point react ivi ty of case 2 with a burnup of 16,330 
Mwd/ton and a breeding rat io of 1.048. 

CONCLUSIONS 

This investigation shows that se l f -susta ining Th-^^^U fuel cycles 
a r e possible in heavy-water r e a c t o r s of the PHWR type. P r e l i m i n a r y -
cost e s t imates indicate fuel cos ts l e s s than 1 m i l l / k w - h r provided 
l a rge thor ium reprocess ing faci l i t ies a r e avai lable . This cost i s c o m -



Table 7 
-a 
00 

TWO-DIMENSIONAL BURNUP CALCULATIONS ON BATCH CORES* 
CONTAINING ENRICHED AND NATURAL Th02 

Final 
233 u . 233 P a 

Case 
No. F r e s h fuel loaded Reflector Burnup 

content 
in the 

enriched 
fuel 

Final 
233u 

content 
of the 

natural 
Th 

Maximum 
l inear 

loading, 
w a t t s / c m 

1 1.5% 233u enriched in all co res DjO 
2 1.5% 233u enriched in all co r e s ThOj 
3 1.5% ^'^U enriched in regions 1 to 5, 

7 to 11 and 13 to 17; natural Th02 
in regions 6, 12, and 18 D2O 

4 1.5% ^̂ ^U enriched in regions 2 to 6, 
8 to 12 and 14 to 18; natural ThOj 
in regions 1, 7, and 13 D2O 

5 3% ^̂ ^U enriched in regions 1, 3, 5, 
7, 9, 11, 13, 15 and 17; natural 
ThOj in regions 2, 4 , 6, 8, 10, 12, 
14, 16, and 18 D2O 

6 3% ^^^V enriched in regions 2, 3, 4, 
8, 9, 10, 14, 15, and 16; natural 
ThOj in regions 1, 5, 6, 7, 11, 
12, 13, 17, and 18 DjO 

7 3%) ^^^U enriched in regions 1, 2, 3 , 
7, 8, 9, 13, 14, and 15; natural 
Th02 in regions 4, 5 , 6, 10, 11, 
12, 16, 17, and 18 DjO 

-D,0 
11,870 
3,440 

2,100 

775 

22,160 

0154 
0152 

0.0151 

0.0150 

10,840 0.0154 

0.0209 

31,760 0.0188 

0.0003 

0.0002 

0.0004 

0.0019 

0.0050 

0.0044 

320 
410 

430 

310 

1,990 

530 

620 

> 

to 

*Core volume, 100 m^; ref lector th ickness , 60 cm. 
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parable to that of a natural-uranium-fueled heavy-water reactor of 
good neutron economy. 

The developed program CAROL has appeared useful for survey 
calculations. The calculations show that ^̂ Û enrichments about 1.5% 
and moderator-to-fuel ratios between 10 and 15 are of interest for 
self-sustainmg Th-^^^U fuel cycles. The various possibilities to dis
tribute the fissile material m the core should be further investigated. 
The fuel-cycle calculations are very sensitive to fission-product cross 
sections and other basic nuclear data. Experimental studies of changes 
in isotopic composition and reactivity with irradiation in heavy-water 
lattices are therefore recommended. 
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W. O. ALLEN, D. J. STOKER, and A. V. CAMPISE 
Atomics International, Canoga Park, California 

ABSTRACT 

Conceptual design studies have been made of a 1000 Mw(e) sodium-cooled fast 
breeder reactor utilizing oxide fuels and hybrid or mixed fuel cycles. The two-
zone cores contain 233u_238u Qp 239pu_232-];'jj ijj the center zone and 233pu-238u 
or 239py_232'j'jj jjj the outer zone. The critical mass, the breeding ratio, the 
Doppler coefficient, and the sodium void coefficient have been determined for 
each configuration. The thermal rating of the reference reactor is 2300 Mw. 
The 4100-liter core has a height of 4 ft and a diameter of 6.8 ft. The core 
composition by volume is 37.7% fuel, 17.6% stainless steel, and 44.7%) sodium. 
The reactor is comprised of a central zone of 109 fuel elements, an annular 
zone of 90 fuel elements, and a radial blanket zone of 114 elements. Both core 
and blanket elements are triangular arrays of stamless-steel-clad oxide fuel 
rods contained in hexagonal stainless-steel shroud tubes. Each fuel rod contains 
an axial blanket section 15 m. long at both top and bottom. Core fuel elements 
contain 271 fuel rods of 0.25 m. in outside diameter. 

An important safety consideration in the design of large fast reactors 
is the positive sodium-void reactivity coefficient that is predicted for 
239py_238u systems, which are the ones of most interest. Cores of 500-
to 1000-Mw(e) size may incur reactivity insertions as large as 10 dol
lars (about 3.3% Ak/k) if sodium is progressively voided from the 
center of the core, as by boiling at low flow rates. Uniform voiding of 
the core involves less-positive reactivity effects. It may be possible to 
safely operate fast reactors with large positive sodium coefficients, 
but at this point in time it is believed to be undesirable, 

*Work performed under North American Aviation, Inc., Independent Re
search Program. 
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Studies of sodium-void reactivity effects have shown that the 
components are: 

1. A negative effect due to increased leakage from the core, 
2. A positive effect due to hardening of the neutron energy spectrum, 
3. A small positive effect due to decreased parasitic capture 

by sodium. 

The negative leakage effect tends to predominate near the edges 
of the core; the positive spectrum-hardening effect tends to predominate 
near the center of the core. Cores designed to have high leakage (thin 
annular cores or pancaked cores with small height-to-diameter ratio) 
emphasize the negative component of the sodium coefficient and tend 
to have a net reactivity effect that is negative for uniform voiding. 
Voiding only a volume of the core near the center will still give a 
positive effect. 

Hardening of the neutron energy spectrum, which occurs when the 
elastic and inelastic scattering by sodium is lost, increases reactivity 
in three ways: 

1, The capture-to-fission ratios of the fissile isotopes ^^^Pu, ^̂ ^U, 
and ^̂ Û decrease with increasing energy (decreasing sharply in the 
case of ^^^Pu). The number of prompt neutrons per fission slowly in
creases with energy. Hence the average number of neutrons produced 
per absorption, rj, increases as the spectrum hardens. 

2, The fertile isotopes ^*°Pu, ^^^Pu, and ^̂ ^Th undergo threshold 
fission (fission only occurring at higher energies); therefore their 
spectrum-averaged fission cross sections increase as the spectrum 
hardens. This effect is smallest for ^^^Th, 

3, The capture cross sections of fission products (xenon, samarium, 
molybdenum, e tc ) , structural materials (stainless steels), and fertile 
isotopes (̂ ^%, ^^^Th, ^^"Pu) decrease with energy more rapidly than 
fission cross sections; hence more neutrons are available for fission 
as the spectrum hardens, 

Okrent* and Leipunsky et al.^ have proposed mixed or hybrid fuel 
cycles such as 233u_238u QJ, 239py_232rpĵ  ^g aposslble means of achiev
ing high breeding ratios without sodium-void-coefficient problems. 
Either system has a higher breeding ratio than the 233^_232rpjj ^^ ^^le 
235u_238u system but a lower one than 239pu~238u system, Uranium-233 
is affected less by spectrum hardening than ^^'Pu because the ^̂ Û fis
sion cross section decreases rapidly with increasing energy. Thorium-
232 is affected less than ^̂ Û because its fission cross section is 
smaller and has a higher threshold energy. Mixed fuel cycles should 
thus have less-positive (or even negative) sodium coefficients. In ad
dition, '̂̂ U systems have smaller critical masses. 

Fuel cycles other than 239pu_238y ^^^y ^̂ ^ necessary in the future 
if fast reactors are to become a large force in the marketplace as soon 
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as they a re economical . Otherwise , f a s t - r eac to r growth will be l imi ted 
by plutonium availabili ty. Studies of balanced nuclear economies show 
that it may be the yea r 2000 before sufficient plutonium is available for 
the total capacity of fast b r eede r r e a c t o r s to exceed that of the rma l 
r e a c t o r s . 

SURVEY OF MIXED-FUEL-CYCLE CORES 

Conceptual design s tudies were made to evaluate the economics and 
safety of sodium-cooled fast b r e e d e r r e a c t o r s uti l izing oxide fuels and 
hybrid or mixed fuel cyc les . Cri t ical m a s s , breeding rat io , Doppler 
coefficient, and sodium-void coefficient were determined for severa l 
combinations. 

A re ference design for a 1000-Mw(e) r eac to r was selected for the 
initial s tudies . Design p a r a m e t e r s for the re fe rence reac to r a r e l i s t ed 
in Tables 1 and 2. A sect ion through the co re and the radial blanket is 
shown in Fig. 1. The core is compr ised of a cent ra l region of 109 fuel 
e lements (core zone 1) and an annular region of 90 fuel e lements (core 
zone 2). The core i s surrounded by two rows of radia l -blanket e lements 
(114 e lements) . Both core and blanket e lements a r e t r iangular a r r a y s 
of s t a in l e s s - s t ee l - c l ad fuel rods contained in hexagonal s t a in le s s - s t ee l 
shroud tubes . Fuel e lements have an outside dimension a c r o s s the 
flats of 5.45 in. and a r e spaced 5,50 in, cen te r to center . Overal l , the 
core and blankets a re 8,5 ft in d iamete r and 6.5 ft high. 

Table 1 

FAST-REACTOR DESIGN PARAMETERS I 

500 Mw(e) 1000 Mw(e) 

Reactor 
Core height, ft 
Core diameter, ft 
Core volume, liters 
Axial-blanket thickness, ft 
Radial-blanket thickness, ft 

Thermal design 
Thermal power, Mw(t) 
Thermal efficiency, % 
Core power fraction, % 
Axial-blanket power fraction, % 
Radial-blanket power fraction, % 

Fuel-rod rating 
Maximum linear power, kw/ft 
Average linear power, kw/ft 
Radial peak to average 
Axial peak to average 

2.50 
6.79 
2560 
1.25 
0.86 

1250 
40 
86.2 
10.1 
3.7 

14 
8.35 
1.20 
1.21 

4.00 
6.79 
4100 
1.25 
0.86 

2300 
43.5 
87.7 
6.2 
6.1 

17.5 
9.77 
1.22 
1.28 
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The reference reactor has a high-performance oxide core with an 
average power density of 500 kw/liter. Radial power peak to average 
is approximately 1.2, obtained by optimizing the fuel enrichments in 
the two core zones. A high fuel-volume fraction, 37,7%, was selected 
to maximize the breeding ratio. 

Survey calculations were made for each fuel combination to select 
the enrichment necessary to flatten the radial-power distribution 
(i.e., achieve a peak to average of about 1.2). Reactor-kinetics param
eters were then analyzed for each core. Fission products simulating an 
average core burnup of 62,500 Mwd/metric ton are included in each 
case. Nuclear-design methods, cross sections, and computer codes are 
similar to those described in Ref. 3. 

Three different mixed-fuel combinations were studied in the two-
zone core configuration. Axial and radial blankets are thorium dioxide 
but could be depleted UO2, depending on fuel-cycle requirements. The 
most important results are shown in Table 3. 

Core A has a center zone of ^̂ Û and ^̂ Û and an outer zone of 
^^^Pu and ^ '̂'U. The critical mass is 1320 kg of ^̂ Û and ^^^Pu. The in-
core breeding ratio is 0.80, and the total breeding ratio is 1.42, Doppler 
coefficient T dk/dT is —10.0 x 10~^. The maximum sodium-voiding 
effect, for central voiding, is 1.17% Ak/k. Core B has a center zone of 
^^^V and ^^% and an outer zone of ^^^Pu and ^'^Th, Critical mass is 
1670 kg of ^̂ Û and ^^^Pu. The in-core breeding ratio is 0.73, and the 
total breeding ratio is 1.32. The Doppler coefficient T dk/dT is 
-10.1 X 10~^ The maximum sodium-voiding effect is 0.81%.Ak/k. 
Core C has a center zone of ^^^Pu and ^̂ ^Th and an outer zone of ^^^Pu 

239T and '''"'U. The critical mass is 1820 kg of " T u , The in-core breeding 

Table 3 

RESULTS OF lOOO-Mw(e) CORE SURVEY 

Fuel 
Core zone 1 
Core zone 2 

Cr i t i ca l m a s s , kg 

Breeding ra t io 
In-core 
Total 

Doppler coefficient 
T dk/dt with sodium 
T dk/dt without sodium 

Sodium-void coefficient 
Total co re void, % Ak 
Wors t configuration, % Ak 

Core A 

238u_238u 
239py_238u 

1320 

0.80 
1.42 

-0.0100 
-0.00S5 

0.86 
1,17 

Core B 

23Su_238u 

239py_232Th 

1670 

0.73 
1.32 

-0 .0101 
-0 .0055 

0.30 
0.81 

Core C 

239pu_232^h 
239pu_238u 

1820 

0.76 
1.35 

-0 .0097 
-0 .0052 

1.25 
1.65 
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ratio is 0,76, and the total breeding ratio is 1,35. The Doppler coef
ficient T dk/dT is -9 .7 x 10"'. The maximum sodium-voiding effect is 
1,65% Ak/k. The principal conclusions are: 

1. Sodium-void reactivity coefficients are positive in all of the 
systems studied if voiding begins at the center of the core. 

2. Doppler coefficients of all systems studied are similar. 
3. High breeding ratios are possible in mixed-fuel-cycle systems 

using a regular core geometry and a high fuel-volume fraction, 

FUEL-CYCLE ECONOMICS 

The survey of lOOO-Mw(e) fast-reactor cores showed that core A, 
with a center zone of ^^'u and ^̂ Û and an outer zone of ^^^Pu and ^̂ ^U, 
has the highest breeding ratio, the lowest critical mass, and Doppler 
and sodium-void coefficients similar to the other cores. It was there
fore selected for more detailed fuel-cycle studies. Using thorium in 
the blanket but not in the core has the additional advantages of eliminat
ing the reactivity transient associated with ^^^Pa decay to ^̂ Û and 
reducing the ^̂ Û content in the ^̂ ^U, 

Both 1000- and 500-Mw(e) versions of core A were studied. The 
500-Mw(e) reactor is identical in mechanical design with the previously 
described lOOO-Mw(e) reactor except that it is 2.5 ft high instead of 
4 ft. Design parameters for both cores are listed in Tables 1 and 2. The 
500-Mw(e) reactor has a peak heat flux lower by 20% and a lower 
sodium-void coefficient, less than 1 dollar for total core voiding. 

The thermal efficiencies listed in Table 1, 40 and 43.5%, are 
typical for a prototype 500-Mw(e) reactor with a sodium outlet tem
perature of 1075°F and for a more advanced lOOO-Mw(e) reactor with 
a sodium outlet temperature of 1150° F. The maximum fuel-rod l inear-
power ratings, 14 kw/ft for the 500-Mw(e) core and 17,5 kw/ft for the 
1000-Mw(e) core, are for the 100% power condition with equilibrium 
^̂ Û concentrations in the thorium blankets. There are 51,604 fuel rods 
in each core. A hot-channel factor of 1.15 was used. 

The radial-blanket element is a close-packed array of rods with 
no spacers. The core fuel element contains rods with a pitch-to-
diameter ratio of 1.28. 

The breeding ratios of the two reactors, based on a life-cycle 
analysis instead of the previously described "point-in-time" calcula
tion, are listed in Table 4. The doubling times of the two reactors, with 
no compounding and after chemical reprocessing losses, are 5 years 
for the 1000 Mw(e) system and 8 years for the 500-Mw(e) system. 

Table 5 lists the mass balances by fuel element for the two reac
tors. Zone 1 elements originally contain 65,5 kg of uranium (7.60 wt.% 
2̂ Û) and 37,2 kg of thorium blanket in the 1000 Mw(e) design and 40.9 
kg of uranium (10.29 wt.% ^̂ ^U) and 37,2 kg of thorium blanket in the 
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Table 4 

BREEDING RATIOS AND DOUBLING TIMES 

Breeding ra t io 
Original r e a c t o r , kg ^'^U 
Inventory requ i rement , kg 239p^ 

Total , kg 

Yearly f iss i le su rp lus , kg 
Doubling t ime, y e a r s 

lOOO-Mw(e) 
r eac to r 

1.391 
543 
911 

1454 

290 
~5 

500-Mw(e) 
r e a c t o r 

1.346 
459 
665 

1124 

141 
~8 

Table 5 

MASS BALANCES BY FUEL ELEMENT 

Fissile in Fissile out 

lOOO-Mw(e) reactor 
Zone 1 core element 4.98 kg 233u 1.07 kg 233u, 0.16 kg ^SSy, 

and 3.87 kg 239pu 
Zone 2 core element 10.12 kg ^sspu and ^"Pu 8.12 kg ^^^Pu and ^"Pu 
Zone 1 axial blanket 1.98kg233u 
Zone 2 axial blanket 1.39 kg ^ssy 
Radial blanket 6.48 kg 233u 

500-Mw(e) reactor 
Zone 1 core element 4.21 kg 233u 1.20 kg 233u, 0.11'kg 235u, 

and 2.11 kg 239pu 
Zone 2 core element 7.39 kg ^^Sp^ ^nd *̂*Pu 5.69 kg ^'Spj, ^^^ 24lp^ 
Zone 1 axial blanket 1.96 kg 233u 
Zone 2 axial blanket 1.50 kg ŜSy 
Radial blanket 3.56 kg ^^^u 

500-Mw(e) design. Zone 2 e lements originally contain 65.9 kg of u r a 
nium and plutonium (15.36 wt.% ^^^Pu) and 37.2 kg of thorium blanket in 
the lOOO-Mw(e) design and 41.2 kg of uranium and plutonium (17.94 
wt.% ^^^Pu) and 37.2 kg of thor ium blanket in the 500-Mw(e) design. 
Radial-blanket e lements contain 153.2 kg of thor ium in the 1000-Mw(e) 
r eac to r and 111,4 kg of thor ium in the 500-Mw(e) r eac to r . Zone 1 of 
the 1000-Mw(e) r eac to r has an in -co re breeding ra t io g rea te r than 1. 

A fuel-management scheme developed for these two r e a c t o r s i s 
descr ibed in Table 6. Core fuel a s sembl i e s a r e taken to an average 
exposure of 100,000 Mwd/met r ic ton. The fuel-management scheme 
actually allows for double batching of the radia l -b lanket e lements ; 38 
e lements a r e removed every 14.4 months from the lOOO-Mw(e) r eac to r 
instead of 19 e lements every 7.2 months. 
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Table 6 

FUEL-MANAGEMENT SCHEME 

Replacement batch 
Vs of inner 85 zone 1 e lements 
% of outer 24 zone 1 elements 
V, of inner 42 zone 2 elements 

% of 144 radia l 
e lements 

-blanket e lements 

Total 

months 

Table 7 

FUEL-CYCLE-ECONOMICS DATA 

6 
14 
12 
19 

79V, 

lOOO-Mw(e) r eac to r 
500-Mw(e) r eac to r 

Fuel exposure by region, Mwd/metr ic ton 
1000 Mw(e) 

Zone 1 core 
Zone 1 axial blanket 
Zone 2 core 
Zone 2 axial blanket 
Radial blanket 

500 Mw(e) 
Zone 1 core 
Zone 1 axial blanket 
Zone 2 core 
Zone 2 axial blanket 
Radial blanket 

7.2 
8.4 

100,000 
16,700 

100,000 
7,000 
9,500 

100,000 
16,400 

100,000 
8,500 
5,000 

Fuel value 
239 Pu and 233 u , $ /g 
Thorium dioxide, $ / lb 

Fabricat ion cos ts 
500-Mw(e) core , $ /kg 
lOOO-Mw(e) core , $ /kg 
Axial and radia l blankets, $ /kg 

Reprocess ing 
Daily charge , $ 
Daily throughput, kg 233u or 239 py 
Turnaround t ime, days 
Thorium blankets p rocessed separa te ly 
Material l o s se s , % 
Irradiated-fuel shipping, $/kg 

Working capital 
Annual charge r a t e , % 
Plant-capaci ty factor, % 
Ex-core inventory, months 

10 
5 

300 
250 

50 

23,500 
25 

1 
15 

10 
90 

9 
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Basic data used for calculating fuel-cycle costs a r e l i s ted m 
Table 7. The value of ^^^U is assumed to be $10/g , but the fuel-cycle 
costs a r e relat ively insensi t ive to this value. The fuel-fabrication cos ts 
a s sumed for the 500-Mw(e) core ($300/kg) a r e higher than for the 
lOOO-Mw(e) core ($250/kg) because of the sho r t e r active core length. 

The thor ium axial blankets a r e sepa ra t ed from the co re fuel rods 
by shear ing at the chemical r ep rocess ing plant and a r e p rocessed with 

Table 8 

FUEL-CYCLE COSTS 

lOOO-Mw(e) 500-Mw(e) 
reactor, reactor, 

mill/kw-hr mill/kw-hr 

Fabrication 0.278 0.368 
Reprocessing 0 217 0.304 
Plutonium credit (0.367) (0.356) 
Working capital 0.341 0.468 

Total 0.469 0.784 

the thor ium-rad ia l -b lanke t e lements . Fuel e lements from core zones 1 
and 2 a re mixed and r ep roces sed together . Core fuel e lements a r e 
p roces sed at the ra te of 25 kg of ^'^U and ^^^Pu per day. Thorium 
blankets a r e p roces sed at the r a t e of 500 kg of thor ium and uranium 
per day. 

Fuel -cycle cos ts , broken down m Table 8, a r e 0.47 mi l l / kw-h r 
for the lOOO-Mw(e) r eac to r and 0.78 miU/kw-hr for the 500-Mw(e) 
r eac to r . Working capital was determined by a detailed accounting of 
all income and all expendi tures as a function of t ime . The average 
investment in fuel-cycle working capital i s $26.9 million for the 1000-
Mw(e) r eac to r and $18.5 million for the 500-Mw(e) r eac to r . 

CONCLUSIONS 

Fas t b r eede r r e a c t o r s with mixed fuel cycles can have very 
a t t rac t ive economics . A lOOO-Mw(e) r eac to r design using oxide fuel 
has a doubling t ime of 5 y e a r s and fuel-cycle cost of l e s s than 0.5 
mi l l / kw-h r . Mixed fuel cycles reduce but do not el iminate posit ive 
sodium-void coefficients m fast r e a c t o r s . 
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•fKernforschungsanlage, JUlich, Germany; and JBrown Boveri/Krupp Reaktor-
bau GmbH, DHsseldorf, Germany 

ABSTRACT 

For the Thorium High Temperature Reactor project a prototype of 300 Mw(e) 
is being designed. This paper surveys the technical concept of the THTR 
prototype. Major characteristic components of this pebble-bed reactor are dis
cussed in the light of recent research and development work. The results of this 
work indicate that considerable simplification, as compared to the first pebble-
bed reactor, is possible and thus renders an economic realization of the THTR 
concept attainable in the not-too-distant future. 

Second to the Arbeitsgemeinschaft Versuchs-Reaktor GmbH (AVR) 
reactor in the line of the pebble-bed high-temperature reactors, the 
Thorium High Temperature Reactor (THTR) project is being under
taken by an association in Germany. The following listing gives the or 
ganizations of this association and the scope of work. 

Association partners: European Atomic Energy Community 
(EURATOM), Brown Boveri/Krupp Reaktorbau GmbH (BBK), and 
Kernforschungsanlage Jiilich des Landes Nordrhein-Westfalen e.V. 
(KFA) 

Scope of work: Research and development program (KFA/BBK); de
sign of a 300-Mw(e) prototype (BBK); experimental operation of the 
AVR reactor (BBK/AVR); fuel-element development by Nuklear-
Chemie und -Metallurgie GmbH (NUKEM); and irradiation tests of 
fuels and materials at Mol, Studsvik, Dragon, and Jiflich 

Actual contract period: 1963-1967 
Work planned after 1968: Prototype construction, long-term research 
and development work, and thermal Th-U breeding cycle 

*Work performed under an association agreement signed in May 1964 by the 
European Atomic Energy Community, the Kernforschungsanlage Jiilich des 
Landes Nordrhein-Westfalen e.V., and Brown Boveri/Krupp Reaktorbau GmbH. 
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The funds for the project amount to $20 million, 50% each being 
contributed by EURATOM and KFA, the latter receiving about three-
quarters of its share from the German Federal Ministry of Scientific 
Research. The institutions mentioned are represented on the steering 
committee which directs the execution of the association program. The 
work is done at BBK, KFA, and various subcontractor sites. Alto
gether, a staff of about 300 people is assigned to the research and de
velopment work and to the design of the prototype as the main objec
tives of the program for the present period to the end of 1967. 

A reference design for the prototype will be ready by the end of 
1966, and the final design, including a safety report, will be ready 
one year later. Subsequently, the prototype power plant is to be con
structed. Long-term research and development work will be continued 
with the possibility in mind of a gradual adaptation of the reactor con
cept from the present T h - U converter to a thermal breeding cycle. 

The present work takes advantage of the experience gained from 
the development, construction, and startup operation of the AVR reac
tor. This very first pebble-bed reactor is scheduled to become cri t i 
cal in midyear of 1966 and will undergo extensive experimental 
operation before its power is fed to the grid. 

The fuel-element development work subcontracted to NUKEM and 
the irradiation program of both fuel elements and graphite materials 
are also important parts of the program. These parts, however, are 
not dealt with here since a special paper on them by H. J. Stijcker will 
be presented later at this conference. 

DESIGN FEATURES OF PROTOTYPE 

Whereas the AVR reactor has a power of only 15 Mw(e), the THTR 
is intended to be exploitable for power stations up to about 1000 Mw(e) 
per unit size. A power level of 300Mw(e) has been chosen for the THTR 
prototype to allow for both a full-scale technical approach and an ap
preciable conversion rate from the Th—U cycle. However, any de
cisions on techniques to be applied have to be taken with due regard to 
requirements for extrapolation to the expected power range. 

For gas-cooled reactors of this size, there is no alternative to 
prestressed concrete pressure vessels unless the approved AVR 
arrangement, whereby both reactor and steam generator are in
cluded in one vessel of preferably cylindrical shape, is abandoned. 
The adoption of this arrangement, only recently extended to large 
containments of this type, offers good prospects for the maintenance 
of the so-called integrated arrangement of the primary circuit up to 
any power level of reasonable concern. 

Another important decision regarding the THTR concept was 
taken to eliminate restrictions on power density other than those re -
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suiting from the performance of the fuel elements themselves. To this 
end it was preferred to have the coolant pass through the core in a 
downward direction since upward flow of the gas causes levitation of the 
fuel balls at coolant flow rates required for the attainable power densi
ties in the pebble-bed core. 

It can be argued that all differences between the AVR and the 
THTR concepts originate from the two previously mentioned decisions. 
First, the steam generator had to be split into several units since it 
should be removable in case of a serious failure and because penetra
tions in a concrete pressure vessel should not exceed about 2.5 m in 
diameter. For the sake of stability, the distance between neighboring 
penetrations should be approximately equal to their diameter. There
fore the choice was to have six steam-generator units with helical 
tubes matching their cylindrical shape of 2 m in diameter and about 
12 m in height. 

Since the prestressed concrete pressure vessel is a vertical cyl
inder, the penetrations for steam generators should be placed at the 
top plate to facilitate any required removal. To use one penetration 
for more than one steam generator is not advisable because proper 
subdivision of the steam generator, including reheater, into distinct 
circuits to be shut dovî n from the outside results in a great number 
of tubes to be passed through the steel lid by which the penetration in 
the concrete top plate is sealed. 

The outer dimensions of the core structure and the spacing of the 
penetrations meet favorably for locating the steam generators at equal 
distance around instead of above the reactor. With this arrangement 
the pressure vessel becomes very compact, as will be seen from 
Fig. 1. Its inner diameter and height are 15.6 and 18.0 m, respectively. 
A cylindrical wall of about 5 m and top and bottom plates of about 7 m 
thickness are required for a coolant pressure of 40 atm. 

The location of the six blowers can also be seen from the sectional 
view, each blower being connected to one of the heat exchangers and 
exhausting the low-temperature gas into the free space between the 
thermal insulation of the pressure vessel and the internal structures. 
Through holes at the bottom of the cylindrical thermal shield, the gas 
penetrates into the annular gap between shielding and reflector to 
flow in an upward direction. 

Before more detailed discussion of the top reflector and core-
support structure, it may be recalled that the downward flow through 
the core shifts the high-temperature problems from the top to the 
bottom structure, where they prove easier to solve. Another advan
tage of the THTR concept, as compared to the AVR reactor, is that 
the control rods can be inserted directly by gravity, the central area 
of the pressure-vessel top plate being available for their appropriate 
location. 
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Fig. 1 —Sectional view of the reactor. 
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Figure 2 shows a design for the top reflector composed of six 
hexagonal graphite blocks with each one being threaded on one of the 
steel rods suspended from a steel structure above the reflector. The 
reflector measures 2.5 m in height with the cooling gas flowing in a 
downward direction via gaps between the staggered graphite blocks. 
The whole structure including the upper thermal shielding plate rests 
on the lateral thermal shield, and thus the load is transferred to the 
bottom plate of the pressure vessel. 

Whereas the top reflector needs some steel support, the bottom 
structure exposed to high temperature can be constructed with no ma
terials other than graphite and carbon brick. Starting from the bottom, 
Fig. 3 shows the thermal insulation adjacent to the steel liner of the 
concrete vessel, the thermal shielding plate, and layers of carbon 
brick, on top of which vertical graphite rods support the bottom reflec
tor, which is penetrated by slits. Thus the hot gas, after passing 
through the slits, enters the area containing the rods and then flows 
through ducts extending radially to the bottom of the heat exchangers. 
The ducts are graphite-walled channels through a compact structure of 
carbon brick, which surrounds also the lower part of the heat ex
changers. 

LAYOUT DATA AND MAIN CIRCUITS 

Further essential layout data for the prototype aire compiled in 
Table 1. The reflector vessel for the core has been so dimensioned 
that the space occupied by the pebble bed approximates an optimal cyl
inder of about 125 m^ volume, corresponding to an average core power 
density of 6 Mw/m^. For the cooling gas a pressure of 40 atm and 
rather conservative temperature levels have been chosen at the ex
pense of the pressure drop. The advantage is obvious from the fact 
that the heat transfer improves with increasing velocity of the coolant. 
Thus the choice made has two favorable impacts on the control of the 
maximum fuel temperature and also keeps the heat-exchanger surface 
appreciably small. On the other hand, in the primary circuit a pressure 
drop of about 2.5% can be tolerated since only about 3% of the gross 
power is required for the blowers. 

The adopted live- and reheated-steam conditions correspond to 
those of conventional steam power stations in Germany so that a nor
mal turbine can be used. 

The temperature gradient in the heat-exchanger-tube wall should 
be mentioned as a problem still to be approached. Careful selection of 
raaterials and pretests are necessary since reliable experience on the 
performance of steam generators is scarce in the thermal-flux range 
involved. 

Figure 4 shows schematically the primary circuit (thick lines) and 
the secondary circuit (narrow lines) with the six steam generators, the 
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Fig. 3—Bottom-reflector design. 
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Table 1 

PROTOTYPE LAYOUT DATA 

Parameter 

Electrical power, Mw 
Thermal power, Mw 
Efficiency, % 
Average power density, Mw/m' 
Core diameter, m 
Average core height, m 
Number of fuel elements 
Number of control rods 
Cooling-gas pressure, psi 
Primary-circuit pressure drop, psi 
Blower power, Mw 
Core inlet temperature, °C 
Core outlet temperature, °C 
Number of heat exchangers 
Steam conditions 

Pressure at turbine, psi 
Temperature at turbine, °C 

Reheat steam conditions 
Pressure at turbine, psi 
Temperature at turbine, "C 

Value 

300 
750 
40 
6 
5.6 

5.1 
675,000 
25 
570 
14 

6 X 1.7 
270 
750 
6 

2,530 
525 

700 
525 

reheaters, and the blowers with motors at the top of the diagram. Obvi
ously, the secondary system, shown on the right, is precisely that of a 
modern fossile-fuel-fired plant, except that there are only five p r e -
heaters since by optimization it was found that the feedwater inlet tem
perature should be lower than with modern conventional power stations. 
On the left, the primary-circuit bypass is detailed. While a portion of 
this gas is returned to the main circuit via the pneumatic fueling tubes 
immediately after the auxiliary blower, the remainder passes through 
a graphite dust filter. The further stages indicate systems for the r e 
moval of chemical and active impurities, their interconnections with 
equipment requiring different grades of purified gas, and storage con
tainers. For the removal of chemical impurities such as H2 and CO, 
molecular sieves operating at room temperature or chemical reac
tions at elevated temperatures are still under consideration. Only part 
of the gas purified there needs to be decontaminated owing to improved 
fission-product retention in the coated-particle fuel. 

PEBBLE-BED EXPERIMENT 

Together with an account of the concept for the forthcoming THTR, 
it may be of interest to elaborate on some major characteristics of this 
reactor type, such as the pebble bed Itself. Experimental work on the 
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Fi^ 5 — Transparent pebble-bed-core experiment 
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internal flow behavior of a moving pebble bed reached a new stage when 
a glass pebble bed was made transparent by filling the voids with a 
liquid of equal refraction index. 

Figure 5 shows such a device during a two-zone fueling experi
ment. In this instance, continuous circulation of black and white balls 
is performed by means of the rotating helical elevator on the right. 
From the elevator the black balls are automatically gathered in one 
of the five containers above the pebble bed and dropped to the pebble 
bed from a central outlet; the white balls are dropped from four pe
ripheral outlets. Although there is only one outlet from the bottom of 
the pebble bed, the balls do not become mixed in passing through the 
pebble bed. This indicates that a two-zone pebble bed can be maintained 
with no solid internal structure. 

An important finding from experiments of this type was the fact 
that also with pebble beds of very large dimensions, as compared to the 
ball diameter, one central outlet at the bottom is almost as efficient 
for uniform vertical flow over the entire cross section as, for instance, 
five outlets. This is true only if the vertical walls, the conical bottom, 
and, above all, the transition from wall to bottom are properly shaped. 

Figure 6 shows a typical result derived from a steel-ball experi
ment, where one should bear in mind that the downward flow of the 
coolant increases the effective weight of the graphite balls in the core 

0.4 0.8 1.0 1.2 1.4 1.6 
FRACTIONS OF CIRCULATED CORE VOLUME 

Fig. 6—Ball-residence spectra. 

considerably. The experiment started from a pebble bed, on the flat
tened top of which a layer of marked balls had been placed. While being 
circulated, the balls withdrawn (except for those which were marked) 
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were returned to the pebble bed. The curves pertaining to experiments 
with one and five outlets, respectively, show that after circulation of 
about 0.8 core volume the marked balls started to appear at the outlet 
in either case and that 80 to 90% had passed through before 1.2 core 
volumes were circulated. Again, in either case, the latest marked balls 
remained in the pebble bed for not more than a circulated volume equal 
to twice the core volume. Therefore it seems possible with the THTR, 
in spite of some broadening of the residence spectra, to abandon de
signs requiring more than one outlet to the benefit of simplified core-
bottom structure and fuel-withdrawal equipment. 

CONTROL-ROD CONCEPT 

With the large THTR core dimensions, the problem of how to 
safely insert control rods was raised since all rods definitely cannot 
be located in or near the reflector if the required efficiency is to be 
reached. Fortunately, all attempts to provide for internal graphite 
structures in the core could be abandoned after it was accidentally 
discovered that the analogy between pebble beds and liquids might be 
extended to allow free control rods plunging into the pebble bed. 

Fig. 7—Free-control-rod experiment. 

The photographs in Fig, 7 were taken from some preliminary 
trials with full-scale graphite balls and a steel tube, the conical 
bottom end of which can be seen on the left. What happened when the 
tube, representing the control rod, was released can be seen on the 
right. 
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Fig. 8—Typical results of free-control-rod experim.ent. A, force 
required to drive rod into the pebble bed. B, force exerted on lower 
tip of rod. 

Figure 8 refers to some typical results from controlled experi
ments with rods of 10 and 15 cm in diameter. The curves indicate 
the force required for driving the rods into the pebble bed at the 
depth indicated on the vertical scale and also the force exerted on the 
lower tip of the rods. Naturally, this last force can be influenced to a 
certain extent by the shape of the rod tip. The horizontal distance 
between corresponding curves is a measure of frictional forces. 

Experiments to determine the most suitable rod shape and dimen
sions with regard to tolerable impact on fuel elements as well as to 
interdependencies of simultaneously inserted rods are proceeding. 
There is, however, nothing apparent that might prevent taking advan
tage of placing free control rods where they are most efficient. 

FUEL-HANDLING SYSTEM 

Perhaps the most favorable feature of the pebble-bed reactor as 
compared to other solid-fuel reactor types is its suitability for con
tinuous fuel handling during operation. 

Figure 9 shows schematically the fuel-ball circuit with the com
ponents for charging, discharging, scrap separation, and burnup 
measurement, all of them being connected to a computer for auto
matic control and coordination of the whole fueling system. 

Burnup measurement, including distinction of different types of 
fuel elements, will be accomplished by gamma spectroscopic meth-
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Fig. 9—Fuel-ball-circuit scheme. 

ods and by passing the ball at controlled speed through an auxiliary 
reactor of small critical mass, such as the Atomics International 
L 77. A somewhat modified version of this facility is being installed 
at Jiilich since preliminary measurements proved quite satisfactory. 

All devices must be capable of handling up to 500 fuel elements 
per hour. 

Figure 10 is a photograph of a combined singularizer and scrap 
separator, the moving parts of which are mounted on the same shaft. 
This device proved reliable during long periods of operation, but it 
may be replaced by a vertical arrangement better suited to the space 
available below the core outlet. 

CONCLUSIONS 

In conclusion, it may be stated that the THTR concept has proved 
technically sound. The examples given of progress achieved toward 
adequate solution of typical pebble-bed-reactor problems have been 
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Fig. 10—Singularizer and scrap-separator experiment. 

selected from the development program aimed at determining the 
most feasible techniques with regard to both safety and economy. 

As another important point, the problem of the blowers for the 
cooling gas should be mentioned. It is intended to provide for possible 
installation of blowers with either oil or gas bearings for the proto
type. Both types, of course, would be fully capsulated, including their 
drives. Although it is not yet clear whether gas-bearing blowers of 
about 2 Mw power will reach safe operation in time to be used reliably 
with the prototype, they should certainly become part of the THTR 
system as soon as possible. 

For the more distant future, it is also to be expected that the pre
cautionary measures necessary for heat-exchanger removal can be 
reduced to permit a better utilization of the space around the core 
structure. This would certainly enable a THTR plant of twice the pro
totype power, or even greater, to be erected with much the same 
inner dimensions of the concrete-pressure vessel. 
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ABSTRACT 

For the study of the feasibility of a high-temperature gas-cooled reactor using 
beryllia as the moderator, decisions on fuel cycles have had to be made for 
intermediate-spectrum systems for which nuclear data and methods of calcula
tion are often far from accurate. This paper presents information on the ex
perimental and theoretical approaches adopted to fill gaps in the knowledge of 
thorium-fuel-cycle physics information. The paper covers (1) defects in the 
thorium-fuel-cycle data, (2) methods adopted in experiment and ways for 
tackling information defects, and (3) analytical and numerical techniques. 

Early in any reactor program, decisions must be made well in ad
vance on the approach that will provide the essential nuclear data and 
methods of calculation. When the materials involved tend to be difficult 
to obtain and handle, added complexities worry the physicist in achiev
ing the desirable end of answering questions posed by the engineer. In 
this paper, the line taken in the experimental- and theoretical-physics 
studies within the Australian Atomic Energy Commission (AAEC), 
Physics Division, is set down. The study was centered on a pebble-bed 
reactor using BeO-Th02-Pu02 fuel balls. 

Nuclear data on a thorium-based fuel cycle are known to be suspect 
m some areas, and some nuclear parameters were nonexistent. The 
basic nuclear parameters of the prime heavy nuclides, ^^^Th, ^̂ ^U, 
^^^Pa, and ^̂ ^U, either were unmeasured or showed inconsistencies 
between the various measured values. For epithermal reactor systems 
the fission-product cross-section information was sparse. Thus, a l-
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though it was essential to develop a basic nuclear-data library based 
on such information as thermal cross sections, resonance parameters, 
etc., integral information from selected experiments is vital in pro
viding a check on both data and methods of calculation. 

The changes in neutron-energy spectrum, fission-product concentra
tions, and fissile-material burnup and production demanded a detailed 
calculational approach to problems in, for example, resonance-absorp
tion calculation, including resonance overlap. Multigroup-diffusion and 
transport-theory calculations required mechanized production of group-
averaged data from basic nuclear-data l ibraries. The calculational 
techniques had to be checked by comparison of their output with the 
results of definitive experiments. 

Such a program requires, apart from the nerve to try it with a 
limited staff, suitable equipment and nuclear materials. A modified 
10-kw UTR-10 reactor called MOATA provides a source of neutrons. 
A 3-Mev Van de Graaff accelerator with a range of beam pulsing 
provides a source of neutrons from the 30-kev region upwards. A 
computer is essential for the theoreticians, and in this case it is an 
IBM 7040/1401. 

Nuclear materials in various forms, such as blocks of beryllia or 
beryllia-thoria mixtures, and fuel elements containing ^̂ Û or ^̂ Û 
have been fabricated by the Research Establishment Materials Divi
sion. Plutonium fuel, which is of interest in the study of possible fuel 
cycles, was purchased. Adaptations of all equipment and facilities 
discussed in this paper have been undertaken to enhance the use of 
the available nuclear materials. 

EXPERIMENTS 

Experimental information on the integral reactor properties of 
semihomogeneous BeO-Th02 mixtures was nonexistent. To reach a 
rational decision on where to concentrate experimental effort, a 
general survey had to be attempted. At worst, data from the survey 
would provide a more solid base for the calculational speculation that 
has gone on for years, and, possibly, it could open up some new aspects 
of the problem. 

Exponential Experiments 

The first approach was to study simple exponential assemblies 
using the three fissile elements (̂ ^̂ U, ^̂ ^U, and ^^^Pu) with and without 
homogeneous dispersions of thoria in beryllia. Though the main em
phasis has been on ^̂ Û and ^̂ ^U, it is planned that plutonium-loaded 
systems will be studied (early 1967). 



THORIUM-LOADED BERYLLIA-MODERATED REACTORS 109 

The experiments have attempted to provide critical mass and inte
gral neutron-spectrum data for five compositions in the moderator-
ratio range of 1000 to 7000. The thoria concentration has been fixed 
relative to the beryllia at 5 wt. % (atom ratio Th :Be= 1:200). For 
high-conversion reactor systems, this thoria level is rather low. How
ever, it is not possible to increase the thoria concentration in the 
beryllia, and it is probable that other thoria concentrations will be 
studied in a heterogeneous fashion. In addition, the density of the ThOj — 
BeO mixture was low. This complicated the analysis of the experi
ments but, not illogically, has led to a fuller understanding of the 
physics of the particular experimental arrangement. 

Two-region Critical Experiments 

To assess fully the reactor under study, much more physics infor
mation is demanded, particularly on such items as neutron-energy 
spectrum, conversion ratio, and fuel-cycle possibilities. Simple ex
ponential experiments do not provide the necessary data. The reactor 
MOATA was modified to provide new facilities aimed at assisting with 
the data deficiencies in conjunction with the available fuel (1 to 2 kg). 

The core tanks of MOATA are 18 in. apart, and it appears possible, 
as a result of some calculations, to provide enough material in a 12-in. 
cube at the reactor center to achieve a central equilibrium spectrum 
appropriate to the medium present. Although this may not be quite so 
in practice, it will be a valuable experiment if the analytic treatment 
is successful in predicting the measured result. 

The experimental arrangement is such that the neutron-energy spec
trum from the 12-in. cube can be measured by a time-of-flight spec
trometer over the range of energies from thermal to 50 ev. In con
junction with these results, the data from a sandwich-foil activation 
technique establishes the spectrum to 1 kev. Preliminary results show 
good agreement between chopper and activation data for ^^^U-Th02-
BeO assemblies. It has not been possible so far to achieve similar 
agreement with calculations by using, for example, GYMEA, because 
of the complexity of the problem. The discrepancies are currently 
under study. 

Although we obtain epithermal-spectra data from such an approach, 
still unsolved are the major problems of conversion ratio and fuel 
cycles. Integral conversion ratios are being studied by using activation 
techniques and reactivity measurements; the reactivity measurements 
look quite promising provided some information on neutron importance 
can be obtained for the system. Fuel cycles, from a reactor-physics 
point of view, are related to the reactivity life of the core and/or con
version or breeding ratio. In these circumstances, we are interested 
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in the effect of major changes in fissile and fertile composition on 
(1) critical size, (2) spectrum, and (3) conversion ratio. The arrange
ment in MOATA has permitted moderator-to-fissile ratios from 800 to 
8000 to be studied in conjunction with changes in thorium loading to 
give information on each of the three parameters. Relation back to 
calculation is most fruitful when the experimental arrangement pe r 
mits, as, in this case, all data to be collected under similar conditions. 

Though the assemblies are close to homogeneous, the particulate 
form of the thorium is enough to allow self-absorption effects to show. 
The reactivity effect of thoria particle size in a BeO matrix has been 
investigated and compared with calculation. Similar experiments are 
being prepared for plutonia in a BeO matrix and plutonia having various 
particle sizes and ^^"Pu isotopic concentrations. A small furnace may 
be placed at the center of the cube to add temperature-coefficient 
studies of, for example, mixtures of BeO with Th02. 

NUCLEAR PARAMETERS AND CALCULATION METHODS 

Nuclear Data 

The main nuclear-data libraries that have been prepared, labeled 
NDXC and NDXF, cover 100 nuclides (78 fission products). The NDXC 
library was originally prepared from the United States and United 
Kingdom barn books,''^ and the NDXF library is essentially based on 
a recent Brookhaven National Laboratory publication,^ 

Moderator Nuclides With the preoccupation with beryllia, care has been 
used in preparing the cross sections for threshold reactions in ^Be, 
(n,2n) and (n,a), together with the production of ^Li, ^He, and Ĥ arising 
from extensive burnup,^ A recent survey by Doherty"* has been used 
for beryllium reactions. 

In a typical equilibrium calculation for the reactor under study, 1000 
source neutrons produce the following reaction components: 

''Be(n,2n) = 82 

^Be(n,a) = 33 

'^0(n,a) = 8 

^Be(n,2n)-^Be(n,a)-^^0(n,a) =41 

«Li(n,Q!) = 21 

'He(n,p) = 1 

[^Be(n,2n)-8Be(n,a)-«0(n,a)]-8Li(n,a) -^He(n,p) = 19 
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Scattering-law data for thermal neutrons were obtained from the 
work of Sinclair.^ The results obtained from time-of-flight measure
ments of neutron spectra and pulsed-neutron scattering experiments 
are being studied at present. 

Fertile and Fissile Nuclides Using measured resonance parameters^ for 
^^^Th, we calculated an epicadmium capture resonance integral of 80 
barns with unresolved resonances included. Though this is satisfactory, 
the data for ^̂ Û contain major uncertainties resulting from inconsis
tencies between measured alpha values when compared with cross 
sections produced from resonance parameters. Cook^ has evaluated 
resonance parameters from the total cross-section work of Pattenden 
and Harvey^ and the alpha values of Yeater, Hockenbury, and Fulwood,^ 
but problems still remain when calculated resonance integrals are 
compared with experimental values. 

The data inconsistencies are reflected m the comparison of experi
mental and calculated results from simulation of experimental arrange
ments for ^̂ Û —BeO exponentials. The '̂̂ U parameters are being r e 
evaluated, and the theoretical-physics background is being studied. 

Fission Products The yield data currently employed for 78 listed fission 
products are from Walker," statistical resonance information was 
derived from Hughes and Schwartz* and Garrison and Roos.** The 
Hughes and Schwartz data for resonance parameters were used. A 
serious attempt at wide coverage of available data is being made with 
the aid of the CINDA bibliography.*^ Data are still far from complete; 
e.g., there is a break m the samarium chain through poor data for 
i"Sm. 

The data collected to date have been processed*^ in the code GUNYA, 
described later, and compared with a recent compilation of resonance 
integrals and thermal cross sections.*'' 

Reactor Physics 

Resonance Theory In intermediate-reactor systems, adequate calculation 
of resonance-absorption data is important, for example, m considera
tion of conversion of ŝẑ pĵ  ^Q 233U_ Speed of computation is essential 
when a series of burnup calculations must be carried out to compare 
various reactor systems. The approximate method of McKay, Keane, 
and Pollard,*^ which is an extension of the lambda method of Hill and 
Schaefer,*^ was found to be adequate when compared with exact slowmg-
down solutions obtained from the code PEAS.*' 

Effect of Dispersed Fuel Burnup conditions for resonance-absorbing ma
terial (fertile and fissile) may be varied by considering the size of fuel 
particles dispersed in a moderator rpatrix as a parameter of the sys-
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tem. The method of Keane,*^ based on an equivalence principle, is 
incorporated in the computational method. 

Nonisolated Resonances When competition for neutron absorption between 
different fuels and fission products is considered, two features of the 
interaction must be taken into account: the overlap of one resonance 
by another*' and the gross flux effect between resonances.^" These 
compensate each other to some extent when multigroup data are p r e 
pared for neutronics calculations. However, the effects cannot be 
ignored. 

Multigroup Data The calculation of resonance absorption within a group, 
in which the preceding factors are taken into account, and the group 
collapse of multigroup data are essential for space-dependent digital 
computations with, say, CRAM^* to finish in reasonable times. For 
the homogeneous reactor studies, a reasonable neutron-energy spec
trum for the group-collapse procedure has been obtained from a bare-
Core, space-independent calculation of neutron balance. 

Burnup Calculations The long-term reactivity predictions have been an 
essential part of the study of reactor assessment, in addition to the 
problems of criticality and fuel-management schemes. Studies have 
centered around an equilibrium model (see paper by Bicevskis included 
in this volume) which provides the background for a space-independent 
computer code suitable for preliminary assessments. 

With the simplified approach it is still necessary to reduce the bulk 
of nuclear data for fission products by producing mixed-fission-product 
data. Retention of individual fission products, for example *^^Xe, and 
fission-product chains such as the samarium chain, has been found 
necessary (Fig. 1). However, the equilibrium model does provide a 
simple basis for mixing other fission products. 

Data and Neutronics Codes (IBM 7040 Computer) 

A summary of the codes that have been developed during the AAEC 
reactor-physics studies is presented here. The main data libraries, 
NDXC and NDXF, have already been mentioned. 

GUNYA Codes Originally the GUNYA codes *̂  were aimed at the rapid 
preparation of the large body of cross-section data required to repre
sent the effects of fission-product poisoning in reactor-fuel burnup. 
Later, the code series was enlarged to cover the fissile nuclides them
selves and refined to include later techniques for resonance-absorption 
calculation. 

The final output of the GUNYA series of computations is a 120-group 
set of cross sections for each nuclide used in the burnup code GYMEA.^^ 



Fig. 2—Data and netdronics codes. 
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Four programs are used in the data preparation. GUNYA 1 prepares, 
in a standard format, nuclear constants such as the beta-decay constant 
and statistical resonance data. GUNYA 2 uses these constants together 
with all available relevant experimental information on resonances, 
particularly single-level resonance parameters to prepare group 
cross-section data. These data may be loaded directly by a code 
EDITOR^^ to produce the binary libraries used by GYMEA. GUNYA 3 
and GUNYA 4 adjust the low-energy data to give experimental thermal 
cross sections either where no resonances are available (GUNYA 3) 
or where at least one resonance has been resolved (GUNYA 4). 

GYMEA Codes The code GYMEA is a space-independent multigroup 
(/120), multinuclide (XlOO) burnup and data-preparation program. 
Rather than detail features of GYMEA, we cite a few applications of it: 

1. Preparation of data libraries 30 FE (30 groups and 25 nuclides) 
and 30 SE (scattering library) from the main data libraries for rapid 
burnup calculations. 

2. Reactivity-lifetime survey calculations using the equilibrium 
model. The analytic-solution technique in GYMEA is ideally suited to 
this work. 

3. Calculation of critical bucklings for comparison with experi
mental-assembly results (Fig. 2). 

4. Preparation of data to go into CRAM for studying MOATA in
ternal assemblies. 

5. Calculation of the burnup conditions in P u - T h - B e O balls 
irradiated in the AAEC high-flux reactor, HIFAR, for mass spectro-
metric measurement of isotopic ratios. 

LUBRA and PEAS Codes LUBRA "̂* is a series of codes for detailed reso
nance-absorption studies. Both shielded and unshielded cases may be 
studied under a variety of different resonance theories. Accurate 
Doppler coefficients may be calculated for comparison with GYMEA 
results. 

P E A S " solves the slowing-down integral equation numerically and is 
a useful tool for judging the merits, or otherwise, of different approx
imate resonance-absorption theories. 

Other Codes The codes CRAM (FORTRAN version of Hassitt's code"), 
DSN (FORTRAN version of Carlson's code^^), and WDSN (Winfrith DSN 
code of Francescon^^) are widely used in conjunction with the data-
preparation program to carry out calculations on reactor cores. In 
general, the output of data from a code such as GYMEA is edited to 
suit the format of the neutron-diffusion or transport codes. The con
nection between the various codes is shown in Fig. 2, 
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COMPARISON BETWEEN THEORY AND EXPERIMENT 

The first round of exponential experiments is almost complete; 
effort has been concentrated on the analysis and comparison of theory 
and experiment. Although it is obvious that a detailed comparison of 
bucklings and reaction rates is essential, limitations of the computer 
in handling the complex situations of even an apparently simple experi
ment are often frustrating. 

Where nearly pure fissile materials are used with the BeO moder
ator, an equilibrium spectrum condition is achieved over a fair pro
portion of the assembly. In Table 1 the reasonable comparison of 
results in the third and fourth columns for ^^^U-BeO systems can be 
seen. The discrepancies in the ^'^U-BeO cases are attributable to 
data difficulties. 

Table 1 

A COMPARISON OF MATERIAL BUCKLINGS 
BETWEEN THEORY AND EXPERIMENT 

Mater ia l s Ratios Exper iment ,* m~^ Theory, m~^ Theory,* m ^ 

™ U - B e O 

U - T h - B e O 

235u_BeO 

3248 
4330 
6495 

8:1624 
11.9:2436 
23.9:4874 
35 .8 :7311 

1465 
2930 
5860 
8790 

46.4 ± 0.8 
39.3 ± 0.8 
33.6 i 1.4 

15.1 ± 0.8 
11.0 ± 0.8 

7.0 ± 0.8 
6.3 ± 0.8 

54.9 ± 1.8 
45.0 ± 1.6 
33.2 ± 1.0 
22.8 ± 1.0 

51.4 
44.3 
33.9 

9.6 
7.0 
1.2 

-2 .6 

53.7 
43.8 
33.1 
22.7 

13.4 

55.8 

*AAEC. 
t GYMEA with fuel disadvantage fac tors . 
$DSN with source included (GYMEA data). 

However, the inclusion of thoria and the reduced beryllia-thoria 
density in the ^^^U-Th-BeO assemblies has indicated grave discrep
ancies between experiment and theory (fourth column). The results in 
the fifth column demonstrate the use of another approach (DSN with 
source included). Detailed study of the calculated flux data shows that 
nonequilibrium conditions exist in the experiment. Though this demon
strates that extraction of "bucklings" from the relaxation of flux along 
the assembly is unreasonable, a great deal of detailed information 
may still be gleaned from the comparison of actual and calculated flux 
distributions, as well as fission and other reaction rates. 
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The approach adopted has been a pa ra l l e l development of theore t ica l 
methods and exper imenta l techniques. The r e su l t s thus far have dem
ons t ra ted the desirabi l i ty of a closely in tegrated compar ison of theory 
and exper iment in genera l , par t icu lar ly for the thor ium fuel cycle. We 
believe that d iscrepant r e su l t s m ^̂ ^U can be t r aced to inadequate 
ep i t he rma l - c ro s s - s ec t i on information but that the in tegral r e su l t s 
from some of our subcr i t ica l exper iments r e q u i r e much m o r e detailed 
theore t ica l considerat ion before real ly adequate compar isons a r e made. 

Extension of the work to two-region assembl ies has given new 
dimensions m react ivi ty , neutron-energy spec t rum, and r e a c t i o n - r a t e 
data. Initial analysis shows that d i sc repanc ies between theory and 
experiment a r e not always to be at tr ibuted to poor nuclear data and 
that definitive exper iments (not just survey exper iments) pointing up 
the weaknesses m theore t ica l models a r e most des i rab le . 
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THORIUM AND THE ORGEL CONCEPT 
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Energy Community, Ispra, Italy 

ABSTRACT 

An analysis is made of the general characteristics of different 500-Mw(e) 
ORGEL-type reactors burning alternatively natural or slightly enriched uranium 
and enriched thorium. The principal parameters analyzed are (1) investment in 
fissile material, (2) investment in heavy water, and (3) specific consumption in 
fissile material. 

Although the investment in fissile material of the ORGEL thorium reactor 
is higher than that of the ORGEL uranium reactor, it can be kept sufficiently low 
so as not to increase the fuel cycle cost. The economy of the ORGEL thorium 
concept strongly depends on the reprocessing cost of its fuels, and this is the 
weak point of the concept. It is a very important drawback in comparison with 
the ORGEL uranium concept, which is already economically attractive without 
fuel reprocessing. 

The ORGEL thorium reactor type is already in a well advanced stage; the 
research and development work related to the ORGEL thorium concept may 
thus only be devoted to its fuel cycle technology. 

There have been a great number of studies about the possibility of 
burning thorium in thermal reactors. ~ Within the Euratom ORGEL 
program, a first examination of this problem was carried out in 1963; 
the results have been published.^ 

A study of the thorium ORGEL reactor can be approached in many 
ways. In the present case we have assumed that the ORGEL concept, 
set for burning natural or slightly enriched uranium, must be main
tained and that only fuel is modified. However, we did not take into 
consideration the idea of burning two types of fuel equally in the same 
reactor. The fundamental consequences of this view point are that we 
use either the same basic materials as those employed for ORGEL 

119 
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[i.e., OM2 organic, sintered aluminum powder (SAP), zirconium 
alloys], the same techniques (i.e., channel-loading machines operating 
during reactor running, etc.), or the materials or techniques tested at 
the present time. 

Up to now, no research program concerning the thorium ORGEL 
reactor has been undertaken by Euratom. Only some orientation 
theoretical studies have been carried out. The results presented in 
this paper concerning this reactor far from reach the degree of 
reliability of those concerning the uranium ORGEL reactor. 

CHOICE OF FUELS 

The choice of suitable fuel elements results from a compromise 
between the requirements of the ORGEL-type reactor and the char
acteristics of materials. The thorium reactor will have a more en
riched fuel, by a factor of 2 to 3, than the uranium reactor. If we do 
not want to increase excessively the fixed expenses due to fuel invest
ments, we will have to take into consideration high-specific-power 
fuels. 

The fuel (cluster with 19 uranium carbide rods clad with SAP) for 
an ORGEL plant burning slightly enriched uranium (0.93% ^̂ ^U) is 
characterized by a maximum specific power of the order of 50 watts/g 
at the center of the reactor. The fixed expenses due to fuel invest
ments are of the order of 0.10 mill/kw-hr. Taking as a reference 
figure the value of 100 watts/g for a thorium fuel, we will burden the 
item only by a factor of 1.5, and this seems to be fair. Higher values 
than these (besides the material problems) would lead to a feasible 
degradation of the neutron characteristics of the lattice by the ac
cumulation of protactinium under the effect of a high neutron flux. In 
the present case the maximum flux at the center of the core and on 
the fuel is of the order of 1 to 2 x 10̂ ^ neutrons/cmVsec. The value of 
100 watts/g as a maximum specific power for a thorium fuel now 
seems to be a fair objective. The fuels that can be taken into con
sideration can be composed either of uranium oxide or of thorium 
metal. The other thorium compounds are not considered here because 
they are not sufficiently developed. 

Thorium-metal Fuels 

For the project engineer, thorium seems to possess better char
acteristics than uranium, especially in its stability under i rradia-
tion,^"*" which is good up to a maximum temperature of 550°C. In this 
range we can expect a swelling in volume of about 2% per percent of 
burnt atoms. Thorium metal is compatible with Zircaloy-2 in the 
usual temperature range for water reactors. A slight interdiffusion 
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has been noted from 700°C up. Coextrusion of thorium m e t a l - Z i r -
caloy-2 has already been c a r r i e d ou t . " 

A c lus te red tho r ium-meta l fuel element does not seem prac t icab le . 
The l imit of 550°C on the core t e m p e r a t u r e associa ted with the ob 
jective of a specific power of 100 wa t t s /g does not allow clus ter ing of 
fuel e lements . However, a tubular fuel (thorium metal coextruded with 
Zi rca loy-2 , for instance) consis t ing of th ree or four concentr ic tubes 
s e e m s to be par t icu lar ly sui table . Such fuel e lements have already 
been i r r ad ia t ed at Savannah River Labora tory ^̂  These were s h o r t -
lasting i r rad ia t ions of two fuel e lements , each formed by one tube, 
whose dimensions were as follows length, 300 cm; in ter ior d iameter 
of thor ium tube, 4.65 cm, ex te r ior d iameter of thor ium tube, 6.45 cm; 
and cladding th ickness , 0.76 mm. 

These fuel e lements have accumulated a maximum burnup of 
3500 Mwd/met r ic ton at a maximum specific power slightly l e s s than 50 
wa t t s / g and a t e m p e r a t u r e slightly l e s s than 470°C No rupture of the 
cladding has been noted, and the maximum swelling in volume has been 
0.8%. These per formances a r e c lear ly infer ior to those given m 
Table 1, which a re considered the objective that we hope to reach using 
a tubular fuel with t h r ee o r four concentr ic tubes . 

Table 1 

PRINCIPAL FEATURES OF ORGEL FUEL ELEMENTS 

Central-channel 
characteristics 

Fuel-element type 

G19 

40 
29 7 
11 
1 75 
10 1 
450 

400 

440 

<1300 
7 2 

99 

45 

95 
150 
10 

T) 

23 4 
33 4 
10 5 
1 8 
11 2 
450 

400 

429 

<525 
8 82 

136 

105 

18 
130 
9 

G31 

24 4 
36 6 
13 5 
1 6 
9 6 
450 

400 

450 

<2400 
6 40 

90 

114 

60 
150 
5 

Geometrical characteristics 
Fuel cross section, cm^ 
Coolant cross section cm^ 
Cladding cross section cm^ 
Average fmning ratio 
Interior diameter of the channel cm 
Length of the channel cm 

Thermal characteristics 
Outlet temperature of organic 

coolant, °C 
Maximum nominal cladding surface 

temperature, °C 
Maximum fuel central 

temperature, °C 
Power of the channel, Mw 
Temperature rise through 

the channel, °C 
Maximum specific power 

(mean over bundle), watts/g 
Maximum conductivity integral 

(mean over bundle), watts/cm 
Maximum heat flux, watts/cm^ 
Pressure drop, kg/cm^ 
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Several problems must be considered: 
1. The variation of coolant-temperature rise (due to the reduction 

of the coolant channel as a consequence of fuel swelling) between the 
two limiting cases of the channel fully loaded with new fuel and the 
channel loaded with fuel at equilibrium. 

2. Lack of fuel thermohydraulic balance as a consequence of 
thorium swelling. 

3. Fragility of the cladding due to hydriding and its effects on the 
fuel strength under irradiation. 

In a fuel element with three concentric tubes (whose character
istics are shown in Table 1), the coolant-temperature-rise variation 
between the two previously mentioned case limits, is about 15%. Be
tween the two nearest cases representing the state of a channel before 
and after reloading of a part of the fuel {% to %), this variation is 
only a few percent. These results are obtained by assuming a homoge
neous swelling in volume of 2% for an irradiation of 10,000 Mwd/metric 
ton, a crossed continuous fuel-element circulation, and a burnup of 
30,000 Mwd/metric ton at extraction of the fuels. Such variation of the 
coolant-temperature rise can be eliminated if the channel is equipped 
with a flow regulating system. 

In regard to problems 2 and 3, it is actually difficult to evaluate 
fuel and cladding temperature increases and cladding fragility and its 
effects on fuel strength by calculation. Only an irradiation experiment 
could give an answer to these problems; however, working conditions 
are severe if we consider that the time of permanence in the central 
channel is about 500 days and is twice that in a peripheral channel. 

Thorium Oxide Fuels 

Thorium oxide fuels seem to have better characteristics than 
uranium oxide, without equating, however, those of uranium carbide. 
The swelling under irradiation is, according to Oak Ridge National 
Laboratory," one-half that of UOj. The value of 0.46% for 10^" fis
sions/cm^ is quoted for conductivity integrals slightly less than 
40 watts/cm and burnups higher than 80,000 Mwd/metric ton as com
pared to 0.8% for 10^" fissions/cm^ for conductivity integrals of 50 
watts/cm and burnups higher than 80,000 Mwd/metric ton in the case 
of uranium oxide. 

Without pretending to reach such high combustion rates, we must 
mention that rods containing compact powder of Th02 worked at 
integrals of 100 watts/cm and at burnups of 20,000 Mwd/metric ton. In 
contrast to UO2, these fuels did not present swelling, but there were 
only a few cavities without central melting. 

The release rate of fission gases was less than 30%. The cladding 
of thorium oxide can be made either with a zirconium alloy or with 
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SAP. The latter was chosen to avoid the difficulties of the hydriding 
mentioned for the case of the tubular fuel element. 

A fuel element of the form of a cluster with 31 rods (1 cm in 
diameter) working at a maximum conductivity integral of 60 watts/cm 
seems to be a good example of such a fuel. The technical character
istics of a 4.5-m-long channel equipped with this fuel are given in 
Table 1. The burnup technologically admissible for such fuel es 
sentially depends on the swelling and fission-gas release just as on 
the working rate admitted for SAP. Assuming a swelling rate in vol
ume of 0.1% for 10 °̂ fissions/cm^ and for burnups less than 50,000 
Mwd/metric ton, we can calculate that for a linear increase of 0.4% of 
the SAP the admissible burnup is in the order of 50,000 Mwd/metric 
ton. 

THERMAL PERFORMANCES OF FUELS 

Table 1 shows the thermal performances of three 4.5-m-long 
channels equipped with an element of 19 rods clad with SAP (G19), a 
fuel with three concentric tubes in thorium metal coextruded with 
Zircaloy-2 (T3, see Fig. 1), and a cluster of 31 rods of Th02 clad with 
SAP (G31, see Fig. 2). 

The results presented depend essentially on the exactness of the 
data and on their degree of reliability for every fuel. It is necessary 
to point out that these are far greater for UC—SAP fuel than for 
thorium fuels. For these reasons we make the following remarks: 

1. It seems possible to reach a specific power of the order of 
100 watts/g with a thorium fuel in the form of either metal or oxide. 

2. The power obtained per channel is of the same order in all 
cases. 

3. The coolant—fuel ratio, which is less than 0.5 for a natural 
uranium reactor and of the order of 0.75 for a slightly enriched ura
nium reactor, is of the order of 1.4 to 1.5 for a thorium reactor. This 
is due to the facts that the fuel specific power is very high, the chosen 
solutions for the thorium reactor have not been sufficiently optimized, 
or the thorium fuels must be either strongly aerated (thorium-metal 
version) or strongly subdivided (thorium oxide version). 

COMPARISON OF THORIUM AND URANIUM REACTORS 

Table 2 gives the principal features of two uranium ORGEL plants 
of 500 Mw(e). One is designed to burn natural uranium and the other 
to burn a slightly enriched uranium (G19 fuel). It also gives the 
principal features of two thorium ORGEL plants, the first of 500 Mw(e) 
and the second of 1000 Mw(e), both calculated to burn enriched thorium 
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Fig 1 -—Three concentric tubes of thorium metal coextruded with 
Ztrcaloy-2 (T3) Inside and outside tube diameters are, respectively 
inner, 64 and 68 m,m, middle 78 6 and 86 mm, outer, 98 4 and 104 4 
mm 

Fig 2—Rods of ThO? clad uith SAP (G31) 
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COMPARISON OF THORIUM AND URANIUM REACTORS 

General characteristics 

Gross electrical power, Mw 
Net electrical power, Mw 
Net electrical efficiency 
Maximum specific power, 

Mw/metric ton 
Conductibility integral. 

watts/cm 
Specific investment in heavy 

water, ton/Mw(e) 
Specific investment in fuel, 

ton/Mw(e) 
Average burnup (central zone). 

Mwd/metric ton 
Average burnup (external zone). 

Mwd/metric ton 
Average burnup (total). 

Mwd/metric ton 
Conversion ratio 
Moderator volume/uranium volume 
Reactor core 

Height of reactor core, cm 
Radius of reactor core, cm 
Radial-reflector thickness, cm 
Axial-reflector thickness, cm 
Number of channels 
Lattice pitch (rectangular), cm 

Fuel element 
Type 
Enrichment, % 
Diameter of fuel rods, cm 

Cladding thickness, cm 
Finning ratio 
Fuel cross section, cm^ 
Coolant cross section, cm^ 
Number of elements per channel 

Thermal characteristics 
Reactor outlet temperature 

of organic coolant, °C 
Temperature rise of coolant 

through reactor core, °C 
Coolant pressure at reactor 

inlet header, kg/cm^ 
Coolant pressure at reactor 

outlet header, kg/cm^ 
Maximum nominal clad-surface 

temperature, °C 
Maximum central-zone fuel 

Reactor calculated 
for burning thorium 
2%"3U 1.8%233U 

500 
481 
0.338 
105 

18 

0.20 

0.05 

30,000 

26,000 

27,000 

0.74 
20 

450 
186 
50 
21 
183 
24.4 

T3 
2 
See 

Fig. 1 
0.04 
1.8 
23.4 
33.4 
4 

400 

136 

17 

8 

430 

525 

1,000 
965 
0.389 
105 

18 

0.19 

0.05 

30,000 

20,000 

22,100 

0.82 
20 

450 
273 
50 
21 
393 
24.4 

T3 
1.8 
See 

Fig. 1 
0.04 
1.8 
23.4 
33.4 
4 

400 

136 

17 

8 

430 

525 

Reactor optimized 
for burning uranium 

0.714% "5u 

500 
470 
0.363 
25 

50 

0.51 

0.25 

9,400 

7,400 

8,000 

0.87 
15.93 

500 
311 
50 
21 
416 
27 

G19 
0.714 
1.638 

0.075 
1 
40 
21.7 
4 to 6 

400 

74 

15 

7 

440 

<900 

0.928% 235u 

500 
474 
0.354 
45 

93 

0.30 

0.13 

14,400 

11,200 

12,000 

0.72 
15.59 

500 
226 
50 
21 
220 
27 

G19 
0.928 
1.638 

0.075 
1.75 
40 
29.7 
4 to 6 

400 

99 

18 

8 

440 

<1300 
temperature 

Secondary Installation: steam 
cycle with superheat and 
reheat 

Pinch point at heat exchangers, 
°C 

Live-steam temperature at 
superheater outlet, °C 

Live-steam pressure, kg/cm^ 
Pressure in condenser, kg/cm^ 
Net steam-cycle efficiency of the 

classical part of the station 

10 

390 

69 
0.044 
0.362 

10 

390 

69 
0.044 
0.362 

10 

390 

133 
0.044 
0.392 

10 

390 

102 
0.044 
0,381 
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in ^̂ ^U (thorium metal) (T3 fuel).*-f The fuel-element circulat ion for 
all these r eac to r s is the c rossed continuous. 

The cha rac te r i s t i c s of these r e a c t o r s a r e all s imi l a r . However, 
it is neces sa ry to point out five differences: 

1. The investment in heavy water is l e s s for a thor ium r eac to r 
[0.2 ton/Mw(e)] than for a uranium r eac to r [0.3 to 0.5 ton/Mw(e)]. 
This effect i s probably m o r e pronounced than can be seen from the 
f igures quoted since the optimization of the lat t ice pitch would allow 
it to be reduced down to the technological l imit . 

2. The investment in fuel is 0.25 ton/Mw(e) for a natura l u ran ium 
reac to r , 0.13 ton/Mw(e) for a slightly enriched uran ium reac to r , and 
0.05 ton/Mw(e) for a thor ium reac to r . The fuel- investment cos ts for 
these different r e a c t o r s a r e never the less sufficiently s imi l a r . 

3 . If we suppose that the i r r ad ia t ed fuels a r e not recycled, the 
f i s s i l e -ma te r i a l consumptions (̂ ^̂ U for the uranium r eac to r and ^'^U 
for the thorium reac tor ) pe r ki lowatt-hour produced a re : 

Uranium reactor 
,.._-_ , , Thorium reactor 
500 Mw(e) 
(Natural 500 Mw(e) 500 Mw(e) 1000 Mw(e) 

uranium) (0.928% "Sy) (2% ^"u) (1.8% 233u) 

1 X lO-** g/kw-hr 0.9 X 10"''g/kw-hr 0.91 x 10"''g/kvi^-hr 0.87 x 10"* g/kw-hr 

4. If we as sume that the i r r ad ia t ed fuels a r e recyc led ( recovery 
of Plutonium for the uranium reac to r , | r ecovery of ^̂ ^U and of p r o t 
actinium for the thorium reac tor ) we a r r i v e at the following con-
sumpt ions i in f issi le ma te r i a l s : 

Uranium reactor 
Thorium reactor 500 Mw(e) 

(Natural 500 Mw(e) 500 Mw(e) 1000 Mw(e) 
uranium) (0.928% ^ssy) (2% 233u) (1.8% 233u) 

.506 X 10"''g/kw-hr 0.508 x 10"* g/kvi'-hr 0.21 x 10"'* g/kw-hr 0.13 x 10* g/kw-hr 

5. If we had studied the type reac to r for thor ium slightly enr iched 
in ^^^U, the consumption of ^̂ ^U would have been of the s a m e o r d e r 
(slightly higher) as those consumptions in ^^^U. 

* Enrichment with ^'Sy has also been studied. Only the enrichment in ^^^V 
is presented here since it is likely to represent the final state of this reactor 
type. 

fThe study has not been done with G31, but it is not thought that such a 
study would change the general conclusions of the paper. 

JThe residual concentration in ^^^V of natural uranium or slightly enriched 
fuels irradiated in an ORGEL reactor is low, less than 2 g/kg, i.e., less than 
the rejection rate of the works of isotropic concentration. Hence there is no 
hope of recovery. 

§We assumed 10%, recyclir^ loss. 
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These five remarks show that the thorium ORGEL reactor, if 
compared with the uranium ORGEL reactor, has no interest if there 
is to be no recycling of irradiated fuels. In fact, there is no reason 
for extracting '̂̂ U from natural uranium to mix it with thorium when 
fissile-material consumption is of the same order in both reactors. 
Fuel recycling is absolutely necessary in the thorium reactor. Thus 
these factors must be kept in mind when a choice is made between the 
two types of fuels. 

With fuel recycling the thorium reactor compares favorably with 
the uranium reactor insofar as the plant unit power is very high 
(1000 Mw(e) and greater). In fact, considering the high power per 
liter of thorium-reactor core, the size of these reactors is smaller 
than the uranium reactors. For a plant of 500 Mw(&), a core height of 
4.5 m and a radius of 1.86 m compares with, respectively, 5 m and 
3.11 to 2.26 m for a reactor burning natural or slightly enriched 
uranium. Neutron leaks are thus more important, and the gain due to 
the size increase is higher in the case of the thorium reactor than in 
the uranium reactor. This is shown in Table 2, where we see that if 
the unit power passes from 500 to 1000 Mw(e) we can decrease fuel 
enrichment by 10% and at the same time increase the conversion fac
tor by 10% while maintaining approximately the same burnups. 

CONCLUSIONS 

1. The ORGEL reactor, set to burn natural or slightly enriched 
uranium, can be entirely maintained for burning thorium. 

2. The technical characteristics of these two types of reactors do 
not allow us, at the present time, to show a better economy for one of 
the two systems. However, we must always keep in mind that the 
uranium reactor is ready to be made on an industrial scale. It is 
therefore a less risky choice than the thorium type. 

3. Thorium is interesting only in the cases of ^̂ Û recycling and 
of reactors of very large size. 

4. So far we have not studied what modifications would be neces
sary in the ORGEL concept to adapt it perfectly for burning thorium. 
Such a study would be very useful because it is doubtful whether the 
ORGEL concept, optimized for burning uranium, would, by that very 
fact, also be optimized for burning enriched thorium. 

REFERENCES 

1. J. A. Lane, ORNL Thorium-^ssu Cycle in Thermal and Fast Reactors, in 
Colloquium of the European Society of Atomic Energy. Fuel Cycles for 
Power Reactors, Baden-Baden, Germany, September 9-14, 1963. 



128 LAFONTAINE, NOAILLY, A N D HAYTINK 

2. F . Hofmann, Fuel -cyc le Analysis in a Thorium-fueled Reactor Using 
Bidirect ional Fuel Movement, USAEC Report MIT-2073-1, Massachuset t s 
Insti tute of Technology, June 1964. 

3 . Von Werner Oldekop and E. Beherens , T h e r m i s c h e T h o r i u m b r u t e r , Siemens, 
Schuckertwert AG., Abteilung Reactor-Enwicklung-Er langen. 

4. M. W. Rosenthal, H. F . Bauman, L. L. Bennett, R. S. Car l smi th , and 
D. R. Vondy, The Technical and Economic Charac t e r i s t i c s of Thor ium 
Reac to r s , USAEC Report ORNL-TM-1145, Oak Ric%e National Labora tory , 
June 3, 1965. 

5. European Atomic Energy Community, EURATOM's Scientific Act ivi t ies . 
ORGEL P r o g r a m , Report EUR-1830.e, 1964. 

6. J . E. Gates , G. E. Lamale , and R. F . Dickerson, The Examination and 
Evaluation of I r rad ia ted T h o r i u m - 1 1 wt.% Uranium Specimens, USAEC 
Report BMI-1334, Bat tel le Memorial Insti tute, April 1959. 

7. N. M. Gr iesenauer , M. S. F a r k a s , and F . A. Rough, Thorium and T h o r i u m -
Uranium Compounds as Potential Thermal B r e e d e r Fuels , USAEC Report 
BMI-1680, Battel le Memoria l Insti tute, July 1964. 

8. Argonne National Labora tory , Metallurgy Division Annual Report for 1958, 
USAEC Report ANL-5975, March 1959. 

9. Argonne National Labora tory , Metallurgy Division Annual Report for 1960, 
USAEC Report ANL-6330, March 1961. 

10. J . H. Kittel, J . A. Horak, W. F. Murphy, and S. H. Paine, Effects of I r 
radiat ion on Thor ium and T h o r i u m - U r a n i u m Alloys, USAEC Report ANL-
5674, Argonne National Laboratory , April 1963. 

11 . Babcock & Wilcox Company, Consolidated Edison Thor ium Reactor , Report 
BAW-160, June 1961. 

12. S. R. Nemeth (Ed.), T h o r i u m - 1 . 4 wt.% 235^ Metal Fuel Tubes — Fabr icat ion 
and I r radia t ion in HWCTR, USAEC Report DP-943, Savannah River L a b o r a 
tory, July 1965. 

13. Oak Ridge National Labora tory , The Utilization of Thor ium in Power R e a c 
t o r s : A Collection of P a p e r s on Thor ium Fuels , Fuel Cycles , and Reac to r s 
P r e p a r e d for an IAEA Panel , USAEC Report ORNL-TM-1308, December 
1965. 



v/THORlUWI FUEL CYCLE FOR A BERYLLIUM OXIDE 

PEBBLE-BED REACTOR 

A. BICEVSKIS, E. W. HESSE, and D. J. MERCER 
Research Establishment, Australian Atomic Energy Commission, 
Lucas Heights, N.S.W., Australia 

ABSTRACT 

Details are given of an investigation of the nuclear and some cost aspects of the 
Pu-Th-BeO pebble-bed reactor study carried out by the Australian Atomic En
ergy Commission. The all-ceramjc core, coupled with neutron enhancement in 
BeO, provides an excellent neutron economy that is conducive to efficient 
utilization of thorium. Burnup studies for the once-through system were carried 
out to select the fuel composition on economic grounds satisfying the constraints 
of reactivity lifetime, power-density limits, etc. A zero-dimensional model was 
developed based on the equilibrium spectrum which is ideally suited to the r e 
circulated fuel in a pebble-bed reactor. Fuel recycling was considered with 
Plutonium as the makeup fuel in addition to reprocessed ^ssy. 

The pebble-bed-reactor concept permits great flexibility m fuel manage
ment, and some preliminary investigations based on perturbation theory indi
cate promising schemes worthy of further study. A space-dependent fuel-
management-burnup code accounts for local spectrum and temperature effects. 
Some management schemes that are feasible with the proposed core layout were 
investigated. The economic investigations indicate that for the closed cycle 
there is very little change in fuel-cycle costs for moderator-to-fissile atom 
ratios of 1000 to 2500. The present cost of BeO is high, and plant-optimization 
studies lead to relatively low moderator ratios and an epithermal neutron spec
trum. Only ^̂ Û retains a reasonable v value in such systems, and therefore 
Th-233u cycles have the best neutron economy. Thorium can also be used to ad
vantage to improve power-density distribution and thus reduce capital costs. 

The Australian Atomic Energy Commission has had in progress for the 
past 3 years at its Research Establishment a research and design study 
program based upon the potential application of beryllium oxide as a 
combined moderator-fuel carrier in nuclear power reactors. In this 

129 
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paper studies of the nuclear and some cost aspects of the P u - T h - B e O 
pebble-bed reactor are described. 

APPROACH TO THE STUDY 

Suitability of the Reactor for Thorium Conversion 

For high thorium utilization a large percentage of the neutrons 
must be available for absorption in the fertile material. It follows that 
an efficient converter reactor should have low parc^sitic neutron losses. 
The BeO-moderated pebble-bed reactor has the following attractive 
features in regard to neutron economy. 

1. On-load continuous fueling is an essential design feature of a 
pebble-bed reactor. This eliminates time dependence of reactivity and 
reduces the neutron losses to control absorbers associated with fixed 
fuel reactors. 

2. In principle, the core consists of all-ceramic fuel elements 
without neutron-absorbing cladding. 

3. The great possible flexibility in fuel charging and recirculation 
is ideal for fuel management to aim at both high burnup and high aver
age power densities. 

Besides these advantages of the pebble-bed concept, the use of BeO as 
moderator-fuel dispersant has the following additional advantages: 

1. In the beryllium the (n,2n) reaction contributes to the enhance
ment of neutron production. 

2. The excellent moderating properties of beryllium reduce neu
tron leakage. This is of general importance to the pebble-bed reactor 
owing to the unavoidable large core voidage of approximately 40% and is 
of particular importance for small core sizes. 

3. The two great nonnuclear advantages of BeO fuel dispersant are 
its compatibility with the inexpensive CO2 coolant and the elimination of 
a fire hazard associated with graphite at high temperature if it is ex
posed to air following a reactor accident. 

At present the price of BeO is relatively high, and its mechanical 
and irradiation properties are not fully known. However, the listed at
tractive features are encouraging enough for further study in conjunc
tion with future utilization of thorium. 

Study Based on Thorium with Plutonium Makeup 

In our study thorium in the form of ThOa was used as the basic 
fertile material. Plutonium (as PUO2) was selected as the makeup fuel. 
Considerable quantities of plutonium will be produced in the first-
generation natural-uranium reactors now in use (mainly COj cooled'and 
graphite moderated) and planned (mainly D2O moderated). The chosen 
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isotopic composition (78% ^^^Pu, 17% ^*"Pu, and 5% ^"Pu) corresponds to 
a nominal irradiation of 3000 Mwd/ton in graphite-moderated reactors. 
No claim is made that plutonium is the best fuel for this application. 

Reference-design Data 

The reference pebble-bed reactor design has been described by 
Ebeling and Hayes.' The general philosophy of the study was to select a 
specific design for more-detailed study. The main design values were 
obtained by means of a plant optimization study. The Nuclear Reactor-
Overall Systems (NUROSYS) computer code was developed for this pur
pose.^ An electrical output of 200 Mw was selected arbitrarily. 

In essence, the current reference design is based on a slightly 
tapered core with a mean diameter of 15.21 ft and a height of 9.13 ft, 
surrounded by a graphite reflector. The thickness of the side reflector 
is 60 cm. The average core power density is 11 watts/cm'. The fuel 
elements are BeO spheres of 1.375 in. in outside diameter containing 
both the fissile (PUO2) and the fertile (Th02) materials combined in 
200-(-(- particles uniformly dispersed. The fuel elements, which are 
added to the top of the core and withdrawn from the bottom, make sev
eral passes (six in the current design) through the core before rejec
tion. The average surface and center temperatures of the fuel elements 
are, respectively, 663 and 690° C. The CO2 coolant flows vertically up
ward through the core with an average inlet temperature of 322°C and 
an outlet temperature of 865°C. This leads to attractive steam condi
tions at the turbine of 2350 psia and 1050°F, with reheat to 1050°F. 

Economic and Nuclear Comparisons 

The fissile- and fertile-material concentrations of the specified 
materials were selected on economic considerations. In general, the 
fuel costs for both once-through and closed cycles are a function of 
fissions per initial fissile atom present (FIFA), recovery factor, and 
average core power density. The recovery factor is the fraction of 
llssile material left in the fuel rejected from the core. 

Generally speaking, raising the power density reduces the burnup 
obtainable on reactivity grounds. However, for the selected BeO fuel 
dispersant, the average power density is limited in the adopted upflow 
design by levitation and by the mechanical properties of the fuel ele
ment. The constraint of levitation can be readily assessed, but the 
mechanical properties are a complex function of visco-elastic and i r 
radiation history. Most of the failure criteria are strong functions of 
temperature, the latter varying widely in the core. Thus, to assess the 
permissible levels of power density, a space-dependent evaluation of 
fuel management is required. This approach is time consuming and is 
discussed later. For preliminary studies a simplified approach was de-
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veloped to obtain guidance on possible plant economics as a function of 
core neutronics performance, assuming the average power density as a 
parameter. The following simplified model is an extremely good analog 
to the pebble-bed concept and should be quite useful for other reactor 
types. 

NUCLEAR PERFORMANCE 

Reactor-physics Data 

Epithermal P u - T h - B e O reactors present some data problems. 
The results given here should be considered in conjunction with the 
paper by Gemmell, Pollard, and Symonds (see paper included in this 
volume) and the description of the GYMEA complex of codes.^ 

Extensive use was made of the GYMEA code and its associated data 
libraries. The model of the equilibrium spectrum described in this 
paper has been incorporated into the GYMEA code to cater to the special 
case of a pebble-bed reactor. 

Zero-dimensional Burnup Studies 

Development of the Equilibrium Model The pebble-bed reactor may be oper
ated at a constant reactivity, though some period after commissioning 
would be required to stabilize the operation. For the largest part of its 
lifetime, the reactor would, in effect, be at "equilibrium." Thus for 
preliminary economic assessment it is reasonable to concentrate on the 
steady-state operation, leaving aside the much more difficult t ime-
dependent problem of the initial startup. 

If one assumes a random feed at the top of the core and fast travel 
of the fuel through the core, leading to a large number of passes, there 
would be, in effect, a random spatial distribution of the fuel elements in 
progressive stages of burnup. It follows that the space average of the 
material properties at any time is equal to the time average of the 
properties of a typical fuel element. A neutron spectrum and corre
sponding effective cross sections may be calculated for the average 
composition and these effective values used for solving the burnup 
equations. Thus an iterative solution of the problem is necessary. A 
great advantage of the constant-flux and constant-cross-section model 
is that analytic solutions are available to obtain the material properties 
at any time. Likewise the average properties are available as analytic 
solutions (as the sum of simple exponentials). This leads to an ex
tremely-efficient method of calculation. Preliminary investigations have 
shown that one of the best schemes* to speed up convergence is that in 
Fig. 1. 

The following approach takes advantage of the fact that for a con
stant spectrum a one-group treatment is applicable where the cross 
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sections are represented by the spectrum-weighted effective values. 
For a bare reactor one may write the conventional one-group diffusion 
equation with constant material properties (Bm) and obtain, for a system 
that is just critical, B^ 
rived for the specified core geometry. 

Bg, where the geometric buckling B | can be de-

/ READ: 
INITIAL COMPOSITION, 
FIFA, POWER DENSITY, AND 
GUESSED AVERAGE COMPOSITION 

CALCULATE SPECTRUM 
AND CONDENSE cr's 

NORMALIZE -̂  
FOR REQUIRED 
POWER DENSITY 

CHANGE 
BURNUP 

TIME 

BURNUP 
CALCULATION 

CALCULATE 
AVERAGE 

COMPOSITION 

/ I S F I F A ^ 
V ^ CORRECT? J 

YES 

c IS POWER 
DENSITY CORRECT? 

r 
) 

NO 

YES 

OUTPUT 
RESULTS 

Fig. 1—Iterative scheme of zero-dimensional burnup calculations for 
a pebble-bed reactor. 

Thus the time-averaged material properties that also represent 
space averages define a bare critical system. This relation couples the 
core size effect to the achievable burnup and forms, in effect, a vital 
part of the plant optimization code NUROSYS. For this application an 
effective value of geometric buckling is used which incorporates al
lowances for variable reflector size and absorption in control and 
structural materials. The allowances are arrived at by more detailed 
space-dependent calculations. 
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Survey of Once-through Systems As a basic approach the survey was car
ried out using a set of reference parameters which were then varied in 
turn to find the effect on achievable burnup.^ The reference parameters 
themselves were either selected arbitrarily or obtained by preliminary 
optimization studies. 

The fuel was 3000 Mwd/ton plutonium in the form of PUO2 with 
thorium in the form of Th02 for the fertile material. The survey was 
carried out at average bulk power density of 11 watts/cm', the random 
packing of the pebbles having approximately 40% voidage. The results 
are displayed in Figs. 2 and 3, which depict the average material 
buckling as a function of FIFA. In Fig. 2 the atomic density of plutonium 
is kept constant at 3 x 10^^ atoms/cm^, and the average B L is plotted 
for several values of thorium concentration. In Fig. 3 the thorium con
centration is kept constant at 20 x 10*̂  atoms/cm^, and the relation be
tween average B^ and FIFA is plotted for several plutonium concentra
tions. All plutonium isotopes are included, and the fissile fraction is 

1.0 1,2 1.4 1,6 1.8 

FIFA 

Fig. 2—Average m,aterial buckling vs. FIFA for varying thorium con
centrations. 
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- 2 

POWER DENSITY = 11 WATTS/CM^-
ATOMIC DENSITY 
OF Th = 20 X 1 0 " A T O M S / C M ' 

ATOMIC DENSITY 
OF Pu = 1 0 " ATOMS/CM* 

1 0 1 2 1 4 1.6 1 8 
FIFA 

Fig. 3—Average material buckling vs. FIFA for varying plutonium con
centrations. 

0.83. This leads to the following approximate relation for conversion 
from plutonium atomic density to the moderator ratio with the specified 
voidage and BeO density: 

Moderator ratio 4800 
atomic density of Pu x 10"'^ 

It can be seen from Fig. 2 that the reactivity balance depends 
strongly on the actual thorium concentration, whereas the fissile con
centration has a much smaller effect (Fig. 3). As a general observation, 
with larger thorium concentration the average B L curves tend to flatten 
out, but the excess reactivity is reduced at shorter FIFA's. 

For the reference 200-Mw(e) design, the equivalent geometric 
buckling was estimated at 2.1 x 10~* cm~^ by space-dependent criticality 
calculations using a uniform core composition and also including ap
proximately 1% allowance for absorption in control-rod guide tubes and 
some other structural components. It follows from Figs. 2 and 3 that 
the obtainable FIFA as limited by reactivity lifetime would be approxi-
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mately 1.4. The best plutonium concentrations are in the range of 3 to 
4 x 10*̂  atoms/cm^ (moderator ratios of 1600 to 1200) with the best 
thorium concentrations in the range from 20 to 30 x 10*̂  atoms/cm^. 
Increasing the size to 500 Mw(e) would give an effective geometric 
buckling of 1.34 x 10~* cm~^ and an increase in FIFA to approximately 
1.5. It can be seen from Figs. 2 and 3 that even for very large systems 
it is not possible to extend the burnup beyond a FIFA about 1.6. 

Besides the main series of runs at 11 watts/cm', a few representa
tive calculations were carried out at several other power densities. As 
an approximate rule, for an increase of 1 watt/cm^, the average mate
rial buckling decreased by 0.10 x 10" cm"" and the FIFA decreased by 
approximately 0.01. These results were obtained by means of the NDXB 
GYMEA data library that contains 37 explicit fission products. Subse
quent investigations with 78 fission products, also accounting for the 
most important decay chains, gave FIFA values that were 0.1 to 0.2 
lower. For a FIFA of 1.4, the fission-product absorption amounts to 
approximately 10%. Thus the fission-product treatment has a large ef
fect on the achievable burnups. With our epithermal system a consider
able contribution comes from the resonance absorption; the associated 
data problems are discussed by Gemmell, Pollard, and Symonds (see 
paper included in this volume). The balance of(n,2n) enhancement is 
presented in that paper. With allowance for absorption in the moderator, 
typical compositions investigated gave a net advantage of 4% on neutron 
balance for BeO compared with graphite. 

With the reference core and reflector size and BeO pebbles, the 
required average infinite multiplication constant to make the core 
critical was 1.05. The corresponding value for a core consisting of 
graphite pebbles was 1.13. The difference of 0,08 is due to the superior 
slowing-down properties of BeO. An optimization study of a graphite 
system would tend to reduce this loss by increasing the thickness of the 
reflector. 

A few burnup runs for a graphite moderator with essentially the 
same assumptions as for the BeO survey gave FIFA values of the order 
of 1.0, or a reduction of 0.4 compared with BeO. Some check runs for 
^̂ Û fuel with thorium as the fertile material and BeO as the moderator 
gave FIFA values of 2.0, or an improvement of 0.6 compared with plu
tonium fuel. This was due mainly to the superior r] value of ^̂ Û (ap
proximately 2.2) compared with that of ^'^Pu (1.8). As will be shown, 
from cost considerations (high price of BeO) the moderator ratios are 
restricted to a range of 1000 to 2500, and this restriction leads to un-
dermoderated or epithermal systems. It so happens that the rj value of 
the specified plutonium fuel is low with this neutron spectrum, and that 
of ^̂ Û is only slightly better for this application (approximately 1.9). 
Thus it appears that only '̂̂ U would provide good neutron economy with 
BeO moderator, with the cost assumptions made for this study. 
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Separate Plutonium and Thorium Pebbles The zero-dimensional studies in
dicated that for the combined Pu—Th pebbles the initial plutonium fuel 
is substantially destroyed some time before the end of fuel-element 
lifetime. Thus, during its later life in the core, no significant energy 
contribution is made by plutonium, but its fission products are exposed 
to neutron flux. This suggested the provision of some balls with only 
plutonium dispersed in BeO and others with only thorium. The plutonium 
balls can then be removed from the core as soon as the fuel has been 
destroyed, whereas the thorium balls may be kept longer; thus better use 
is made of the '̂̂ U bred from thorium. Preliminary zero-dimensional 
studies based on neutron balances have indicated that gains of the order 
of 0.2 in the value of FIFA are possible. It also appears that for the 
same average core power density the thorium investment per ball may 
be substantially increased without exceeding the thermal s tress limit 
caused by heat generation in ^'^U. The separate-ball concept is par 
ticularly attractive with an initial fuel of plutonium since its cross sec
tion is substantially higher than that of the bred fuel ^̂ ^U. 

Preliminary Study of Fuel Recycling Apart from c o n s i d e r i n g the once-
through system, where the fuel discharged from the reactor is dis
carded, some preliminary nuclear work has been done on fuel recycle.^ 
The chemical-engineering problems associated with recycle are de
scribed in the paper by Cairns etal . (see paper included in this volume). 
In our paper the nuclear studies are based on plutonium fuel as the 
makeup to the system with recovery and return to the core of '̂̂ U bred 
from thorium. 

A schematic layout of the fuel cycle investigated is shown in Fig. 4, 
which also displays the definitions adopted. The study was based on the 
reference data previously quoted, and the following additional assump
tions were made: 

1. Atomic density of combined fissile feed, 3.0 x 10̂ ^ atoms/cm^ 
(moderator ratio 1330). 

2. Reprocessed fuel containing only ^^^J] (neglecting the buildup of 
234̂ ^ 235̂ ^ ^^^ izsjj ^^^ assuming rejection of plutonium). 

3. A reprocessing recovery factor of 0.95. 

The estimated recycling loss (Cairns et al.) is only 1%, but the 
higher assumed reprocessing loss (5%) compensates at least partly for 
some of the optimistic assumptions (neglect of buildup of higher ura
nium isotopes and rejection of plutonium because of its unsuitable iso
topic composition). During the survey, the maximum thorium concen
tration was established as a function of FIFA to render the system 
"just critical." 

The calculations had to be carried out in an iterative manner to 
obtain the correct makeup of plutonium which covers the cycle losses, 
and the core recovery factor had to be calculated with the correct per-
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Fig. 4 ^Definitions of recovery factors for pebble-bed reactor fuel 
cycles. 

Table 1 

RECOVERY FACTORS AS A FUNCTION OF FIFA 
FOR FUEL RECYCLING WITH PLUTONIUM MAKEUP 

Reprocessing 
Core recovery Overall 

recovery factor recovery Makeup Thorium feed, 
FIFA factor (assumed) factor fraction 10'^ atoms/cm' 

0.4 
0.8 
1.2 
1.6 

0.981 
0.930 
0.805 
0.370 

0.95 
0.95 
0.95 
0.95 

0 932 
0.883 
0.765 
0.352 

0.068 
0.117 
0.235 
0.648 

83 
73 
62 
29 
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centages of plutonium and ^̂ Û in the feed.^ The results in Table 1 show 
that the core recovery factor is less than unity, even for the relatively 
small FIFA of 0.4. The fuel recovered from the core decreases rapidly 
for larger FIFA's owing to the lower 77 value of the increased plutonium 
makeup. Short burnups permit higher thorium Investment, leading to 
higher conversion ratios and thus to high recovery factors and good 
fuel utilization. 

Fuel Management 

Possible Fuel-management Schemes The comparison of fuel-management 
schemes is based on economic considerations, i.e., better fuel manage
ment leads to cheaper power-production costs. Two main factors, burn-
up and core power density, have a direct bearing on costs. The demands 
on these factors conflict; increase in one brings about a reduction in the 
other, limiting the possible overall gains. 

In the preliminary investigations equilibrium conditions were as 
sumed, implying a fixed fuel-management schedule and also fixed spatial 
distribution of core properties and flux field. The time independence of 
the distribution was achieved by a regular flow of the fuel elements. As 
with the zero-dimensional burnup studies, the time-dependent approach 
to steady state is a much more difficult and expensive problem. 

In general, the following main factors may be "managed" with the 
pebble-bed concept: 

1. Position of feed at the top of the core. 
2. Number of passes. 
3. Radial fuel-velocity distribution. 
4. Decaying (aging) the irradiated fuel outside the core. 

Item 1, which controls the radial fuel distribution and thus the 
power distribution also, is the most important factor. The feed position 
would, in general, include both radial and angular dependence. For any 
practical management scheme, one would aim at angular flux symmetry 
which permits one to exclude the angular dependence from the calcula
tions (reduced to r -z geometry). 

The number of passes for the same FIFA and total integrated flux 
affects the axial distribution of burnup stages and the axial power dis
tribution. In the general case, one could change the radial distribution 
of the pebble velocity by an adjustment of the withdrawal rates from 
several bottom hoppers, depending on their radial position. Such a r e 
finement was not considered in the preliminary investigations, and a 
flat velocity profile was used (slug flow), which appears to be justified 
in the light of preliminary experiments on pebble flow. 

Holding the fuel outside the reactor between the passes appeared at 
first sight a significant factor for promoting decay of ^^^Pa to ^̂ ^U, but 
no substantial gains were achieved. 
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Preliminary Assessment by Neutron Importance Balance Before embarking on 
a large-scale investigation, we attempted to assess the possible gains 
in reactivity lifetime by means of simplified and less-expensive meth
ods of calculation. The zero-dimensional burnup studies predict a FIFA 
for random shuffling of the pebbles. A simplified approach' attempts to 
calculate the change in FIFA introduced by a management scheme (or
dered distribution of burnup stages in the core). A neutron importance 
balance is formed for an average pebble, and it serves as a measure of 
reactivity for any management scheme. 

The burnup is changed until the system returns to some reference 
reactivity. To change the burnup, one changes the integrated flux, main
taining a predetermined ratio between the absolute value of flux and the 
core residence time (time per pass) so that all management schemes 
operate at the same average power density. This scheme was embodied 
in the Neutron Importance Balance (NIB) computer code. A functional 
block diagram is shown in Fig. 5. 

Several aspects of fuel management were investigated with NIB. 
The reference design postulates six passes through the core. If new fuel 
is introduced at the center andsubsequentpasses take place at progres
sively increasing radii, one would expect the highest reactivity lifetime. 
The calculations showed an improvement in FIFA of approximately 7% 
compared with the reference randomly mixed core. If new fuel is 
started from the periphery of the core, one obtains a decrease in FIFA 
of approximately 18%. Thus no spectacular possible improvement in 
FIFA was predicted. 

Changing the number of passes had little effect on reactivity life
time if they were started from the periphery of the core. With new fuel 
started from the center, the reactivity lifetime increased with the num
ber of passes, rising from 4% for 4 passes to 11.5% for 16 passes. 

The effect of aging fuel outside the core after each pass was in
vestigated assuming again 6 passes and a 60-day decay period (half-life 
of ^^^Pa is 27 days). For both extreme management schemes (new 
pebbles at the center or the periphery) an improvement of approxi
mately 0.5% in FIFA was obtained. The fission-product treatment used 
for the preliminary work made no provision for decay except in the 
case of '^^Xe. From these considerations it appears that a deliberate 
holdup of pebbles after each pass would not be justified on economic 
grounds. 

As a matter of interest, a typical investigation of a management 
scheme required, on the average, four iterations, each taking the same 
time as a normal zero-dimensional burnup run. Thus the simplified 
treatment provided useful preliminary information with an expenditure 
on computing time, say, of two orders of magnitude smaller than a de
tailed two-dimensional space-dependent management study. 
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The simplified scheme only approximates to first-order effects on 
reactivity lifetime, and it cannot be used for predicting realistic power 
densities that are functions of any management scheme. The flux dis
tribution is based on uniform properties, and it remains unchanged. An 
iterative solution is indicated to obtain the correct converged power and 
flux distributions. This approach is adopted in the space-dependent 
FRIZLE code described subsequently. 

Iterative Treatment with Space-dependent Spectra The power distribution and 
FIFA can be calculated more accurately for various practicable man
agement schemes by using the two-dimensional burnup and fuel-
management code FRIZLE.^ 

In the pebble-bed reactor, a high core power density demands that 
each ball produce as much power as possible throughout its lifetime 
without exceeding any limitations on ball thermal s tress , which in turn 
is a function of power density, temperature, and irradiation dose. Thus 
the true flux and temperature distribution throughout the core must be 
obtained so that each ball can be traced through its lifetime to find the 
"worst" ball (i.e., the one most likely to fail). In addition, calculating 
the actual flux, power, and temperature distribution in the core caused 
by the fuel-management scheme makes it possible to check on the accu
racy of predicting FIFA by both the zero-dimensional method and the 
NIB method. 

The constant-flux zero-dimensional model by definition cannot make 
any allowances for spatial effects. In FRIZLE the user splits the core 
up into many regions or zones, where the average composition and 
average temperature of the zone specify the flux spectrum and hence 
the multigroup cross sections. These zones are then linked together by 
means of a two-dimensional (or one-dimensional) multigroup flux cal
culation to include the true spatial effects for obtaining the multigroup 
fluxes in each zone. In this way one can account for the effect of one 
reactive zone on a lesser reactive zone, as well as for macroscopic 
changes in the spectrum from one zone to another. These fluxes and 
cross sections are then used to obtain the reaction rates to determine 
the burnup in each zone. In FRIZLE a set of multigroup cross sections 
is obtained for each zone, based on both the average composition and 
the temperature obtained from a previous iteration. In this way the ef
fects of neutron-energy shielding are automatically taken into account. 
Most other codes have a constant cross-section library that serves for 
all zones, regardless of the density of the resonance absorbers or 
temperature. Thus by iteration the FRIZLE code achieves the same 
equilibrium state for each zone as is achieved by the constant-flux 
model. 

The burnup management is achieved by moving a set of nuclide 
concentrations, which represent one, or up to five, average balls, from 
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one zone to another according to a given management scheme. The 
management can include delay periods outside the core. The model ap
proximates the continuously moving fuel by discrete steps. The speci
fied new-ball composition is thus burned for a set time by the reaction 
rates of the first specified zone to obtain the composition to be moved 
to the next specified zone and so on. 

To achieve the final equilibrium conditions of a specified reactor 
power and reactivity, the code adjusts the residence time of the average 
ball in the core so that the sum of the average power in each zone and 
excess neutron production in the core (obtained by flux squared weight
ing similarly to the NIB model) satisfies the specified core conditions. 
Having achieved the required conditions, the code then obtains the aver
age temperature in each zone by means of a simple, approximate model 
based on the average temperature r ise per watt/cm^ per zone and 
produces the ball history in regard to temperature, power density, inte
grated power and FIFA, irradiation dose, and rate of fertile-fissile 
conversion. These history data are useful for assessing the feasibility 
of a fuel-management scheme and for indicating improvements. 

It is assumed that throughout the model one is dealing with and ex
amining the average ball, i.e., the ball having the average material 
properties, average fuel loading and distribution, and average ball speed 
through the core. Thus the time, power density, dose, and temperature 
of a ball have values pertaining to the average of all the balls traveling 
through the zone. However, an idea of the worst ball in a zone can be 
obtained from the ratio of peak-to-average power density in a zone. 

The FRIZLE code is a fuel-management burnup code complex in
corporating GYMEA for the spectrum and the cross-section calculation 
and CRAM^ for the flux calculation. These are coupled by a supervisory 
and data-handling routine which, in addition, checks on the overall con
vergence of the core power distribution. Functional block diagrams of 
the overall complex of codes and the fuel-management code are given 
in Figs. 6 and 7. 

A number of practicable management schemes were assessed, and 
the validity of the values of FIFA obtained by zero-dimensional work 
was checked. A management scheme involving seven fuel passes through 
a core having one radial and six axial zones was considered as a refer
ence. This allowed for the variation of core temperature up the core 
and any variation of fuel composition and spectrum up the core, as well 
as for effects introduced by the reflectors. The results were then com
pared with the FIFA and power distribution determined from the zero-
dimensional burnup and space-dependent criticality calculations de
scribed earlier. The results gave the same FIFA (Table 2) and only a 
slight change in the axial power distribution. This demonstrated that the 
assumptions made are completely adequate for the large cores con
sidered. 
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Fig. 6—Functional block diagram of the FRIZLE code complex. 
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Table 2 

MAXIMUM POWER DENSITIES AND COMPARISON OF FIFA'S AS 
PREDICTED BY THE FRIZLE CODE AND THE ZERO-DIMENSIONAL METHOD 

Fuel 
type 

Maximum power , 
w a t t s / c m ' 

Average 
P a s s e s in zone Worst ball 

FIFA predic ted 

FRIZLE 
code 

Ze r o - dim en sional 
method 

Reference 7 25 69 1.4 ^ ... 
Reference 1 26 27 1.4 
Extra thor ium 2 19 29 1.0 1.05 
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A management scheme having only one pass was compared with the 
reference case by treating a core subdivided into two radial and six 
axial zones. Although a poor axial power distribution (Fig. 8) was ob
tained, a significant improvement was made m the radial power dis
tribution (Fig. 9) as well as m the power density of the worst ball. 
However, there was no change m the value of FIFA. 

As a comparison with the one-pass fuel case, a fuel-management 
scheme was considered in which the first pass was down the center r e -
pon of the core and six subsequent passes were down the outer region. 
This would be practicable for the present pebble-bed-reactor reference 
design, which has one central and six equally spaced radial inlet and 
discharge ports. No improvement in the value of FIFA was shown. To 
obtain acceptable power distributions and temperatures, more thorium 
had to be added to the fuel ball to reduce its initial power and improve 
its fuel breeding for subsequent passes. The reduction m FIFA caused 
by the additional thorium agreed with the zero-dimensional predictions 

TOP REFLECTOR 

CENTER MESH _ 

150-GM RADIUS — 

AVERAGE CORE POWER 

r-BOTTOM REFLECTOR 

10 H 20 30 40 

POWER, W A T T S / C M ' 
50 

Fig 8—Axial power distribution for a single-pass fuel-management 
scheme 
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Fig. 9—Radial power distribution for a single-pass fuel-m.anagem.ent 
scheme. 

(Table 2), and the validity of the zero-dimensional method for deter
mination of FIFA was thus again demonstrated. Table 2 also shows that 
the reduction in the worst-ball power density is approximately the same 
as for the one-fuel-pass case. 

FUEL-CYCLE ECONOMICS 

Basis of Economic Analysis 

The results of the preceding section were extended to the 500-
Mw(e) size and used to examine the economics of several possible fuel 
cycles.-"^ The present-worth method of costing was used throughout, and 
two sets of cost data were assumed: one "realistic" and the other 
"optimistic." The realistic case is basedonafully developed fuel cycle. 
It includes an extrapolation of present-day estimates and reflects a de
gree of optimism for costs used. The optimistic case assumes an even 
further reduction than that for the realistic case. It is an attempt to 
find the fuel-cycle costs based on an extremely optimistic (some might 
say hypothetical) costing. 

The following main assumptions form the basis of the evaluation: 
1. To determine a throughput for the fuel-recycle plant, a power-

system size of 5000 Mw(e) is used. 
2. A station life of 25 years and a load factor of 0.8 are taken. The 

station has zero scrap value at the end of its life. 
3. An interest rate of 5.5% per annum. 
4. Fuel is progressively supplied during the 12 months that p re 

cede the 6 months' commissioning period. Thus interest charges on the 

http://fuel-m.anagem.ent


148 BICEVSKIS, HESSE, AND MERCER 

fuel are 5.5% on one-half an initial core plus 2.75% on a full core,-or 
equal to 5.5% on a whole fuel charge for 1 year. 

5. The total present worth of the station is calculated from the 
capital, fuel, and operation charges, and a leveled annual-revenue r e 
quirement is then calculated. This number dividedby the annual produc
tion is then the unit cost. The load factor remains constant during the 
station life. 

6. Prices range from $A6/g of PUO2 (fissile + fertile)(optimistic) 
to $A10/g (realistic) for plutonium and from $A8/kg (optimistic) to 
$A16/kg (realistic) for suitably pure BeO powder. The fixed price for 
thoria is $A10/kg. 

7. An estimate of the cost of fabrication of PUO2—ThOj —BeO fuel 
elements as a function of throughput has been made by Silver and 
Wright.'' For production in excess of 250 kg/day, which is always the 
case for the 500-Mw(e) installed capacity considered in this paper, the 
cost is approximately constant at $A12/kg. This is regarded as the 
"realistic" estimate. Allowing for recovery of reject faulty fuel-
element material and some reduction in cost gives an optimistic e s 
timate of $ AB/kg. 

8. The recycling costs of spent fuel elements for this cycle have 
been examined by Cairns et al. (see paper included in this volume). 
The variation of recycling cost with throughput given in their paper has 
been used, and the following formula has been deduced by using 5% 
interest: 

Recycling cost ($A/kg of BeO) = 58.0 

where throughput is the annual throughput of BeO in kilograms. For this 
paper the cost of recycling given by this formula is "optimistic." The 
"realist ic" value is the "optimistic" value multiplied by 1.5. A r e 
processing recovery of 80% is assumed for BeO. 

9. For the case of the throw-away fuel cycle, a charge of $A3/kg 
for BeO is made to cover canning. No storage charge is made since it 
is assumed that the storage pond, whose cost is included in the reactor-
plant capital cost, is adequate for the life of the reactor. 

10. For the recycle-fuel case, the last equilibrium core from the 
first-generation reactor is transferred to the second-generation reac
tor to avoid the approach-to-equilibrium phase in this reactor. For 
this operation a charge of $A10^ (optimistic) or $A2 x 10^ (realistic) 
is made. 

Fuel Cycles 

Three possible fuel cycles were investigated, each using plutonium 
as the initial fissile material and thorium as the fertile material. 

313 X 365 y-^' 
throughput] 
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Throw-away Cycle It is assumed that in the throw-away cycle the fuel is 
stored after being burnt in the core. No credit is allowed for the spent 
fuel (see Fig. 10). One-half the cost of a full-core fuel charge is 
amortized over the station life. Interest charges are based on a full-
core charge plus stored fuel adequate for 90 days of operation at a 100% 
load factor. 

^̂ Û Recycle In this cycle the spent fuel is reprocessed and together with 
makeup of plutonium and beryllia is refabricated into fresh fuel ele
ments (see Fig. 11). The fissile recovery fractions as previously ex
plained are based on the equilibrium model and are thus applicable 
when enough ^̂ Û has been bred to enable this state to be reached. Since 
the initial core is a Pu -Th mixture, the system must pass through an 
approach-to-equilibrium stage where sufficient ^̂ Û is bred to enable 
the equilibrium stage to be reached. Since no information on this ap
proach stage is available, the following assumptions were made in 
assessing the economics of the cycle: 

1. The equilibrium fuel cycle is achieved after the consumption of 
two Pu-Th fueled cores of the initial composition. The spent fuel from 
these two cores is reprocessed, and the ^̂ Û obtained is either stored 
or progressively fed into the core. 

2. During the approach to equilibrium, the recovered beryllia is 
returned to the fuel cycle. 

3. Plutonium in the reject fuel is not recovered owing to its rela
tively low fissile content. 

4. Since the approach-to-equilibrium stage involves a significant 
proportion of the station life, the equilibrium cycle is continued into a 
second reactor generation, the total time for this cycle being 50 years. 

5. At the end of the first generation, a charge is made for t rans
port of the equilibrium core to a second station. 

6. At the end of the second generation, the core has zero value; 
i.e., the core is amortized over 50 years. 

7. Total time of the fuel outside the reactor is 8 months, which in
cludes cooling, recycle, and storage, 

233u-credit Cycle The^^^U-credit cycle is a once-through type in which the 
spent fuel is reprocessed, the beryllia is recycled, the plutonium is r e 
jected, and the ^^^U recovered is sold for a specified price (see Fig, 
12). Thus a 100% plutonium makeup is required. The calculation of ^̂ Û 
content of the spent fuel is given by Bicevskis.^ The difference between 
the cost of the initial fuel charge and the net credit from sale of ^̂ Û 
and BeO following the reprocessing of the last core is amortized over 
the station life. 

Computer Code NUROSYS 
The computer code NUROSYS enables the various aspects of a nu

clear power station (thermal, nuclear, plant, fuel, etc.) to be brought 
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together so that the system may be considered as an interconnected 
whole for economic analysis. It serves as a large cost ledger, and, in 
addition, a routine is included that enables parametric surveys or 
optimization searches to be made. 

The code is basically a number of interconnected boxes, each of 
which describes mathematically a particular aspect of the reactor. 
Thus, for example, the thermal model describes the pebble-bed-core 
performance and calculates pumping power, allowable ball size based 
on either temperature or thermal-stress limits, mass flows, etc., for a 
particular size of core geometry, power output, gas temperatures, etc. 

The fuel cycles described are incorporated in the fuel model, 
whereas another model gives an estimate of the cost of the individual 
plant items, both nuclear and conventional, applicable to the reactor 
size being studied. Where applicable, constraints are incorporated in 
the program to prevent physical limits from being exceeded. Thus in 
the upflow core, where a limit exists on mass flow beyond which the 
balls will start to levitate, the system pressure is changed to prevent 
this occurrence. The optimization routine employed is a gradient search 
or steepest-descent method whereby the variables being optimized are 
altered in accordance with the values of their partial derivatives with 
respect to total present worth. Such a technique is described by Zell-
nech, Sondak, and Davis,'^ and the variation adopted in the program 
basically follows this method. 

Fuel Costs 

The main results of the economic analysis are given in Figs. 13 
and 14. 

Comparison of Open and Closed Cycles The achievable FIFA for the open 
cycle has been shown to be around 1.4. Thus the indication from Fig. 13 
is that the open cycle is not competitive with the closed cycle for the 
assumed conditions and that a FIFA of approximately 2.0 would need to 
be reached to make the open cycle economically attractive. The effect 
of material prices is indicated by the difference between the optimistic 
and realistic cases. The difference between these two curves is almost 
all due to the change in material costs taken. 

Thus the magnitude of the fuel costs can be varied by making dif
ferent assumptions regarding the raw-material prices. However, the 
choice between the cycles depends more upon the value assumed for 
recycling costs, the break-even point between them remaining prac
tically unaffected by the absolute level of costs obtained. The lowest 
fuel costs for recycling are for a FIFA of approximately 1.0, 

Fuel cost is calculated by using a number of different individual 
costs, one of which is the cost associated with the recycle facility, to 
gain an indication of the sensitivity of the fuel cost to changes in the 
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costs associated with the recycle facility. Two calculations were made, 
the first by using the formula given earlier for the realistic case and 
the second by using the same formula multiplied by 0.5 (optimistic 
case). The resultant fuel costs are given in Table 3. 

Table 3 

FUEL COST FOR A 200-MW(E) REACTOR, CENTS (A)/KW-HR 

Realistic case Optimistic case 

Upflow, 11 watts/cm' 0.097 0.084 
Downflow, 15 watts/cm^ 0.092 0.079 

The installed system capacity influences the costs because the r e 
cycling charges depend on throughput. Clearly small installed capaci
ties favor the open cycle, but the closed cycle becomes attractive as 
the installed capacity, and hence the throughput, increases. An indica
tion of the change with installed capacity is shown in Fig. 14. 

To gain an indication of the sensitivity of the fuel cost to fissile 
content of the fuel, a series of fuel costs at different moderator ratios 
were calculated. The investigations show that there is very little cost 
variation with moderator ratio, the balance between initial investment, 
recycle cost, and makeup feed being practically constant over the r e 
gion 1000 to 2500, Investigations were carried out for several power 
densities. The economic factors being balanced in these cases were the 
capital component, which r ises due to the higher initial investment for 
lower core power densities, and the consumption term, which de
creases due to improved recovery fractions but increases due to the 
extended core lifetime (and hence lower throughput) as the power 
density is decreased. 

In the closed-cycle model, the fuel costs are influenced by the 
time taken before the ^̂ Û recycle equilibrium can be reached. The 
magnitude of this can be seen by comparing two cases where the ap
proach to equilibrium has occupied first one and then three core lives 
with the stated assumption of two core lives. The results in cents (A)/ 
kw-hr are one core, 0.084; two cores, 0.093; and three cores, 0.100. 

It can thus be seen that there is an economic advantage in reach
ing equilibrium as quickly as possible. The time taken in this approach 
phase will have a bearing on the fuel-cycle choice. A time lower than 
that assumed will reinforce the closed-cycle case, whereas a longer 
time will favor the open long-burnup cycle. 

It should be noted that the fuel recovery fractions (from Bicevskis®) 
are based upon an equilibrium-core concept, and this applies toTjoth 
open and closed cycles. The whole subject of the approach to equilib-
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rium has not been investigated, and this places a further uncertainty on 
the fuel-cost models. Also, no attempt has been made to include the ef
fects of fuel management on the fuel burnup obtainable. 

^^^U-credit Cycle The ^^^U-credit cycle assumes that a market exists for 
^̂ Û recovered from the spent fuel. It can be shown that, for this cycle 
to compete with the ^̂ Û recycle system, a ^̂ Û sale price of about 
$A13/g would be required. Under the conditions taken, i.e., optimistic, 
the corresponding price of fissile plutonium metal is $ A8.2/g, i.e., 
PUO2 at $A6/g. It would appear unlikely that there would be a market 
for ^̂ Û at $A13/g. This cycle therefore appears to offer little possi
bility of lowering fuel costs beyond those predicted by the ^̂ Û recycle 
system. 

SUMIVIARY 

1. The use of BeO as fuel dispersant and moderator reduces neu
tron leakage and thus is of particular importance for the high-voidage 
pebble-bed reactor. 

2. With the assumed costs of BeO, the moderator ratios withm the 
range 1000 to 2500 lead to the lowest fuel costs. 

3. In the resultant epithermal neutron spectrum, only ^̂ Û retains 
a reasonably good T] value. Thus fuel cycles based on thorium would 
provide the best neutron economy for BeO pebble-bed reactors. 

4. For an open fuel cycle, thorium extends the reactivity lifetime 
by producing additional fissile material in the form of ^̂ ^U. However, 
the consumption m situ is restricted by the relatively low neutron 
cross section of ^̂ ^U. 

5. The closed fuel cycle leads to better neutron economy since the 
bulk of the fissile material m the core is recycled ^̂ ^U. However, the 
use of dispersed fuel elements necessitates crushing of the entire core 
material. 

6. Increased thorium concentrations improve the power-density 
distribution but reduce the reactivity lifetime. This would favor the 
closed fuel cycle, where use is made of the higher '̂̂ U content m the 
spent fuel. 
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Lynchburg, Virginia 

ABSTRACT 

Fuel processing costs were evaluated for two of the more promising heavy-
water-moderated organic-cooled reactor (HWOCR) fuels: Th02-U02 and Th-U 
alloy. The costs for reprocessing, conversion, fabrication, and waste disposal 
ranged from $62 to $79 per kilogram for oxide cores at conceptual plant 
capacities of 2.2 to 2.6 metric tons/day and from $43 to $78 per kilogram for 
alloy cores at capacities of 2.2 to 5.7 metric tons/day. The costs were based on 
a hypothetical 15,000-Mw(e) HWOCR economy that used both thorium and 
uranium recycled in the heavily shielded, remotely operated Thorium Recycle 
Integrated Plant (TRIP). 

Capital costs for the TRIP facility were about $70 million for oxide-core 
fabrication and from $80 to $100 million for alloy fabrication, depending on the 
fuel design Annual operating costs were $40 to $50 million for oxide cores 
and $50 to $65 million for alloy cores. 

Oxide processing included a single-cycle acid-thorex extraction, feed-
material conversion by the sol-gel process, and refabrication by vibratory 
compaction. The alloy-processing scheme likewise included the single-cycle 
extraction operation but used a calcium-reduction flow sheet for thorium-metal 
preparation and a coextrusion flow sheet for alloy refabrication. 

The U. S. Atomic Energy Commission (AEC) research and development 
program for heavy-water-moderated organic-cooled reactors (HWOCR) 
is part of an overall program to develop the technology of advanced 
converter reactors and thus to improve the economics and effective 
supply of nuclear fuels. The objectives of the HWOCR program are to 
advance the technology of such reactors for better utilization of natural 
resources [initially a 300-Mw(e) prototype with a uranium core is 
planned] and to permit eventually the design and construction of 
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economical electrical power plants utilizing uranium or thorium fuel 
cycles in sizes ranging from 1000 to 10,000 Mw(t). 

A major obstacle in the development of a nuclear economy based 
on thorium is the recycling of the fuel. Because of the inherent radio
activity associated with ^̂ Û (principally the hard gamma radiation 
from the daughters of the ^^^U), special care is needed in designing the 
recycled-fuel fabrication facility. Since the ^̂ Û level increases during 
each recycle of ^̂ Û through the thorium reactor and since the gamma 
activity of the fuel is approximately proportional to the ^̂ Û content, 
the radiation level in the fabrication facility increases with the 
cumulative age of the ^̂ Û fuel. 

Initial fabrication of virgin thorium cores does not require shield
ing or remote operation. Eventually, under equilibrium-cycle con
ditions such as those assumed for the HWOCR study (when the ^̂ Û 
level becomes significantly high), considerable shielding may be r e 
quired. However, for an interim period (several fuel recycles for 
most thorium reactors), the ^̂ Û level may be low enough to permit 
refabrication with no shielding or with only local shielding in a care
fully designed fabrication plant. 

Recycle studies under AEC contract are progressing at Babcock 
& Wilcox (B&W). An objective is to define clearly the most economical 
fuel-recycle scheme for the thorium-fueled HWOCR. The problem is 
complicated by the need to consider all aspects of the fuel cycle, such 
as reprocessing, feed-materials conversion, refabrication, and ulti
mate waste disposal. The recycle technology chosen must permit 
handling the selected reference and backup fuel elements. The candi
date fuels are Th02-U02, carbide, or metal appropriately clad in 
Zircaloy or sintered aluminum powder (SAP). Furthermore, the ^̂ Û 
contamination of the recycled fuel will require processing in direct, 
semiremote, or remote facilities, each having its own inherent opera
tional and maintenance problems. 

Preliminary studies have been primarily devoted to the oxide and 
metal systems. Proven flow sheets were selected for recycling each 
fueF, ""and cost estimates were made initially for large (about 2 to 
6 metric tons/day) recycle facilities capable of handling equilibrium-
cycle fuel behind heavy shielding. 

The basic concept of the Thorium Recycle Integrated Plant (TRIP) 
is described for the oxide and the metal fuels. In the TRIP concept 
facilities are integrated at one plant site and include reprocessing, 
conversion, and fabrication of the recycle fuel. Reprocessing of spent 
fuel utilizes chemical decladding and a single cycle of solvent extrac
tion to produce nitrates of thorium and uranium (the acid-thorex flow 
sheet is used). The major differences between the reprocessing sys
tems for oxide and metal fuels are in the head-end and dissolving 
stages. For the preparation of oxide fuel, the nitrates are converted 
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to thoria-urania powder by the so l -ge l process and then vibratory-
compacted into pins to form the fuel bundles. Thorium-metal fuel is 
made by nitrate conversion to oxide, followed by calcium reduction of 
the thorium oxide to metal. The ^̂ Û is converted to metal by a series 
of fluid-bed processing steps. The nested-cylinder fuel elements are 
fabricated from the thorium and uranium billets by induction melting 
and coextrusion. 

The preliminary studies indicate that capital costs for such inte
grated facilities would probably range between $78 and $100 million 
and that annual operating costs would be between $40 and $65 million 
for a 15,000-Mw(e) nuclear economy. 

FUEL-RECYCLE FLOW SHEETS 

Spent-fuel Reprocessing 

Head-end Flow Sheet for Th-U Alloy Although several aqueous chemical 
flow sheets appear promising for decladding zirconium-clad thorium-
base fuel, none has been tested on thorium-base fuel. ~^ Therefore to 
achieve decladding a conceptual head-end flow sheet is presented for a 
two-step Th-U alloy decladding-dissolving cycle (Fig. 1). In step 1 
the standard zirflex reagent (5.5M NH4F and 0.5M NH4NO3) is used to 
remove most of the zirconium cladding. Since some decladding r e 
agent will attack the Th-U alloy, hydrogen peroxide is not added to the 
decladding reagent (i.e., the modified zirflex reagent is not used) on 
the premise that possible precipitates of U(IV) and thorium can be 
reclaimed by centrifuging the decladding waste and recycling the cake 
to the dissolver for subsequent treatment during core dissolution. The 
decladding waste is cooled in a separate tank, thereby shortening the 
dissolver cycle time and minimizing uranium losses. A 10-fold de
crease in uranium solubility in the decladding waste is achieved when 
the solution is cooled* from boiling to 72 °F. 

In step 2 of the dissolution, the T h - U alloy is dissolved in the 
thorex reagent (13M HNO3, 0.05M F, and O.IM Al) and then discharged 
to the feed-adjustment step. Undissolved zirconium cladding is r e 
moved in the charging baskets as solid waste in a manner similar to 
that proposed for removing the cladding hulls from a chop-leach 
process. Although it is unrealistic to assume that step 1 of this method 
could achieve a quantitative removal of the cladding without some 
uranium and thorium loss, step 1 could conceivably remove 70 to 80% 
of the Zircaloy as a separate high-fluoride aqueous waste without 
excessive uranium loss. If not, an alternate dissolution procedure is 
used for both cladding and core dissolution. 

A protactinium-removal step was not included in either the metal 
or the oxide head-end flow sheets because the expected ^̂ Û losses 
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Fig. 1—Conceptual head-end flow sheet for reprocessing canyon of 
TRIP-IIfacility (Zircaloy-clad Th — U-metal nested cylinders). 

after spent-fuel decay for 180 days were economically acceptable. 
After centrifuging to remove suspended solids and possible fission-
product precipitates, the Oak Ridge National Laboratory (ORNL) flow 
sheet for obtaining acid-deficient conditions is used to complete the 
head-end treatment.^ 

Head-end Flow Sheet for Th02-U02 As was the case for Th —U metal 
nested cylinders, mechanical disassembly of the HWOCR oxide fuel 
elements is performed prior to the chemical head-end treatment. 
Mechanical disassembly includes removing the fuel-element end plates, 
separating the fuel pins from the ferrules (by pulling the pins), and 
bundling the pins for charging to the dissolver. Mechanical cutting 
operations are envisioned only as a backup measure in case the fuel-
component disassembly operations are not successful. 

A conceptual head-end flow sheet has been developed for SAP-clad 
Th02-U02 fuel elements (Fig. 2). In step 1 the SAP cladding is r e 
moved chemically by a caustic-nitrate treatment (2M NaOH and 
1.8M NaNOs), as was done in other studies. ' Decladding wastes are 
centrifuged to recover thoria-urania particles for recycle to the 
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oxide-dissolution step. A potential problem is the recycle of SAP 
dispersion material (AI2O3) in the centrifuge cake. A periodic cleanout 
of the dissolver to remove AI2O3 may be required. 

Step 2 of the oxide-dissolution operation uses a heel dissolution-
cycle procedure. Studies on cold oxide show that a 20-hr dissolution 
cycle is possible without appreciable oxide-heel buildup.' Two ad
ditional problems may complicate engineering design of the dissolver 
and perhaps lengthen the dissolution-cycle time of thoria-urania. They 
are the distribution of particle sizes of the so l -ge l thoria-urania and 
the low dissolution rate of dense sol—gel thoria-urania. 

The feed-adjustment steps used for the thoria-urania fuel are 
identical to those proposed for the Th-U alloy. However, the feed-
adjustment operations for oxide fuel would not be complicated by the 
presence of bulk fluoride ion from decladding operations. 
Single-cycle Solvent-extraction Flow Sheet Limited fission-product decon
tamination of recycled thorium and uranium appears attractive as a 
long-range recycle concept.^ Accordingly, a closely coupled, shielded 
reprocessing-fabrication facility such as TRIP offers good thorium 
fuel-cycle economics for equilibrium-cycle conditions. In such a con-
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Fig. 2—Conceptual head-end flow sheet for reprocessing canyon of 
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cept the efficiency of fission-product removal by solvent extraction 
need not be high but need only be sufficient to satisfy chemical and 
nuclear requirements. A schematic flow sheet of the single-cycle r e 
processing concept is shown in Fig. 3. 

The solvent-extraction system used for the HWOCR fuel-cycle 
study is a single-cycle modification of the ORNL acid-thorex flow 
sheet (Fig. 4). The extractant is 30%tributyl phosphate (TBP) in a 
kerosene diluent. Only three extraction contactors (scrubbing, par
titioning, and stripping) are required to recover and separate the 
thorium and uranium. The second and third extraction cycles have 
been deleted for two reasons: (1) The increased decontamination pro
vided by the additional cycles is unnecessary for fully remote process
ing of equilibrium-cycle HWOCR fuel, and (2) additional throughput 
capacity to handle hydraulic upsets has been provided in the solvent-
extraction system. 

Analyses for the HWOCR fuel indicate that the fission-product de
contamination quoted for the single-cycle process ' (decontamination 
factors of 10^ for protactinium and ruthenium, 5 x 10^ for zirconium 
and niobium, and 10^ for rare earths) is adequate to satisfy steady-
state nuclear requirements for the recycled HWOCR fuel. Acceptable 
steady-state chemical-impurity levels can also be obtained with a 
single extraction cycle. '" '" 
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Fig. 3—Schematic flow sheet for single-cycle acid-thorex process for 
HWOCR thorium-fuel recovery. 
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In design of the conceptual facilities for reprocessing HWOCR fuel, 
the assumption has been made that the basic processes and operations 
selected will be operable in the plant. In many instances, alternate 
schemes have been suggested to ensure a backup of design concepts in 
the event the primary concept proves to be unworkable. 

Fuel Conversion 

Th02-U02 Preparation The so l -ge l process was selected for prepara
tion of HWOCR thorium oxide fuel (Fig. 5). Process design features 
are based on developments in the ORNL Kilorod facility'^ and in the 
B&W Recycle Uranium Pilot Plant.'^ Equipment design for the TRIP 
facility is based on Kilorod and B&W experience and on proposed 
designs for the ORNL Thorium-Uranium Fuel Cycle Development 
Facility." 

Hydrothermal denitration is a suitable method for producing 
thorium oxide from thorium nitrate. Steam denitration produces a 
thoria product with a low residual nitrate content, which when blended 
with uranyl nitrate produces a homogeneous T h - U hydrosol.'^ The 
hydrosol is converted to a gel by evaporating the water and to the oxide 
(Th02-U02) by calcining in a 4% reducing atmosphere. The flow sheet 
utilized in designing the TRIP oxide facility is shown in Fig. 6. 

Thorium-metal-sponge Production The decision to recycle thorium neces
sitates the selection of a suitable method for converting thorium nitrate 
(the reprocessing product) to the metal. Criteria for a suitable process 
include adaptability to remote handling, capability of a throughput of 
several tons per day, and cost that is competitive with other thorium-
metal alternatives. 

Many thorium-metal reduction methods were reviewed. ^~ ' Three 
processes were selected as being potentially capable of meeting 
HWOCR metal requirements: the calcium reduction'^''^ of ThF4, the 
calcium reduction'^ of Th02, and the electrolysis"'^" of ThCl4. Other 
processes studied, but not selected, for remote HWOCR production 
include the ORNL Metallex process" (sodium-amalgam reduction of 
ThCy and the Kroll process^^ (magnesium reduction of ThCl4). Al
though each metal process considered had some specific advantage, 
the final selection was based on the process having the fewest dis
advantages. 

Calcium reduction of thoria is the process selected as having the 
simplest flow sheet, the fewest disadvantages, a good production ex
perience to date, and the best potential for remote production without 
extensive development. 

In the flow sheet (Fig. 7), thoria is mixed with calcium and pre-
dried calcium chloride in the desired ratio for reduction. It has been 
assumed that steam-denitrated and calcined thoria having a very low 
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Fi 

1 -

j
^ 

e K
 

•< 

*ff r^ 

°' s g
 

s t t s _. 

^ < _, 
" i m

 

2 

>*. 

K
 

s ^ U
> 

S
 

s § -3 u
> 

S
 

^ 
1—

 

S
 

2 S3 

„ H
 

W
 

to
 

i i -

^ 
e 1 

1
-

= * 
m

 
X

 
'-

rsi 



RECYCLE OF THORIUM FUEL FOR THE HWOCR 165 

i ( — : 
( - IJ 

> <: L j L -
O -r-

o <: 1 - ^ 

_ J 
i! 

1. 1 
o 
r/^ 

a <c LU 
. UJ UJ 

o <t 
^ .? 

Fj^. 4—Flow sheet for single-cycle acid-
thorex SX system (detailed in chart on the 
facing page). 



166 MONCRIEF AND SCHILEO 

STEAM 
(BWC, l A T M ) -

OFF-GAS 
NITRIC ACID 
TO RECOVERY 

TIKNOj)^ U . 

SOLUTION 
FROM 
REPROCESSING 

EVAPORATION 
AND 

DENITRATION 
400°C, 1 TO 2 HR 

i I 
URANYL NITRATE 

FROM 
REPROCESSING - i 

Tt iOj-XNOj 

(NITRATE DECOMPOSES 
TO OXIDE) 

OFF-GAS 

_L_ 
Ar-4%H 

CALCINATION 
nSOX, 4HR 

J 
(CONVERTS GEL TO 
ThOj- l iOj) 

• COARSE FRAGMENTS 
TO FABRICATION 
CANYON 

WEIGHING 
TliOj-XNOj 

CRUCIBLE 
LOADING 

(-NITRIC ACID 

AMMONIUM 
HYDROXIDE 

SOL BLENDING 
80°C, 2 HR 

(URANIUM SORBS 
ON THORIUM 
CRYSTALLITES) 

OFF-GAS 

t 
EVAPORATION ^ 
100°C, 6 HR 1 ^ 

(SOL DRIES TO HEX-
AVALENT URANIUM-
THORIUM GEL) 

Fig. 5—Schematic diagram for the preparation of HWOCR thoria-
urania fuel by sol—gel process. 

residual nitrate content is acceptable as starting material for the 
calcium-reduction operation. This assumption is considered valid. ' 
After blending, the Th02- Ca - CaCla charge is heated under argon to 
about 950°C in a molybdenum-lined retort to promote reduction. Sub
sequent steps to prepare the thorium-metal sponge are crushing and 
leaching (with water and dilute nitric acid) of the reduction cake, 
vacuum drying of the thorium powder under argon, and pressing of the 
metal powder into briquettes for vacuum melting. 

Uranium-metal Production Fluidized-bed conversion technology is used 
for the preparation of recycled uranium metal from uranyl nitrate 
(Fig. 8). Uranium metal is then added to the thorium melt at the in
duction melting step to prepare the T h - U alloy. Uranium makeup to 
the HWOCR fuel cycle is assumed to be supplied by a vendor at the 
appropriate enrichment to be added as uranium metal at this point in 
the line. The induction-melting operation is expected to provide ade
quate mixing of the metals to achieve alloy homogeneity.^^ Coreduction 
of thoria and urania powders to form the alloy was evaluated but not 
selected. In the uranium-conversion flow sheet, three fluid-bed reac
tors in a critically safe geometry are used to (1) steam denitrate 
uranyl nitrate to UO3, (2) reduce the trioxide to UO2, and (3) hydro-
fluorinate the oxide to the green salt, UF4. Batch reduction (2.5 kg of 
^̂ Û per batch) of the green salt to metal with calcium completes the 
conversion. 
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Fuel-element Fabrication 

Fabrication Flow Sheet for Oxide-filled Pins In the oxide flow sheet selected 
(Fig. 9), the feed material is received from the conversion canyon as 
unsized, coarse oxide powder. In the fabrication canyon the powder is 
crushed to the appropriate size fractions for vibratory compaction and 
is screened, blended, and weighed. The empty cladding tubes with 
prewelded and inspected bottom end caps are stored in the remote 
canyon. The tubes are placed on the electromagnetic shaker head, and 
the sized, blended oxide is introduced by feeders while the pins are 
vibrated. The shaker control console is located outside the shielding 
wall, and the frequency-scan cycle is programmed by a tape recording. 
In this manner most of the equipment that requires maintenance is 
located in a nonremote area. 

After vibratory compaction and weighing, the top components are 
inserted. The pin is gamma-scanned to determine fuel-mass varia
tions per unit length and is then heated in a vacuum chamber to de-
water and partially degas the fuel. Next, the second end cap is inserted 
and welded. The weld is nondestructively tested by a helium leak 
check and a fluorescent-dye penetrant test. Since the cladding is 
sintered aluminum powder, no etching or autoclaving is necessary, and 
the finished fuel pin requires only degreasing before it is ready for 
inspection and assembly into the fuel bundle. 

The vibratory-compaction process was selected in preference to 
the pelletizing process because of (1) the simplicity of the fabrication 
process and equipment and (2) the adaptability to remote fabrication. 

Fabrication Flow Sheet for Thorium-alloy Nested Cylinders Feed m a t e r i a l is 
received from the conversion canyon as briquetted Th-U metal slugs 
(Fig. 10). The slugs are vacuum-induction melted and cast into hollow 
ingots as the first step in the fabrication canyon. This technique was 
selected in preference to arc melting because it involves fewer process 
steps. The vacuum-induction melting process yields a product having 
satisfactory homogeneity and an acceptable but higher carbon content 
than that in arc-melted material. 

The process steps following melting and casting are in agreement 
with general experience in this field.^^'^^'^^ The coextrusion process 
was chosen in preference to other possible processes because of pos
sible high production rates and mechanical-design requirements. A 
tube-reducing step is considered necessary because of mechanical-

26 28 29 

design requirements on dimensional tolerances. ' ' There is some 
concern about the proper preheating temperature to be used prior to 
coextrusion because the interaction between the copper lubricant and 
the Zircaloy cladding becomes quite troublesome in the range of 760 to 
780°C. However, it is felt that this problem can be circumvented by 
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-Fz .̂ 6—Flow sheet for the preparation of 
sol—gel oxide (detailed in chart on the facing 
page). 
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Fig. 7—Schematic flow sheet for the preparation of thorium.-m.etal 
pellet for HWOCR Th-U alloy fuel. 
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Fig. 8—Schematic diagram for the preparation of uranium, metal for 
HWOCR Th-U alloy fuel. 
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Fig. 10—Flow sheet for nested-cylinder 
fuel-element fabrication operations. 
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minimizing the time at temperature and perhaps by preoxidizing the 
surface of the Zircaloy and copper. 

Nondestructive ultrasonic and eddy-current techniques are used 
for verification of bonding of cladding and fuel and for cladding-wall-
thickness measurement. All other process steps apply general practice. 

RECYCLE FACILITY 

The Concept 

During the evaluation of recycle-fuel costs for the HWOCR, con
siderable thought has been given to the design philosophy of the fuel-
recycle complex. Since a ground rule has established that equilibrium 
cycle ^̂ Û will be processed (with its accompanying hard gamma radio
activity from the ^̂ Û daughters), a remotely operated facility is used. 
Time did not permit an optimization study of fully remote vs . partly 
remote concepts. Because of the ground rule for the HWOCR nuclear 
economy [15,000 Mw(e)], a large-scale production facility is needed 
(2 to 6 metric tons/day). To meet these requirements, a radiochemical 
facility having proved operating and maintenance concepts is desirable, 
preferably one with a demonstrated high on-stream efficiency. 

A facility has been d e s i g n e d and costed by E. I. du Pont de 
Nemours, Inc., for the reprocessing of I to 10 metric tons of aluminum-
clad natural-uranium fuel per day at the Savannah River Laboratory 
(SRL).^ By judicious modification of the conceptual Du Pont plant de
sign, the facility can be envisioned to accommodate a thorium r e 
processing line as well as the entire fuel-recycle production line 
(conversion and fabrication). This integrated facility for the recycle 
of thorium and uranium has been termed the Thorium Recycle Inte
grated Plant (TRIP). Two conceptual TRIP facilities will be discussed: 
TRIP-I for the recycle of HWOCR ThOg-UOz fuel and TRIP-II for the 
recycle of HWOCR Th-U alloy fuel. Both facilities are based on a 
philosophy of limited fission-product decontamination using a single-
cycle acid-thorex solvent-extraction system. The closely coupled r e 
processing ^fabrication facility will, where practical, share common 
site facilities to reduce capital costs. 

The general site arrangement for the HWOCR TRIP facility 
(Fig. 11) closely resembles the reference Du Pont radiochemical plant 
design. Where consistent with thorium processing, the design, main
tenance, and operating philosophies described in the Du Pont report^ 
were generally used in the TRIP facility. 

The Du Pont canyon design has been used to a maximum extent in 
integrating the conversion and fabrication canyons to achieve the TRIP 
design (Fig. 12). In the view shown in the figure, parallel reprocessing 
and fabrication canyons share a common service wall containing venti-
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ELECTRICAL SUBSTATIONS (2) 

PARKING 

Fig. 11—General site arrangetnent of TRIP facility. 

lation ducts and piping headers. Separate high-bay areas permit r e 
mote maintenance of process equipment in each canyon. Both the 
materials conversion canyon (not shown in Fig. 12) and the fabrication 
canyon have standard hot-cell remote manipulator stations to assist in 
performing the more tedious recycle operations. 

A conceptual plan view of the TRIP-II processing area shows the 
U-shaped flow pattern of the recycle-fuel reprocessing-conversion-
fabrication line (Fig. 13). Spent fuel is received in casks at the fuel-
handling area and is stored, mechanically disassembled, and t rans
ferred to the reprocessing-canyon dissolver station. Reprocessing 
operations proceed from left to right in canyon 1 to yield thorium and 
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(T) Regulated Operating Aisle 
(2 ) Canyon-1 
® Canyon-2 

(4) Regulated Operating Aisle 

(t) Control Room 
(6) Regulated Operating Aisle »»ith 

Master-slave Stations 

0 Fabrication Cell 
(8) Process Vent Ducts 
0 Vent Ducts 

(To) Transfer-line Corridor 
@ Reprocessing Cell 

Fig. 12—View through reprocessing and fabrication areas of TRIP 
facility. 

uranium product solutions. The concentrated thorium and uranium 
nitrate solutions are converted to metal alloy in the split feed-materials 
(conversion) canyon. Finally, the recycle fuel elements are reconsti
tuted in the fabrication line (canyon 2), and the fuel is returned to the 
storage area and subsequently shipped to the reactor in the fuel r e 
ceiving cask. Seven process sampling caves serve the canyon area. 
Also provided are four high-level analytical cells, strategically located 
to receive hot samples from the canyons by shielded conveyors. Con
sistent with the Du Pont design, separate areas are provided for 
radioactive-equipment storage, decontamination, and repair. In the 
TRIP facility these areas are provided for each of the parallel canyons. 

Because of the need for personnel access to the below-grade face 
of the fabrication and conversion canyons and to the above-grade high-
bay area, the regulated-zone layout was changed slightly from the 
Du Pont design. In the TRIP facility a regulated operating aisle sur
rounds the entire canyon area, and access to nonregulated areas is 
only by way of personnel monitor rooms. 
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Maintenance of Process Equipment 

The in-canyon maintenance of all equipment in the TRIP facility is 
based on remote concepts that have been effectively demonstrated in 
reprocessing plants at SRL and Hanford. Process piping, valves, and 
other fittings are connected to canyon equipment by jumpers capable 
of remote removal and replacement by the canyon cranes. An added 
maintenance advantage in the TRIP facility is the availability of the 
master-slave manipulators serving the conversion and fabrication 
canyons. These manipulators can be used to help perform remote 
maintenance operations. No master-slave stations serve the repro
cessing canyon. 

Process-equipment Arrangement 

In the conceptual TRIP designs, the equipment arrangement was 
emphasized for costing purposes, and no attempt was made to optimize 
the detailed arrangement of equipment. 

Reprocessing Equipment The general arrangement of reprocessing equip
ment is similar to that described in the reference Du Pont study. How
ever, since the TRIP facility is based on a single-cycle solvent-
extraction system and since the uranium and thorium are directly 
transferred to the conversion canyon, the canyon equipment layout can 
be simplified. 

The dissolution system of the TRIP-I facility includes three 
thoria-urania dissolvers (two appear ample for metal). These dis-
solvers achieve criticality control by the addition of soluble poison and 
restricting geometry. 

The TRIP-I evaporation complex has equipment for concentrating 
the following streams: (1) thorium product, (2) uranium product, (3) 
low-activity wastes, (4) miscellaneous wastes, and (5) lA contactor 
waste, which constitutes most of the fission products. Items (3) and 
(4) have adequate capacity for conversion and fabrication wastes. 
Three stages for uranium product evaporation are provided. All 
evaporators have poison plates in the deentrainment section, and the 
intermediate- and high-concentration units have restrictive geometry. 
Both interstage and product hold tanks are provided, as are off-
specification rework tanks for thorium and uranium. 

Three mixer-se t t lers of Du Pont design are included for the TRIP 
extraction system, even though centrifugal contactors,'"'^^ which r e 
quire considerably less canyon area, may soon be operational at 
SRL.^^ Canyon space requirements for all contactors have been in
creased by 50 to 100% to reprocess thorium. 

Feed-materials Conversion Equipment for the oxide canyon is based on 
designs either used or proposed for the Kilorod facility,*^ the B&W 
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Recycle Uranium Fabrication Line,' ' or the TURF facility.'* In ad
dition, many vessels were designed on a once-through philosophy, 
usually in conjunction with temperature zoning of equipment to achieve 
greater throughput. For both conversion canyons, oxide and metal, 
fully automated loading, unloading, conveying, weighing, and miscel
laneous handling stations have been assumed. The availability of such 
automated equipment is known to be within the capabilities of present-
day commercial technology. 

Oxide Equipment. Four remote manipulator stations are provided 
in the oxide canyon, one at each blend tank and one at both loading and 
unloading stations of the temperature-zoned calciner. In general, all 
equipment is installed in parallel to ensure continuity of operation 
(though at reduced capacity) in the event of breakdown. Condensate is 
routed directly to the appropriate waste header or acid-recovery 
header located in the service wall. However, the denitrator condensate 
is collected and centrifuged to recover entrained thoria before dis
charge to acid recovery. One sol pump tank of restricted geometry is 
provided to ensure continuity of blending. 

Metal Equipment. Layout principles similar to those for oxide 
were used in the TRIP-II metal conceptual plan. The conversion equip
ment in canyon 1 processes the reprocessing thorium-product solution 
to the reduction cake. A calcination zone is included in the evaporator — 
denitrators to obtain thoria with a low residual nitrate content for feed 
to the calcium-reduction operation. After it is jolted, the reduction 
cake is crushed, conveyed in trays to the countercurrent leachers 
(located in canyon 2), and loaded into the vacuum driers . 

The uranium-metal line is also housed in canyon 2. This line 
contains the fluid-bed systems for converting the uranyl nitrate to the 
green salt. Two batch reduction furnaces and a billet-washing station 
are provided. 

Fabrication Oxide Equipment. The fuel-element fabrication canyon is 
designed as much as possible for remote, automated operation; where 
automation is impossible or extremely difficult, manipulator stations 
have been provided. Whenever possible, nonremote operations are 
performed in separate areas to minimize the problems of remote 
fabrication and maintenance. Typical nonremote operations are certain 
fabrication steps (such as welding of one end cap into an empty tube) 
and inspection and cleaning of fuel-element hardware. The conceptual 
fabrication canyon is generally arranged to provide a smooth flow of 
materials through the cell and has most nonautomated operations 
located adjacent to the viewing windows and manipulators. 

Nested-cylinder Equipment. The metal-cylinder process line is 
housed in a long, narrow canyon to obtain a relatively linear flow of 
materials, thus minimizing both handling and transfer equipment r e -
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quired to move materials between process stations. Good visibility 
was sought by arranging equipment close to the manipulator stations. 
In general, access to equipment for major maintenance is through the 
ceiling. Access ports and an overhead crane are provided for r e 
moval of equipment and transfer to a decontamination area at the end 
of the building. Minor equipment adjustments and calibration may be 
done by manipulators or by special devices and controls built into the 
equipment. Frequent maintenance access to the extrusion-press mech
anism may be required. Since this equipment is large and would be 
difficult to maintain remotely, a secondary lead shield is provided to 
permit direct access to the machinery end of the extrusion press. 

THORIUM-FUEL PROCESSING COSTS 

Cost data for recycle thorium reprocessing, feed-material con
version, and fuel-element fabrication are generated for oxide-pin and 
metallic-cylinder cores at several plant throughputs. Waste-disposal 
costs are included. Unit processing costs, which include the preceding 
components, were evaluated at various capacities from 2.2 to 5.7 metric 
tons/day (Table 1). 

TRIP Facility Capital Costs 

Capital costs for several plant capacities were estimated for the 
TRIP facility: 2.2 and 2.6 metric tons/day for oxide and 2.2 to 5.7 
metric tons/day for metal. All costs are adjusted to a mid-1965 cost 
basis. 

TRIP engineering costs cover preliminary design, field engineer
ing and interest during construction, and detailed engineering. Costs 
are consistent with those for the Du Pont study^ and reported costs for 
the Nuclear Fuel Services, Inc. (NFS) plant.'''^* 

The site cost includes an estimated price for land purchase and 
site improvement (the latter is based on commercial costs). It is 
evident that, because of the large exclusion area required for the TRIP 
facility, the site costs need not scale with processing capacity. 

TRIP costs for building, structure, and utilities were estimated 
at B&W by extending the costs of the Du Pont study to single-cycle r e 
processing and also to integration of conversion and fabrication facili
ties. Du Pont assisted*' by independently estimating the cost of the 
single-cycle reprocessing plant. Without adjustment of the Du Pont 
cost for commercial influences, agreement between B&W and Du Pont 
was within 5%. However, B&W elected to decrease construction costs 
by 25%, add 5% contingency, and add 15% escalation to obtain capital 
costs on a 1965 basis. Several sources of information were used in 
establishing the 25% adjustment factor (ORNL used 20% in the ad-
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vanced converter study'^). As stated by ORNL, the costs reported in 
the original Du Pont study^ are realistic to ±20% for radiochemical 
reprocessing plants owned and operated by the government, but they 
are conservative when compared with estimated costs for the NFS 
West Valley Plant. This fact alone is not sufficient justification for 
changing the adjustment factor for the TRIP facility from 20% to 25%. 
However, to support increasing the factor to 25%, B&W made two ad
ditional studies: (1) Certain simple construction items of the SRL 
reprocessing facility were cost estimated, with no attempt made to 
estimate canyon costs or other items requiring intricate ducting or 
piping, and (2) a previous B&W-sponsored study for an acid-thorex 
reprocessing facility'^ was scaled to a 1 metric ton/day capacity for 
comparison with the reported NFS capital costs. These studies con
firmed that a 25% cost reduction for a commercial facility was valid. 

Equipment costs for the TRIP facility were evaluated in two parts: 
(1) B&W estimated conversion- and fabrication-equipment requirements 
for oxide and alloy and compared the results with other s tud ies , " ' ' ' ' ' ' 
and (2) the basic equipment for all other operations was evaluated by 
applying the Du Pont study. In general, the cost allowance provided by 
B&W for conversion equipment was greater than that reported by other 
studies. 

TRIP Facility Operating Costs 

Operating costs for the TRIP facility have been estimated for the 
oxide and alloy cores at various capacities. The labor force for TRIP 
was evaluated by estimating the staff requirements for reprocessing, 
conversion, and fabrication; general-site support personnel were 
shared by the three areas. The TRIP reprocessing staff was only 83% 
as large as the Du Pont study manpower level. Salary costs for all 
personnel were based on commercial labor rates in the nuclear in
dustry and included general and administrative costs and overhead 
expense. For manpower evaluation purposes, the personnel required 
for conversion and fabrication were estimated for cold operations, and 
the same labor force was assumed to be required to staff the remote-
canyon arrangement. This method is thought to give conservative labor 
costs for the remote facility. 

The cost of services for the TRIP facility was determined by 
scaling the Du Pont study reprocessing costs to the TRIP capacities 
and adding independent estimates of the conversion and fabrication 
requirements. Independent cost estimates of hardware, chemicals, 
and other material for conversion and fabrication were made and added 
to the reprocessing costs obtained by scaling the Du Pont study esti
mates to the TRIP throughput capacities. 

A flat charge of $2.0 million per year was assessed to the TRIP 
facility to provide a sinking fund for ultimate disposal of the radio-
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SUMMARY OF TRIP FACILITY RECYCLE COSTS 

Oxide-fuel recyc le 

37-pin design 66-pin design 

Method 1 Method 2 Method 1 Method 2 

Four -cy l inder 
design 

Method 1 Method 2 

Alloy-fuel recycle 

Five-cyl inder 
design 

Method 1 Method 2 

Six-cylinder design 

Method 1 Method 2 

Operating data 
Nominal throughput (U + 

Th), m e t r i c tons /day 
Design throughput (U + 

Th), me t r i c tons /day* 
Operating t ime, days /yea r 
Operating shifts, shif ts /day 
Operating shifts requi red 
Total men requi red 
Fuel e lements fabr ica ted / 

yea r 
Fuel e lements fabr ica ted / 

day 

Fue l -e lement data 
Modera tor plug§ 
Average burnup, Mwd/ 

m e t r i c ton 
E lemen t -ma te r i a l s cost , 

$ / e l ement 
SAP cladding cost , $/ft 
U + Th p e r e lement , kg 

2.2 2.6 2.2 2.6 4.e 5.7 2.2 2.6 2.5 2.9 

2.7 
310 
3 
4 
511 

27,758 

90 

No 
20,000 
0.447 

334 
1.80 
23.9 

3.0 
260t 
3 
3 t 
477 

27,758 

106 

No 
20,000 
0.447 

334 
1.80 
23.9 

2.5 
310 
3 
4 
604 

23,269 

75 

Yes 
20,000 
0.356 

699 
1.57 
29.0 

3.0 
260t 
3 
3t 
526 

23,269 

89 

Yes 
20,000 
0.356 

699 
1.57 
29.0 

5.3 
310 
3 
4 
622 

33,617 

108 

No 
10,000 

496 

44.0 

6.2 
260t 
3 
3 t 
589 

33,617 

129 

No 
10,000 

496 

44.0 

2.7 
310 
3 
4 
442 

12,980 

41 

Yes 
20,000 

1149 

52.0 

3.0 
260t 
3 
3 t 
434 

12,980 

50 

Yes 
20,000 

1149 

52.0 

3,0 
310 
3 
4 
443 

10,471 

33 

No 
17,500 

1004 

72.4 

3.4 
260t 
3 
3 t 
438 

10,47 

40 

No 
17,5C 

1004 

72.4 



Capital cos t s , x $10^ 
Engineering 
Site 
Bu i ld ing- s t ruc ture 
Util i t ies 
Equipment 
Startuplf 
Contingency—escalation* * 

Total 

Annual cos t s , x $10^/year 
S a l a r i e s t t 
Se Ib ices 
Mater ia l s 
Ultimate waste disposal 
Capital at 22% 

Total 

Unit cos t s 
Throughput, k g / y e a r t J 
Unit process ing cost , $ /kg 

6.6 
1.1 

10.6 
2.2 

26.2 
11.1 
11.0 

68.8 

13.7 
2.5 

10.1 
2.0 

15.1 

43.4 

673,000 
65 

6.6 
1.1 

10.6 
2.2 

26.6 
11.1 
11.0 

69.2 

11.8 
2.5 

10.1 
2.0 

15.2 

41.6 

673,000 
62 

6.5 
1.1 

10.5 
2.2 

26.8 
11.2 
10.9 

69.2 

16.9 
2.4 

17.1 
2.0 

15.2 

53.6 

675,000 
79 

6.6 
1.1 

10.8 
2.2 

27.8 
11.5 
11.4 

71.4 

13.0 
2.6 

17.2 
2.0 

15.7 

50.5 

675,000 
75 

8.3 
1.1 

12.8 
3.0 

42.0 
15.9 
14.3 

97.4 

15.9 
3.8 

21.7 
2.0 

21.4 

64.8 

1,479,000 
44 

8.3 
1.1 

12.8 
3.0 

43.6 
16.3 
14.5 

99.6 

13.6 
3.8 

21.7 
2.0 

21.9 

63.0 

1,479,000 
43 

7.5 
1.1 

11.4 
2.8 

34.5 
15.5 
10.3 

83.1 

11.3 
2.7 

18.7 
2.0 

18.0 

52.7 

675,000 
78 

7.5 
1.1 

11.4 
2.8 

35.2 
14.7 
12.9 

85.6 

10.5 
2.7 

18.7 
2.0 

18.8 

52.7 

675,000 
78 

7.6 
1.1 

11.7 
2.8 

35.5 
13.9 
12.9 

85.5 

11,1 
2.9 

13.8 
2.0 

18.8 

48.6 

760,000 
64 

7.6 
1.1 

11.7 
2.8 

36.3 
15.1 
13.2 

87.8 

10.4 
2.9 

13.8 
2,0 

19.3 

48.4 

760,000 
64 

*Includes capacity for rework. 
tAssumes fabrication canyon on-line 260 days/year; reprocessing and conversion canyons 310 days/year. 
JFor fabrication canyon only; four shifts still required for 7 days/week reprocessing and conversion operation. 
§Plug added in certain designs to flatten power distribution and decrease fuel inventory. 
lIBased on 10% annual interest on average value during 2-year construction period, plus 35% of first-year operating costs. 

**Addition of 5% contingency, 15% escalation to Du Pont costs, no escalation of conversion- and fabrication-equipment costs, 
ttlncludes general and administrative costs and overhead expense. 
t tBased on nominal throughput (Al) and on-line days/year (A3); difference in throughput for 37- and 66-pin designs is due to slight 

difference in actual capacity. 

00 
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active wastes from the 15,000-Mw(e) nuclear economy. ' In the 
waste scheme assumed, tank storage is provided to hold plant wastes 
for an interim period. After an optimum decay time of 3 to 10 years,'^ 
the wastes are removed from the vaults, converted to a nonleachable 
solid, and encapsulated for ultimate storage in a salt mine. The fa
cility is assumed to have sufficient capacity to handle the TRIP facility 
wastes for the life of the plant without requiring construction of ad
ditional waste storage vaults. 

TRIP Facility Processing Costs 

Unit processing costs for the two oxide-pin designs and the three 
nested-cylinder designs are given in Table 1. Two plant operating 
philosophies were evaluated for the core fabrication canyon: method 1, 
around-the-clock operation 7 days/week and on the line 310 days/year, 
and method 2, around-the-clock operation 5 days/week and on the line 
260 days/year. The reprocessing and conversion canyons were each 
assumed to operate 310 days/year because of their chemical nature. 
A "no-turnaround" philosophy was assumed in all cases. The no-
turnaround philosophy is considered valid since TRIP is a single-
purpose facility processing identical fuel elements at the same burnup. 
In the event that fuel burnup among the various reactors were not 
identical, TRIP processing costs would be prorated according to 
burnup. 

No unit-cost saving was realized for alloy cores by fabricating on 
a 260-day basis; however, fabrication of both the' 37- and 66-pin oxide 
cores indicated a 5% lower cost on this basis. This saving is not con
sidered significant for two reasons: (1) It is well within the study limit 
of error (which might be realistically ±20%), and (2) the 260-day opera
tion of the fabrication line might present scheduling problems for the 
entire TRIP facility. For example, with the entire plant operating 
310 days/year, it is possible to schedule processing campaigns to 
provide semiannual downtime for major maintenance, modifications, 
and vacations. This would be more difficult if one-third of the plant 
were required to make fuel elements 52 weeks per year. It was con
sidered unreasonable to operate the reprocessing and conversion 
canyons on a noncontinuous (5 days/week) basis. 
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THORIUM BREEDERS AND CONVERTERS: THEIR 

INFLUENCE ON FUEL-CYCLE ECONOMICS 

AND FUEL UTILIZATION* 

PAUL R. KASTEN 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Thorium reactors have potential application as economic power producers. Of 
proposed thorium systems the high-temperature gas-cooled reactor (HTGR) 
concept appears representative of advanced converters, whereas the molten-
salt breeder reactor (MSBR) concept shows promise as an economic breeder. 
With the use of these two concepts, the fuel-oyole economics and fuel-utilization 
features of thorium reactors are illustrated. Based on 1000-Mw(e) investor-
owned plants, the fuel-cycle costs of HTGR's appear to be about 1 mill/kw-hr(e) 
when large central-station fabrication and processing facilities are utilized. 
The corresponding specific fissile inventory is about 3 kg/Mw(e), and the conver
sion ratio is about 0.9. The fuel-cycle cost of a lOOO-Mw(e) MSBR using on-site 
fluoride volatility and vacuum-distillation processing appears to be about 0.5 
mill/kw-hr(e). The specific fissile inventory is about 1 kg/Mw(e), and the fuel 
doubling time is about 20 years. Installation of HTGR's in accordance with the 
projected nuclear-power growth curves until 1990 and use of MSBR's for all new 
capacity after that time, with 30-year reactor life, leads to maximum uranium 
fuel needs of less than the estimated potential low-cost reserves of 800,000 
tons of UjOg. 

Important objectives of the commerc i a l nuclear power p rog ram a r e to 
develop r e a c t o r s that produce low-cost power and a t the s a m e t ime 
conserve nuclear-fuel r e s o u r c e s . Since the evaluation factor that en 
compasses a l l o thers in commerc i a l application of r e a c t o r s i s power -
production cost , considerat ion of fuel-uti l ization aspec ts should be 
consis tent with generat ion of low-cost power over a given period of 
t ime . Of course , in economic evaluation future conditions must be 

^Research sponsored by the U. S. Atomic Energy Commission under con
tract with the Union Carbide Corporation. 
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properly weighed and attitudes of governmental agencies taken into 
consideration. Thus thorium-reactor development should be such as to 
produce systems that generate low-cost power and at the same time 
give good nuclear-fuel utilization. These characteristics have to be at 
least as good as , and probably better than, corresponding uranium 
systems to justify development, and the question arises, "Are thorium 
reactors better than uranium-fueled systems ?" 

The answer to this question involves a number of facets that will 
be discussed briefly. First of all, from the fertile-material viewpoint, 
there is an ample supply of both uranium and thorium. Also, thorium 
reactors make use of a fertile material that in nature does not contain 
a fissile fuel. Because of this, thorium systems are initially dependent 
upon fissile fuel derived from natural uranium and in that sense are 
dependent upon the uranium fuel cycle. At the same time, it is well 
known that in thermal reactors better neutron economy can be obtained 
with the thorium fuel. This advantage is accompanied by use of highly 
enriched fissile fuel and often by a total fuel "enrichment" that is 
higher than that of corresponding uranium-fueled systems. These 
circumstances can lead to thorium-fuel-cycle costs that are higher, 
lower, or about the same as those of corresponding uranium-based 
systems, the particular situation changing with reactor type and tech
nological status. Also, the physical and chemical properties of fuels 
can have a significant effect on reactor performance through their 
influence on fuel-recycle costs and reactor operating conditions. 

RESULTS OF COST-EVALUATION STUDIES 

The reactor types that presently have the most emphasis with r e 
gard to use of'thorium fuel cycles are the high-temperature gas-cooled 
graphite-moderated reactor (HTGR); the heavy-water-moderated r e 
actor (HWR, with heavy water, light water, or organic coolant); the 
seed-blanket light-water-cooled and -moderated reactor (SBR); and the 
molten-salt-fueled graphite-mode rated reactor (MSBR). The perfor
mance of these systems, along with others, has been summarized by 
Rosenthal et a l . , ' who give the results obtained by the methods and 
procedures employed in the Oak Ridge National Laboratory evaluation 
of advanced converters.^ The specific design characteristics of these 
concepts are given by Rosenthal et a l . ' and are reproduced in Table 1. 
Brief descriptions of the associated reactor-core features are given 
in the following discussion. 

The HTGR is a helium-cooled graphite- and BeO-moderated reac
tor based on the TARGET concept of General Atomics, Graphite fuel 
elements contain loose pyrolytic carbon-coated fuel particles in holes 
located in a "phone-dial" arrangement. Two sizes of particles are 
used, one containing only uranium and the other only thorium. The 



Table 1 

THORIUM-REACTOR DESIGN CHARACTERISTICS 
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Net e lec t r ica l 
capacity, Mw 

Reac tor power. 
Mw 

Steam t e m p e r a t u r e / 
p r e s s u r e , °C/atm 

Net s tat ion 
efficiency, % 

Moderator 
Coolant 

Coolant t empera tu re . 
inlet-outlet , °C 

Coolant p r e s s u r e , a tm 
Control method 

Core d iameter x 
height, m 

Specific power. 
kw/kg fer t i le 

Core power density, 
kw/ l i t e r 

Fuel e lements 

Fue l - rod or - tube 
d iameter , in. 

Fuel 
Fuel management 

HTGR 

1008 

2270 

565/238 

44 

Graphite 
Helium 

382-800 

30 
Poison 

rod 
9.5 X 4.8 

27 

7 

Graphite 
cylinder 

4.5 

UCj-ThCa 
'42 sca t t e r 

refueling 

HWR 

1010 

3870 

241/33 

26 

DjO 
DjO 

264-304 

130 
Continuous 

fueling 
7.9 X 4.6 

48 

16 

Concentr ic 
tubes 

1.34, 2.68, 
3.83 

UOg-ThOj 
On-l ine 

refueling 

SBR 

lOOO 

3200 

247/37 

31 

H2O 
H2O 

271-206 

140 
Seed 

position 
5.3 X 2.2 

17 to 24 

68 

Rod 
bundle 

0.25, 0.33 
0.74 

UOj-ThOj 
Batch 

MSBR 

1000 

2250 

538/238 

44 

Graphite 
Fuel sal t* 

566-732 

7 
C ontinuous 

fueling 
2.6 X 2.6 

160 

Molten sa l t 

U F 4 - L i F - B e F 2 
Continuous 

•Circulated through external heat exchanger. 

two types of particles are separated at the end of the cycle and processed 
separately. Material from the uranium particle is sold or discarded to 
reduce the buildup of '̂̂ U in the system. Bred uranium recovered 
from the thorium particle is combined with makeup '̂̂ U and refabri-
cated into the uranium-only particles for a subsequent fuel cycle. 
Thus the makeup '̂̂ U is never recycled, and bred uranium is recycled 
for only one pass. A BeO spine in the center of the graphite body has 
a volume that gives a carbon-to-beryllium atomic ratio of 2.4. 

The HWR concept is a pressure-tube heavy-water-moderated and 
-cooled system based on a design study by E. I. du Pont de Nemours 
& Co., Inc. (Savannah River Laboratory). Pressurized heavy-water 
coolant passes through 688 Zr-2.5% Nb pressure tubes that have an 
inside diameter of 4,43 in. and a thickness of 0.16 in. Concentric tubular 
fuel elements are used, and the reactor is refueled while at power. 

The SBR is based on the movable-fuel concept proposed by Bettis 
Atomic Power Laboratory (BAPL). In this concept, fully enriched 
uranium is located in annular seed regions distributed throughout a 
thorium blanket. The SBR is controlled by axial movement of portions 
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of the seed, which changes the effective thickness of the seed annulus. 
This results in a change in the leakage of neutrons from the highly 
reactive seed regions into the subcritical blanket regions, thereby 
providing criticality control. Control poisons are thus eliminated and 
the neutron economy improved. In the "converter-recycle" concept 
considered here, the seeds are initially fueled with '̂̂ U, and ^"u is 
recovered from the blanket. After about three converter cycles using 
'̂̂ U seeds, the accumulated ^"u is used to fuel the core. According 

to BAPL, self-sustaining recycle is achieved afterwards with no 
additional fuel makeup required. 

The MSBR is a two-region fluid-fuel concept with fissile material 
in the core stream and fertile material in the blanket stream. The 
fuel salt is in direct contact with the graphite moderator, and graphite 
tubes are used to separate core and blanket streams. The fertile stream 
not only surrounds the core, forming a blanket region, but also cir
culates through the core region. Fuel processing is accomplished in 
an on-site plant, utilizing fluoride volatility and vacuum distillation. 

The ground rules and procedures followed in the evaluation of 
these reactors are given in Ref. 1. In brief, the evaluation was based 
on minimum power costs and associated nuclear performance, con
sidering private ownership of reactor plants, fuel, and fuel-fabrication 
and -processing plants. Fuel-recycle costs were based on single-
purpose fabrication and processing plants serving 15,000 Mw(e) capac
ity of the concept under consideration. Fuel-cycle costs were based on 
a 30-year reactor life, using "levelized" costs (present-worth method). 
The reactors were initially fueled with '̂̂ U and thorium, with recycle 
of bred fuel plus '̂̂ U as required. Fuel-cycle costs obtained are 
reproduced in Table 2. 

Along with the fuel-cycle costs, capital and operating and main
tenance costs were estimated. Insofar as possible, the cost estimates 
for the different reactor plants were on a comparable basis. The 
resulting power costs are reproduced in Table 3, along with the a s -
sociated fuel-consumption characteristics. Also included for com
parison purposes are the results for a pressurized-water reactor 
(PWR) and for an HWR using the uranium fuel cycle. ' 

As indicated in Table 3, the SBR has better neutron economy but 
higher fuel and power costs than does the PWR. The same appears 
true of the thorium HWR vs. the uranium HWR.* Both the HTGR sys-

*A significant improvement in plant thermal efficiency can be obtained by 
considering organic rather than heavy-water coolant in the HWR systems; this 
leads to significantly lower power costs and also to better fuel-utilization char
acteristics than those given for HWR's. Althoughuseof organic coolant improves 
the competitive position of HWR power plants, it appears that the thorium HWR 
system will have higher costs than the uranium HWR system under conditions 
analogous to those considered in Refs. 1 and 2. 
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Table 2 

THIRTY-YEAR-AVERAGE FUEL-CYCLE COSTS FOR 
REFERENCE ECONOMIC FACTORS 

Equi l ibr ium- o r l as t -cyc le data 
Exposure , Mwd/met r i c ton 
Fuel l ifet ime, full-power y e a r s 
Feed enr ichment , wt.% f iss i le ma te r i a l 

Fabr ica t ion and process ing plant s ize for 
15,000 Mw(e), me t r i c tons of fue l /year 

Fabr ica t ion cost , $ /kg of fuel 
P r o c e s s i n g cos t , $ /kg of fuel 

Fuel shipping cos ts (fabricated + 
i r rad ia ted) , $ /kg of fuel 

Out-of-pile holdup t ime, days 
Initial f iss i le inventory, kg 
Value of f i r s t - c o r e loading, $10^ 
Fabr ica t ion cost of f i r s t co re , $10^ 

Fue l -cyc le cost , mi l l s / lov-hr ie) 
Fabr ica t ion 
Net fuel burnup and l o s s e s f t 
P rocess ing 
Shipping 
F i s s i l e and fer t i le inventory 
In te res t on fabricat ion 
In teres t on p rocess ing 
Net fuel-cycle cos t 

HTGR 

52,300 
4.95 
3.1 

189 
115.00 
105.00 

25.60 
390 
2910 
36.00 
16.401f 

0.26 
0.19 
0.19 
0.05 
0.51 
0.17 
-0 .03 
1.34 

HWR 

29,400 
1.64 
2.1 

590 
3Y.50 
39.70 

5.90 
330 
1450 
18.33 
3.00 

0.22 
0.40 
0.24 
0.04 
0.43 
0.05 
-0 .01 
1.37 

SBR 

12,000 
2.18 
1.4 

1300* 
51.50t 
23.00§ 

5.00 
290 
3500 
43.82 
8.60 

0.61 
0.12 
0.27 
0.05 
0.95 
0.08 
-0 .03 
2.05 

MSBR 

0.08 

t 
0 

0 

620 
7.44 
4.39** 

0.08** 
-O.ostt 
0.12 
0 
0.17 
0.06** 
0 
0.35 

*For b reede r ; p r eb reede r throughput is 860 me t r i c t ons /yea r . 
f lntegrated process ing . 
t F o r b reede r ; p r eb reede r cos t s , $64/kg. 
§For b reede r ; p r eb reede r cos t s , $30.50/kg. 
Illncludes cost of initial purchase of BeO. 

**Costs associa ted with c a r r i e r sa l t , including ' L i . 
t f L o s s e s of 1% in p rocess ing and +0.2% in fabrication. 
t t L o s s e s of 0.1% per p a s s through p rocess ing . 

tem and the MSBR system appear to have significantly lower power 
costs and better neutron economy than do PWR systems, with the 
MSBR the only concept that operates with lowest fuel-cycle costs as 
a breeder. These results illustrate that there can be a significant 
variation in both fuel and power cost as the reactor type is changed 
and that use of the thorium cycle in itself does not ensure a power 
cost lower than that of analogous uranium-fuel-cycle systems or of 
PWR plants. At the same time, the results indicate that there are 
thorium reactors that have low power costs and good fuel-utilization 
characteristics. In the following sections the HTGR will be considered 
as representative of a thorium converter system and the MSBR as 
representative of a thorium breeder system. 
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Table 3 

POWER COST OF lOOO-MW(E) PLANTS AND ASSOCIATED 
NUCLEAR PERFORMANCE* 

Power cost , mi l l s /kw-hr (e ) 
Capital 
Operating 
Fuel cycle 
Heavy water 

Total 

Breeding ra t io 
Index of fuel consumptlont 

HTGR 

1.9 
0.3 
1.3 

3.5 

0.90 
0.22 

Thor ium cycle 

HWR 

2.2 
0.3 
1.4 
0.5 

4.4 

0.84 
0.60 

SBR 

2.1 
0.3 
2.0 

4.4 

1.00 
0.00 

MSBR 

2.2 
0.3 
0.4t 

2.9 

1.06 
-0 .13 

Uraniu) 

PWR 

2.1 
0.3 
1.6 

4.0 

0.60 
1.29 

n cycle 

HWR 

2.1 
0.3 
1.2 
0.5 

4.1 

0.66 
1.27 

*There a r e 12% fixed charges on r eac to r plant and 10% fuel-inventory and 
-fabricat ion in te res t charges . 

fCost of on-s i te p rocess ing facil i t ies a r e included under the fuel-cycle 
cost . 

t ( l — BR)/ thermal efficiency, a m e a s u r e of re la t ive fuel consumption. 

BASIS FOR THORIUM USE IN HTGR AND MSBR SYSTEMS 

Molten-salt reactors make use of fluoride-volatility processing to 
recover valuable fissile material in an efficient and inexpensive opera
tion. Since ThF4 does not form a volatile ThFe compound, the fluoride-
volatility processing step is uniquely suited to the thorium fuel cycle. 
In addition, ThF4 dissolved in carr ier salts does not undergo oxidation-
reduction reactions as does UF4; this reduces mass-transfer effects in 
systems with high fertile-material concentrations which are contained 
in Hastelloy N. Thus the chemical and physical properties of thorium 
and uranium fluorides are such as to significantly favor use of the 
thorium cycle. In addition, even if '̂̂ U and thorium had identical 
physical and chemical properties, use of the thorium fuel cycle would 
probably give fuel-cycle costs slightly lower than corresponding 
uranium-cycle fuel costs in these homogeneous (from a nuclear view
point) reactors and also better fuel-utilization characteristics. 

The HTGR reactors can utilize either the uranium or the thorium 
fuel cycle, but most of the emphasis has been placed on use of thorium. 
At least partially, this choice was made initially to avoid the positive 
temperature coefficient of reactivity associated with buildup of bred 
Plutonium; also, use of the thorium fuel cycle gives higher conversion 
ratios. Actual comparisons of the two fuel cycles in HTGR systems, 
however, are rare; use is made here of the work of Carlsmith, 
Podeweltz and Thomas.^ 

The reactor design, core parameters, economic ground rules and 
cost bases used were similar to those given in Ref. 2, except that in 
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Table 4 

MINIMUM FUEL-CYCLE COSTS FOR HTGR SYSTEMS USING EITHER 
THE THORIUM FUEL CYCLE OR THE URANIUM FUEL CYCLE 

Total fuel-cycle cost 
(with process ing) , 
mi l l s /kw-hr(e) 

Fuel -cyc le cost 
without p rocess ing 
and with d iscard 
of spent fuel, 
mi l l s /kw-hr (e ) 

Fuel exposure ,* 
Mwd/metr ic ton 

Net conversion 
ra t io* 

Minimum fuel-cycle 

Uranium fuel cycle 

Bred fuel 
not recycled 

0.97 

0.93 

102,000 

0.63 

Bred fuel 
recycled 

(equilibrium 
conditions) 

1.20 

59,000 

0.63 

cos t s , mi l l s /kw-hr (e ) 

Thorium fuel cycle 

Bred fuel 
not recycled 

0.89 

1.01 

87,000 

0.72 

Bred fuel 
recycled 

(equilibrium 
conditions) 

0.88 

50,000 

0.86 

•'Based on cycle with recovery of bred fuel. 

the study by Carlsmith et al. equilibrium conditions were used in 
evaluating the fuel-recycle cases and the reactors had lower fissile 
inventories [the difference between equilibrium and 30-year-life fuel-
cycle costs can be 0.2 to 0.35 mill/kw-hr(e), with equilibrium condi
tions being more favorable; lowering the fissile inventory also led to 
more frequent fuel movement]. Thus direct comparisons with the 
previous results should not be made; however, the results here do 
indicate the relative performance of thorium- and uranium-fueled 
HTGR's, based on a system capacity of 15,000 Mw(e). Remote fuel 
fabrication was considered for recycled fuel, hooded fabrication for 
the Th-^^^U fuel, and direct fabrication for the partially enriched 
uranium. The minimum fuel-cycle costs obtained for the different 
cases are given in Table 4, along with the fuel exposure and net 
conversion ratio. 

As shown, the fuel-cycle costs are significantly lower for the 
thorium fuel cycle than for the uranium fuel cycle as long as the fuel 
is processed and the bred fuel recovered. Also, it is disadvantageous 
to recycle bred fuel in the uranium, whereas it is advantageous to do 
so in the thorium cycle (only slightly lower fuel-cycle cost but signifi
cantly higher conversion ratio). The recycled Th~U fuel has the 
lowest fuel-cycle cost in spite of relatively high costs associated with 
remote fuel fabrication. 
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Table 4 also gives the fuel-cycle costs if the exposed fuel is not 
processed but discarded. Under this situation it is less expensive to 
use the uranium fuel cycle, and this indicates the need for a recycle 
industry when the thorium fuel cycle is used. 

The study by Carlsmith et al.^ also indicated that under equilibrium 
conditions the conversion ratio is about 0.95 in recycle thorium 
HTGR's if exposures are about 25,000 to 30,000 Mwd/metric ton and 
that breeding ratios of unity can be obtained for short fuel exposures. 
Thus, from the viewpoint of fuel-cycle cost and improved fuel utiliza
tion, it is important that means be found for reducing the fabrication 
and processing costs associated with HTGR fuels. 

VALUE OF 233y AVAILABILITY 

The preceding results for HTGR systems indicate that a significant 
advantage is associated with ^̂ Û availability. However, because of its 
value in recycle, the only economic way to produce extra ^̂ Û is to 
develop an economic breeder operating on the thorium fuel cycle. The 
MSBR offers such a possibility, and it is therefore realistic to con
sider that ^̂ Û can be bought commercially. Whether this fissile fuel 
should be used in starting up additional MSBR's and HTGR's or in 
fueling existing HTGR's is dependent upon the specific economic 
situation. A recent study* on the fuel value of ^ '̂U in HTGR systems 
gives some information on this question. In this study* the HTGR reac
tor design and economic bases were essentially those used in the 
advanced-converter evaluation report^ considering four fuel-recycle 
modes. These were: 

1. Nonrecycle, where the reactor is fed with ^^^Uand the discharged 
uranium is sold. Makeup ^̂ Û is kept separate from thorium and bred 
uranium. 

2. Full recycle, where all the recovered uranium is recycled with 
^̂ Û makeup. Uranium and thorium are mixed together in one particle. 

3. Type I segregation, where only bred uranium from the thorium 
particle is recycled. The recycle uranium and makeup ^̂ Û are com
bined in a particle separate from the thorium particle. Material r e 
covered from this uranium particle following irradiation is sold or 
discarded and is not recycled. 

4. Type II segregation, where makeup ^̂ Û is kept separate from 
thorium and recycle uranium and its residue is not recycled. Bred 
uranium is recycled back into the thorium particle, and no bred ma
terial is sold. 

The value analysis for the HTGR was performed by comparing 
30-year-average costs for the different recycle modes. The full-
recycle and nonrecycle modes were also calculated with pure ^^^V feed. 
In addition to the 30-year histories, equilibrium-cycle calculations 
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were performed. In all these cases the value of "''U was based on the 
value that gave the same fuel-cycle cost, independently of whether the 
reactor operator sold bred fuel from the initial Th—^̂ ^U cycle or r e 
cycled the bred fuel in subsequent cycles. The overall results could be 
well correlated by assigning a value to pure ^̂ Û of about $18/g and 
applying a penalty for any ^̂ Û present at the rate of about $13/g 
of ^̂ '̂ U. 

Since this value is based on equal fuel-cycle costs, using ^̂ Û at 
$18/g as makeup feed in the HTGR would give the same costs as 
employing '̂̂ U as makeup fuel at $12/g; however, the nuclear per
formance would be improved, with the conversion ratio increasing by 
about 0.05. Additionally, the fuel-cycle cost would decrease slightly 
[about 0.1 mill/kw-hr(e)] if ^̂ Û were available at $14/g as makeup 
fuel. Relative to MSBR performance, sale of bred ^̂ Û at $18/g instead 
of $14/g would decrease fuel-cycle costs by .less than 0.03 mill/kw-
hr(e). These values indicate that the nuclear performance of these 
systems can have a significant influence on reactor fu61-cycle condi
tions only if other items of the fuel-cycle cost are small. 

FUEL UTILIZATION 

Based on the 1962 and also the 1964 U. S. Atomic Energy Commis
sion (AEC) projections for nuclear power growth, large blocks of 
power will be required, such that by the year 2000 the nuclear power 
level will correspond to 730,000 Mw(e); also, the rate of growth at 
that time will correspond to the installation of at least sixty-six 
1000-Mw(e) plants per year. If light-water reactors are used with 
Plutonium recycle, all the low-cost uranium supplies will have been 
consumed by the year 2000, with about $12 billion expended alone for 
raining natural uranium (assumes 800,000 short tons of UsOg available 
as low-cost ore). To this must be added separative-work requirements 
and the fabrication and fuel-handling costs, such that at least a $30 
billion total is involved. Thus it is evident that many billions of dollars 
are involved relative to the utilization of nuclear fuel and that economic 
reactors having improved fuel-utilization characteristics can be justi
fied on the basis of savings associated with decreased fuel require
ments. In particular, there is a large economic incentive for develop
ment of breeders having high specific power, short fissile-fuel doubling 
time, and low power costs. 

Relative to fuel commitments, a most important factor is the fuel 
utilization of reactors built prior to the use of breeder systems. Specifi
cally, if pressurized-water reactors having conversion ratios of about 
0.6 and specific powers of 4 kg fissile Mw(e) were utilized, the fuel 
burnup alone would be greater than 8 x 10^ kg of ^̂ Û over a 20-year 
cycle based on the nuclear power level projected for the year 2000 (to 
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this must be added the fuel inventory of 2.8 x 10̂  kg of ^^^U). However, 
only about 3 million kilograms of ^̂ Û would be recovered from the 
800,000 short tons of natural U3O8 estimated to be obtainable for $5 
to $ 10/lta. About 3 million kg of ^̂ Û would be recovered from U3O8 
costing $10 to $30/lb, and the remainder would have to be obtained 
from $30 to$50/ lb UjOg. 

These values indicate the need for early development of reactor 
systems that have good fuel-utilization characteristics. Indeed, using 
information and arguments similar to those given, the technological 
development of advanced converters can be economically justifiedprior 
to breeder operation. However, breeder operation appears necessary, 
and the following sections consider how thorium reactors can satisfy 
fuel-utilization needs. 

In the evaluation of fuel utilization, the term has to be associated 
with a specified goal. Here, it is assumed that good fuel utilization is 
associated with total fissile-fuel needs that require mining no more 
than 1 million tons of UsOg. This is equivalent to requiring no more 
than 3.5 million kilograms of ^̂ Û in the form of highly enriched ura 
nium. A finite value for mined fissile needs implies the need for 
breeder reactors that eventually will produce as much fissile material 
as is required to sustain the economy. 

Table 5 

FUEL-UTILIZATION CHARACTERISTICS OF REACTORS CONSIDERED 

Reactor 

HTGR 
MSBR 
Molten-sal t c o n v e r t e r -

b r eede r r eac to r 
Fas t b r eede r r eac to r 
F a s t conver ter—breeder 

r eac to r 

Convers ion 
ra t io 

0.9 

0.8 

1.0 

Fuel specific 
inventory. 

kg fissi le/Mw(e) 

3 
0.8 

1 
3 

5 

Doubling 
t ime, y e a r s 

20 

10 

To determine mined fuel requirements, a nuclear power growth 
curve is needed, along with the fuel-utilization characteristics of 
reactors imder consideration. Reactors that will be considered here 
and their assumed characteristics are given in Table 5. The HTGR 
is the one considered in the advanced-converter evaluation,^ with use 
of BeO to help improve the breeding ratio. The MSBR is based on r e 
sults obtained from a recent design study.^ The molten-salt converter-
breeder reactor is the MSBR initially operated with ^̂ Û fueling. The 
performance of fast breeder reactors (plutonium fueled) (FBR), and 
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fast converter reactors (̂ '̂ U fueled) (FCR) are based on estimates for 
these systems. The nuclear power growth curve is based on AEC 
estimates and is shown in Fig. 1. Also given in Fig. 1 is a quadratic 
fit to the curve and a linear fit. For all three curves maximum fissile-
fuel needs will be about the same if such needs occur between about 
2000 and 2015. 

For orientation Fig. 2 shows fuel inventory and burnup require
ments as a function of time for two specific fissile inventory values 
and also for a change in breeding ratio (ABR) of 0.2 considering two 
thermal efficiencies. If the ABR is an increase with the initial BR > 1, 
the shaded area represents a fuel credit, if the ABR is a decrease 
with the initial BR £ 1, the shaded area represents a fissile-fuel r e 
quirement. Note the importance of specific inventory on fuel require
ments. If the specific inventory is low, the breeding ratio does not have 
to be much above unity to give low net mined-fuel requirements. At 
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Fig. 2—Inventory and burnup fuel requirements. 

the same time, if the breeding ratio is less than unity, burnup require
ments will become significant in the long run. Thus, based on an 
average conversion ratio of 0.80 from now until the year 2020 and 
25% thermal efficiency, over $100 billion would have been associated 
with mining natural uranium for fuel-burnup needs. The same amount 
would be required to inventory break-even breeders at 2020 having a 
specific inventory of 4 kg/Mw(e). 

First, let us consider fissile-fuel needs on the basis that there are 
adequate amounts of plutonium or ^̂ Û available to inventory breeder 
reactors. Under such circumstances, the maximum mined-fissile-fuel 
needs are given by^ the expression 1.56 x lO^SD^ (kg fissile), where D 
is fuel doubling time in years and S is specific inventory in kg fissile/ 
Mw(e); this corresponds to about 0.5 million kg mined fissile for 
either MSBR's or FBR's. Such needs do not cause any resource prob
lem, and so major mining needs appear associated with startup of 
breeder systems. 
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The HTGR systems would normally recycle all bred ^̂ ^U, so such 
reactors would not furnish fuel for breeders. If such systems were to 
be installed for all nuclear capacity until 1990 and all plants had a 
30-year life, the committed mined-fuel requirements for inventory and 
burnup would be about 1.4 x 10^ kg of ^̂ ^U. Corresponding requirements 
for installation of HTGR's up to 1995 or 2000 would be about 2.5 x 10^ 
or 3.9 x 10^ kg of ^̂ ^U, respectively. Thus, from the viewpoint of good 
fuel utilization, either HTGR's need decreased specific inventory 
and/or increased conversion ratio or they should not be installed for 
new capacity after about 1990. 

Since ^̂ Û would not be available for MSBR startup, such systems 
would be initiated as converter reactors. Based on time-dependent 
studies,^ the average conversion ratio during converter operation 
would be about 0.8, and the time required to convert to a breeder cycle 
would be less than 3 years. Under these circumstances and with the 
assumption of a linear power growth rate, the maximum fissile fuel 
needs would be given by 

nS 
^ ( D + 2T)+bu (1) 

where a = linear power growth rate, Mw(e)/year 
Sc = specific fuel inventory required for converter operation, kg 

fissile/Mw(e) 
D = fuel doubling time for breeder operation, years 
T = time required for a reactor to convert from converter to 

breeder operation, years 
bu = net fissile burnup during converter operation, kg 

Alternatively, a lower limit for maximum mined-fissile-fuel needs is 
given by 

^ (0.77D + 2T) + bu (2) 

Also, the net fuel burnup requirements are nearly proportional to 

(1 - CR)aDT (3) 

Using expressions 1 and 3, the maximum mined-fissile needs for 
MSBR's are estimated to be 0.86 million kg of ^̂ Û for converter 
inventory plus 0.61 million kg of ^̂ Û for converter burnup require
ments, or a total mined-fissile need of about 1,5 million kg of ^̂ ^U. 
Such a need corresponds to excellent fuel conservation, requiring less 
than 500,000 tons of natural UsOg. Also, power costs during converter 
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operation (3 years) would be about 3.0 mills/kw-hr(e) and would be 
about 2.7 mills/kw-hr(e) during breeder operation^ (27 years), based 
on privately owned plants and a 30-year life. 

Consider now other alternatives. Hanfordhas made extensive studies 
of mined-fissile-fuel needs on the basis that fast breeders are fueled 
with plutonium. Either uranium HWR or uranium PWR thermal reac
tors were considered to initially supply plutonium fuel for the fast 
breeders. Assuming that fast breeders with a doubling time of 20 years 
were introduced in 1980 and that fast breeders with a doubling time 
of 7 years were introduced in 1990, Neef and Jones^ obtained maximum 
mined-fissile needs in excess of 2 million tons of UsOg (equivalent to 
about 7 million kg of ^̂ Û on the same basis). In terms of the criterion 
used here, such requirements cannot be termed good fuel utilization. 
However, fast reactors can be started in a fashion analogous to that 
considered for molten-salt systems, fueling with ^̂ Û fuel and operating 
as converters prior to becoming breeders. Under such circumstances, 
the change from converters to breeders could take place in about 5 
years. The minimum mined-fissile-fuel needs, determined by using the 
FCR and FBR characteristics given in Table Sand expression 2, are 2.9 
million kg of fissile. Thus it appears that the fuel utilization is better 
in fast breeder reactors when used initially as converters to generate 
breeder fuel than when fueled with plutonium,. 

The mined-fuel requirement under the latter circumstances comes 
within the term "good fuel utilization" as considered here; even so, the 
fuel requirement is twice as large as that for MSBR-type systems. 
Also, the relatively high fissile inventory and reduced breeding ratio 
of ^^^U-fueled fast reactors would be detrimental economically, such 
that fuel-cycle costs would be at least 0.5 mill/kw-hr(e) higher than 
the corresponding plutonium-fueled breeder. Thermal thorium breeders 
such as the MSBR, however, pay almost no inventory penalty in starting 
on ^̂ ^U, and the burnup penalty is only about 0.3 mill/kw-hr(e). Also, 
the FBR converter would operate under penalty conditions for 5 years, 
whereas the analogous period for MSBR converters would be 3 years. 
Thus the best fuel utilization appears potentially attainable with MSBR 
application, and the associated power costs appear low. 

In general, other thorium reactors that attain the specific fuel in
ventory and doubling time of the MSBR would give the same fuel-
utilization results. However, they need to do so at low fuel-recycle 
costs. Based on present information, HTGR and thorium HWR systems 
need development of improved fuel-fabrication and -processing tech
niques that will give low fuel-recycle costs at high fuel-processing 
rates to achieve the performance characteristics of MSBR systems. 

An additional consideration in fuel-utilization studies is the 
separative work required to meet fissile-fuel needs. Relative to use of 
MSBR systems, the maximum required rate for highly enriched ura-
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nium would be about 66,000 kg of ^̂ Û per year for inventory require
ments plus 30,000 kg of ^̂ Û per year for burnup requirements, or a 
total of 96,000 kg of ^̂ Û per year. This corresponds to maximum 
separative-work needs of about 23 million kg separative work per year, 
a requirement which can readily be met by present capacity (estimated 
to be about 21 million kg separative work per year)^ plus a small 
amount of stockpiling if needed. 
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ABSTRACT 
To investigate the influence of different parameters such as initial enrichment, 
flux level, and fuel-element design on the performance of the fuel cycle, we have 
made continuous charge-discharge burnup calculations for two different fuel 
elements (7-rod and 19-rod cluster) initially enriched with ^^^u. The results are 
discussed on the basis of their possible burnup relative to the expenditure of 
fissionable material. Thorium cycles seem to retain a good fuel economy even 
in reactors of high specific power. The main problems of the thorium cycle in 
D2O reactors are of a technological nature. 

The promising possibilities of the thorium cycle for heavy-water r e 
actors have been pointed out by several authors.'-^'^ Its interest for 
the ORGEL project was discussed in several European Atomic Energy 
Community (Euratom) documents. However, there remains a lack of 
information about the influence of the different parameters, such as 
initial enrichment, flux level, and fuel-element design, on the perfor
mances that can be attained with a given fuel-management scheme. 

To investigate these problems, continuous charge-discharge burn-
up calculations (using the codes PLUTHARCO* and RLT-41 developed 
at the Joint Nuclear Research Center) have been done for two different 
fuel elements, a 7-rod cluster and a 19-rod cluster, both initially en
riched with ^̂ ^U. In the case of the 7-rod cluster, the possibility of 
starting initially with a plutonium enrichment (plutonium composition, 
20%^*°Pu-^^^Pu) was considered, but it became clear that for the 7-rod 
cluster the self-shielding of the ^ '̂'Pu resonance was so high as to 

*A cell code based mainly on rational approximations to collision prob
abilities . 

tA zero-dimensional burnup code based on the Westcott model. 
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reduce completely its smoothening effect on the reactivity curve that 
has been discussed in a previous report.* This does not exclude the 
eventual use of Pu—Th fuel cycles in DjO reactors, but it does show 
that the development of such Pu—Th reactors necessitates a very 
detailed study of the fuel-element design, which has a much higher 
importance here than in the case of the U~Th fuel cycles. The details 
of the design of these fuel elements are presented in the appendix. The 
thorium was considered in the chemical form of oxide or carbide. Both 
forms have, in fact, rather similar neutronic properties, almost the 
same density, and probably comparable values for the integrals of 
conductivity that can be permitted in a reactor. The following conclu
sions therefore do not depend appreciably on the choice between oxide 
and carbide; that choice will have to be made on the basis of general 
technological or economic considerations. 

The fuel cycles considered will be judged here only on the basis 
of their possible burnups (megawatt days per ton of fuel) relative to 
the expenditure of fissionable material. This would correspond to a 
situation in which the cost of the fissionable material became the 
determining factor in assessing fuel costs. This avoids the arbi t rar i
ness of introducing additional, not well-determined, economic parame
ters that could eventually bias the final results. Of course, at a later 
stage the problem of economic optimization of thorium fuel cycles 
should be discussed from a more general viewpoint, but for the mo
ment all optimizing will be done in terms of specific burnup. 

GENERAL FEATURES OF THE THORIUM FUEL CYCLE 

For a given fuel element, external reactor dimensions, flux level, 
fuel-handling scheme, and initial enrichment, there exists an optimum 
lattice pitch that corresponds to the highest burnup (or highest burnup 
per fissile atoms lost) under the conditions just stated. With an in
crease of the available reactivity (reactor dimensions and/or initial 
enrichment), this optimum is shifted to lower values of moderator 
volume/fuel volume (V^^ /̂V )̂, which correspond to higher initial con
version ratios due to the resonance capture in the thorium; however, 
Vm/Vc values below 10 have not been considered since they would 
cause engineering difficulties. If one compares these optimum values 
for different enrichments (but for a given flux level, fuel element, 
etc.) he can determine an optimum enrichment, corresponding either 
to the highest burnup per initial fissile atoms for the case of no r e 
cycle of the produced ^̂ Û or to the highest burnup per fissile atoms N 
lost [bu/(Ni„jtij,i-Nfi„jii)] for the case of ^̂ Û recycle. The reciprocal 
of the specific burnup will be called fissile consumption [g = (Ni„itiai-
Nfi„ai)/bu(g/Mwd)]. 
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The optimum enrichment in the first case is easily determined as 
the abscissa of the point P in the burnup vs. the enrichment diagram, 
where a straight line from the origin becomes tangent to the burnup 
curve. The optimum enrichments for the recycle case turn out to be 
always lower than the corresponding values for the no-recycle case. 
Since the possibilities and advantages of the thorium cycles are fully 
used only in the case of the ^̂ Û recycle, all subsequent considerations 
are based on the second type of optimization. Recycling has to be in
tended here in the sense that the produced ^̂ Û is taken into account 
in evaluating the fuel consumption, A fuel with an enrichment below 
the optimum value will be called "under-enriched," and, if the enrich
ment exceeds the optimum value, it will be called "over-enriched," 

RESULTS FOR THE SEVEN-ROD CLUSTER (FIG. 1) 

The results for the equilibrium cycle (graded irradiation) of ^^^IJ-
enriched thorium fuel are shown in Figs, 2 to 5. Figures 2 to 4 also 
permit a comparison of the situation for two different reactor sizes 
(B|eo = 2 rxT^ and BI^O = 1 m~^). Figures 2 and 3 show, for these two 

Fig. 1—Seven-rod-cluster assembly-
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values of the geometric buckling, the maximum (central) and average 
burnup values of the discharged elements as a function of the lattice 
pitch (moderator/fuel ratio) (parts a of the figures) and the ratio of 
the number of fissile atoms (̂ ^̂ U) present in the fuel at the maximum 
burnup (after decay of the ^^^Pa) to the number of fissile atoms (̂ ^̂ U) 
originally supplied (parts b of the figures). The effects of under-
enrichment are quite drastic; they lead not only to low burnup but also 
to low '̂̂ U production. In Fig, 4 is shown, for both values of the buck
ling, the fuel consumption as defined. One sees very clearly that for 
both flux levels (3 x 10'^ and 6 x 10'^) the optimum enrichment for the 
smaller core (B^ = 2 m~ )̂ is at least 2,5% (rather independent of the 
flux level), whereas for the larger reactor it seems to be around or 
below 2% for a flux of 3 x 10*̂  neutrons/cm^/sec and around 2.3% for 
a flux of 6 X 10* .̂ These results are partially redrawn in Fig. 5 for the 
case B^ = 1 m~̂  (for this figure, only the optimum values of the pitch 
have been chosen). Also one can see from part a that for the no- re 
cycle case it is better to choose an initial enrichment of 2,3% for the 
3 X 10̂ ^ flux and of even more than 2,5% (the straight line from the 
origin is not yet tangent there) for the 6 x 10̂ ^ flux. Whereas in the 
no-recycle case the difference in flux level after optimization does not 
produce important differences (which is in good agreement with some 
Canadian results^), the situation turns out to be completely different in 
the recycle case, at least in large reactors, as can be seen from 
part b of Fig. 4. This is due to the fact that under certain conditions 
a thorium reactor can become a breeder and the fuel consumption can 
tend toward zero or less. At a higher flux level the ^^^Pa losses make 
breeding impossible, and thus a higher enrichment is demanded. The 
specific burnup obtained with this fuel (optimal at the higher flux level, 
over-enriched at the lower flux level) is practically independent of the 
flux level. 

RESULTS FOR THE NINETEEN-ROD CLUSTER (FIG. 6 ) 

The 19-rod cluster performances in a continuous charge —dis
charge scheme with ^̂ Û feed were investigated with B^ = 1 m~^, chang
ing the moderation ratio V^/Vc and the enrichment with <̂  = 3 x 10*̂  
and cf} = 6 X 10*^ The results are plotted in Figs. 7 to 9. Figures 7 
and 8 give as a function of V^n/V^ the average burnup of the discharged 
elements for various enrichments. Figure 9 summarizes the con
sumption data, in the sense that consumption is plotted vs. enrichment 
for several values of the moderation ratio Vm/Vc, and the envelopes of 
minimum consumption for (p = 3 x 10̂ ^ and ^ = 6 x 10'^ are arawn. 

There is an enrichment (a is 1.8 for 0 = 3 x 10̂ ^ and a is 1.9 for 
(̂  = 6 X 10^ )̂ leading to the highest consumptions. Above this enrich-
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Fig. 6—Nineteen^rod-cluster assembly. 

ment the consumption decreases with increasing enrichment, but it 
does not pay to exceed enrichments of 2.25%, as can be seen from 
Fig. 9. 

The existence of this "pessimum" enrichment is due to the fact 
that for higher enrichments the built-in reactivity is high and there
fore the fuel burnup is large, whereas for lower enrichments the 
conversion factor is higher. A comparison of the 7-rod-cluster results 
with the 19-rod-cluster results shows that, in the enrichment range 
above 2.2% with î  = 6 x lO'^, the consumption is about the same for 
the two clusters. With (̂  = 3 x 10^ ,̂ the consumption is remarkably 
lower for the 19-rod cluster because of the higher conversion. 

At lower enrichments, below 2.1%, the behavior of the two clusters 
is quite different. For high fluxes the 19-rod cluster is better because 
of its higher conversion. For low fluxes the 7-rod cluster is better 
because of its higher fresh-fuel reactivity. 

CONCLUSIONS 

On the basis of the burnup calculations presented for ORGEL-type 
systems with both 7- and 19-element clusters, it seems that the neu-
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tron economy of such thorium-fuel cycles allows a very good use of 
the original fissile material. In fact, the number of grams of fissile 
material effectively consumed (i.e., grams of fissile material in the 
fresh fuel minus grams of fissile material in the discharged fuel) per 
thermal megawatt day produced is around 0.1 g/Mwd for a mean 
specific power of ~70 Mw(t)/ton at an enrichment of about 2.3 to 2.5% 
^̂ Û (corresponding to about 1 Mw(e)/kg of fissile). Similar values have 
been given also for pressure-vessel type D2O reactors.^ For lower 
specific powers the net consumption is even lower (and becomes nega-
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five in the case of a thermal breeder), but we shall see that the eco
nomics in thorium cycles tend to favor the solutions of high specific 
power. The effective net consumption after a number of recycles is 
even appreciably lower because the fissile fuel in the discharged 
elements is ^̂ ^U, which is a better fuel than the original ^̂ ^U. The 
corresponding net consumption in the case of a slightly enriched 
uranium cycle is not expected to be lower than 0.4 g/Mwd, and its 
effective value in recycling will decrease because the plutonium formed 
has less value as a fuel in thermal reactors than the ^ '̂U consumed. 
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The specific power considered so far for heavy-water reactors with 
slightly enriched uranium is of the order of 60 Mw(t)/ton, which, for 
an enrichment of 1%, corresponds to 2 Mw(e)/kg of fissile. 

At the present time the natural-uranium fuel cycle for D2O r e 
actors is the throw-away cycle, in which the spent fuel is stored away 
without recovery of the fissile material contained (at least, without 
recovery for recycling). Our calculations indicate that the throw-away 
thorium cycle does not seem to be very interesting compared with the 
natural or slightly enriched uranium cycle. The economic interest of 
thorium fuel with '̂̂ U recycle depends on the cost of reprocessing. At 
present its eventual advantages might be rather marginal or even zero. 
Its advantages will appear when (and if) a shortage of fissile material 
occurs before fast breeders have become economical producers of 
power. If this should occur, fuel-cycle cost would depend primarily on 
the terms that are proportional to the price of fissile material. These 
terms describe the cost contribution of consumption and investment of 
the fissile material. They are approximately 

K„ 7? ^ fG 

where C„ = cost contribution, mills/kw-hr 
Km = price of fissile material, $/g 

7] = overall efficiency of the plant 
g = net consumption of fissile material per megawatt day, 

g/Mwd 
i = fractional annual inventory charge rate (interest rate) 
f = load factor 

G = specific power of the reactor, kw(e)/g of fissile 

For?7=30%, i = 6% per year, and f=0 ,8 , we get Q„/Kn, = 0.14g + 
0.0083/G, Thus for the thorium cycle (g = 0,1, G = 1) we get Cj^/Km = 
0.022, and for the uranium cycle (g = 0,4, G = 2) we get C^/Km = 0.06. 

If one considers the following recycle steps that lead to an ef
fective g of less than 0,05, he obtains for the thorium cycle values of 
C^/Kjn even as low as 0.015, Also, one can see that it does not pay to 
lower the specific power to have a better neutron economy (less prot
actinium losses) since a reduction of G by a factor of 2 already raises 
the second term above 0,016 and thus above the Cj„/K^ value that one 
can hope to achieve in the long run. 

From the point of view of neutron economy, there is no doubt that 
the thorium cycle is superior to the uranium cycle. It will lead to a 
better use of the fissile resources (by a factor as large as 5 to 10 
compared with the cycles used at present) and a reduction of the fuel 
consumption and inventory cost by a factor of 3 or even larger. How-
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ever, under present circumstances these terms do not contribute so 
much to the total fuel-cycle costs that one could be sure of an im
mediate economic gain by using thorium fuel with ^̂ Û recycle. How
ever, one can consider this fueling as an alternative for heavy-water 
reactors for the case of rising fuel costs due to a depletion of the r e 
serves of high-grade uranium ores. 

The high performance of the thorium fuel desired (and com
patible with the neutron physics), however, raises technological prob
lems. In fact, the desired fuel should withstand power densities of the 
order of 100 Mw(t)/ton or even higher at the "hot spots" (mean value, 
~ 70 Mw(t)/ton) for an irradiation that corresponds to the reactivity 
potential of the cycle. It seems that the real problem of the thorium 
cycle for D2O reactors lies in the development of a fuel of this per
formance without the use of additional structural materials other than 
those present in an ordinary D2O reactor which could impair its good 
overall neutron economy. 
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APPENDIX 

SEVEN-ROD-CLUSTER SPECIFICATION 

Configuration: seven fuel pins of 1.17 cm radius in hexagonal geometry; 
axial distance, 2.82 cm. 

Fuel: thorium 233u_235^ mixture with a density of 10.67 g/cm^ and a 
temperature of 1093.6°K; volume, 30.10 cmVcm of element length. 

Canning: SAP density, 2.73 g/cm^ weight, 7% of AI2O3; temperature, 
600°K; internal radius, 1.17 cm; external radius, 1.25; and volume, 
7.35 cm^/cm of element length. 

Coolant: Gilotherm high-boiling residues, 5%; temperature, 600°K; and 
volume, 13.95 cmVcm of element length. 

Filler: graphite density, 1.65 g/cm^; volume, 6.65 cmVcm of element 
length. 

Calandria: SAP as canning; internal radius, 4.28 cm; external radius, 
4.48 cm. 

Pressure tube: SAP as canning; internal radius, 4.78 cm; external 
radius, 4.93 cm. 
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Moderator: heavy water, 99.8% D2O; temperature, 363.6°K. 

Water - to -u ran ium ra t io s Square pitch, cm 

10 19.42 
15 22.97 
20 26.05 
25 28.99 

NINETEEN-ROD-CLUSTER SPECIFICATION 

Configuration: 19 rods in rings of 1, 6, and 12 rods; the 7 central rods 
in hexagonal geometry with an axial distance of 1.678 cm; radius of 
fuel rods, 0.709 cm. 

Fuel: thorium 233u__235i(j mixture with a density of 9.7 g/cm^ and a 
temperature of 1100°K; volume, 30.05 cm'/cm of element length. 

Canning: SAP density, 2.73 g/cm'; weight, 7% of AI2O3; temperature, 
600°K; internal radius, 0.709 cm; external radius, 0.789 cm; volume, 
7.15 cm^/cm of element length. 

Coolant: Gilotherm high-boiling residues, 30%; temperature, 600°K; 
volume, 16.92 cm^/cm of element length. 

Filler: none. 

Calandria: SAP as canning; internal radius, 4.13 cm; external radius, 
4.33 cm. 

Pressure tube: SAP as canning; internal radius, 4,63 cm; external 
radius, 4.78 cm. 

Moderator: heavy water, 99.8% D2O; temperature, 363.6°K. 

Water - to -u ran ium ra t ios Square pitch, cm 

10 19.28 
12 20.78 
14 22 18 
16 23.5 
18 24.74 
20 25.92 
25 28.66 
30 31.18 
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Australian Atomic Energy Commission, Research Establishment, Lucas Heights, 
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ABSTRACT 

The fuel-cycle studies undertaken as part of the Australian Atomic Energy 
Commission feasibility study of a BeO-moderated high-temperature gas-cooled 
reactor are described. An outline is given of the developmental work performed 
in an attempt to devise suitable flow sheets to provide for thorium utilization 
and moderator recycle. Laboratory data for the grind—leach process, which 
has been selected as the head-end step, are given as well as results obtained 
using a split-contactor solvent-extraction flow sheet, which is necessary for 
actinide recovery and decontamination. Results are given also of laboratory 
work on the flow sheet selected for beryllium decontamination. Major flow
sheet difficulties in the fuel cycle and problems of major consequence requiring 
experimental and engineering development are discussed. An outline is given 
of the results of a conceptual design study to estimate the cost of a fuel-recycle 
facility. The capital cost has been estimated as $A30 million, and the annual 
operating costs as $A3.2 million for a 300 kg of fuel per day throughput. It is 
shown that, for recycle to be more economic than open cycle, a reactor instal
lation of greater than 800 Mw(e) is required and that, for low fuel-cycle costs 
and thorium utilization to be achieved, recycle is essential. It is also shown 
that major effort and expenditure on the chemical, engineering, and design 
problems outstanding are required before the processes can be established 
and the predicted costs verified. 

To gain the advantages of advanced conver ter r e a c t o r s and to make 
thor ium util ization poss ible in them, it i s n e c e s s a r y to recycle the fuel. 
A pa r t i cu l a r advanced conver te r r eac to r will survive only when th is 
can be done economically. 

For s e v e r a l y e a r s , the Aust ra l ian Atomic Energy Commiss ion has 
been studying a dispersion-fueled BeO-modera ted h igh- tempera tu re 
gas-cooled r eac to r (HTGCR). A previous paper^ outlined the approach 
taken in at tempting to devise flow sheets for the separat ion, pur i f i ca -
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tion, and recycle of actinides and moderator. All the problems created 
in the recycling of moderator and actinides are attributable to the 
selection of this particular type of fuel, which can be described as one 
of the most difficult to recycle ever devised. The main reason for this 
difficulty is that the fuel-element designer has dispersed all the fuel 
in the moderator to get high fissile heat ratings and to limit damage 
due to fission recoil. The moderator is a chemically inert and r e 
fractory barr ier of beryllium oxide specifically designed to retain 
fission products without using a metal cladding. Because of its high 
cost, it is necessary to consider recycling as much as possible of the 
moderator with the fuel material. This is a unique, but limiting, feature 
of this particular system. 

This paper outlines the results obtained in the development of flow 
sheets for this unusual fuel. The work was undertaken to allow p re 
liminary design studies to be done with the object of providing ap
proximate cost estimates for recycle of fuel. These estimates have 
been used as the best economic data available for the evaluation of 
this HTGCR system. 

FUEL CYCLE 

Fuel Element 

The proposed fuel elements for the HTGCR consist of a dispersion 
of 150- to 200-|i particles of Pu02-U02-Th02 in a matrix of BeO. The 
fuel element is a sphere of approximately 1 in. in diameter coated with 
a layer of BeO. The reasons for selecting this form of fuel have been 
given by Roberts.^ However, the interest in dispersion-type fuels 
arises mainly from a desire to obtain high fissile-material heat ratings 
and to localize fission-product damage for high radiation stability,^ 

While fuel-cycle studies have been proceeding, continual modifica
tions to the fuel composition have been made. These have not markedly 
affected the major processing steps under development, and in this 
paper the most recent fuel composition for a 200-Mw(e) HTGCR with 
fuel recycle is used. Preliminary fuel input and outlet compositions 
for the recommended optimum burnup (FIFA = 1.0) (see paper by 
Bicevskis, Hesse, and Mercer included in this volume) for a recycle 
system after 120 days of cooling are given in Table 1. These com
positions, supplied by Bicevskis,'' are for a representative recycle 
HTGCR and neglect the buildup of higher isotopes of uranium in the 
fuel inlet composition. 

The choice of 120 days of cooling is based on two considerations. 
First, during this period, 95% of the ^^^Pa present at discharge will 
have decayed to ^'^U. This results in a loss of ^^^Pa equivalent to 0.2% 
of the total recoverable ^̂ Û and is considered acceptable. Second, 
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Table 1 

FUEL INLET AND OUTLET COMPOSITION AFTER 120 DAYS 
OF COOLING FOR A 200-MW(E) HTGCR WITH RECYCLE 

C o m p o n e n t 

B e O 
T h O j 
232U02 
233U02 
233 P a O , 
234U02 
235U02 

236U02 
239Pu02 
2 « P u 0 2 
2 « P u 0 2 
2 « P u 0 2 

I n l e t c o m p o s i t i o n , * 
k g / c o r e 

78 ,400 
1 4 , 0 9 9 

0 
497 

0 
0 
0 

0 
101 .9 

2 2 . 3 
6 .58 
0 

O u t l e t c o m p o s i t i o n , t 
k g / c o r e 

78 ,400 
1 3 , 4 8 0 

0 .205 
517 

1.2 
7 4 . 7 
1 5 . 5 5 

1.082 
2 .424 
2 .86 

1 1 . 1 2 
1 2 . 8 1 

*Fi s s i l e : fer t i le : modera to r = 1 ; 23.5 :1380 (atom ra t ios ) . 
t T h e f iss ion-product activity in the outlet composition is 

8.76 X 10' c u r i e s . 

after the period of cooling, fission-product activity will be less, and 
the active solutions in the aqueous separation processes can thus be 
handled without unacceptable degradation of solvents. In addition, short 
half-life troublesome fission products such as iodine will have es 
sentially disappeared. 

Since these ceramic fuels have been designed specifically to 
ensure high retention of fission products, the processor has the prob
lem of releasing small quantities of heavy-metal oxides from a hard, 
dense, and refractory beryllium oxide matrix. 

Recycle Scheme 

The steps in the recycle scheme (Fig, 1) are as follows: 
1, An aqueous head-end process in which the fuel elements are 

first crushed and ground and then subjected to a leaching and a dis
solution step to provide as much separation between fissile—fertile and 
moderator components as possible. 

2, Purification of the beryllium stream and reconversion to beryl-
lia in a form suitable for refabrication. 

3, Separation of the actinides from beryllium and fission products. 
4, Reconversion of the actinides to oxides and production of fuel 

particles, 
5, Refabrication of the fuel elements. 

The grind-leach head-end process was selected to permit the use 
of a TBP-ni t r ic acid system and stainless-steel equipment in the 
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liquid —liquid-extraction separation step.^ Also, purification of the bulk 
of the beryllium oxide would seem to be less difficult, if separation is 
obtained in the head-end step, than purification of all of the beryllium 
oxide from the first-cycle raffinate. 
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Fig. 1 —Process steps in the HTGCR fuel cycle. 

The overall aim of the recycle scheme is to provide purified 
uranium and thorium suitable for recycle to the reactor. It is con
sidered to be necessary also, for economic reasons, to provide as 
much purified beryllia for recycle as possible. Owing to the inevitable 
activity associated with the ^̂ Û content of the ^^% and the ^ '̂'Th con
tent of the thorium which are to be recycled and to the difficulty a s 
sociated with obtaining a high decontamination factor at an acceptable 
cost for recycled beryllia, an early decision was made to design the 
flow sheet on the assumption that remote reconversion and refabrica
tion would be used. 

No detailed study of the activity associated with the recycle of 
uranium and thorium in this system has yet been made, but it is 
estimated that the ^̂ Û content of the ^̂ Û will be relatively high. As 
an initial aim, then, it was decided to select a decontamination factor 
of 10^ for actinides from fission products so that the level of activity 
in recycled material resulting from fission products would be of com
parable magnitude to that from ^̂ Û and ^^^Th. 
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PROCESS DEVELOPMENT 

Head-end Process 

The head-end step uses a grind-leach process consisting of three 
parts: (1) comminution of the fueled beryllia balls, (2) nitric acid 
leaching to extract the actinide components, and (3) sulfuric acid 
dissolution of the beryllia residue. The flow sheet for the head end, 
given later, was derived by applying experimental data to calculate 
fuel-cycle conditions for actual HTGCR fuel. 

Table 2 

RESULTS OF THREE GRINDING TRIALS USING CONTINUOUS THREE-
STAGE GRINDING OF THE FUELED BERYLLIA* 

Run 
No. 

3 
4 
5 

Batch 
s ize , 

g 

148 
295 
364 

Thoria 
oontentt 

+ 52 
BSS 

1 

7.2 

- 5 2 +72 
BSS 

31 
35 
24 

5.8 

Size analysis of product, wt.% 

- 7 2 +100 - 1 0 0 +150 
BSS 

21 
22 
19 

6.4 

BSS 

13 
13 
19 

6.7 

- 1 5 0 +200 
BSS 

6 
10 
10 

7.0 

- 2 0 0 +300 
BSS 

10 
5 
7 

8.9 

- 3 0 0 
BSS 

19 
15 
20 

11.5 

*Fuel par t i c le s ize , 150 to 200 ji; fuel composition (atom ra t ios) , U : T h : B e = 
1 : 2 0 : 2 0 0 0 ; bulk density, 3.02 to 3.07 g/cm^; grinding media, 1 2 - b y Vs-in--
diameter BeO bal l s ; v ib ra to ry ball mil l , 750-ml volume, gyrating at 1440 v ib ra 
t ions per minute with a 0.25-..n. ampli tude. 

tWt.% of thor ia in each fraction for run 5. 

Comminution The fueled beryllia balls are crushed to less than 3.2 mm 
particle size and then ground to less than 0.3 mm to expose the fuel 
particles for leaching. Sufficient cold-laboratory development has been 
completed to permit selection of equipment for a preliminary flow 
sheet.^ A three-stage vibratory ball mill with a four-stage gyratory 
screen as the classifier for the grinding step was chosen. The use of 
stage grinding of sized fractions from a continuous classifier with high 
circulating loads and low residence times in the mill resulted in a 
product having a reasonably close size range suitable for leaching 
(Table 2). 

Grinding to the maximum specified size (—52 BSS) gave adequate 
exposure of the 150- to 200-jx (U,Th)02 fuel particles, as shown by 
subsequent leaching trials, with a production of less than 20 wt,% ma
terial finer than 53 |LI (-300 B^S). The (U,Th)02 fuel particles were more 
readily abraded and contained a higher concentration of actinides in 
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the fines fraction than the original fueled beryllia. Gaudin-Schuman 
size-distribution plots from runs 3, 4, and 5 were linear, and by ex
trapolation run 4 gave a minimum particle size of 25 ^i. 

Irradiation of unfueled beryllia beyond the onset of microcracking 
(> 3 X 10^" neutrons/cm^ integrated fission dose) produced a material 
that was more readily comminuted with a high yield of fines (-53 ji) 
material, resulting in a greater solubility of the beryllia but with no 
apparent increase in its real chemical reactivity.^ However, the rela
tive effects of irradiation on the comminution of both fuel particles 
and beryllia matrix must await a hot-cell demonstration of the gr ind-
leach process, as must the final selection of suitable comminution 
equipment. 

Leaching Step The main objectives in the leaching study were to deter
mine that for a 99% recovery of the fissile and fertile material the 
beryllia loss to the nitrate solution would be as low as possible and 
that adequate mass balances for each component could be obtained. 
Preliminary l a b o r a t o r y work indicated that a maximum loss of 
20 wt.% could be achieved. As shown later, this figure was used before 
the leaching experiments were completed to set the composition of the 
nitrate feed solution to the actinide recovery process using solvent 
extraction. 

Table 3 

GRIND-LEACH DATA FOR 1 : 20 : 2000 FUEL, MASS 
BALANCES FOR LEACHING STEP 

/ 
balance, %.\ 

UOj 

102 
101 
99 
105 
100 
99 
101 

Th02 

101 
100 
98 
100 
97 
97 
101 

Output ̂^ 
Input 

BeO 

96 
97 
102 
98 
97 
96 
93 

Satisfactory mass balances were obtained with various fuel com
positions.'' For example. Table 3 gives mass balances for leaching 
runs using a dilute fuel of composition U: Th: Be (atom ratios) = 
1:20:2000. The conditions used and the percent dissolved values for 
each component are given in Table 4. The best leaching result (run 9) 
gave a 98 wt.% recovery of (U,Th)02 for an 18 wt.% loss of BeO by 
dissolution in the nitric acid-fluoride leachant. Rate curves for each 
component during run 9 (Fig. 2) confirm that it is unlikely that a 



Table 4 

GRIND-LEACH DATA FOR 1 20 2000 FUEL, LEACHING CONDITIONS AND RECOVERIES* 

Run 
No. 

1 
2 
3 
4 
5 

6 
7 

8 
9 t 

Maximum 
par t ic le 

s i ze . 
Ai 

152 
152 
500 
295 
152 

152 
152 

500 
500 

F ines 
fraction 
(-53fj), 

wt.% 

6 
15 
13 
12 
12 

10 
Nil 

(removed) 
6 
9 

Nit r ic 
acid 

c o n e , M 

13 
13 
13 
13 
13 

13 
13 

15.5 
15.5 

Fluor ide 
c o n e , M 

0.05 
0.05 
0.05 
0.05 
0.05 

0.01 
0.05 

0.05 
0.05 

Aluminum 
c o n e , M 

0.10 
0.10 
0.10 
0.10 
0.10 

0.03 
0.10 

0.10 
Nil 

Volume of 
acid to 

total oxide, 
m l /g 

3.22 
3.22 
3.22 
3.22 
3.22 

2.16 
3.22 

4.88 
4.88 

Leaching 
t ime . 

h r 

3 
6 
3 
3 

iVa 
3 
3 

3 
3 

diSi 

BeO 

27 
34 
20 
28 
18 

21 
24 

12 
18 

Oxide 
solved % 
kj V* i V \-' ^J • /{J 

(U,Th)02 

98.6 
99.6 
95.5 
98.3 
85.0 

49.0 
92.0 

93.0 
98.0 

*Agitation, 400 rpm, t empera tu re , I IS 'C ; oxide charge , 75 g. 
t G l a s s d i s so lver ; o therwise , 18-8-1 s ta in less s t ee l . 
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0 80 160 240 320 
TIME, MIN 

Fig. 2—Relative dissolution rates of BeO and (U,Th)02 during nitric 
acid leaching. Acid, 15.5M HNOg (4.88 ml/g); fluoride, 0.05M NaF; no 
aluminum; temperature, 115°C; agitation, nitrogen bubbler; dissolver, 
glass; maximum, particle size, <500 fx. 

994- wt.% recovery can be achieved without excessive loss of BeO (i.e., 
>20 wt.%). 

Separate dissolution-rate measurements of the (U,Th)02 fuel 
particles and of comminuted beryllia in nitric acid solutions ' have 
shown that the differential dissolution rate is not sensitive to changes 
in temperature, nitric acid concentration (to 13M), or fluoride ion 
concentration (to 0.05M). The presence of Al^* inhibited dissolution of 
both BeO and (U,Th)02, but the inhibition of BeO dissolution was greater. 

The most important parameter in the leaching process was par
ticle size. Decreasing particle size increased the rate of beryllia dis
solution since the dissolution rate is proportional to specific surface 
area of the powder,^ which would also apply to the (U,Th)02. The 
problem of using comminuted fueled beryllia of small maximum par
ticle size (for example, <53(i) is that leaching times become ex
tremely short and impractical unless the temperature is lowered. 
Grinding the fuel element to such small sizes is also a severe problem. 
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The dissolution and leaching studies have shown that it is nec
essary to keep the acid and fluoride ion concentrations as high as 
possible throughout the leaching period (13M to 15M HNO3 and 0,04M to 
0.05M F~) and the concentration of dissolved thorium and beryllium 
as low as possible to prevent counter complexing of the fluoride cat
alyst. This result is achieved by a high volume ratio of leachant to 
oxide. Continuous counter cur rent leaching is preferable to batch 
teaching to achieve these conditions and minimize liquid volumes. 
Neither low-temperature leaching nor continuous leaching has been 
examined. 

Residue Dissolution Step Beryllia powder in the size range 211 to 295 |̂  
produced by comminution of sintered high-density beryllia dissolves 
with an initial rate of 40 mg/g/min in IOMH2SO4 at 145 °C, the optimum 
initial conditions. The reaction is very temperature dependent with an 
apparent activation energy of 26 kcal/mole. 

The beryllia residue from the leaching process was readily dis
solved in the stoichiometric equivalent of lOM H2SO4, assuming the 
reaction 

BeO + H2SO4 — BeS04 + HjO 

The beryllia continues to dissolve as the acid concentration falls and 
the beryllium sulfate concentration increases, resulting in a con
centrated solution of beryllium sulfate with low residual free sulfuric 
acid (Table 5). Since beryllia is soluble in concentrated beryllium 
sulfate solutions,^ this result is not unexpected. 

After completion of the beryllia dissolution and before the solution 
is permitted to cool, the saturated solution must be diluted to prevent 
the formation of the dihydrate, which will set on crystallizing and 
which is not readily redissolved. The tetrahydrate, once formed, is 
readily dissolved in water. The phase system BeS04-H2S04-H20 has 
been studied,*" but it requires further detailed investigation. 

Thus the residue dissolution step consists of an extensive dis
solution with concentrated sulfuric acid, followed by an adequate 
dilution to prevent crystallization of the dihydrate. As discussed later, 
the resulting solution is suitable for the chosen beryllium sulfate 
decontamination process. It is this residue dissolution step which, 
with the comminution and leaching steps, forms the head-end process 
that was used in the flow sheet developed for costing. 

Heel Recycle and the Composite Process Dissolution to completion is gen
erally impracticable. An undissolved fraction remains and is combined 
with the next batch of material for processing. This procedure was not 
assumed for the preliminary design work since it was necessary to 



Table 5 

DISSOLUTION OF THE BERYLLIA RESIDUES IN SULFURIC ACID* 

Batch 

Maximum 
initial 

par t ic le 
s ize , 

M 

M a s s e s of oxide p resen t 
Oxide dissolved 
in H2SO4, wt.% 

BeO, g Th02, mg UOj, mg BeO ThOj UOj 

Initial 
volume 

of H2SO4, 
ml 

Final free H2SO4 
concentration, M 

Final Be 
concen- Digestion 

t ra t ion, M t ime, h r 

A 
B 
C 
D 

500 
152 
295 
152 

50 49 
51 820 
45 110 
31 95 

21 
42 

79 
80 
77 
63 

0.8 6.0 
0.8 6.0 
1.0 17.0 
1.0 10.0 

200 
206 
190 

76 

2.1 
2.1 
2.6 

<0.1 

7.9 
7.9 
7.3 

10.1 

*Other conditions: initial H2SO4 concentration, lOM; initial t empera tu re , 145°C (boiling point of solution falls as BeO d i s 
solves, reaching 110 to 120°C); d isso lver ma te r i a l , pyrex g l a s s ; and agitation (paddle type) 400 rpm. 
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freeze the design early; but it could have important applications, if 
developed for this system, by reducing the amount of beryllia dissolved. 

From the residue-dissolution data (Table 5), it was apparent that 
the residual (U,Th)02 was not readily soluble in the BeS04-H2S04 
solution and that an actinide-rich heel would require recycling to the 
next batch for nitric acid leaching. The recycle of this heel would 
increase the yield of actinides in the next nitric acid leaching. In the 
heel recycling, care in removing all sulfate is necessary since it will 
inhibit the fluoride-ion-catalyzed dissolution of the thoria in the nitric 
acid during the leaching step.^ 

The relative solubilities of UO2, Th02, and BeO in the comminuted 
fueled beryllia in IOMH2SO4 were measured, and the results confirmed 
that Th02 had a low solubility in H2S04-BeS04 solutions but that the 
more soluble UO2 was partially leached from the (U,Th)02 fuel par
ticles.^ Use of the differential but reciprocal solubilities of (U,Th)02 
and of BeO in nitric—fluoride and sulfuric acids should permit a more 
selective leaching process for the separation of the (U,Th)02 from 
the BeO. 

Summary of the Head-end Process The chemistry of the overall process 
is still not sufficiently well defined to permit an optimistic view to be 
taken. Three major considerations arise over and above the con
siderable remaining chemical and engineering problems: 

1. The permissible loss of beryllia that can be sustained on 
economic grounds if it is assumed that no recovery is possible or 
feasible from the nitrate stream. 

2. The effects of irradiation on the comminution process, 
3. The distribution of the fission products in the process streams. 

These can only be resolved by demonstration of the process using 
fully irradiated fuel of the design composition, irradiated and cooled 
for the correct times. Plutonia is a component of the HTGCR fuel, but 
the chemistry of plutonium in this head-end process has not been 
examined. 

Separation of Actinides 

Recovery and decontamination of actinides is achieved by means 
of a solvent-extraction process. The proposed flow sheet is given in 
the section entitled "Fuel-cycle Calculation and Flow Sheets," It was 
derived by applying experimental data to estimate requirements to 
provide the desired recovery and decontamination for uranium and 
thorium in the feed solution resulting from nitric acid leaching of the 
fuel. It provides for the corecovery and decontamination of uranium 
aind thorium. The reasons for this were given by Cairns.' Plutonium 
is rejected to the raffinate since its isotopic composition makes it 
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unsuitable for recycle (see paper by Bicevskis, Hesse, and Mercer 
included in this volume). 

Flow-sheet Design The choice of composition of the feed solution to 
solvent extraction is of the utmost importance. It was decided to use 
as high a feed concentration as possible since this assists in ob
taining high recoveries and results in minimization of high-level-waste 
volumes. However, selection of the free acid content of the feed solu
tion was based on a compromise between opposing requirements: 

1, The desirability of a stoichiometric salt solution of low free 
acidity, which results in high extraction coefficients and avoids third-
phase problems, 

2, The desirability of a highly acid solution to ensure that hydrol
ysis does not occur, especially in the extraction section. 

After investigation of these factors, a feed composition of 2,5M beryl
lium with a free acidity of IM was selected, assuming that 20 wt,%of 
the beryllia was dissolved with the actinides in the leaching step. The 
leach solution arising from the head end requires adjustment of the 
acidity and beryllium concentration prior to being fed into the solvent-
extraction process. Further details of the flow-sheet design are given 
by Baillie and Ryan.'' 

The solvent-extraction flow sheet uses a split-contactor concept. 
This is necessary because of the high (6M) salting strength of the feed 
solution, which results in third-phase formation in a conventional 
extraction —scrub flow sheet. With the split-contactor flow sheet, the 
scrub-solution raffinate is not combined with the feed solution at the 
feed point but is rejected separately. The unscrubbed extract is fed 
to a midpoint in the scrub section, the upper portion providing the 
required decontamination while a second solvent stream reduces losses 
in the scrub raffinate to an acceptable level in the lower portion. 

Experimental Work In experimental work to develop and demonstrate the 
proposed flow sheet, Westlake mixer-se t t lers were used,'^ Initial cold 
testing and tracer-level testing were done in a glove-box facility, but 
later work using fission-product activity up to 5 curies/liter was done 
in a small pilot plant.'^ The small pilot plant permitted remote opera
tion of the solvent-extraction equipment in a ventilated enclosure and 
provided attenuation of gamma radiation by a factor of approximately 
10'*, The throughput of the facility was small, R̂ e maximum feed rate 
being about 120 ml/hr. 

The feed solutions used to test the solvent-extraction flow sheet 
were made up to concentrations similar to those expected, after adjust
ment of the nitric acid leach solution resulting from the dissolution 
of HTGCR fuel. Fission-product activity was lower, and no plutonium 
was added in early runs, A typical feed solution was as follows: 
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Component Concentration 

Beryll ium 22.6 g / I i t e r 
Thorium 25.7 g / l i t e r 
Uranium 1.14 g / l i t e r 
HNO3 1.4iV 
Fission products 2 curies/liter 

The composit ions of all other input s t r e a m s (extractant, s c rub , 
and s t r ip) a r e given in Fig. 3 as well as ou t l e t - s t r eam composit ions, 
taken from a s e r i e s of runs . In these runs , l o s s e s of uranium and 
thorium to the waste s t r e a m s have been measured . The bes t r e su l t s 
obtained a r e given in Table 6. 

Table 6 

URANIUM AND THORIUM LOSSES 

Component 

Uranium 
Thorium 

Be raffinate 

0.02 
0.16 

Loss to specified s t r e a m , % 

Scrub raffinate 

0.01 
0.78 

Stripped solvent 

0.02 
0.02 

Total 

0.05 
0.96 

Major fission products p resen t , from which good decontamination of 
r ecovered actinides was essent ia l , were ^^Zr-^^Nb and " ' R U . Also, 
'^^Cs and "^Ce were detected in the feed but repor ted to the beryl l ium 
raffinate and thus p resen ted no problem. The decontamination factors 
for the two major fission products were 1 x 10^ for '^Zr-^^Nb and 
6 X 10^ for '°^Ru, The "^Ru was a lmos t quantitatively rejected to the 
beryl l ium raffinate, whereas the bulk of the ^^Zr-^^Nb was extracted 
and la ter removed in the sc rub , 

A major contr ibutor to gamma activity was ^^^Pa, which was 
p r e sen t owing to the relat ively shor t cooling t ime used. About 30% of the 
2^^Pa repor ted in the product; however, th is is quite acceptable s ince 
it decays to ^^^U and thus p r e s e n t s no r ea l p r o b l e m s . 

Although sat isfactory r ecove r i e s and f iss ion-product decontamina
tion have been demonst ra ted , much additional work is required before 
the p r o c e s s can be considered technically feasible . In pa r t i cu la r , 
demonstra t ion of the p r o c e s s at full levels of activity plus engineering 
development of the solvent-ext rac t ion equipment for this pa r t i cu l a r 
sys tem would be requi red before ful l -scale implementat ion of the 
flow sheet . 

Reconversion of Actinides and Production of Fuel Particles 

S o l - g e l p r o c e s s e s were selected for the reconvers ion s teps 
because for r emote operat ion they appear to be s imp le r than con-
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Fig. 3—Summ.ary of solvent-extraction runs. 
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ventional methods. Limited experimental work has been possible on 
denitration of U—Th nitrate solutions, and the subsequent formation 
of (U,Th)02 sols, and fuel particles. For example, a mixed solution of 
uranyl and thorium nitrates (U: Th = 1: 20) was codenitrated in a rotary 
calciner at 300° C for 80 min. The initial conductance of 26,600 fxmhos/ 
cm permitted 98% dispersal of the oxide as a sol. Also, sintered thoria 
microspheres in the size range of 152 to 251 |j, were produced with a 
yield of 90 wt.% by using the ethyl—hexanol spray-drying technique 
developed by the Oak Ridge National Laboratory (ORNL). Some plutonia 
sols were produced by using the published data of Wymer and Coobs.'* 

The possibility of adding plutonia sols, the fissile makeup com
ponent, to the recycled urania—thoria sols to produce the mixed-oxide 
fuel particles by the conventional ORNL process is under investigation, 
but the experimental work has not yet reached the stage where suf
ficient useful data are available. 

Purification of the Beryllium Sulfate 
and Reconversion to Beryllium Oxide 

The beryllium sulfate solution arising from the head-end process 
contains actinide and fission-product elements as impurities. The 
quantity of actinides in this solution makes it necessary to recover 
them in a form that permits their ready recycle to the actinide r e 
covery and decontamination process. The beryllium oxide is regen
erated as powder by the calcination of beryllium sulfate tetrahydrate 
since experience has shown that such beryllia powder has superior 
sinterability compared with beryllia produced from other sources, e,g., 
hydroxide or acetate processes. Beryllium is the major component 
of the fuel and arises from the head end as the sulfate. A scavenging 
process to remove all contaminants from the beryllium sulfate solution, 
without transformation of the beryllium sulfate, prior to crystalliza
tion and calcination to the oxide should lead to a suitable recovery 
process for the beryllia. 

Horner and Coleman'^ showed that uranium, thorium, and plu
tonium could be readily recovered from sulfuric acid —stainless steel 
decladding solutions by using Primene JMT in a solvent-extraction 
process. Experiments with beryllium sulfate —sulfuric acid solutions 
showed that beryllium was not extractable with a range of amine types 
as extractants. However, extraction of uranium with varying degrees 
of efficiency was obtained^^ (Fig. 4). Thorium is readily extracted from 
beryllium sulfate solution by Primene JMT (E^ thorium > 400), as are 
zirconium, niobium, and cerium*^ (Fig. 5). 

Primene JMT in a diluent of Solvesso 100, which is a commercial 
aromatic hydrocarbon, was selected as the solvent. Distribution coef
ficients for the uranium, thorium, beryllium, and fission products 
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were obtained over a range of conditions of varying total beryllium and 
total sulfate concentrations with varying pH. Results reported in detail 
by Fardy, Farrell, and Pinchbeck*^ indicate that only the beryllium, 
cesium, and strontium are nonextractable. Ruthenium extraction is low 
and could be a problem. 

Loading of the solvent phase is important. Thorium is the major 
impurity and the most extractable, and it tends to saturate the organic 
phase, decreasing the extraction of the other metal impurities. It is 
necessary to operate with the maximum practicable level of free amine 
concentration in the organic phase under conditions that minimize the 
recycling of sulfate to the nitrate stream. The loaded organic phase is 
stripped with 3M nitric acid and the actinide-containing nitrate solution 
recycled to the actinide recovery process as discussed earlier. The 
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free base amine is recovered by washing the nitrate form with sodium 
carbonate solution prior to recycle. From this information and the 
fuel-cycle data from the section entitled "Fuel Cycle," a conceptual 
chemical flow sheet (discussed later) has been devised. Plutonium has 
not been examined but can be expected to follow the thorium flow 
sheet.'^ 

The major problem appears to be the strontium, cesium, and 
perhaps ruthenium contamination of the beryllium sulfate. The use 
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of the composite head-end process coupled with a careful recrystal-
lization of the BeS04 • 4H2O prior to calcination may decontaminate 
from these fission products sufficiently to obtain the assumed decon
tamination factor of 10^ to permit recycle of the beryllia without a 
further purification step. 

Refabrication 

Whereas considerable development of processes for the fabrication 
of the HTGCR fuel element has been carried out at Lucas Heights, no 
work has been done to elucidate the additional problems associated 
with fabrication of the fuel element from recycled materials. Thus 
it has been necessary to extrapolate from the work done to date on 
cold materials to derive a flow sheet for refabrication. Such an ex
trapolation is not expected to produce difficulties in the ceramic-
forming techniques, but it does present serious uncertainties in the 
engineering of the refabrication line because of the need for shielded 
equipment. 

The flow sheet has three sections: beryllia-powder preparation, 
powder blending, and fuel-element fabrication. In the powder-prepara
tion section, beryllia coming from calcination is milled, screened, 
dried, precompacted, and granulated. The makeup beryllia is prepared 
in an identical cold line and is used for coating the fuel element. The 
blending procedure mixes the prepared beryllia, sol -gel fuel particles, 
and reject material recycled from later stages of the refabrication 
line and precompacts the mix ready for pressing. Fabrication involves 
isostatic pressing of the fuel-element core at 10,000 psi, machining 
this core, coating with beryllia using isostatic pressing at 45,000 psi, 
and then baking at 800°C. After being machined to size, the green fuel 
element is sintered for 3 hr at 1450°C in dry air. After a complex 
series of quality-control tests and inspection, which are not shown in 
the flow sheet, the fuel element is ready for recycle. 

FUEL-CYCLE CALCULATIONS AND FLOW SHEETS 

Flow sheets for the throughput of materials in the recycle facility 
are based on an input rate of 300 kg of spent HTGCR fuel per day and 
an outlet fuel composition for a recycle HTGCR with a burnup of 
1.0 FIFA. This corresponds to the output of a reactor installation of 
about 600 Mw(e). The outlet fuel composition for such a reactor is 
given in Table 1. In many instances the experimental work is insuf
ficient to permit accurate definition of the chemical-flow-sheet condi
tions, and no engineering development has been done at all. Con
sequently extrapolation of data and assumptions where no data exist 
were used to enable the necessary calculations to be made. 
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Head-end Step 

Figure 6 is the flow sheet for the comminution and leaching—dis
solution processes. It is based on the data in the section on process 
development and has required the assumptions that the experimental 
data resulting from the low-activity laboratory-scale developmental 
work can be applied to fully irradiated fuel and that the proportions 
of plutonium and fission products which appear in the various streams 
are the same as those for uranium. 

Flow-sheet conditions have been selected such that 20% of the 
beryllia reports to the nitric acid leach solution. This means that 
3.5% of the thorium and uranium and an assumed 3.5% of plutonium and 
fission products appear in the sulfuric acid solution. 

Separation of Actinides 

Figure 7 is a flow sheet for separation of actinides from the nitric 
acid leach solution. It is based on the data presented in the section on 
experimental work, together with the assumptions that the experimental 
data with the fuel compositions used in low-level-activity development 
work can be applied to fully irradiated fuel and that plutonium can be 
rejected to the beryllium raffinate by adding a suitable reducing agent 
to the feed solution. Some preliminary experimental workusing ferrous 
sulfamate as the reducing agent has supported this assumption. 

Flow-sheet conditions have been selected and the calculations 
performed on the basis that 99% recovery of thorium and 99.8% r e 
covery of uranium is achieved and a decontamination factor of 1000 
from fission products is obtained in the product. 

Reconversion of Actinides and Production of Fuel Particles 

The flow sheet (Fig. 8) for this step in the recycle process is 
based primarily on published sol—gel process data" since very little 
additional experimental data was available from our own preliminary 
studies. 

The feed material is the ^̂ ^U—Th nitrate product solution from 
the actinide recovery and decontamination process. The expected 
composition of this nitrate solution is about 4 wt.% UOj in Th02 after 
addition of the thorium nitrate makeup solution. 

It has been assumed that codenitration of a solution of this com
position is possible in a rotary calciner to yield a readily solable oxide 
product, and preliminary experimental evidence supports this a s 
sumption. It has been assumed that solable makeup plutonia cannot 
be prepared in this manner but would be prepared separately from the 
hydroxide in a manner similar to that reported by Wymer and Coobs,^* 
but no attempt has been made to delineate such a flow sheet for the 
preparation of the plutonia-sol feed. 
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The makeup plutonia sol will be blended with the (U,Th)02 sol 
prior to manufacture of the fuel particles by using the conventional 
ORNL technique of continuous-spray spheroidization and dehydration. 
A major assumption has been that such a ternary mixture of sols 
would successfully produce (U,Pu,Th)02 microspheres. After clas
sification and calcination, the fuel particles are recycled to the fuel-
element refabrication process. 

Purification ot Beryllium Sulfate and Reconversion to Beryllium Oxide 

Figure 9 is a flow sheet for the purification of beryllium sulfate 
and its reconversion to beryllium oxide. The purification process is 
based on the chemical data given earlier. However, it is untested even 
at low activities and requires study in countercurrent solvent-extrac
tion equipment at low activity levels as well as at high levels. It is 
known that some difficulties must be expected in obtaining adequate 
decontamination from strontium, cesium, and possibly ruthenium. 
However, at this stage it has been assumed that the process will result 
in an overall decontamination factor of 1000 from fission products in 
the recycled BeO. Experimental work has also shown that it is rea
sonable to expect that 99% of the actinide elements present will be 
extracted and hence recycled to the main stream fed to the process for 
separation of actinides. 

No development of the reconversion process has been undertaken. 
However, the proposed flow sheet is based on the Brush process for 
producing sinterable BeO, which is known to produce a satisfactory 
product when using fresh beryllium sulfate. It has been assumed that 
recycled material will behave in the same way. 

Refabrication 

The flow sheet for refabrication is given in Fig. 10. It has been 
assumed that the 20% BeO makeup is prepared in a separate cold line 
as shown and that it is utilized in providing the outside coating of the 
fuel element. It has also been assumed that 30% of unsintered reject 
material is recycled from various stages of the process. This is 
returned to blending for repressing. The 4% of sintered rejects that 
arise in refabrication are returned to the dissolution stage of the 
recycle scheme. 

DESIGN AND COSTING 

Preliminary Estimate of Reprocessing-plant Cost 

At the earliest stages of development of any fuel-cycle design 
concept, when few chemical data are available and no design work has 
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been done, there is a need for a preliminary estimate of the expendi
ture on reprocessing which may be acceptable if reprocessing is to be 
an economic operation. One means of making such an estimate is to 
base it on the value of fuel materials that may be recovered from spent 
fuel, giving such materials values equal to those of new raw ma
terials. This approach is considerably oversimplified since it ignores 
the interrelation of the many factors that affect the economics of a 
power-producing system. However, it is useful for. a first-order 
estimate. 

Table 7 

BASIS FOR FUEL-CYCLE CALCULATIONS 

Reactor power, Mw(e) 
Core power density, Mw(t)/m' 
Net station efficiency 
Station load factor 
Interest on capital, % 

Fuel composition 
Open cycle 
Closed cycle 

Makeup fissile material 
Cost of fissile material, $A/g 

200 
11.0 
0.4 
0.8 
6 

1:8:1650 (fissile : fertile : moderator) 
See section entitled "Fuel Cycle" 
PuOj (83% fissile) 
10 

Cost of fertile material, $A/kg 
Cost of moderator, $A/kg 
Fissile burnup 

Open cycle, fissions/initial 
fissile atom 

Closed cycle, fissions/initial 
fissile atom 

System life (recycle), years 
Recycle-facility life, years 
Recycling losses 

Fissile, % 
Fertile, % 
Moderator, % 

10 
16 

1.4 

1.0 

50 (two reactor lifetimes) 
10 

1 
1 
20 

Such an estimate was made, '^ based on the outlet composition of 
the 200 Mw(e) HTGCR given in Table 1. The assumptions were that 
99% of the uranium and thorium and 80% of the beryllium present at 
discharge could be recovered and recycled. The economic ground rules 
used are those given in Table 7. It was estimated that a capital cost 
of $A20 million for a reprocessing facility with a capacity of 300 kg/day 
would be the maximum permissible for economic processing. 

For the preliminary economic evaluation of the HTGCR system 
(see paper by Bicevskis, Hesse, and Mercer included in this volume), 
this cost was taken as representing the permissible capital expenditure 
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for a complete recycle facility with the throughput stated, and ex
trapolation was done by making the following additional assumptions: 

1. Annual fixed charges equal annual operating costs. 
2. Total unit costs in $A/kg vary with throughput according to the 

expression 

Total unit cost = constant x (throughput)""-" 

which is based on the estimates of Culler.^^ 
3. No change in plant-design philosophy occurs over the range. 

Conceptual Design Study of the HTGCR Fuel-cycle Facility 

General To put the fuel-cycle economics on a firmer basis than that 
discussed in the preceding section and also to highlight the major 
unresolved problems in the technology of the fuel cycle, a preliminary 
design study of a recycle facility has been made. It has been based on 
the fuel discussed in the section entitled "Fuel Element" and assumes 
the recycle scheme outlined in the section entitled "Recycle Scheme" in 
a facility with a throughput of 300 kg/day. The flow sheets on which 
the study is based are those given as Figs. 6 to 10. 

The facility is designed to take fuel from the reactor, provide a 
limited buffer storage, and then reprocess it to recover uranium, 
thorium, and beryllium. The actinides are to be reconstituted into fuel 
particles, the beryllium oxide reconditioned for fabrication, and both 
fuel and beryllium oxide refabricated into fuel balls and returned to 
the reactor. All wastes arising from the plant are either to be stored 
on site or treated within the confines of the plant before discharge to 
the environment. The recycle plant has been assumed to be separate 
from any reactor establishment and must therefore provide all normal 
services and overheads. However, it has also been assumed that the 
plant is not too isolated since capital-cost savings have been made by 
assuming that some operations such as special analyses, personnel 
dosimetry, and routine cold maintenance can be done on contract. 

The design philosophy chosen is based on work done at ORNL 
during examination of costs for a small reprocessing plant. °̂ Many 
of the ideas developed in the ORNL study have been used in this work. 

Description of the Plant Normal safety practices have been followed in 
the design of the plant. Adequate biological shielding is provided, and 
all equipment is secondarily contained to maintain control of con
tamination spread in the event of a major incident. The layout of the 
plant groups similar operations together while trying to maintain a 
logical flow of material. Operations involving the handling of active 
solids are performed in conventional hot cells with viewing windows 
and both mas ter -s lave and electromechanical manipulators. In this 
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category are the mechanical head end, actinide reconversion, the 
solids part of the beryllium-purification flow sheet, and all the powder 
preparation and blending prior to refabrication. 

Liquid operations such as dissolution, actinide separation, beryl
lium purification, and waste evaporation are performed in equipment 
built on racks and installed in pits below ground level. Such an instal
lation philosophy is a development of the rack concept being used in 
the Transuranium Facility at ORNL. '̂-^^ 

The racks containing all the necessary equipment, piping, and 
instrumentation are prefabricated in the workshop and lowered into 
place in the shielded cell. Interconnections with service, instrumenta
tion, sampling, and process lines from outside the cell are made by 
using semiremote disconnects placed at the top of each rack. The 
many lines that must enter the cell are precast in removable shielding 
plugs that fit in slots in the top of the cell wall. It is believed that this 
installation philosophy gives low costs due largely to the close spacing 
of equipment and simple shielding design required. Installation of 
equipment is also simplified, and cold testing is made particularly 
effective because of the modular equipment arrangement. 

Equipment is located on the racks in such a way that items likely 
to require maintenance, such as mixer—settler drives, valves, pumps, 
and steam jets, can be reached from the top of the cell when part of 
the roof has been removed. The offending item of equipment can be 
replaced by using long tools to undo disconnects. In the event of a 
major equipment failure or a flow-sheet change, a whole rack can be 
decontaminated and removed from the cell. Such a maintenance phi
losophy, which uses the best aspects of both remote and direct main
tenance schemes, should prove particularly efficient and minimize the 
costly duplication of equipment needed in the direct-maintenance 
approach without the need for the complicated equipment design 
required with fully remotely maintained plants. 

The actual fuel fabrication is performed in a highly automated 
equipment line contained in glove boxes. Unit shielding is used only 
around areas where activity levels are high. This enables many parts 
of the equipment to be unshielded, thereby simplifying maintenance. 

The facility is laid out with the shielded pits between two lines 
of hot cells and the whole area serviced by an overhead crane. This 
is shown in Fig. 11, which is a floor plan of the plant. Other areas in 
this central zone of high potential contamination are for sampling and 
analysis, decontamination, maintenance, and plutonium makeup. Around 
this central zone are operating areas, additional maintenance and 
analytical space, and a large area for refabrication. Around this 
second zone are placed the service areas such as offices, stores, 
plant room, and laundry facilities. With this zoning, contamination 
spread around the plant is minimized. Personnel movement between 
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zones is carefully controlled, and the ventilation for the building is 
designed to control air movements between zones. The whole building 
has a floor area of about 42,000 sq ft. 

Table 8 

COST BREAKDOWN OF FUEL-CYCLE FACILITY 

Cost, 
108 $A 

Installed equipment cost 
P r o c e s s equipment 2.95 
Instrumentation 0.88 
Relabricat ion 1.80 
High-level waste (2 y e a r s + spare) 2.96 
Nonprocess equipment 0.44 

Subtotal 9.03 

Building and cel ls 3.37 
Services and uti l i t ies 1.35 
Site improvements 0.96 
Design and engineering charges for equipment 3.20 
Arch i t ec t s ' fees and construction overhead 1.13 
Star t -up and training 3.15 
Working capital excluding fuel inventory 0.65 

Total 22.84 

Contingency, 30% of above 6.85 

Total capital cost 29.69 

Costs The capital cost of the facility has been estimated^ as $A30 mil
lion. Table 8 gives a breakdown of this cost. No costs have been 
allowed for purchase of land nor for research and development a s 
sociated with proving the flow sheet, although some allowance is 
made in the engineering charges for limited equipment development 
at the design stage. 

The annual operating cost for the facility has been estimated as 
$A3.2 million. Table 9 gives a breakdown of operating costs. It is 
assumed that contracts can be arranged for all nonroutine analyses 
(including fissile accountability analyses, plant troubleshooting, and 
raw-materials specification checks), personnel dosimetry, personnel 
medical examinations, much of the health-physics environmental sur 
veys, all scheduled maintenance of cold equipment, and building and 
site improvements. 

Discussion The facility for recycle of this fuel is obviously a large 
complex unit that has both high capital and high operating costs. The 
cost estimate arising from the study is dependent on the assumptions 
made in arriving at the flow sheets. Even more important are the 
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assumptions which have been made concerning the engineering feasi

bility of parts of the flow sheet and which would be of major con

sequence if invalid. For example, the assumption that the fuel balls 

can be mechanically broken down has a marked bearing on the costs 

for the head end. The assumed costs for equipment to carry out opera-

Table 9 

BREAKDOWN OF OPERATING COSTS 

Annual cost, 
10« SA 

Labor 0.78 
High-level waste 0.74 
Process chemicals 0.11 
Services 0.16 
Other supplies and maintenance materials 0.46 
Contract analytical services 0.55 
Contract medical, health-physics, and dosimetry 0.20 

services 
Contract maintenance 0.15 

Total annual operating cost 3.15 

tions on active solids in the hot cells also have a great effect on the 
equipment costs shown in Table 8. The material of construction of the 
dissolver, assumed to be zirconium, has not been proved, and the 
dissolver costs are a significant part of the head-end cost. Nor has the 
difficult solids decantation step in the head end been proved. The 
alternative to doing both nitric acid and sulfuric acid dissolutions in 
the one vessel is a step of even greater uncertainty than the difficult 
decantation. No matter which approach is used, a technically difficult 
head end results, and its cost is most uncertain at the present stage 
of development. 

Fuel-cycle Economics 

It is of interest to make a comparison of fuel-cycle costs for the 
closed-cycle case with those of an HTGCR designed to be operated 
with an open fuel cycle. This provides an indication of the conditions 
under which each system may be considered to be the most suitable 
for a given application.^^ However, it must be realized that the open-
cycle philosophy does not permit full utilization of thorium. 

Figure 12 sets out in block-diagram form the factors that are 
considered to affect fuel-cycle costs for each of the systems in an 
integrated reactor-fuel-cycle complex. Table 7 gives the data used in 
the fuel-cycle calculations. The recommended optimum burnup and 
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fuel composition for a recycle HTGCR have been given earlier. Esti
mated maximum burnup for an open-cycle HTGCR is 1.4 FIFA (see 
paper by Bicevskis, Hesse, and Mercer included in this volume) with 
a fuel input composition of 1:8:1650 (fissile: fertile: moderator),^ 
where the fissile material is PUO2, the fertile, Th02, and the moder
ator, BeO. 

Open Cycle The open-cycle case has been examined on the basis of a 
group of reactors operating in close proximity to each other and to 
common fuel-element fabrication and disposal facilities. Under these 
conditions, shipping charges may be neglected. The cost of fabrication 
of fuel-element pebbles has been estimated by Wright,^* and in this 
study the value of fuel after disposal has been assumed to be zero. 

All capital charges associated with fuel-element storage and 
cooling facilities at the reactor installations are considered to be 
included in the capital cost of the reactor. Consequently the only fuel 
charge incurred in this area is that of inventory on the mean value of 
the fuel within the reactor complex. 

Closed Cycle The basis chosen for examination of the closed-cycle case 
is again that of a group of reactors in close proximity to common fuel-
handling facilities. The system is considered to be entirely unaffected 
by external considerations, being fed with makeup materials at a fixed 
cost and producing power at a fixed price. 

Inventory charges have been grouped so that one charge accounts 
for both interest and amortization on capital outlayed for the initial 
charge of fuel to fill the cycle, and the system life is assumed to be 
two reactor lifetimes, or 50 years. An allowance is made for the scrap 
value of fuel in the cycle at the end of the system lifetime. The cost 
of makeup materials is based on burnup losses of fissile and fertile 
materials while the fuel is in the reactor, plus the losses incurred 
during recycle. 

Costs associated with the recycle facility are based on the est i
mate for the integrated recycle facility, and scaling of the unit cost for 
higher throughputs is based on the assumptions used previously. 

Open Vs. Closed Cycle With the preceding basis for costing and the data 
in Table 7, simple comparative estimates of the costs of open and 
closed fuel cycles can be prepared. These are shown in Fig. 13, which 
indicates that, for HTGCR installations in excess of 800 Mw(e), recycle 
is more economic than the open cycle unless much higher burnups can 
be achieved for the open cycle. Figure 13 was deduced by assuming 
that equilibrium conditions for the fuel cycle have been reached, in 
line with the optimistic assumption used elsewhere in this paper and 
in the absence of any relevant data. 
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Fig. 13—Comparison of costs of open and closed fuel cycles for an 
HTGCR. Open- and closed-cycle costs are calculated for single fuel 
fabrication and recycle facilities, respectively. 

In the case of the open cycle, raw materials represent about 90% of 
the total fuel-cycle cost: VuO^ contributes 82%; BeO, 16%); and Th02, 
2%. These figures indicate that the raw-material charge for beryllium 
oxide is not an insignificant part of the total costs when compared 
with fabrication, which represents about 10% of the total fuel-cycle 
costs. 

For the closed-cycle case, it is not possible from this study to 
determine whether moderator recycle is more economical than using 
fresh beryllia. To decide this, a new study would be required, in which 
the costs associated with disposal of unwanted beryllia and use of 
fresh material would be balanced with the reduction in recycle costs 
due to the absence of beryllia purification and reconversion processes. 

To establish the predicted fuel-recycle costs, however, major 
expenditure for chemical and engineering development of the proposed 
processes and the facility design would be required. 

CONCLUSIONS 

This study shows that considerable experimental work remains 
to be done on recycle processes for this system. If optimistic a s 
sumptions are made, recycle of fuel appears more economic than the 
open cycle for installations greater than about 800 Mw(e). For the 
open cycle, where full utilization of thorium is not possible, the fuel-
cycle costs are high and will remain so unless higher burnups can 
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be achieved. Major expenditure on the chemical, engineering, and 
design problems outstanding would be required before the processes 
could be established and the predicted costs verified. 
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ABSTRACT 

The concept of segregated fuel, which utilizes particles containing only thorium 
and others containing carbon-diluted uranium, offers several advantages: (1) The 
uranium-to-thorium ratio can be adjusted to meet last-minute reactor-physics 
calculations, (2) the batch size for the coating of thorium-containing particles is 
not limited by criticality considerations, and (3) provided that uranium and 
thorium particles are of different size, an easy separation by sieving is possible 
if the fuel has to be rej recessed. Two methods of particle production were 
developed. Both methods yield particles with an adhering graphite skin. Coating 
equipment was developed for batches up to 5 kg using porous plates instead of 
nozzles. Methane —argon mixtures were utilized as coatii^ gases. The required 
amount of argon was reduced by using vacuum techniques. In addition to the 
known methods for the evaluation of coated particles, chlorination was used 
for the detection of the number of broken particles. Recoil measurements from 
the surface of coated particles showed that the R/B values for the gaseous fis
sion products were primarily due to surface contamination. Methods were 
developed which allow measurement of diffusion profiles within the pyrocarbon 
coating of the particles. In the field of reprocessings, special emphasis was 
laid upon eleotrolytical and chemical disintegrationof compacts and chlorination. 

Independent of the fuel-element design of the different high-temperature 
gas-cooled reactors (AVR, Dragon, and HTGR), coated particles are 
generally accepted as a fuel for them.'" ' These particles consist of a 
spherical fuel kernel of about 300 to 500 [i in diameter which is coated 
with about 100 [i of pyrocarbon or a metal carbide. A number of ura
nium compounds such as UC,, (U,Th)C2, (U,Zr)C, UOg, and UCxare used 
as fuel. The coating serves primarily as a barr ier to fission-product 
diffusion and to prevent hydrolysis during fabrication of fuels con
taining thorium carbides.* 

253 
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In all the reactors now in operation or under construction, the 
uranium and thorium are used in the form of the mixed carbide. The 
uranium to thorium ratio varies considerably from one reactor to 
the other. The concept of segregated fuel, which utilizes particles 
containing only thorium and others containing carbon-diluted uranium, 
offers several advantages over the mixed carbides: 

1. The ratio of uranium-to-thorium can be adjusted to meet last-
minute reactor-physics calculations. 

2. The batch size for the coating of thorium-containing particles 
is not limited by criticality considerations (5 to 10 kg is possible). 

3. Provided that uranium and thorium particles are of different 
size, an easy separation by sieving is possible if the fuel has to be 
reprocessed (̂ '̂ U is free of ^^^U). The particles are removed from the 
compact by electrolytical or chemical disintegration. 

Most of the development work at our laboratory was based on this 
concept and comprises all technological aspects of the fuel cycle. 

PRODUCTION OF KERNELS 

For the production of spherical carbide particles, two groups of 
methods are in use, depending on whether the starting materials 
(uranium and thorium compounds) are in the form of powders or solu
tions. The powder metallurgical approach was extensively developed 
and is widely employed for large-scale fuel production.^~^ 

The direct use of solutions of uranium and thorium salts is of 
great interest since recycled materials are usually in this form during 
one step of reprocessing. The concentrated solutions are divided into 
fine droplets, which are consolidated as spheres. In the well-known 
sol -ge l process, for example, this is achieved by gelation of droplets 
of a sol in an appropriate medium. The sol is formed by peptization of 
thorium hydroxide in uranyl nitrates.^"' ' 

In our laboratory two alternative methods, based on the liquid-
phase process, have been developed. The first one uses uranium and 
thorium compounds in powder form. These powders are suspended in 
a melt of paraffin wax. The melt is sprayed through a suitable nozzle 
into a cold bath.'^ The second process utilizes solutions that are also 
formed into droplets by spraying through a nozzle, using synthetic-
resm components as stabilizers. 

Paraffin Process 

This process is shown schematically in the flow sheet given as 
Fig. 1. The very-fine-grained powders (metals, oxides, carbides, and, 
if necessary, carbon) are mixed and suspended in about 60 wt.% of 
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Fig. l^Flow sheet of the paraffin process. 

paraffin wax. If powders of high density are used (e.g., UO2), carbon is 
added to avoid segregation (~6 to 7 wt.% carbon black). The hot mix 
(180°C), which is continuously stirred, is sprayed into liquid nitrogen 
through a nozzle. The yield of particles within a range of ± 100 \i of the 
desired size is about 15 wt.%. After sieving, the over- and undersized 
particles can be directly recycled; thus losses are negligible. 

After sizing, the particles are coated with carbon black by rotating 
them in a drum. The thickness of this layer has to be sufficient to 
supply the carbon needed for the carbide formation and to be still thick 
enough to isolate the particles from each other during melting because 
the overcoated particles are packed into a crucible without any addi
tional filler materials. In the next step they are dewaxed in vacuum at 
500°C. 

Carburization and melting is performed in an argon atmosphere 
using an induction furnace. The required working temperature was 
optimized at 2400 °C. The heating time is about 40 to 50 min. The 
particles thus obtained are of high density and are covered with a thin 
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(5 to 10 jLt) graphite skin, which proved to be a highly effective barrier 
against fuel migration (Fig. 2). 

Figures 3 and 4 show ametallographic section and an X-ray micro-
radiograph of particles that were heat-treated for 50 hr at 2000 °C. 
The particle shown in Fig. 3 is graphite bed melted by using the normal 
procedure,^ whereas the one in Fig. 4 is produced by using the method 
previously described. The fuel migration is considerably less in the 
particle with the graphite skin. 

Resin Process 

The condensation of phenols or urea with aldehydes containing 
concentrated solutions of thorium nitrate or uranyl nitrate is utilized 
in this process. A typical composition of solution A is: 

Uranyl n i t ra te (6H2O), g 
Resorcinol , g 
Ethylene glycol, g 
Water , g 
Water added to , ml 
Density, g / c m ' 

)sition of solution B is: 

Solution of formaldehyde (40%), g 
Lerolat N-lOO, g 

540.0 
120.0 

30.0 
240.0 
600.0 

1.55 

105.0 
0.5 

Resorcinol was selected because of its good solubility in water and its 
high reactivity. Solution B, which consists of a solution of formaldehyde 
in water contains about 10 to 20 mole % of formaldehyde in excess to 
the amount required for condensation. 

The salts of heavy metals accelerate the condensation process 
considerably (1 to 2 min). Primary and polyvalent alcohols (e.g., 
ethylene glycol), on the other hand, can be used as inhibitors to in
crease the reaction time. The process is also strongly temperature 
dependent. At room temperature the condensation takes about 30 hr, 
whereas at 70 to 95°C the reaction is finished after a few seconds. 

Figure 5 is the flow sheet of the resin process, and Fig. 6 is a 
schematic drawing of the apparatus used. The two solutions are stored 
in individual containers and are fed into a mixer at a controlled rate. 
The mixture is sprayed into hot paraffin oil (90°C). In Fig. 7 the 
equipment is shown in operation. After condensation the particles are 
washed to remove the paraffin oil and carefully dried at about 50°C. 
This process is very critical since a reaction of the organic com
ponents of the particles with nitric acid that is freed during this step 
would destroy the particles. 
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" T 2—Carbide particles with adherent graphite skin produced by 
overcoating tnt green particles with carbon black prior to reaction 
melting, (a) Uranium carbide, lOOx (b) Thorium carbide, 130x 
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(a) 

(b) 

Fig. 4—Metallographic section andx^ray microradiography of coated 
UC2 particles with an adherent graphite skin produced by the over
coating technique after 50 hr at 2000°C. (a) 360x. (b) 65 x. 
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Fig. 5—Flow sheet of the resin process. 

If particles of low carbon content are required, the excess carbon 
is removed by heating the particles in air at 200 to 300°C. The r e 
sulting oxide particles (UOj) have sufficient mechanical stability to 
allow further handling. The final step, the transformation into the 
carbide, is identical with the paraffin process. The resulting particles 
have the same graphite skin as those produced by the paraffin process. 

Carbon-diluted kernels (U:C ~ 1:10 or 1:20) are obtained by omit
ting the firing step. The dried particles are used directly in the coating 
process. The heavy metal-to-carbon ratio can be adjusted over a wide 
range by adding additional carbon (e.g., sugar) to solution A. The r e 
sulting kernels are of special interest since they proved to be ex
tremely resistant against fuel migration into the coating up to 2400°C. 
Figure 8 shows a metallographic section of a carbon-diluted particle 
(U:C~1:20) with a duplex coating (1700 and 2200°C). After a heat 
treatment for 50 hr at 2400°C, practically no fuel migration can be 
observed (Fig. 9). 
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Fig 8—Carbon-diluted particles (U C = 1 20) coated at 1700 and 
2200''C 75 X 

Fig 9—X^ay microradiography of carbon-diluted uranium particles 
(UC 1 20) coated at 1700 and 2200'>C after 50 hr at 2400''C 35 x 
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The two processes described offer several advantages that make 
them highly recommendable: 

1. Dust-free handling. 
2. Simple forming process by spraying. 
3. Continuous operation. 
4. Direct use of reprocessing solutions without intermediate steps 

(second process). 
5. Procedure independent of the uranium-to-thorium. 

By overcoating the green particles with a layer of carbon black 
before introducing them into the crucible and by carefully controlling 
the conditions during melting, we achieved the following improvements 
of the bed melting process: 

1. Exact isolation of the particles. 
2. Larger batch size since no embedding material is required. 
3. Short heat treatment and low working temperature by employing 

high-energy carbon black. 
4. Production of an adherent graphite skin on the surface of the 

particles which protects them from corrosion and serves as a barrier 
against fuel migration. 

COATING OF PARTICLES 

Coating materials suitable for fuel particles, such as some car
bides and carbon, are deposited by pyrolytic disintegration of the cor
responding gaseous metal compounds (e.g., silane) or hydrocarbons in 
a fluidized bed.^.^*^ In the fluidized beds normally used in production, 
the gas is introduced into the reaction vessel via a central nozzle. 
Porous plates, which are common in conventional fluidized beds, were 
thought to be unsuitable because of blocking due to carbon deposition 
in the pores. Equipment of this type was built' for batch sizes of 
about 1 kg. 

The concept of segregated fuel does not impose limitations on the 
batch size due to criticality considerations when ThC2 kernels are 
coated. Since central nozzle systems cannot easily be scaled up, the 
feasibility of porous plates was reinvestigated. It was shown that the 
choice of suitable materials and pore sizes prevents blocking if proper 
cooling is provided.'* 

A unit for 5 kg (uncoated, melted UC2) was built which performs 
very satisfactorily. In addition to the economic advantages due to the 
large batches, the amount of gas (e.g., argon) required to fluidize 
the particles is considerably less than in nozzle beds. A further de
crease in cost can be achieved by coating under reduced pressure (e.g., 
100 torr) with undiluted hydrocarbon gas. 
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Fig. 10—Cross section of coating apparatus. 
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The production-type coating equipment consists of two parts. The 
induction-heated furnace with a graphite susceptor and the reaction 
vessel (Figs. 10 and 11). The induction coil is reinforced by a gastight 
epoxy —glass-fiber layer that serves as an outer containment of the 
furnace. The graphite susceptor is insulated against the coil by sev
eral layers of carbon felt. The reactor itself, which has an inner 
diameter of 130 mm and an overall length of 850 mm, is screwed on 
a water-cooled support tube that also carries the porous plate. This 
whole unit, which is O-ring sealed in the furnace, can be moved in an 
axial direction for ± 40 mm during operation. This makes it possible 
to optimize the temperature distribution when the coating proceeds. 

The temperature of the porous plate is measured continuously 
by a thermocouple. Even at bed temperatures of up to 2000°C, this 
temperature can be kept below 1000°C. Because of the high velocity of 
ttie gas in the pores, this is sufficient to avoid cracking of the hydro
carbon and blocking. The temperature in the bed is measured either 
by thermocouple (up to 1600°C) or by pyrometer. 

The amount of gas required to fluidize the 5-kg particles is about 
30 to 50 l i ters/min. Because of the good fluidization, the temperature 
distribution in the bed is very uniform and the carbon yield is about 
90%, even at low temperatures (1500°C). The densities of the coatings 
obtained were between 1.4 and 2.1 g/cm^. The deposition rates lie 
between 10 and 25 jx/hr. 

Fig. 11—Production-type coating apparatus for batch sizes of 5 kg. 
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The structure of the pyrolytic carbon formed in a fluidized bed 
depends on a series of parameters such as bed temperature, composi
tion of fluidizing gas, exposed surface area, etc. Figure 12 gives the 
results of a systematic study on the structure of the pyrocarbon 
deposited as a function of temperature and methane concentration. 

There are four regions that can be distinguished metallographi-
cally: 

1. Granular structures of high density are obtained at a high tem
perature and a low methane concentration, but they can also be ob
tained at low temperatures and medium methane partial pressures. 

2. Isotropic structures are formed at high methane concentrations 
and intermediate temperatures. 

3. The laminar anisotropic region is characterized by low tem
perature and low methane partial pressure. 

4. High temperatures and methane concentrations yield porous 
structures of low density. 

The anisotropy of the coatings is high (CTQZ Aox > 2) in the regions where 
granular or laminar structures are obtained, especially when the tem
perature is low. Between 1500 and 2000°C the density increases with 
higher temperature and decreases with higher methane flow rate. 

TESTING AND EVALUATION 

Introduction 

The production of coated-particle fuels made it necessary to de
velop adequate methods for their evaluation. In the development stage 
the results of this work make it possible to optimize the production 
parameters. For the production an adequate quality control is of great 
importance for ensuring a satisfactory performance of the fuel ele
ments in the reactor. Preirradiation evaluation comprises methods for 
chemical analysis, metrology, metallographic inspection, determina
tion of surface contamination by alpha counting, determination of 
crushing strength. X-ray microradiography, determination of fission-
product release, etc. 

In addition to these known methods, chlorination was used for the 
detection of the number of broken particles. Recoil measurements 
from the surface of coated particles showed that the R/B values for 
the gaseous fission products are primarily due to the surface con
tamination. Furthermore, a technique was developed which allows the 
measurement of the diffusion profiles of fission products as well as 
of uranium within the pyrocarbon coating of the particles. 



URANIUM-THORIUM CARBIDE FUEL FOR THE HTGR 267 

2000 — 
A,GRANULAR 
D, LAMINAR 
0 , ISOTOPE 
®,POROUS 

0 20 40 60 80 

METHANE FLOW RATE, ML/CM^/HR 

Fig. 12 — Structure of the pyrocarbon vs. temperature and methane 
flow rate. 

Determination of Surface Contamination 

The surface contamination of coated particles can be determined 
by either physical or chemical methods.^^ One of the physical methods 
is the determination of the number of alpha particles emitted from the 
particle surface. An alternative method consists in the determination 
of the amount of fission products of '̂̂ U which are recoiled from the 
surface of the particles during neutron irradiation.'^ For this purpose 
the particles are sandwiched between aluminum foils or suspended in 
graphite powder. The sample is then irradiated in the reactor to about 
1 X lO" nvt thermal. After a cooling period of about 8 days, the parti-



268 KOSS AND BILDSTEIN 

cles are separated from the foil or the powder. The foil is evaluated 
by gamma spectrometry. In most cases ""Ba-^^La is used as an 
indicator. After calibration with a standard, the amount of uranium in 
a surface layer (the thickness of which is determined by the range of 
the fission product) can be calculated. 

This technique shows several advantages compared to alpha 
counting. For the evaluation of alpha counting results, an exact mass 
spectrometric analysis of the uranium in the particles is required 
since the amount of ^̂ *U, which has a very high specific activity, has 
a strong influence on the results. In particles containing thorium the 
alpha activity due to ^ '̂'Ra has to be taken into consideration. ^ 

The results of recoil measurements are dependent only on the 
enrichment of the uranium. The quantities measured are directly 
relevant for the in-pile behavior of the particles since the recoil frac
tion of the R/B value is of great importance. 

A correlation of the '̂ ^Xe released during heat treatment after a 
short neutron activation with the surface contamination shows that 
practically all '̂ ^Xe released during the first 20 hr can be accounted 
for by the amount of uranium on the surface (Fig. 13). This demon
strates that R/B values obtained from in-pile measurements are, if 
mechanically sound particles are provided, primarily determined by 
the amount of fission product recoiled from the surface. A diffusion 
mechanism plays only a secondary role in the release of fission prod
uct recoiled into the surface of adjacent particles. 

Chlorination 

The determination of the amount of broken particles by thermal 
chlorination is used as a standard test procedure at our laboratory. 
The principle of the method'^ is based upon the volatility of the ura
nium chlorides at elevated temperatures and on the inertness of carbon 
toward chlorine gas. If dry chlorine gas is passed over a sample of 
coated particles at about 900°C, only defective ones react with chlo
rine. This reaction has two effects: One is the opening of microcracks 
due to the volume expansion of the reacting kernel ending with the 
formation of nutshell-like fractions of the coating, and the other is the 
volatilization of uranium chlorides, which are collected in a cooled 
trap of quartz wool. 

Figures 14 and 15 show the equipment used, which consists of two 
concentric silica tubes with the lower part of the outer tube sitting in 
a Simon-MuUer-type furnace and the upper part being closed by a 
flat ground joint. The inner tube sits on a constriction of the outer tube 
and allows the insertion of a quartz boat holding the sample into the 
furnace rfegion. In the upper part the inner tube is filled with silica 
wool, where the volatile chlorides are condensed and collected. The 
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Fig. 13—Fractional release of ^^^Xe vs. surface contamination. 

top closure is designed to force the chlorine gas to stream in the an-
nulus downward and then loaded with volatile chlorides upward through 
the inner tube. The off-gases are absorbed in vessels filled with 
aqueous KOH and Na2S203. After the termination of the chlorination, 
usually 2 hr at 900°C, the uranium is determined after an additional 
purification by ion exchange by potentiography, colorimetry, or polar-
ography. The equipment was tested with uncoated and deliberately 
cracked particles. The recovery of uranium is between 99.8 and 99.9%. 

If no broken particles are present in the sample, chlorination can 
also be used as an alternative method for acid leaching. Gas leaching 
has the advantage that no cross-contamination of the particles takes 
place since the volatile chloride is deposited only in the cooler parts 
of the apparatus. 
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Fig. 14—Chlorination apparatus for testing coated particles. 

REPROCESSING 

The studies and experiments performed are mainly connected with 
the head end of the reprocessing, breakdown of fuel elements, and dis
solution of the heavy metals. Decontamination was studied only in 
connection with the preparation of analytical samples. From the various 
procedures suggested for breakdown of fuel elements, such as combus
tion, pyrohydrolysis, volatilization, and chemical and electrolytical 
disintegration, the two last-mentioned methods have been selected for 
further investigation.'^ 

Electrolytic disintegration in two variations proved its usefulness 
and versatility when coated particles had to be extracted from i r 
radiated fuel compacts for further postirradiation examinations. For 
this type of breakdown, the necessary slow progression of disintegra-
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Fig. 15—Equipment for thermal chlorination of coated particles. 

tion was obtained by rotating the compacts between two electrodes, all 
being immersed in 8M HNO3 as electrolyte. In this case the electro
lytic attack is caused by anodic polarization of that side of the compact 
opposite the platinum anode. For large-scale breakdown, current is 
supplied by a suitably shaped anode directly to the compact. In both 
cases a separation between particles and graphite is achieved by a 
hydroclone built in the electrolyte circuit, followed by a filtration step 
to remove solid material from the recycled electrolyte. 

Pure chemical disintegration uses the oxidation power of per-
oxidisulfuric acid (H2S2O8) or the liquid bromine reaction with graphite. 
This last method has the unique advantage that, in spite of defects in 
coated particles, all fissile and/or fertile material is kept in the solid 
state whereas in the others the solutions have to be treated together 
with the feed to the reprocessing unit. 

The final breakdown of particles and dissolution of uranium and 
thorium depends on the type of coating used (C or C-SiC), The main 
solutions recommended are therefore burn —leach or grind—leach 
combinations. We are favoring, however, volatility processes based on 
chlorination at 700 to 900° C for uranium and 900 to 1000° C for thorium-
containing fuel. We have been able to show that microcracks in coatings 
of particles can be created by a thermal shock treatment, for in
stance, by short-time induction heating to 2600° C, Through the r e -
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suiting microcracks, chlorine reacts selectively with uranium, tho
rium, and some fission products, but carbon and a large proportion 
of fission products remain as nonvolatile solid residue. Under ap
propriate conditions the amount of uranium leached during the electro
lytic disintegration after this heat treatment was not increased to a 
large extent. The following chlorination, however, allowed a 99.5% r e 
covery of uranium, which is easily transformed into a nitrate solution 
of appropriate conditions as feed to a solvent-extraction purification. 
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ABSTRACT 

Theoretical considerations and early irradiation-test results indicated that long-
term coated-particle irradiation stability would be enhanced by provision of at 
least two coatii^ layers surrounding the fuel particle: a high-density outer layer 
for primary fission-product containment and a low-density inner layer to protect 
the outer layer from fission-fragment bombardment and to furnish space for 
fission-gas accumulation and fuel-particle expansion. We have developed tech
niques for depositing such coating layers on both carbide and oxide particles in 
fluidized beds by usir^ methane or acetylene as the source of carbon. We have 
investigated systematically the control of coating properties by independently 
varying the principal fabrication parameters. Also, we have developed a mathe
matical model for predicting when the coatings of fueled microspheres would be 
expected to fail under irradiation. The irradiation-test phase of our program 
has employed both unsupported coated particles and fueled-graphite elements 
containing coated particles. Results are now available for several lots of well-
characterized coated particles irradiated in static and sweep capsules. Com
parisons of results from these tests with mathematical-model failure predictions 
have been most encouragii^. 

Pyrolytic-carbon-coated microspheres of (Th,U)C2 and (Th,U)02 have 
shown great potential as fission-gas-retaining fuels for high-tempera
ture gas-cooled reactors and converters. The integrity of such fuels 

i—5 has been demonstrated through extensive irradiation tests, indicating 
tJiat current fabrication technology can provide coated particles ade
quate to meet the design conditions of existing reactors. However, to 
extrapolate fuel performance to advanced-reactor concepts or to 

•Research sponsored by the U. S. Atomic Energy Commission under con
tract with the Union Carbide Corporation. 
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specify the optimum coated-particle materials and dimensions for 
given operating conditions, the reactor designer needs more than r e 
sults of successful proof tests; he must have reasonably quantitative 
knowledge of the range of coated-particle properties and configurations 
that can be economically fabricated, as well as the effect of properties 
and configuration on coated-particle irradiation stability in a given r e 
actor environment. This information requires, in turn: (1) development 
of techniques for manufacturing pyrolytic-carbon coatings with con
trollable and reproducible properties and (2) an evaluation program to 
aid in determining when coated particles with given properties and con
figuration will fail under irradiation. 

Because of the large number of variables that can influence coated-
particle failure, it is scarcely feasible to evaluate the influence of all 
possible design parameters on coated-particle life through irradiation 
testing alone. Hence there is strong incentive for planning and conduct
ing the evaluation program in conjunction with a mathematical model 
for predicting coated-particle performance. The model can provide 
theoretical failure predictions and assist in planning the irradiation 
tests. The tests themselves help to fix poorly known parameters in the 
model and demonstrate acceptable performance for selected types of 
particles. Finally, the mathematical model and irradiation-test results 
together guide the selection of properties and dimensions for new 
coated particles with improved irradiation stability, which must, in 
turn, be fabricated and irradiated. We find this closed-loop interaction 
between fabrication, testing, and analysis to be increasingly valuable in 
the coated-particle development program at the Oak Ridge National 
Laboratory (ORNL). In the remainder of this paper, we shall describe 
briefly the fabrication, analysis, and irradiation-test phases of this 
program, together with some of our major findings to date. Additional 
discussion of the irradiation testing of coated particles at ORNL ap
pears in a paper by Olsen, Ullman, andCoobs included in this volume. 

RELATION OF COATING PROPERTIES TO FABRICATION CONDITIONS 

Theoretical considerations, discussed later in this paper, together 
with early irradiation-test results indicated that long-term coated-
particle irradiation stability would be enhanced by provision of at least 
two coating layers surrounding the fuel kernel: a high-density outer 
layer for primary fission-product containment and a low-density inner 
layer to protect the outer layer from fission-fragment bombardment 
and to furnish space for fission-gas accumulation and fuel-particle ex
pansion. We have developed techniques for depositing such coating 
layers, with controlled and reproducible properties, on both carbide and 
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oxide particles m fluidized beds using methane or acetylene as the 
source of carbon. 

The experimental details of the fluidized-bed coating apparatus and 
the techniques used for coating characterization have been described m 
earlier reports. Our concern here is with the relation between a 
given set of coating conditions and the resulting coating properties that 
may influence irradiation behavior. Bokros and Price of General Atomic 
have shown that the mechanical properties^ of pyrolytic carbon coat
ings, as well as the dimensional changes they sustain on fast-neutron 
bombardment,' can be related to the pyrolytic-carbon microstructure, 
density, crystallite size, and degree of preferred orientation. These 
depend, in a complex fashion, on the coupled hydrodynamic and chemi
cal processes occurring in the fluidized bed. However, we have found 
experimentally that, for a given coating apparatus, initial particle size, 
and hydrocarbon, we can relate coating characteristics uniquely to two 
parameters: the average bed temperature and the hydrocarbon supply 
rate per unit surface area of charge. 

Coatmgs Deposited from Methane 

The results of such a correlation for pyrolytic-carbon coatings de
posited from methane on UC2 particles of approximately 200 fx diameter 
m a 1-in.-diameter fluidized bed^ are shown m Figs. 1 and 2. Figure 1 
provides contour maps of (1) coating density as determined by helium-
densitometer and sink—float techniques, (2) preferred orientation mea
sured by a fiber-texture technique (expressed as the Bacon anisotropy 
factor), and (3) apparent crystallite size from X-ray line broadening.* 
These are plotted in terms of the correlating parameters, bed temper
ature plotted along the ordinate, and methane supply rate per unit of 
charge surface along the abscissa. The corresponding polarized-light 
microstructures for the coatings are shown in Fig. 2 m terms of the 
same two parameters. Here we can see clearly the regions where coat
ings with a high degree of preferred orientation are produced, as evi
denced by the characteristic cross-shaped interference pattern formed 
by anisotropic reflection of the polarized light from the highly oriented 
coatings. 

Similar results have been observed for coatings deposited from 
methane on larger (530-(i-diameter) microspheres in the same appa
ratus,*" and on 200-|i-diameter microspheres m a larger (2-in.-
diameter) coater.*' The correlations between the coating properties 

*The degree of preferred orientation and apparent crystallite size were 
measured on deposits removed from graphite disks which had been fluidized 
along with the particles during the coating process. 
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obtained m these experiments and the fabrication parameters, temper
ature and methane supply rate, are remarkably similar to those p re 
sented m the preceding figures. 

In spite of this apparent success m correlating the properties of 
methane-deposited coatings in terms of two independently controlled 
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parameters, it must be emphasized that these relations only strictly 
apply to a specific coating apparatus, particle size, and hydrocarbon. 
Lack of any precise description of the complex physicochemical 
processes that take place in a fluidized-bed coating apparatus p re 
cludes design or scale-up of such equipment without extensive experi
mentation. Additional work at ORNL on the scale-up of coating equip
ment is discussed by Sease, Pratt, and Lotts in another paper included 
in this volume. 

Coatings Deposited from Acetylene 

As we noted previously, the inner layers of multilayer coatings should 
provide sufficient free volume to accommodate fuel-kernel swelling and 
released fission gas. Porous coatings deposited from acetylene exhibit 
this desirable large free volume, as well as the ability to deform with
out fragmenting; they behave, in other words, almost as a pyrolytic-
carbon sponge. We have investigated the conditions for depositing such 
porous layers on microspheres of approximately 150 to 450 p. diameter 
in a 1-in.-diameter fluidized bed. 
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Fig. 3—Accessible mercury porosity of low-density coatings vs. 
coating density. Data obtained from deposition of porous carbon layers 
from, acetylene as Th02 sol—gel microspheres, x, 220-n-diameter 
particles. O, 460-ii-diam.eter particles. 

The experimental conditions and detailed results have been reported 
elsewhere.^ However, it is of interest to examine the two most im
portant characteristics of porous coatings produced; these are their 
open porosity and ease of deformation under mechanical load. In Fig. 3 
we see the open porosity of our acetylene-deposited coatings as a func-
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tion of coating density. Comparison of the open-porosity data in this 
figure with total porosities calculated from actual and theoretical coat
ing densities indicates that very little closed porosity exists in these 
coatings over a significant range of density and particle size. 

Fig. 4—Comparison of plasticity of pyrolytic-carbon coatings of dif
ferent densities. 

The ability of the porous coatings to deform easily under mechanical 
loading is shown in Fig. 4. Here we see the percentage of deformation 
of a spherical coating under diametral loading as shown schematically 
in the small insert. Similar data for higher density methane-deposited 
coatings are shown in the two lower curves for comparison. Although 
these results are obviously dependent on coating thickness and particle 
diameter, they indicate clearly the large deformations that low-density 
porous coatings can sustain without fragmenting. 

Presently, we lack any quantitative information on changes in the 
density, porosity, and mechanical behavior of these porous coating 
materials caused by fission-recoil bombardment. Experiments are 
planned to investigate these changes so that we may more accurately 
interpret and predict irradiation behavior in coated particles employ
ing a porous inner layer. 
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{o) DEFORMATION FROM 
INTERNAL PRESSURE 

id) DEFORMATION FROM 
ANISOTROPIC EXPANSION 

Fig. 5—Deformation of spherical coatings. [From J. W. Prados and 
J. L. Scott, Nuclear Applications, 2(5)- 403 (1966).] 

A MATHEMATICAL MODEL OF COATED-PARTICLE BEHAVIOR 

To assist in the planning and interpretation of irradiation tests and in 
the selection of desirable features to incorporate in a coated-particle 
design, we have developed a mathematical model for predicting stresses 
and strains in spherical pyrolytic-carbon coatings surrounding a fuel 
particle as a function of the coated-particle dimensions, properties, and 
environmental conditions. If we specify the rupture stress of the coat
ing, we can use the model to predict when failure will occur for coated 
particles of given configuration and properties. 

Stresses result from the coating's tendency to deform under the in
fluence of a combination of factors. These may be discussed by refer
ence to Fig, 5. Here the initial shape of the coating is represented by 
solid lines and the deformed shape by shaded areas. In the upper part 
of the figure, we see the type of deformation produced by internal 
fission-gas pressure acting together with factors such as fuel thermal 
expansion, fuel swelling under irradiation, or radiation-induced shrink
age of a low-density outer coating. Any of these can exert an outward 
force on the coating and lead to a tangential tensile stress throughout. 
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Fig. 6—Model of fuel particle with two-layer coating. [From J. W. 
Prados and J. L. Scott, Nuclear Applications, 2(5)- 406 (1966).] 

In the lower part of the figure, we see a common type of deformation 
produced by anisotropic dimensional changes in the pyrolytic carbon, 
as caused by fast-neutron damage (which promotes radial expansion and 
tangential contraction) or thermal expansion (which in pyrolytic carbon 
coatings is greater in the radial than in the tangential direction). In 
either case tangential tension occurs near the outer surface and com
pression near the inner surface. 

Both types of deformation tendencies illustrated in this figure, as 
well as radial variations in these, may occur simultaneously in a coated 
particle undergoing irradiation. As is the case with most real physical 
systems, a mathematical description of the behavior requires an ideal
ized model that incorporates the effects we believe to be most signifi
cant. 

Many of the important assumptions in our model were arrived at from 
6'xamination of a large number of coated particles before and after i r 
radiation. These are discussed in earlier publications'^''*and will only 
be summarized here with reference to the schematic drawing in Fig. 6. 
We have assumed that: 

1. The fuel particle is spherical and is surrounded by two spher
ically symmetric coating layers. 
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2. The inner layer provides free volume for fission gas and fuel 
expansion, either through its open porosity or through rapid densifica-
tion under irradiation. It furnishes no structural strength of its own but 
transmits directly to the outer layer any normal s tress resulting from 
fission-gas pressure and fuel swelling. Additional free volume may be 
contributed by fuel-kernel porosity. 

3. The outer layer receives no fission-fragment damage and be
haves as an elastic pressure vessel. It is subject, however, to aniso
tropic dimensional changes from fast-neutron damage and thermal ex
pansion. There is no restraining force at its outer surface. 

The mathematical development and results used in calculating stress 
and strain profiles across the anisotropic outer coating, as well as the 
computer program we use for carrying out these calculations, have 
been presented in several ORNL publications*^"'* and will not be r e 
peated here. We may note, however, that the coated-particle parame
ters which are most significant in determining expected life under i r 
radiation are: (1) the fractional free volume, Fy, or ratio of the free 
volume provided by the inner coating to the fuel volume; (2) the ratio of 
the inner-to-outer radii of the outer coating, a/b; and (3) the severity 
of fast-neutron-induced dimensional changes in the outer coating. In 
particular, we would expect that coated particles, differing in absolute 
dimensions would give comparable performance under irradiation if 
their fractional free volumes, a/b ratios, and coating materials were 
the same. 

We have performed a series of calculations to determine the effects 
of coated-particle dimensions and properties on expected life under i r 
radiation. Geometric parameters and irradiation conditions investigated 
were typical of coated particles currently being fabricated and tested at 
ORNL.'^ Failure was assumed to occur if the tangential tensile s t ress 
at any point in the coating exceeded 30,000 psi. Since failure-producing 
stresses arise both from burnup effects (fuel swelling, fission-gas 
pressure, etc.) and from fast-neutron-induced dimensional changes, we 
have chosen to present our results for a given coated-particle con
figuration in terms of a "failure locus," or curve, which relates values 
of fast-neutron dose (>0,18 Mev) and fuel burnup below which a speci
fied tensile stress in the coating will not be exceeded. Coated-particle 
failure would not be expected so long as the burnup and accumulated 
fast-neutron dose are held below the limits specified by the failure 
locus. Some failure loci for typical coated-particle configurations and 
properties are shown in Fig, 7, A more extensive presentation of fail
ure loci appears in an earlier report,*^ 

In Fig. 7 the downward-sloping curves are failure loci, or envelopes, 
relating fast-neutron dose and burnup, outside of which failure is p r e 
dicted and within which it is not. We show here parametrically the de-
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pendence of these failure loci on the outer-coating thickness (expressed 
as the dimensionless ratio, a/b) with all other properties held constant. 
The inner-coating free volume, Fv, is fixed at 95% of the fuel volume, 
and 100% of the fission gas is assumed to be released from the fuel 
kernel. The two upward-sloping curves show the relation between fast-
neutron dose and burnup for UC2 fuel particles with 10 and 93% ^̂ Û 
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enrichment, respectively, in a reactor position where the fast and 
thermal fluxes are equal. The intersection of these curves with a given 
failure locus shows the predicted dose and burnup at failure for the 
given particle configuration and fuel composition. For the anisotropic 
coating material assumed in these calculations, it can be seen that in
creased coating thickness does not always provide the same effect on 
coated-particle performance. For high-burnup particles, increased 
coating thickness should prolong coated-particle life, whereas, for high-
fast-dose low-burnup particles, a thinner coating would be preferred. 
Hence the optimum coating thickness for a given particle may well de
pend on the composition and enrichment of the fuel employed, 

COATED-PARTICLE IRRADIATION TESTING AND EVALUATION 

Since the development of our mathematical model for predicting 
coated-particle irradiation behavior, we have begun to plan experiments 
specifically to provide tests of the model's predictions and to aid in 
establishing values for poorly known parameters, such as the mechani
cal properties of outer-coating materials under irradiation, the poten
tial free volume provided by various inner-coating materials, and the 
fractional release of fission gas from the fuel kernels. 

To provide useful information for our mathematical model, an 
irradiation test must meet three criteria: (1) It must employ well-
characterized coated particles, (2) it must permit reasonably accurate 
estimates of the flux and temperature to which the particles are sub
jected, and (3) it must be carried on until at least some of the particle 
coatings fail. We have recently completed the first irradiation test that 
has met all three requirements. The test utilized a static (sealed) cap
sule designed for simultaneous high- and low-temperature irradiation 
of multiple batches of coated particles. A description of the capsule de
sign was recently published.'^ 

Ten different lots of experimental coated particles were prepared at 
ORNL for irradiation in this capsule, along with two control lots sup
plied by commercial vendors. All experimental coatings contained two 
layers and had the same approximate dimensions; a nominal 50-JJ, inner 
layer surrounded by a nominal 7Q-ii outer layer.*^ Coating conditions 
were varied, as described earlier in this paper, so that 10 different 
combinations of inner- and outer-coating properties were produced. 
Eight of these coating types were deposited on UO2 fuel kernels of ap
proximately 220 jJ. diameter, and the remaining two were deposited on 
UC2 particles of 220 /i diameter. Properties and dimensions of all 10 
lots of experimental particles are summarized in Table 1. Figure 8 is 
a montage of preirradiation microstructures for each lot, arranged 
according to coating properties. 



Table 1 

PROPERTIES AND DIMENSIONS OF COATED PARTICLES FOR ETR X-BASKET IRRADIATION EXPERIMENT 

Coated-
par t i c l e - lo t 
designation 

OR-339 
OR-349 
OR-341 
OR-342 
OR-344 
OR-34 3 
OR-348 
OR-354 

OR-357 
OR-352 

Inner coating 

Average 
Micros t ruc ture th ickness , 

type M 

Average 
density, 

g/cm^ 

220-/^-diameter UOj Fuel P a r t i c l e s , 

Laminar 50 
Laminar 45 
Laminar 49 
Laminar 49 
Isotropic 52 
Isotropic 52 
Porous 36 
Porous 42 

220-M-diameter UCj 

Porous 35 
Porous 37 

2.03 
2.05 
1.47 
1.47 
1.51 
1.51 
0.93 
0.83 

Bacon 
anisotropy 

factor 
Micros t ruc tu re 

type 

90% of Theore t ica l Density, 93% 

1.3 
1.4 
1.4 
1.4 
1.0 
1.0 

Granula r 
Isotropic 
Granula r 
Isotropic 
Granula r 
Isotropic 
Laminar 
Isotropic 

Outer coating 

Average 
th ickness . 

M 

Enriched in ^'^ 

77 
72 
67 
65 
64 
60 
88 
82 

Fuel Pa r t i c l e s , Theoret ical ly Dense, 93% Enriched in ^^^u 

1.09 
1.00 

Granula r 
Isotropic 

71 
77 

Average 
density. 

g/cm^ 

'U 

2.03 
1.81 
2.03 
1.75 
2.00 
1.79 
2.01 
1.59 

2.04 
1.82 

Bacon 
anisotropy 

factor 

1.4 
1.0 
1.4 
1.0 
1.4 
1.0 
1.1 
1.0 

1.4 
1.0 



DEVELOPMENT OF COATED-PARTICLE FUELS 287 

Table 2 

EXPLRIMFNTAL CONDITIONS, RLSLLTS, AND PREDICTED BLRNLP AT FAILURE 
FOR COAT! D PARTICLES IN ETR X-BASKET IRRADIATION TEST 

Coatecl-
p a r t i c l e - l o t 
designat ion 

OR-339 
OR-339 
OR-349 
OR-349 

OR-341 
OR-341 
OR-341 
OR-342 
OR-342 
OR-342 

OR-344 
OR-344 
OR-344 
OR-34 3 
OR-343 
OR-343 

OR-348 
OR-348 
OR-348 
OR-354 
OR-354 
OR-354 

OR-357 
OR-357 
OR-352 
OR-352 

Es t imated 
i r r ad ia t ion 

t e m p e r a t u r e , 
°C 

440 
1020 
440 

1030 

520 
330 

1020 
510 
280 

1010 

430 
430 
980 
420 
470 

1000 

400 
500 
950 
510 
370 

1020 

320 
940 
380 
960 

T h e r m a l 
neutron 
dose ,* 

102" n/cm2 

1.84 
4.37 
2.08 
4.43 

2.55 
3.13 
4.35 
2 23 
3.34 
4.30 

2.28 
3.57 
4.08 
2.52 
3.34 
4.18 

2.73 
3.11 
4.27 
2.82 
2.94 
4.33 

3.93 
3.83 
3.77 
3.96 

Fast 
(>0.18 Mev) 

neutron 
dose,1 

102» n/cm^ 

0.293 
0.837 
0.345 
0.843 

0 530 
0.575 
0.845 
0.482 
0.617 
0.841 

0.395 
0.698 
0.775 
0.440 
0.662 
0.795 

0.487 
0.620 
0.813 
0.357 
0 577 
0.827 

0.758 
0.722 
0 730 
0.750 

At .* 
burnup 
at tained 
m fuel 

10.8 
23.5 
12.0 
23.6 

14.6 
17.5 
23 .! 
12.9 
18 5 
23.1 

13.2 
19.6 
22.1 
14.4 
18.5 
22.5 

15.5 
17 4 
22.9 
15.9 
16.6 
23.2 

21.3 
20 9 
20.6 
21.5 

P r e d i c t e d ! 
at % burnup 

at fa i lure 

21.8 
18.2 
17.9 
15.0 

29.7 
29 7 
24.7 
27.6 
27 6 
23.2 

24.5 
24.5 
24.3 
26.1 
26 .1 
21.6 

39.1 
39.1 
34.1 
41.4 
41.4 
36.1 

3 5 .1 , 23 .1** 
29.0, 19.0** 
37.8, 23.7** 
31.7, 19.8** 

Obse r \ ed§ 
pe rcen t of 
p a r t i c l e s 

failed 

0 
87 

OH 
lOOf 

1 
OH 
5 
0 
oir 

39 

0 
0 
0 
OH 
0 

17 

OIF 
0 
0 
0 
on 
0 

vlOT 
5 
2 

42 

•De t e rmined f rom ^'Co(n,y)*''Co act ivat ion in s t a m l e s s - s t e e l moni to r w i r e and con 
f i rmed by u r a n i u m isotopic ana lyses and c e s i u m act ivi ty de te rmina t ions on se l ec t ed 
l o t s . 

t D e t e r m i n e d f rom ^'*Fe(n,p)^^Mn act ivat ion in s t a m l e s s - s t e e l moni to r w i r e . 
i B a s e d on nominal i r r ad i a t i on t e m p e r a t u r e s of 400 and 1000°C for low- and h igh-

t e m p e r a t u r e c o m p a r t m e n t s , r e spec t ive ly . 
§ F r o m meta l lograph ic examinat ion of about 100 p a r t i c l e s , u n l e s s o the rwise noted. 
H Es t ima ted by v i sua l examinat ion . 
**Second number ca lcu la ted by using min imum m e a s u r e d inne r -coa t ing th ickness of 

20 M 

Irradiation was carried on for three cycles in an ETR X-Basket 
facility. Thermal and fast (>0,18 Mev) neutron doses and fuel burnup 
for each container are listed in Table 2, together with the estimated 
average irradiation temperatures. Also given in Table 2 are burnups at 
failure predicted by our mathematical model, together with the observed 
percentage of failed coatings for each lot of experimental particles. 
These results are presented graphically in Fig, 9 as a plot of the actual 
burnup attained by each lot of particles at high and low temperatures 
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Fig. 9—Comparison of mathematical-model predictions with observed 
coated-particle failures in ETR X-Basket Irradiation Experiment. Pre
dicted burnup based on 30,000-psi rupture stress, 100% release of fis
sion gas from kernels, and 25% of total inner-coating porosity available 
as free volume (except 50% for porous inner coatings). Circles, oxide 
kernels. Squares, carbide kernels. 

VS. the burnup at failure predicted by our model. Note that each point 
represents an individual lot of particles in either a high-temperature 
or a low-temperature capsule container. The figure legend permits 
identification of the type of kernel employed and the approximate pe r 
centage of failed particles found in a given lot on postirradiation ex
amination. We found satisfactory agreement between the experimental 
results and our mathematical predictions using the following model 
parameters: 30,000-psi rupture stress for the outer coating, lOO^ r e 
lease of fission gas from the fuel kernels, and 25% of the total inner-
coating porosity available to accommodate fission gas and fuel expan
sion (except 50% in the case of porous coatings). 

In evaluating these results, one should keep in mind that predictions 
are based on average coated-particle properties,* and the natural 

*Because of the unusually large spread of inner-coating thicknesses ob
tained for the two lots with carbide kernels, calculations were performed for 
both minimum and average inner-coating thicknesses. Both sets of values are 
given in Table 2. Points representing the minimum thicknesses appear in Fig. 9. 
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variation of these would lead to failures at higher and lower burnups 
than predicted. The only really unreasonable-looking point represents 
a lot in which one failed coating was found out of approximately 100 
examined raetallographically. The failure appeared to result from se
vere fragmentation of the inner coatings, thus allowing direct fission-
recoil damage to the outer layer, even though a significant free volume 
remained. 

DISCUSSION 

The apparent ability of our mathematical model to predict failure 
conditions in reasonable agreement with those observed in a single 
irradiation test is encouraging, but by no means definitive. Accurate 
independent measurements are unavailable for several important model 
parameters, in particular, the rupture stress (or other failure criterion) 
for the outer-coating materials under irradiation, the effective fraction 
of total porosity made available by the various inner-coating materials 
for fuel expansion and fission-gas accommodation, and the relation of 
fuel swelling and fission-gas release to temperature and burnup. The 
interaction between these parameters is complex, and more than one 
set of "reasonable" values can provide almost the same predicted burn-
up at failure. Hence further work is badly needed to provide additional 
confidence in the use of our model. We need independent measure
ments of the model parameters noted, together with irradiation testing 
to failure of well-characterized coated particles in sweep-capsule 
facilities to permit careful temperature control and monitoring of the 
time at which failure occurs. Work in all these areas has been initiated 
or is planned for the near future at ORNL, 

As a final demonstration of the impact of the mathematical model on 
our coated-particle development program, consider the calculation of 
the optimum distribution of inner- and outer-coating layer thicknesses 
for typical coated particles with a fixed ratio of total-coating thickness 
to fuel-particle diameter. This ratio (frequently designated t/d) is 
limited in many power-reactor and converter applications by nuclear 
restrictions on minimum fuel-volume loadings. We have performed 
these calculations for fully dense (Th,U)C2 fuel kernels with 93% en
richment of uranium in ^̂ Û and thorium-to-uranium ratios of 0 : 1 and 
7 : 1 . The inner coating is taken to be a porous pyrocarbon with an ini
tial density of 0.6 g/cm^ and is assumed to provide 50% of its total 
porosity of free volume. The outer coating is taken to be a high-density 
moderately anisotropic material with a rupture stress of 30,000 psi. 
Thermal- and fast-neutron damage fluxes are assumed to be equal. 
Complete release of fission gas from the fuel kernel is assumed, and 
the ratio of total coating thickness to kernel diameter is held at one-
third. Results of our calculations for these conditions are given in 
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Fig. 10. Here we have plotted the expected thermal-neutron dose at 
failure against the ratio of inner-coating thickness for the two thorium-
to-uranium ratios in the fuel of 0: 1 and 7 : 1 . Note that an increase in 
expected coated-particle life by almost a factor of 2 is predicted if the 
inner coating occupies 60 to 70% of the total coating thickness rather 
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total coating thickness for coated particles with total coating thickness 
equal to one-third of the fuel-kernel diam.eter 

than the 20 to 30% employed in many current coated-particle designs. 
Calculations based on other values of outer-coating rupture stress and 
inner-coating density have shown that the locations of the optima along 
the abscissa are quite insensitive to the values assumed for these coat
ing properties, although the absolute curve heights can be shifted sig
nificantly. We feel that these predictions may be highly significant for 
future coated-particle design, and we are presently initiating irradia
tion tests to determine whether the predicted improvements can be ob
tained in practice. 
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SUMMARY 

In summary, we have tried to show how our fabrication, analysis, and 
irradiation-test programs have combined to guide the development of 
coated particles with optimum properties for given reactor applications. 
Additional work is still required before we can determine precisely 
where these optima lie. For example, we cannot say that the optimum 
coating configurations suggested in the last figure are the best possible 
for any given application, additional factors such as coated-particle 
crushing strength and coatmg-temperature drop may shift the true 
optimum position significantly from that shown. However, this analysis 
has permitted us to design experiments we feel will permit identifica
tion of optimum coated-particle designs m an efficient manner. 
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FUEL^DEVELOPMENT PROGRAM 
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Germany 

ABSTRACT 

The fuel element for the Thorium High Temperature Reactor (THTR) is similar 
to the element of the AVR pebble-bed reactor, i.e., graphite balls of 6 cm in 
diameter which contain the fuel in the form of coated particles. Several types of 
fuel elements for the THTR are under investigation. Each of the four main types 
of elements (hollow sphere, pressed, annular gap, and spherical gap) possess 
special advantages. The fuel particles, both oxide and carbide, are prepared 
either by powder metallurgy or by a chemical method that differs from the usual 
sol—gel process in that there is an inner gelling of the sol droplets. About 35 
different combinations of coatings were prepared in a fluidized bed, mostly with 
low-density inner and high-density outer coatings. The main emphasis for future 
work will be on lowering costs. 

The Thorium High Temperature Reactor (THTR) project fuel element 
Is similar to the element of the AVR pebble-bed reactor, i.e., graphite 
balls of 6 cm diameter which contain the fuel in the form of coated 
particles. The main design data are diameter, 6 cm; fuel-free zone, 
0.8 cm; residence time, 2 to 6 years; maximum power, 2.4 kw; maxi
mum fuel temperature, 1350°C; and burnup, 100,000 Mwd/metric ton. 

The uranium and thorium content differs depending on the loading 
scheme of the reactor. The standard ball contains 1 g of uranium and 
10 g of thorium. In the case of two-type element loading, the feed type 
will contain 1 g of ^̂ Û (or possibly plutonium), and the breed type, 
which represents equilibrium conditions, will contain about 0.5 g of 
uranium and 13 g of thorium. The main specifications are: 

1. Fission-product retention (the fractional release of the sphere 
should be smaller than 10"^ for a burnup of 100,000 Mwd/ton). 

2. Corrosion resistance (the reaction rate with 1 vol. % of water 
in helium at 1000°C should not exceed 0,7 mg/cmVhr). 

293 
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3. Mechanical strength (the pebbles have to withstand 50 drops on 
a pebble bed from a height of 4 m), 

ELEMENT TYPES 

Several types of fuel elements are under investigation which dif
fer in the kind of graphitic material used and by the use of either 
fixed (A) or loose (B) particles. The balls consist either of machined 
block-pressed or extruded graphite (1) or of what we call "synthetic 
graphite" (2), a mixture of graphite powder and binder, cold-pressed 
in a rubber die and subsequently heated to 1700 to 1800°C, Each of the 
resulting four main combinations possesses special advantages. Ma
chined graphite is the best proven material, but fabrication costs for 
elements from molded synthetic graphite are considerably lower. 
Fixation of the particles to the graphite shell or matrix provides 
better heat conductivity, but loose particles are particularly at trac
tive for reprocessing. Examples of the four main types are shown in 
Fig. 1. 

1A HOLLOW-SPHERE IB ANNULAR-GAP 
ELEMENT ELEMENT 

2A PRESSED 2B SPHERICAL-GAP 
ELEMENT ELEMENT 

Fig. 1—Types of fuel elem.ents. 

Element lA is the hollow-sphere type, which is similar to the 
element produced by Union Carbide Corporation (UCC) for the first 
charge of the AVR Reactor, Contrary to the quasi-homogeneous UCC 
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type, the particles are concentrated in a thin layer at the inner sur
face of the spherical graphite shell, thus reducing the maximum fuel 
temperature. The interior is filled with graphite flakes. Element IB 
is the annular-gap type for the use of loose particles. The available 
volume is rather small (6 ml). Other improved types are under inves
tigation. Element 2A is called a pressed element. It is fabricated in 
two steps. First, the mixture of graphite powder, binder, and coated 
particles is molded at low pressure into a small ball, which in a 
second pressing step is embedded in a fuel-free spherical shell. A 
cost evaluation has shown that this type may become the fuel element 
with the lowest cost if reprocessing costs are not taken into account. 
After the pressing process the element contains fuel and cannot be 
heated to temperatures above 1700 to 1800°C. Consequently it contains 
nongraphitized material that supposedly shrinks considerably when 
irradiated at high temperatures. However, recent irradiation experi
ments showed that dimensional changes are lower than expected. The 
mechanical strength and the thermal conductivity of the material are 
very good. Element 2B is called a spherical gap type and is prepared 
by a variation of the "lost-wax method." Plastic parts of different 
shapes are pressed together with the mix. These parts decompose 
during subsequent heat treatment, leaving hollow spaces to house the 
particles in loose form. This type can accommodate more particles 
than type IB. 

COATED PARTICLES 

Particle Preparation 

Both oxide and carbide kernels were prepared either by powder 
metallurgy or by chemical methods. For the preparation of green 
carbide particles from a mixture of oxide powder and a binder plus 
either carbon black or graphite powder, several granulation techniques 
were extensively investigated during the last 3 years. Among them the 
Lodige-mixer method and the rotating-disk method were retained as 
the most economical and reliable processes. A detailed description 
was given by Fleischhauer et al. ' 

Our chemical method is similar to the sol —gel process; however, 
the gel particles are prepared by an inner gelling of the sol droplets. 
The Th02-U02 sol is made in the usual way. If carbide particles are 
desired, appropriate amounts of carbon black are dispersed in the sol. 
Then a solution of hexamethylenetetramine (HMT) is added to the sol. 
Immediately after the addition the mixture is injected into a stream 
of hot oil (90 to 95°C). The temperature increase causes the HMT to 
decompose, and the evolved NH3 gels the dispersed sol droplets in a 
few seconds. The temperature and the HMT concentration are adjusted 
to allow the necessary time for the droplets to form spheres in the 
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hot oil. The particles are continuously removed from the oil stream, 
which is returned to a thermostat from where it is pumped back to 
the injection nozzle. The green particles are washed,^ dried, and 
sifted. With this method we obtained green particles ranging from 
300 to 1100 II in diameter. 

The pure oxide so l -ge l particles can be sintered to dense par
ticles at moderate temperatures (1100 to 1300°C), The transformation 
of oxide—carbon mixtures into carbide particles needs higher temper
atures and is accomplished (followed by sintering or melting) in a 
graphite bed. For this graphite-bed process, the green particles are 
mixed with a sufficient amount of graphite powder (to assure separa
tion of the particles), placed in a graphite crucible, and heated at 
2000° C in vacuum for about 1 hr. The reaction to carbide thus takes 
place at a sufficient rate. After the reaction we melt the carbide 
particles by raising the temperature to 2550° C. Surface tension causes 
the molten particles within the graphite powder to assume a spherical 
shape. Without coming into contact with air, the crucible is transferred 
into a glove box filled with dry argon to be emptied. In the search for 
a more economical procedure, we have recently omitted the reaction 
and melting steps required in the graphite-bed process and transferred 
the green particles directly into a fluidized bed where they are con
secutively reacted (only carbides), sintered, and coated. 

It is difficult to assess the merits of the processes. The so l -ge l 
process has a higher yield and is certainly best suited for high produc
tion. The yield rates per fabrication unit (whidh corresponds roughly 
to the necessary man-hours) were, for the so l -ge l process, 4 kg/hr; 
for the Lodige-mixer method, 1 kg/hr; and, for the rotating-disk 
method, 0,25 kg/hr. In addition, sol -gel oxide particles can be sintered 
at lower temperatures. On the other hand, granulation techniques are 
more easily adjustable to different needs in composition, etc., and are 
probably cheaper for small-scale production. We still use the granula
tion methods for the preparation of 1- to 5-kg test charges. 

With regard to the controversy concerning the use of sintered or 
molten kernels, we have no experimental ground for a decision. The 
same applies to the question of the dilution of carbide fuel by other 
carbides or carbon. We feel, however, that the consideration of dimen
sional stability, which leads to fuel dilution in certain types of fuel 
elements, does not apply to coated particles. If one must provide free 
volume anyhow to accommodate fission gases and fuel swelling, it is 
difficult to see why one should fill "potential free volume" by inert 
materials such as carbon. The dilution that can be tolerated also de
pends on how much space for fuel is available in a fuel element. For 
example, in elements using loose particles, the density attainable by 
tapping will not exceed two-thirds of the theoretical density. Also, 
about one-half of a coated particle consists of carbon; therefore only 
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about one-third of the total space is available for fuel. In this case we 
often cannot afford to dilute the fuel further. As to the question of 
oxide vs. carbide particles, we had no preference up to the present. 
The excellent results obtained by ORNL with oxide particles seem to 
indicate, however, that the oxides are better at very high temperatures 
and high burnup rates. 

Coating Preparation 

Rotating Furnace Two rotating furnaces with capacities of 10 and 500 g, 
respectively, were used in recent years. We will not go into the results 
obtained. Recently a decision had to be made between the fluid-bed and 
the rotating-furnace methods. As a result, we have discontinued work 
with the rotating furnace. This decision was based on the following 
facts: 

1. The deposition rates in the rotating furnace are much lower 
than in fluidized beds. 

2. At present no positive experience is known of rotating furnaces 
with units larger than 500 g in capacity, whereas there are fluidized 
beds in operation with capacities up to 5 kg. 

3. It seems to be more difficult to operate the rotating furnace 
under reduced pressure. 

Fluidized Bed A fluidized bed (3.2 in. in diameter) with a capacity of 
1 kg of fuel has been operated in the temperature range of 1000 to 
2100°C with methane concentrations of 3 to 50%. Deposition rates of 
3 to 100 jLi/hr and coating densities ranging from 1.4 to 2.1 g/cm^ were 
obtained. Acetylene was used for the preparation of coatings with 
densities below 1.4 g/cm^. About 35 different combinations of coatings 
were prepared, mostly with low-density inner and high-density outer 
coatings. We placed the main emphasis on reproducibility, and extensive 
testing was carried out. The cost of argon, which we used as the carrier 
gas, represented a significant part of coating costs. We therefore began 
experiments at reduced pressure, which proved successful. We now 
apply coatings mostly at low pressures down to 20 torrs , where a 
deposition rate of 20 (i/hr can still be obtained. The properties of these 
coatings are equal to, or betterthan, those obtained at normal pressure. 
Less sud particles are formed, and porosity and gas content of the 
coating are lower. 

FUTURE WORK 

The main emphasis will be placed on lowering costs. For the 
THTR we expect a reduction in the mechanical-strength requirements 
for the pebbles from the development of improved loading devices, 
reducing the effective drop weight and thus permitting the use of 
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cheaper graphite. For the coated-particle development, we will pos
sibly extend work to larger units, although we do think that cost reduc
tion can best be achieved by reducing process time and the number of 
transportation and fabrication steps. For the not-too-distant future, 
we may have to think about coated particles specially adapted for r e 
processing. 
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AN UNSHIELDED PILOT PLANT 
FOR RECYCLING 233u 
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ABSTRACT 

A pilot plant to convert recycle fuel and fabricate prototype-fuel elements 
of the power-reactor type Is described. Initial operation with thoria—uranla 
containing ^ '̂U has been successfully demonstrated. Recycled ^̂ Û is usually 
contaminated with a small amount of ^̂ Û which, through some of its decay 
daughters, contributes significantly to the gamma radioactivity of recycled 233u 
fuels, particularly in the penetrating high-energy region. The resultant fabrica
tion problem is usually solved by using remote or semiremote techniques. 
However, to avoid the inherently high capital and operating costs of such meth
ods and to simplify maintenance problems, a method has been developed whereby 
the 22'U fuel can be deactivated and then refabricated directly. The fuel is de
activated by removing the first daughter of ^̂ Û (̂ ^̂ Th) and is then refabricated 
rapidly before the increase in the ^̂ ŷ daughters and the associated gamma 
activity creates a hazard. Customary glove-box techniques, which are relatively 
inexpensive, are used in refabricatlon. 

The pilot plant was successfully tested with about 390 kg of natural mate
rial before being operated with 82 kg of oxide containing approximately 2.3 1^ 
of 2'3u contaminated with about 42 ppm 232u_ A prototype element typical of those 
used in pressurized-water reactors has been fabricated. Radiation exposures to 
the operators were well within permissible limits. The information gained dur
ing the hot runs indicates that 1000 ppm 232u-233u (or approximately 300 mg 
232u per batch) Is representative of the level of impurity that can be tolerated 
in the existing pilot plant operating for 5 days at a capacity of 50 kg of Th02 -
3 wt. % UO2 per week. 

The experimental program and major results are summarized, and evidence 
of the feasibility of the direct fabrication technique Is presented. 

The recycling of reactor fuel to reduce nuclear power costs is strongly 
dependent on the successful development and demonstration of economic 
methods for fabrication of recycled fuels. In 1962 The Babcock & Wil
cox Company (B&W) started a million-dollar project to develop, install, 
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and operate a pilot plant to convert recycle fuel and fabricate prototype 
power-reactor fuel elements. Initial operation with thoria-urania con
taining ^̂ Û has been successfully demonstrated at the Nuclear Devel
opment Center, Lynchburg, Va. 

Recycled ^̂ Û is usually contaminated with a small amount of ^̂ Û 
which, through some of its decay daughters, contributes significantly 
to the gamma radioactivity of recycled ^̂ Û fuels, particularly in the 
penetrating high-energy region. The '̂̂ U contamination increases with 
each exposure of the bred fuel in power reactors, and, since the fuel 
gamma radioactivity is approximately a linear function of the ^̂ Û con
tamination, the radiation level during refabricatlon increases with the 
age of the ^̂ Û fuel. 

The initial fabrication of virgin thorium cores does not present 
such penetrating gamma radioactivity and therefore does not require 
shielding or remote operation. Old ^̂ Û fuel that has been through a 
power reactor many times requires just as much shielding as the 
gamma radioactivity from the fission products. Thus remote techniques 
are probably required for fuel under equilibrium-cycle conditions, i-3 

The gamma activity associated with recycle ^̂ Û fuel grows with 
time and becomes more intense and more penetrating as time, or age, 
after chemical separation increases. This activity growth occurs be
cause, during the reprocessing of the fuel, the T h - U partition breaks 
the transient equilibrium^""^ of ^̂ Û (half-life, ~70 years) with its first 
daughter, ^^^Th. (See Fig, 1.) However, restoration of the transient-
equilibrium conditions gradually increases the gamma radioactivity to 
the previous level (Fig, 1), Therefore, if the fuel is refabricated 
rapidly before the increase of ^̂ Û daughters (and the associated in
crease of gamma radioactivity) creates a hazard, remote operations 
are not required. An equivalent chemical separation could be pur
posely performed to deactivate the fuel that had been reprocessed ear
lier; then the fuel could be refabricated directly and rapidly. If the 
^̂ Û level were low enough, a direct refabricatlon method could be 
used for an interim period of several fuel cycles in power reactors to 
avoid high capital and operating costs and to simplify the plant mainte
nance problems. 

During this interim recycle period, the spent thorium fuel is com
pletely decontaminated from the fission products in a typical reprocess
ing station, the ^̂ Û is refabricated in a glove-box line, and the "hot" 
thorium is stored for ^̂ ^Th decay and eventual recycle. Incomplete de
contamination of the thorium may be satisfactory since the 12- to 15-
year period required for the decay of the ^^^Th daughters will also 
provide for an adequate decay of fission products. 

During the elapsed time between reprocessing and fabrication, the 
decay of '̂̂ U to its daughters increases the gamma activity of the fuel, 
as stated before, but the fuel can be easily deactivated by chemically 
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breaking the decay chain again. For fabrication then, rapid techniques 
such as the so l -ge l process and vibratory compaction are used to pre
pare the fuel rods into preassembled fuel-element frames to produce 
complete fuel bundles (see Fig. 2). Shielding during storage and final 
assembly must be used to protect the operating personnel from the in
creasing radiation of the finished fuel rods as they are accumulated 
for assembly into the final fuel bundle. 

EXPERIMENTAL PROGRAM 

To minimize the capital investment required by remote operation, 
we studied the expected radiation doses (Figs. 3 and 4) and the feasi
bility of fabricating '̂̂ U fuel without remote techniques. Once the fea
sibility of the concept was established, an experimental program was 
inaugurated to prove the practicality of a pilot-scale operation. There
fore a direct-fabrication pilot plant was designed and constructed in 
1963 to 1964, and cold tests were performed in 1965. The pilot plant is 
shown in Figs. 5 to 9. 

The fabrication method utilizes the simplest known processes^-^ 
that yield acceptable fuel for water reactors: the sol—gel process, 
which was developed by Oak Ridge National Laboratory (ORNL) to pro
duce high-density Th02-U02 from thorium and uranium nitrate feed; 
vibratory compaction of the oxide powder in Zircaloy tubing; and me
chanical assembly of the fuel elements under water. 

The design phase of the work emphasized several features that 
are essential for the success of the direct-fabrication method: 

1. Optimum process-batch size. 
2. Minimum system holdup. 
3. Simple equipment and maintenance. 
4. Minimum elapsed fabrication time. 

In addition, personnel training was conducted to reduce the direct 
handling of fuel materials to a minimum. 

When the cold tests were completed in 1965, the pilot plant was 
decontaminated and prepared for handling the 2.3 kg of ^̂ Û allocated 
to B&W by the U. S. Atomic Energy Commission.* The ^̂ Û was r e 
ceived from ORNL in the form of a uranyl nitrate solution. 

The experimental program with ^̂ Û began in August 1965 and was 
completed within the year; the element that was fabricated is shown in 
Fig. 10. 

Sixty-one batches of Th(N03)4 •4H2O were steam-pyrolyzed in a 
batch denitrator (Fig. 5) having a throughput of about 1400 kg of ni-

* Babcock & Wilcox requested 12.5 kg of ^ssy, but only 20% of that amount 
was available. 
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trate. This material was used to prepare a total of 45 batches of s o l -
gel oxide at a throughput of about 472 kg of oxide. Nominal uranium-to-
thorium ratios were 3% or lower; during the trial tests four batches 
were prepared with higher ratios, and two other experimental batches 
were prepared with a 10% uranium-to-thorium ratio. Of these 45 
batches, seven were of so l -ge l ^''^UOg-ThOj (U:Th=^ 0,03) prepared 
at a throughput of 82 kg of oxide powder. 
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Fig 5—Demtration system for production of dispersible thoria. 

Fig. 6—Ion-exchange deactivation box 
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Fig. 7—View of fuel-preparation glove-box line. 

Fig. 8 — View of rod-fabrication glove-box line. 
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A total of 192 fuel rods (10 ft long) were vibratory-compacted m 
the glove-box line by techniques that had been developed previously 
A tape-controlled vibrator was used to vibrate the rods electromagnet-
ically Bulk densities were calculated, and the fuel-mass uniformity 
along the rod was measured by gamma-ray absorption Thirty-seven of 
the 192 fuel rods were loaded with the ^^'U02—Th02 powder prepared 
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Ftg. 10—Finished fuel assembly produced during demonstration pro
gram (withdrawn rapidly from pool for quick survey of gamma activity). 
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in the sol - gel line. Thirty-five of these, together with 119 additional 
rods containing U„3t02 —Th02, were assembled underwater into a full-
sized fuel bundle. 

The uranyl (̂ ^̂ U) nitrate solution received from ORNL was ana
lyzed for uranium content and isotopic distribution. The results are 
summarized in Table 1. 

Table 1 

ANALYSIS OF ORNL-SUPPLIED 2S3u02(N03)2 SOLUTION 

Analysis 

Uranium concentra
tion, g / l i t e r 

Fluoride concentra
tion, m g / l i t e r 

Isotopic distr ibution 
233U, °/c 

234U, % 

236U, % 

236U, % 

238 U, % 

232u_233u, ppm 

ORNL resu l t s 

181.65 (measured) 
185.6 (calculated) 

88* 

91.24 

1.92 

5.86 

0.04 

0.91 

42 

B&W resu l t s 

183.75 

91.10 

1.95 

5.96 

0.04 

0.96 

42 ir 1 

Method 

Coulometr ic 
t i t ra t ion 

Not measured 

Mass spec
t romet ry 

Mass spec 
t rome t ry 

Mass spec 
t rome t ry 

Mass spec
t r o m e t r y 

Mass spec 
t rome t ry 

Alpha pulse 
spec t romet ry 

* The fluoride content was not measured by ORNL but by another laboratory 
(unidentified); the value was sent to B&W by the ORNL staff. The fluoride level 
was about 18 times higher than desired, but the material was accepted to avoid 
a delay in the program. 

Isotopic analyses of the used Th02-^'^U02 showed that the ^̂ Û 
content had increased slightly. This increase is accounted for as fol
lows: one-third as impurity uranium in the 1400 kg of thorium nitrate 
<md two-thirds as plant contamination from previous cold tests. 

An ion-exchange separation test of uranium and thorium was made 
on samples of the uranyl (̂ ^̂ U) nitrate solution to investigate a poten
tial deactivation process. Breaking the decay chain and removing the 
^̂ ^Th permits the remaining daughters to decay out with the half-life 
of the next longest lived chain member, 3.6-day ^^^Ra. The gamma 
level was actually reduced about twofold (as measured by the decrease 
in ^"^Tl gamma rays). Earlier ion-exchange studies with natural 
uranium—thorium mixtures showed that deactivation factors of 15 or 
higher could be obtained. The inconsistency between the tests per
formed with ^̂ Û and natural uranium stems from the high fluoride 
content of the uranyl (̂ ^̂ U) nitrate solution and its high uranium con-
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centration. The fluoride content in the uranyl (̂ ^̂ U) nitrate solution was 
approximately 18 times that desired, but the material was accepted to 
avoid a delay in the program. 

The gamma-radiation intensity of the '̂̂ U material wds measured 
at regular intervals (aliquots of the ^̂ Û material from ORNL were 
used). The total gamma emission was measured by ion-chamber in
struments, and the high-energy gamma radiation from ĉsrpj .^^g J^Q^. 
sured by a multichannel spectrometer. The composite radiation growth 
curve is plotted in Fig. 11. The two independent measurements (re
lated by a constant of proportionality) were normalized. Typical alpha 
and gamma spectra of the ^̂ Û material on hand are given in Figs. 12 
and 13. 

Personnel gamma doses were measured by film packs, pocket ion 
chambers, and finger rings. Film packs in the sol —gel line were left 
in position for the duration of the run. Individual dose rates were mea-

30 40 
DAYS SINCE PURIFICATION 

70 

Fig. 11—Calculated and observed growth of gamma activity of ^^^U 
material containing about 42 ppm of ^^^U. O, ORNL-3681 (run HJ-3). 
9, B&W total gamma activity. A, BSzW 2.6 -Mev ^"^Tl. 
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Fig. 13—Gamma spectrum of the used ^^U material. 

sured with ion-chamber instruments. Accumulated work-station doses 
were measured at each position in the pilot plant with the aid of film 
packs and ion-chamber dosimeters. These monitors were stored in a 
shield and were removed and worn by the operator only while manning 
the work station. The operators of the sol—gel line were required to 
record the station time involved so that effective station dose rates 
could be calculated. The data are summarized in Table 2. 
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Table 2 

SUMMARY OF GAMMA DOSES* 

Worker 

A 
B 

C 

D 

A 
B 
C 
D 

Operator doses 

Total dose 

Whole body 

165 
355 

70 

130 

Total 720 

, m r 

Hands 

Sol-Gi 

200 
1090 

70 

120 

1480 

Station doses 

Station 

el Line 

Measuring 
Blend tank: ThOj 

addition 
Blend tank: sol 

t r ans f e r 
Dryer : t ray filling 
Dryer : t ray dumping 
Furnace 
Powder prepara t ion: 

mill ing and sizing 
Weighing 

Rod-fabrication Line and Mechanical Assembly 

60 
50 
40 
10 

170 
130 
170 
30 

Blending 
Loading 
Cleaning 
Weighing 
Welding 
Leak test 
Gamma absorption 
Final decontamination 

Total dose, m r 

40 
50 

<1 

40 
20 
50 
80 

110 

390 

20 
55 
30 
20 
20 
11 
32 
16 

Total 160 500 

Tota ls 

S o l - g e l l ine 
Rest of plant 

Total 

720 
160 

880 

1480 
500 

1980 

Sol—gel line 
Rest of plant 

204 

390 
204 

594 

*A11 doses a r e for the production of 82 kg of ^ '^U02-Th02 powder ( s o l - g e l 
line) and the compaction of 37 rods and assembly in one bundle (rod-fabricat ion 
line and mechanical assembly) . 

The presence of light-element impurities could produce a fast-
neutron background due to {a,n) reactions (see Fig. 4). In particular, 
the unexpectedly high fluoride levels in the uranyl (̂ ^̂ U) nitrate raised 
the question as to whether a measurable fast-neutron dose rate could 
be obtained from the reaction ^'F(Q;,n)^^Na. A survey showed the level 
to be below the detection limit. 
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Fig. 14—Gamma activity of a Th02 gel containing ^^^U. 

Some anomalies detected in the gamma radioactivity of the gelled 
material suggested that an inhomogeneity in radium distribution existed 
during gellation. Gamma spectrometry on ^'^U-bearing specimens of 
sols that were evaporated separately confirmed that the ^^^Ra is not 
absorbed uniformly during gel solidification. Samples taken from a 
partly solidified sol had an initially decreasing °̂̂ T1 gamma emission. 
The decrease slows with time, but, after reaching a minimum, the ^"^Tl 
emission rises again. Figure 14 shows the observed data. 

At the end of the program, the mass balance showed a total holdup 
of 660 g of oxide in the so l -ge l line and 50 g of oxide in the vibratory-
compaction line. 

The experimental program was supported by extensive engineering 
and physics efforts in recycle-fuel technology. To support the pilot-
plant design, detailed criticality analyses on the poisoning effect of 
thorium on mixtures of ^''U, ^̂ ^U, and ^^^Pu were conducted. The effect 
is reported in Figs. 15 to 18 in terms of an allowance factor to be ap
plied to the safe parameter values for fuel mass, cylinder diameter, 
and slab thickness for homogeneous mixtures.^-^^ 



UNSHIELDED PILOT PLANT FOR RECYCLING ^̂ ^U 315 

6 8 10 2 
FISSILE MATERIAL IN FUEL OXIDE, WT. % 

Fig. 15—Cylinder -diameter allowance factor for ^^^U, ^^^U, and ^^^Pu 
in thoria fuels. 
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Fig. 16—Slab allowance factor for ^^ U, ̂ ^^U, and ^^^Pu in thoria fuels. 
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Fig. 17—Mass allowance factor for ^^^U,^^^U, and ^^^Pu m thoria fuels. 
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We have completed a detailed design of a solvent-extraction plant 
for scrap recycle and, possibly, for ^̂ Û deactivation in a commercial 
plant. 

Separate papers on the two major portions of the program, oxide 
preparation (Kosiancic, Dodd, and Halva) and element fabrication (Kerr, 
Barnes, and Ryon), are included in this volume. 

RESULTS AND CONCLUSIONS 

Results 

The pilot plant was operated with ^̂ Û material that had been de
activated by solvent extraction 48 to 70 days before fabrication. Opera
tions with this material, which contained 42 ppm 232^_233u^ were suc
cessfully performed. The total-body exposure dose in fabricating 82 kg 
of oxide into finished fuel rods was 880 mr. A total of four people 
worked two 12-hr shifts per day in the so l -ge l portion of the pilot 
plant, and four people worked one 8-hr shift per day in the remainder 
of the plant. Cold and hot operations with approximately 472 kg of 
thoria— urania oxide repeatedly demonstrated that it is feasible to 
limit the average elapsed time during feed preparation and rod fabrica
tion to 48 hr, and, in any case, to 72 hr while a maximum of two batches 
are in process at any time. 

Evaluation 

The maximum capacity of the existing pilot plant is 50 kg of Th02 — 
3 wt. % UO2 per week for a continuous 5-day operation. Based on the 
880-mr total-body dose resulting from the fabrication of 82 kg of oxide, 
the dose for 50 kg (the weekly capacity) is about 540 mr for the same 
labor force. Normalization to 8-hr shifts (three two-man 8-hr shifts in 
the so l -ge l line and one four-man 8-hr shift in the rest of the pilot 
plant) results in a labor force of 10 people, which in turn results in a 
unit personnel dose of 54 mr/week/man. Three to six days after pur i 
fication, the average exposure from total gamma radiation is 18 times 
less than the corresponding exposure from material aged 60 days after 
purification. This indicates that the existing pilot plant could process 
^̂ Û material containing correspondingly more ^'^U, i.e., approximately 
750 ppm 232^_233^ .^jjjj y^g same manpower, if radiation doses were 
arbitrarily limited to the average level of 54 mr/week/man and if the 
fabrication process were completed before the sixth day after the de
activation. Futhermore, the- existing pilot plant could process ^̂ Û 
material containing about 1350 ppm 232^_233u ^̂  the total-body radiation 
dose were allowed to approach the maximum permissible limit of 
1.25 r/quarter/man. However, to allow for uncertainties and oversim-
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plifications, it is felt that 1000 ppm ^^^U- U(or approximately 300 mg 
'̂̂ U per batch) is representative of the level of impurity that can be 

tolerated in the existing pilot plant. 

Implications 

It is possible to speculate about extrapolation of the pilot-level 
data to production situations. The data and experience gained during 
the operation of the pilot plant are useful for designing such production 
plants. It is recognized that large fuel fabrication plants based on the 
direct and rapid processing concept can be developed in a number of 
ways. The preferred plant design depends on such factors as plant 
maintenance philosophy, manpower supply, plant versatility, and ex
pected plant life. For example, in a thorium-rich country where abun
dant labor is available, it might be preferable to employ and train 
people rather than to strive for a high level of plant automation. On the 
other hand, in other countries a high degree of automation is probably 
more desirable. The actual ^̂ Û limits for large, direct production 
plants are directly dependent upon the type of plant constructed. Thus 
specific values or ranges for the ^^% contamination that can be toler
ated must be based on a fairly complete plant conceptual design. 

The current buy-back penalty for ^̂ Û fuel is composed of a fixed 
component representing the alpha hazard and a variable component 
representing the gamma hazard that increases with the ^̂ Û level of 
contamination. The gamma component is significant for even low ^̂ Û 
contamination levels. However, recent results from the B&W pilot-
plant operations indicate that the buy-back penalty should be adjusted 
so that the gamma component becomes important only at high ^̂ Û 
levels. 

Finally, this experience can be partially applied to the safe han
dling of high-burnup plutonium without the use of shielding. The impli
cations are similar because of the inherent penetrating gamma activity 
of such fuel. 
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THE IMPACT OF KILOROD FACILITY OPERATIONAL 
EXPERIENCE ON THE DESIGN OF FABRICATION 
PLANTS FOR 233yL-,-|̂  FUELS* 

R. E. BROOKSBANK, J. P. NICHOLS, and A. L. LOTTS 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

To advance the technology of the thorium fuel cycle, the Kilorod Facility was 
designed, constructed, and operated. Specific objectives of the 8-month-long 
demonstration program were (1) to prepare approximately 1000 Zircaloy-clad 
rods containing 3% 233u02-97% ThOj, (2) to determine the radiation levels and 
personnel exposures encountered in the fabrication of ^'^U-bearing fuels, and 
(3) to provide base-line engineering information for future fabrication plants. 
The results of the pilot-plant demonstration were highly encouraging. In sus
tained operation, data were collected on the effect of the many variables that 
affect radiation dose rates and thus the allowable ^̂ Sy content of fuel in similar 
fabrication lines. A model was developed to explain the Kilorod data and to 
provide a basis for extrapolating dose rates to other lines having a nominal 
capacity of 10 kg of oxide per day. Also, design parameters for conceptual 
233u-Th fuel-fabricating plants having capacities from 60 to 3700 kg of heavy 
metal per day were estimated. 

The development of reactor systems that would employ thorium as a 
reactor fuel has created a basic need for solving the problems of the 
Th-^^^U fuel cycle. The major problem of this cycle is the radiation 
levels encountered in fuel reconstitution. The first pilot-scale demon
stration involving this cycle was the Kilorod program, successfully 
completed during 1964. This program was aimed at advancing the 
technology by coupling the Oak Ridge National Laboratory (ORNL) 
sol -gel process to the vibratory-compaction method of fuel fabrica
tion by semireraote methods on a 10 kg/day scale. 

^Research sponsored by the U. S. Atomic Energy Commission under con
tract with the Union Carbide Corporation. 

321 



322 BROOKSBANK, NICHOLS, AND LOTTS 

The requirement of the Brookhaven National Laboratory (BNL) 
for 1100 Zircaloy-clad fuel elements containing 3% 233u02-97% ThOz 
afforded the opportunity to provide engineering data under sustained 
operating conditions. In the Kilorod case specific records were main
tained on equipment reliability, process performance, radiation levels 
and exposures, manpower effectiveness, and product acceptability. 
This paper is an attempt to evaluate several of these factors as they 
apply to plant scale-up. Because of the importance of the radiation 
information on the economics and safety of the fuel cycle, considerable 
emphasis is placed on the radiation data obtained during the program. 

The results of the pilot-plant program were highly encouraging 
since approximately 1 metric ton of product was produced during an 
8-month operating period. Product specifications were met in each 
process phase, and the result was a chemically sound final product 
that was compacted to 90% of the theoretical density. Process losses 
and recycle rates were acceptable. 

PROCESS AND FACILITY DESCRIPTION 

A detailed description of the entire Kilorod Facility has been given 
previously;' however, for completeness a brief description of a gen
eralized flow sheet is necessary (Fig. 1). Basically the flow sheet 
could be divided into three separate process phases. The first phase 

THORIUM 
NITRATE' 

HYDROTHERMAL 

DENITRATOR 

FUEL-ROD 

FABRICATION 

FUEL 
RODS 

FUEL-ROD 

CARRIER 

Fig. 1 —Kilorod Facility flow sheet. 

AGED 
233 

"1 
SOL-GEL 

PROCESS 

233u SOLVENT 

EXTRACTION 

H^I^Sv 

U02(N03)2 
" - F E E D «-" 
SOLUTION 

232 U DECAY PRODUCTS 



KILOROD FACILITY OPERATIONAL EXPERIENCE 323 

consisted of the preparation of feed materials, which included the 
hydrothermal denitration of thorium nitrate tetrahydrate and the r e 
moval of the ionic contamination and daughter products of '̂̂ U from the 
^̂ Û by solvent extraction. The sol-gel process^ was then used in the 
second phase to combine these raw materials into a dense, homo-

PERSONNEL SHIELD 
4 1/2-IN. STEEL ~ — — 

Fig. 2—Kilorod Facility. 

geneous mixture of 3% ^^^U02-97% Th02. In the last phase, rod-
fabrication steps were accomplished by preparing the solids into the 
desired size fractions and compacting these solids into0.5-in. Zircaloy 
tubing. The rods were then welded, cleaned, inspected, and shipped. 

The solvent-extraction facility was operated remotely behind 5 ft 
of concrete shielding. Standard pulse-column technology was used. 
Because this technology is well established, a detailed description 
will not be given in this discussion. The only new aspect of the purifi
cation system was the use of a new extractant, di-sec-butyl phenyl 
phosphonate, which performed adequately. 

The "heart" of the Kilorod Facility was the shielded enclosure 
constructed in a former reprocessing cell (Fig. 2). The outer cell wall, 
measuring 20 ft long by 19 ft wide by 27 ft high, served as a secondary 
barrier in the event of an activity release. The sol-gel cubicle was 
located on the upper level. The mixed oxide particles resulting from 
this process phase were then reduced in size, weighed, and blended in 
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the powder-preparation shaft. The vibratory-compaction, welding, 
cleaning, and inspection functions were performed in cubicles on the 
lower level. The second level served as a decontamination area for 
equipment repair. All the operations were conducted through 4.5 in. of 
steel or 8 in. of high-density concrete by using gloved hands or castle-
type manipulators. An alpha-tight steel membrane lined each of the 
process cubicles. 

PROCESS EVALUATION 

Program Summary 

Necessary to the evaluation of any new pilot-scale process is an 
abundance of data that may be used for subsequent scale-up. In this 
regard the Kilorod results^ have indicated that the sol -gel rod-
fabrication fuel-recycle scheme is a workable system and adaptable 
to remote operation. An overall program summary, presented in 
Table 1, gives some of the major results obtained from the various 
phases of the operation. 

Table 1 

SUMMARY OF KILOROD PROGRAM RESULTS 

Operational phase 

Th02 prepara t ion 
2̂ ^U purification 
Sol—gel p r o c e s s 
Rod fabrication 

Mater ia l 
p rocessed , 

kg 

1277 
50 

994 
980 

Mater ia l 
utilization, 

% 

99.0 
100.0 

99.8 
94.3 

Losses or 
recyc le , 

% 

1.0 
0.1 
0.1 

0.3 (7.6)* 

On-s t r eam 
t ime, 

% 

100 
100 

90 
80 

*Recycle, including start-up phase. 

In the feed-preparation steps, 1277 kg of Th02 and 50 kg of " 'U 
were produced with product losses that are acceptable. The utilization 
of the material made in these steps, which is a measure of product 
reproducibility, was greater than 99%. On-stream time for each of 
these phases was 100%. 

Within the so l -ge l process, 994 kg of the mixed oxides were 
prepared. In addition to this quantity, 124 kg of oxide containing 
depleted uranium was used during the shakedown operation. Process 
losses for the operating period averaged 0.1%, Small repairs could be 
made within the cubicle without process interruptions. Major repairs, 
such as calciner-element replacements, required a complete cleanout 
and shutdown. During the program, three element replacements were 
required which decreased the on-stream time of the process to 90%. 
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In general, the rod-fabrication items were standard mechanical 
devices that were adapted to operate m a hostile environment. At the 
onset considerable difficulty was experienced with a ball mill. This 
resulted m some downtime, effectively reducing the on-stream ef
ficiency to 80%, which IS still good for directly maintained radio
chemical-equipment operation. In all, 980 kg of oxide was compacted 
into 1100 fuel tubes, process losses totaled 0.3%, The recycle rate was 
approximately 7.6% for the overall program, including the start-up 
period. This recycle is the result of "soft" density spots located m the 
fuel column as determined by gamma scanning. The recycle rate was 
reduced as the operators gained experience. This system demonstrated 
a peak production rate of 15.5 rods per 8-hr day. 

Product Acceptability 

Another major item necessary for new process evaluation is the 
acceptability of the process product. The tail-end product resulting 
from the Kilorod operation and the material from each phase of the 
program met the assigned specifications (Table 2). 

Table 2 

PRODUCT ACCEPTABILITY 

Operational phase 

^̂ ^U purification 
Gross gamma decontamination factor 
Thorium decontamination factor 
233u recovery , % 
NO3/U 

S o l - g e l 
U/Th + U,% 
Gas r e l ea se , cm^/g 

Oxide 
Crushed oxide 

Rod fabrication 
Fuel-bed height, in. 
Density variat ion, % 

Rod to rod 
Withm rod 

Packed density, g/cm^ 
Loading, g 

Specification 

>100 
>103 
>99 
<2.5 

3.0 ± 0.05 

<0.05 
<0.3 

±1 

±2 
±2 
9.0 
900 

Product 

279 
3.5 X 10^ 

99.4 
2.2 

3.01 

0.03 
0.18 

± 1 

±2 
±2 
8.97 
906 

The specifications for denitrated Th02 were met in all but two 
13-kg batches that were made during the start-up phase of the pro
gram. Because the preparation of this feed material has been reported 
elsewhere, it will not be covered in this discussion. 
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The major specification for the purified uranyl nitrate is the 
nitrate-to-uranium ratio, which must be kept below 2.5. The overall 
value for this ratio was maintained during the nine solvent-extraction 
runs. Other specifications, including decontamination from thorium and 
gamma activity, also were met. Uranium recovery was greater than 
99% in each case. 

Product specifications were met for the material discharged from 
the sol—gel cubicle. The most stringent specification required 3.0 ± 
0.05% uranium in the oxide. In the operation an average value of 3.01 
was obtained over all the batches prepared. Other requirements of 
BNL included a product-gas release value of 0.05 cmVg for the freshly 
prepared oxide and 0.3 cm^/g for the crushed material. Both specifica
tions were met. 

Stringent requirements were placed on the fuel rod. These require
ments specified the bed height to be within 42 ± 1 in. with a rod-to-rod 
fuel-column density of ±2%, An average packed-bed density of 89.7% 
was demonstrated for all the fuel elements prepared. 

RADIATION DOSE 

Levels 

Because of the importance of the radiation data on the economics 
and safety of the thorium fuel cycle, detailed records were maintained 
on operator exposures, cubicle backgrounds, and the effect of cleanup. 

In this program ^̂ Û solution (containing 38 ppm ^^^U), which was 
purified by solvent extraction and which was approximately 5 days old, 
was furnished to the Kilorod Facility at about 40-day intervals. In each 
of these intervals (called campaigns), the postpurification time in 
so l -ge l processing varied from about 5 to 25 days and in rod fabrica
tion from about 9 to 28 days. In each portion of the line, there was an 
incremental time after processing of about 7 days for postcampaign 
cleanout of equipment. In the Kilorod Facility there was also some lag 
time between campaigns for data analysis. Because of fixed con
tamination of equipment, it was not possible to clean out thoroughly 
after each campaign; a more extensive cleanout and decontamination 
was necessary after the seventh campaign. 

Approximately 3 to 4 years had passed since the last purification 
of the ^̂ Û used in the Kilorod program. Consequently the daughters of 
^̂ Û were nearly in equilibrium. The solvent-extraction process r e 
moved the ^^^Th, ^^^Ra, and "^Pb daughters by factors of about 2500, 
5000, and 100, respectively. Because of the relatively low efficiency 
for removal of ^'^Pb, presumably caused by extraction of its ^̂ "Rn 
parent, the hard gamma activity in the product decreased for approxi-
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mately the first 2.5 days and then began to increase, approaching the 
activity from initially pure material after 5 to 10 days. 

The average radiation exposures in the Kilorod program were 
19,5 and 19.1 mrems per man per week for the sol-gel process and 
the rod f a b r i c a t i o n , respectively. Hand exposures were 62 and 
113 mrems per man per week for the so l -ge l process and the rod 
fabrication. These operator doses are significantly higher than those 
experienced by the supervisors, who may be thought of as "controls" 
for the program. The dose incurred in process operations from ma
terial actually being processed was no more than 20% of the total. The 
dose during processing operations from material held up in the equip
ment was 36% of the total. The dose incurred during postcampaign 
cleanout operations was 34% of the total. The dose from in-cubicle 
maintenance operations averaged 10% of the total. 

The radiation level from holdup of material in the Kilorod process 
was estimated on the basis of the radiation dose rates to film packs 
placed in strategic areas inside the Kilorod cubicles. In the so l -ge l 
process, the radiation background from material holdup was relatively 
constant in campaigns 4 through 7. These data can be explained by 
assuming a steady-state mass of about 2 kg of oxide and exponential 
removal of old material with a rate constant of about 0.15 per campaign. 

The background levels in the rod-fabrication equipment continued 
to increase from campaign to campaign. The data are best explained by 
assuming that about 1.5 kg of oxide of the nearly 100 processed in the 
first campaign was irretrievably lodged in the equipment. 

Separate records were maintained of the radiation dose rates 
during postcampaign cleanout operations. The dose from these opera
tions, accumulated over seven campaigns, represented about 34% of 
the total dose. Approximately 60% of the total dose in the seventh 
campaign was incurred in the postcampaign cleanout period, during 
which "complete" decontamination was attempted. 

Doses were also accumulated for maintenance operations per
formed inside the cubicles. These doses were 20, 10, and 2% of the 
quarterly exposures during the first, second, and third yearly quarters 
of operation, respectively. These exposures do not reflect the actual 
weight of maintenance operations. The predominant effect of main
tenance is delay of the process, which adds the requirement that ma
terials be processed at longer postpurification times. A similar effect 
occurs from other delays in the process, caused by holding materials 
for analysis, holding off-specification materials for blending, etc. 

Evaluation 

A model was developed (see the appendix) to explain the Kilorod 
data and to provide a basis for extrapolating dose rates to other lines 
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SAssumes holdup equivalent to one-fourth that of the Kilorod Facility. 
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having a nominal capacity of 10 kg/day. Operator doses are assumed 
to vary directly with the production rate, ^̂ Û content, average activity 
of the fuel, and shielding factors and inversely with the number of 
operators. The model is believable since the same constant of propor
tionality explains exposure data obtained in wet-chemistry operations 
as well as those for solids handling and fuel-rod fabrication. Based on 
this model, with the incorporation of process improvements that are 
indicated from Kilorod results, we were able to predict dose rates for 
other 10 kg/day plants (Table 3). 

A breakdown of the parameters that were assumed in our estimate 
of the maximum practical upper limit of 20 ppm ^̂ Û in ^̂ Û for fabrica
tion in an unshielded glove-box line is shown in line 1 of the table. Our 
experience in the Kilorod Facility with semiproduction-scale opera
tions leads us to conclude that it is not practical to operate at an 
average postpurification time of less than 7.5 days in the sol —gel 
process. It is not feasible to use the solvent-extraction product at 
postpurification times shorter than 2 to 3 days because of the post-
purification time that accrues during collection and evaporation of a 
batch and because the product must be held up until good statistical 
accuracy is assured for uranium content, nitrate-to-uranium ratio, 
and other variables that must be known to achieve specification-grade 
product. Equipment maintenance, off-specification products, and batch 
residues are often responsible for a several-day delay in the average 
postpurification time for the campaign. 

Assumptions and estimated results for an extremely optimistic 
fabrication scheme are shown in line 2 of the table. The scheme a s 
sumes that purified ^̂ ^U, 1 day old, is delivered to the sol -gel process 
at 1-day intervals. It is further assumed that the fraction of a daily 
batch held up in the equipment is a factor of 4 less than that for the 
Kilorod Facility, that material having an age greater than 4 or 5 days 
will be dissolved and recycled through the solvent-extraction plant, 
and that complete equipment decontamination can be made after each 
10 batches without serious economic penalty from equipment throw-
away and loss of fissile material. Waiving operational problems, we 
conclude from the results in the table that a ^̂ Û content of about 
200 ppm in ^̂ Û is the upper limit for processing 3% ^'^UOj-ThOj 
fuels at 10 kg/day in an unshielded glove-box line for average process 
exposures of 40 mrems/week. 

Estimates of the dose rates for shielded glove-box lines pro
cessing typical Seed Blanket Reactor fuel by the conventional so l -ge l 
process and High-Temperature Gas-Cooled Reactor (HTGR) fuel by 
the sol —gel microsphere process are shown in lines 3 and 4 of the 
table. We arbitrarily assumed that there is a factor of 4 less holdup in 
the equipment for a microsphere process than for the conventional 
so l -ge l process, primarily to show the magnitude of the effect. We 
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conclude that these fuels could not be processed even with the shielding 
provided in the Kilorod Facility; shields to provide dose attenuation 
by a factor of about 100 would be required. This is beyond what can be 
accomplished with shadow shielding. 

APPLICATION OF KILOROD DATA TO PLANT SCALE-UP 

The Kilorod data have allowed the evaluation of process results 
in such a manner that it can be extrapolated to larger scale fabrication 
plants. However, it should be noted that the Kilorod Facility did not 
include the assembly of fuel elements or the processing of different 
enrichments that are normally required in fuel-element designs to 
optimize fuel-element reactor-core performance. Therefore the Kilo
rod experience has influenced our scale-up studies in a more general 
sense; i.e., the data cannot be extrapolated directly to every type of 
fuel that may be envisioned, but each fuel type must be analyzed on 
its own to determine what type of processing plant is required. Spe
cifically we are interested in the type of equipment to be used and the 
shielding provided the operators. 

Two studies have been made '̂  to ascertain the costs of the s o l -
gel process, rod fabrication, and recycle scheme and to establish the 
shielding requirements of plant capacities ranging from 60 to 3700 kg/ 
day. In these studies, one of the fuel-element designs selected was the 
Spectral Shift Control Reactor (SSCR) because of its similarity to ex
isting Kilorod technology. 

Because greater than 70% of the dose received by Kilorod opera
tors was the result of exposure to aged-material holdup in equipment, 
we are interested in the plant cleanout cycle. To determine the effect 
of material holdup and the effect of cleaning the plant at various in
tervals, we calculated the shielding for three conditions, assuming 
that the operator would be allowed no greater than 1 mrem/hr. The 
three conditions were (1) no material holdup in the fabrication line, 
(2) 3 kg of aged oxide would be held up in the equipment but would be 
released after 5-day processing intervals, and (3) 3 kg of fuel would be 
held in the equipment during processing but would be released after 
30 days. It is obvious from Fig. 3 that there is very little difference 
between the no-material holdup case and the 5-day cleanup case. The 
30-day cleanup cycle for the 60 kg/day plant is shown by the upper 
curve. 

In the foregoing example it was assumed that the exposure limit 
for personnel would be 1 mrem/hr or 40 mrems/week. This tolerance 
is in keeping with Kilorod experience and allows a safety factor for 
maintenance and emergency conditions. If it is desirable to increase 
the exposure limit, the shielding requirements may decrease. Figure 4 
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presents a family of curves obtained showing the shielding require
ments for varying ^̂ Û concentrations as a function of the allowable 
exposure. 

It is possible to conclude from this study that cleanup every 5 to 
10 days will be necessary to minimize radiation buildup to an ac
ceptable level. 
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Fig. 5—Effect of ^^^U concentration on the cost of fabricating SSCR 
fuel. 

An important question at this point is the cost of fabricating fuel 
under the various conditions that are imposed according to the a s 
sumption regarding material age, quantity, and ^̂ Û concentration. 
Figure 5 shows the effect of ^̂ Û concentration on the cost of fabricating 
the SSCR elements.^ In the calculations performed to obtain these data, 
it was assumed that the plants would be semiremote or remote with 
the limit of semiremote fabrication varying from 5 to 10 ppm ^̂ Û in 
heavy metal. As can be seen from the curves, the effect of ^̂ Û con
centration on the cost diminishes as the plant increases. Further 
analysis of the cost penalty associated with '̂̂ U in the fuel and as 
sumptions regarding the type fabrication plant is provided by Fig. 6, 
This figure depicts the cost variation with plant capacity and for dif
ferent modes of fabrication; i,e., remote with recycle thorium, remote 
recycled uranium but virgin thorium (50 ppm ^̂ Û in heavy metal), 
semiremote fabrication, glove box, and finally a hooded plant for the 
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Fig. 6—Effect of production rate and mode of fabrication on the cost of 
fabricating SSCR fuel elements in a single-purpose plant. Amortiza
tion rate, 22%. Plant operating days per year, 260. 

Table 4 

COST RATIOS FOR COMPARISON OF REMOTE AND 
HOODED PLANTS FABRICATING SSCR FUEL 

ELEMENTS* 

Ratio of r emote to hooded cost 

Plant capacity, kg heavy meta l /day 

60 230 930 

*With 50 ppm -^^U in heavy meta l ; virg I thor ium. 

3700 

Capital 
Operating 
Total (including hardware) 

1.23 
1.52 
1.29 

1.21 
1.38 
1.21 

1.18 
1.41 
1.15 

1.14 
1.34 
1.10 

fabrication of "^U in virgin thorium. An important comparison is 
shown in Table 4, which reflects capital and operating ratios and the 
ratios for the total fuel-fabrication costs. It should be noted that in
cluded in the capital and operating ratios are the operations which are 
still performed in every fabrication plant but which are always con
tact operations, such as the preparation of hardware components and 
other miscellaneous services required for the fabrication of fuel. In 
addition, the hardware costs are substantial and tend to minimize the 
cost penalty associated with remote fabrication when compared with 
hooded-plant fabrication. 
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CONCLUSIONS 

The following conclusions may be made from the experience gained 
in the Kilorod Facility: 

1. A large amount of data is now available which indicates the 
sol -gel vibratory-compaction fabrication recycle scheme is a workable 
system, 

2, Reasonable radiation-exposure estimates can be made for the 
requirements of the thorium fuel cycle. 

3, Direct fabrication is feasible with 3% U02-97% ThOg fuels that 
contain less than 20 ppm ^̂ Û in the ^̂ ^U, With shadow shielding, this 
limit can be increased to 200 ppm. With shadow shielding and frequent 
cleaning and recycling, this limit is 600 ppm. 

4. Plants with larger capacities will require shielding when oper
ating under sustained conditions. 
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APPENDIX 

A model was developed to explain the Kilorod data and to provide a 
basis for the extrapolation of exposure data to related glove-box lines 
for fabrication of fuels containing ^̂ ^U. This appendix contains equa
tions and symbols used in the model, activity buildup curves for the 
^"^Tl activity in ^̂ ^U, a table of experimental data that provides a basis 
for the model, and figures (Figs. A.l and A.2) that are useful in per 
forming calculations. 

Basically the model assumes that in related glove-box lines the 
total operator dose per unit of fuel processed is invariant if the data 
are normalized by accounting for the shielding factors, ^̂ ^U content 
of the fuel, and the effective activity of the hard gamma-emitting 
daughters of the ^̂ Û decay chain during the processing period. We 
have based the analysis on the ^"^TI daughter because this daughter 
contributes a large fraction of the gamma dose rate and rapidly attains 
equilibrium with the other hard gamma-emitting isotopes of the ^ '̂U 
decay chain. Total-body radiation exposure is the controlling factor 
for the range of parameters of interest because allowable hand—arm 
exposures are higher by a factor of 15 and typical ratios of hand-to-
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Fig A 1—The ^^Tl activity from ^^^U decay as a function of post-
purification tim.e, method of purification, and agtng time before puri
fication. 

body dose rates are in the range of 2 to 5 for typical fuel-handling 
operations in unshielded or shadow-shielded glove-box lines. 

The Kilorod data (Table A.l) were used to determine a constant 
of proportionality, K, for the model. Such a constant has also been 
calculated for experimental data obtained at the Savannah River Plant* 
and the Babcock & Wilcox Companyf, The constant, K, should indeed be 
constant in glove-box lines that require about the same degree of opera
tor attendance per unit of production. This criterion does not neces
sarily apply to the Savannah River data because those data were 
obtained for a line that only involved precipitation, filtration, washing, 
calcination, and canning of UO3-U3O8 powder. However, the agreement 
between Savannah River and Kilorod data tends to make the model more 
believable. The lower value of K that was obtained in the B&W rod-
fabrication line can be rationalized on the basis that the density of fuel 
per unit of length in the line is very small because very long rods 

*E. V. Sheldon and W. L. Poe, E. I. du Pont de Nemours & Company, 
Savannah River Plant, personal communication, April 1966. 

tThe B&W Recycle Fuel Fabrication Program for 2S3u, December 15, 1965, 
an informal document prepared by the Staff of The Babcock & Wilcox Company. 
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were processed in small batches. We have no satisfactory explanation 
for the lower value of K in the B&W sol -ge l and sizing operations. 

TA dt = TA d t - T A dt -

10 100 400 
POSTPURIFICATION TIME, t(DAY) 

Fig. A.2—The effect of postpurification time on the integral of the 
^"^Tl activity function. 

An alternate test of the reproducibility of gross-radiation-exposure 
data between glove-box lines may be made by comparing the radiation 
dose rates at the outside of the glove box from a normalized batch of 
fuel. Such a comparison has been made for the experimental data in 
Table A.l by calculating a constant K,,, which has units of rems/man-
week per effective number of curies in a batch. This constant is larger 
for the Savannah River operations because the operators were, on the 
average, relatively closer to a batch. 



Table A . l 

RADIATION EXPOSURE DATA FOR ^S^U-^^'u PROCESSING OPERATIONS IN GLOVE-BOX LINES 

Fuel p r o c e s s e d 
D O j - T h O j , kg 
™V, kg 

P, p r o c e s s i n g r a t e , kg fuel /shif t 
B, batch s i z e , kg fue l /ba tch 
E, 233u content , kg 
X, 232u content, mg 

233u/kg fuel 
232u/l5„ 233u 

O, number of o p e r a t o r s p e r shift 

Kilorod 

S o l - g e l 
through 

calc inat ion 

1000 
30 
6.3 
10 
0.026 
38 
2 

Faci l i ty 

Sizing 
and rod 

fabr ica t ion 

1000 
30 
6.3 
10 
0.026 
38 
3.5 

Campaign I 

43 
0.8 
0.4 
0.91 
244 
3 

sol ids handling 

Campaign II 

69 
1.1 
0.4 
0.91 
244 
3 

Campaign III 

53 
1.5 
0.4 
0.985 
4.2 
3 

S o l - g e l 
through 
sizing 

82 
2.5 
3.9 
11.7 
0.027 
42 
1.33 

B&W 

Rod 
fabr icat ion 

82 
2.5 
<11.7 
11.7 
0.027 
42 
4 

Average act ivi ty and effective 
pos t sepa ra t i on t ime of fuel 

Ap (fresh fuel only), c u r i e s 
208TI/mg 232u 

tp (fresh fuel only), days 
A (with background t ) , c u r i e s 

208Tl/mg 232u 
M, mul t ip l i e r for c leanout and 

main tenance 
Fsa, se l f -a t tenuat ion and shape 

fac tor 
Fg, effective sh ie ld at tenuat ion fac tor 

Diny^ a v e r a g e o p e r a t o r dose r a t e , 
m r e m s / m a n - w e e k 

Dkg = DjnwO/5000 P , r e m s / k g fuel 
Db= Djn^^/lOOO B, ( r e m s / m a n - w e e k ) / 

(kg fuel/bajch) 
C = FsaFs EXAM, c u r i e s / k g fuel 
K - D^g/C, r e m s / c u r i e p r o c e s s e d 
Kb= D J ^ / C , ( r e m s / m a n - w e e k ) / 

(cur ie /ba tch) H 

6.6 ( -5 )* 9.2 ( -5) 5.5 ( -6) 5.5 (-6) 1.1 (-4) 37 (-5) 37 (-5) 

16.5 
21 ( -6) 

1.8 

0.58 

0.1 

19.5 

1.2 (-3) 
2.0 (-3) 

2.2 (-5) 
55 
160 

20 
28 (-6) 

1.8 

- 0 . 5 

0.1 

19.1 

2.1 (~3) 
1.9 ( -3) 

2.5 ( -5) 
75 
130 

3.76 
6.7 (-

l .Ot 

1 

1 

200§ 

0.15 
0.51 

1.5 (-
100 
340 

-6) 

-3) 

3.75 
6.7 ( -

i.ot 

1 

0.6 

140§ 

0.076 
0.36 

0.74 t 
100 
470 

6) 

-3) 

- 2 0 
- 3 . 3 (• 

i.ot 

1 

1 

300 § 

0.12 
0.76 

1.36 (-
90 
550 

-4) 

3) 

60 
38 (-6) 

I.ot 

0.58 

1 

130 

8.8 (-3) 
0.011 

2.4 (-4) 
36 
46 

60 
38 (-6) 

1.01 

<0.2 

1 

28 

2.0 (-3) 
2.4 (-3) 

<0.8 (-4) 
>24 
>30 

*6.6 (-5) = 6.6 X 10-5. 
fBackground due to m a t e r i a l holdup, ^^^Th, and fission p r o d u c t s . 
$Doses f rom cleanout and main tenance a r e not included. 
§These exposu re r a t e s w e r e p rep lanned for s h o r t - t e r r a ope ra t i ons . P e r m i s s i b l e exposu re s were not exceeded on a q u a r 

t e r l y b a s i s . 
UThe theo re t i ca l va lues of Kj^for exposure at d i s tances of 18, 24, and 30 m. from the sou rce a r e 360, 200, and 130, r e s p e c 

tively. 
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EQUATIONS 

I^g = KF3,F,EXAM (1) 

F = — (2) 
'^ 200 BEXA ^ ' 

D . . = ^ ° ^ ^ (3) 

A = A p + A ^ + A f p + k ,A, (4) 

M = l + | ^ ( k , + ^ l (5) 

A 
^ f '•1 

X 10 
XE 

(6) 

L S x l O - N (̂ ^ 

n-l 

- (n - 1 - j )e-^]e-J^ ftf+iAt^ dt (8) 
ti+jAt 

n - l 

A , = A , + Afp + i ^ [ ( n _ j ) - ( n - l - i ) e - ' ] e - ^ ^ A ( t , + i At) (9) 

SYMBOLS 

Dkg = total body dose incurred by opera to r s pe r unit of fuel p rocessed , 
r e m s / k g fuel 

Djnw = average opera tor dose ra te for 40-hr exposure , m r e m s / m a n -
week 

K = an experimental ly derived constant, 55 and 75 for the s o l - g e l 
p roces s and rod fabrication, respect ively 

E = ^̂ ^U content of fuel, weight fraction of ^̂ ^U in fuel 
X = ppm ^̂ ^U in ^'^U, mg ^^^U/kg ^̂ ^U 

Fsa = self-at tenuation and shape factor for fuel batch 
Fj = shield attenuation factor, ra t io of shielded to unshielded dose 

ra te outside glove box 
Ap = average activity of ^°^T1 in uncontaminated fuel during the p r o 

cess ing period, cur ies ^°^Tl/mg ^̂ ^U 
At = activity of ^"^Tl from the thor ium in the fuel (formula a s s u m e s 

50% of na tura l - thor ium activity), cu r i e s ^"^Tl/mg ^̂ ^U 
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Afp = 2'>8'pj equivalent activity of the fission products in the fuel (de
t e rmined by shielding calculations o r by difference), cur ies 
20BTi/nag ^'^U 

Ac = average activity from fuel holdup averaged over n campaigns, 
cu r i e s ^°^Tl/mg ^̂ ^U 

kc = conversion factor for dose effectiveness of held-up mate r ia l , 
0.30 for the s o l - g e l p r o c e s s and 0.20 for rod fabrication 

Ad = average activity from fuel holdup during per iods of pos t cam-
paign cleanout 

A = average activity of fuel, including background, during the p r o 
cess ing period 

M = activity mul t ip l ier for dose contribution during per iods of c l ean-
out and maintenance 

kd= conversion factor for dose effectiveness of held-up ma te r i a l 
during per iods of cleanout and maintenance, 0.20 for the sol — 
gel p r o c e s s and for rod fabricat ion 

di, = unshielded dose ra te at a dis tance of 24 in. from the center of a 
typical batch of fuel, r e m s / 4 0 hr 

B = m a s s of fuel pe r batch, kg fuel/batch 
P = fuel production ra t e , kg fuel /8 h r 
O = number of ope ra to r s pe r 8-hr shift 

kjj, = conversion factor for dose effectiveness in unshielded ma in 
tenance operat ions , 0.006 in the Kilorod Facil i ty 

tj = postpurification t ime at the beginning of p rocess ing of ma te r i a l 
from a solvent-extract ion campaign 

tf = postpurification t ime at the end of the campaign 
t j = average postpurification t ime in the per iod of postcampaign 

cleanout 
At = t ime between solvent -ext rac t ion campaigns 

n = number of campaigns before complete decontamination 
Z = r e m o v a l - r a t e constant for m a t e r i a l held up in equipment, 0.15 

per campaign for the s o l - g e l p r o c e s s and zero for rod fabr ica
tion 

N = weight fraction of thor ium in the fuel 
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REMOTE FABRICATION OF THORIUM FUELS* 

J. D. SEASE, R. B. PRATT, and A. L. LOTTS 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

A very important part of the development of an economical fuel cycle for 
thorium-base fuel is the fabrication of the reprocessed fuel into fuel elements. 
To fabricate large quantities of recycled ^^^TJ and thorium fuel, remote fabrica
tion will be required because of the penetrating radiation caused by the presence 
of ^̂ Û in 233u. This paper outlines the problems of remote fabrications and de
scribes the approach taken at Oak Ridge National Laboratory to develop suitable 
systems for remote fabrication. This is illustrated by a discussion of the oxide 
fabrication line that was designed for operations in the heavily shielded Thorium — 
Uranium Recycle Facility now under construction. The design and development 
of a remote fueled-graphite fabrication line, which is now in progress, is also 
discussed briefly. The paper concludes with an economic analysis of the conse
quences of remote fabrication. This analysis shows that the ratio of the cost of 
remote-to-hooded fabrication is inversely related to plant capacity. 

Various reactor systems using T h - "U are under development because 
of their potential for achieving low power costs and high fuel utiliza-

i 2 

tion. ' The actual achievement of sufficiently low power costs in these 
reactors will depend to a large extent upon the economics of recycling 
their fuel. In any recycle scheme, direct costs are incurred for head
end processing, chemical processing, reconstitution of fuel, and fuel 
refabrication. There is no doubt that the refabrication of thorium fuels 
into new fuel elements will contribute substantially to the cost of the 
recycle scheme. The refabrication cost, however, which will have to be 
based on adequate pilot-scale experience, is not now available; there
fore the development of refabrication technology to a point that will 

*Research sponsored by the U. S. Atomic Energy Commission under con
tract with the Union Carbide Corporation. 
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'U - = f * 228Th _ ^ L _ 224Ra _ ^ ^ 220ĵ ĵ  _^_^ 216pQ _ ^ _ 
'4 y 1.91 y 3.64 d 55 s 0.16 s 

Fig. 1—The ^^^U decay chain.^ 

permit accurate assessment of this cost is an objective that is most 
important. 

Unfortunately, in fabricating fuels containing '̂̂ U and thorium, we 
must contend with significant quantities of penetrating radiation. In the 
case of refabrication of ^̂ Û after Thorexprocessingwith virgin thorium, 
the penetrating radiation is caused primarily by ^̂ ^U, which is formed 
along with the ^̂ Û during the conversion of thorium in the reactor. The 
amount of ^̂ Û in ^̂ Û is dependent upon the neutron-energy distribution 
in the reactor and the amount of total exposure^ that has been experi
enced by the fuel. The ^̂ Û decay is shown in Fig. 1; the major con
tributors to the radiation are *̂̂ Bi and ^"^Tl, which both emit hard 
gamma radiation. 

In equilibrium-cycle fuel, the ^̂ Û in total uranium is expected to 
range from 500 to 800 ppm for reactors now under consideration. This 
quantity of ^̂ Û is sufficient to require remote fabrication in plants of a 
significant size. ~^ If irradiated thorium is recycled along with the ^̂ ^U, 
the radiation from the decay of ^̂ s-pĵ  ^^^^^ 234rj,jj j^^^gg remote fabrica
tion mandatory at any practical production level. 

Development of remote technology for the thorium fuel cycle is a 
major objective of the Thorium Utilization Program at the Oak Ridge 
National Laboratory (ORNL). The development of the ORNL sol -ge l 
process for preparing Th02-U02 shards or microspheres^ has estab
lished a firm starting point for this technology. The design, construc
tion, and operation of the semiremote Kilorod Facility for the fabrica
tion of 1100 rods of Th02-3% ^̂ ^U02 on a pilot-plant scale was an 
important Step toward this goal (see paper by Brooksbank, Nichols, and 
Lotts included in this volume). The heavily shielded Thorium-Uranium 
Recycle Facility (TURF),' which is now being constructed, will provide 
space for the development of remote-fabrication techniques for thorium-
base fuels. We have essentially completed the design of equipment for 
remotely fabricating oxide fuels by vibratory compaction in TURF. 
Currently, we are designing equipment for the remote fabrication of 
graphite fuels containing thorium—uranium oxide or carbide fuel coated 
with pryolytic carbon. 
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In this paper, we shall present our analysis of the problems in
volved in refabrication, our approaches to refabrication problems, and 
our projection of the economic consequences of refabrication. 

ANALYSIS OF FABRICATION-PLANT DESIGN FOR RECYCLE OF FUEL 

Our analyses of commercial refabrication plants for processing 
thorium-base fuels have indicated that remote fabrication will be nec
essary for fabricating fuels containing equilibrium-cycle material, even 
if virgin thorium is mixed with the bred ^̂ ^U. This conclusion is based 
on detailed analysis of plants for processing fuels for the Spectral 
Shift Control Reactor (SSCR), Heavy-Water Organic-Cooled Reactor 
(HWOCR), and the High-Temperature Gas-Cooled Reactor (HTGR).^ 

We shall illustrate our basis and method of analysis with reference 
to plants for fabricating HTGR fuel elements containing pyrolytic-
carbon-coated thorium-uranium carbide microspheres. The HTGR 
fuel-fabrication flow sheet is shown in Fig. 2. For analytical purposes, 
the facility was divided into three zones: 

Zone 1. The oxide microspheres are received from the fuel r e -
constitution facility, converted to carbide, and inspected. 

Zone 2. The fuel particles are coated with pyrolytic carbon and 
inspected. 

Zone 3. Compacts are prepared, inspected, and loaded into the 
graphite sleeves. Finally, two fuel segments are assembled together, 
the end pieces are inspected, and the assembly is shipped to the reac
tor site. Table 1 shows the material location, quantity, and age in the 
fabrication plants processing the (Th,U)C2 fuel. 

The following assumptions were made in calculating the shielding 
requirements: 

1. The time between solvent extraction and receipt of material at 
the fuel-element fabrication plant is 5 days, 

2. A major cleanup of the equipment and enclosures is performed 
after 5 working days. 

3. No substantial quantity of the material is located closer than 
1 ft to the enclosure wall. 

4. The amount of material retained in the equipment (from the 
walls, in crevices, etc.) during processing is 3 kg, but the material is 
released and continued in the process at 5-day cleanup intervals. 

5. The plant processes 110% of quantity shipped to allow for inter
nal rejection of products not meeting specifications. 

6. The limit of personnel exposure to radiation is 40 mr/week. 

The results of shielding calculations are shown in Fig. 3. As can be 
observed, we used 3.5 in. of steel as a practical limit for semiremote 
fabrication because of the difficulty of working through a greater dis-
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Fig. 2—Flow sheet for fabrication of HTGR fuel elements. 



R E M O T E F A B R I C A T I O N O F T H O R I U M F U E L S 345 

Table 1 

THE QUANTITY AND AGE OF MATERIAL IN THE ZONES OF 
I'^ABRICATION PLANTS PROCESSING (Th,U)C2 FUEL 

Zone 

1 

2 

3 

Plant 
capacity, 

kg/day 

60 
230 
930 

3700 

60 
230 
930 

3700 

60 
230 
930 

3700 

Mater ia l 
in p r o c e s s , 

kg 

22 
88 

352 
1408 

20 
80 

320 
1280 

15 
30 
60 
60 

Age of p r o c e s s 
ma te r i a l , 

days 

5.7 
5.7 
5.7 
5.7 

6.1 
6.1 
6.1 
6.1 

6.7 
6.3 
6.3 
6.2 

Holdup, 
kg 

3 
0 

3 
3 

3 
3 
3 
3 

3 
3 
3 
3 

Age of 
holdup ma te r i a l , 

days 

10.7 
10.7 
10.7 
10.7 

11.1 
11.1 
11.1 
11.1 

11.7 
11.4 
11.3 
11.3 

10 

I I I mi l l I I I Mini I I I Mill 

REMOTE FABRICATION 

3700 KG/DAY — 

930 KG/DAY 

1 i i liiiil I I JMHil I n 111 1 I M H I I I o 
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lO'* 

Fig. 3—Shielding requirements for plants fabricating ^^^U-bearing 
HTGR fuel. 
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tance with gloved hands or tongs. Also, radiation from sources requir
ing greater than 3.5 in. of steel would prohibit, or at least greatly in
hibit, contact maintenance of the equipment. In the case of equilibrium-
cycle HTGR fuel exposed to approximately 100,000 Mwd/metric ton, we 
might expect from 40 to 70 ppm of '̂̂ U in total heavy metal (10 wt.% 
UO2-9O wt.% virgin Th02). Even at the lowest predicted ^̂ Û level, it is 
observed from the curves that remote fabrication will be required at 
any appreciable plant capacity. 

PROBLEMS OF REMOTE FABRICATION 

Remote fabrication of fuels poses problems that do not exist in 
conventional fabrication plants. The complexity of any operation tends 
to be magnified when the operation is done remotely; the performance 
of fabrication operations, many of which are performed by hand in con
ventional facilities, is inherently difficult in remote facilities; and r e 
pair of equipment is extremely difficult and consumes more time than 
in conventional plants. 

Table 2 

TRANSFER TIMES IN FABRICATING ONE FUEL ROD 

Type Number of T ime per Total t ransfe r 
t ransfe r t r ans fe r s t rans fe r , min t ime, min 

Contact 12 1.0 12 
Manipulator 12 5.0 60 
Automatic 12 0.5 6 

Most of the problems in remote fabrication are due to the inacces
sibility of the process equipment. Manual operations are slow and cum
bersome because the^ must be accomplished either by master-slave or 
electromechanical manipulators. A comparison of the times required by 
different systems to perform the simple operation of transferring one 
fuel rod from one processing station to the next is given in Table 2. 
The values listed are based on actual transfer time, but they do not in
clude the time to uncouple and couple the rod at the stations. This ex
ample illustrates that, to attain high use factors for the equipment and 
manpower in remote operations, most of the process equipment must 
be designed for automatic operation. 

Maintenance in a remote-fabrication plant is certainly one of the 
major problems. The maintenance philosophy that is actually selected 
depends upon the contamination level in the area that is occupied by the 
equipment. Equipment in fabrication cells that are highly contaminated 
by fuel dust (contaminated fabrication) must be maintained in place by 
the cell manipulators; or the equipment must be removed from the area 
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by a remote cell crane and cleaned before maintenance can be per
formed in a gloved maintenance area. By contrast, maintenance of 
equipment used in operations that handle clad fuel (clean fabrication) 
can be performed by direct means after shielding the source materials; 
however, this equipment should be designed to facilitate maintenance to 
minimize downtime. These unique maintenance requirements in remote 
fabrication make the use of specially designed equipment mandatory. 

APPROACH TO REMOTE FABRICATION 

To lessen the inherent problems of remote fabrication, the fuel 
element to be fabricated should be designed to simplify and minimize 
the number of remote operations, and the processes for remote fabri
cation should be made as simple and straightforward as possible. 
Mechanical assembly of fuel elements is an example of the type of 
simplification that is necessary. ORNL has designed and is building the 
TURF to demonstrate remote fabrication of oxide or carbide fuels. Our 
approach to remote fabrication can be illustrated by considering the 
process equipment for making oxide-bearing metal-clad rod-type fuel 
elements in the TURF. The conceptual designs were based on the ex
perience we gained in the development and the operation of the semire
mote Kilorod Facility (see Refs. 8 and 9 and paper by Brooksbank, 
Nichols, and Lotts included in this volume). 

The layout of equipment in the oxide line is shown in Fig. 4. The 
equipment in this process was designed to fabricate fuel rods 2 to 10 ft 

Fig. 4—Layout of equipm,ent for the TURF oxide fabrication line. 
1, Powder-preparation equipment. 2, Fuel transfer machine. 3, Vibra
tory compactor. 4, Tube magazine. 5, Check weigher. 6, Gamma 
scanner. 7, Capping machine. 8, Welding machine. 9, Leak-check 
machine. 10, Reject rack. 11, Cleaning and transfer basket. 12, Fuel-
rod transfer machine. 13, Cleaner transfer machine. 14, Fuel-rod 
basket. 15, Contamination monitor. 16, Weld radiography machine. 
17, Fuel-rod dim.ensional check. 18, Fuel-element assembly and in
spection machine. 
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-FILLER 
UNITS 

Fig 5 — Vibratory compactor. 
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in length and '^ to % in, in diameter by using vibratory compaction, a 
process that was selected because of its simplicity for remote opera
tions. The equipment was laid out in a modular fashion so that each 
station is a separate unit completely independent of other items. Each 
step in the fabrication process is accomplished in a separate station, 
and a transfer device is used to convey rods between stations. In the 
design of the contaminated-fabrication equipment, the requirement for 
remote maintenance was the major consideration. Each of the 25 major 
equipment items for the contaminated-fabrication cell was designed so 
that it could be installed and removed separately by the remote-handling 
equipment in the cell. 

The various subassemblies of each machine were designed in a 
modular fashion for removal by the remote-handling equipment to 
facilitate maintenance. In addition, each subassembly was made so that 
it could be dismantled as easily as possible to further fecilitate repair 
when the subassembly reached the gloved-maintenance area. The vi
bratory compactor, depicted in Fig. 5, is an example of a type of equip
ment that was designed for the oxide line. 

Similar design principles were used for the clean-fabrication 
equipment; however, complete remote installation and removal capabil
ity was not necessary. 

In the oxide fabrication line, it was recognized at the onset of de
sign that automatic control and a central data-collection system would 
be necessary to achieve the desired production rate of 40 rods per 8-hr 
shift. The general control criteria for the oxide line was that all opera
tions, as far as practicable, should be designed with closed-loop control 
circuits. This was stipulated so that we could be assured that any oper
ation that was initiated actually occurred. The simplest type of closed-
loop system is a motor circuit with a limit switch. Open-loop devices, 
such as stepping motor circuits or timed actuators, can cause an opera
tion to occur out of sequence by erroneously indicating externally that 
an operation has occurred when, in fact, it has not. 

Figure 6 shows the operating times of processing stations super
imposed in the path of the transfer machine in a portion of the oxide 
fabrication process. The dashed lines indicate alternate paths of the 
transfer device if a rod is rejected during processing. In the processing 
of one fuel rod, 12 transfers and approximately 300 separate control 
operations are required. An example of the control operations of one 
station in the oxide fabrication line is shown in Table 3, These exam
ples strongly suggest that a logic system is needed to control the over
all operations if any appreciable production rate is to be achieved on a 
reliable basis. In addition, systematic data collection is necessary to 
detect and record process changes and to provide permanent fabrication 
records for each rod as it passes through the system. Typical data r e 
quired for vibratory-compacted fuel pins are: 
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0 2 4 6 8 10 12 14 16 
TIME, MIN 

Fig. 6—operating times of processing stations superimposed on the 
path of the tube transfer machine in a portion of the oxide fabrication 
line. 

1. Material batch number, 
2. Weight of empty rod. 
3. Weight of filled rod. 
4. Fuel level in rod, 
5. Gamma scan. 
6. Leak check, 
7. Contamination check. 
8. Dimensional check, 
9. Element number and position. 

On the basis of these requirements, we selected for the oxide fabrica
tion line a process control system consisting of individual station con
trols that automatically sequence the steps by solid-state logic c i r 
cuitry and a master controller that initiates the operation of individual 
stations, controls the operation of the transfer device, and serves as 
the central data collector. 
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Table i 

CONTROL OPFRATIONS FOR VIBRATORY COMPACTOR 

Mechanism 

Upper-stage 
elevator 

Dust seal 

Feeder 

Rider rod 

Fuel 
receiver 

Fuel 
receiver 

Rod holder 

Chuck motor 

Vibrator 

I levator 

Type 
motivation 

Electric 
motor 

Pneumatic 
diaphragm 

Electrical 
vibration 

Pneumatic 
cylinder 

Pneumatic 
cylinder 

Magnetic 
vibrator 

Electric 
motor 

Pneumatic 
motor 

Pneumatic 
motor 

Electric 
motor 

Function 

Up 

Down 

Seal 

Feed 

Tamp and 
measure 

Seal 

Shake 

Open 

Closed 

Compact 

Up 

Down 

Position 

On 
Oft 
On 
Off 
On 
Oft 
On 
Oft 
Up 
Down 
Open 

On 
Off 
Open 
Grip 

tight 
Grip 

loose 
On 
Off 
On 
Off 
On 
Off 
On 
Oft 
On 
Off 

Ready 
condition 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Operatmg 
sequence 

18 
19 
6 
7 
8 

17 
11 
12 
15 
l i 

Prior to 
operation 

Prior to 
operation 

24 
1, 16 

9 

20 
21 
4 
5 

10 
14 
22 
23 

2 
3 

Initiated Transfer 
sequence mterlock 

Step 17 
Limit 
Step 5 
Limit 
Step 7 
Step 15 
Step 10 
Relay 
Step 14 
Step 12 

Step 23 X 
External and x 

step 15 
Step 7 

Step 19 
Limit 
Steps 
Limit 
Step 9 
Time 
Step 21 
Limit 
Step 1 
Limit 

Current Problem in Remote Fabrication 

Currently we are working on the design and development of a fabri
cation line for the TURF to fabricate fueled-graphite elements contain
ing pyrolytic-carbon-coated fuel microspheres for an HTGR, 

Our flow sheet for fueled-graphite fabrication consists of convert
ing so l -ge l oxide microspheres to microspheres of carbide, coating 
these particles with pyrolytic carbon, inspecting the coated fuel part i
cles, loading the particles into compacts, loading the compacts into 
prefabricated graphite logs, and inspecting the completed fueled-
graphite assembly. The two main problem areas in fueled-graphite 
fabrication are the conversion of (Th,U)02 to (Th,U)C2 and the applica
tion of pyrolytic-carbon coating to the fuel particles. Each of these 
processes has been carried out on a laboratory scale at ORNL. ' We 
are currently operating both the coating process and the conversion 
process on a pilot-plant scale to obtain engineering data for design of 
remote systems. 

From the standpoint of remote fabrication, the coating operation 
appears to be the most difficult step. At this time our principal work is 
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Fig. 7—Pilot-scale fluidized-bed coating furnace. 

directed toward coating in a fluidized bed. We are currently operating 
a pilot-scale fluidized-bed coating furnace (Fig. 7) to develop operating 
criteria to scale the coating processes up to 5 kg per batch. Our ex
perience thus far indicates that production of coating of uniform and 
controlled properties, as well as maintenance of the coating furnace, 
are difficult even under contact methods of operation. With present de
sign and operating techniques, the internal parts of the coating furnaces 
require frequent maintenance. 
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In addition to fluidized-bed coating, we are investigating other coat
ing methods that may be more suitable to remote operation. One ap
proach is the use of a drum coater m which the fuel particles are in
dividually heated while being mechanically agitated in a finned rotating 
graphite crucible. This system appears to have the possibility of being 
scaled up to a size of 20 kg per batch. 

Although our effort has been directed primarily toward conversion 
and coating of particles, there are many other steps in fueled-graphite 
development which need considerable attention. One of these problems 
IS the consolidation of the coated particles in a graphite matrix without 
damaging the particle coatings, A simpler process than the current 
practice of overcoating or mixing with materials for forming a graphite 
matrix, followed by warm pressing and graphitizing, would be desirable 
from a remote-fabrication standpoint, 

ECONOMICS OF REMOTE FABRICATION 

In any fuel cycle the fabrication step contributes a large portion of the 
direct processing cost. In Fig. 8, which shows the direct costs associ-
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Fig. 8—The breakdown of the direct processing costs for HWOCR 
(oxide-cluster fuel) and HTGR (ThCg — UC2) with remote fabrication. 
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ated with remote fabrication of the HWOCR^̂  and HTGR^ type fuel, we 
see that the fabrication step accounts for 45 to 69% of the direct costs. 
Reprocessing, which includes head-end processing by either burn — 
leach or chop-leach and solvent extraction, accounts for 26 to 50% of 
the cost; the fuel reconstitution accounts for approximately 5% of the 
processing cost. Certainly, remote fabrication will be more expensive 
than conventional fabrication of nonrecycle fuel because of the in
creased capital cost for shielding and for automatic equipment and the 
additional expense of operating and maintaining equipment. At low plant 
capacities we expect to pay a high penalty because this increase in 
capital cost will represent a large portion of the fabrication cost; how
ever, as plant capacity increases, the effect of remote fabrication 
should decrease because of the increased degree of automation that will 
be required for a high-capacity contact fabrication plant, which is al
ready necessary in a remote plant of a lower capacity. 

1000 

500 

o 

-REMOTE (RECYCLE Th) 

-REMOTE (RECYCLE U, VIRGIN Th) 

-SEMIREMOTE (RECYCLE U, VIRGIN Th) 

-GLOVE BOX (RECYCLE U, VIRGIN Th) 

-HOODED ( " 5 u , VIRGIN Th) 
200 -

o 100 
I-< 
o 

PLANT CAPACITY, KG U+ Th/OPERATING DAY 

Fig. 9—Effect of production rate and mode of fabrication on the cost of 
fabricating fueled-graphite elements in a single-purpose plant. Amor
tization rate, 22%. Plant operating days per year, 260. 

The effect of the mode of fabrication and production rate on the 
cost of fabricating the HTGR-type fuel element is shown in Fig. 9. As 
can be seen, the production rate has a substantial effect on the cost of 
fabrication. Analyses of other fuel-element types show similar ef
fects,^-^^ 
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The cost of r emote fabrication can be bes t demons t ra ted by the in 
c rementa l cost factor between the var ious modes of fabricat ion. Tables 
4 and 5 p re sen t the rat io of remote- fabr ica t ion to hooded-fabrication 
cost for HWOCR and HTGR elements using recycled thor ium, r e s p e c 
t ively. The dec rea se in the ra t ios with increased plant capacity is due 

Table 4 

COST RATIOS FOR COMPARISON OF REMOTE AND HOODED 
PLANTS FABRICATING (Th.UlCj PARTICLES 

Capital 
Operating 
Total (including hardware) 

Ratio of remote to hooded cost 

Plant capacity, kg heavy meta l /day 

60 230 930 3700 

1.87 1.79 1.73 1.75 
1.47 1.43 1.37 1.37 
1.53 1.42 1.34 1.35 

Table 5 

COST RATIO FOR COMPARISON OF REMOTE 
AND HOODED PLANTS FABRICATING OXIDE-CLUSTER 

FUEL ELEMENTS FOR HWOCR 

Capital 
Operating 
Total (including hardware) 

Ratio of remote to hooded cost 

Plant capacity, kg heavy meta l /day 

60 230 930 3700 

1.67 1.60 1.53 1.42 
1.28 1.23 1.19 1.15 
1.35 1.30 1.22 1.16 

pr imar i ly to more efficient uti l ization of cer ta in se rv ice personnel and 
facil i t ies in l a rge remote- fabr ica t ion plants . The cost ra t io for the 
HWOCR fuel e lement is lower than for the HTGR fuel e lement because 
a g r ea t e r number of the operat ions involved in the fabrication of HWOCR 
fuel e lements a r e done outside the remotely operated faci l i t ies and do 
not incur the penal t ies . This point can be further i l lus t ra ted by Table 6, 
which p re sen t s the cost ra t io for compar i son of remote and hooded 
plants fabricating fueled-graphite e lements containing d i sc re t e p a r t i 
c les of UC2 and virgin ThC2, In this pa r t i cu la r case , a g rea t port ion of 
the fabrication (the conversion and coating of virgin Th02) is done in 
hooded faci l i t ies . 
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Table 6 

COST RATIOS FOR COMPARISON OF REMOTE AND 
HOODED PLANTS FABRICATING UCj AND ThCj PARTICLES* 

Capital 
Operating 
Total (including hardware) 

Ratio of remote to hooded cost 

Plant capacity, kg heavy meta l /day 

60 230 930 3700 

1.29 1.20 1.18 1.09 
1.26 1.22 1.18 1.16 
1.24 1.16 1.12 1.08 

*50 ppm ^̂ Û in heavy metal; virgin thorium. 

SUMMARY AND CONCLUSIONS 

From the engineering and development that have been accomplished 
on oxide-fuel-element fabrication equipment and from our cu r r en t study 
of the equipment for fueled-graphite fabrication, we have drawn the 
following conclusions. Any p r o c e s s intended for remote fabrication 
should be s imple and as shor t as poss ib le . The fuel-element design 
should be such that the number of operat ions requi red for remote 
handling is minimized and that the fuel element can be easi ly a s 
sembled remote ly . The p roces s equipment and i ts major components 
should be designed on a modular concept to facili tate maintenance. 
Automatic machinery should be employed using closed-loop controls 
combined with a cent ra l data-col lect ion sys t em. Our analyses have 
shown that, if these c r i t e r i a a r e followed, the ra t io of the cost of r e 
mote fabrication to hooded fabrication is low. 
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FUEL CYCLES IN PHWR- AND CANDU-TYPE REACTORS 
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T. A. SUBRAMANIAN 
Atomic Energy Establishment Trombay, Bombay, India 

ABSTRACT 

The heavy-water-moderated reactors, of both pressure-vessel design and 
pressure-tube design are being studied in India. The pressure-vessel reactor of 
the PHWR type developed in Sweden uses a hot moderator but no pressure tubes. 
The pressure-tube reactor is of the CANDU type which uses a cold moderator 
and bidirectional fueling. In this paper some physics aspects of thorium utiliza
tion in these reactors are discussed. 

In India, besides the 380-Mw(e) Tarapur Atomic Power Station (boiling-
water reactor), four 200-Mw(e) CANDU-type reactors may be built by 
1971. It has also been contemplated that during the 1970's many more 
of these heavy-water-moderated reactors may be built. These reactors 
can produce substantial quantities of plutonium that may be used for 
exploiting the vast thorium reserves of the country in either thermal or 
fast reactors. 

The process of selection of the most suitable system for utilization 
of thorium is a difficult one since it depends on a number of economic 
and technological factors that cannot be predicted with certainty. In this 
paper some physics aspects of thorium recycle in heavy-water-
moderated reactors such as PHWR and CANDU have been considered. 
Computer codes DUMLAC and CAROL were used for this study. 
DUMLAC' is based on the four-factor formula and two-group leakage 
model, CAROL, ̂  developed by Aktiebolaget Atomenergi, Sweden, uses 
four-group neutron-energy formulation and is based on METHUSELAH. 
Both DUMLAC and CAROL have been found to give good agreement with 
the experimental results of natural-uranium lattices. The comparison 

359 
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Table 1 

COMPARISON BETWEEN THEORY AND EXPERIMENTAL RESULTS 

Lattice Experimental 
pitch, buckling, CAROL DUMLAC 
cm Vm/Vf m^2 i,.̂ ^̂  l̂ ĵ̂ * 

Argonne National Laboratory Exper iments 
^2 Low Enrichment (4%), ThOz-^'^UOz-DjO Lat t ices , Tr iangular Pitch 

1.9050 
2.8575 
3.8100 

9.585 
23.748 
43.578 

21.43 
24.12 
21.08 

0.9847 
1.0019 
1.0189 

(r = 0.14) 0.9777 
1.0064 
0.9999 

1.9050 
2.8575 
3.8100 

7.756 
19.229 
35.291 

32.53 
36.38 
33.09 

1.0172 
1,0307 
1.0398 

Argonne National Laboratory Exper iments : 
High-Enrichment (6.67%), ThOj-^ '^UOj-DjO Lat t ices , Tr iangular Pitch 

(r ^ 0.25) 0.9775 
1.0150 
1.0177 

Baboook & Wilcox Company Exper iments : 
Low Enrichment (4%), ThOj -^ ' ^U02-H20 Lat t ices , Square Pitch 

1.2220 3.64 64.01 1.0235 
1.4460 5.80 53.55 1.0254 

Babcock & Wilcox Company Exper iments : 
High Enrichment (6.67%), ThOj-^ '^UOj-HjO Lat t ices , Square Pitch 

0.978 1.392 85.31 1.0057 
1.023 1.655 94.25 0.9986 
1.222 2.96 114.20 1.0091 

Brookhaven National Laboratory Exper iments : 
Enrichment (3%.), T h 0 2 - 2 ' ' U 0 2 - H 2 0 Lat t ices , Hexagonal Pitch 

1.7188 
1.8194 
1.9573 
2.1697 
2.4656 

1.3840 
1.7134 
2.1943 
3.0043 
4.2722 

91.14 
92.29 
94.21 
86.75 
70.07 

0.9842 
0.9946 
0.9952 
1.0084 
1.0215 

*These calculated values a r e for the fixed value of the Westcott epi-
thermal index, r . 

between the results from these codes and the experimental bucklings 
for Th02-^^^U02-D20, Th02-^^^U02-H20, and ThOj-^'^UOs-HzO open 
lattices is shown in Table 1. It is noted that for low enrichments the 
disagreement is less than 2% for D20-moderated lattices; it is higher, 
up to 4%, for high enrichment cases. For most of the studies reported 
here, much lower enrichments have been considered. It is expected that 
the calculated results may be in er ror by about 1% or less in reactivity. 
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PHWR STUDIES 

The PHWR-type lattice consists of single rods of 10,5 mm diame
ter sheathed in 0.5-mm-thick Zircaloy. The density of the Th02 fuel is 
9.0 g/cm^. The D2O moderator and the fuel temperatures are 260° C and 
600°C, respectively. Enrichments considered were ^̂ Û (1.5, 1.75, and 
2.0*; 235 U (2%), and plutonium (4.0 and 4.5%). The isotopic composition 
of Plutonium was 38.21, 35.66, 11.21, and 14.92% ("''Pu,'*"Pu, ' "Pu , and 
^^^Pu, respectively). The results of the study are shown in Figs. 1 to 5. 

12 

-, CAROL 

- , DUMLAC WITH WESTCOTT 84 VALUES 
- , DUMLAC WITH DIFFERENT S4 VALUES 

(SEE TEXT) 

Vm/Vf 

Fig. 1—Buckling vs. V^/Vj for single Th02 rods. 

Figure 1 shows the buckling values at zero irradiation without any 
poison as a function of moderator volume/fuel volume (Vj„/Vf). CAROL 
has been used to obtain these values. For comparison the values from 
DUMLAC have also been plotted for the case enrichment E = 1,5% ^̂ ^U. 
DUMLAC was run with two sets of values of S4 (Westcott constant) for 
•̂'̂ U. One set of calculations was made with S4 values given in Westcott's 

1960 compilation,^ and another set was made with lower values of S4 
having a higher capture to fission rate in the epithermal region, Reso-
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Table 2 

RESONANCE INTEGRAL OF "Sy ABOVE 0.45 EV 

Absorption, 
ba rns 

Fiss ion, 
barns a = capture / f i ss ion 

CAROL 610 524 
DUMLAC Westcott values 923 805 
DUMLAC new values 890 761 

0.164 
0.147 
0.17 

40 

2 
K 30 o 
I 

2 
O 
I-

S 20 

2 
O 

a 10 

, CAROL 
, DUMLAC WITH WESTCOTT 84 VALUES 

• — , DUMLAC WITH DIFFERENT 84 VALUES 
(SEE TEXT) 

2.0% ^^'U 

Vm/Vf 

Fig. 2—Discharge irradiation vs. V^/Vf for ThOs single rods (fixed 
cycle). 

nance integrals for absorption and fission above 0.45 ev for ^̂ Û used 
in the calculations are given in Table 2. 

Comparison of CAROL and DUMLAC values shows that DUMLAC 
overestimates the buckling in the undermoderated region. It is also 
noted from Fig. 1 that the peak in the buckling curve is broadened as 
^̂ Û enrichment is lowered and maximums shift to higher Vm /Vf. For 
plutonium enrichment the maximum buckling occurs at much higher 
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0 10 20 30 
IRRADIATION, 10^ MWD/TON OF THORIUM 

Fig. 3—Ratio of^^^Pa + ^^^U atoms to initial ^^^U atoms vs. irradiation 
for various volume ratios and enrichm,ents for Th02 single rods, 

Vro/Vf. Maximums for all the enrichments considered occur at Vm/V( 
greater than 14. 

Figure 2 gives the discharge irradiation as a function of V^/Vf. The 
discharge irradiation is the irradiation at the point where keff equals 
unity for a given geometrical buckling. This discharge irradiation will 
be very nearly equal to the fixed-cycle discharge irradiation. The 
geometric buckling was assumed to be the same (1 m~^) for all volume 
ratios, It is noted from the figure that DUMLAC discharge irradiations 
are much smaller than the CAROL values except at lower ¥„, /Vf. Also, 
the discharge irradiations are very sensitive to the alpha value chosen 
for the calculations. The discharge-irradiation curves for ^̂ Û enrich
ments show a remarkable feature. Up to certain Vjjj/Vf (16 to 20), the 
discharge irradiation increases butafterwards remains almost constant. 

Figure 3 gives the ratio of ^^^Pa + ^̂ Û atoms to initial ^̂ Û atoms 
as a function of irradiation. The E = 1,5% ^̂ Û case gives a conversion 
ratio greater than unity. The conversion ratio decreases as Vm/Vf in
creases. DUMLAC values are lower than CAROL values, and the differ
ence is larger for lower V^/Vf values. 
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Figure 4 gives the ratio of ^^^Pa + ^̂ Û atoms to initial ^̂ ^Th atoms 
as a function of irradiation. Four volume ratios for the E = 2% ^̂ Û case 
and two for the E = 4% plutonium case have been considered. The r e 
sults are from CAROL. 

2.0 

0 
0 10 20 30 

IRRADIATION, 10^ M W D / T O N OF THORIUM 

Fig. 4—Ratio of^^^Pa + ^^^Uatoms to initial ^^^Th atoms vs.irradiation 
for various volume ratios for Th02 single rods. 

Figure 5 gives ^^^Pa + ^̂ Û in weight percent as a function of V^/Vf. 
The curves have been drawn for three enrichments. Discharge irradia
tions have also been indicated. The figure gives only the CAROL values. 
DUMLAC values for V„/Vf = 16 to 24 can be obtained from Figs. 2 and 
3. It is seen that the average conversion factor is higher than unity for 
a large range of V„/Vf for 1.5% enriched lattices. For E = 1.7% ^̂ Û 
conversion factors greater than unity are found for very small values 
of Vm/Vf. It is also noted that discharge irradiations for a fixed-size 
reactor increase with increasing V^ /Vf. DUMLAC values show similar 
behavior. However, discharge irradiations and conversion are smaller. 

, 4% Pu ENRICHMENT 

/ V f = 7 
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2 0 

P 175 

1 50 

f(l2,099) 

Vm/Vf 

Fig. 5 — Weight percent oj ^^^Pa + ^^^U vs. Vm/Vi for Th + ^^^U cycle 
single rods. Specific power,20 ku/kg. The values given m parentheses 
are fixed-core discharge irradiations m megaiiatt days per metric ton 
of fuel. CAROL calculations. 

CANDU STUDIES 

A series of similar calculations were made with the help of 
DUMLAC with 84 values given by Westcott for CANDU fuel geometry. 
For details of fuel geometry, see Table 3. The Th02 density was taken 
to be 9.0 g/cm^ The D20raoderator temperature was 48.8°C. Plutonium 
(composition: ^ '̂'Pu, 60.9%; ^"Pu, 29.3%; ^"Pu, 7.1%; and ^*^Pu, 2.7%), 
^̂ U, and ^̂ Û enrichments were considered. The results are presented 

in Figs. 6 to 11. 
Figure 6 gives the hot poisoned bucklings at zero irradiation as a 

function of V„/Vf. It is noted that maximums for ^̂ Û enrichments are 
quite sharp and occur at lower Vm/Vf (9 to 10). For plutonium enrich-
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Table .3 

CANDU FUEL GEOMETRY 

Volumes per umt length 
of the channel, c m ' / c m 

Fuel 
Zirconium sheath 
Void 

Inside d iameter , cm 
Zirconium p r e s s u r e tube 
Zirconium calandr ia tube 

Outside d iameter , cm 
Zirconium p r e s s u r e tube 
Zirconium calandr ia tube 

Tempera tu r e s , °C 
Fuel 
Coolant 
Moderator 

29.632 
3.962 
0 681 

8.268 
10.770 

9.086 
11.024 

600 
270 

48.8 

10 

8 

CM 

2 

5 6 
_i 

o 
CO 

4 

2 

1 

/ 

^ 

— 

1 

1 1 

^ -̂̂ -̂a^^ 

' ' ^ ^ ^ ^ 
2 i 6 0 ^ \ s „ 

* ^ ^ ^ ^ ^ ! ^ 

•;-^^\\ 

2.022--—• 

1 1 

1 

•̂ ^ 

• ^ 

1 
10 

Vm/Vf 
15 20 

Fig. 6—Buckling vs. V,^/Vf for CANDU fuel geometry. Hot poisoned. 
Zero irradiation. 
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ments maximums lie at higher Vm/Vf (~13). The buckling curves are 
rather flat. In the case of ^̂ Û enrichment, the maximum lies at V^ /Vf 
greater than 15. The buckling curve is once again flatter. 

Fig. 7—Average buckling vs. irradiation for CANDU fuel geom,etry. 

Figure 7 shows the average bucklings as a function of irradiation 
for E = 1,5% ^̂ Û and E = 2.0% ^̂ Û and for three values of V„/Vf. It is 
noted that the curves for various V^/Vf in the case of ^̂ Û enrichment 
converge whereas it is not so in the case of ^̂ Û enrichment. This indi
cates that for a fixed size of the reactor the discharge irradiations 
would not be very sensitive to V„/Vf in the case of ^̂ Û enrichments. 
This fact is again shown in Fig. 8, where ideal-cycle discharge irradi
ation (Bg = 1 m"^) is given against V„ /Vf. It is seen that the plutonium 
and ^̂ Û enrichment cases show rather flat behavior whereas the ^̂ Û 
enrichment cases are very sensitive to Vjj,/V( less than 15. 
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Vm/Vf 

Fig. 8—Discharge irradiation vs. V^/Vf (ideal cycle) for CANDU fuel 
geometry. 

Figure 9 shows the initial conversion factor as a function of V„/Vf 
for •'•'U, U, and Plutonium enrichments. It is noted that for CANDU fuel 
geometry it is not possible to get initial conversion ratios greater than 
unity for enrichments that will give discharge irradiations greater than 
10,000. However, the initial conversion ratio is greater than 0.9 for the 
^̂ Û enriched case. It is also noted that, in the ^^^U-enrichment cases, 
the ratio first decreases and then increases whereas, in the ^^^U- and 
plutonium-enrichment cases, it decreases and then flattens out. The mi-
tial conversion ratio values for plutonium-enrichment cases are very 
low, between 0.3 to 0.4. 

Figure 10 shows the ratio of ^^^Pa + ^̂ Û atoms to initial ^̂ Û atoms 
vs . irradiation for various volume ratios and enrichments. It is seen 
that this ratio remains close to unity for the low-enrichment case but 
falls off rapidly in the case of E = 1.7% ^̂ ^U, It is also noted that this 
ratio is higher for V„,/Vf = 16,2 compared to V^/Vf = 10,3. 

In Figure 11, ^̂ Û production as a function of irradiation is shown 
for a few plutonium- and ^^^U-enrichment cases. 
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Vm/Vf 
30 

Fig. 9—Initial conversion ratio vs. V-^/Vt for CANDU fuel geom.etry. 

RECYCLING IN PHWR 

Natural-uranium Cycle 

Natural-uranium fueling in PHWR was considered. DUMLAC was 
used for the study. Table 4 gives the results of the study. It was found 
that fixed-core discharge irradiations were low, less than 4000 Mwd/ 
ton of uranium. 

Plutonlum-Natural-uranium Cycle 

A study of plutonium recycle with natural uranium was made for 
V̂ m/Vf = 16. Fixed-core discharge irradiation was about 10,000 Mwd/ 
ton of uranium. 
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Fig. 10—Ratio of ^^^Pa + ^^^U atoms to initial ^^^U 
atoms vs. irradiation for various volum.e ratios and en
richments for CANDU fuel geometry. 

10 20 

IRRADIATION, 10^ MWO/TON OF THORIUM 

Fig. 11—Production of^^^Uvs. irradiation for CANDU 
fuel geometry. V^/V^ is 16.2. 
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Table 4 

NATURAL-URANIUM FUEL CYCLE IN PHWR* 

Rod 
diameter, 

m m 

10.5 

11 5 

v„/v, 
24 

30 

20 

24 

30 

Average 
specific 
power. 
kw/kg 

15 
20 
30 
15 
20 
30 
15 
20 
30 
15 
20 
30 
15 
20 
30 

Core 
loadmg, 

tons of UO2 

39.5 

31.9 

47.0 

39.6 

32.0 

Core 
power, 

Mw 

593 
791 

1186 
479 
639 
958 

705 
941 

1411 
594 
791 

1187 
479 
639 
959 

Fixed 

Discharge 
irradiation. 
Mwd/ton of 

uranium 

3466 
3427 
3386 
3770 
3739 
3706 
3168 
3122 
3074 
3672 
3636 
3597 
3918 
3888 
3855 

core 

Plutonium, 
kg/ton of 
uranium 

2.462 
2.462 
2 359 
2 482 
2.482 
2.393 
2.366 
2.367 
2.367 
2.529 
2 529 
2.431 
2.540 
2.455 
2.454 

Ideal 

Discharge 
irradiation. 
Mwd/ton of 

uranium 

4844 
4768 
4687 
5787 
5727 
5662 
3937 
3846 
3748 
5317 
5247 
5172 
6120 
6062 
6001 

core 

Plutonium, 
kg/ton of 
uranium 

3 059 
3 031 
2 999 
3 262 
3 041 
3 220 
2 742 
2 711 
2 671 
3 218 
3 190 
3 235 
3 348 
3 328 
3 310 

*Cycle ends when B| , = B|= 1 m~'. Moderator temperature is 260°C. 

Thorium-Plutonium Cycle 

The T h - P u cycle in PHWR was considered with three values of 
Vn,/Vf, two specific powers, and three plutonium enrichments, DUMLAC 
was used for the study. Table 5 gives the results of the study. It was 
noted that plutonium enrichment of about 4.5% gives discharge irradia
tions of the order of 10,000 Mwd/ton of thorium. 

Thorium-2^3 U Cycle 

The T h - P u cycle could be used to produce sufficient quantities of 
^̂ ^U, enough to start a Th02-^^^U02 self-sustaining system. For the 
purpose of this study, the following parameters were assumed: B | , 
1 m~^; specific power, 23 kw/kg; reprocessing time, 1 year; ^̂ Û en
richment, 1,5%; Vro/Vf, 24 (always); and total power, 790 Mw(t). It was 
found from the CAROL results that the operation of such a reactor for 
10 years on the Pu-Th cycle would give enough ^̂ Û to start a self-
sustaining ^^^U-Th cycle. It was also noted that during the 10 years of 
operation on the P u - T h cycle about 3.4 tons of fissile plutonium would 
be burnt. If this plutonium is to be obtained from PHWR itself, then 
about 25 years of operation of the reactor on a natural-uranium cycle 
would be necessary (44 natural-uranium cores). A similar study with the 
data from DUMLAC results indicated that about 3,55 tons of fissile plu
tonium would be necessary to produce enough '̂̂ U to start a Th-^^^U 
cycle. Forty-six natural-uranium cores would be needed to produce this 
plutonium; on a time scale this would mean 27 years of operation on a 
natural-uranium cycle. 
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Table 5 

THORIUM-PLUTONIUM CYCLE IN PHWR* 

A v e r a g e 
speci f ic 
p o w e r . 

V„/Vf k w / k g 

F ixed c o r e 

D i s c h a r g e 
i r r a d i a t i o n , 

Mwd/ ton 
of t h o r i u m 

F i s s i l e 
PUO2, 

kg / ton 
of ThOj 

F i s s i l e 
UO2, 

k g / t o n 
of ThOj 

Ini t ia l Tota l P lu tonium Oxide E n r i c h m e n t - 44 49 

Tota l 
f i s s i l e 

i so topes . 
kg/ton 

of Th02 

D i s c h a r g e 
i r r a d i a t i o n . 

Mwd/ ton 
of t h o r i u m 

kg / ton of T h O , 
Ini t ia l F i s s i l e P lu tonium Oxide E n r i c h m e n t ^ 21 93 kg / ton 

20 30 
20 

24 30 
20 

30 30 
20 

7,567 
8,901 

10,582 
11,724 
12,232 
13,170 

14 57 
13.53 
11.83 
11.07 
10.22 

9 65 

4.21 
4.85 
5 48 
5 93 
5 96 
6.27 

Ini t ial Tota l P lu tonium Oxide E n r i c h m e n t = 39.74 

18.78 
18.38 
17.31 
17.0 
16 18 
15.92 

of Th02 

19,820 
26,825 
26,464 
32,542 
29,255 
33,950 

k g / t o n of T h O , 
Ini t ia l F i s s i l e P lu tonium Oxide E n r i c h m e n t = 19 588 kg/ ton 

20 ,30 
20 

24 30 
20 

30 30 
20 

4,999 
5,972 
7,708 
8,669 
9,379 

10,214 

14.53 
13.69 
11.93 
11.21 
10 28 

9.71 

3.02 
3.56 
4.38 
4.82 
5.03 
5 36 

17.55 
17.25 
16 31 
16 03 
15.31 
15.07 

1 of Th02 

11,722 
14,775 
17,781 
21,170 
21,166 
24,309 

Ini t ia l Tota l P lu tonium Oxide E n r i c h m e n t = 34.946 k g / t o n of ThOj 
Ini t ia l F i s s i l e P lu tonium Oxide E n r i c h m e n t = 17.225 k g / t o n of ThOj 

20 30 
20 

24 30 
20 

30 30 
20 

2,804 
3,346 
5,021 
5,739 
6,599 
7,294 

14 28 
13.76 
12.01 
11 40 
10 39 

9 85 

1.85 
2.19 
3.15 
3.55 
3.94 
4.27 

16.13 
15.95 
15 16 
14.75 
14.33 
14.12 

6,112 
7,516 

10,930 
12,845 
14,188 
16,178 

Ideal c o r e 

F i s s i l e 
PUO2, 

k g / t o n 
of Th02 

6 73 
4 41 
4 06 
2.87 
3 13 
2.44 

9.16 
7.56 
5.50 
4 54 
4 .01 
3.30 

11.16 
9 98 
7 26 
6 31 
5 21 
4.43 

F i s s i l e 
UO2, 

k g / t o n 
of ThOj 

9.94 
11.94 
11.71 
12.78 
12.05 
12.63 

6 88 
8.15 
9.49 

10.35 
10.42 
11.10 

4 06 
4.94 
6.82 
7.63 
8.27 
8.99 

Tota l 
f i s s i l e 

i s o t o p e s . 
kg / ton 

of Th02 

16 67 
16 35 
15 77 
15 65 
15 18 
15 07 

16 04 
15.71 
14.99 
14.89 
14.43 
14.40 

15 22 
14.92 
14.08 
13.94 
13.48 
13.42 

*Cycle ends when B^ = B | = 1 m~'. Moderator temperature is 260°C. Active core volume is 95 
m^ Rod diameter is 10.5 mm. Isotopic compositions of239pu, 2«Pu, 2"Pu, and^^Pu are 38.20, 35.65, 
11.21, and 14.94%, respectively. 

Instead of a sudden transition from the Pu-Th cycle to the ^^^U-Th 
cycle, a gradual introduction of ^̂ Û could be made. The study based on 
the CAROL results indicates that in about 25years this transition could 
be achieved. Total fissile-plutonium requirements would be about 2.1 
tons; this could be obtained from 27 natural-uranium cores, which cor
respond to 16 years of operation. DUMLAC results indicated that it may 
not be possible to have a complete transition. 

RECYCLING IN CANDU 

Plutonlum-Natural-uranium Cycle 

Plutonium recycle with natural uranium was first considered. The' 
results are shown in Table 6. It was found that a discharge irradiation 
of the order of 20,000 Mwd/ton of uranium could be attained by r e 
cycling the self-produced plutonium. 
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Table 6 

PLUTONIUM RECYCLE WITH NATURAL URANIUM IN CANDU 

Cycle 
No 

1 
2 
3 
4 
5 
6 

Discharge 
i r r ad ia t ion , 

u ran ium 

9,740 
19,073 
20,272 
20,136 
19,897 
19,730 

239pu 

0.2687 
0.2805 
0.2827 
0.2836 
0.2841 
0.2843 

Discharge 

2«Pu 

0.1316 
0.2462 
0.2723 
0.2782 
0.2795 
0.2798 

! plutonium, wt.% 
241pu 

0.0324 
0.0677 
0.0766 
0.0788 
0.0795 
0.0797 

242 P u 

0.0133 
0.0883 
0 1547 
0.1956 
0.2189 
0.2321 

Total 

0.4460 
0.6827 
0.7863 
0.8362 
0.8620 
0.8759 

Plutonium-Thorium Cycle 

Starting from P u - T h fuel, recycling of the '̂̂ '̂ U produced and the 
plutonium left over was considered for the CANDU fuel geometry with 
Vm/Vf = 14.4 (22,86 cm square pitch). The discharge irradiation was 
found for a geometrical buckling of 1 m~^ Each cycle is assumed to 
have the same discharge irradiation as that of the first cycle. For this 
purpose some excess plutonium is added at each cycle. A 2% loss was 
assumed during reprocessing and fabrication. 

Figure 12 gives the plutonium requirement as a function of dis-
charge irradiation. The values plotted are the initial requirement, the 
excess plutonium requirement averaged over the first five cycles, and 
the requirement for the fifth cycle. The fifth-cycle values are nearly 
the equilibrium values. 

Figure 13 gives the megawatt days per gram of plutonium supplied 
as a function of discharge irradiation. It is seen that this value in
creases with irradiation, and hence it is better to have larger discharge 
irradiation. Of course, the plutonium requirement will be larger but 
this will be compensated for by the requirement for reprocessing at 
larger intervals, 

CONCLUSIONS 

Since very few experimental results are available, it is difficult to 
say how good the results given in this report are . However, the follow
ing conclusions can be drawn: 

1. The ^^^U-enriched cases have maximum buckling atlower V„/Vf 
than the ^^^U-enriched cases, 

2. For a chosen geometrical buckling, the discharge irradiation 
for the 233u-enriched cases occurs at higher V„,/Vf than that where the 
buckling is maximum. Very undermoderated lattices do not present any 
advantage for the ^^^U-Th case. 
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Fig. 12—Plutonium requirement vs. irradiation for 
CANDU fuel geometry. V^/V{ is 14.4 (22.86 cm square 
pitch). 

3. For the CANDU-type lattice, a curious behavior of the initial 
conversion ratio vs. Vm/Vf for the ^^^U-enriched cases is found. For 
the ^̂ Û cases the initial conversion ratio decreases as V^/Vf increases, 
whereas in the ^̂ Û cases, after the initial decrease in low Vm/Vf r e 
gion, this ratio increases with increasing V^/Vf. The reason for this 
behavior may be the high resonance integral of ^̂ Û (and hence high S4). 
As Vm/Vf increases, the epithermal index decreases and hence the ef
fective cross sections of ^̂ Û decrease. This decrease is more than the 
decrease in the resonance absorption in ^̂ ^Th as Vm/Vf increases. 
Therefore, the initial conversion ratio increases. It is clear that calcu
lation of the variation of this ratio requires more-accurate knowledge 
of the resonance integral of ^̂ Û and the resonance escape probability. 
Similar behavior is not noted in the case of PHWR-type lattices be
cause the effective resonance integral for ^̂ T̂h is higher and the SSj of 
the moderator is lower. Thus, for the same change in Vni/Vf, the frac
tional change in the resonance escape probability for PHWR is more 
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R R A D I A T I O N , 10* MWD/TON OF THORIUM 

Fig. 13—Plutonium supplied vs. irradiation for CANDU 
fuel geometry. V^ /V^ is 14.4 (22.86 cm square pitch). 

than that for CANDU. Hence the decrease in the effective cross sec
tions of ^̂ Û does not compensate for the decrease in the resonance ab
sorption in 2̂2rpjj ĝg Vm/Vf increases. The calculations of this report 
show that not only more buckling measurements but also measurements 
of initial conversion ratio, resonance escape probability, effective cross 
sections, etc., are needed for more-accurate analysis. 

4, The use of plutonium to start the thorium cycle in a heavy-
water-moderated reactor is not very attractive because of the large 
quantities needed, 

5. Plutonium recycle with natural uranium in CANDU-type reac
tors appears to be attractive. 
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SOL-GEL PROCESSES FOR THE PREPARATION 

OF SPHERICAL THORIUM-CONTAINING 

FUEL PARTICLES 
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A. J, NOOTHOUT, TH. VAN DER PLAS, and H. S. G, SLOOTEN 
Naamloze Vennootsohap tot Keuring van Electrotechnische Materialen, 
Arnhem, Netherlands 

ABSTRACT 

The gelling of a sol droplet In an emulsion of the water-in-oil type is ideally 
suited for a production method of spherical fuel particles, especially when the 
easy-gelling thorium hydroxide is present. The size control of the droplets, the 
gelling conditions, and the washing procedure form the most critical steps in 
the process. 

In the KEMA process, which was developed for S-fim U02-Th02 fuel 
spheres, thorium hydroxide is precipitated from a thorium nitrate solution; the 
precipitate is freed of most of the residual electrolyte and peptized into an 
aqueous sol. This sol is thereafter dispersed in an organic phase. In this step 
a s t i rrer with a high shear rate controls the very small size of the droplets. 
Gelling of the sol droplets is effected by reaction with ammonia. The resulting 
gel spheres are dried, filtered, washed, and calcined. 

For larger fuel spheres, between 100 and 1000 /an, the external gelling of 
the sol by ammonia is less well suited. In this case, internal gelling by an am
monia donor that has been mixed with the sol previous to emulsification yields 
good results. The process can be carried out both at a high temperature (90 to 
100°C) and at a relatively low temperature (40 to 50°C). 

In the washing step cracking and peeling of the gelled particles were often 
observed. It was shown that these effects were caused by osmotic phenomena, 
and, accordingly, suitable measures could be developed to prevent cracking and 
peeling. 

The processes considered are also applicable for the preparation of carbide 
spheres. 

In recent years there has been a growing interest in the use of spherical 
particles as nuclear fuel components, especially since the useful i r 
radiation properties of coated spherical particles were demonstrated.* 
A number of methods for preparing these particles have been pro
posed, and a few of them have been used on a sizable scale. The best 
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known perhaps is the powder metallurgical process, in which the 
powdered raw materials are mixed, granulated, and sieved to yield 
green products of the desired size. The final product is obtained after 
a heat treatment.^-^ Another important general method starts by p re 
paring drops of liquid under such conditions that they can assume their 
natural, spherical form. If these drops can be solidified without change 
of shape and do not change during subsequent treatments, another way 
to spherical particles is open. 

The following is a list of some of the proposals for producing 
spherical particles. Neither the list nor the references are considered 
to be exhaustive. 

1. Melting and solidification: (a) fusion of a preformed powder 
mixture in an arc plasma,* (b) spraying of a suspension in molten par
affin into air,^ and (c) spraying of a molten salt.^ 

2. Controlled growth of particles from a solution: (a) control by 
stirring^'^ and (b) control by crystal growth,^ 

3, Spraying of a solution,^ 
4, Solidification of drops of an emulsion: (a) emulsion polymeriza

tion of an organic phase bearing fissile mater ial ," (b) setting of an 
organic gel ' ' in water, (c) solidification by dehydration,'^ and (d) so
lidification by gelling of a colloidal solution,'^-'* 

Solidification by dehydration and solidification by gelling of a 
colloidal solution form the basis of the sol—gel process. In this 
process the liquid is a concentrated colloidal solution of the hydrox
ides of thorium, uranium, and plutonium, either present alone or as 
a mixture. The sol is stabilized by the presence of a positive charge 
on the microcrystals of the oxide. This charge is neutralized by 
negatively charged nitrate ions. A gel is produced from these sols by 
dehydration or by removal of the nitrate ions. The isotropic glasslike 
spheres of the gel can be heat-treated to spherical final products of 
the desired size if the shrinkage that occurs is taken into account in 
the preparation. The final products can be coated, but this process is 
not discussed here. As described, oxides form the final product. Car
bides can be produced by the same method if carbon is introduced into 

1 ? 

the sol at some suitable point in its preparation. 
Since the first application of the sol—gel process to nuclear 

fuel,'^''* a number of variants have been worked out which all seem 
to give useful products. In this paper these variants shall be dis
cussed only casually, the emphasis being laid on the process devel
oped in the Reactor Development Group of KEMA at Arnhem. This does 
not imply that the authors consider this process as superior, either 
as a whole or in details, to the other processes now known. They feel, 
rather, that an objective assessment of all these processes is an im-
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portant future task, although it might be that this task can only be 
fruitfully carried out after reactor designers have standardized their 
requirements on fuel composition and fuel size. 

The important support of the so l -ge l work by a contract from the 
Dragon Project during 1964 and 1965 is gratefully acknowledged. 

PREPARATION OF SOLS 

Survey of Methods 

The raw materials for the production of sols are nitrates, oxides, 
or oxalates of the heavy metals. It might be that oxides and oxalates 
can be produced that peptize readily, but the most important raw ma
terial seems to be the nitrate, produced from virgin materials or in a 
fuel reprocessing installation. 

The essential steps in the production of a sol are the removal of a 
large fraction of the nitrate ions and the subsequent formation of small 
crystallites of oxide. Several processes are known by which this can 
be carried out in practice: 

1. Thermal denitration of molten, hydrated thorium nitrate.'^ The 
nitrate decomposes and crystallites grow at the same time. The crys
tallites are relatively large and require only a small amount of nitrate 
for stabilization. 

2. Removal of anions by electrodialysis.'^ Generally, the dialysis 
is carried out at elevated temperatures so that crystallites may grow 
during the removal of anions. 

3. Removal of anions by ion exchange.'^ 
4. Removal of anions by liquid — liquid extraction.'^ In this case 

the extraction is carried out at about 90° C; consequently the anion 
removal again is accompanied by crystallite growth. This process has 
been extensively studied,'^ but few details have been published so far. 
At KEMA a certain preference has developed for extraction at high 
temperature, but this may depend on the specific production scale and 
available apparatus. 

5. Peptization of a hydroxide (or hydrous oxide) precipitate. This 
is the oldest method for obtaining concentrated thoria sols.'^ During 
precipitation of the oxide, some formation of crystallites occurs. 
Growth of these crystallites occurs during the peptization step, which 
is carried out by boiling the precipitate with nitric acid or with a 
nitrate solution. This method has been used extensively at KEMA. 

The experience at KEMA with the peptization method is dealt with in 
the following section. 
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Peptization Method 

The first step in the peptization method is the precipitation of 
thorium hydroxide. The poor filtering properties of the precipitated 
material are well known; they are an important disadvantage of the 
process. The filtering properties could not be improved. Even p re 
cipitation with urea is of little help here. The order of addition of the 
reactants, generally IM thorium nitrate and 25% ammonia solution, 
does not seem to make any difference. After exhaustive washing with 
water, the precipitate retains about 10 mole % (based on thorium) of 
nitrate ion. A practically nitrate-free precipitate can, however, be 
obtained by washing with dilute, e.g., IM ammonia, followed by a final 
rinse with water to remove the ammonia. For peptization, the fresh 
wet precipitate should be used preferably. 

The properties of dried precipitates seem to depend to a large 
extent on the nitrate content. In the presence of nitrate, a material is 
formed that has a small crystallite size but at the same time a small 
specific surface area. Such a material is not suited for peptization. 
This point has been discussed elsewhere.^" Most of the experience at 
KEMA has been gained with sols prepared from nitrate-containing 
precipitate that were used for the manufacture of 5-fi fuel for the 
suspension reactor.''' ' '* 

In the facility available for this purpose, the precipitate is washed 
by decantation. The whole process of precipitation and washing takes 
about 1 hr. Since this particular product should have a Th: U ratio of 
85: 15, the peptization is carried out in this case with the calculated 
amount of IM to 2Muranyl nitrate solution. This solution and the 
precipitate are boiled together, and peptization is achieved within half 
an hour. The resulting dilute sol is then concentrated by evaporation 
until a concentration of about 1.5M(Th+ U)/kg of sol is reached. The 
NO3: metal ratio is then about 0.4. If sols of lower uranium-to-thorium 
ratio are to be prepared, part or all of the uranyl nitrate can be r e 
placed by nitric acid. The quantity required should be added at once 
at the start of the peptization step. 

For some applications it is desirable that the NO3: (Th + U) ratio 
in the sol be lower than 0.4. A precipitate, washed free of nitrate, 
should be used in this case. The peptization is much slower; 3 to 5 hr 
on the average is necessary, with, occasionally, values that differ 
largely for no apparent reason (e.g., 1 or 9 hr). Sols with Th: U = 7 :1 
and NO3: (Th + U) = 0.25 have been prepared routinely in this way. 
Much lower NO3: (Th + U) ratios have not been realized at KEMA. 

The sols prepared in this manner are heavy, but not particularly 
viscous, liquids. The pH (i.e., the reading of a pH meter with glass and 
calomel electrodes immersed in the liquid) is about 3.0 to 3.3. On 
further increase of the pH, gelation takes place readily. The proper-
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ties of the sols have not been examined at length, the behavior in the 
gelation process being a simple criterion for their quality. By this 
criterion the properties do not change after 3 months of storage at 
room temperature. 

The ratio of nitrate to heavy metal is important for the properties 
of the sol. This quantity seems to determine mainly what concentra
tion can finally be reached on evaporation. The X-ray diffraction 
pattern of thoria sols has been studied," with the result that the size 
of the ThOj crystallites was estimated as 15 to 20 A. 

If carbide spheres are to be the ultimate product, carbon should 
be introduced into the sol before it is dispersed into the organic phase. 
Provided a hydrophilic type of carbon is chosen, the carbon can be 
introduced into the sol at several stages of the production process 
without difficulties. The carbon can be coprecipitated with the thorium 
hydroxide, suspended in the uranyl nitrate solution, or mixed with the 
concentrated sol at the end of its preparation. In the last case part ic
ular attention should be paid to the mixing procedure, whereas this is 
no problem in the other two methods. The addition of carbon increases 
the viscosity of the sol significantly. 

It is not possible to prepare by this method sols consisting of 
U(VI) hydroxide only, probably because the various precipitates that 
can be obtained from uranyl solutions are likely to crystallize readily. 
The amount of uranium, added during peptization, cannot be increased 
above a certain limit, which is about 25% relative to thorium. Uranyl 
nitrate, added above this quantity, remains present as a true solution. 

These difficulties can be overcome by working with U(IV) solu
tions,'^ which can easily be prepared. The uranous hydroxide, either 
precipitated alone or together with thorium hydroxide, can be peptized 
in much the same way as described, giving sols from which good 
particles can be produced. The other variants of the sol —gel process 
can also be used with good results. The uranium-to-thorium ratio ob
tainable without going through a U(VI)-U(IV) reduction step can be 
increased by coprecipitating U(VI) and thorium. In this case the heavy-
metal solution should be added to the ammonia. 

The peptization of the washed precipitate can be carried out with 
nitric acid, thorium, and/or uranyl nitrate solution. The peptization 
time depends on the uranium-to-thorium ratio and the nitrate concen
tration. The maximum concentration of stable sol that can be reached 
by evaporation also depends on these two factors. 

The usual concentration of 2 moles of heavy metal/kg of sol is not 
attained by sols with a U: Th ratio higher than 1: 2.5. The stability of 
these sols is also decreased: Some deposition of solid material starts 
after 2 weeks. For the time being, we consider the 1 to 1 uranium-to-
thorium ratio as the maximum that can be reached without ^preciable 
changes in the procedure. 
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DISPERSION 

In the dispersion step the sol is emulsified in an organic liquid 
with which it is immiscible. The dispersion is stabilized as a water-
in-oil emulsion by the use of a suitable agent, for which Span 80 (a 
product of Atlas Powder Company) has been chosen. No doubt other 
suitable agents are available. 

It is evident that the size distribution of the drops in the emulsion 
determines the particle size distribution of the final product. There
fore the dispersion step is of great importance for the efficiency of 
the process because particles that fall outside the size limits set by 
the reactor designer must be recycled. This recycle, of course, is not 
a true loss of material in the process, but it is the factor that limits 
the efficiency; all other steps give yields of more than 90%. From this 
it follows that reactor designers should not impose stricter limits 
on the particle size than is really necessary. Stirring would seem to 
be the easiest way to effect emulsification. Unfortunately it is then 
rather difficult to obtain a narrow size distribution. This problem 
was, however, overcome for the manufacture of the 5-jim fuel at 
KEMA; the final product, obtained by carefully controlled stirring 
during emulsification, has a log-normal size distribution with a mean 
diameter dg= 5.5 jum and a standard deviation ag = 1.33 (Refs. 13 and 
14). 

Experiments aimed at producing comparable results for larger 
sizes by the stirring method have not been carried out at KEMA, 
Larger sizes have been produced by dropping the sol from a capillary 
immersed in the organic liquid. In any drop method the drop size is 
influenced by a number of variables that can be changed to a limited 
degree. Two methods of drop formation have been studied: the free 
flow of drops from the capillary under the hydrostatic pressure of the 
sol and the application of a strip stream. 

In the free-flow method, every drop is formed at the top of the 
capillary, where it grows until it breaks away as a single drop. As 
might be expected, this technique yields the narrowest size distribu
tion, e.g., a = 1.06 has been found with a dg= 770 jim. It is, however, a 
rather slow process. The production from one capillary per 8 hr is 
about 0.1 kg of oxide. 

In the strip-stream method, the sol can be forced out of the capil
lary by means of an applied pressure. A rapid stream of organic 
liquid flows around the capillary in the direction in which the drop 
falls and at a higher linear velocity than the sol stream. Depending on 
the relative velocities, drops are stripped from the capillary before 
they have reached their full size. Under other conditions the continuous 
stream of sol, extending into the organic liquid, is broken up some 
distance below the capillary tip. The relative velocity of sol and strip 
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Table 1 

INFLUENCE OF STRIP STREAM ON PARTICLE DIAMETER 

Sol s t r e a m , c m / s e c 79 69 54 68 
Strip s t r e a m , c m / s e c 14 37 51 67 
Ratio of sol s t r e a m to s t r ip s t r e a m 5.7 1.8 1.1 0.7 
Mean d iameter , fj.m 580 480 440 300 

stream determines the mean diameter of the drops. An example is 
given in Table 1. 

The particle sizes obtained with a strip stream show the usual 
log-normal distribution. For the same sol and capillary for which the 
results with free dropping were given, the result with a certain value 
for the strip stream was dg = 315 fxm and Og = 1.2, In other words, 68% 
of the particles had diameters between 262 and 378 pm, with 16% under 
and 16% over these limits. 

The yield, based on weight of heavy-metal oxide in sol and oxide 
in product, was 93% in this case. The remaining 7% consists of very 
small particles that were not caught with the main mass of material 
and had to be collected elsewhere and recycled. Of the oxide product 
5% passed a sieve of 175 pm; this was probably dust produced during 
handling and sieving. So a total of 12% was lost from the main fraction 
of material consequently produced with a direct (i.e., without recycle) 
yield of 88%. Whether all this product can be used in fuel elements 
depends, of course, on the imposed size limitations. It is felt that the 
7% loss in fine material produced during dispersion is probably in
herent to the strip-stream method but the 5% handling and sieving 
losses could probably be diminished; a direct yield of more than 90% 
might well be obtained. 

With the strip-stream method, the production rate of particles 
(in the range of 200 to 450 pm) with one capillary is about 0,75 kg oxide 
per 8 hr. With an apparatus with four capillaries, about 3 kg can be 
produced in the same period with the same personnel. Depending on 
the allowed limits for the particle size, one has to choose between a 
process with low production rate but narrow particle size distribu
tion (free flow) or a process with a higher rate of production but a 
wider distribution in the product (strip stream). 

The daily production rate required for a plant serving reactors 
of 10,000 Mw(t) is of the order of 100 kg. It is not impossible to reach 
this production rate with apparatus of the type described, but it is far 
from an elegant solution. It is clear that it will be worthwhile to look 
for more-efficient dispersion methods. On the other hand, it can be 
seen that a modest installation will be sufficient for the stage in which 
a few prototype reactors are installed. 
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GELATION 

As already mentioned briefly in the introduction, there are two 
general ways of solidification of a concentrated sol: dehydration and 
removal of nitrate ion. An example of the first type of process is the 
removal of water by a weakly dehydrating alcohol, as developed at 
Oak Ridge National Laboratory.'" An example of the second method is 
the process, developed in Italy by the Comitato Nazionale per I'Energia 
Nucleare,'^ in which the nitrate ion is removed by extraction with a 
primary amine dissolved in a higher alcohol. These processes will 
not be discussed here further. 

In the processes developed at KEMA, the sol is not dehydrated, 
and the nitrate ions are not removed from the sol. Instead, the sol 
is solidified by the following mechanism: When alkali (in this case 
ammonia) is added to the sol, the nitrate ions that function as "gegen-
ions" with respect to the positively charged crystallites are exchanged 
for hydroxyl ions. These combine with the positive charges, the charge 
on the crystallites is decreased, and gelation can occur. The sol sets 
to a solid glasslike material. The development of a gelation process 
aims at producing these solids in the form of flawless spheres. These 
spheres can, by a suitable heat treatment, be converted into the de
sired, well-crystallized oxides or carbides without their shape being 
altered. 

The processes developed at KEMA differ in the way of introduc
tion of the ammonia and, consequently, in the size range for which the 
processes are suited. 

In the first process the ammonia is present in the organic phase 
and gelation starts at the sol-liquid interface. This process, termed 
"external gelation," has been described in detail elsewhere.''•'* It was 
found that this process is not well suited for the production of spheres 
with diameters above 100 pm. The reason for this has been given in 
more detail elsewhere.^" Briefly, the amount of ammonia that is to be 
transported across the interface per unit area is very much larger, 
and the inhomogeneity of the ammonia influx and the ensuing gelation 
tends to set up stresses by osmotic inbalance that lead to the produc
tion of particles with gross defects. 

A solution to these difficulties was obtained by ensuring a homo
geneous production of ammonia throughout the sol droplet by a method 
called internal gelation. This gelation is achieved by dissolving in the 
sol, prior to dispersion, a substance that gives off ammonia slowly 
or not at all at room temperature but at an appreciable rate at higher 
temperatures. Well-known examples are hexamethylenetetramine and 
urea. Urea is only effective at temperatures above 90°C; the hydrolysis 
of hexamethylenetetramine is noticeable at room temperature. 
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For practical purposes it is desirable to dilute the sol to the 
smallest possible extent. There is a limit set, however, to the con
centration of the gelating agents to be used because at high concen
trations the mixing of sol and solution of gelation agent will cause, 
locally, too-high values of the pH and hence undesirable local gelations. 
It turns out that the dilution can be limited to about 10% of the original 
sol volume. Since the hydrolysis is more rapid at higher temperatures, 
less gelation agent is required when working at higher temperatures. 
Based on these principles, two variants of the internal-gelation method 
have been developed. 

The first is the so-called "Winfrith variant," because it was for a 
large part developed by Dragon Project workers at Winfrith. Here the 
gelation is carried out at temperatures around 50°C. Hexamethylene
tetramine is used as the gelation agent, 2-ethyl hexanol or a com
mercially available alcohol mixture (Alphanol 79, from Shell Neder-
land, N. V.) with similar p r o p e r t i e s is the organic liquid. The 
dehydrating properties of these alcohols, however, are not used. (In
deed, it seems dificult to combine the internal gelation with dehydra
tion.) 

The alcohols, as used, are very nearly saturated with water, so 
that their dehydration power has been greatly diminished. It may be 
that their action is just sufficient to form a first gel layer, at the mo
ment the cold sol drop enters the warm liquid. Later on, during the 
gelation, some more water is transported into the organic phase. The 
solubility of water is exceeded and most of the water transferred 
forms an emulsion. This is a second important aspect of the presence 
of the emulsifying agent. In case the emulsion cannot be formed (be
cause no agent has been added), the gelling drop loses water, which 
remains on its surface. This leads to local osmotic inbalances that 
produce cracks in the gelled particle. 

If the concentration of emulsified water in the organic phase 
exceeds a certain limit, the particles begin to show defects. It is then 
necessary either to dilute the organic phase with a quantity of dry 
alcohol or to increase the temperature to reach again a slightly un
saturated condition of the alcohol. An experienced worker can perform 
these operations guided by the appearance of the organic phase, thus 
this difficulty is not important in actual practice. 

As it stands the process is easy to work on a small scale without 
requiring intricate apparatus or instrumentation. Liquids other than 
Alphanol 79 can be used (e.g., carbon tetrachloride, petroleum, e tc ) 
but there has not been so much experience with these. 

The second variant, developed at KEMA, is based on internal 
gelation, performed at temperatures around 100° C, There are two 
advantages with this method: (1) The amount of gelling agent can be 
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lower, because of the higher temperature, and (2) the water disappears 
readily from the organic phase (e.g., a liquid heavier than water can 
be used, and the water then evaporates easily from the top of the liquid). 
The use of chlorinated hydrocarbons, however, leads to complications 
because of the attack of these liquids on organic materials, e.g., pump 
gaskets. 

In the dispersion step the influence of the lower viscosity and 
interfacial tension can be clearly noticed. From the same capillary 
smaller drops are produced. The time of residence in the hot liquid 
should be short, a few minutes. Otherwise, the particles will dry too 
much and this gives difficulties in the following step, the washing step. 

It has been shown recently at KEMA that a straightforward dehy
dration process can also be carried out at temperatures around 100° C. 
This process, on which relatively little work has been done so far, 
would have the advantages of a rapid gelation and the absence of a 
gelation agent. The absence of a gelation agent allows the use of a 
more concentrated sol, and the problem of the slow gelation during 
storage of sols to which gelation agent has been added no longer exists. 

The recycle of undesired size fractions can be carried out easily 
because gels, if not dried at too high a temperature, can be repeptized 
by contact with water. From the preliminary experiments it would 
seem to follow that not all liquids are equally suited for this process, 
but this may depend on the emulsifying agents used so far. 

It is common to all three variants that the gelation of carbon-
containing sols is carried out more easily than the gelation of pure 
oxide sols. That is, under the same conditions fewer defects appear 
in the carbon-containing particles than in oxide material if the con
ditions are not optimal. It is felt that the carbon, although an inert 
filler, makes the propagation of cracks more difficult. 

THE WASHING STEP 

The use of nitrates as the starting materials for thorium and 
uranium, together with the use of ammonia donors as gelation agents, 
has as a consequence the presence of ammonia and nitrate in the gelled 
particle. It seems probable that, on drying of the freshly gelled part i
cles (which have not lost much of the water originally present in the 
sol), ammonium nitrate is formed; this makes the particles shatter 
e3q)losively as soon as temperatures of 130 to 150° C are reached. 

This annoying phenomenon has been shown to depend on the simul
taneous presence of ammonium and nitrate ions and can therefore be 
avoided by the absence of at least one of these components. This solu
tion does not give rise to important difficulties in itself, but another 
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solution is also possible: the introduction of a washing step. A washing 
is anyhow required to remove high-boiling organic liquids before 
drying, but this has to be supplemented by a period of contact with an 
aqueous solution. This solution should remove either nitrate or am
monium ions without damaging the particle or extracting selectively 
one of the components, e.g., uranium. The latter requirement severely 
restricts the substances that can be used to make up a washing solu
tion, e.g., all complexing agents for thorium or uranium are ex
cluded. Slightly acid solutions cannot be used because of dissolution, 
and pure water damages the particles by superficial peptization. Hence 
the washing solutions are restricted to solutions of a few salts at pH 
values larger than 7, with ammonia and ammonium salts being used. 
The extraction of the nitrate is easily and quickly performed, a con
tact period of 30 to 60 min is generally used. 

Gels that contain carbon do not present special difficulties, but it 
was found that oxide gels are particularly sensitive to the composition 
and concentration of the solution. The gels are mechanically weak and 
yield easily to stresses set up in the particle by differences in con
centration of salts and pH. Cracks are then produced, and it is easy to 
find conditions under which an originally perfect gel particle is com
pletely destroyed by washing. Several clearly distinguishable types of 
defects can be produced that indicate the different stress distributions 
in the gels. On the other hand, a systematic search for the proper 
composition of the washing liquid rapidly meets with success and this 
composition, once found, need not be changed as long as the same type 
of sol is used for production. 

DRYING AND HEATING 

After the washing step the particles can be dried without dif
ficulties. A rather high rate of heating can be tolerated. Mechanical 
damage should, of course, be prevented. The loss of weight on drying 
(120° C) is about 30% of the wet particle weight. Another 10% is lost on 
further heating up to 1200° C. The weight loss consists mainly of water 
and the decomposition products of the gelation agent. 

The texture of the dried oxide particles, as deduced from the low-
temperature nitrogen-adsorption isotherm, is similar to that of other 
gels. The specific surface area is about 130 m^/g; the pore width is 
10 to 14 A; and the crystallite size is 35 A, After heating at 1000°C, 
the texture has changed considerably, the gel-like character has d is
appeared, and the crystallites have grown considerably (to 130 A), Two 
sizes of pores can be distinguished: 35 and 70 A. In both the low-tem
perature gel and the heated product, the pore size distributions are 
sharp, showing the homogeneous character of the material. 
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SOME REMAINING PROBLEMS 

In the preceding sections an account has been given of a process 
by which particles can readily be produced which satisfy all require
ments known today. This does not mean, however, that all problems 
regarding the process have been solved. A few of these problems will 
be listed below, in the same order as the steps in the process to which 
they refer. Some of these problems might be common to some or all 
of the variants of the so l -ge l process. 

1. Very little is known about the fundamentals of the preparation 
of the sols (e.g., the influence of the properties of the precipitate on 
the peptization step and the consequences for the properties of the 
resulting sols, the manner in which uranium is introduced and how this 
influences the behavior of the sol, and the influence of the nitrate ion 
concentration). In general, the reproducibility of the sol preparation 
leaves room for improvement, especially when preparations on larger 
scales are attempted. It is probable that there is a relation between 
the crystallite size of the thorium oxide particles that make up the sol 
and the amount of uranium that can be taken up. The existence of 
threadlike polymeric forms of thorium oxide, together with the micro-
crystalline material, and their possible role in gelation needs in
vestigation. Generally speaking, it can be said that there is little 
information about the physical properties of the sols and the way in 
which they depend on composition and method of preparation, 

2. The problem of obtaining, in the dispersion step, a narrow 
distribution of drop sizes is of paramount importance for the ef
ficiency of the process. A plea has already been made to reactor 
designers not to limit sizes unduly. It is felt, however, that efforts 
from the production point of view to investigate methods of obtaining 
narrow fractions at high production rates will be of the utmost im
portance for the future of the sol—gel process. 

3. By now, a number of satisfactory gelation methods are known 
that all lead to satisfactory products. All of them have their advantages 
and disadvantages. We feel that it is premature at the present to 
express a preference. Also, the possibility must be taken into account 
that the preferred method may depend on the product required, e,g., 
its chemical composition or its particle size. A parallel development 
of these processes, preferably in the direction of continuous production, 
seems desirable. Apart from that, it can be noticed that the present 
knowledge of inorganic gels seems to be meager; thus fundamental 
work in this field might be profitable, 

4. The washing step is typical for the gelation with ammonia and 
therefore not of general significance. Here the importance of osmotic 
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phenomena has been shown most dramatically, but similar problems 
may appear with other methods. 

5. A general problem is the limiting of the volumes of waste 
liquids that might need treatment before disposal. 

6. There are, of course, problems associated with the heat 
treatment of the products, but these are probably not typical for the 
s o l - gel process and will not be discussed further. 

7. There are problems of large-scale production. However, such 
production with methods similar to the so l -ge l processes previously 
described is carried out by manufacturers of alumina-base catalysts. 
It is highly probable therefore that large scale sol -gel processes for 
virgin fuel materials can be developed without major difficulties. 
Although the processes are considered to be well suited for application 
to highly radioactive materials, considerable development of suitable 
equipment is required. 
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SOL-GEL PROCESS DEVELOPMENT 

AND MICROSPHERE PREPARATION* 

p . A. HAAS, W. D. BOND, M. H. LLOYD, and J. P. McBRIDE 
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Oak Ridge, Tennessee _^___ 

ABSTRACT 

The continued development of the sol-gel process at the Oak Ridge National 
Laboratory is presented. Sols of ThOj, UO2, PUO2, and other actinide or rare 
earth oxides have been prepared. These sols can be gelled andlired to give high-
strength oxide particles. 

Most of the sols are prepared from nitrate salts and peptized by niti^ate ion. 
The thoria-sol preparation procedure Is unique in that the basic colloidal par
ticle is formed by steam denitration at temperatures approaching 500°C. The 
most completely developed procedure for urania sols is based on precipitation-
dispersion starting with U(1V) nitrate solution. Hydrous uranium dioxide is 
precipitated by NH4OH-N2H4 • H2O solution, washed to Incipient peptization, 
and then heated to 60°C to form a sol. The addition of formic acid prior to 
precipitation helps to maintain a high U(IV) content and simplifies the precipita
tion step. Plutonia sols may be prepared from Pu(N03)4 solution by a precipita-
tion-peptization technique; careful control of the temperature and other process 
conditions is necessary. The plutonia sols are polymers of hydrated Pu(IV) 
oxide. Mixed sols were prepared either by coprecipitation or by simple mixing 
of the different sols. Limited amounts of a second component may be adsorbed 
on the colloidal particles of a sol; for example, up to about 10 mole % uranyl 
ion can be adsorbed when UO3 or uranyl nitrate Is added to a thorla sol. 

A process was developed for converting these sols Into strong, dense oxide 
spheres 10 to 1000 ju in diameter. The sols were dispersed into droplets in an 
organic liquid that converted them to gel spheres by extracting water at slow, 
controlled rates. To suspend the sol drops and avoid coalescence, clustering, 
and deposition on the wall, the use of surfactants In the organic liquid and of 
apparatus having special configurations were necessary. The spherical gel 
particles were separated from the organic liquid, then dried and fired to give 
the oxide product. Microspheres were prepared by using 2-ethyl-l-hexanol as 
the drying solvent In continuous column systems that Included solvent recovery. 
Capacities were up to about 1200 g of thorla microspheres per hour. Several 
hundred kilograms of thorla microspheres, over 15 kg of urania microspheres, 
and smaller amounts of the other compositions were prepared. 

•Research sponsored by the U. S. Atomic Energy Commission under contract 
with the Union Carbide Corporation. 
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The development of the sol —gel process and its application to the 
preparation of the theoretically dense fragments of thoria—urania for 
vibratory compaction was reported at the last Thorium Fuel Cycle 

1 2 

Symposium. ' This paper describes the continued development of 
sol —gel processes, especially as adapted to the production of spherules. 

Basically, the sol -gel processes consist of three major opera
tions: (1) preparing an aqueous sol, (2) removingwater to give solid gel 
particles, and (3) firing at controlled conditions to remove volatiles, 
sintering to a high density, and causing any necessary reductions or 
chemical conversions. The original flow sheet (Fig. 1) was developed 
for a thoria sol. According to this flow sheet, thorium nitrate is 
steam-denitrated to thorium oxide that can be dispersed into a stable 
sol by adding very dilute nitric acid or uranyl nitrate solution. The 
thoria (or thoria-urania) sol is evaporated to form a gel and then fired 
to density. A particle density of 9.9 g/cm^ or greater is achieved in 
1 hr at 1150° C. After sizing, the oxide particles are suitable for 
vibratory-packing into fuel tubes. 

HjO 

THORIUM NITRATE 
SOLUTION 1 

(~-2M) 

STEAM 
DENITRATION 

185-475°C 

DENSE UOj-ThOj 
TO SIZING AND 

VIBRATORY .^-
COMPACTION 

STEAM 
350-450"'C 

ThO., 

UO^CNOglj 

NH, SOLUTION 

SOL PREPARATION 

BLENDING, 80°C 
NO" NH 
- = T ^ = 0.077 - -_ i= 0.017 

In In 

UOg-ThO^ 

SOL 

CALCINATION 

AIR, 300°C/hr TO IISO'C 
1150°C, 1 hr 

REDUCTION 

ARGON-4% HYDROGEN 
1150°C,4 hr 

ARGON, COOL TO lOOoC 

H^O 

GELATION 

EVAPORATION]-! 
80-85"C 

UOj-ThO^ 

GEL 
(DENSITY; ~7 kg/liter) 

I 

Fig. 1—Original sol—gel process flow sheet. 

The development studies have included investigations of sol prep
aration for most of the metal oxides that might be used in irradiation 
specimens or fuel elements. One purpose is to obtain the same advan
tages for these metal oxides as are obtained in the thoria so l -ge l 
process. Another purpose is to be able to prepare mixed-oxide products 
by preparing mixed-oxide sols or mixing pure sols. The sol prepara-
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tion procedures and the characteristics of the microsphere products 
for oxides other than pure thoria are given later. 

Spherules of a high-density oxide or dicarbide are the preferred 
fuel materials for many reactor designs. For example, spheres are 
preferred when pyrolytic carbon coatings are used since the coating 
is a small "pressure vessel" for fissionproducts. The greater mechan
ical strength, the controlled void volume, the bulk flow properties, or 
the overall uniformity possible with spheres are important advantages for 
many applications. Therefore we started studies to modify the sol —gel 
process to prepare small high-density spheres while retaining the 
important advantages of simplicity and relatively low sintering tem
perature. The microsphere preparation process, as described later, 
replaces the evaporation step in the original sol —gel process. 

A pilot-plant-scale system for the preparation of microspheres 
has been installed and operated as part of a Coated Particle Develop
ment Facility at the Oak Ridge National Laboratory. This system has 
been operated with thoria sols at rates up to 25 cm^/min of sol (1200 g 
of Th02 per hour for a 3M thoria sol). The characteristics of the over 
100 kg of product microspheres have been equal or superior to those 
prepared in smaller equipment. This column system is being used to 
supply microspheres for other parts of the fuel-cycle program and to 
investigate the problems of long-term, remote operation. This system 
will be operated with sols other than pure thoria in the future. 

SOL PREPARATION AND CHARACTERISTICS OF THE PRODUCTS 

The feed materials for our sol preparation procedures have been 
nitrate salts or solutions because the products of many of the solvent 
extraction processes are nitrate salt solutions. Also, any residual 
nitrate remaining in the sol or gel can be volatilized during calcination. 

Conversion of the nitrate into an oxide sol requires the following 
four steps, which may be combined or accomplished in different orders: 

1. Reducing or oxidizing to the best valence; U(IV) and Pu(IV) are 
preferred for urania or plutonia sols. 

2. Converting the metal nitrate into a hydrated oxide. 
3. Removing excess nitrate and nonvolatile impurities. For in

stance, NH4NO3 or NaNOs must be removed if the hydrous oxides are 
precipitated by NH4OH or NaOH. 

4. Dispersing the oxide as a stable sol. 

The preparation procedure for thoria sols is unique in that the 
basic colloidal particle is formed by a steam denitration at tempera
ture approaching 500°C. For other sols, the colloidal particle is formed 
in solutions or wet precipitates. 
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REDUCTION 

2520 ml SOLUTION 
0.5A^ UO.^{NO^)^-Z.3M HNO 

0.26M UREA 
30-60 mg Pd CATALYST 

FILTRATION 

___| 
U(N03)^ SOLUTION ^ r 

»• Pd CATALYST 

CONC. FORMIC ACID 

FORMIC ACID ADDITION 

SOLUTION MADE 0.34^ IN FORMIC ACID 

PRECIPITATION 

U(IV) HYDROUS OXIDE 
SUSPENSION 

i 

3.0/W NH.OH 4 

0.5M NjH^-HjO 

9 LITERS HjO 

FILTRATION AND WASHING 

24-cm-dia. BUCHNER FUNNEL 
WITH NO. 42 WHATMAN PAPER 

UOj FILTER CAKE WASTE ELECTROLYTE 

SOL FORMATION 

HEAT AT 60-65°C AND STIR 

UOj SOL 

Fig. 2—Flow sheet for the laboratory preparation of urania sol. 

Preparation of Urania Sols and Microspheres 

Sols for preparing UO2 microspheres were made according to the 
flow sheet shown in Fig. 2. First, auranous nitrate solution is prepared 
by the catalytic reduction with hydrogen of a uranyl nitrate solution 
containing excess nitric acid. The solution is filtered to remove the 
catalyst, and formic acid is added to the filtered solution. The hydrous 
oxide is formed by precipitating U(IV) with an NH4OH solution con
taining hydrazine. The precipitated hydrous oxide is- collected by 
filtration and washed to remove excess electrolyte. Finally, the washed 
filter cake is then heated at 60 to 65° C to produce a fluid, stable sol. 
A blanketing gas (argon) is used during all stages of the process to 
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protect the material from oxidation by air. For criticality control with 
enriched uranium, the work was done batchwise by using 300 g of ura
nium in each preparation. Sol concentrations of 1.3 to 1.6AfU02 were 
achieved (Table 1). Details of the development of the sol preparation 
method and microsphere forming, drying, and firing studies are 
given in Ref. 3. 

Table 1 

PROPERTIES OF TYPICAL URANIA SOLS 

Specific 
gravity, 
g/om^ 

1.317 
1.319 
1.369 
1.373 
1.404 
1.405 

Uranium 
concentrat ion. 

M 

1.23 
1.27 
1.48 
1.49 
1.61 
1.62 

U(IV) 
content, 
% of U 

87 
85 
86 
84 
86 
87 

NO3-/U 
ra t io 

0.13 
0.07 

0.14 
0.11 
0.11 

HCOO-/U 
ra t io 

0.44 
0.38 
0.45 
0.45 
0.31 

The nitrate-to-uranium mole ratio and the completeness of uranium 
reduction are important to sol formation. During precipitation, the 
a.ddition of ammonia is controlled to give a pH between 7 and 8. In a 
typical preparation, 3.0M NH4OH-O.5M N2H4 • H2O solution is added at 
a rate of about 125 ml/min to a 0.5M U(IV)-2.3M NOi--0.3M HCOQ-
solution with vigorous stirring. The formic acid is necessary to main
tain a high U(IV) content (>90% of the total uranium) in the precipitated 
hydrous oxide and subsequent sol. In the absence of formic acid, the 
U(IV) content of the hydrous oxide would drop to 80% of the total ura
nium in contrast to the >99% of the original uranous nitrate solution. 
The formic acid also simplifies pH control in the precipitation step, 
increases the rate of washing of the filter cake, and inhibits oxidation 
of the UO2 during microsphere formation. 

These sols were formed into gel microspheres by the same 
procedures developed for preparing thoria microspheres. Two organic 
surfactants (about 0.5 vol.% each of Amine 0 and Span 80) were neces
sary to prevent coalescence and clustering of the urania sol drops. The 
gel spheres were dried by gas flowing through a bed of spheres on a 
glass frit. A variety of drying conditions were tested for removing the 
2-ethyl-l-hexanol (2EH) and surfactants from the gel microspheres.^ 
Steam stripping by an argon-steam mixture appears to be the most 
effective. Drying with argon alone at 150° C best preserved the U(TV) 
content of the gel, but the carbon content was about three times higher 
than when steam was present. Vacuum drying at 100° C for 74 hr yielded 
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gelled microspheres still containing about 5 wt.% carbon. In general, 
the carbon content of the dried gel spheres was 2 to 7 wt.%. 

The microspheres were fired at 1150 to 1250°C in high-purity 
alundum boats inside a 2V2-in.-ID furnace tube of high-purity alundum. 
Two firing procedures were used. In one, the spheres were heated in 
H2 at 300° C/hr to the firing temperature and held there for 4 hr. In 
the other, the spheres were heated to 950° C in CO2, then in H2 to firing 
temperature and held there for 4 hr. 

Table 2 

FIRING DATA FOR 125- TO 177-|U-DIAMETER UOj MICROSPHERES 

Heat-up 
schedule* 

a 
a 
b 
b 
b 

Sintering 
t empera tu re , 

"C 

1150 
1250 
1150 
1250 
1250 

Loss on 
s inter ing gel, 

wt.% 

6.9 

10.2 

9.4 

Weight 
requi red 
to c rush , 

g 

871 
1050 

354 
313 
354 

Carbon 
content, 

ppm 

4600 
4900 

460 
200 

<100 

Product 
density, % of 

theoret ical 

97.8 
97.6 

~100 
-100 
-100 

*a, H2 to firing t empera tu re at 300°C/hr; b, COj to 450°C at 50°C/hr; CO2 to 
600°C at 25°C/hr; COj to 950°C at 50°C/hr; Hj to firing t empera tu re at 300°C/ 
hr . 

Table 2 shows firing data for typical products. Microspheres 
from the straight H2 firing and the CO2 —H2 firing differed in carbon 
content, crush strength, and X-ray crystallite size as measured by 
X-ray diffraction line broadening. The H2-fired products contained 2000 
to 5000 ppm carbon and had crush strengths, generally, between 1.3 
and 2.3 lb per sphere. The CO2--H2 firing effectively lowered the carbon 
content but decreased the crush strength of the product. The crystal
lite size of the UO2 (from X-ray line broadening) was 450 A for a 
typical H2-fired product and 2500 A for a CO2-H2 fired product. 

The method routinely produced yields of 90% of the fired micro
spheres from a 300-g batch in the 125- to 177-n-diameter size. In this 
125- to 177-(i fraction, about three-fourths of the spheres (by weight) 
were 149 to 177 \x in diameter. Early microsphere products were 
primarily in the 50 to 250 \i range, but spheres as large as 500 \x have 
been formed. 

Figure 3 shows typical urania microspheres. The bright spots 
are light reflections. Polished sections of these same spheres are 
shown in Fig. 4. Although it does not appear at the magnification shown, 
there is a uniformly distributed microporosity in these spheres that 
tends to form macropores at about 1700° C. 
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Fig. 3—Typical UO3 microspheres. Diameter, 125 to 177 ft 

I ^ ^ ^ 
- 0 0 3 5 INCHES- - 0 0 0 5 INCHES-

Fig 4—Sections of UO2 microspheres Density, 96% of theoretical 
Carbon content <100 ppm Crush strength 550 g 
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1 ? ^ ^ 

%*i;a=-

-0.035 INCHES-

3 2 1 0 

Fig. 5—Calcined ThOg — UOz microspheres prepared by mixing thoria 
and urania sols. Polished sections of 210 to 297 fx in diam.eter. Thor
ium,-to-uranium atom ratio, 3.5. Density to mercury porosimetry, 99%. 
Carbon, 30 ppm. Oxygen-to-uranium, mole ratio, 2.016. 

Table 3 

PREPARATIONS OF U02-Th02 SOLS* 

Prepara t ion 
codef 

Th/U 
mole 
ra t io 

(Th + U), 
M 

NOj-/(Th + U) 
mole ra t io 

U(1V), 
% of U 

X - r a y c rys ta l l i t e 
s i ze , A 

111 220 311 

C P - 6 
CP-12 
CP-13 

3.45 
3.75 
3.69 

1.58 
1.64 
2.03 

0.11 
0.13 
0.13 

65 
52.6 
63.5 

65 
67 
72 

64 
62 
63 

68 
65 
62 

•P repa ra t i ons sca le : ~300 g of combined oxides. 
t C P - 6 is p repa red by blending a urania sol [1.32M U, 88% U(IV), NOf/ 

U = 0.16] with GS-26 thor ia sol (3.07iW Th, NOf/Th = 0.099) p repa red from 
s team-deni t ra ted thoria. CP-12 and CP-13 a r e p r epa red by mixing a 
thor la -pas te fi l ter cake made from water , HNOg, and s t eam-den i t ra ted 
thorla which contains excess n i t ra te with a n e a r - n i t r a t e - f r e e 5% T h 0 2 -
95% UO2 filter cake p repared by coprecipitat ion from a U(N03)4—Th(N03)4 
n i t ra te solution. Dilution with H2O from 2 . 7 ^ (Th + U) was requi red for 
fluidity. 
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Preparation of Thoria-Urania Sols and Microspheres 

Sol —gel technology is being extended to include mixtures of thoria 
and urania in all ratios. We are concentrating on an approach whereby 
the pure sols are mixed in the desired ratio since this would be the 
most convenient method to use with a variety of fuel compositions. In 
the original sol —gel process for making thoria—urania sols, uranyl 
nitrate or UO3 is added to a thoria sol and is adsorbed on the surface 
of the thoria particles. This procedure is limited to uranium-to-
thorium ratios of less than 0.1. 

Other possible methods for preparing mixed sols are being in
vestigated. These include solvent extraction of nitrate ion from mixed 
thorium nitrate—uranyl nitrate solutions, dispersal of precipitated 
thorium hydroxide with uranyl nitrate, and coprecipitation of uranium 
and thorium hydroxides followed by peptization in nitric acid. We are 
concentrating on sols that have a thorium-to-uranium atom ratio of 
about 3.5 since this appears to be a composition of interest for reactor 
fuels. In the laboratory UO2—Th02 sols have been made by: 

1. Blending UO2 sols with Th02 sols. 
2. Dispersing a 95% U02-5% Th02 filter cake in the Th02 sols. 
3. Dispersing coprecipitated thorium hydroxide with uranyl nitrate. 
4. Dispersing thorium hydroxide with uranyl nitrate. 

The first two methods have been used to prepare 300-g lots of fired 
microspheres of near-theoretical density and thorium-to-uranium atom 
ratios up to 3.5 (Fig. 5). The last two methods have not been as 
thoroughly investigated and will not be discussed further. 

The preparation of stable, fluid UO2—Th02 sols has been success
fully demonstrated by mixing our standard UO2 sols with standard 
ThOj sols. With these sols, we have prepared 300-g lots of 200- to 
300-|i-diameter calcined microspheres with thorium-to-uranium atom 
ratios up to 3.5. The upper limit of concentration of thorium plus 
uranium appears to be about 1.6Mfor fluid sols at thorium-to-uranium 
ratios of 3. Above this concentration, the sols are too thick for forma
tion of microspheres. The chemical composition and crystallite sizes 
typical of this sol are shown in preparation CP-6 (see Table 3). The 
CP-6 sol was formed into about 300 g of approximately 350-p-diameter 
gel microspheres by using 2EH containing 0.3% Span 80 and 0.5% 
Ethomeen S/15 surfactants. Excellent gel microspheres were produced 
which had shiny surfaces and no evidence of pitting. The spheres were 
dried to 125° C in argon, with no evidence of cracking or deleterious 
pitting of the surface. After being fired at 1200° C, the spheres had 
nearly theoretical density, excellent crushing strength, and low carbon 
contents (Table 4). The residual porosity remaining in the microspheres 
was shown to be less than 200 A by mercury porosimetry. 



Table 4 

FIRING CONDITIONS AND PROPERTIES OF FIRED UO2- ThOj MICROSPHERES* 

Heating conditions Soaking conditions Product Analyses 

Sol 
preparationf 

CP-12 

CP-13 

Firing 
No. 

1 

2 

3 

4 

1 
2 

3 

4 

Atm 

Air 
Air 
Air 
Ar-4% Hj 
Ar-4% H2 
CO2 

Ar-4% Hj 
Ar-4% Hj 
Air 

Ar-4% H2 
Ar-4% H2 
CO2 
Ar-4% Hj 
Air 

Rise rate. 
"C/hr 

400 
300 
200 
400 
300 
400 
300 
400 
300 
300 

300 
300 
300 
300 
300 

Temperature 
range, °C 

25 to 1000 
1000 to 1200 

25 to 200 
200 to 1000 

1000 to 1200 
25 to 1000 

1000 to 1200 
25 to 1000 

1000 to 1200 
25 to 1200 

25 to 1000 
25 to 850 

850 to 1100 
25 to 850 

850 to 1100 

T< 
Atm 

Ar-4% H2 
Air 

Ar-4% H2 

A r - 4% H2 

Ar-4% H2 
Ar-4% Hj 
Air 
Ar-4% Hj 

Ar-4% Hj 

Ar-4% H2 

3mperat 
°C 

1200 
200 

1200 

1200 

1200 
1200 

25 
1200 

1100 

1100 

Crushing B.E.T. 
Temperature, Time, Carbon, Densityt O/U strength,? surface area, 

hr ppm g/cm^ ratio g m^/g 

3.5 
1 

3.5 

3.5 

3.5 
4 

4 

4 

4 

50 

30 

150 

6400 
100 

200 

<100 

<100 

10.14 

10.13 

10.35 

8.02 
10.1 

10.1 

10.2 

9.81 

2.006 

2.009 

2.011 

2.081 
2.007 

2.061 

2.026 

2.015 

581 

532 

585 

393 
1350 

1393 

1518 

1884 

0.005 

0.017 

0.005 

10.1 
0.006 

4.08 

0.005 

0.173 

*15 to 25 g of gel microspheres per firing; samples were cooled to room temperature under argon. 
tSee Table 3. 
JBy mercury porosimetry, the theoretical density Is 10.25 g/cm'. 
§Average of 10 microspheres. The size tested was 250 fi In diameter except for the CP-12 preparations, which were 150 li. 
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The second method is, in principle, the same as the first mixed-
sol approach except that a small fraction of the thorium is present as 
precipitated thoria. Precipitated thoria has a crystallite size of 30 A, 
whereas the thoria prepared by steam denitration of thorium nitrate 
has a crystallite size of 65 to 80 A. The 95% U02-5% Th02 filter cake 
is prepared by precipitating the hydrous oxides from a solution con
taining uranous nitrate and thorium nitrate (thorium-to-uranium atom 
ratio of 19) with ammonium hydroxide, filtering to form the cake, and 
then washing the filter cake until the filtrate is nitrate free. The filter 
cake can be blended with thoria sols to increase the thorium-to-ura
nium ratio. Typical chemical compositions and crystallite sizes of 
dispersed particles are shown for preparations CP-12 and CP-13 (see 
Table 3). For the sols having a thorium-to-uranium atom ratio of 3.5, 
the upper limit of concentration for fluid sols appears to be about 2M 
(Th + U). 

Sol preparations CP-12 and CP-13 were formed into gel micro
spheres by using 2EH containing 0.3% Span 80 and 0.5% Ethomeen 
S/15 surfactants. About 200 g of 250- to 300-|i-diameter gel micro
spheres was formed with CP-12, and approximately 250 g of 300- to 
350-|ji-diameter gel microspheres was formed with CP-13. The spheres 
were dried in argon at 125° C, and there was no observable cracking 
of the gel. 

An oxidizing atmosphere during part of the firing cycle was 
necessary to obtain a product of near theoretical density and low car
bon content (Table 4). Firing in completely reducing conditions produced 
spheres of low density with high carbon content and low crushing 
strengths. The attainment of high density does not appear to depend 
on removing the carbon but, rather, on the degree of oxidation of the 
UO2. For example, exposing the spheres to air at room temperature 
for 1 day prior to firing in a reducing atmosphere produced a product 
containing only 200 ppm of carbon, but the density was only 90% of 
theoretical. We have not as yet determined the optimum firing condi
tions. However, it appears that oxidation by air to 1200° C or by CO2 
from 850 to 1100° C prior to final reduction of the UO2 yields products 
that have acceptable properties. 

Preparation of PUO2, PuOz-UOz, and PuOz-ThOj Sols 

A sol -ge l process for making dense oxide particles of PUO2 was 
developed and tested in the laboratory. The plutonia sols are com
patible with the thoria and urania sols. Although further development 
will be required before large-scale production is possible, the ability 
to produce dense plutonia as well as homogeneous plutonia-urania or 
plutonia-thoria products at any desired plutonium-to-metal ratio has 
been demonstrated. Plutonia sols and mixed sols of plutonia with thoria 
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and urania have been fired to oxide fragments suitable for vibratory 
compaction or have been formed into gel microspheres that can be 
fired to uniform, dense oxide spheres. 

The process for plutonia utilizes the polymerization of hydrated 
plutonia to produce crystallites of colloidal size. The process consists 
of three steps: precipitation, peptization, and denitration. The sols are 
from IM to 3M in plutonium and have NOJ"-to-plutonium moje ratios 
of 0.1 to 0.3. They are stable for several months and may be stored. 

Pu tNOg)^ 10-20 g/l i ter 

]-2M HNO., 

1 MOLE HNO 

PER MOLE Pu 

PRECIPITATION 

100% EXCESS OF 
2M NH^OH 

WASHING 

WATER WASHING OF 
PRECIPITATE TO pH of 7-8 

PEPTIZATION 

DIGESTION AT SO'C 
TO COLOR END POINT 
(LIGHT GREEN TO VERY 

DARK GREEN) 

RESUSPENSION 

WATER ADDITION 
WITH AGITATION 

N O , REMOVAL 

HEAT TO DRYNESS; 
BAKE AT 120-200°C 

PLUTONIA SOL 
Pu CONC. I-3/W 

(NO3 CONC. 0.1-0.4 MOLES NO3 /MOLE Pu) 

Fig. 6—Flow sheet for the preparation of plutonia sols. 

The flow sheet for this process is shown in Fig. 6. Dilute plutonium 
nitrate solution (10 to 20 g/liter), which contains IMto 2M excess HNOg, 
is precipitated by slowly adding the plutonium solution to a 100% ex
cess of rapidly stirred 2M HN4OH. After the plutonium precipitate is 
caught on a filter, the filter cake is resuspended in water and r e -
filtered. Three washings are usually sufficient to reduce the pH of the 
filtrate to less than 8.0, which indicates satisfactory removal of con
taminant ion. This freshly precipitated plutonium is peptized by diges
tion at 50 to 80° C with dilute HNO3. Complete peptization is character
ized by a color change from light green to a nearly transparent dark 
green. The minimum nitrate concentration necessary for complete 
peptization is 1 mole of HNO3 per mole of plutonium. At this con
centration, a digestion time of about 4 hr at 80°C is required. Higher 
nitrate concentrations can also be used, and, at NOJ'-to-plutonium 
mole ratios of 2 or more, the digestion time is 10 to 15 min. 
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The sol produced during digestion is a stable colloidal dispersion, 
but is not suitable for fuel-particle preparation until the nitrate con
centration has been reduced. This is accomplished by evaporating the 
sol to dryness and baking the dried gel. Nitrate removal is a function 
of both time and temperature, and excessive baking will result in 
material that cannot be redispersed. A baking time of 6 to 8 hr at 
200° C is generally required to reduce the NO^-to-plutonium mole ratio 
to the range of 0.1 to 0.3. 

The final sol is prepared by resuspending the baked gel in water 
and then evaporating it to the desired plutonium concentration. Con
centrations in excess of 3M can be achieved. These sols can be dried 
and calcined to dense hard fragments, and they can be formed into gel 
microspheres which when fired at 1150° C become dense oxide spheres. 

Numerous small-scale batches of plutonia sol were prepared in 
the laboratory. Conventional glove boxes were used, and batch sizes 
varied from 5 to 30 g of plutonium. Plutonium feed solutions were 
purified by HNO3 anion exchange, and the valence was determined by 
spectral analysis with a recording spectrophotometer prior to sol 
preparation. When detectable amounts of hexavalent plutonium were 
found, the valence was adjusted to the tetravalent state with nitric 
oxide. Product from the ion-exchange column provided excellent feed 
for preparing the sol. The plutonium concentration averaged about 
20 g/liter, and the HNO3 concentration varied from iMto 2M. Such 
solutions could be stored for several weeks at room temperature before 
valence adjustment became necessary. 

For preparation of the sol, plutonium is precipitated by adding the 
stock solution at the rate of about 30 ml/min to rapidly stirred NH4OH. 
The precipitate is vacuum filtered on a sintered glass funnel, medium 
frit. After washing, the precipitate is transferred to a round-bottom 
flask for digestion and concentration. The plutonium concentration is 
adjusted to O.IM, and sufficient HNO3 is added to provide an acid con
centration of O.IM. At this acid concentration, complete peptization of 
the precipitate occurs in about 4 hr at 50° C. The resulting sol is 
evaporated to dryness under vacuum at 80° C. While evaporation under 
vacuum is not mandatory, concentration can be effected faster. The 
concentrated sol is transferred to a beaker for baking just prior to 
going to dryness. The sol is dried and baked to remove nitrate at 200° C 
on a hot plate or in an oven. The solids are baked until all but a small 
fraction can be redispersed. This is taken as the minimum nitrate ob
tainable for a given sol preparation since continued baking will result 
in totally nondispersible solids. The final sol is prepared by dispersing 
the baked gel in water and evaporating it to the desired concentration. 

The plutonium sols can be formed into gel microspheres and 
calcined to dense, strong oxide spheres by using the procedures devel
oped for making thoria microspheres. Microspheres about 200 \i in 
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W^ fi 
" ^ 

<m.m 

m 

UNCALCINED CALCINED 

î jg' /-—Plutonia gel and 1150°C sintered microspheres Average diam
eter 130 fj. Density 96% of theoretical 

UNCALCINED CALCINED AT HSCC IN HYDROGEN 

Fig 8—Microspheres of 7d%o urania—25%, plutonia before and after 
calcining 
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Fig. 9—Microspheres of 50%i thoria—50% plutonia before and after 
calcining. 

diameter after firing were prepared from pure plutonia sol (Fig. 7), 
from a mixed sol of 75% urania—25% plutonia (Fig. 8), and from a 
mixed sol of 50% thoria —50% plutonia (Fig. 9). Most of the microsphere 
preparations were made with about 0.5 vol.% each of Span 80 and 
Ethomeen S/15 as the surfactants in the 2EH. 

Microspheres have been made in the laboratory from mixed 
Pu02-Th02 sols at Pu02 concentrations of 2, 10, 30, 50, and 80 wt.% 
and from mixed PUO2—UO2 sols at PUO2 concentrations of 15, 25, and 
50 wt.%. The density of these products after calcination at 1150° C 
varied from 95 to 99% of theoretical. (The theoretical density of mixed 
oxides was taken as the weighted average of the densities of the com
ponent oxides.) 

PREPARATION OF MICROSPHERES 

In the preparation of microspheres, drops of sol are gelled by 
extracting the water into an organic liquid, such as 2EH, called the 
"solvent." This operation replaces the gellation by evaporating water 
in the original sol -gel flow sheet. 

The process for converting a sol into fired microspheres includes 
the following procedure: 

1. Disperse the sol into drops. 
2. Suspend it m solvent and extract water to cause gellation. 
3. Separate the gel microspheres from the organic liquid. 
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4. Recover the solvent for reuse. 
5. Dry the gel microspheres. 
6. Fire to dense spheres. 

The size of the product microsphere is determined in the first 
step. In the second step, the extraction of water causes gellation and 
thus converts the drop of sol into a solid sphere. This is the key 
process step. The interfacial tension holds the drop in a spherical 
shape. This limits the maximum microsphere size since very large 
drops will distort. The slow extraction of water is essential to ob
taining a microsphere with a high density and high strength. If the water 
is extracted too fast, the drops break into fragments or form hollow 
particles. The remaining four operations are simple in principle. 
However, the densification during firing and the amounts of carbon and 
gases in the product can vary greatly, depending on the drying and 
firing conditions used. 

The first four operations may be done in a continuous column sys
tem (Fig. 10). The sol is dispersed into drops that are released into the 
enlarged top of a tapered column. The drops are suspended or fluidized 
by a circulating upflowing stream of the organic liquid. As the water is 
extracted and the drops gelinto solid microspheres, the settling velocity 
increases. The column configuration and the fluidizing flow rates were 
selected to permit the gelled particles to fall out continuously while sol 
drops are being formed at the top of the column. The separation of the 
gel spheres from the organic liquid is completed by discharging them 
onto a filter and draining the liquid. The spheres are dried and fired. 
Fresh or purified solvent is continuously added to the column to dis
place wet solvent to a recovery system. Water is removed from the 
solvent by distillation. 

The columns may be operated batchwise without removal of 
product or recovery of solvent. Also, other types of equipment have 
been used for the same process step. For example, agitation in 
baffled vessels has been used for dispersing and suspending the sol 
drops when microspheres less than 100 p in diameter were prepared. 
A mixer-se t t ler system would be a simple and an efficient micro
sphere preparation system if a relatively nonuniform product and a 
mean diameter of 80 ji or less are acceptable. 

Dispersion of Sols 

A major part of the microsphere preparation studies has been the 
development of sol dispersers. None of the dispersers tested were 
optimum in all respects, but the important requirements can be met. 

Two-fluid nozzles (part a of Fig. 11) were used for most of the 
studies. These devices were excellent for obtaining uniform and con
trollable drop diameters at sol feed rates of 0.5 to 10 cm^/min. The 
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sol enters at the center of a flowing organic stream, which acts as the 
drive fluid. The continuous flow of sol is accelerated to the velocity of 
the drive fluid; thus the diameter of the sol stream that results is 
independent of the diameter of the sol entry tube. The sol stream breaks 

AQUEOUS SOL 

ORGANIC 
DRIVE FLUID 

0.010" I D 
0.020" 0 D 

0.125 I D 
EIGHT EQUALLY 
SPACED HOLES 

0010" D 
1 

[•—11/4"D—*| 

EIGHT EQUALLY 
SPACED HOLES 

0.010" D-

TWO FLUID 
NOZZLE 

ROTARY 
OISPERSER 

3/8" I D - ^ 
1/4" GO-

SHEAR 
DISPERSER 

Fig. 11 —Sol dispersion devices, 

up by a varicose mechanism to give sol droplets with diameters that 
are 2 to 2.5 times the diameter of the sol stream. This type of breakup 
was predicted theoretically and observed experimentally.* The breakup 
of a 3 M thoria sol in a two-fluid nozzle (glass) was photographed 
(Fig. 12). The organic flow was proportional to the sol flow; thus 
droplets of the same size were formed at the three different sol 
flow rates. 

The diameter of the sol drops can be predicted by the following 
equation: 

D 

where D = diameter of the sol drop 
f = flow rate of the sol 

V = velocity of the drive fluid where the sol stream is introduced 
k = dimensionless constant of 2.0 to 2.5 
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To produce uniform droplets with a two-fluid nozzle, the flow of the 
drive fluid must be laminar. Therefore the nozzle should be designed 
to minimize turbulence and give laminar flow. Thus the value of V and 
that of the sol flow rate f are limited. 

Sol drops may be formed from a larger mass of sol by applying one 
or more forces, such as gravity, centrifugal fields, shear, inertia, 
interfacial tension, and electrostatic repulsion. To obtain uniform drops 
and controlled diameters, both the force and the configuration of the 
sol where the force is applied must be uniform and one or both must 
be controllable. With all the dispersers, the uniform sol configuration 
is obtained by feeding the sol through small orifices (0.004 to 0.030 in. 
in diameter). 

The two sol dispersion devices that gave the most uniform drops 
have important limitations. Small orifices immersed in the 2EH are a 
practical and simple means of forming 1200- to 2000-|J drops by the 
falling-drop mechanism. But the orifice size necessary to produce sol 
drops smaller than 1000 p. is too small to be practical. The two-fluid 
nozzles (part a of Fig. 11) give excellent uniformity and simple, easy 
control of the drop size over a wide range. However, the maximum 
capacity per two-fluid nozzle (1 to 10 cmVmin, depending on the drop 
size) and the need for nonpulsating and accurately controlled flows are 
important limitations for remote large-scale operation. 

A promising method for uniformly dispersing a sol on a large scale 
is to shear the sol stream emerging from an orifice by maintaining a 
velocity gradient in the 2EH at the orifice. This method was tested with 
rotary feeders (part b of Fig. 11) immersed in the top of the column. 
The sol stream leaving small orifices (0.010 or 0.016 in. in diameter) 
in the feeders are sheared off with most of the force from the velocity 
gradient in the relatively stagnant 2 EH. In other devices (part c of 
Fig. 11), the orifices are stationary and the 2EH is pumped past the 
orifice through a confined flow channel. 

An electrostatic sol disperser was developed on a laboratory scale 
and tested in the microsphere column.^ This device has fifteen No. 24 
hypodermic needles at a controlled positive potential, with a cqpper 
ring at ground potential around each needle. The mode of dispersion 
varies with voltage. As the voltage is increased, there is first an 
operating region that has little effect, then an intermediate region 
characterized by a single stream of very uniform drops, and then a 
voltage that results in a fanlike spray of nonuniform drops. For the 
intermediate region of uniform drops, the sol drop is governed by 
voltage, sol flow rate, and sol concentration. With this disperser the 
calcined-product size distributions for a 3M thoria sol and a limited 
range of mean sizes (200 to 350 |j) were as good as for a two-fluid 
nozzle. 
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Column Design 

Tapered columns (glass) were the most successful of several 
configurations tested. Continuous addition of sol drops and removal 
of gel microspheres was possible for columns up to V2 to- minimum 
Inside diameter by simply using smooth, gradual tapers and axial up-
flow of solvent. When the tapered columns were scaled up to larger 
than Va in. minimum inside diameter, the suspension of the sol drops 
and gel spheres was unsatisfactory in several ways because of laminar 
flow and parabolic velocity distribution. The problems associated with 
maintaining fluidization in the larger columns were eliminated by 
introducing a solvent stream tangentially at the bottom of the column 
below the point of minimum inside diameter (Fig. 10). This tangential 
stream produced a swirl that extends with decreasing intensity from 
1 to 3 ft up the column. The mixing of the swirl prevents the accumula
tion of particles on one side of the column. By separate control of 
tangential and axial flows, the velocity profile across a diameter can 
be flattened, or the upflow at the center may even be a minimum, with 
a maximum between the center and the wall. The flattening of the 
velocity profile by the swirl reduced the amount of axial mixing so 
that the wet sol drops remained in the upper half of the column. 

Drying and Firing Conditions 

Drying and firing are necessary to remove volatile matter and to 
sinter the spheres to a high density. The temperature and the atmosphere 
are controlled according to a program in which the gel spheres as 
removed from the column are heated to about 1200° C and then cooled 
to room temperature. The UO2 spheres must be protected from 
oxygen. The drying-firing operation is conveniently done in two steps 
in two separate pieces of equipment. Drying is done with the spheres 
supported by a filter disk in the drying vessel (Fig. 13). The 2EH is 
drained off through the frit. The entire vessel is heated by a mantle, 
and heated gas is passed up through the disk. The dried spheres are 
placed in alumina crucibles and fired in laboratory muffle furnaces. 

For thoria microspheres, the preferred conditions for drying are 
in argon at 25 to 110° C for 1 hr or in argon plus steam at 110 to 200° C 
for 6 hr. The preferred condition for firing is in air from 100° C to 
500° C at 100° C/hr, then from 500° C to 1150° C at 300° C/hr, and then 
at 1150°C for 4 hr. For thoria-urania sols made with U02(N03)2 or 
UO3 (limited to 10% urania), the urania is reduced to UO2 by Ar~4% 
H2 during the final 4 hr of firing and then is protected by an argon 
atmosphere during cooldown. If carbon black is added to the sol, 
carbide microspheres may be formed by the reaction of the carbon 
with the oxides at ~1700°C in an inert atmosphere or a vacuum.^ 
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GAS EXIT 

COARSE FRITTED DISK 

T C. WELL, 3 mm ID 

GAS ENTRY 

Fig 13—Pyrex vessel for drying microspheres. 
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The rates of temperature rise listed for the thoria microspheres 
were slow enough to be safe for any of the sols. Much faster rates of 
temperature rise during either drying or firing sometimes resulted in 
fractured particles or in greater porosity, larger surface areas, and 
lower particle crush strengths. 

Solvent and Surfactants 

The eight-carbon alcohol, 2-ethyl-l-hexanol, was used for all the 
microsphere preparation studies reported here. In general, the long-
chain alcohols are the most satisfactory solvents. Halogenated solvents 
were avoided because of possible halogen contamination of the product. 
Considering the many excellent properties of 2EH for this use, we are 
unlikely to find anything significantly better. 

A surfactant must be dissoved in the solvent to prevent coalescence 
of the sol drops with each other, coalescence of the sol drops on the 
column walls, and/or clustering of partially dried drops. Surfactants 
also lower the interfacial tension between the sol and the 2EH; the 
interfacial tension must be high enough to keep the drops spherical. 
The concentrations of surfactant used were 0.1 to 1 vol.%. Span 80 (an 
Atlas Powder Company ester) was most effective for preventing 
coalescence and clustering, but it also gave a low interfacial tension 
and permitted distortion of the larger drops of sol. Two amine sur
factants, Ethomeen S/15 (Armour) and Amine 0 (Geigy) were successful 
for forming thoria spheres in all sizes. For sols other than pure thoria. 
Span 80 and Ethomeen S/15 were generally used together, with 0.5 vol.% 
of each as the most common concentrations. 

Solvent Recycle 

The solvent that overflows from the microsphere column to the 
wet-solvent tank is purified before it is returned to the column. The 
water content is efficiently reduced by a simple single-stage distilla
tion. The boiling point of the 2EH changes rapidly with water content: 
from 183° C for pure 2EH to 150° C for 0.62 wt.% HjO and to 98°C for 
the azeotrope when an aqueous phase is present. The solubilities at 
room temperature are 2.55 wt.% for water in 2EH and 0.1 wt.% for 2EH 
in water. Operating conditions are usually selected to give a 0.5 to 
1.0 wt.% difference in water content for the dry and the wet solvents. 

Use of the still heated with 90-psig steam and equipped with heat 
exchangers and a phase separator gives very simple and efficient 
operation. Only a small fraction of the liquid is vaporized. Most of the 
heat required is sensible heat, and a good heat exchanger minimizes 
the heating and cooling load. As water and 2EH are vaporized, the 
water content of the liquid decreases until the boiling point approaches 
the condensation temperature of 90-psig steam (165°C). Thus the 
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amount of boilup is automatically controlled and no measurement or 
control devices are needed. After the vapors are condensed, the 
aqueous and 2EH phases separate by gravity and are discharged through 
jacklegs. This single-stage distillation with separation of the condensed 
liquids requires less heat than using reflux in multiple-stage column. 

Gradual color changes in the 2EH indicate the accumulation of 
surfactant or solvent degradation products. The accumulation of these 
impurities did not cause any apparent deleterious effects during the 
longest runs (over 100 hr) which we made. If they should limit the r e 
cycle of solvent, the costs of solvent treatment vs. replacement must 
be considered. 

Characteristics of the Product 

The product characteristics of principal importance are shape, 
size, chemical composition, density, strength, amount and type of 
porosity present, and irradiation behavior. Generally, nearly 100% of 
the particles in the product size range were spheres (Figs. 7, 8, and 14). 
Some of the nonstandard sol preparations and/or column conditions 
resulted in clustering or cracking into fragments, yielding non-
spherical particles. About 750-n-diameter thoria microspheres were 
about the largest possible for the conditions used, as shown by the fact 
that the largest gel particles were slightly distorted. (The interfacial 
tension cannot maintain the spherical shape when the sol drop becomes 
very large since the distorting forces become relatively larger.) The 
lower size limit is determined by the practicality of dispersing the 
sol into very small drops and collecting the product. 

As to chemical compositions of the products, the only impurity 
problem is the presence of 2000 to 5000 ppm of carbon in calcined 

I 1 ( _ H I 1 I 
50 /I 250 ft 500 fi 750 /x 

Fig. 14—Thoria spheres calcined at 1150°C. 
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urania microspheres. This carbon is from the 2EH and/or the sur
factants. The nitrate, ammonia, formate, and hydrazine are completely 
volatilized. The 2EH and surfactants leave no residues other than car
bon, which can be completely oxidized during firing provided that an 
oxidizing atmosphere is acceptable. The concentrations of other im
purities are the same as or less than those in the nitrate salts from 
which the sols are prepared. The sol-preparation, sphere-forming, and 
sphere-drying operations are not corrosive to stainless steel or glass 
apparatus, and the microspheres are inert toward alumina at 1200° C. 

Most of our gel microspheres sinter to strong particles of nearly 
theoretical density at 1150° C. The porosity remaining at this tempera
ture will be fine and uniformly distributed. The results for pyrolytic 
carbon coating and irradiation of so l -ge l microspheres are good; 
these will be reported in detail in other papers. 
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DIRECT PREPARATION OF ThOa^SSyog FUEL 
BY THE SOL-GEL PROCESS 

E. J, KOSIANCIC, R. H. DODD, and C. J. HALVA 
Research and Development Division, The Babcock & Wilcox Company, 
Lynchburg, Virginia 

ABSTRACT 

The Babcock,& Wilcox Company has designed and operated an unshielded direct-
fabrication glove-box line for the preparation of Th02-^^^U02 reactor feed 
material. The pilot plant was designed to incorporate several features: opti
mized process batch sizes within the limits of radiation hazard and criticality, 
minimized system holdup, simplified equipment and equipment maintenance, 
minimized elapsed fabrication time, and improved personnel training to mini
mize direct handling of fuel materials. These features are all essential for 
processing ^̂ Û immediately after daughter removal and before regrowth of 
daughter activity. The pilot plant has been used for 61 denitrations to process 
632 kg of thoria. After optimization to variations, the desired NOf to thorium 
ratios (from 0.01 to 0.06) were easily obtained. Thoria (62 kg) and thor ia-
urania (473 kg) fuel were routinely prepared. Concurrently with cold sol-gel 
work, the deactivation of ^ssy nitrate solutions by cation exchange was investi
gated. Thoria —3% urania was prepared from Oak Ridge National Laboratory 
stock 25'U solution. The typical sol—gel run time was two days. Radiation 
dosage received by personnel was carefully monitored. 

In 1962 The Babcock & Wilcox Company (B&W) established a feasible 
nonremote technique for fabricating ^̂ Û fuel, and a million-dollar 
project was initiated to prove the new concept. The direct-fabrication 
pilot plant was designed and constructed in 1963-1964, and cold tests 
were performed before hot operation began in 1965. 

The Oak Ridge National Laboratory (ORNL) so l -ge l feed prepara
tion was chosen for the new concept.''^ Its process steps are relatively 
simple, and the desired product for vibratory compaction can be ob
tained with a minimum amount of manipulation. Figure 1 is the general 
flow sheet for the sol -gel process. 
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Fig. 1—Sol—gel process flow sheet. 
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Early in the B &W ̂ ^'u fabrication program, we decided to study the 
feasibility of deactivating (removing '̂̂ U gamma-emitting daughters by 
removing the parent ^̂ ^Th) incoming ^̂ Û nitrate solutions by cation ex
change. Recycled ^̂ Û can be deactivated by the solvent-extraction 
method (which removes most of the daughter products rather than only 
^^^Th), but this process has been adequately demonstrated elsewhere. 
Our laboratory experiments with depleted uranium demonstrated that 
we could expect decontamination factors (D.F.'s) of from 10 to 40 for 
thorium removal. The low D.F. (about 2) obtained in runs with ^̂ Û 
was attributed to higher than optimum fluoride and uranium concen
trations . 

During the design of the pilot plant, major emphasis was placed 
on the achievement of several features: 

1. The optimum process batch size (by allowing for the criticality 
limits and the radiation hazard). 

2. Minimum of system holdup. 
3. Simplified equipment and maintenance thereof. 

PILOT-PLANT DESIGM 

Figure 2 shows the glove-box arrangement for preparing s o l -
gel thoria-urania; this arrangement was chosen with the following 
criteria in mind: 

1. A smooth process flow between stations without time-consuming 
bagging operations. 

2. Assurance of nuclear criticality control. 
3. Provision for ample maintenance room. 

The arrangement shown in the diagram met all these requirements. 
The 1-ft transfer stations between glove boxes allowed active mate
rials to be transferred between boxes without bagging, and they also 
reduced neutron interaction between boxes (an aid in criticality con
trol). It was necessary to bag the denitrated thoria between denitrator 
box F and measuring box A, but, since the thoria was generally stock
piled, this proved to be no handicap. 

Measuring box A and blend-tank box B are geometry controlled, 
and boxes C through E are mass controlled (some allowance is made 
for the neutron-poisoning effect of thorium). Figure 3 is a photograph 
of the sol -gel preparation line. 

Denitrator 

The denitrator (Fig. 4) was purchased from and partly designed by 
the Hevi-Duty Heating Equipment Company. It is a stainless-steel 
drum (18-in. diameter, 18-in. height) supported by a hollow stainless-
steel shaft that runs through its center and through the ends of the 
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glove-box containment. Steam, superheated to ~450°C, enters the drum 
through one end of the shaft and exits with the decomposition products 
(from the thorium denitration) through the other end. A plug in the 
shaft near the center of the drum prevents direct passage of steam to 
the off-gas. Holes on each side of this plug permit steam and air to 
pass into the drum and steam and reaction gases to exit to the con
denser. 

The denitrator drum is heated electrically by heaters inside an 
insulating housing, which can be moved laterally along the outlet shaft 
of the drum to permit loading and unloading. The temperatures of the 
inlet steam and the drum are monitored (the latter by an infrared 
sensing unit). 

Other features of the denitrator are (1) a thermocouple safety 
overheat control within the heating jacket near one end of the drum, 
(2) a steam-temperature-monitoring thermocouple inside the steam 
inlet line, and (3) rotating Joints at each end of the drum axle to con
nect the rotating shaft to fixed piping for steam and exhaust gases. 
The denitrator box is identified in Fig. 2 by the letter F. 

Steam is supplied to the denitrator by a boiler that can produce 
steam at up to 100 psig and ~320°F. An electric superheater between 
the boiler and denitrator is capable of heating the steam to above 850 °F 
at the required flow rates. 

Uranium iVleasuring Equipment 

The upper part of glove box A (shown in Fig. 2) contains the ura
nium measuring equipment (Fig. 5) for the so l -ge l process line. During 
operation, a plastic bottle containing uranyl nitrate is pressurized to 
transfer the solution to the sol pump intake. When emptied, the bottle 
and transfer lines are rinsed with distilled water in a similar manner. 
Extreme care is exercised to prevent overpressurization of the bottle 
or backflow of sol into the measuring system. 

A liquid measuring system occupies the lower section of glove box 
A. It consists of three 500-ml graduated cylinders, each of which has 
a piping manifold. The three separate cylinders are for metering 
demineralized water, nitric acid, and ammonium hydroxide. Valves 
in its top inlet manifold permit connection of a cylinder to vacuum, to 
box atmosphere, or to its appropriate chemical supply line. A Teflon 
plug valve in ejich cylinder's outlet is connected to a common line that 
leads to a pump and through a solenoid valve to the blend pump mani
fold in blend box B. A normally open solenoid valve, located in the 
vacuum line to the chemical-addition system, closes when the solenoid 
valve in the discharge line is opened. This prevents a possible applica
tion of vacuum through the cylinder to the blend tank, which would result 
in back-flow of sol or uranium solution from the blend tank to the 
vacuum reservoir. 
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Blend System 

Thorium-uranium sols are prepared in a 1.7 5-in. slab tank (B in 
Fig. 2) where criticality is controlled by restricted geometry. To pre
pare a sol, about lOliters of demineralized water and the predetermined 
quantity of uranyl nitrate are added to the blend tank and are circulated 
by the canned-rotor pump. During circulation the sol is heated and 
thoria is added (by sifting) through the powder-addition funnel. 

The blend-tank system (Fig. 6) includes the following features: (1) 
internal sprays for washdown of the tank interior, (2) a pump manifold 
intake with integral thermocouple and pH electrode adapters, (3) a 
canned-rotor circulating pump with demineralized water purge to front 
and rear bearings, (4) a sol sampler, and (5) a safety-glass face on the 
blend tank through which the blending operation is observed. 

Sol Drier 

The Hevi-Duty Heating Equipment Company manufactured the sol 
drier (Fig. 7), a dual-chamber tray oven, to B&W specifications (see 
Fig. 2, glove box C). The trays are filled manually through a transfer 
line from the blend-tank system. Each of the two chambers provides 
both circulating hot air and infrared drying. The drying unit is designed 
for vapor containment and mounts to the rear of the glove box; thus it is 
not necessary to completely enclose the entire unit within the glove box. 
Two thermocouples provide chamber air temperature and chamber over
heat control. A sol thermocouple indicates the sol temperature up to 
80 °C, at which point the recirculating air and infrared temperatures 
are also decreased to 80°C. Nominal temperature settings during dry
ing are: air, 105 to 110°C; infrared, ~130°C; and sol, 80°C. A unit 
control panel contains timers for setting heating and cooling cycles and 
a recorder for collecting data. 

The drier box also houses a combination tray dumper-crucible 
loader. The tray dumper reduces dusting in the box when dried gel is 
loaded into crucibles, and it fractures the gel particles during dumping 
(thereby obviating a jaw crusher in the solids preparation box). 

Calciner 

The design of the calciner alpha enclosure is unique. Two Inconel-
600 retorts are attached, by a water-cooled flange, to a '^-in^-thick 
stainless-steel flange that forms the back of glove box D (Fig. 8). The 
retorts are closed by counter-weighted plug-type doors, shown in 
Fig. 9. Either retort is heated by a mobile resistance furnace, which 
is equipped with a mechanism to support the retorts during calcining. 
The calciner also includes an inert or reducing atmosphere purge sys
tem, an off-gas condenser and ventilating system, and a heating-cycle 
time r — controUe r. 
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The normal calcining cycle proceeds as follows: 
1. Heatup to 1150°C at 250°C/hr (under air to ~400°C, under 

argon from 400 to 1150°C). 
2. Firing at 1150°C for 3 hr (under Ar-4%H2). 
3. Cooldown to 150 to 200°C at ~200°C/hr (under argon). 

Two half-hour "hold" periods are programmed into the cycle: one 
at 550 °C during heatup for thorough nitrate removal and one at 750° C 
during cooldown to stabilize the fired oxide. Overall cycle times range 
between 15 and 19 hr. 

Solids Preparation System 

Glove box E contains the equipment (Fig. 10) required to prepare 
the desired fractions of oxide. The glove-box inlet air is dried to a 
dew point of -100°C to aid in quality control. 

After extensive size testing on cold oxide, the following simplified 
procedure, involving only ball milling and screening, proved acceptable 
for the pilot run: 

1. The entire charge of calcined oxide is charged to the ball mill 
and milled for 30 min, 

2. The milled oxide is screened to obtain the desired quantity of 
coarse- and intermediate-size fractions. 

3. Excess from each fraction and all -65 mesh oxide is recharged 
to the ball mill and milled for 3 hr to obtain the -200 mesh fraction. 

4. The required amounts of each size fraction are weighed and 
canned for transport to the rod fabrication line. 

Ion Exchange 

A 6-ft stainless-steel glove box encloses the ion-exchange equip
ment (Fig. 11). The glass ion-exchange columns for the ^̂ '̂ U runs 
(1 in. ID, 20 in. long) contain 50- to 100-mesh Dowex-50 cation resin. 
The column system is shadow shielded with lead. With this system the 
total uranium is well within criticality limits. 

PILOT-PLANT OPERATION 

The pilot plant outlined previously was thoroughly checked with 
cold feed before we processed 82 kg of 3% ^^^UOa-ThOa. A summary 
of the materials prepared in the so l -ge l pilot line is tabulated here: 

Material No. Total production, 
produced of runs kg 

Sol-gel thoria 7 62 
Sol-gel thoria-urania 45 473 
Steam-denitrated thoria 61 632 
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The nominal uraniupi-to-thorium ratio in the so l -ge l thoria-urania 
was 0.03; some oxide with uranium-to-thorium ratios as high as 0.10 
was produced by adding ammonium diuranate. 

Preparation of Dispersible Thoria 

Denitration conditions were varied extensively during the pilot 
runs. Although thoria with a near-optimum NO3-to-thorium ratio (0.01 
to 0.06) could be obtained under a variety of conditions, its dispersibil-
ity was not always acceptable. For example, variations in the off-gas 
system pressure drop apparently influenced the degree of nitrate r e 
moval during denitration. Tests did show that thoria with too high a ratio 
of NO3-to-thorium could be further denitrated on a second pass through 
the equipment. Figure 12 is a typical denitration curve with run condi
tions designated. 

Preparation of Sol-Gel Oxide 

Generally, so l -ge l oxide preparation was routine. During early 
runs, variations in uranium-to-thorium ratios were determined for 
various-size fractions of gel and oxide as well as for samples from 
the same size fraction. A major effort was required to control these 
variations, which were attributed largely to sampling procedures and 
to lack of analytical development. Later runs produced fuel that was 
consistently within ±1% of nominal uranium-to-thorium values. 

The particle-size distribution of the as-produced oxide was well-
suited for vibratory-compaction feed, which required 60% -6 + 10 
mesh, 15% -35 -1- 65 mesh, and 25% -200 mesh. The following tabula
tion shows the particle-size distribution typical of the as-produced, 
uncrushed so l -ge l thoria-urania: 

Screen s ize , mesh +6 - 6 + 1 0 - 1 0 + 3 5 - 3 5 + 65 - 6 5 + 200 -200+325 -325 

Retained, % 23 45 27 2 1 1 1 

Percentages shown are average values obtained from 12 process 
batches of nominal 10-kg size. 

Deactivation by Ion Exchange 

Cold ion-exchange runs with natural thorium and depleted uranium 
were performed to study the separation of thorium from uranium at 
uranium concentrations from 25 to 175 g/liter. Table 1 is a summary 
of the data obtained from these runs. 

A ^̂ Û deactivation run consisted of passing 3 liters of feed solution 
through the ion-exchange column; a D.F. of less than 2 was obtained. 
The high uranium concentration of the solution (181.61 g of uranium/ 
liter) and the large fluoride contamination were believed to have influ-
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Table 1 

DEACTIVATION COLD RUNS PRECEDING ^ssy OPERATION 

Run 
No. 

B-25 

A-100 

B-lOO 

C-100 
A-175 

Uranium 
c o n e , 

g / l i t e r 

25 

100 

100 

100 
175 

Thor ium 
c o n e , 
g / l i t e r 

0.75 

1 

1 

1 
2 

Column 
d iamete r . 

In. 

2 

2 

1 

1 
1 

Column 
length to 
d iamete r 

ra t io 

6.75 

6.75 

14 

13 
12 

Column 
volume, 

cm^ 

675 

675 

172 

160 
148 

Approx. 
column volumes 

to sa tura te 
with uranium 

9.7 

4.8 

11.6 

12.5 
3.4 

D.F.* 
at column volumes 

15 at 11.3 
14 at 12.1 
15 at 12.9 
18 at 3.2 
18 at 6.4 
39 at 5.8 
38 at 11.6 
48 at 12.5 
25 at 3.4 
10 at 5.1 
5 at 6.8 

> 
o 
HH 

o 
d 
§ 
d 
> 
d 

•Decontamination factors were calculated on ^^^Th r emoval (gamma analysis) . Cross - sec t iona l 
flow ra t e of 1.4 cm'^/min-cm^ was consistent throughout the runs . 
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Fig. 13—Ion-exchange experirnents showing effects of uranium, and 
fluoride concentrations. 

enced this low value. Figure 13 shows experimental results that con
firm this conclusion. 

Personnel Exposure in the Oxide Preparation Line 

Between Aug. 9 and Sept. 3, 1965, seven process runs were made 
to prepare 82 kg of thoria-3% urania. Uranyl nitrate solution deacti
vated at B &W was used for the first run; ^̂ Û deactivated at ORNL 
and aged (nominally) 48 to 70 days was used for the other six runs. 
The first batch was processed separately during the first week, after 
which two batches were prepared each week. A typical operating 
schedule is charted in Fig. 14. 

Overall radiation doses received by personnel during the process
ing period were recorded by pocket meters (daily. Table 2) and film 
badges (monthly, Table 3). During the operation with ^̂ ^U, no special 
attempt was made to limit operator overall exposure. Some decrease 
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DAY 

TIME 12 4 

MONDAY TUESDAY WEDNESDAY 

8 12 4 8 12 4 8 12 4 8 12 4 8 12 4 8 12 4 

THURSDAY 

8 12 4 8 12 
1 1 1 

A 

7HR 

1 1 1 

1 1 

B 

9 HR 

1 1 

1 1 1 1 1 

C 

21 HR 

A 

4HR B 

' io.TsHR' 

1 1 1 1 1 

1 I 1 1 1 

13 HR 

C 

19.5 HR 

1 1 1 1 1 

D 

12 HR 

1 1 1 1 

Fig. 14—Operating plan for sol—gel Th02 — ^^^U02 preparation. A, Sol 
preparation. B, Drying. C, Calcining. D, Solids preparation. 

Table 2 

PERSONNEL DOSE RECEIVED DURING ^s^U RUN 
(POCKET METERS) 

Run 
period 

Aug. 9 
to Aug. 13 

Aug. 16 
to Aug. 20 

Aug. 23 
to Aug. 27 

Aug. 30 
to Sept. 3 

Worker 

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C 
D 

M 

0 
0 
0 
0 

0 
10 
0 
7 

0 
15 

0 
10 

0 
27 

0 
17 

Daily dose , 

T 

0 
30 

0 
14 

5 
17 
0 

10 

0 
20 
10 
5 

5 
27 

7 
5 

W 

0 

0 

32 
20 

0 
0 

20 
15 

0 
0 

15 
40 

7 
0 

m r 

T 

5 
15 
0 
5 

27 
7 

12 
0 

15 
20 
10 
0 

20 
65 
15 
32 

F 

5 
15 
0 
0 

0 
0 
0 
0 

0 

0 

5 
10 

0 
0 

Total , 
m r 

10 
60 

0 
19 
89 

64 
54 
12 
17 

147 

35 
70 
20 
15 

140 

45 
169 
29 
54 

297 

Total 673 
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Table 3 

PERSONNEL DOSE RECEIVED DURING 
233u RUN* 

Worker 

A 
B 
C 
D 

Cumulative dose, 

Total bodyt,$ 

165 
355 

70 
130 

Total 720t 

m r e m s / m a n 

Hands§ 

200 
1090 

70 
120 

1480 

•Run period was 20 work days (Aug. 9, 
1965, to Sept. 3 , 1965). 

t F r o m film badges. 
JDose from las t 3 of 20-day total work 

period from pocket m e t e r s . 
§ F r o m f i n g e r - r i n g s ( r ep resen t s /3 + y 

dose). 

Table 4 

STATION DOSE RECEIVED DURING ^SSjj R U N * 
(FILM BADGE) 

Cumulative dose , m r e m s 

Station designation 

Uranium measur ing 
Sol blending 

Thoria addition 
Sol t r ans fe r 

Sol evaporation 
Tray filling 
T ray dumping 

Gel calcining 
Solids prepara t ion 

Milling, sizing 
Weighing 

Substation 

50 
<1 

40 
20 
50 

80 
110 

Total station 

40 

50 

60 

50 

190 

Total 390 

*Run period was 20 work days (Aug. 9, 1965, to 
Sept. 3, 1965); 82 kg thoria—3 wt. % urania produced. 

(perhaps 20%) in operator dose is possible by limiting unnecessary 
time spent near the process line. Tables 3 and 4 show that the dose 
from nonroutine operation is 330 mrems, 46% of the total. 

During each run, routine dose readings were taken in the so l -ge l 
line with a gamma-survey meter. Figures 15 and 16 show typical read
ings under specific batch conditions at various locations. Figure 15 
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5* 

o 
CO h -

LU 

a. 

0.12 

r5 

D 

1.5 
THORIUM 

LABORATORY 
1.3 X 

"0.3 

—f — 

® TU23-43WASIN 
BLEND TANK. 

A TU2M3 WAS IN 
FURNACE. 

1 A 

D 

16 
THORIUM 

LABORATORY 

1.2 

Figure 15 Figure 16 

Fig. 15—Sol—gel area survey during first run. Readings taken when 
batch was at each station. All values are in milliroentgens per hour. 

Fig. 16—Sol—gel area survey during fourth run. All values are in niil-
roentgens per hour. 

shows the readings from the first batch of ^ '̂U feed, and Fig. 16 con
tains those from the fourth batch. The higher values seen in Fig. 16 
can be attributed, at least in part, to the interaction of gamma fields 
from the batch that immediately followed the fourth in the line. The 
dosages from batches after the fourth did not vary significantly from 
those in the figure. Selected points in the sol—gel line were contin
uously monitored by film packs during ^̂ Û operation. Figures 17 to 
19 show the readings from and the locations of these film packs. 
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-BLEND-TANK BOX 

SOLIDS PREPARATION BOX-
-EVAPORATOR BOX 

FURNACE BOX-

oooooo 
990 1010 

OOOODD 
OOOQO.O 

2680 4270 5^50 "8200 

OOOOOO 

Fig. 17—Cumulative dose m sol—gel line during ^^^U run Front view. 
Doses monitored by film packs All values are m milliroentgens. 

no S30 I 1420 

URANIUM 
MEASURING BOX 

L 
SOLIDS 
PREPARATION BOX 

0 

o n o 
Fig. 18—Cumulative dose m sol—gel line during ^^^U run Rear view 
Dose monitored by film packs. All values are m milliroentgens. 
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2020 

>=6700 520 
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250 = : 

350 J; 

L 

230; : 
THORIUM 

LABORATORY 

S7^ 
Fig. 19—Cumulative dose in sol—gel line during ^^^U run. Plan view. 
Dose monitored by film packs. Readings taken 40 to 50 in. above floor. 
All values are in milliroentgens. 
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We processed 82 kg of thoria-3% (nominal) urania containing 
2.2 kg of ^̂ Û with no contamination incidents; the dose level to per
sonnel was well below the weekly limit, although personnel were not 
rotated to limit individual doses. These data and our operating exper
ience lead us to believe that we can process ^̂ Û that contains 1000 ppm 
^̂ Û in this pilot plant if the feed is freshly extracted (see paper by 
Schileo included in this volume). 
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^^PREPARATION AND EVALUATION 
OF NONOXIDE THORIUIvf-^ASE FUEL 

M. S. FARKAS 
Columbus Laboratory, Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Investigations of arc-cast uranium containing thorium compounds have led to 
the choice of ThC, ThC2, and ThBe^g as the nonoxide compounds that offer the 
most potential as fuels for high-temperature, thermal breeder reactors. This 
paper summarizes the important chemical, physical, and mechanical properties 
of the two thorium carbides and the thorium beryllide containing 10 mole% of 
the corresponding uranium compound. 

Microstructural studies show that uranium substitutes for thorium in solid 
solution in these compounds. Dry-air oxidation at temperatures up to 815°C 
indicates that the dicarbide is the most oxidation resistant, though followed 
closely by the monocarbide and the beryllide. Both the monocarbide and the 
dicarbide are susceptible to reaction with moist air at room temperature. Cor
rosion in Santowax R at 350°C and NaK at 650°C indicates that all three fuel 
compounds studied undergo only minimal weight changes. Water corrosion at 
90°C does not affect the ThBejj-lO mole% UBe^s compound, whereas the mono
carbide and dicarbide decompose at a catastrophic rate. 

Thermal conductivity vs. temperature was determined. The beryllide 
possesses the highest conductivity, about three-fourths that of unalloyed tho
rium, with the monocarbide and dicarbide having thermal conductivities greater 
than ThOj. Thermal expansion of the beryllide is the highest with an elongation 
of 1.3% from 100 to 1000°C, the expansion of the dicarbide and monocarbide 
being about 0.82 and 0.68%, respectively, over the same temperature range. 

The hot hardness of the beryllide is the highest at temperatures up to 
800°C; above about 900°C the monocarbide exhibits the highest hardness. The 
fracture stress of the monocarbide is greater than that of the dicarbide above 
about 200 °C. 

The 100- and 1000-hr compatibilities of the beryllides, monocarbides, and 
dicarbides vs. Al, Zr, Ta, Mo, and W were evaluated at various temperatures. 
For the conditions investigated, the carbides are generally compatible with 
these cladding materials, whereas the beryllides react with most of the ma
terials in tests at higher temperatures. 

Studies of cast thorium and Th-U compounds were performed to de
termine which compounds, other than oxides, offer potential as high-

445 
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temperature breeder fuels or blanket material.^"^ The compounds to be 
studied were selected by an elimination process that took into con
sideration melting point, nuclear properties, and fabricability. Early 
studies led to further eliminations on the basis of corrosion proper
ties. This paper presents the properties of the three thorium and 
Th-U compounds that appear to be the most promising, namely, the 
beryllides, monocarbides, and dicarbides. 

PREPARATION OF COMPOUNDS 

Buttons of ThBej3, ThC, and ThC2 with and without uranium sub
stituting for a portion of the thorium were prepared by arc melting 
stoichiometric proportions of the elements. In the case of the ber
yllides, a 25% overcharge of beryllium was made to compensate for 
vaporization losses. Casting was performed by arc melting button 
material and drop casting through a hole in a hearth into a graphite 
mold % in. in diameter and 2/̂ 2 in. long. In general, satisfactory 
castings of the carbides were produced. However, evolution of dis
solved gases and beryllium vapor during melting greatly complicated 
the preparation of the beryllides. Castings of the beryllides also ex
hibited severe piping; consequently the drop-casting technique was 
modified to include the use of an induction-heated mold to produce a 
lower cooling rate. The heated mold proved to be beneficial in greatly 
reducing piping, but the castings often contained a significant amount 
of porosity. 

MICROSTRUCTURE OF COMPOUNDS 

The microstructures of beryllides studied are shown in Fig. 1. 
The beryllides varied slightly from stoicMometry and contain the 
metal-compound eutectic phase in the grain boundaries. It is apparent 
from part c of Fig. 1 that up to 20 mole% uranitmi is soluble in ThBeig. 
The microstructures of the monocarbides and dicarbides are presented 
in Fig. 2. The compounds shown are stoichiometric. The uranium-
containing monocarbides show slight microsegregation. In some in
stances the monocarbide compounds were hyperstoichiometric, the 
excess carbon being in the form of dicarbide platelets dispersed 
throughout the structure. 

OXIDATION BEHAVIOR 

Room-temperature atmospheric oxidation of the compounds in
vestigated was observed qualitatively. The beryllides were unaffected 
by long-time exposures. The carbides react rapidly with moist air at 



NONOXIDE THORIUM-BASE FUEL 447 

i£ 
(b) 

' " . . I s . .. . wr"^ 

(c) 

Fig. 1—Microstructures of thorium and Th — U beryllides. (a) ThBe^j 
containing eutectic phase in grain boundaries. 100>i. (b) (90 Th—10 
U)Beis containing eutectic phase. lOOx. (c) (80 Th-20 WBCJS containing 
eutectic phase. 150x. 
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(a) (b) 

(c) 

Fig. 2—Microstructures of thorium and Th—U monocarbides and di
carbides. (a) ThC that is single phase. lOOx. (b) (90 Th-10 U)C that is 
stoichiometric but shows microsegregation. 100>^. (c) (80 Th—20 U)C 
that IS stoichiom.etric but shows microsegregation. lOOx. 
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(d) (e) 

(f) 

î zig'. 2 —Continued, (d) ThC^ that is single phase. lOOx. (e) (90 Th-10 
U)C2 that is stoichiometric but shows some microsegregation. lOffx. 
(f) (80 Th—20 U)C2 that is stoichiometric but shows some microsegre
gation. lOOx. 
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room temperature, forming a semiadherent oxide powder. The oxida
tion rate of the thorium and Th-U carbides is much higher than that 
observed for uranium carbide. The addition of uranium carbide to 
thorium carbide resulted in increased resistance to room-temperature 
oxidation. 

The oxidation behavior of the uranium-containing monocarbide, di
carbide, and beryllide in dry air (dew point, -43°C) at elevated tem
peratures is presented in Figs. 3, 4, and 5, respectively. The weight 
gains for the carbides and beryllide include the weight of the nonad
herent oxide powder that formed. In general, the rates of oxidation in
creased with temperature until an essentially constant rate was estab
lished at the higher temperatures. 

Initial oxidation of the beryllide occurred at the grain boundaries 
that contained a small amount of the (Th,U)-(Th,U)Bei3 eutectic, 
followed by gradual oxidation of the grains and spalling. The oxidation 
product was a fine, nonadherent amber powder. Generally, the volume 
of the oxide produced was approximately six times that of the original 
sample. 

CORROSION BEHAVIOR 

The results of corrosion tests performed in 90°C water, 350°C 
Santowax R, and 650°C NaK are presented in Table 1. The beryllides 
were noty affected by water at 90°C; however, the carbides reacted 
with the water so rapidly that valid rates of weight change could not 
be determined. In 350°C Santowa^x R, both the beryllides and the car
bides were attacked at moderate rates. Corrosion rates in 650°C NaK 
were very low for all of the compounds. 

THERMAL CONDUCTIVITY AND EXPANSIVITY 

Thermal-conductivity and thermal-expansion measurements were 
made only on the monocarbide, dicarbide, beryllide compounds con
taining 10 mole% of their uranium counterparts over the range of 
temperature from 100 to 1000 °C. Results of the thermal-conductivity 
measurements are shown in Fig. 6. Data on unalloyed thorium metal 
and uranium dioxide are included for comparison purposes. Except for 
the beryllide, the thermal conductivity varied as a linear function of 
temperature. The beryllide specimen proved to be inhomogeneous 
along its length, and the values reported were taken from the sections 
of the specimen which showed consistent results. 

The results of the thermal-expansion measurements are shown 
in Fig. 7. The beryllide exhibits a considerably larger thermal ex
pansion than the carbides. 
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(00 
TIME, HR 

Fig. 3—Oxidation behavior of (90 Th—10 U)C in dry air. 

100 

100 
TIME, HR 

Fig. 4'—Oxidation behavior of (90 Th—10 U)C2 in dry air. 
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100 
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Fig. 5—Oxidation behavior of (90 Th-10 U)Bei3 in dry air. 

Ta Lble 1 

CORROSION OF THORIUM AND T h - U COMPOUNDS 

Compound 

ThBeig 
(90 T h - 1 0 U)Bej3 
ThC 
(90 T h - 1 0 U)C 
ThCj 
(90 T h - 1 0 U)C2 

Rate of 

In 90''C water,T 
m g / c m ^ / h r 

No change 
No change 
Very poor 
Very poor 
Very poor 
Very poor 

weight change in cor ros ion t e s t s * 

In 350°C Santowax R, t 
mg/om^/day 

- 0 . 3 
- 0 . 0 7 
- 0 . 3 5 
- 2 . 0 
- 0 . 5 
- 0 . 3 

In 650°C NaK,§ 
mg/cm^/day 

- 0 . 1 X 10-2 
- 0 . 4 X 10"2 

- 4 . 5 X 10-2 

- 1 . 5 X 10^2 

*Minus sign indicates weight loss. 
tMaximum test duration was 24 hr. 
tTest duration was 7 days. 
ITest duration was 30 days. 
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Fig. 6—Thermal conductivity of Th — U compounds, thorium, and UO2. 
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Fig. 7—-Thermal expansion of Th — U compounds. 
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HARDNESS AND COMPRESSIVE FRACTURE STRENGTH 

Hardness measurements were made over a range of temperatures 
on the carbide and beryllide compounds containing 10 mole% of their 
uranium compound. The effect of temperature on the hardness is shown 
in Fig. 8. Each compound decreases in hardness with increasing 
temperature and exhibits an inflection in the curve. This inflection or 
knee is significant in that above the corresponding temperature, the 
hardness or resistance to deformation falls off rapidly. This effect is 
more obvious in the case of the dicarbide. 

To supplement the hardness data, compression tests were per
formed on right cylinders of the carbides at room and elevated tem
peratures. The effect of temperature on the compressive fracture 
strength is shown in Fig. 9. The hardness data, in general, support the 
strength data as is evidenced in the sharp drop in compressive strength 
at the higher temperatures in the case of the dicarbide. 

The hardness and compression-strength data may provide some 
foundation for establishing a maximum-use temperature from a strength 
standpoint. AH points represent the average of two tests except for 
the dicarbide at 815 °C, which is the result of only one test. 

COMPATIBILITY WITH POTENTIAL CLADDING MATERIALS 

The results of compatibility studies of Th-U beryllides, mono
carbides, and dicarbides vs. 3S Al, Zr, type 321 stainless steel, 
Inconel, Nb, Ta, Mo, and W are given in Table 2. 

Metallographic examination of compatibility compacts revealed 
that after 1000 hr of exposure the beryllide compounds had reacted 
extensively with aluminum at 540°C, with type 321 stainless steel and 
Inconel at 815 °C, and with niobium, tantalum, and molybdenum at 
1095°C and had reacted slightly with tungsten at 1095°C. In these 
couples moderate reactions occurred after the 100-hr exposure, ex
cept for the tungsten, which showed no reaction, and the aluminum, 
which showed extensive reaction. Some photomicrographs of the 
interfaces of the couples are presented in Fig. 10. In all cases the 
eutectic phase in the compound probably entered into the reactions. 
The beryllide compounds were stable when in contact with zirconium 
at 540°C. No effect of the uranium loading could be assessed. 

The monocarbide compounds are stable against aluminum and 
zirconium at 540°C, Inconel and type 321 stainless steel up to 815 °C, 
and tantalum and tungsten up to 1095°C. After 100~hr exposures at 
1095 °C, a very slight reaction was seen between the monocarbides and 
niobium or molybdenum. This reaction may have been due to the 
presence of excess carbon, in the form of (U,Th)C2, and therefore does 
not necessarily indicate the instability of stoichiometric monocarbide 



1000 

800 

600 

400 

200 — 

too 

455 

200 600 800 1000 
TEMPERATURE, °C 

1400 

Fig. 8—Effect of temperature on hardness of Th — U compounds. 

2 0 0 

o 100 

8 0 

5 
O 

60 

4 0 

20 

\ (90 Th-10 U)C 

• \ 

\ •o 

\ 
(90 Th-10 UlCj \ . 

200 400 600 
TEMPERATURE, 'C 

8 0 0 1000 

Fig. 9—Effect of temperature on fracture stress of Th — U compounds. 
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Table 2 

COMPATIBILITY OF T h - U COMPOUNDS WITH POTENTIAL CLADDING 
MATERIALS AT VARIOUS TIMES AND TEMPERATURES* 

Cladding ma te r i a l 

3S aluminum 
Zirconium 
Type 321 s ta in less steel 
Inconel 
Niobium 
Tantalum 
Molybdenum 
Tungsten 

3S aluminum 
Zirconium 
Type 321 s ta in less steel 
Inconel 
Niobium 
Tantalum 
Molybdenum 
Tungsten 

540°C 81£ 

100 hr 1000 hr 100 hr 

(90 T h - 1 0 U)Be 

D D 
A A 
A A 
A A 

(80 T h - 2 0 U)Be 

D D 
A A 
A A 
A A 

13 

C 

c 
B 
B 
A 
A 

13 

c 
c 
B 
B 
A 
A 

,°c 
1000 hr 

D 
D 
B 
B 
A 
A 

D 
D 
B 
B 
A 
A 

1095»C 

100 hr 

C 
C 
B 
A 

C 
C 
C 
A 

1000 hr 

D 
D 
D 
B 

D 
D 
D 
B 

(90 T h - 1 0 U)C 

3S aluminum 
Zirconium 
Type 321 s ta in less steel 
Inconel 
Niobium 
Tantalum 
Molybdenum 
Tungsten 

A 
A 
A 
A 

A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 

B 
A 
B 
A 

(80 T h - 2 0 U)C 

3S aluminum 
Zirconium 
Type 321 s ta in less steel 
Inconel 
Niobium 
Tantalum 
Molybdenum 
Tungsten 

A 
A 
A 
A 

A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 

B 
A 
B 
A 

(Table continues on following page) 
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Table 2 (Continued) 

COMPATIBILITY OF T h - U COMPOUNDS WITH POTENTIAL CLADDING 
MATERIALS AT VARIOUS TIMES AND TEMPERATURES* 

Cladding mate r ia l 

3S aluminum 
Zirconium 
Type 321 s ta in less steel 
Inconel 
Niobium 
Tantalum 
Molybdenum 
Tungsten 

3S aluminum 
Zirconium 
Type 321 s ta in less steel 
Inconel 
Niobium 
Tantalum 
Molybdenum 
Tungsten 

540°C 

100 hr 1000 h r 1 

(90 T h - 1 0 U)C2 

A A 
A A 
A A 
A A 

(80 T h - 2 0 U)C2 

A A 
A A 
A A 
A A 

815°C 

00 hr 1000 hr 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

109 

Too hr 

A 
A 
A 
A 

A 
A 
A 
A 

'5°C 

1000 hr 

B 
A 
B 
A 

B 
A 
B 
A 

*A, no react ion; B, slight react ion (zone < 2 mi ls wide); C, modera te r e a c 
tion (zone from 2 to 5 mi l s wide); and D, extensive react ion (zone >5 mi ls wide). 

with niobium and molybdenum. Photomicrographs of the interfaces in 
some of the couples are presented in Fig. 11. 

The metallographic examinations revealed that slight reactions 
had occurred between the dicarbide compounds and niobium and 
molybdenum after exposures of 1000 hr at 1095° C. The dicarbides 
were stable against zirconium and aluminum at 540° C, Inconel and 
type 321 stainless steel up to 815° C, and tantalum and tungsten up to 
1095° C. Figure 12 shows the interfaces of the dicarbides in contact 
with representative materials at each of the three test temperatures. 

The gaps between the couples visible in some of the photomicro
graphs were due to contraction during cooling from the test tempera
ture and loosening while the compacts were being mounted in Epon. 

SUMMARY 

The beryllide compounds [ThBeig, (90 Th-10 U)Bei3, and (80 T h -
20 U)Bei3] offer promise as possible thermal breeder fuels. They can 
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i^i^. iO—Photomicrographs of interfaces of beryllide compounds after contact with various potential clad
ding materials, (a) Extensive reaction after 1000 hr at 540°C (as polished). 150x. (b) No reaction after 
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oxalic acid) 150x. 
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Fig 12—Photomicrographs of interfaces of dicarbide compounds after contact with various potential clad
ding materials (a) No reaction aftet 1000 hr at 540°C (as polished) laOx (b) No reaction after 100 hr at 
815°C (as polished) 150x (c) Slight reaction after 1000 hr at 1095°C (as polished) (d) Slight reaction 
after 1000 hr at 1095°a(as polished) 
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be prepared by arc-casting techniques, although casting problems 
exist. The hot strength of the beryllides should be approximately that 
of the monocarbides, as is indicated by the hardness data. Oxidation 
resistance to dry air is poor above 540°C. Since the corrosion r e 
sistance in 90° C water is very good, the beryllides may exhibit cor
rosion resistance to high-temperature water. The thermal conductivity 
is very good, but the thermal expansion is comparatively large and 
may limit some applications. The use of the beryllide is further limited 
by its thermochemical instability to most of the various potential 
cladding materials, with the exception of zirconium, and, since z i r 
conium also forms a compound with beryllium, ZrBejg, this stability 
may be questionable at high temperatures. The major disadvantage 
entailed in the beryllide is its very low density, but this is partially 
compensated for by the moderation and the (n,2n) reaction provided by 
the beryllium. 

The carbides [ThC, (90 Th-10 U)C, (80 Th-20 U)C, ThCj, (90 T h -
10 U)C2, and (80 Th-20 U)C2] are promising as fuels, especially the 
monocarbide, by analogy with the known behavior of the uranium 
carbides. They can be prepared easily by arc casting, and they exhibit 
high densities. The dicarbide has a higher hardness and fracture 
strength at room temperature than the monocarbide, but its strength 
decreases more rapidly with increasing temperatures. The strength 
vs. hardness curve for the dicarbide indicates softening at approxi
mately 815° C, whereas the monocarbide does not exhibit significant 
softening up to 980° C. Both carbides show some resistance to oxida
tion in a dry atmosphere. However, they exhibit high reactivity with 
water, and handling in air even at room temperature must be extremely 
limited. Both carbides exhibit good thermal conductivity. The car
bides are also relatively stable when in contact with the various po
tential cladding materials up to 1095° C. It is noteworthy that no 
reaction was seen between either the monocarbide or dicarbide and 
the type 321 stainless steel after contact for long times at 815° C. 
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ABSTRACT 

The irradiation behavior of (Th,Pu)02 fuel has been investigated on a limited 
scale at Battelle-Northwest. The sinterability, melting point, and lattice pa
rameters were investigated in preparation for in-reactor evaluation. 

Zircaloy-clad capsules containing (Th,Pu)02 pellets were irradiated. The 
pellets were prepared by wet ball milling -325 mesh Th02 and plutonium oxa
late to obtain an intimate mixture of the fine powders. Calcining the powder 
mixtures in air at 900°C converted the plutonium oxalate to PuOj. A green 
density of 60% of theoretical was achieved by double-pressing without binder. 
A final density of approximately 95% of theoretical and solid solution were 
achieved by sintering in hydrogen at 1600°C for 6 hr. The Zircaloy-clad cap
sules were shrink fitted into 2.86-cm-OD aluminum sleeves to permit higher 
heat generation rates. 

Capsules of five different compositions were irradiated under a variety of 
conditions to maximum burnups of approximately 3 x lO "̂ fissions/cm' and at 
maximum rod power generations of over 1000 watts/cm with central fuel tem
peratures above melting. All capsules survived the irradiation, although the 
inner Zircaloy cladding failed on two of the high-power high-burnup specimens. 
Structures developed during the irradiation of (Th,Pu)02 fuel were similar to 
those formed during the irradiation of UO2, UO2-PUO2, and Zr02-Pu02 fuels. 

The irradiation behavior of (Th,Pu)02 fuel is being investigated on 
a limited scale at Battelle—Northwest as part of the Plutonium Uti
lization Program. Plutonia-enriched Th02 is of interest in crossed-
progeny fuel cycles with ^'^U-enriched UO2 for thermal breeder r e 
actors. It has been suggested by Eschbach* that the irradiation of 

*Thls paper is based on work performed under contract with the U. S. 
Atomic Energy Commission. 
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Th02—PUO2 fuel may be an efficient method of producing ^̂ ^U. A high-
efficiency power-producing thermal reactor can operate with a rela
tively low neutron flux because of the high fission cross sections of 
^^^Pu and ^*'Pu, thereby reducing neutron capture in^^^Pa, which decays 
to ^̂ Û with a 27-day half-life. Fuel of Th02-Pu02 is also of interest 
for the production of ^''''Cm, which is valuable as an isotopic heat 
source. The irradiation characteristics of (Th,U)02 solid-solution fuel 
materials have been investigated at Argonne National Laboratory,^'^ 
Chalk River,^ and Oak Ridge National Laboratory.^ This experiment 
provides a basis on which the irradiation performance of (Th,U)02 and 
(Th,Pu)02 fuels can be compared. 

The sinterability, melting points, and lattice parameters of Th02 — 
PUO2 mixtures were investigated in preparation for in-reactor evalua
tion. Mixtures of Th02—PUO2 were prepared by blending and wet ball 
milling -325 mesh Th02 and plutonium oxalate, followed by calcination 
for 2 hr in air at 900° C to convert the plutonium oxalate to PUO2. The 
mixed powders were double-pressed without binder to 60% of theoreti
cal density before sintering. The sintering tests were performed at 
1650° C for 6 hr in helium. 

10.2 

10.0 — 

9.8 

o- 9.6 

9.4 

9.2 

9.0 7— 

8.8 

_ 1 1 1 1 1 1 
y ^ 

— / 
y 

~ 0 ^ 
0 / 

^ 
_ / 

- V^^ 

1 

r 
r i 1 1 1 1 1 

1 1 

f 
c 

0 

0 

0 
0 

1 1 

— 

— 

— 

— 

— 

— 

— 

— 

2 0 40 60 
PuOa, WT, % 

80 100 

Fig. 1—Density of Th02—Pu02 mixtures sintered in helium at 1650°C 
for 6 hr. 

Sintering studies showed that achievable sintered densities of 
{Th,Pu)02 compacts increase with increasing PUO2 content between 
2 wt.% and 50 wt.% PUO2 (Fig. 1). At PUO2 concentrations greater than 



IRRADIATION OF (Th,Pu)02 465 

50 wt.% PUO2, the apparent density decreases because of cracking. 
Small additions of PUO2 apparently enhance the sinterability of Th02 
in the same way as do small additions of CaO. Sintered densities of 
Th02 containing 220 ppm CaO were 88% of theoretical density. The 
sintered density increased to 95% of theoretical density with the addi
tion of approximately 0.1% CaO. Similar Th02 containing 8 wt.% PUO2 
sintered to approximately 94% of theoretical density regardless of CaO 
content. 
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Fig. 2—Melting point of (Th,Pu)02 solid solution. 

The melting points of PUO2 and (Th,Pu)02 solid solutions were 
measured in 1 atm helium on a tungsten ribbon filament. The melting 
point of specimens containing less than approximately 25 wt.% Th02 is 
constant (Fig. 2). Similar behavior in (Th,U)02 systems has been r e 
ported.^ An apparent melting point of 2260 °C was obtained for pure 
PUO2, which was in near agreement with Chikalla.' Extrapolation of the 
curve indicates a melting point higher than 3200° C for pure Th02. 

The lattice parameters of (Th,Pu)02 solid solutions were deter
mined by X-ray diffraction. The lattice parameter changes linearly 
from 5.6010 A (ThOz) to 5.3960 A (PuOj) in accordance with Vegard's 
law (Fig. 3). X-ray diffraction patterns of Pu02-rich pellets sintered 
in helium revealed traces of alpha PU2O3. A low-intensity peak corre
sponding to beta PU2O3 was also recorded. The unexpected coexistence 
of the Pu02-rich phase and beta PU2O3 indicates a nonequilibrium 
condition. 
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Fig. 3—Lattice parameters of (Th,Pu)02 solid solution. 
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Fig. 4—Irradiation capsules for (Th,Pu)02. 

Twenty Zircaloy-clad capsules (1.44 cm OD by 8.1 cm long, 0.089-
cm wall thickness) containing (Th,Pu)02 pellets were irradiated in the 
MTR/ETR (Fig, 4). The (Th,Pu)02 pellets were prepared by wet ball 
milling -325 mesh, low CaO (200 ppm) Th02 and plutonium oxalate to 
obtain an intimate mixture of the fine powders. Calcining the powder 
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Table 1 

(Th,Pu)02 IRRADIATION CONDITIONS 

Composition 

Th02-2 .2 wt.% PUO2 

Th02-5 .5 wt.% PuOj 

Th02-8 .8 wt.% PuOj 

Th02-14.7 wt.% PuOj 

ThOj- lS .S wt.% PUO2 

Average 
power generation, 
wat t s /cm (kw/tt) 

715-992 
(21.8-30.2) 

682-930 
(20.8-28.4) 

667-1100 
(20.2-33.4) 

820-1540 
(25-46.8) 
882-1390 
(27-42.4) 

Surface 
heat flux, 
w a t t s / c m ' 
(Btu/hr/tt2) 

157-218 
(500,000-690,000) 

150-204 
(476,000-647,000) 

147-242 
(466,000-767,000) 

180-338 
(571,000-1,070,000) 

194-306 
(615,000-970,000) 

Burnup, 
10^° fissions/cm^ 
(Mwd/metric ton) 

0 .69-2.4 
(2400-8300) 
0 .74-1.93 

(2600-6800) 
0 .97-2.48 

(3400-8700) 
0 .94-4 .0 
(330-14,000) 
1.06-3.68 

(6000-12,800) 

Exposure, 
full-power 

days 

65 -161 

65-161 

6 5 - 1 6 1 

6 5 - 1 6 1 

65-161 

mixtures in air at 900°C converted the plutonium oxalate to PUO2. A 
green density of 60% of theoretical was achieved by double-pressing 
without binder. A final density of approximately 95% of theoretical was 
achieved by sintering in hydrogen at 1600°C for 6 hr. Pellets of good 
quality were obtained by centerless grinding the outside diameter and 
surface grinding the ends. Four pellets approximately 1.27 cm long 
were placed in each capsule. Pure Th02 end spacers were located at 
the top and bottom of the (Th,Pu)02 fuel column. The bottom Th02 
end spacers were dished to study the plasticity of (Th,Pu)02 during 
irradiation. An end gap of approximately 0.64 cm was provided in 
each capsule to accommodate thermal expansion. The Zircaloy cap
sules were shrink-fitted into 2.86-cm-OD aluminum sleeves that pro
vided double containment for the fuel materials under test; reduced the 
surface heat flux, which permitted higher specific power generations; 
and provided accurate positioning of the Al-0 .1 wt.% Co flux-monitor 
wires used for burnup determinations. A removable cap on the capsule 
holders permitted easy access to the flux monitors for cutting and sub
sequent counting. Physical restraint caused by the thick-walled alu
minum container precluded the attainment of dimensional-stability or 
swelling data for these irradiations. 

Four capsules of each composition (Th02-2.2 wt.% PUO2, Th02-
5.5 wt.% PUO2, Th02-8.8 wt.% PuOg, Th02-14.7 wt.% PuOg, and Th02-
18.5 wt.% PUO2) were irradiated under a variety of conditions (Table 1). 
Burnups ranged to approximately 4 x 10^" fissions/cm^ at maximum 
linear rod power generations in excess of 1500 watts/cm with central 
fuel temperatures above melting. Because of self-shielding, the cal
culated ratio of the specific power generation on the surface of the 
specimens to the average power within the fuel ranged from 1.14 for 
the 2.2 wt.% PUO2 specimens to 2.88 for the 18.5 wt.% PUO2 specimens. 
The nonuniform radial power generation within the (Th,Pu)02 fuel 
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specimens affected the structures developed during irradiation, par
ticularly at the higher plutonium concentrations. Self-shielding tends 
to flatten the radial temperature profile. Hence, for equivalent rod 
power generations, lower fuel temperatures result in those specimens 
containing higher plutonium concentrations (assuming constant thermal 
conductivity). 

Since thermal-conductivity data on (Th,Pu)02 are not available, 
the thermal conductivity of air-fired (Th,U)02 bodies of different com
positions as reported by Kingery,^ extrapolated to the higher tempera
tures, was used m the (Th,Pu)02 fuel temperature calculations. A com
puter program that incorporates the effects of self-shielding and the 
temperature dependence of the estimated thermal conductivity was 
used to calculate fuel temperatures during irradiation. 

r 

/ 
f ' 
\ 

1 
'i \ 

(a) (b) 

Fig. 5 — Transverse section through, an irradiated Th02—2.2 wt.% PUO2 
sintered pellet specimen. Estimated average power generation of 755 
watts/cm to a burnup of 1.5 x 10^"fissions/cm^. 4x. (a) Photomacro-
graph. (b) Beta—gamma autoradiograph (positive). 

Structures developed during the irradiation of (Th,Pu)02 fuel are 
similar to those developed during the irradiation of UO2 (Ref. 9), UO2-
PUO2 (Ref. 10), and ZrOg-PuOa (Ref. 11). Microstructural detail was 
difficult to develop, however, because of the inability to satisfactorily 
etch the irradiated (Th,Pu)02 specimens. Radial and circumferential 
cracks form during irradiation due to temperature gradients within 
the fuel (Fig. 5). Fission-product migration commences at fuel tem
peratures sufficient to cause equiaxed grain growth. The fission prod
ucts are rejected to the gram boundaries durmg recrystallization and 
grain growth. 
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Fig. 6 — Transverse section through an irradiated Th02—S.8 wt.% PUO2 
sintered pellet specimen. Estimated average power generation of 670 
Watts/cm to a burnup of 1.26 x 10^''fissions/cm?. 4x. (a) Photomacro-
graph. (b) Beta—gamma autoradiograph (positive). 

At higher fuel temperatures, in-reactor sintering and further den-
sification of the fuel cause the formation of a central void in the ther
mal center of the fuel specimens (Fig. 6). A central void may also 
result from the shrinkage of molten fuel when it solidifies. Under 
these conditions thin radially oriented columnar grains form by a 
vaporization-condensation mechanism at fuel temperatures below 
melting. Fission products migrate and concentrate in a concentric 
ring at the outer edge of the columnar grain growth region. 

At higher linear rod power generations, large columnar or, some
times, equiaxed grains form near the thermal center of the fuel (Fig. 
7). A sharply defined region consisting of a porous or dendritic-type 
subgrain structure is characteristically present m the center of the 
large gram region adjacent to the central void. The centrally located 
subgrain region contains a relatively uniform concentration of fission 
products and is thought to represent the region of fuel melting during 
irradiation. An analysis of the macrostructure shown in Fig. 7 indi
cates that fuel melting occurred to approximately 45% of the radius. 
Outside the well-defined porous or once-molten fuel region, but still 
within the area composed of large columnar grams, is a band of high-
density grains. Beyond the high-density region composed of large 
grains lies a band of small columnar grains and then a narrow region 
of equiaxed grain growth. The equiaxed grain growth region is sur
rounded by an annulus of structurally unaffected low-temperature fuel 
which extends to the inside surface of the cladding. 

W^^^ 

Wk, 

% 
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(a) (b) 

Fig. 7—Transverse section through an irradiated Th02—8.8 wt.% PUO2 
sintered pellet specimen that operated with an estimated 43% of the ra
dius m.olten. Estimated power generation of 1000 watts/cm. to a burnup 
of 1.26 y. 10^" fissions/cm.^. 4x, (a) Photomacrograph, (b) Beta—gamma 
autoradiograph (positive). 

Structures developed in specimens containing higher plutonium 
concentrations (up to 18.5 wt.% PUO2) during irradiation are basically 
similar to those developed in the specimens containing lower plutonium 
concentrations. Radially oriented columnar grains form at fuel tem
peratures below melting. At higher power-generation rates, the sub-
grain structure region (denoting fuel melting) becomes larger and the 
columnar grain growth region boundary moves closer to the periphery 
of the specimen. The close proximity of the outer boundary of columnar 
grain growth to the edge of highly rated capsules (to within 0.76 mm of 
the cladding) attests to the extreme temperature conditions under which 
some of these specimens operated. Fuel melting occurred in some of 
the specimens to as much as 70% of the radius. Internal pressure 
created by the volume expansion of the fuel was sufficient to cause 
failure of the Zircaloy cladding and distortion of two double-clad cap
sules. Under these extreme temperature conditions, small discrete 
areas of high fission-product concentration form near the outer edge 
of the melt region. 

An unidentified white-appearing second phase associated with high 
fission-product concentrations is present in the irradiated (Th,Pu)02 
specimens. The high level of radioactivity of the second phase sug
gests that it consists of, or contains, agglomerated fission products. 
The discrete second-phase particles are located at the boundaries of 
equiaxed grains (Fig. 8). A high concentration of second-phase part i
cles also forms in a circumferential band at the outer edge of the 
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Fi^. 8 — Unidentified second-phase particles located at the boundaries of 
equiaxed grains m an irradiated Th02—5 5 wt % PUO2 specimen 250x, 

columnar grain growth region (corresponding to the high fission-
product concentration band shown on the autoradiograph), possibly as 
a result of the vaporization-condensation mechanism that forms the 
columnar grains (Fig. 9). The unidentified second phase also appears 
as a semicontmuous matrix withm the dendritic-type subgrain s t ruc
ture m the centrally located fuel region representing the once-molten 
area (Fig. 10). Autoradiographs indicate that the once-molten fuel 
region has a relatively uniform fission-product concentration. 

Dramatic differences in fuel structures occur over relatively 
short axial distances of a few centimeters during irradiation. Axial 
relocation or slumping is particularly evident in fuel specimens that 
operated with molten centers. Such behavior illustrates the hazards 
of developing fuel-irradiation-behavior data from the analysis of a 
single transverse cross section of an irradiated specimen. The top 
Th02 end spacer was partially consumed by high-temperature or 
molten fuel material in the most highly rated capsules. The expan
sion space originally provided at the top of the fuel column has also 
disappeared in the highly rated capsules as a result of fuel expansion 
during irradiation. The (Th,Pu)02 fuel exhibits appreciable in-reactor 
plasticity since m all specimens examined, including the low-tempera
ture capsules, the fuel material slumped into the cavity provided by 
the concave Th02 bottom end spacer. There has been no evidence of 
core—cladding interaction, even m specimens that operated at extreme 
temperature conditions during irradiation. 

Fuel regions delineated by sintering and gram growth as well as 
evidence of central melting were used as temperature indicators in 
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Fig 9 — Unidentified second-phase particles located at the outer edge of 
the columnar gram growth region m an irradiated Th02—8 8 wt % PuOg 
specimen 250x 
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Fig 10—Unidentified second-phase particles within the dendritic sub-
gram structure m the once-molten region of an irradiated Th02—18 5 
wt % Pu02 specimen 250x 

the irradiated specimens. Indicated temperatures in the irradiated 2.2 
and 5.5 wt.% PUO2 specimens (assuming a grain growth temperature 
of 1600 to 1700 °C) are slightly lower than calculated; this indicates 
that the thermal conductivity of (Th,Pu)02 is higher than the values 
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for a i r - f i r ed (Th,U)02 s in t e r s used m the c a l c u l a t i o n s . For the 
(Th,Pu)02 specimens with plutonium compositions g r e a t e r than 10 wt.%, 
however, the indicated operat ing t empera tu re s a r e consistently higher 
than calculated. This sugges ts a lower (Th,Pu)02 the rma l conductivity 
than the values used for (Th,U)02 a i r - f i r ed s in t e r s o r different g r a m 
growth cha rac t e r i s t i c s in the higher plutonium-concentrat ion s p e c i 
mens . S t ruc tures developed during i r radia t ion of the 2.2 and 5.5 wt.% 
Pu02 specimens indicate that a 20 to 30% higher power output was r e 
quired in these specimens to produce approximately the same p o s t i r r a -
diation fuel s t r u c t u r e s as m UO2. Such a compar ison for the higher 
PUO2 concentrat ions is complicated by the effects of inc reased self-
shieldmg. 
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Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

The current status of Irradiations involving principally sol—gel-derived pure 
and mixed compounds of thorium, uranium, and plutonium as oxides and car
bides is discussed. In the bulk-oxide irradiations the sol-gel material fabri
cated by vibratory compaction shows performance characteristics equivalent to 
pressed and sintered pellets at burnup levels in excess of 100,000 Mwd/metric 
ton of heavy metal. In the coated-partlcle tests, the results indicate the need for 
a two-layer pyrolytic carbon coating and show that oxide fuel particles perform 
as well, or better than, carbide particles. 

Knowledge of the irradiation behavior of fuel materials is one of the 
basic requirements in the design of reactors for economical power 
production. Evaluation studies ' of existing designs utilizing thorium 
indicate that only the molten-salt converter and gas-cooled reactors 
currently are competitive with reactors fueled with natural or low-
enrichment uranium fuels. Other studies^'* indicate that thorium-base 
fuels using by-product plutonium from light-water power reactors for 
fissile enrichment in a heavy-water-moderated reactor may offer an 
economic means of establishing the Th-^*^U fuel cycle. The basic 
material characteristics^ and the irradiation behavior of the thorium 
alloys and compounds are strongly dependent on the processing and 
fabrication techniques used. These characteristics must be defined to 
provide the designers with the maximum latitude in developing a spe
cific economical design for any of the reactor concepts. 

*Research sponsored by the U. S. Atomic Energy Commission under con
tract with the Union Carbide Corporation. 
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Table 1 OS 

SUMMARY OF THORIUM FUEL CYCLE PROGRAM IRRADIATION OF POWDER-PACKED RODS* 

Designation 
No 

of rods Type of oxide 

Fuel 
density, 

theoretical 

Linear 
heat rating, 

wa t t s / cm 
Peak burnup, 

Mwd/ton of metal Objective 

MTR group I 7 

MTR group lit 2 

MTR group m t 6 

ETR group I 
NHX group I 

NRX group II 
NRX group III 
NRX group III 

ORR loop 

ORR pool side 

ETR group li t 6 

ETR group Hit 7 

Arc-fused 
So l -ge l E 

So l -ge l S 

So l -ge l 35 

S o l - g e l 35 
S o l - g e l A & B 

Arc-fused 
So l -ge l C 
So l -ge l S 
So l -ge l 

ThOj-PuOj 
So l -ge l 26 

So l -ge l D 

86 to 87 

88 to 89 

86 to 89 

86 to 89 
86 to 87 

83 to 86 
88 to 89 
74 to 76$ 

84 to 85 

85t 

BNL s o l - g e l 90 

S o l - g e l Th02 88 

390 

600 

820 

960 
160 

210 
270 
260 

500 

630 

770 

15,000 to To provide base- lme data to use m 
100,000 comparing sol —gel and arc-fused 

oxide 
100,000 To obtain higher heat rating by in

creasing enrichment 
100,000 To compare oxide calcining a tmo

spheres and higher heat rat ings ob
tained by increasing d iameter 

22,000 Same as for MTR group III 
16,000 To provide base-l ine data 

5,000 To study effect of increased length 
23,000 To study effect of increased length 
22,000 To study Th02-Pu02 oxide and lower 

packed density 
2,100 To study in pressur ized water at 260°C 

and 1750 psi 
5,000 To measure effective thermal conduc

tivity by using a central the rmo
couple in N a - K at 540 and 705°C 
and 315 psi 

30,000 to To study effects of remote fabrication 
100,000 and oxide recalcining 

10,000 to To study ThOj blanket mater ia l with 
70,000 gradually increasing heat rating 

and provide high protactinium low-
fission-product mater ial for chemi
cal processing 

*A11 rods were clad with type 304 s ta inless steel except for ETR groups II and III and ORR loop, which were clad with 
Zircaloy-2 

t Currently under i rradiat ion 
tTamp-packed, all o thers vibratory-compacted 
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The Oak Ridge National Laboratory (ORNL) so l -ge l process offers 
a unique means of providing pure or mixed compounds of thorium, ura
nium, and plutonium as oxides and carbides.^ These fuels have been 
combined with fabrication procedures such as vibratory compaction for 
metal-clad bulk-oxide fuels or coating procedures utilizing pyrolytic 
carbon as a fission-product-retention material with and without subse
quent incorporation into fueled-graphite loadings. Thus the full range of 
processing and fabrication techniques is incorporated into a material 
for irradiation evaluation. The irradiation behavior of solid thorium-
base fuels has been under investigation at ORNL for several years. 
Most of the data have been reported as it developed.'"^ This paper will 
only summarize our findings and establish the current status of the 
programs. 

METAL-CLAD BULK OXIDES 

A series of noninstrumented fuel rods has been irradiated in the 
process water of the Materials Test Reactor (MTR), the Engineering 
Test Reactor (ETR), and the Chalk River National Research Experi
ment Reactor (NRX) during the past 6 years in the metal-clad bulk-
oxide program. Two more sophisticated test groups, one with instru
mented capsules and one loop bundle, were irradiated in the Oak Ridge 
Research Reactor (ORR). The program has been concentrated on the 
so l -ge l derived fuels with low fissile content (approximately 5% UO2 in 
ThOa) fabricated into fuel rods by vibratory compaction. 

Table 1 is a listing of the irradiation tests. Although most of the 
original irradiation tests utilized stainless-steel cladding, the more 
recent rods have been fabricated with Zircaloy-2 cladding. The tests 
have been designed to evaluate the effects of semiremote fabrication 
and different sol —gel calcination atmospheres. Pure thoria without any 
initial fissile additive is being irradiated in the most recent tests to 
investigate the effects of increasing power level. 

The initial objectives of the irradiation program were to compare the 
characteristics of the chemically produced sol -gel (Th,U)02 fuel with 
those of arc-fused material and to compare the performance of 
vibratory-compacted rods with others containing pressed and sintered 
pellets. The results of these early comparison tests have been favor
able. In Table 2, for example, we have listed a group of tests that were 
conducted at moderate linear heat ratings between 300 and 460 watts/ 
cm (10 to 14 kw/ft); these heat ratings are similar to those of current 
water-reactor elements using UO2 as a fuel. These tests were taken to 
high burnups where as much as 70% of the fissions occurred in the bred 
^̂ ^U. Even with these burnups, in excess of 100,000 Mwd/ton of heavy 
metal, the fission-gas release rates were generally less than 20%. Es-



Table 2 

COMPARATIVE OPERATING CONDITIONS FOR VARIOUS T h O , - U O , FUELS 

Fuel Type 

Vibra tory- compacted* 
Vibratory-compacted 
Vibra tory-compacted 
Vibra tory-compacted 
Vibratory-compacted 
Vibra tory-compacted 

Pe l le t t 
Pel let 
Pellet 
Pellet 

I r radia t ion t ime . 
r eac to r full 
power days 

110 
376 
707 
110 
375 
691 

905 
660 
497 
406 

Maximum burnup, 
102» f i ss ions /cm* 

2.5 
8.6 

14 4 
2.9 
8.2 

16.5 

26.4 
21.1 

8.1 
11.0 

T ime-averaged 
peak l inear 
heat ra t ing. 

w a t t s / c m 

299 
297 
267 
341 
286 
311 

420 
461 
270 
394 

L k de, 
l o 

wat t s / cm 

33.8 
33.7 
31.6 
37.8 
32.8 
34.6 

44 8 
48 2 
31 5 
42.6 

86Kr 
re lease 

% 

2.4 
7 2 
6.4 
0.5 

13.2 
17.0 

22.8 
12.4 

t 
J 

Arc-fused T h O , - 4 . 5 % UO? 

S o l - g e l T h 0 2 - 4 . 5 % UO2 

P r e s s e d and s in te red 
T h O , - 4 5% UO, 

*Vibratory-compacted to a density 85 to 87% of theore t ica l . 
t P e l l e t s p r e s s e d from coprecipi tated powders and s in te red to 
tGas samples diluted with a i r m sampling and par t ia l ly los t . 

% of theoret ica l density. 
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timates of the swelling of the pellet fuels^ based on the fact that there 
was no change in diameter or length of the self-supporting claddings at 
the high burnup levels indicate the change in volume was less than 
0.5% per 10^" fissions/cm'. The postir radiation examination of vibratory-
compacted and pellet fuels showed essentially no difference in the 
macroscopic appearance after extended irradiations. By comparing 
Fig. 1 with Fig. 2, in which typical cross sections of a pellet rod and a 
sol —gel vibratory-compacted-powder rod are shown, we see that with
out the titles there is no easy way of identifying the initial fuel form. 
Both rods show typical thermally fragmented fuel. 

In the current irradiation program, we are investigating the effects 
of process parameters such as semiremote fabrication or the sol-gel 
calcining atmosphere and at the same time are attempting to establish 
the maximum fuel-performance characteristics. In one group of tests in 
this series, we have succeeded in developing central voids without any 
evidence of melting. Figure 3 shows typical macroscopic sections simi
lar to those of the lower-heat-rated rods but shows the central voids. 
Figure 4 is a compilation of radial micrographs from three of the highly 
rated rods. The rods operated at peak heat ratings in excess of 1000 
watts/cm; the time-averaged heat ratings are those shown under each 
micrograph. In these highly rated rods, less than 30% of the fission gas 
was released from fuels fired in nitrogen or in the standard reducing 
atmosphere of Ar—4%H2, whereas approximately 40% was released 
from the fuels calcined in air. The burnup level on these rods was 
22,000 Mwd/ton of Th + U. There was no evidence of swelling as deter
mined by postirradiation measurements of the free-standing cladding. 
The apparent effect of the firing atmosphere on increased fission-gas 
release and microstructural changes will not be resolved until other 
tests using identical fuels but at lower linear heat ratings are examined. 
These tests are currently under irradiation and are scheduled to go to 
approximately 100,000 Mwd/ton of heavy metal burnup. 

Since only recently has a sol—gel process for PUO2 been developed, 
our irradiation experience with the so-called "mixed-progeny" fuels is 
limited. Three rods containing sol —gel derived Th02 mixed before 
calcining with precipitated 5.2% PUO2 were tamp-packed to approxi
mately 75% of theoretical density and exposed at a linear heat rating of 
200 to 245 watts/cm for a peak burnup of 29,000 Mwd/ton of Th + Pu. 
The fission-gas release rates were less than 5%, and the microstruc-
tures as shown in Fig. 5 were similar to those of Th02 —5% UO2 ex
posed under the same conditions. The center temperatures estimated 
by using a thermal conductivity of 0.017 watts/cm, which was the effec
tive thermal conductivity derived in the instrumented capsule experi
ments, were approximately 1500° C in rod P-4 and 1300° C in rod P-6. 
There is some incipient sintering and grain growth in the fuel at the 
higher heat rating, but with rod P-6, except for accentuated distributed 
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i''z,g- i —Macroscopic view of selected section locations of pellet rod 
No 712, as cut A, Metallography section B, Burnup section C, Longi
tudinal section D, Neutron-activation specimen 
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Fig. 3—Macroscopic views of selected section locations from ETR 
group I capsule 8, as cut. A, Metallography section. B, Burnup section. 
C, Longitudinal section. D, Spare longitudinal section. 
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2.54MM 

(a) 

2.54 MM-

(b) 

I 2.54 MM j 

(c) 

Fig. 4 —Radial micrographs of three highly rated rods, (a) Air-fired 
juel irradiated to 4.3 x Kf^ fissions/cm? at a linear heat rating of 870 
waits/cm. (b) Fuel fired in Ar—4% H2 and irradiated to 4.3 x 10^'^ fis
sions/cm^ at a linear heat rating of 865 watts/cm. (c) Fuel fired in ni
trogen and irradiated to 4.5 x 10^" fissions/cm at a linear heatrating of 
910 watts/cm. 

porosity in the center, the fuel is essentially unchanged from the p re -
:irradiation appearance. 

Although the data on Th02-base fuels are still somewhat limited, a 
preliminary comparison with UO2 fuels is in order. The data presented 
in Table 3 compare vibratory-compacted-powder UO2 and Th02-U02 
fuels using the / k de values for specific structural changes most com
monly used in comparing bulk-oxide fuels. The UO2 work was done as 



ri^-i 

^ 

^0^-< 
(a) 

Ct , -* tJ '^ 

(b) 

i^ig'. 5—Photomicrographs showing typical transverse section of irra
diated lamp-packed sol—gel Th02—5.2% PUO2. Radial area from center 
to cladding surface, (a) P-4 irradiated to 5.2 x Kf" fissions/cm^. 75x, 
(b) P-6 irradiated to 4.65 x li^" fissions/cm^. 75x. 



Table 3 

-UO, VIBRATORY-COMPACTED FUEL RODS* 

Exper iment Fue l ! 

Fuel 
density, 

% theoret ical 

Burnup, 
Mwd/ton 
of heavy 

metal 

Inside-
surface 

t empera tu re 
of cladding, 

"C 

Linear 
heat 

rat ing, 
wa t t s / cm 

J^k de, 
wat t s / cm 

J / k de, 
wa t t s / cm 

],^k d e , 
wat t s / cm 

Tkde, 
wat t s / cn 

r e l ease . 

ORR loop UO2 
7N1 
701 
7P1 
8N1 
801 
8P1 

ORR loop 
LIA 
L I B 
L i e 

ETR group I T h 0 2 - 5 % U 0 2 
18 
10 
8 

T h O , - 6 % UO, 

87 1 
87 1 
86 9 
85 6 
85 8 
85 5 

85 2 
84 1 
84 1 

88 

85 

4,780 
5,140 
6,290 
4,810 
5,040 
6 880 

1,600 
2,100 
1 730 

20,400 
20,000 
22,000 

353 
361 
383 
347 
351 
387 

341 
368 
M8 

211 
209 
218 

434 
465 
566 
404 
423 
578 

381 
499 
410 

870 
865 
914 

30 3 
39 7 
32 6 

32 5 
34 8 
41 2 
30 9 
31 3 
40 8 

No void 
No void 
No void 

63 0 
66.4 
61.3 

20.7 
21 1 
20 0 
22.8 
21 2 
23 9 

36 6 

35 8 
24 6 
28 2 

17 5 
16 1 
20 3 

20.5 
17 7 
20 7 

34 7 
19 8 
25 3 

12 4 
47 0 
72 0 
77 0 
25 0 
25 0 

2.3 

3 9 

38 0 
28.0 
21.0 

*/s IS center to surface of fuel, /̂  is void to surface of fuel, /̂  is the limit of columnar gram growth to surface of fuel, and /̂  is 
the l imit of d iscernible equiaxed g r a m growth to surface of fuel 

tU02 fuel was arc-fused, c rushed, and v ibra tory-compacted , oxygen-to-uranium "ratio of 2 002 to 2 003, enriched 5 to 6% in '̂̂ U 
D2 fuel was sol —gel mate r ia l c rushed and "vibratory-compacted, uranium enriched to 93% in '̂*U 

00 
01 
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part of the Maritime Reactor Program and was reported previously." 
The ETR group I data were included to provide a value for the / k dfi 
for void formation in the thoria-base fuels, even though the surface 
temperature of the cladding was 150° C lower. The loop experiments 
were run in the same facility. There are uncertainties in the peak-to-
average ratios of the heat flux in these experiments. Nevertheless, a 
comparison of the heat ratings to produce similar microstructural 
changes and fission-gas release rates in the vibratory-compacted 
thoria-base fuels and the urania fuels indicates that the thoria fuels 
can accommodate approximately 40% higher heat ratings. 

Future tests are planned to investigate the sol—gel derived 
(Th,Pu)02 fuels with emphasis on low-energy vibratory compaction of 
microspheres. In addition, tests utilizing thin-walled claddings that are 
not free standing are planned to investigate the swelling characteristics 
of thoria-base fuels. 

COATED PARTICLES 

The irradiation program on coated-particle fuels is of more recent 
origin than the program on bulk oxides. All the fuel has been in the 
form of small particles (150 to 350 (x diameter) of (Th,U)C2 and (Th,U)02 
coated with pyrolytic carbon for fission-product retention. Both loose 
beds of coated particles and fueled-graphite elements containing coated 
particles have been irradiated.^ Much of the irradiation testing has been 
designed to evaluate the effects of changing coating parameters on the 
particle behavior, as discussed by Prados et al. in a paper included in 
this volume. To obtain accelerated burnup, high concentrations of ura
nium have been used for most of the tests with this fuel form. The di-
carbide particles have generally been obtained from the carbon bed 
melting process, whereas the oxides have been obtained from conven
tional sintering processes or the sol —gel microsphere process. 

Table 4 is a partial listing of the tests utilizing fuel kernels con
taining thorium dicarbide. Some properties of these coated particles 
are given in Table 5. There were no observed coating failures in any 
of these tests. As can be seen from Table 4, the irradiation test tem
perature has varied from approximately 1000° C up to a maximum of 
1500°C, and the heavy-metal fissioning has been carried to as high as 
27 at.% for the low thorium-to-uranium ratio particles. Testing of the 
higher thorium-to-uranium ratios involves longer periods of exposure, 
and only recently have coated fuel particles with the higher thorium-to-
uranium ratios of 2.2 and 4.9 been tested at significant levels of fis
sioning. Preirradiation and postirradiation micrographs of batch GA-
314, which has a thorium-to-uranium ratio of 2.2 to 1, are shown in 
Fig. 6. After 8 at.% heavy-metal fissioning, the two outer layers of the 
triplex coating appear unchanged, indicating that the porous inner coat-
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Table 4 

IRRADIATION TEST CONDITIONS AND FISSION-GAS-RELEASE 
DATA FOR COATED (Th,U)C2 PARTICLES 

Sample 
designation 

NCC-214 
NCC-208 
NCC-208 
NCC-208 
NCC-208 
NCC-210 
GA-310 
GA-N-1736 

-121E 
GA-314 
GA-314 
NCC-222 

Ratio of 
thor ium to 

uranium 

0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 

0.6 
2.2 
2.2 
4.9 

Coating 
s t ruc tu re 

Duplex 
Duplex 
Duplex 
Duplex 
Duplex 
Duplex 
Tr iplex 

Triplex 
Tr iplex 
Triplex 
Duplex 

Test 
t e m p e r a t u r e . 

°C 

1530* 
1175 
1125 
1300 
1500 

-1000* 
1125 

-1000* 
1400 
1400 
1300 

Burnup, 
at.% 

heavy metal 
f issioned 

2.4 
1.7 
6.0 

11 
12 
27 
10 

27 
0.3 
8 

10 

R / B for 
ss^r 

2 X 10~4 
1.6 X 10-5 
1.3 X 10^8 

t 
t 
t 
3.6 X 10-*' 

t 
2.6 X IQ- ' 
3.5 X 10-5 
3.8 X 10-5 

*Irradiated in fueled-graphite spheres; all others irradiated as unsup
ported. 

tNot measured, static experiment. 

ing has absorbed all direct fission-recoil damage and also accommo
dated any swelling of the fuel particle. Such good behavior would prob
ably be predicted by the mathematical model discussed by Prados if 
detailed properties of the individual layers of the coating were well 
documented. 

Perhaps the most significant development in the area of coated 
fuels during the past year has been the excellent performance of 
pyrolytic-carbon-coated so l -ge l derived oxide microspheres. The de
position conditions used for coating so l -ge l oxide microspheres are 
given in Table 6 (properties of the coated particles are presented in 
Table 5). Table 7 is a listing of the irradiation tests on these fuels 
which have been completed to date. The thorium-to-uranium ratio in 
the mixed-oxide particles has been 12 to 1, and consequently the fuel 
burnup has been restricted. However, the test of fully enriched UO2 
s o l - g e l microspheres coated with a thick three-layer coating, which 
was exposed at 1600° C to a burnup of 25 at.% heavy metal fissioned, 
clearly shows the excellent performance of the oxide particles. Again 
there were no observed failures in any of these tests. 

Of greater importance than the lack of any failed particles is the 
fact that the fission-gas release rates, as defined by the release rate 
to birth rate (R/B) ratios, are as low as, or slightly lower than, those 
from the coated carbide particles shown in Table 4. We attribute the 
lower release rates to the reduced coating contamination normally ob-



Table 5 

GENERAL INFORMATION ON PYROLYTIC-CARBON-COATED PARTICLES USED IN IRRADIATION TESTS 

Par t ic le Batch No. 

NCC-208 

(U,Th)C2 
19.6 
13.4 
93 

445 
213 
117 
Duplex 
1.6 
1.2 
2.79 
1473 
1.8 
<0.5 

NCC-210 

(U.ThjCj 
23.4 
13.6 
93 

432 
216 
108 
Duplex 
1.8 
1.2 
2.95 
1320 
3.9 
0.5 

NCC-214 

(U.ThjCj 
23.0 
13.4 
93 

424 
218 
103 
Duplex 
1.7 
1.2 
2.80 
1456 
2.0 
17.0 

GA-310 

(U,Th)C2 
14.4 
9.0 
93 

470 
175 
148 
Triplex 
1.5 
1.4 
2.37 
1598 
2.4 
0.2 

GA-314 

(U,Th)C2 
18.9 
38.7 
93 

550 
349 
101 
Duplex 
2.2 
3.5 
3.58 
1531 
7.9 
0.7 

N1736-121ECB 

(U.ThjCj 
19.9 
12.2 
92.9 

426 
200 
113 
Triplex 

* 
* 
2.70 
1290 
+ 

* 

NCC-222 

(Th,U)C2 
5.55 
25.4 
93 

437 
214 
112 
Duplex 
1.66 
1.15 
2.67 
1780 
8.7 
2.3 

HB-23 

UO2 
17.8 

97 

407 
148 
129 
Triplex 
1.54 
0.82 
2.43 
1210 
0.16 
<0.01 

OR-182 

(Th.UjOj 
3.3 
39.8 
93 

410 
217 
96 
Duplex 
1.7 
1.1 

* 
1270 
20.2 
275 

OR-205 

Th02 

33.8 

500 
243 
128 
Duplex 
1.7 
* 
2.87 
3210 
3.1 
0.3 

OR-206 

(Th,U)02 
3.1 
36.8 
93 

406 
206 
100 
Duplex 
1.8 
1.3 
2.94 
2730 
6.7 
2.4 

Core mater ia l 
Uranium content, wt.% 
Thorium content, wt.% 
Enrichment, at.% 
Par t ic le dimensions, n 

Total particle (av.) 
Core par t ic les (av.) 
Coating thickness (av.) 

Coating s t ructure 
Pour density, g / c m ' 
Par t ic le weight (av.), lO""* g 
Coated-particle densi ty,! g/cm^ 
Crushing load (av.), g 
Surface contamination, 10"'% U 
Fuel removal by leaching, 10"'% U 

*Not measured. 
TMeasured with helium pycnometer. 
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(b) (c) 

Fig. 6 — Triplex-coated 350-ij,-dtameter (Th,U)C2 fuel particles. Aver
age total coating thickness,101 ix. No particle failure, (a) ,Unirradiated. 
(b) 0.3 at.% burnup of heavy metal at 1400°C. (c) 8 at.% burnup of heavy 
metal at 1400°C. 

served with carbon-coated oxide particles. Contamination of the coat
ings by fuel usually occurs during deposition of the high-density outer 
coating at high temperatures (5:1800° C). The fission-gas release rates 
from many previous experiments have indicated a correlation with 
coating contamination. In a recent series of sweep-capsule irradiations 
using both coated UO2 and (Th,U)C2 particles, we were able to verify 
that the observed release is a direct function of the amount of fission
able material in the coatings, as shown in Fig. 7. Such a correlation 
applies only if no particles are broken. 

The thermal stability of pyrolytic-carbon-coated oxides is r e 
markably good at temperatures much higher than those of the irradia-
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Table 6 

DEPOSITION CONDITIONS OF COATINGS ON S O L - G E L 
OXIDE MICROSPHERES 

Fuel par t ic le 

OR- 182 

(Th,U)02* 
Average fuel-part ic le d iameter , M 217 
F i r s t layer 

Coating t empera tu re , °C 
CH4 flow ra t e , cmVmin-cm^ 
Coating th ickness , fi 

Second layer 
Coating t empera tu re , °C 
CH4 flow ra t e , cm ' /min-cm^ 
Coating thickness , M 

Third layer 
Coating t empera tu re , °C 
CH4 flow ra te , cmVmin-cm^ 
Coating th ickness , u 

1400 
0.15 
54 

1800 
0..33 
42 

Sample 

OR-205 

ThOj 
243 

1400 
0,83 
50 

1800 
0.17 
78 

designation 

OR- 206 

(Th,U)0,* 
206 

1400 
0.83 
35 

1800 
0.17 
65 

HB-23 

UO2 
148 

980 to 1050 
2.3t 
49 

1320 
1.20 
20 

1900 
0.05 
60 

*Par t i c les contain 8 wt.% UO2, highly enriched, 
tAcetylene was used for inner coating on HB-23. 

tion tests listed in Table 7. An extensive series of heat treatments on 
coated Th02 and UO2 particles at 1900 and 2000° C demonstrated that 
high-density outer coatings successfully contain CO formed by the r e 
action of the oxides with carbon.'^ Since the reaction is thus inhibited, 
little or no carbide is formed and migration of fuel into the coating is 
virtually undetectable. The striking difference in fuel-migration be
havior of UO2 and UC2 with similar coatings is illustrated in Fig. 8. 
Both types of particles have porous inner coatings (density <1.0 g/cm') 
deposited from acetylene. 

The obvious process advantage of being able to handle the uncoated 
particles without the use of an inert atmosphere, when combined with 
the lower fuel swelling of the oxide, indicates a potential advantage for 
these fuels. The basis for predicting reduced swelling as developed 
from the examination of the bulk oxide fuel has been discussed else
where.^^ This same discussion indicates an advantage for thorium-
containing fuels over those containing only fissile uranium. These fuel 
characteristics together with the variety of coating parameters have 
been included in the model discussed in the paper by Prados et al., 
which describes the prediction of coated-particleperformance. A series 
of noninstrumented capsule irradiations was recently initiated to test 
the model. The results of postirradiation examination of the first cap-
sule in the series have been included in that paper. A later experiment 
in the series is specifically designed to investigate the effects of the 
thorium-to-uranium ratio on fuel-particle behavior. 
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Table 7 

IRRADIATION TEST CONDITIONS AND FISSION-GAS-RELEASE DATA 
FOR UNSUPPORTED COATED S O L - G E L OXIDE MICROSPHERES 

Burnup, 
Tes t at.% 

Sample Fuel Coatmg t e m p e r a t u r e , heavy metal R / B for 
designation par t ic le* Structure °C fissioned '^Kr 

OR-206 
OR-206 
OR-205 
OR-182 
HB-23 

(Th,U)02 
(Th,U)02 
ThOg 
(Th,U)02 
UO2 

Duplex 
Duplex 
Duplex 
Duplex 
Tr iplex 

1200 
1370 
1370 
1200 
1600 

0 6 
2.7 

0 25 
25 

2.3 X 10"6 
2.5 X 10"^ 

t 
4.0 X 10-8 

*Thor ium-to-uranium ra t io m all mixed fuels is 12 to 1 
TNot measured , s ta t ic exper iment . 

tO" 

10" ~ CAPSULE C l - t 6 , 
Z BATCH OR-345, 
- IRRADIATED 

AT 1400°C 

I 
10-^ 

10" 

1—I—m I I I I { r 
CAPSULE 01-15, BATCH GA-31 
IRRADIATED AT 1400°C-
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Fig. 7—Relation between fission-gas release and coating-surface con
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Fig, 8—Difference in fuel-migration behavior, (a) Pyrolytic-carbon-
coated UO2 heat-treated for 500 hr at 2000°C. (b) Pyrolytic-carbon-
coated UC2 heat-treated for 8 hr at 2000°C. 

To date, none of our irradiation tests have shown any significant 
difference in the performance of dicarbide or oxide fuel particles r e 
gardless of thorium content. As we have seen in Fig. 6 and as listed in 
Table 4, there are (Th,U)C2 particles with both two-layer and three-
layer coatings that have shown good performance to high burnup levels. 
A direct comparison of the performance of carbide and oxide fuel par 
ticles with and without thorium as part of the fuel is shown in Fig. 9. In 
this comparison we have chosen the only available experiment for the 
thorium—uranium dicarbides which had a similar burnup to the 
thorium-uranium oxide fuels and also a similar inner-coating layer. 
However, the greater damage to the coated (Th,U)C2 particles must 
mean that the laminar inner coating on these particles, although similar 
in appearance and structure, has a lower density. In the case of the 
mixed-oxide particles, the irradiation experiment in which the coated 
(Th,U)02 particles were tested also contained coated thoria particles. 
At the burnup level attained, we were unable to distinguish between the 
uranium-bearing and the pure thoria particles. 

SUMMARY 

The irradiation tests on thorium fuels at Oak Ridge National Labo
ratory closely coupled with process variables and fuel characteriza-
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Fig. 9—Comparison of Th — U fuel particles with uranium fuel parti
cles, (a) (Th,U)C2 at 1300°C (thorium-to-uranium ratio of 0.6); 2 al.% 
burnup of heavy metal, (b) UC2 at 1370°C; 20 at.% burnup of heauy 
metal, (c) (Th,U)02 at 1400°C (thorium.-to-uranium, ratio of 12; 2.7 at.^d 
burnup of heavy metal, (d) UO2 at 1600°C; 25 at.% burnup of heavy 
metal. Photomicrographs a and b are of bed-melted fuels, and c and d 
arc of sol —gel fuels. 

tions indicate that the metal-clad bulk-oxide fuel rods using vibratory-
compacted sol-gel derived thoria-base fuels with less than 5% fis.'?ile 
additions will operate at moderate heat ratings to burnups in excess of 
100,000 Mwd/metric ton of T h + U with no evidence of breakaway 
swelling or sudden increases in fission-gas release and that linear heat 
ratings in excess of 1000 watts/cm can be accommodated without central 
melting or high fission-gas-release rates. Also, the coated particle i r 
radiations show no significant difference in the performance of fuels 
with and without tliorium. Pyrocarbon-coated oxide fuels perform as 
well as, and possibly better than, coated dicarbide fuels at burnup levels 
as high as 25 at.% fissioning. 



494 OLSEN, COOBS, AND ULLMAN 

REFERENCES 

1. M. W. Rosenthal et a l . , A Comparat ive Evaluation of Advanced Conver te r s , 
USAEC Report ORNL-3686, Oak Ridge National Labora tory , January 1965. 

2. M. W. Rosenthal et al . , The Technical and Economic Charac t e r i s t i c s of 
Thor ium Reac tors , in Utilization of Thorium in Power Reactors, Techmca.! 
Report Ser ies No. 52, International Atomic Energy Agency, Vienna, 1965 
(STl/DOC/10/52) . 

3. M. F . Duret and M. J. Halsall , A P re l imina ry Asse s smen t of Thor ium a s a 
Fuel for Thermal Reac tors , in Utilization of Thorium in Power Reactors, 
International Atomic Energy Agency, Vienna, 1965 (STI/DOC/lO/52). 

4. R. S. Car l smi th , Oak Ridge National Labora tory , persona l communication, 
Februa ry 1966. 

5. S. Pe te rson , R. E. Adams, and D. A. Douglas, J r . , P rope r t i e s of Thor ium, 
Its Alloys, and Its Compounds, in Utilization of Thorium in Power Reactors, 
Technical Report Series No. 52,Internat lonal Atomic Energy Agency, Vienna, 
1965 (STl/DOC/10/52) . 

6. R. G. Wymer and J . H. Coobs, P repa ra t ion , Coating, Evaluation, and I r r a d i 
ation Testing of S o l - G e l Oxide Microspheres , In Proceedings of the British 
Ceramic Society, Nuclear and Engineering Ceramics, No. 7, pp. 61-79, 
Society Stoke-on-Trent , February 1967. 

7. S. A. Rabin, M. F . Osborne, S. D. Clinton, and J . W. Ullmann, Thor ium Fuel 
Cycle I r radia t ion P r o g r a m at the Oak Ridge National Labora tory , In P r o 
ceedings of the Thor ium Fuel Cycle Symposium, Gatl inburg, Tennessee 
December 5-7, 1962, USAEC Report TID-7650, pp. 643-674, Oak Ridge Na
tional Laboratory and Amer ican Nuclear Society, 1963. 

8. A. R. Olsen, D. B . Trauger , W. O. Harms , R. E. Adams, and D. A. Douglas, 
I r rad ia t ion Behavior of T h o r i u m - U r a n i u m Alloys and Compounds, in Utili
zation of Thorium in Power Reactors, Technical Report Ser ies No. 52, In
ternat ional Atomic Energy Agency, Vienna, 1965 (STl /DOC/lO/52) . 

9. S. A. Rabin, J . W. Ullmann, E. L .Long, J r . , M. F . Osborne, and A. E. Gold
man, I r radia t ion Behavior of High-burnup T h 0 2 - 4 . 5 Pe rcen t UO2 Fuel Rods, 
USAEC Report ORNL-3837, Oak Ridge National Labora tory , October 1965. 

10. M. F . Osborne and E. L. Long, J r . , Pos t i r rad ia t ion Examination of M a r l -
t i m e - O R R Loop Exper iments 5. 7, and 8, USAEC Report ORNL-TM-921, 
Oak Ridge National Laboratory , October 1964. 

1 1 . R. L. Hamner, R. L. Beatty, and H. Beut ler , Effects of Heat Trea tment on 
Pyro ly t ic -carbon-coa ted Oxide P a r t i c l e s , in Gas-cooled Reactor P r o g r a m 
Semiannual P r o g r e s s Report for Per iod Ending September 30, 1965, USAEC 
Report ORNL-3885, pp. 43-50, Oak Ridge National Labora tory , Februa ry 
1966. 

12. A. R. Olsen et al . , P rope r t i e s and Prospec t s of Thor i a -base Nuclear Fue l s , 
in Proceedings of the British Ceramic Society, Nuclear and Engineering 
Ceramics, No. 7, pp. 289-310, Society Stoke-on-Trent , Feb rua ry 1967. 



IRRADSATiON TESTS OF PYROLYTIC-CARBON-COATED 

ThCg AND ThOg PARTICLES* 

C. S. LUBY and A. S. SCHWARTZ 
John Jay Hopkins Laboratory for Pure and Applied Science, General Atomic, 
Division of General Dynamics Corporation, San Diego, California 

ABSTRACT 

Both Th02 and ThC2, in the form of coated particles a few hundred microns in 
diameter, have been considered for use as the fertile material in High-Tempera
ture Gas-Cooled Reactors (HTGR). During the several-year core life, these 
coated particles would experience burnups equivalent to ~6% fissions per heavy 
metal atom (FIMA) (due to fissioning of ^̂ Û formed from the ŝ̂ -ph) at tempera
tures in the range 500 to 1300°C. The results of several irradiation tests to 
evaluate the stability of pyrolytic-carbon-coated ThC2 and Th02 particles under 
these conditions are presented. 

The coating used on the particles in these studies was a two-layer pyrolytic-
carbon structure called the BISO (Buffer isotropic). It consists of an inner buffer 
(porous) layer and an outer, dense, isotropic layer. The buffer layer serves to 
relieve stresses in the outer coating that might arise from irradiation-induced 
dimensional changes in both the fuel and the pyrolytic carbon, and it also acts as 
a fission-recoil-attenuating layer. The outer coating is considered to be the 
actual "pressure vessel ." Thin coatings are desired in order to obtain high 
metal loadings in the coated particles. 

A series of irradiation tests has been conducted to evaluate these particles 
at temperatures up to 1875°C, fuel burnups up to 3% FIMA, and fast-neutron-
flux exposures up to 2.7X10^1 (E > 0.18 Mev). Some of the particles used in 
these tests contained small amounts of uranium so that desired fuel burnups 
could be attained in reasonable times. The results of these tests have shown 
that either ThCj or Th02 is satisfactory for use with two-layer BISO pyrolytic-
carbon coatings. Coated particles with adequate metal contents were found to 
have good stability and fission-product retention at irradiation temperatures up 
to 1400°C (above the maximum fuel temperature anticipated in an HTGR core); 
at irradiation temperatures of 1875°C, some coating failures occurred. These 
results also indicated that coatings 100 to 130 IJ, thick will provide the desired 
stability for particles 300 to 400 ^i in diameter. Current efforts are directed 
toward optimization of coating structural parameters and evaluation of the coated 
particles under higher irradiation exposures. 

*Work supported in part by the U. S. Atomic Energy Commission. 

495 



496 LUBY AND SCHWARTZ 

Irradiation testing of pyrolytic-carbon-coated thorium carbide and 
oxide fuel particles has been in progress at General Atomic, Division 
of General Dynamics Corporation, for several years.*"* These coated 
particles comprise the fuel for the High-Temperature Gas-Cooled 
Reactor (HTGR) and should be able to withstand fuel burnups up to 
20 at.% heavy metal at irradiation temperatures up to 1300 °C. The 
small thorium and/or uranium dicarbide or dioxide fuel particles are 
coated with pyrolytic carbon to limit radioactive contamination of the 
reactor coolant system and, in the case of the carbide, to protect the 
fuel from deterioration (hydrolysis) during fabrication. Recent advances 
in coated-particle-fuels technology^'^ have led to the evolution of an 
unpurged-fuel-element design for large high-temperature gas-cooled 
reactors currently under development. In unpurged fuel elements, the 
particle coatings bear the major burden of fission-product contain
ment and hence must remain intact during several years of operation. 

One plan under consideration for a large HTGR is to put the 
thorium and uranium into separate particles to simplify fuel recycling. 
However, the uranium particles may have to be diluted with thorium to 
limit the fuel burnup to reasonable levels and to enhance the negative 
temperature coefficient in the reactor core. One possible set of specifi
cations for a fuel system of this type is as follows: 

ThCj par t i c les (Th,U)C2 par t i c les 
(fertile) (fissile) 

Thor ium- to -u ran ium ra t io All thorium 3.5 
Burnup, FIMA* 6% 20% 
Par t i c l e s ize 350 (+70 to -50) M 200 ± 50 M 
Coating thickness 100 ^ 100/.i 
T / D t 0.3 0.5 

*Fiss ions per Initial heavy Metal Atom. 
tCoat ing- thlokness to fue l -par t i c le -d iameter ra t io . 

The coated all-thorium particles, or fertile particles, would experience 
a burnup equivalent to about 6% FIMA over a several-year core life 
owing to fissioning of the ^̂ Û formed from the ^^^Th. The particles 
would operate in the reactor at temperatures in the range 500 to 1300 °C. 
Both ThC2 and Th02 are being considered for the fertile particles, which 
would have a coating thickness of 100 to 130 ji of pyrolytic carbon on 
a nominal 350-|J. core. The resultant T/D ratio is 0.29 to 0.37. This 
ratio has been found to be an important parameter in determining the 
radiation stability of coated particles.^ 

The coated uranium-containing particles, or fissile particles, may 
be either (Th,U)C2 or (Th,U)02 and will experience a burnup of about 
20% FIMA. These particles are much smaller than the fertile particles 
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(200- vs. 350-fj, core), and they have a higher T/D ratio (0.50 vs. 0.29 
to 0.37) to compensate for the greater fission-gas pressure and fuel-
swelling stresses resulting from the higher design burnup. 

For a typical core loading, it is anticipated that there would be 
more fertile particles than fissile particles; thus it is important that 
fertile as well as fissile particles have good stability and retentivity. 

The purpose of this paper is to describe the results of a series of 
irradiation tests aimed at evaluating coated ThC2 and Th02 particles 
for use as the fertile fuel in a large HTGR. 

BACKGROUND 

An extensive series of irradiation tests has been carried out at 
General Atomic on fissile and fertile fuel particles in temperature-

6—10 

monitored and temperature-controlled static-capsule experiments." 
In these tests emphasis was placed on understanding mechanisms of 
coated-particle failure under irradiation. Seven major effects that 
contribute to failure have been identified by Goeddel:^ 

Effects contributing to failure Stress contribution (calculated) 

Swelling of carbide due to ac- 0.6% expansion/1% burnup 
cumulation of fission products 

Contraction of pyrolytic carbon ~0.5% oontraotion/lO^' 
due to fast-neutron exposure neutrons/sec (fast) 

Damage to inner layers of 5 x lO^" fragments/cm^/10% 
pyrolytic carbon from fission burnup 
recoils 

Fission-gas pressure buildup in- 25,000 psi after 10% burnup 
side coating (10% void volume 
and 10~1* cm^/seo permeability 
at 1400°C) 

Differential thermal expansion 
of pyrolytic carbon and carbide 

Dimensional changes in pyrolytic 
carbon due to thermal annealing 

Chemical reactions of fission 
products with pyrolytic carbon 

The most important of these effects are (1) fuel-particle swelling from 
interstitial accumulation of solid fission products, (2) internal fission-
gas pressure, (3) fast-neutron-induced contraction of the pyrolytic-
carbon coating, and (4) fission-recoil bombardment of the inner layers 
of the coating. 

However, irradiation tests at General Atomic have shown that the 
presence of several structural features in coated particles compensates 
for these effects by greatly increasing the stability of the particles:^'^ 



I,.) 

(b) 

Fig. 1—General Atomic coated fuel particles, (a) BISO 200y. (b) 
Triplex. 200X. 
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1. A porous pyrolytic-carbon "buffer zone" between the fuel 
particle and the coating. 

2. A high-density isotropic pyrolytic-carbon layer in the coating. 
3. Circumferential discontinuities in the coating. 
4. Porosity in the fuel particle. 

The porous pyrolytic-carbon buffer layer between the fuel particle and 
coating absorbs fission recoils, accommodates fuel-particle swelling, 
and provides volume to reduce internal fission-gas pressure. A high-
density, isotropic pyrolytic-carbon layer free of any preferred orienta
tion appears to have the greatest radiation stability. Circumferential 
discontinuities act as "crack-stoppers" to prevent radial propagation 
of cracks all the way through the coating. Finally, a porous fuel par
ticle also provides void volume to accommodate fission-gas pressure 
and fuel swelling; however, it results in particles with lower fuel 
loadings. 

By combining these features, General Atomic developed two 
advanced types of coated fuel particles known as the BISO (an acronym 
for Buffer isotropic) and the Triplex. These coated particles have been 
shown to have excellent irradiation stability and fission-gas retention 
at burnups up to 20% FIMA, at temperatures up to 1700 °C, and at fast-
neutron doses up to 2,7x10^^ neutrons/cm^ (E>0.18 Mev).'*"^" A 
photomicrograph of a BISO-coated particle is shown in part a of Fig. 1. 
This coating consists of an inner buffer layer and an outer, high-
density, isotropic layer. The Triplex coating is similar to the BISO 
but has a third layer of granular pyrolytic carbon on the outside. A 
photomicrograph of this type of coated particle is shown in part b of 
Fig. 1. The BISO coating is currently receiving the major emphasis at 
General Atomic because it has been shown to perform as well as the 
Triplex and is a simpler coating, consisting of only two layers. 

The results of irradiation tests at General Atomic have shown that 
the radiation stability of coated particles is dependent on both the i r r a 
diation environment and the micrestructure of the coated particle. ' 
Irradiation conditions having the greatest influence on stability are 
temperature, burnup, burnup rate, and fast-flux exposure; micro-
structural features with the greatest influence are coating structure, 
T/D ratio, fuel-particle size, and fuel-particle density. 

Examples of how three of these parameters influence stability are 
shown in Figs. 2 to 4. These results are taken from tests performed on 
fissile particles. The effect of burnup rate on stability is shown*" in 
Fig. 2. These data indicate that coated particles with T/D ratios of 
0.35 can survive burnup rates up to 10% FIMA per month at 1300°C but 
only 7% per month or less at 1400°C. However, if the T/D ratio is in
creased to 0.5, the particles can survive burnup rates of 15% per 
month at 1300°C. 
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Fig. 3—Effect of coating density of isotropic layer of BISO coatings on 
radiation stability of coated fuel particles.^ T/D, 0.42 to 0.46. Irradia
tion, temperature, 1290 to 1425''C. Burnup, 4 to 10% FIMA. Fast-flux 
exposure, 0.5 to 2.7 x 10^' neutrons/cm^ (E > 0.18 Mev). 

The effect of coating density on stability isshown^ in Fig. 3. These 
data indicate that high-density (>1.9 g/cm^) isotropic layers are 
desirable in the BISO coating for good stability. 

The effect of T/D ratio on stability is shown^ in Fig. 4, At low 
temperature (950°C) and high burnup (18% FIMA), a T/D ratio of ~0.4 



IRRADIATION TESTS OF ThCg AND ThOg PARTICLES 501 

100 

8 0 

6 0 

4 0 

2 0 

0 

1 

— 

-

-

-

~ 
1 

1 1 

r \ 
\ °\ 
\ °\ 

\ ^\ 

\ \ 

\ °\ 
\ '^\ 
\A \ 

1 II \ 

1 1 1 
0 , TRIPLEX -

A, BISO 

n , I S 0 

— 

-

-

-
• ~ 

b 1 1 

100 

o 
z 
h-< 
O 

80 

60 

40 -

20 

1 \—\—I—I—r~T~-
o,BISO CARBIDE 
A, TRIPLEX CARBIDE. 
P, ISO CARBIDE 

-<>-, BISO OXIDE 

0.8 0 0.2. 0.4 0.6 0.8 0 

T/D RATIO 

(a) 

Fig. 4—Effect of T/D ratio on radiation stability of coated fuel par
ticles.^ (a) Capsule P-7. Average irradiation temperature, 950°C. 
Burnup, 16 to 24% FIMA. (b) Capsule P-9. Average irradiation tem
perature, 1500°C. Burnup, 10 to 13% FIMA. 

appears necessary for survival (see part a of Fig. 4). However, at 
higher temperatures (1500°C), a T/D ratio of ~0.5 appears necessary 
for survival despite a lower burnup (10% FIMA) (see part b of Fig. 4). 

The fuel-particle size influences stability because the amount of 
uranium in a fuel particle, and thus the amount of heat generation, 
increases by the cube of the diameter, but the amount of surface area 
for dissipating the heat increases only by the square of the diameter. 

EXPERIMENTAL 

Current irradiation experiments at General Atomic on coated ThC2 
and Th02 particles are directed toward developing a coated fertile 
particle which will have excellent dimensional stability and high fission-
product retention in an HTGR environment. These particles are 
expected to experience the equivalent of burnups of about 6% FIMA, 
temperatures between 500 and 1300°C, and fast-flux exposures up to 
8 X 10^' neutrons/cm^ over a several-year core life. Reactor-physics 
considerations also require that the particles have coating thicknesses 
no greater than 130 n (for a 350-M- core) for the required fuel loadings 
to be achieved in the reactor core. 

Irradiation tests of coated fertile particles liave been performed 
at temperatures up to 1875 °C (well above the anticipated 1300°C 
maximum in an HTGR), at burnups up to 3% FIMA (half of the expected 
6% maximum), and at fast-flux exposures up to 2.7 x 10^' neutrons/cm^ 
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Fig. 5—Radiograph of typical "P" capsule used in irradiation experiments. 
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(about one-third of the anticipated maximum dose). Most of the ThC2 
and Th02 particles m these tests contained a small amount of uranium 
so that the desired burnup could be attained m a reasonable length of 
time. 

These tests were performed m temperature-monitored and tem
perature-controlled static irradiation capsules. Each capsule contains 
four to five cells, each of which can hold up to three different samples 
of coated particles, thus a total of 12 to 15 different samples can be 
tested in each capsule experiment. The temperature of each cell can be 
controlled individually since thermocouples are immersed m each of the 
12- to 15-particle beds to accurately measure the temperatures. A 
radiograph of a typical capsule is shown in Fig. 5. 

The results of the irradiation tests on coated fertile particles are 
given m Table 1. These results indicate that the primary parameters 
influencing stability m these low-burnup tests are irradiation tempera
ture and T/D ratio.* For example, carbide particles with T/D ratios 
of 0.32 (~100-(j. coatings on 350-jj, cores) survived up to 1400°C but 
started to fail above that temperature. However, particles with T/D 
ratios of 0.37 (~130-fi coatings on 350-i:i cores) survived at 1400°C. 
The oxide particles show a similar pattern; those with T/D ratios of 
0.32 started to fail around 1400 °C, and those with T/D ratios of 0.37 
survived temperatures as high as 1560°C (maximum). 

The effects of irradiation temperature and T/D ratio on coated-
particle stability are summarized m Fig. 6. Particles with T/D ratios 
of 0.32 are stable up to 1400°C, whereas those with T/D ratios of 
0.37 are stable to much higher temperatures. These results indicate 
that BISO- and Triplex-coated fertile particles with adequate fuel 
loadings have good irradiation stability beyond the maximum tempera
ture expected m large HTGR cores. The data further indicate that 
carbide and oxide fertile particles are equivalent m irradiation stability. 

Photomicrographs of representative coated particles before and 
after irradiation are shown m Figs. 7 to 10. 

Current irradiation experiments on fertile particles are directed 
toward optimizing the coating structural parameters and evaluating the 
coated particles under higher irradiation exposures. 

CONCLUSIONS 

The following conclusions were drawn from this series of irradia
tion experiments on coated fertile particles. 

1. BISO-coated fertile particles with T/D ratios of 0.29 to 0.37 
have good stability at irradiation temperatures up to 1400°C, which is 
above the maximum fuel temperature anticipated m HTGR cores. 

*The ratio of buffer-layer thickness to isotropic-layer thickness was es
sentially constant m all coated-particle samples tested. 
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Table 1 

RESULTS OF IRRADIATION TESTS OF PYROLYTIC-CARBON-COATED 
THORIUM FUEL PARTICLES 

Coating 

BISO 
BISO 
BISO 
BISO 
BISO 
BISO 

BISO 
BISO 
BISO 
BISO 
BISO 

BISO 
BISO 
BISO 
BISO 

BISO 
BISO 

Triplex 
Tr iplex 
Tr iplex 

Pa r t i c l e* 

(Th,U)C2 
(Th,U)C2 
(Th,U)C2 
(Th,U)C2 
(Th,U)C2 
(Th,U)C2 

(Th,U)C2 
(Th,U)C2 
(Th,U)C2 
(Th,U)C2 
(Th,U)C2 

(Th,U)02 
(Th,U)02 
(Th,U)02 
(Th,U)02 

Th02 
ThOj 

(Th,U)02 
(Th,U)02 
(Th,U)02 

T / D t 

0.32 
0.32 
0.32 
0.32 
0.32 
0.32 

0.37 
0.38 
0.37 
0.37 
0.37 

0.29 
0.29 
0.32 
0.29 

0.29 
0.29 

0.37 
0.37 
0.37 

I r radia t ion conditions 

Burnup, 
% FIMA 

~1 
2.6 
2.5 

~1 
2.5 

~1 

~1 
~1 

2.5 
~1 

2.6 

1.9 
3.1 
2.1 

- 2 . 5 

0 
0 

3.0 
~1 

0.9 

Tempera tu re , °C 

Average 

~1000 
1190 
1290 
1350 
1370 

-1700 

-1000 
-1000 

H 9 0 
1350 
1370 

1330 
1330 
1370 

-1600 

1290 
-1700 

1165 
1350 
1415 

Maximum 

-1050 
1315 
1365 
1410 
1430 

-1875 

-1050 
-1050 

1315 
1400 
1430 

1390 
1390 
1430 

-1700 

1365 
-1875 

1275 
1400 
1560 

Resu l t s , 
% failure 

0 
0 
0 
0 
3 

26 

0 
0 
0 
0 
0 

3 
0 
0 

10 

0 
- 2 6 

0 
0 
0 

*Thor ium-to-uranium rat io in all pa r t i c les (except Th02) is 12 :1 to 17 : 1 . 
t T / D of 0.29 to 0.32 Indicates 100- to llO-^j coating on - 3 5 0 - ^ fuel p a r t i 

c le . T /D of 0.37 to 0.38 indicates 130- to 140-(;i coating on - 3 5 0 - M fuel p a r 
t ic le . 
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Fig. 6—Effects of irradiation temperature and T/D ratio on the radia
tion stability of BISO- and Triplex-coated fertile fuel particles. Burn-
up, 1 to 3% FIMA. 



Fig 7—Preirradiation and postirradiation appearance of 104-\x BISO-
coated (Th U)C2 fertile particles Capsule P-13E 104-jj. BISO (2000) on 
325-p, (Th U)C2 Coating density 1 91 g/cm^ Thorium.-to-uranium, 
ratio 17 1 T/D 0 32 Irradiation temperature 800 to ISOO'C (llSO^C 
average) Fast-flux exposure 2 7 x 10^' neutrons/cm^ Burnup 2 6% 
FIMA Burnup rate 0 8% per month (a) Preirradiation 70X (b) Post
irradiation lOOx 

Fig 8—Preirradiation and postirradiation appearance of 143-fx BISO-
coated (Th U)C2 fertile particles Capsule P-12 143-jj. BISO (2000) on 
325-fj. (Th U)C2 Coating density, 1 94 g/cm^ Thorium.-to-uranium 
ratio 17 1 T/D 0 37 Irradiation temperature 1150 to 1400°C Fast-
flux exposure, 1 1 x 10^' neutrons/cm^ Burnup 2% FIMA (estimated) 
Burnup rate, 0 7% per month (a) Preirradiation (b) Postirradiation 
lOOx 



(a) (b) 

Fig. 9—Preirradiation and postirradiation appearance of 99-p, Triplex-
coated (Th,U)02 fertile particles Coating applied by General Atomic, 
particles prepared by Oak Ridge National Laboratory Capsule P-13E 
99-ix Triplex on 275-\x (Th,U)02 Thorium-to-uranium ratio, 14 1. 
T/D, 0 37 Irradiation temperature 775 to 1275°C (1165°C average) 
Fast-flux exposure, 2.7x10^^ neutrons/cm? Burnup, 3.0% FIMA. 
Burnup rate, 1% per month, (a) Preirradiation. 150x (b) Postirradia
tion. 125X. 

Fig. 10—Preirradiation and postirradiation appearance of 106-/j. BISO-
coated (Th,U)02 fertile particles irradiated at very high temperature. 
Capsule P-13E. 106-jx BISO (2000) on 350-ix (Th,U)02. Coating density, 
1 88 g/cm^. Thorium-to-uranium ratio, 17 1 T/D 0.29. Irradiation 
tem.perature, 1700°C (estimated maximum) Fast-flux exposure, 2 7 x 
10^^ neutrons/cm^ Burnup, 2 5% FIMA Burnup rate, 0 8% per month, 
(a) Preirradiation 150x (b) Postirradiation. lOOx 
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Above 1400 °C, particle stability is dependent on the T/D ratio and 
temperature. 

2. Carbide and oxide fuel particles appear equally satisfactory for 
use with BISO or Triplex pyrolytic-carbon coatings. 
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ABSTRACT 

Three engineering studies on thorium-based fuel separation are discussed. The 
first describes a production-size '̂ ^U cleanup system, and the second evaluates 
the capital cost for a commercial-scale reprocessing station. Both of these 
separation facilities are needed in the Babcock & Wilcox direct-fabrication con
cept. The final study evaluates the feasibility of separating fuel mixtures of 
Th-U and Th-Pu-U in a single-cycle extraction cascade. 

Thorium—uranium separation studies have been a significant part of 
The Babcock & Wilcox Company (B&W) thorium-fuel-cycle program. 
These technical and economic studies, three of which are described 
herein, have proved helpful in planning and pricing thorium-based power 
reactors. 

The first major study was a design and cost estimate for a ^̂ Û 
cleanup system. This project was initiated in 1963 as part of the B&W 
recycle uranium fabrication program. In our direct-fabrication con
cept, a solvent-extraction cleanup system is required at the head end 
of the thorium fuel-fabrication plant (unless there is only a minimal 
time lag between reprocessing and fabrication). This system removes 
^̂ Û daughters from ^̂ Û and recovers ^̂ Û from plant scrap. Our sys
tem design is patterned after the third cycle of the Thorex process, 
and the chemical flow sheet used was that of the Kilorod project. The 
cleanup system is remotely operated and directly maintained. Auxiliary 
facilities provide for scrap-oxide dissolution, feed adjustment, product 
concentration, sampling, and liquid-waste handling. Nuclear and chemi
cal hazards, as well as radioactive off-gas handling problems, were 
considered in the design. 
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The lack of a commercial facility designed for thorium reprocess
ing has been a principal barr ier to the development of a thorium econ
omy in the United States. Although thorium-base fuels can be recovered 
in facilities optimized for U —Pu recovery, the unit cost is much higher. 
The obvious solution for better thorium economics is to optimize the 
reprocessing plant for thorium. In this way unit costs for thorium r e 
covery can be made competitive with those for uranium. 

In 1964, to achieve near-term goals and as part of a continuing 
fuel-cycle analysis program, B&W decided to explore the economics of 
reprocessing thoria—urania fuel in a facility designed for thoriuni, -The 
Hexjhtel Corporation was contracted to provide thi^ conceptual plant 
design and capital-cost estimate. None of the numerous reprocessing 
studies of the last decade were considered valid for B&W's purposes. 

Bechtel designed a commercial-scale (75 metric ton/year), single-
purpose (thoria—urania fuel), directly maintained Acid-Thorex facility. 
Bechtel's work was limited to mechanical design, plant and facilities 
layout, capital-cost estimation, and suggestions on design approach. 
Babcock & Wilcox provided technical liaison in determining the scope 
of the work, in process design, and in material-balance considerations. 
A ground rule of the study was that the facility would be integrated into 
the B&W nuclear complex at Mt. Athos near Lynchburg, Va. Hence the 
capital-cost estimate excluded many site and related service and main
tenance facilities normally included for such a plant. The Bechtel est i 
mate also excluded B&W start-up costs, interest on construction, and 
B&W expense during engineering and construction. 

The heart of the Acid-Thorex facility is a three-cycle pulsed-
column solvent-extraction system aimed at achieving complete fission-
product decontamination. When coupled with an unshielded or lightly 
shielded fabrication plant, this complex can satisfy the recycle require
ments of thorium reactors for many years without a major capital in
vestment in the fabrication facility. 

Although we are concentrating on the near-term direct-fabrication 
approach, we are also examining the economic merit of other recycle 
concepts. For example, a close-coupled, shielded, reprocessing-
fabrication facility with one solvent-extraction cycle is a promising 
concept for processing very-high-burnup fuels. To increase fuel load 
and to decrease unit costs, the close-coupled facility could be designed 
to handle a variety of fuels such as low-enriched urania, thoria—urania, 
or thoria—plutonia—hence a multipurpose plant. Although the fabrica
tion plant may contain parallel equipment lines for each fuel type, this 
is both uneconomical and unnecessary for the reprocessing plant. Since 
the extraction plant can generally handle a variety of fuels, it must be 
designed to separate the most complex fuel mixture, even though it may 
not have the largest projected load. 
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The feasibility of this concept has been examined at B&W. This 
paper describes the first step in optimizing the concept: a study of the 
theoretical extraction requirements for the single-cycle recovery sys 
tem, 

A PRODUCTION-SIZE 233 y CLEANUP SYSTEM 

The ^̂ Û cleanup system designed at B&W i s patterned after the 
third cycle of the Thorex process.' ' The system serves two purposes: 
deactivation (removal of ^̂ Û gamma-emitting daughters) of ^̂ Û feed 
solution from the reprocessing plant and recovery of ^̂ Û scrap from 
the fabrication plant. 

Flow-sheet Description 

The reference flow sheet (Fig. 1) for the system is that of the 
Kilorod project^ at 5 g of uranium per liter, which is the most probable 
uranium concentration for recovering scrap. When the ^̂ Û feed is 
uranyl nitrate solution containing only trace quantities of thorium, a 
uranium concentration of 50 g/liter is used. Thus the capacity of the 
facility ranges from 2 to 20 kg of ^̂ Û per day, depending on the feed. 

In the reference flow sheet, the aqueous feed containing ^̂ Û and 
200 g of thorium per liter is contacted with di-sec-butyl phenyl phos-
phonate (DSBPP) in the extraction column (the A column). By careful 
selection of the DSBPP concentration and column aqueous-to-organic 
flow ratio, the uranium is selectively extracted to form a soluble or 
ganic complex in the diethyl benzene diluent. The bulk of the thorium 
in the feed leaves the bottom of the extraction column at a concentra
tion of about 133 g/liter. Thorium and daughter products extracted with 
the ^^'u are partially removed by scrubbing in the B column with 0.8M 
aluminum nitrate solution (0.4M acid deficient). The scrubbed organic 
product is stripped in the C column with slightly acidified water. 

Considerable operating versatility is possible. When necessary, 
the following modes of operation can be used: 

1. The B column can be valved out of the system and the A column 
used as a compound extraction—scrub column. 

2. The B and C columns can be operated as a tandem stripping 
column. 

3. The A column can accept several organic streams, one of which 
can be uranium bearing. 

In addition to the head-end system (the dissolution and feed-
adjustment steps), the extraction system is supported by the following 
auxiliaries: waste collection, evaporation, and storage; product coUec-
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tion and concentration; solvent rework; cold makeup; off-gas treatment; 
process decontamination; and process sampling. 

Plant Arrangement 

The entire extraction system (exclusive of control room, cold 
makeup, and underground waste-storage tanks) is designed for instal
lation in an underground cell as shown in Fig, 2. Shielding is provided 
for processing equilibrium-cycle ^^'u. The plant is designed for r e 
mote operation with all piping entering the cell through plugs in the 
ceiling (Fig. 3). 

Fig. 2 — Underground cell of^^^U cleanup system. 

A direct-maintenance philosophy is used in the facility. Process 
equipment is grouped according to similarity of operation and radiation 
level. Where necessary, vessels are unit shielded (Fig. 4). Tall ves-



514 MONCRIEF, BURKART, AND NITTI 

COLD-FEED 
MAKEUP VESSELS . 

i 

Fig. 3—Roof-plug-piping access to ^^^U cell 

sels, such as columns, are mounted in a pit area that provides about 
30 ft of shielded head room. Raffinate- and waste-collection tanks are 
also contained in a shielded part of the pit. Where practical, process 
piping is routed for ease of maintenance without excessive radiation 
exposure from the in-process holdup. 
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Facility Design Considerations 

The design and layout of the ^̂ Û recovery system reflect the con
sideration given to the hazards of fire, explosion, release of radio
activity, criticality, and penetrating gamma radiation. 

Fire Hazard Organic diluents are a major fire hazard in any extraction 
system. In our design the danger and hazard of solvent fires was mini
mized by limiting the in-process inventory of solvent, providing ade
quate vessel and cell ventilation, using vaportight lighting and electri
cal fixtures, and providing a fire-extinguishing system. 

Chemical Explosion Past experience in radiochemical plants has shown that 
a prime source of chemical explosion is the nitration of organics p res 
ent in evaporators. These organics are frequently entrained in the 
product streams from solvent-extraction contactors. Several design 
features have been successfully employed to minimize the entrainment 
of organics and to decrease the hazard of inadvertent nitration reac
tions. Such features include installing phase separators in the aqueous-
product streams, washing the entrained extractant from the aqueous-
product streams (diluent wash), and limiting the evaporator operating 
temperature. All these preventive measures are included in our design. 

Release of Radioactivity The spillage of radioactive solutions or the r e 
lease of radioactive aerosols can require expensive decontamination 
operations. Although it is difficult to guarantee that leaks will not oc
cur, it is possible to decrease their frequency by prudent process 
design. For example, careful consideration must be given to the selec
tion of process materials and to such fabrication details as welding 
methods, heat treatment, and cleaning. The compatibility of materials 
with process solutions is important since sufficient corrosion allow
ance must be provided to ensure the desired vessel life. All these 
factors have been considered in our process-vessel design (Ref. 3, 
p . B.2-31). 

Criticality Normally, nuclear criticality control is provided by imposing 
limits on the mass, concentration, geometry, or neutron poison asso
ciated with the fissionable material. All these control measures are 
used in the design of the ^̂ Û cleanup system, but geometry control is 
preferred. This mode of control was used for the extraction columns, 
the product evaporator, the ^̂ Û storage tanks, and all feed head pots. 
Fixed neutron poison (boron Raschig rings) was added to certain ves
sels. Collection vessels and the extraction-column disengaging sections 
are examples. A combination of mass or concentration control was 
employed for most other vessels. In some instances the geometry was 
restricted to permit concentration of fissionable material only up to a 
certain point; strict administrative control is imposed in these cases. 
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Occasionally the designed volume of a process vessel (such as a t rans
fer pot) was limited to prevent the inadvertent transfer of more than 
one subcritical unit of fissionable material. The possibility of an unsafe 
condition resulting from interaction of process-vessel arrays, from 
leakage of solutions, or from inadvertent transfer between geometri
cally and nongeometrically safe vessels was also considered. 

THORIUM REPROCESSING STATION 

A study was undertaken to estimate the capital cost for a com
mercial-scale (75 metric tons/year) reprocessing facility optimized 
for thorium recovery. 

Basic Approach and Assumptions The following general assumptions were 
used in the design and capital-cost estimate for the B&W Acid-Thorex 
plant:* 

1. The plant is a single-purpose contact-maintenance demonstra
tion plant for reprocessing thoria-urania fuel. 

2. The reprocessing rate is 300 kg of Th + U per day at a nominal 
burnup of 20,000 Mwd/metric ton of fuel. 

3. Around -the-clock plant on-stream time is 250 days per year. 
4. Fuel is owned by the reactor supplier or independent fuel-cycle 

service. Turnaround is minimized, and total annual reprocessing costs 
are prorated against all users on burnup, makeup, or some other 
equitable basis. 

5. Fuel is received as individual pins (remote disassembly at the 
reactor site is assumed). 

6. The plant is constructed at the B&W Mt. Athos site, and facili
ties and services are shared where possible. 

7. An austere design, operation, and maintenance approach is used 
throughout. 

8. The plant lifetime is 15 years. 
9. No capital additions are considered during the life of the plant. 
10. Spare equipment is minimal. 

Since B&W intended to integrate the reprocessing facility into the 
site at Lynchburg, Va., the cost of land and site improvements was not 
included in the capital-cost estimate. However, the following off-line 
facilities were included: 

1. A limited-recirculation differential-pressure atmosphere con
trol system and a 300-ft stack. 

2. Two high-level analytical hot cells but no facilities for archive 
storage. 

3. Normal-control health physics and personnel facilities. 
4. Normal-utility auxiliaries. 
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5. Fire and emergency facilities. 
6. Sample,' cold-chemical, and product-rework systems. 

Specifically excluded from the capital-cost estimate because of 
their availability or planned addition at the Mt. Athos site were ware
houses, maintenance shops, site monitors, and plant- and domestic-
water facilities. 

Process Description The flow sheet of the Acid-Thorex process was 
selected for the reference design of the extraction station.^ This flow 
sheet can be adapted to handle the Th-U separation in several ways. 
In this study the thorium is given only one cycle of extraction in which 
to separate fission products; it is then stored for decay of ^^^Th (see 
Fig. 5). 

Dissolution. In the reference flow sheet, the fuel rods are r e 
moved from underwater storage and are sheared into lengths of V2 
to 1 in. (one rod at a time). The chopped fuel containing the thorium — 
uranium oxide is charged in baskets to a dissolver, where the mixed 
oxide is dissolved by 13M nitric acid containing 0.04M fluoride ions 
and O.IM aluminum ions. The fluoride catalyzes the thoria dissolution-, 
and the aluminum nitrate reduces material corrosion by complexing 
the excess fluoride ions. The Zirealoy-4 cladding is not dissolved with 
the fuel but is removed in the baskets for burial onsite. 

Protactinium Removal. A protactinium-removal step is included 
in the flow sheet to permit processing of fuel decayed as little as 
120 days. Protactinium is absorbed on 60- to 80-mesh unfired Vycor 
glass from fresh dissolver solution (uranium is not adsorbed).^-^ The 
adsorption on Vycor glass ranged from 95 to 99%, depending on the 
protactinium concentration in the solution and the loading on the glass. 
The adsorbed protactinium is eluted by using 0.5M oxalic acid; eluted 
protactinium is stored for decay to isotopically pure ^̂ ^U. The capital-
cost estimate does not provide for ^^'u recovery from the oxalic acid. 

Feed Adjustment. Normally a feed-adjustment step is required 
in a solvent-extraction head-end flow sheet to transform the dissolver 
product solution to optimum extraction conditions. In addition, it is 
often desirable to convert thorium solutions to an acid-deficient condi
tion to improve fission-product decontamination. (Zirconium—niobium, 
protactinium, and ruthenium are converted to less-extractable species.) 
For the Acid-Thorex flow sheet, one convenient method for obtaining 
feed acid deficiency is that of Rainey and Moore.^ In their technique the 
feed solution is evaporated to a boiling point of 135° C to remove most 
of the nitric acid and is then steam stripped at a constant temperature 
to remove the remainder. For fuel irradiated to modest burnups, 
this procedure is sufficient to keep ruthenium species in the least-
extractable form. However, at high burnups, extractable ruthenium 
reappears, and a digestion with sodium bisulfite solution at 50 to 60° C 
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for about 1 hr is required to restore ruthenium,to its less-extractable 
form. 

Solvent Extraction. After feed adjustment, three cycles of solvent 
extraction are performed on the aqueous feed. In the reference flow 
sheet, the uranium and thorium are coextracted from acid-deficient 
feed with 30% tributyl phosphate (TBP) in kerosene in the extraction 
(lA) column. Separation of the uranium and thorium is accomplished in 
the partition (IB) column. The aqueous thorium product from the IB 
column is scrubbed free of uranium and stored in an acid-deficient 
condition directly suitable for further extraction. The uranium in the 
organic-product stream from the IB column is stripped into the aqueous 
phase in the IC column. The aqueous product from the IC column is 
adjusted to 3,0M before it is fed to the second cycle. In the second 
cycle, which comprises an extraction column (2A) and a stripping 
column (2C), the first-cycle uranium product is contacted with 5% TBP 
for further decontamination. The uranium-product stream from the 2C 
column is again adjusted in acidity before being fed to the third cycle. 
The prime function of the second uranium cycle is to further decon
taminate uranium from fission products, thorium, and chemical con
taminants. The second and third cycles contain only two pulse columns 
each (a compound extraction —scrub column and a stripping column) for 
uranium decontamination. The third cycle also serves two other func
tions: (1) It deactivates aged ^̂ Û and recovers scrap from a fuel-
fabrication plant, and (2) it serves as a buffer cycle to ensure a clean 
product in the event of hydraulic upsets during operation of the first 
two cycles. 

Solvent Recovery. Three separate solvent-recovery systems are 
required because of the difference in TBP concentration and activity 
level in each cycle. The spent solvent from each solvent-extraction 
cycle is contacted with sodium carbonate to remove traces of fission 
products, uranium, and solvent degradation products. The carbonate-
washed solvent is acidified by contacting with dilute nitric acid before 
it is returned to the solvent-extraction cycles. 

Waste Concentration and Acid Recovery. The waste-concentration 
and acid-recovery systems are based on the Purex acid-recovery 
system.' The first-cycle waste and the condensate from the feed-
adjustment step are concentrated to 10% of the lAF volume. This is 
about twice the reported volume obtained in laboratory work on syn
thetic wastes without fission product.^ The larger volume was used 
in this study to allow for fission-product salts and waste from the 
soluble dissolver-basket liners. The concentrated bottoms are neu
tralized and sent to underground storage tanks for permanent storage. 

Facility Arrangement Considerations Although there is general agreement 
about the proper approach for designing systems to handle such spe-
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cific problems as radiation control, nuclear safety, and containment, 
this agreement does not necessarily extend to overall plant layout and 
design philosophy. Here the individual preferences of the designers 
become important, and background and experience often influence the 
design decisions. This is understandable since, after two decades of 
operation of radiochemical facilities, a clear choice is not evident be
tween contact and remote maintenance of such facilities.'".^^ This is 
unfortunate since the maintenance approach can greatly affect the 
initial cost, reliability, and operation of the facility. 

Fuel reprocessing plants are usually referred to as contact- or 
remote-maintenance facilities. Actually, every plant built or conceived 
probably represents some shading between these two extremes. This 
plant design is no exception, as the basic arrangement and maintenance 
concepts outlined here will show. 

Plant arrangement is probably the most important factor in the 
design of a plant of this type. In the layout of the thorium facility, both 
proven design concepts and certain new innovations are used. Gen
erally, the following design philosophy is used: Equipment is grouped 
by type of operation, by level of radioactivity, and by size, and both 
equipment and cells are oriented to minimize the length of intercon
necting piping. 

Based on these criteria, the general arrangement shown on p. 3-45 
of Ref. 4 and in Figs. 6 to 8 evolved. Preliminary arrangement draw
ings are prepared to further two main objectives: 

1. To obtain representative quantities for such items as excava
tion, concrete, piping, and structural steel consistent with the design, 
operation, and maintenance philosophy considered. 

2. To provoke thought concerning the validity of the established 
ground rules and the possibility of changing or modifying these rules 
during future design. 

Location of Equipment. Except for the mechanical head-end fa
cilities, all equipment with moving parts is located in cold areas or in 
shielded niches. All mechanical operations that require the use of a 
crane or manipulators are performed in the mechanical cell. Mechani
cal head-end facilities are designed by using the following approach: 
(1) locating mechanical operators in cold areas wherever possible and 
(2) using quick disconnects for certain services that require remote 
handling. 

Equipment Sparing. The sparing of equipment is held to a mini
mum and is limited to certain utility equipment to ensure environ
mental and plant-personnel safety. The affected areas are mainly in 
the off-gas handling and ventilation facilities. 

Plant Design The following systems were considered in the conceptual 
design of the reprocessing station: 
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1. Fuel-element receiving and storage (facilities are provided for 
cask unloading, decontamination, inspection, and storage). 

2. Mechanical head end (facilities are provided for fuel-pin t rans
fer, shearing, charging, and hull removal and disposal). 

3. Chemical head end (includes dissolution and protactinium r e 
covery). 

4. Product and waste separation (includes solvent extraction and 
product concentration; multiple safety control features provided on 
evaporators). 

5. Liquid-waste evaporation, acid recovery, and rework. 
6. Solvent recovery. 
7. Liquid-waste storage. 
8. Cold-chemical facilities. 
9. Solid-waste handling. 
10. Off-gas processing. 

Where appropriate, equipment flow sheets were prepared for the sys
tems listed (e.g., see p. 3-57 of Ref. 4). 

In addition to the basic system design, the following plant auxiliary 
features were considered: 

1. Process sampling (two types of sample systems are provided 
depending on sample activity). 

2. Atmosphere control (the design approach maintains the r e 
quired area pressure differentials to maintain the heat balance). 

3. Analytical (the fuel was assumed to be privately owned by the 
reactor supplier or fuel-cycle service with annual reprocessing costs 
prorated against all users on a burnup, makeup, or other equitable 
basis). 

4. Office and support facilities (these facilities are limited to a 
control room, health-physics office, lunchroom, change room, opera
tion office, entry facilities for the control and monitoring of personnel, 
and sanitary facilities as required). 

5. Utilities (includes plant water, steam, domestic water, de-
mineralized water, and cooling water). 

6. Service and instrumentation (includes service air, instrument 
air, and pulser air). 

7. Fire protection. 
8. Emergency facilities (these are based on safety to the public, 

safety to plant personnel, and possible requirements of regulatory 
authorities, without influence of operation continuity or efficiency). 

The engineering design and construction for the Acid-Thorex plant 
are in accordance with applicable codes and standards common to the 
industry. 

Criticality. The following six modes of criticality control have 
been adapted for this study: 
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1. Soluble poison for the dissolver and head-end equipment to the 
first extraction column. 

2. Geometry control (6-in.-diameter baskets on 30-in. centers) for 
the dissolvers. 

3. Geometry control for extraction and solvent columns and prod
uct evaporators. 

4. Fixed poison control (plates) in the disengaging heads of the ex
traction columns. 

5. Fixed poison control (Raschig rings) for waste catch and sample 
tankage, product tankage, and disengaging sections of product evapora
tors. 

6. Geometry control (annular tank) for final-product sampling. 

Shielding. For the purpose of this design, shielding requirements 
were approximated. The station design has been predicated upon the 
following dose-rate criteria: (1) normal operations (1 mr/hr) , (2) rou
tine maintenance (10 mr/hr) , (3) active maintenance (50 to 100 mr/hr) , 
and (4) basic plant repair or modification (100 to 500 mr/hr) . Dose 
levels are predicated upon the emptying of all vessels in adjacent areas 
and reducing the activity to one-tenth of that found in normal hot oper
ation. 

Plant Capital Costs 

Many considerations are involved in estimating the costs of a plant 
as complex as a fuel reprocessing station. Although numerous cost 
studies of nuclear-fuel reprocessing plants have been made in the last 
decade, ground rules have seldom been consistent; therefore plant 
capital costs have tended only to establish broad trends rather than 
absolute costs. In the final analysis a detailed plant design is required. 

The capital-cost estimate for this study is highly dependent on the 
ground rules and assumptions. Also, because of the scope and timing 
of the study, broad error limits (±25%) were imposed on the final 
capital costs. 

Based on these qualifications, the estimated construction cost for 
the 75 metric ton/year facility is $11 million (Table 1), of which about 
$3.9 million is for major equipment (Table 2). This cost includes: 

1. Estimated engineering and home-office expenses by the engi
neer-constructor but no B&W expense during the engineering and con
struction. 

2. Contingency on construction. This includes an amount to cover 
oversights in the preliminary design and cost estimate based on the 
design scope. The cost of any subsequent additional facilities is not in
cluded. 

3. Fee. 
4. Escalation of costs to Spring 1964, the time of the estimate. 
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Table 1 

CAPITAL-COST ESTIMATE 

Cost i tem 

Total major equipment 
Site improvements 
Concrete work 
Supers t ruc ture and 

miscel laneous building 
Piping 
Instrumentation 
Elect r ica l 
Insulation and painting 
Cell l ine r s 

Construction cost , $ 

3,880,000 
320,000 

1,720,000 

580,000 
2,380,000 

780,000 
850,000 
230,000 
260,000 

Total 11,000,000 

Table 2 

TOTAL EQUIPMENT COSTS 

Equipment cost i tem 

Fuel receiving and s torage 
Mechanical p rocess ing 
Chemical p rocess ing 
Solvent recovery 
Cold chemical 
Util i t ies 
Analytical 
Sampling 
Ventilation 
Liquid-waste s torage 
Miscellaneous 

Equipment construct ion 

Total 

cost, $ 

200,000 
860,000 

1,260,000 
90,000 

170,000 
200,000 
130,000 
80,000 

390,000 
480,000 

20,000 

3,880,000 

This cost does not include: 
1. Certain supporting auxiliaries that are supplied by present or 

future B&W base facilities. 
2. B&W start-up costs. 
3. B&W interest on construction. 

Commercial Aspects of Reprocessing 

It is interesting to assess the commercial developments for fuel 
reprocessing facilities. In many ways fuel reprocessing developments 
today are equivalent to those of the nuclear steam generator in the mid-
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die 1950's. Much can be learned from reviewing the history of nuclear-
steam-generator development. 

Duritig the initial development stage, numerous design and cost 
studies were made. The situation has been similar in recent years for 
fuel reprocessing, although it has been on a reduced scale because of 
the limited market. 

.Initially, a number of companies entered the field and usually con
sidered a broad scope of activities. Since that time the number of con
cerns has decreased, and most of those remaining have gradually 
reduced their scope (usually after determining that certain equipment 
and/or services could be obtained from other sources at less cost). 
Because of increased nuclear central-station capacity, the interest in 
fuel processing is now increasing; however, future growth will probably 
follow the pattern established for the nuclear steam generator. 

An erratic pattern of cost and schedule performance was en
countered in the first ventures in design and construction of nuclear 
steam generators. Cases where the ventures were completed on sched
ule and within cost estimates indicate that adequate analysis, planning, 
and institution of firm administrative procedures were used. There is 
no reason to doubt that, with the same approach, similar performances 
can be obtained for present fuel reprocessing projects. 

Experience has shown an appreciable decrease in cost for nuclear 
steam generators. The same trend should prevail with fuel reprocess
ing plants but probably not to the same degree because of different 
characteristics. Furthermore, it is felt that advancement will be less 
from new equipment designs than from integrating and coordinating 
activities of the plant design. 

There has been considerable design evolution in the nuclear-
steam-generator field. Initial approaches were usually patterned after 
previous government designs; when actual designs were started, better 
and less expensive approaches were found. An example is the evolution 
of reactor-containment design. The same type of design evolution is 
proceeding in the development of fuel reprocessing plants and will 
continue. 

MULTIPURPOSE SINGLE-CYCLE EXTRACTION SYSTEM 

A study was conducted to determine the feasibility of separating 
three fuel mixtures, Th-U, Pu-U, and T h - P u - U , in a multipurpose 
single-cycle solvent-extraction plant. The Th —Pu-U mixture results 
when ^̂ Û is generated in a thorium system enriched with plutonium. 
The primary objective of the study was to determine the optimum 
number of theoretical stages required to extract and partition the fuel 
components. Other objectives included the calculation of pulsed column 
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heights and operability diagrams for the various systems. Results for 
the thorium systems are discussed herein. 

Flow Sheets 

The extraction-column requirements for a single-cycle Acid-
Thorex process for reprocessing Th-U fuel were calculated since this 
process is considered to have several advantages over the older 
Thorex process (the flow sheet used was similar to that of Fig. 5). The 
Savannah River Laboratory Thorex flow sheet was not sufficiently 
tested for consideration at the time of the study.'^ 

For the processing of T h - P u —U fuel, it was assumed that all 
three components could be coextracted from the aqueous feed by an 
Acid-Thorex-type extraction. This assumption seems reasonable since 
the Plutonium and uranium are minor constituents and both have higher 
distribution ratios (i.e., the ratio of the concentration of the extractable 
species in the organic phase to that in the aqueous phase at equilib
rium) than that of thorium under flow-sheet conditions. 

Two conceptual Th —Pu-U partition systems were considered: 
Thorium was separated from uranium and Pu(IV), and Pu(III) was 
separated from thorium and uranium. We assumed in the evaluation 
that partitioning of the thorium from plutonium and uranium would best 
be accomplished in a Thorex system and that partitioning of Pu(III) 
from thorium and uranium was best performed in a Purex system. 
Generally, the theoretical treatment assumed that normal operational 
problems could be overcome. 

Method 

Column Height Requirements The main criterion determining the feasibility 
of separating the components in a feed solution to a solvent-extraction 
cascade is the number of equilibrium transfer stages required to pro-
duce the desired separation. When this information is known (either 
calculated or obtained from laboratory-scale tests), and when the 
height of an equilibrium transfer stage (HETS)* is also known (nor
mally obtained from pilot-scale tests), it is possible to calculate 
the column height required for the desired separation. Therefore the 
plan in this study was to determine, as accurately as possible, the 
total number of equilibrium transfer stages required for each process 
considered. Stage requirements were determined by the McCabe — 
Thiele method by using appropriate equilibrium data from the li tera-
ture;i3-i' this information is needed if it is desired to use such discrete 
solvent-extraction equipment as mixer —settlers or centrifugal con-

*The height of a column required to achieve the san.e separation as could 
be obtained by batch-mixing the two phases until equillbr. '-n is obtained. 
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factors. The number of actual transfer stages required for banks of 
such contactors is determined by dividing the number of theoretical 
equilibrium transfer stages by the contactor stage efficienc-y, a factor 
also available from the literature. 

Because HETS data for partitioning columns were limited in the 
literature, an alternate procedure was also used to determine partition 
requirements (this method is useful if continuous contactors are used). 
The alternate procedure consists of determining the number of equi
librium transfer units (N̂ .) required to perform the desired separa
tions; then the value found for Nj is multiplied by an experimentally 
determined value for the height of a transfer unit (HTU). Experience 
reported in the literature supports the reliability of this method. Also, 
HTU values are relatively insensitive to variables such as volumetric 
flow rate, column diameter, and aqueous-to-organic flow ratio. 

Equilibrium Line Profiles The McCabe-Thiele method was used in the study 
to determine the equilibrium line profilethroughoutthecontactors.lt 
is well known that one component in an extraction system can affect 
the aqueous-organic distribution of another (the salting effect). For 
example, the distribution ratio for thorium nitrate can be affected by 
the nitric acid concentration, and, conversely, the distribution ratio for 
nitric acid can be affected by the thorium nitrate concentration. Since 
the nitric acid concentration does not remain constant throughout the 
contactor, the location of the appropriate thorium equilibrium line 
shifts from stage to stage in the contactor. Similarly, since the thorium 
concentration varies throughout the contactor, the location of the nitric 
acid equilibrium line at each specific stage also shifts among the pa
rameters. By constructing the operating lines on the two diagrams and 
by alternately using the equilibrium and operating line relations for 
the components, we can proceed step-by-step along the contactor sec
tion to obtain any degree of separation desired. This procedure was 
used in all equilibrium-stage calculations during the study. The 
equilibrium-stage calculations for the minor solutes such as uranyl 
nitrate and plutonium nitrate were performed in a similar manner. 
However, in such cases the salting effect of the nitrate ion from the 
major solute (e.g., Th(N03)4 in the Acid-Thorex flow sheet) was con
sidered, in addition to that of the nitric acid, before the uranium and/or 
plutonium distribution ratios were determined. 

Operability Evaluation The minimum number of stages required for part i
tion was determined by a novel approach developed by Sweeney.'^ Cal
culations show that only certain combinations of aqueous and organic 
flow rates may be used during partition column operation. These com
binations form a region of operability, as shown in Fig. 9 for the Acid-
Thorex partition. A series of "isostage lines" also exists in the region 
of operability, as postulated by the shapes shown in the figure. The 

http://profilethroughoutthecontactors.lt
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Fig. 9—Flow ratios for the Acid-Thorex system, partition column. 
Graph not to be used for obtaining number of stages; general shape of 
curves only are indicated. 

limits of the operability region coincide with isostage lines for an infi
nite number of stages. Combinations of flow ratios that fall outside the 
operable regions will not result in the desired separation with a finite 
number of stages. Examination of combinations of organic and aqueous 
flows indicates that the minimum number of stages lies near the vertex 
of and on a line bisecting the region of operability. 

The region of operability diagram should prove to be a useful tool 
in determining whether separation is feasible in new systems under 
study and in establishing the minimum stage requirements for such 
systems. It is also helpful in pinpointing optimum operating conditions. 
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Results and Conclusions 

Acid-Thorex System Separation and recovery requirements are summa
rized for each contactor of the Acid-Thorex system: 

1. Extraction contactor (extract thorium and uranium from an 
aqueous nitrate solution with an efficiency of approximately 99.9%). 

2. Partition contactor (partition uranium from thorium with a ura
nium recovery of 99.9% and a uranium-to-thorium mole ratio of 100 in 
the organic product stream). 

3. Stripping contactor [strip the uranium in the organic phase (prod
uct from the partition column) to the aqueous phase with an efficiency 
of 99.9% in a column of the most economical size]. 

Table 3 

THEORETICAL STAGE REQUIREMENTS FOR 
SEPARATION IN THE ACID-THOREX SYSTEMS 

Column type 

A Extract ion column 
Scrub section 
Extraction section 

B Par t i t ion column 
Thor ium-s t r i p section 
Uran ium-sc rub section 

C Stripping column 

Theoret ical 
s tages 

required 

5t 
5 

3.3 
3 

4.5 

HETS, ft* 

2.1J 
2 . I t 

4.21F 

N t 

7.9 
5.3 

HTU, ft 

2§ 
2§ 

Total 
column 

height, ft 

10.5 
10.5 

15.8 
10.6 

19.0 

* Values shown are for sieve-plate pulsed extraction columns operating at a 
1-in. pulse amplitude with 0.125-in.-dlameter holes equivalent to 23% free area 
(data from Ref. 20). 

tValue arbitrarily chosen as sufficient to ensure adequate fission-product 
contamination. 

tValues correspond to pulse frequency of 50 cycles/min and flooding capacity 
(total flow) of 1030 gal/ftVhr (data from Ref. 20). 

§ Conservative value estimated from Ref. 19, Fig. 4.144. 
llValue corresponds to pulse frequency of 35 cycles/min and flooding capacity 

(total flow) of 1290 gal/ftVhr (data from Ref. 20). 

Calculations indicate that, for the Acid-Thorex process, 22 total 
theoretical stages are required and the partition column would be 27 ft 
high (Table 3). 

Three-component System Partition of the T h - P u - U system required that 
thorium be separated from plutonium and uranium in a reasonable num
ber of stages; a P u - U product recovery of 99.9% was desired with a 
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maximum thorium contamination not greater than 1 part per 100 parts 
of plutonium. The calculations assumed that the valuable components 
(thorium, uranium, and plutonium) had already been satisfactorily ex
tracted in an Acid-Thorex extraction step. Two modes of partitioning 
these components were examined. The first (and more feasible) mode 
is the partition of thorium from Pu(IV) and uranium; the second is the 
partition of Pu(III) from thorium and uranium. 

Table 4 

THEORETICAL STAGE REQUIREMENTS FOR 
SEPARATION IN THE THREE-COMPONENT SYSTEM 

Column type 

A Extraction column 
Scrub section 
Extraction section 

B Partition column 
Thorium-strip section 
Pu(lV)-scrub section 

C Stripping column 

Theoretical 
stages 

required 

5* 
5* 

5 
6 

4.5 

Nt 

12.2 
8.2 

HTU, ft 

2t 
2t 

Total column 
height, ft 

10.5* 
10.5* 

24.4 
16.4 

19* 

*Assumes column operation similar to the Acid-Thorex process. 
tConservative value estimated from Ref. 19, Fig. 4.116. 

Separation of thorium from Pu(IV) and uranium requires 11 part i
tion stages and a partition column height of 41 ft (Table 4). If no further 
partition of uranium and plutonium is required, final stripping could 
probably be accomplished in about five stages, or 19 ft of column 
height. Thus about 26 theoretical stages would be required (including 
the extraction column). 

Additional contactors would be required to further partition the 
uranium and plutonium. When this option is included, the total theo
retical requirement is 35 stages, A tacit assumption imposed on this 
case is that polymerization of plutonium is suppressed at low acid con
centrations. 

Calculations indicate that partition of Pu(III) from thorium and 
uranium in a 30% TBP system would be difficult. The operability dia
gram (Fig. 10) shows that the range of acceptable column flow rates 
is narrow and thereby suggests possible flow-control difficulties. In 
addition, the calculated number of theoretical stages for the partition 
column was large (24). 
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Fig. 10—Flow ratios for partition of Pu (ill) from thorium and uranium 
in the Th—Pu — U system.. 
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/ DIRECT FABRICATIOM OF ^^^U FUEL ELEMENTS 

J. M. KERR, L. D. BARNES,* and J. W. RYON 
The Babcock & Wilcox Company, Lynchburg, Virginia 

ABSTRACT 

As part of The Babcock & Wilcox Company Recycle Fuel Fabrication Program, 
2''U fuel material was fabricated into full-sized fuel rods, which were remotely 
assembled into a fuel element under water. This direct-fabrication method 
used unshielded glove boxes in which the tubes were loaded with powder fuel by 
vibratory compaction. 

By use of rapid and clean fabrication methods in a well-designed facility, 
all stages of the fabrication process were carried out before the buildup of the 
gamma-emitting daughters required the use of heavy shielding. After the fuel 
rods had been fabricated, Inspected, and cleaned, they were stored under water 
for subsequent assembly into a fuel element. 

The successful completion of this program indicates that ^^^U-containing 
fuel rods can be fabricated by direct-handling methods without excessive ra
diation doses to personnel. 

As part of its Recycle Fuel Fabrication Program, The Babcock & 
Wilcox Company (B&W) used a direct method to fabricate ^'^U-contain-
ing fuel material into full-sized fuel rods. The powdered fuel was 
vibratory-compacted into the rods inside unshielded glove boxes. The 
direct method of B&W uses a well-designed facility to permit rapid, 
clean fabrication; the entire rod fabrication process can be carried out 
before the gamma-emitting daughters of ^̂ Û build up to a level that 
requires heavy shielding to protect the operators. After the rods have 
been inspected and cleaned, they are stored under water to await r e 
mote assembly into fuel elements. 

The glove-box line designed for the vibratory compaction process 
is simple and easy to operate. Figure 1 shows the general flow sheet 

*Present address: United Nuclear Corporation, Elmsford, New York. 
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of the process, and Fig. 2 is an overall view of the line from the end 
nearest the storage and assembly canal. The blending box, in which the 
sized material was received and weighed and the ternary particle mix
ture was blended, is shown at the left in Fig. 3; at the right is the load 
box, from which the blended oxide was loaded into the fuel rod by a 
small vibratory feeder. After the loading and compacting operations, 
the fuel rod was disconnected from the shaker and weighed. The end of 
the rod was decontaminated and capped, and the rod was then lowered 
to a horizontal position in the welding glove box. 

Figure 4 shows the welding box and the quick-release chuck, which 
is driven by a gear-reduced motor and is used for grasping and rotat
ing the fuel rod. The end caps were welded in an automated chamber 
within the glove-box line; power was furnished from a standard 300-
amp d-c source outside the line. The small welding chamber can be 
evacuated and backfilled with an inert gas. After the chamber was filled, 
the inert gas flow was increased, and the rods were inserted through a 
small opening. The gas flow was adjusted to prevent leakage of air into 
the welding enclosure. The purity of the atmosphere thus maintained 
was satisfactory for welding the Zircaloy-4 fuel rods. 

Figure 5 shows the nondestructive testing area where the welded 
fuel rods were dye-penetrant inspected, the end welds helium leak 
tested, and the rods gamma scanned to measure the fuel-mass varia
tion. A gamma-ray homogeneity gauge measured the fuel-mass varia
tion over the length of the fuel rod. This device, designed and built by 
B&W, uses the attenuation of gamma rays passing through an absorbing 
medium, such as the fuel material, to determine local variations in 
the fuel mass per unit length of rod. The gamma-ray coUimation win
dow is 1 in. long and %8 in. wide. 

After undergoing nondestructive testing, the rods were ultra-
sonically cleaned, dried, removed from the glove-box line, and placed 
in a storage rack inside the pool. As each rod was removed from the 
line, a smear was taken so that its surface could be checked for alpha 
contamination. 

The rail-mounted underwater assembly machine was located on 
a bridge spanning the pool (see Fig. 6). This machine had three move
ments in a horizontal plane: back and forth, side to side, and circular. 
Additional "x" and "y" movements for precise positioning of each rod 
in the element were controlled by hydraulic cylinders and adjustable 
stops, A hydraulic device was also used to grasp the rods, to extract 
them from the storage bundle and place them into a lead-lined cyl
inder, and to insert them in the fuel bundle. In Fig. 7 the grasping 
fingers of this device are just releasing a fuel rod after inserting it 
into the element. Figure 8 shows the complete element undergoing a 
quick gamma survey. 
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•Fî - 2—Overall view of rod fabrication line. 

Fig. 3—Powder-blend box (left) and load box (right). 
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Fig 4 — Weld-box equipment and arrangement. 

Fig 5—Nondestructive testing area 
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Fig. 6—Underwater assembly machine with fuel element in place. 

The equipment in the fuel-rod fabrication line was first operated 
with fused UOj in Zircaloy tubes. After this checkout operation proved 
satisfactory, so l -ge l Th02-U02 fuel with normal-enrichment uranium 
was used to fabricate a total of 119 rods (approximately 232 kg of 
mixed thoria—urania with a 3% urania content was used). A statistical 
study of the data from these rods indicated that the density was 86.8 ± 
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Ftg. 7—Fuel-rod grasping device and fuel rods in element. 

1.0% theoretical density (based on 10.04 g/cm^) at a 95/95 confidence 
level. The percentage of fuel-mass variation between the maximum 
and minimum spots over the entire rod length was 7.67 ± 3.86% at the 
95/95 confidence level. These natural-uranium rods were stored in the 
pool for subsequent assembly into the fuel element. 

The ^^^U-contaming so l -ge l ThOg-UOg was fabricated into 37 fuel 
rods containing 72 kg of mixed oxide with a uranium oxide content of 
3%. Of the 72 kg handled, approximately 18 g of oxide was lost in the 
rod fabrication line. 

Direct-reading and pocket dosimeters, personal film badges, and 
finger-ring film packs were used to measure radiation doses to indi
viduals and operating stations (see Table 1). The total maximum whole-
body dose received by any one operator was 60 mrems as measured by 
film badge. The total maximum hand dose received by any one operator 
was 170 mrems. The same operator received both maximum doses 
over a 10-shift campaign. 

The data on fuel-rod density and fuel-mass variation from the 
^̂ Û rods could not be treated statistically because the process condi
tions changed several times during the ^^% run. One of the accelera
tion-control-circuit tubes in the vibrator gradually changed output 
during the run, resulting in an undetected gradual decrease in "g" load. 
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Fig 8—Full-sized fuel element being gamma surveyed 

This resulted m a gradual decrease m densities and a gradual increase 
m fuel-mass variations m the ^̂ Û rods as compared to those m the 
natural-uramum rods. The arithmetic average percentage of theoretical 
density of the ^̂ Û rods was 84.8%, and the average fuel-mass varia
tion between the maximum and the minimum spots over the entire 
rod length was 9.39%. The fuel-rod density decreased from a high of 
more than 86% to a low of less than 84% during the 233u run. The 
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Table 1 

SUMMARY OF GAMMA DOSES IN THE 
ROD FABRICATION LINE 

Operator 

Worker Whole body 

A 60 
B 50 
C 40 
D 10 

Total 160 

Doses 

, m r 

Station Doses 

Station 

Blending 
Loading 
Cleaning 
Weighing 
Welding 
Leak test 
Gamma Scanning 
Final decontamination 

Hands, m r 

170 
130 
170 

30 

500 

Total dose, m r 

Total 

20 
55 
30 
20 
20 
11 
32 
16 

204 

statistical data from the natural-uranium run are more representative 
of what can be expected from the fabrication scheme used. 

The simple equipment designed for this program operated well 
as an integrated fabrication line, enabling us to fabricate a ^̂ Û fuel 
element directly. Because of the low gamma dose to personnel, such 
operations can be carried out in unshielded glove boxes at considerably 
less capital cost than in a fully shielded facility. Material losses were 
minimal. The average time required to process a fuel rod through the 
box line was 1 hr. Our results indicate that the direct method of fab
rication would be practical for operations with higher levels of ^̂ Û 
contamination in the fuel than with the 42-ppm material we used in this 
study. 
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Comitate Nazionale per I'Energia Nucleare, Rome, Italy 

ABSTRACT 

The status of the construction of the PCUT plant is described in the paper, and 
the construction costs are reassessed in view of the present status of the 
expenditure. The future activity of the plant, after the Elk River fuel r e 
processing campaign, is being investigated by means of assessment studies and 
research and development work. The assessment studies cover the possible ap
plication of the Th-U cycle to the following types of reactor; light-water reac
tors, heavy-water-moderated reactors, and high-temperature gas-cooled r e 
actors. 

The research and development work covers the head-end processing for 
carbide-graphite fuels and the preparation of mixed oxides and mixed carbides 
by the sol-gel process, as well as the Th02 — U02 ceramic fuels obtained by 
extrusion and sintering. 

The Italian program on the Th—U fuel cycle began in 1960. The first 
information on the status of the research and development work and 
the preliminary design of the so-called PCUT facility were released 
in June 1961.' 

Additional research and development work and the situation of the 
program at the end of the detailed design of the plant were made known 
at the end of 1962.^ 

A complete review^ of the program covering the research and de
velopment work in support of the PCUT plant, the description of the 
plant design, and the status of construction and equipment purchase as 
well as some reactor studies and an evaluation of the fuel cycle for an 
integrated 300-Mw(e) power system was presented in September 
1963. 

After a delay of 2 years due to the general revision of the Comitate 
Nazionale per I'Energia Nucleare (CNEN) programs, the construction 
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of the plant was resumed in the spr ing of 1965, and the plant i s expected 
to enter into cold operation at the end of 1966. 

Late in 1965 exper imental r e s e a r c h e s s ta r ted again both a s a 
suppor t of the operation of the plant for the Elk River r eac to r fuel 
campaign and a s a development of new p r o c e s s e s suitable to be applied 
in the PCUT facility in the near future. 

The p re sen t budget of the p r o g r a m is outlined in Table 1. 

Table 1 

BUDGET FOR THE PCUT FUEL-CYCLE PROGRAM IN THE CNEN 
5-YEAR PLAN* 

Construct ion of the PCUT facility 
Commissioning and operat ion 
R e s e a r c h and development and 

evaluation studies 
P r o g r a m management 
Site se rv ices 

Total 

1965 

$1,910,000 
310,000 

80,000 

$2,300,000 

1966 

$2,930,000 
590,000 

360,000 
65,000 

390,000 

$4,335,000 

1967-1969 

$2,580,000 

930,000 
260,000 

1,700,000 

$5,470,000 

*Previous expenditure (from 1960 to 1964): $6,300,000 total, of which ap
proximately $2,130,000 was used for engineering, $3,190,000 for construc
tion and site development, and $980,000 for research and development. 

THE PCUT FACILITY 

The design of the PCUT facility i s descr ibed in detail in Ref. 3. 
E a r l i e r information i s available in Refs. 4 to 6. 

The flexibility of the plant was recent ly the subject of d iscuss ion 
during the Symposium on Design and Construction P rob lems of Pilot 
P lan ts for Recycling of I r rad ia ted Fuels held at Tur in , Italy, on 
Sept. 29, 1965.^ 

The cha rac te r i s t i c s of the plant a r e summar ized a s follows: 

Plant Design Principles 

1. Integrated Reprocessii^ and Refabrication: 
(a) One decontamination cycle in the separation plant. 
(b) Remote fabrication. 

2. Plant Capacity; 
(a) 15 kg/day of Th02 + UO2, instantaneous capacity. 
(b) Duplication possible with minor changes. 

3. Criticality Confinement; 
(a) Geometry all over the chemical plant. 
(b) Accountability control when slurries and powders are handled. 

4. Shielding: 
Dose rate on the outside surface, 2.5 mr/hr . 
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Process 

1. Dissolution; 
(a) Reference process, shear and leach. 
(b) Alternate process, chemical decladding. 

2. Fission-product Separation 
(a) Reference process, ORNL-type Thorex with acid-deficient feed 

and acid scrub. 
(b) Alternate process, acid feed-acid scrub. 

Decontamination factors, 5 x 10' for gamma and 1 X 10̂  for beta 
radiations. 

3. Thorium-Uranium Partition: 
(a) Reference process, none. 
(b) Alternate process, possible. 

4. Product Recovery; 
(a) In case 3(a), reduction of U(VI) to U(IV) followed by oxalate 

coprecipitation of thorium and uranium. 
(b) In case 3(b), recovery of uranium alone as acid-deficient 

uramum. 

5. Fuel Fabrication: 
Extrusion and sintering. 

The construction status of the PCUT facility is given in the follow
ing sections. 

Site Development 

Ground improvement on theiTrisaia center (Fig. 1) has continued. 
Priority has been given to the essential plant services: electrical sub
station (Fig. 2), center workshop and warehouse, and roads. 

The PCUT Buildings 

The PCUT buildings have been completed except for the inside 
finishing and the concrete castings strictly connected with the installa
tion of equipment. These buildings include (1) the process building 
(Fig. 3) which houses the reprocessing and refabrication plant, the 
hot-maintenance workshop, the laboratories, and, in a separate wing, 
the offices; (2) the waste-treatment building with the radioactive-
solution storage vaults (Fig. 4); and (3) the auxiliary services building 
(Fig. 5), which houses the electric transformers, the steam generator, 
the refrigerating station, the process water-treatment system, the 
off-gas pumps, and the air fans. In a separate wing of this building are 
the spectrography and mass spectrometry laboratories. 

installation 

faside the main process building, installation has been completed 
on the 50-ton bridge crane for the movement of the fuel-element transfer 
flasks, the 10-ton bridge crane for the cell service, the 3-ton bridge 
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Fig. 1—Aerial view of the PCUT site. 
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Fig. 2—Electrical substation. 
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Fi^. 5—The PCUT process building. 
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Fig. 4 — The waste-treatment building. 

Fig. 5 — The auxiliary services building. 
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Fig. 6 — The pool operating area. 

crane for the cold-makeup-area service, the cell-ceiling shielding 
plugs and the shielding doors, the cold-makeup-area platform, the 
stainless-steel linings of the storage pool and of the other rooms where 
this type of lining is required, and the piping branches, which are 
imbedded in concrete. Also the installation of the process and instrument 
air compressor is in progress. 

The installations in the fuel-element receiving and storage area 
have been completed with the movable gangway for the pool operations 
(Fig. 6). 

The shielding steel panel, which weighs 150 tons (Fig. 7), and the 
rack removal system (Fig. 8) have been installed in the reprocessing 
hot cell that will house the chemical plant mounted on racks. 
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Ftg. 7—Internal view of the hot cell with the steel panels, the rack 
rails, and the guides for the rack pushing rods. 

Fig. 8 —Rack removal system detail. 
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Fig 9—High-level-waste storage vault with the tanks already installed 

r« 

^1: 

-Fe .̂ iO—Low-level-waste storage tanks on the site before installation 

In the waste-treatment building the stainless-steel linings and the 
installation of the waste tanks (Figs 9 and 10) have been completed. 

In the auxiliary services building, the emergency power generators 
are being installed 

The field installation of the chemical plant started recently both 
in the process building and in the waste area The work for the erection 
of the stack is under way 
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Construction and Procurement of Equipment 

Most of the chemical equipment has been built and tested and is 
either on the site ready for installation or at the vendor's workshop, 
where it is being mounted on racks (Fig. 11). 

The shielding traveling casks for transporting the fuel pins and 
the stainless-steel leaching residues inside the plant have been built 
and tested (Fig. 12). 

The following machines for the refabrication of the fuel element 
have been built and are now being tested: the calcining and sintering 
furnaces (Fig. 13) and related ammonia dissociator; the extrusion 
press; the pellet-inspection machine for the automatic check of the 
dimensions and density and for the selection of the sintered ceramic 
bodies (Fig. 14); the pellet loader (Fig. 15); the fuel-pin leak-detector 
furnace (Fig. 16); and the fuel-assembling machine (Fig. 17). 

The following machines are in an advanced stage of construction: 
the fuel-chopping machine; the extruder haul-off and the cutter of the 
extruded rods; the fuel-pin end-plug welder; and the electronic manipu
lator (Mascot III), designed and developed by the CNEN Servomechanism 
Laboratory. 

The procurement status of the fuel-fabrication equipment is sum
marized in Fig. 18. 

All the shielding windows and the 3-ton warm-cell crane have been 
delivered to the site and are ready for installation. 

Orders were placed for the following items: process valves; pool-
water demineralization system; master -s lave mainpulators; heating 
and ventilation system; transformers; motor control center; high- and 
low-level analytical cells; mass spectrometer; emission spectrograph; 
and the main laboratory apparatuses. 

Status of the Expenditure 

The status of the expenditure for the construction of the PCUT 
plant is shown in Table 2. 

EXTRAPOLATION OF DATA TO AN INTEGRATED SYSTEM 

OF LARGER CAPACITY 

The present status of the expenditure reveals that the estimates^ 
made in September 1963 were correct in a very narrow range of ap
proximation. 

The extrapolation of these data up to a larger integrated plant of 
70 kg/day capacity of mixed oxides leads to a reprocessing and remote-
fabrication cost of $145/kg of stainless-steel-clad mixed oxide or 
$160/kg of Zircaloy-clad fuel. 



.^ 
ft^ 

f 

t l 

Fig. 11—Process vessels being mounted on racks. 
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Fig. 12—Fuel-pin and wastebasket transfer flasks. 
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Fig. 14—Pellet-inspection machine (Densitron), 

Fig. 15—Pellet loader. 
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Fig. 16—Leak-detector furnace. 

Ftg. 17—Fuel-assembling machine. 
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Table 2 

PCUT CONSTRUCTION COST 

Land cost 

Site Services 
Roads 
Entrance and fencing 
Center workshop and warehouse 
Center direction building 
Guest house and cafeter ia 
Elec t r ic substation and e lec t r ic 

distr ibution network 
Road lighting 
Radio bridge and telephone network 
Water -d is t r ibut ion network and pensi le tank 
Sewer 

Subtotal 

Status of the 
expenditure 

on May 1, 1966, 
$ 

160,000 

150,000 
45,000 
97,000 
40,000 
49,000 

194,000. 

44,000 

619,000 

Total 
e s t imate , 

$ 

160,000 

375,000 
72,000 

110,000 
40,000 

265,000 

225,000 
16,000 
60,000 

120,000 
80,000 

1,363,000 

PCUT plant 
Civil works (process building, was t e -

t rea tment building and vaults , auxil iary 
s e rv i ce s building, mounting a s s i s t ance , 
etc.) 

Vesse l s and p roces s chemical equipment 
P r o c e s s piping 
Installation of vesse l s and piping 
P r o c e s s instrumentation 
P r o c e s s mechanical and miscel laneous 

mechanical equipment 
P r o c e s s e lec t r ica l equipment 
Sampling sys tem, hot analytical facility 

and laboratory equipment 
Heating and ventilation 
Utilities (s team, demineral ized water , 

compressed a i r , fire protection) and 
plumbing 142,000 165,000 

Building e lec t r ica l equipment ( t r ans 
f o r m e r s , emergency power gene ra to r s , 
l ightning grounding, etc.) 74,000 188,000 

Subtotal 3,222,000 4,543,000 

Total construction cost 4,001,000 6,066,000 

Contingencies (5%) 304,000 

Grand Total 6,370,000 

565,000 
235,000 
194,000 
250,000 

12,000 

,110,000 
44,000 

306,000 
290,000 

890,000 
290,000 
210,000 
300,000 
280,000 

1,290,000 
90,000 

550,000 
290,000 



PROGRESS ON THE PCUT PROGRAM 563 

This cost, which should substitute the fabrication, transport, and 
reprocessing cost of a nonintegratedsystem, was relatedto a 300-Mw(e) 
boiling light-water reactor, thus resulting in 1.40 to 1.55 mills/kw-hr. 

A more recent technical and economic assessment, which is still 
being carried out by CNEN for the optimization of the Th—U cycle ap
plied to a heavy-water-moderated reactor of about 500 to 600 Mw(e), 
indicates that an integrated plant —reactor system requires a reprocess
ing and refabrication facility for the Zircaloy-clad fuel with a capacity 
for mixed oxides of about 50 to 80 kg/day. 

If the previous figure for the cost of the reprocessed and refabri-
cated fuel is used, the contribution of this portion of the fuel cycle to 
the total fuel cycle cost in a heavy-water-moderated reactor should be 
less than 0.95 mill/kw-hr. 

RESEARCH AND DEVELOPMENT 

The research and development work carried out in the past was 
mainly devoted to the demonstration of the various process stages: 

1. Experiments on the dissolution and feed-adjustment system.'"^ 
2. Coprecipitation of thorium and uranium as thorium oxalate and 

ammonium diuranate.' ' ' ̂  
3. Reduction of the U(VI) to U(IV) (Refs. 9 to 13) and coprecipita

tion of thorium and U(IV) oxalates. 
4. Recovery of uranium from diluted waste streams by means of 

ion-exchange resin. 
5. Extrusion and sintering of mixed thorium—uranium oxides.'*-^^ 

Among the researches now being carried out, there are still some 
regarding the PCUT—Elk River operation. Others refer to the future 
utilization of the PCUT plant. 

Researches in Support of the PCUT-Elk River Operation 

These researches are full-scale experiments carried out either 
with the actual PCUT equipment or with glass and perspex models of 
the actual size or with nonremotized machines of the same PCUT type. 
The main purpose is to anticipate data and expedite the commissioning 
procedures. 

Dissolution Tests Fuel from the bench runs of the chopping machine (or 
dummy chopped fuel in the very first dissolution tests) is dissolved 
in a 1:1 scale glass dissolver. These experiments, with a minimum of 
modifications of the dissolver basket, will also be applied to powdered 
mixed oxide in order to simulate the dissolution of ashes from combus
tion of High-Temperature Gas-Cooled Reactor (HTGCR) fuels. They 
are being done at CNEN laboratories at Casaccia Nuclear Center. 
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Solvent-extraction Tests The hydraulic of the solvent extraction in slab 
mixer —settlers is being studied in a single-stage perspex mixer — 
settler and in a 16-stage perspex bank of the same size and design of 
the plant banks. In this final test also, the flow sheet of the extraction 
will be checked in cold conditions. 

Furthermore, the system formed by the last stage of mixer — 
settlers, aqueous-phase decanter, and continuous evaporator is being 
tested. Special attention is paid to anomalous operating situations both 
of the mixer-se t t lers and of the evaporator. The experiments are being 
carried out at BPD laboratories at CoUeferro. 

Reduction and Coprecipitation The catalytic reduction unit and the con
tinuous precipitator were run with the actual PCUT equipment (Fig. 19) 
in order to make reproducibility tests with the selected type of catalyst 
and to prepare material for the extrusion experiments. The experi
ments are being carried out at CNEN laboratories at Casaccia Nuclear 
Center. The operating data are as follows: 

1. Reduction: 
Feed solution: 0.71M Th(N03)4; 0.031M U02(N03)2; 0.29M HNO3 
Reducing solution: 15 g of HCOOH/liter; 15 g of NHjCONHj/llter 
Nature of catalyst: Pt (0.7%) on alumina spheres (cp: 1.7 mm) 
Temperature: 65°C (inlet); 44°C (outlet at steady state) 
Flow at start-up: feed solution, 3.0 liters/hr; reducing solution, 

0.06 li ter/hr 
Flow at steady state: feed solution, 9.0 liters/hr; reducing solution, 

0.18 liter/hr 
Time required to reach steady state: iVa hr 
Residence time on catalyst (at steady state): 10 mln 

2. Precipitation: 
Feed: reduced solution as above 
Precipitant: 0.9Af oxalic acid, 20% excess 
Temperature: 30°C 
Uranium in the supernate: 2.5 mg/llter 
Thorium in the supernate: 3.0 mg/llter 

Extrusion and Sintering Tests Nonremotized equipment of the same PCUT 
type is being used. The reproducibility tests are still being carried 
on. Parallel researches on the same subject indicate that there is some 
advantage in calcining the mixed oxalates in hydrogen atmosphere 
(see Table 3). The experiments are being carried out at CNEN labora
tories at Saluggia. 

Construction of ERR Elements Mechanical parts of 50 Elk River Reactor 
(ERR) fuel elements are being purchased or manufactured and inspected 
(Fig. 20). They will be used during the cold operation of the plant 
for testing the entire line of the fabrication equipment and the fuel-
dismantling equipment. During this campaign any effort is made 
to approach the refabricated ERR fuel specification and the inspec-
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Fig 19 — The reduction and coprecipitation units 

Table 3 

PROPERTIES OF SINTERED T h O , - U O , CERAMIC BODIES 

Product calcined m H2 and s in tered 
at ISOCC in Hj 

Density of Mois ture 
s in te red of the 

pe l le t s , % clay, % 

Extrusion 
p r e s s u r e , 

tons 

Product calcined m a i r and s in tered 
at 1800°C m H2 

Density of Mois ture Extrusion 
s in tered of the p r e s s u r e , 

pe l le t s , % clay % tons 

96.5 
95 0 
93 0 

Carbon content 25 ppm 

23 
20 
15 

94 
92 
90 

4 8 
6 5 
7 5 

Carbon content 120 ppm 

27 
22 
15 
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Fig 20—Mechanical parts of Elk River Reactor type fuel elements 
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tion procedures are proved. The experiments are being carried out at 
CNEN laboratories at Saluggia. 

Researches Related to the Long-term Use of the PCUT Facility 

The use of the PCUT facility, after the Elk River fuel processing 
campaign, for handling fuels in the Th-U cycle is still envisaged as 
advisable by CNEN before the plant is switched to U—Pu fuel processing. 

The following alternatives are taken into consideration: 
1. Additional experiments with thorium—uranium oxide elements 

to be irradiated in the existing Italian light-water reactors. 
2. A version of the heavy-water-moderated reactor which could 

apply the Th—U cycle. This possibility is being actively investigated 
by a CNEN reactor program that could profit by having an integrated 
fuel-cycling facility. 

3. Operation of the plant for reprocessing HTGCR fuels of the 
types with coated thorium—uranium carbide or oxide particles in a 
graphite matrix. 

Based on these assumptions, the research programs described in 
the following three sections are being carried out. 

Fabrication of Elements for Irradiation in a Heavy-water-moderated Reactor This 
program, which is just starting, will be carried out at CNEN labora
tories at Saluggia. The elements will be of the extruded ceramic type, 
clad in Zircaloy. 

Fabrication of Spherical Uranium - Thorium Oxide and Carbide Particles These 
researches concern the development of Th02 —UO2 fuel elements com
pacted by vibration and the fabrication of dispersed fuels based on 
coated thorium—uranium oxide or carbide particles. 

The process developed by the CNEN laboratories of the Casaccia 
Nuclear Center consists in an application of the sol—gel principles, 
where the colloidal solution of thorium and uranium is obtained by 
denitration up to a NO^ to Th + U ratio ~ 0.5 by using an aliphatic 
amine (Primene JMT) as denitration agent in two contacting steps, 
and the gelation is carried out by complete denitration of the sol 
droplets in an organic medium made of diluted Primene JMT in tech
nical hexanol (Alphanol 79) ."~" 

Typical flow-sheet data are reported in Fig. 21 and in Table 4. 
The experimental apparatus, having a capacity of about 1 kg/day, is 
shown in Fig. 22. 

The technical and economic information obtained from this experi
mental work will be compared with other parallel assessments made (1) 
for an oxide-fuel-particle preparation process where thethoria—urania 
spheres are directly obtained by internal neutralization of thor ium-
uranium nitrate solutions (this study was carried out by SNAM Progetti 
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Fig. 21—Block flow diagram of the CNEN sol—gel route. 

S.p.A. laboratories under a contract with CNEN) and (2) for a process 
consisting of mass gelation. 

The researches for the preparation of mixed carbide, as described 
previously, are covered by a contract with the Dragon Project. 

Electrolytic Disintegration of Graphite Compacts Containing Coated Thorium - Uranium 

Carbide Particles These experiments, related to the head end of HTGCR 
fuels, were also carried out on behalf of the Dragon Project. They were 
carried out by the CNEN laboratories at the Casaccia Nuclear Center. 
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Table 4 

TYPICAL FLOW-SHEET DATA FOR S O L - G E L PROCESS 

Volumes Thorium Uranium pH 

Sol prepara t ion 
Aqueous s t r e a m s 

Feed to the f i r s t contactor 
Acid-deficient solution from the f i r s t contactor 
Acid-deficient solution heated at 100°C for 1 hr 
Sol from the second contactor 
Concentrated sol 

Organic s t r e a m s 
Extractant to the f i r s t contactor 
Extractant to the second contactor 
Organic phase from the f i r s t contactor 
Organic phase from the second contactor 
Organic phase r insed with O.IM HNO3 
Regenerated solvent 

Gelation 
Organic gelation medium (recycl ing in the column) 

Organic gelation medium (to the regenera t ion cycle) 
Gelation t ime, 15 to 30 min 

1.0 
0.9 

0.83 
0.31 

2.52 
0.78 

Very l a rge 
excess 

30.0 

0.822 mo le / l i t e r 
0.898 mole / l i t e r 

0.992 mole / l i t e r 
2.637 mo le / l i t e r 

120.0 m g / l i t e r 
9.0 m g / l i t e r 

70.0 m g / l i t e r 
7.0 m g / l i t e r 

0.114 m o l e / l i t e r 
0.140 m o l e / l i t e r 

0.140 m o l e / l i t e r 
0.363 m o l e / l i t e r 

185.0 m g / l i t e r 
43.0 m g / l l t e r 

5.0 m g / l i t e r 
3.6 m g / l l t e r 

1.4 
3.7 
2.6 
4.6 
4.0 

0 

M 

Q 
0 

> 

0 
0 
> 
m 
>-( 
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'" s 
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- c 1^^- j^ ', < 2 r 

Fig 22—Sol-gel pilot plant 

Two different electrolytic cell systems (Fig 23) were investi
gated They are described m detail m the paper by Short, Orsenigo, and 
Romberg included m this volume 

Figure 24 shows the two cells and the electrolyte circuit mounted 
on the same unit 
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GRAPHITE TUBE 

SCALE L 2 

Fig. 23—Schematic representation of the electrolytical disintegration cells. 

If the PCUT facility should handle HTGCR fuels, a head-end 
process, as described previously, would probably be combined with the 
combustion of the recovered fuel particles before leaching of the oxide 
ashes in the PCUT dissolver. 
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PRELIMINARY DESIGN FOR A HEAD-END 

REPROCESSING FACILITY INTEGRAL WITH 

AN HTGR POWER PLANT* 

K. G. STEYER and H. E. STEELING 
John Jay Hopkins Laboratory for Pure and Applied Science, General Atomic, 
Division of General Dynamics Corporation, San Diego, California 

ABSTRACT 

Preliminary designs for head-end reprocessing facilities integral with a High-
Temperature Gas-Cooled Reactor power plant were prepared for the following: 

1. Two widely differing fuel element configurations: long, slender rods and 
short, thick blocks. 

2. Two types of fuel-element graphite treatment: storage and burning. In all 
cases, a thorium-uranium oxide ash is produced which is suitable for further 
reprocessing in existing offslte reprocessing facilities (modified slightly for ash 
handling and thorium recovery and storage). The designs make maximum use of 
reactor auxiliary equipment, services, and personnel by sharing fuel-handling 
equipment, hot-service facilities for equipment maintenance, the decontamination 
system, the radioactive waste disposal system, and the reactor plant ventilation 
System and stack. 

The head-end reprocessir^ facilities are designed for remote maintenance, 
major equipment repairs being made in the reactor hot-service facility. 

The shape of the fuel element was found to have only a slight effect on the 
process and equipment. (The study is based on fuel particles not bonded to each 
other or to the fuel-element graphite.) 

Costs are being developed for spent-fuel shippir^, ash shipping, and onsite 
and offsite fuel reprocessing so that cost comparisons can be made for various 
fuel-cycle alternatives. 

This r epor t covers fuel-cycle s tudies pe r fo rmed by Genera l Atomic, 
Division of General Dynamics Corporat ion, under U. S. Atomic Energy 
Commission Contract AT(04-3)-167. The p r i m a r y object of this con
t r a c t is p re l iminary design and development of a 1000-Mw(e) High-
Tert iperature Gas-Cooled Reactor (HTGR). 

*Work supported by the U. S. Atomic Energy Commission, San Francisco 
Operations Office. 
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The HTGR, based on the "^u-'^'^'^Th-"''U fuel cycle, is charac
terized by extremely high fuel burnup (80,000 Mwd/metric ton or 
higher). Consequently the frequency of fuel reprocessing and recycling 
is low. The HXGR fuel element consists essentially of the fuel and the 
carbon moderator. Some advantage might be derived by preparing the 
fuel elements at the reactor site for further reprocessing in existing 
facilities. For example, separation of fissile and fertile materials and 
disposal of graphite onsite would reduce shipping costs by reducing the 
volume of material to be shipped. 

The purpose of the reprocessing studies described here is to eval
uate the advantages, the disadvantages, and the costs of head-end r e 
processing units which are integral with the reactor and make maximum 
use of reactor facilities. These continuing studies are an important part 
of the fuel-cycle considerations for advanced HTGR powerplants. 

INTEGRAL REACTOR HEAD-END REPROCESSING 

Integral reactor head-end reprocessing consists of (1) mechanically 
and chemically treating, in a plant contiguous to the reactor, spent fuel 
elements for further reprocessing offsite and (2) storage of the wastes 
generated by the operation. The concept was developed for the following 
reasons: 

1. To take advantage of fuel-element-handling equipment and other 
reactor facilities which can be used in common. 

2. To reduce the volume of spent nuclear material shipped offsite. 
3^ To produce a material that can be further reprocessed with 

minimum modification of existing offsite reprocessing facilities. 
4. To reduce operating expenses by using reactor and head-end 

plant personnel in common wherever possible. 

BASIS OF DESIGN STUDY 

The studies discussed here are based on either a 660-Mw(e) or a 
lOOO-Mw(e) reactor. The facilities used in common by the reactor and 
the head-end reprocessing unit consist of the following items located in 
or near the reactor building: 

1. Fuel-handling and storage facilities. 
2. Hot-service facilities for equipment maintenance. 
3. Decontamination system. 
4. Radioactive waste disposal equipment. 
5. Reactor plant ventilation system and stack. 

From the several alternative designs and reprocessing schemes 
studied, a fuel-element design and head-end reprocessing scheme were 
selected, and preliminary designs were made for all major process 
equipment, for the process cell or building, and for major cell ac-
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cessories such as cranes and the ventilation system. Capital cost and 
operating costs are being developed for a base case. Costs for alterna
tive elements and processes can be obtained by determining detailed 
costs for only those items which differ from the base case. 

The head-end reprocessing unit is designed for remote mainte
nance. Maintenance of process equipment and auxiliary services is 
performed either with the equipment in place, by use of manipulators, 
or after the equipment is transferred to the hot-service facility. 

Cooling water, potable water, the stack, electrical services, steam, 
compressed air, storm and sanitary sewers, change rooms, and 
shipping and receiving facilities are shared with the reactor. Manage
ment, health-physics, clerical, general office, and miscellaneous se r 
vice personnel required for reactor operations can also serve the r e 
processing unit. Production, maintenance, laboratory, and engineering 
personnel, primarily attached to the head-end reprocessing unit, can 
assist in reactor operations such as loading and unloading of fuel. 

Although the head-end reprocessing plant and reactor are inte
grated, head-end reprocessing operations are subservient to the reac
tor, and reactor operation is entirely independent of the head-end unit. 

The spent fuel is stored for 150 days to permit decay of ^^'Pa. 
The head-end process consists essentially of grinding, screening, 

and burning fuel-element components. The design is based as much as 
possible on existing technology. Reprocessing rates are six rod-type 
elements per operating day or ten block-type elements per operating 
day. This is equivalent to 40 to 50 kg of heavy metals per day. If only 
fuel particles are burned, an operating day is 8 hr; the structural 
graphite is burned over a 24-hr period. 

Description of Fuel Elements 

Two kinds of fuel elements were used as a basis for this study: (1) 
the long, thin rod represented by the single-dial hexagonal-spine ele
ment and (2) the short, thick block represented by the hexagonal-block 
element. These elements are descirbed in Refs. 1 and 2. 

The first type of fuel element, shown in Fig. 1, consists of an upper 
reflector section, fuel-bearing sleeve sections, a center spine, and a 
lower reflector section. The fuel-element body is composed entirely of 
graphite, which serves both as structural and as moderator material. 
The assembled elements have the external appearance of a solid graph
ite cylinder 4.7 in. in diameter and 20 ft long with a grappling knob at 
the top. Although there are several fuel loadings that differ in Th—U 
content, it is assumed in this study that the elements all have identical 
loading insofar as head-end reprocessing throughput is concerned. The 
element fueled sections are connected by cemented threaded joints. 
Holes in each sleeve section contain beds of pyrocarbon-coated fuel 
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particles. The 26-in.-long lower reflector and the 28-in.-long upper 
reflector are each made of a solid piece of graphite. The upper reflec
tor IS joined to both the fuel sleeve assembly and the center spine. The 
fuel bed consists of a homogeneous mixture of two types of particles; 
type I has a substrate of a mixture of thorium and ^̂ Û (about 93% en
riched) as oxides, and type II has a substrate of thorium oxide. The fuel 
substrates are coated with two layers of pyrocarbon, a low-density 
buffer coating and an external high-density coating. Typical parameters 
of the particles are given in Table 1. 

Table 1 

TYPICAL PARTICLE PARAMETERS 

P a r a m e t e r 

Thor ium to u ran ium 
Substrate d iamete r , M 
Coating th ickness , n 
Par t ic le d iameter , fi 

Type I 

3.5 to 1 
220 
100 
420 

Par t ic le 

Type II 

All thor ium 
350 
100 
550 

The second element consists of a hexagonal graphite block about 
16 in. long and 14 in. across flats. In this study it is assumed that each 
element has an identical average fuel loading. The fuel particles, which 
are loaded in the holes in the graphite block, are the same as those de
scribed for the preceding element. 

The fuel burnup varies slightly depending on the reactor and/or the 
element. An average burnup of 83,000 Mwd/metric ton of uranium plus 
thorium is used as a basis for design. 

Some characteristics of the type types of fuel elements studied are 
summarized in Table 2. 

Table 2 

CHARACTERISTICS OF THE FUEL ELEMENTS 

Type of fuel element 

Charac te r i s t i c 
Single dial , 

hexagonal spme Hexagonal block 

Diameter , m. 
Width a c r o s s f lats , ii 
Length, m 
Gross weight, kg 
Thorium loading, kg 
Uranium loading, kg 

4.7 

240 
118.8 
7.93 
0.67 

14 
16 
62.7 
5.54 
0.49 
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SHARED EQUIPMENT AND SERVICES 

For this study it is assumed that several equipment items and 
facilities associated with the reactor are also used to service the head
end reprocessing unit. These involve fuel handling, equipment mainte
nance, and waste handling. 

The fuel transfer machine is designed to handle and temporarily 
store fuel and reflector blocks and to provide shielding to protect oper
ating personnel. The fuel transfer machine is transported either by 
crane or on rails, depending on reactor design, from the reactor vessel 
to the fuel storage facility, the head-end reprocessing unit, or the fuel 
shipping area. Isolation valves provide gastight closure during the fuel 
transfer operations at each of these areas . A fuel-handling purge sys
tem, consisting of a vacuum pump, piping, control valves, instrumenta
tion, and control system, is provided to prevent release of activity to 
the atmosphere of the reactor building during handling of the spent fuel. 

Spent fuel is temporarily stored in a dry, uncanned condition under 
inert gas at atmospheric pressure in the tubular wells of the reactor 
fuel storage facility, which has a total nominal capacity of one-third of 
the reactor core. 

The reactor incorporates a hot-service facility to enable service, 
repair, and decontamination work to be performed on reactor equip
ment. This facility, also used for similar work on head-end reprocess
ing equipment, is provided with shielding, decontamination facilities, a 
ventilation and filter system, and various remotely operated tools and 
manipulators. Auxiliary transfer casks are provided for removal and 
transfer of reactor equipment. These casks are moved by the building 
crane and are used in conjunction with the isolation valves. Decon
tamination operations are performed in the hot-service facility with a 
system consisting of solution storage tanks; pumps; solutionfilters; air, 
steam, and hot water supplies; and drain headers. Spent solutions are 
pumped to the radioactive liquid waste disposal system, where wastes 
are prepared for offsite shipping and disposal. 

Radioactive or potentially radioactive gases pf-oduced by head-end 
reprocessing are treated in the head-end reprocessing area and then 
sent to the reactor radioactive gas waste system. All potentially radio
active gases entering the reactor gas waste system are collected in an 
inlet header and directed through a vent gas filter. Filter effluent is 
continuously monitored for activity. If the activity is less than a preset 
value, the gases are transferred to the ventilation-system exhaust fil
ters for dilution and ultimate disposal via the plant stack. Gases having 
activities which exceed the preset value are diverted to the gas waste 
vacuum tank, eventually compressed into a gas waste surge tank, and 
ultimately disposed of by a controlled bleed-off to the ventilation-system 
exhaust filter and from there to the stack. 
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PROCESS 

Head-end processes differ slightly depending on the type of element 
processed. In general, however, they consist of the following steps: 

1. Transport of fuel elements from decay storage to the process 
ceU. 

2. Crushing or sawing and crushing of the elements. 
3. Separation of particles from structural graphite. 
4. Separation of thorium particles and Th-U particles from each 

other (particle designation is based on fresh-fuel composition). 
5. Packaging and storing of the Th-U particles. 
6. Burning or packaging and storing of the graphite (structural and 

reflector). 
7. Burning of the thorium particles to remove pyrocarbon coating. 
8. Packaging and shipping of the thorium-particle ash to an offsite 

reprocessing plant for recovery of thorium and ^̂ ^U. 

Figure 2 is a perspective drawing of the head-end reprocessing 
unit and waste storage facilities for the process plant incorporating 
graphite burning. 

Typical operations for the rod-type fuel elements are described in 
the following sections and are outlined in Fig. 3. Some auxiliary items, 
such as the hoist and manipulators, are not shown in Fig. 3. 

Spent-fuel Storage and Transfer 

Spent fuel is discharged from a 660-Mw(e) reactor at an average 
yearly rate of 730 fuel elements. The elements are moved to the reac
tor fuel storage vault by means of the fuel transfer cask as part of r e 
actor operations. After a fuel decay period of about 150 days, and when 
no other reactor fuel-handling operations are in progress, the fuel 
transfer cask is used to transport and feed fuel to the process cell. 

Fuel elements are moved from the fuel storage vault into the fuel 
transfer cask. The fuel transfer cask is moved to a position directly 
over the charging hole of the process cell and is connected to the cell 
through the reactor isolation valve. Six elements constitute the daily 
charge to the head-end unit; these elements are processed in essentially 
a 24-hr period. 

Crushing and Screening 

The fuel element is lowered from the fuel transfer cask into a feed 
device and sawing unit. Fuel-element sections are then passed into a 
crusher, where they are broken into relatively large pieces and most of 
the particles are thus freed. Pieces of structural graphite, which are 
separated from the particles by screening, are further crushed and de-
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livered to a vibrating screen unit. The particles pass directly to this 
same screen. 

The vibrating screen separates thorium fuel particles, Th —U fuel 
particles, and crushed graphite. The Th-U particles are weighed, 
packaged, and placed in long-term storage for possible future use. 
These particles can also be processed in the head-end facility. Graphite 
and thorium particles are collected in a storage hopper from which they 
are batch weighed and conveyed by air to the burner. 

Oxidation of Thorium Particles and Graphite 

Crushed structural graphite and the thorium particles are burned 
in the same oxidizer over a 5-day period (about 4 days for the graphite 
followed by 1 day for the associated particles). A charge of alundum 
(used as a heat-transfer medium) is conveyed by air into the oxidizer 
at the start of the burning period. Periodically, batch charges of graph
ite are conveyed by air from the feed hopper to the oxidizer, during 
which time the fluidizing gas flow is temporarily stopped. 

After the oxidizer has been charged, fluidizing air is admitted to 
the unit. Inlet air and/or oxygen are preheated by the gas preheater to 
bring the oxidizer up to burning temperature. The burning rate is con
trolled by adjusting the oxygen-to-air ratio for the oxidizer inlet gas. 
Progress of the burning cycle is monitored by combustion gas analyzers 
in the off-gas system. 

At the end of the oxidizer burning cycle, the thorium-ash and 
alundum mixture is cooled and transported with fluidizing air into the 
thorium-ash bin. A sample point is located at the oxidizer outlet to per
mit monitoring of product mixture. 

Weighed amounts of the thorium-ash and alundum mixture are 
metered from the thorium-ash bin through a weighing unit and into a 
shipping can located on a can positioner. When filling is completed, a 
plug enclosure is installed on the can by use of manipulators, and the 
can positioner is rotated horizontally under the filling tube. When six 
shipping cans are filled, the can carrier , with cans in place, is lifted by 
the hoist and placed in a position directly beneath the cell unloading 
hatch. Index pins are provided for exact location of the carr ier . Shipping 
cans are brushed and vacuumed to remove loose external contamination 
and are lifted into the fuel transfer cask positioned over the unloading 
hatch. Shipping cans are unloaded from the fuel-element transfer casks 
into the spent-fuel shipping cask. 

Empty cans to be filled with the thorium-ash and alundum mixture 
or Th-U particles are loaded into the process cell via the conveyor. A 
pair of lead gate valves is used to close the conveyor opening into the 
cell. In-cell storage space is provided for thirty cans. 
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Observation of operations inside the process cell is accomplished 
in the following ways: 

1. Lead-glass windows. 
2. A portable television camera moved about'by the hoist. 
3. A television camera mounted on the hoist. 

Off-gas Cleanup 

Oxidizer off-gas produced by burning graphite with air and/or 
oxygen contains COj, CO, O2, N2, volatile fission products, and particu
late matter. Off-gas leaves the oxidizer and passes through the gas 
cooler where the gas is cooled to 750 °F to protect the sintered-metal 
filter in the cyclone separator. Most of the particulate matter is r e 
moved by the separator and sintered-metal filter. Provisions for back-
blowing the filters permit periodic cleaning of accumulatedparticulates. 
Particulates are returned to the oxidizer via a dip leg extending into 
the bed. Off-gas from the cyclone separator is further cooled by an 
additional gas cooler. Air is the cooling medium for the gas coolers 
and the oxidizer. The closed circuit of cooling air is in turn cooled by 
water. Off-gas from the cyclone passes through a silica-gel adsorber 
to remove ruthenium and cesium and through absolute filters to remove 
particulates; it is then discharged to the reactor stack. Cell ventilating 
air is admitted to the cell and is discharged through absolute filters. 
Exhaust fans discharge the air to the reactor stack. Particulate and gas 
radiation detectors monitor the gas and the air . 

Th-U Particle Storage 

Packaged Th—U particles are stored in a vault adjacent to the 
process cell. For this study sufficient space is provided to store par
ticles produced during the 30 years of anticipated reactor life. How
ever, the particles can be retrieved for reprocessing if desired. The 
vault is equipped with an array of vertical metal tubes designed to hold 
particle storage cans in a critically safe configuration and to provide a 
path for cooling air . Additional vault equipment includes a monorail 
hoist system, television cameras, and ventilation filters and blowers. 

Thorium—uranium particles are discharged from the process cell 
into storage cans through a weighing unit. The cans are moved from 
under the filling spout by a can positioner, and threaded-plug closures 
are installed with manipulators. The cans are lifted by a grappler and 
the monorail hoist and placed in the transfer chute. The chute provides 
a passageway from the process cell into the Th-U storage vault. In the 
vault the storage cans are lifted by a grappler on the storage monorail 
hoist and placed in a selected storage tube. The operation is monitored 
by television cameras. Cans of the thorium-ash and alundum mixture 
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can also be temporarily stored in the particle storage vault, pending 
shipment. 

Vault ventilation air is provided through the roughing filter. The 
air is channeled into a lower plenum, is routed up through the storage 
tubes into the upper plenum and then to absolute filters and ventilation 
blowers, and is discharged to the reactor stack. Initially only one filter 
and one blower will be required for cooling. As vault loading and heat 
loading increase, two filters and two blowers will be required. A third 
unit is used as a spare. A spare ventilation cell is provided for possi
ble future ventilation requirements. The face of each absolute filter is 
monitored with a local radiation-monitoring unit. Filters are changed 
at predetermined radiation levels or at high pressure drop. 

DESIGN PARAMETERS FOR REPROCESSING PLANTS 

Criticality, Decay-heat Removal, and Shielding 

Studies were made of the criticality of containers and of arrays of 
containers for fuel-particle storage. The following fuel-particle types 
were considered: 

1. Unirradiated pyrolytic-carbon-coated ^^^Th-^^^U oxide particles 
with a thorium-to-uranium ratio of 3.5 to 1 (reactor charge composi
tion). 

2. Unirradiated pyrolytic-carbon-coated ^̂ Û oxide particles. 
3. Irradiated (depleted) Th-^^^U particles. 

Values of k̂ ff as a function of the radius of the storage container and as 
a function of the wall thickness of the container were obtained for bare 
and reflected cylinders. For water-flooded infinite arrays, keff was ob
tained for various distances between container walls. These data deter
mined the dimensions of storage containers and container arrays and 
the thickness of the container wall. 

Graphite and particle storage bins have been designed as slabs, 
primarily for heat-dissipation reasons rather than criticality. 

Similar calculations showed that a shipping cask holding 21 cans 
with 4.5-in. inside diameter filled with a mixture of alundum and Th — 
^̂ Û oxide ash was critically safe even if both cask and cans were acci
dentally flooded with water. 

Calculations of heat generation and maximum temperature were 
made for a variety of storage-container configurations. These calcula
tions are used as the basis for the design and selection of the containers 
for Th-U particles, Th-^^^U ash, and graphite. 

No unusual shielding requirements were found for the processing 
cell, the storage vaults, or the shipping cask. 
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EQUIPMENT DESIGN 

Equipment Maintenance 

Equipment less than 2 ft in diameter is remotely disconnected with 
an impact wrench and removed from the process cell by the monorail 
hoist system. The equipment is positioned in a parking stand and lifted 
through a cell hatch into the reactor auxiliary transfer cask. Decon
tamination and maintenance are performed in the reactor hot-service 
facility. Hoist and bridge maintenance are performed in a shielded bay 
adjacent to the process cell. 

Process Cell 

The 300-series stainless steels are used for construction mate
rials for process equipment. Sawing, crushing, and grinding machinery 
is of closed design and is equipped with vents to draw off graphite dust 
and thus minimize dusting of the process cell with graphite. Depending 
on the size of the equipment being operated, air motors or shielded 
electrical motors are used as equipment drives. 

Material is pneumatically conveyed to the oxidizer. All other flows 
of graphite, fuel particles, and ash are by gravity. The major piece of 
cell equipment, the oxidizer, which is constructed of 310 stainless steel, 
is designed for removal from the cell via the reactor auxiliary transfer 
cask. Oxidizer maintenance is done in the reactor hot-service facility. 

Graphite Storage Vault 

For the alternative design case, where waste graphite is not burned, 
a storage vault is provided. Graphite is stored in steel drums that are 
moved to the storage vault, three at a time, through an underground 
tunnel on a remotely operated motorized transfer car. At the graphite 
vault the transfer car enters an unloading room or chamber and is r e 
motely unloaded by the storage-vault hoist. Drums are carried into the 
vault by the hoist and are stacked for storage. This operation is con
trolled from the viewing gallery. Operations in both the unloading room 
and the storage vault may be viewed through lead-glass windows or by 
television. The unloading room may be isolated from the storage vault 
and used as a hoist maintenance area. Access to the unloading room is 
provided by a shaft to the surface. Unfilled drums are fed into the sys
tem via this shaft. 

CONCLUSIONS 

Based on existing technology, the onsite head-end reprocessing 
concept is technically feasible for a large HTGR. 
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The onsite head-end unit produces material that can be further 
treated to complete the reprocessing section of the fuel cycle in exist
ing commercial fuel-reprocessing facilities. 

Differences between rod- and block-type elements, both using 
pyrolytic-carbon-coated oxide particles, have slight effect on the head
end reprocessing flow scheme or cost. 

The volume of material shipped offsite for further reprocessing is 
substantially reduced. 

Fuel accountability determinations may be made at the reactor site 
to check reprocessing results and charges. 

The head-end reprocessing facility can be designed to make effec
tive use of reactor fuel-handling equipment. 

Further studies are required to evaluate the significance of these 
conclusions on fuel-cycle costs. 
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ABSTRACT 

Three head-end processes are being developed for thorium-base power-reactor 
fuels. The processes are shear-leach for metal-clad oxides and either gr ind-
leach or burn-leach for graphite-base High-Temperature Gas-Cooled Graphite 
Reactor (HTGR) fuels. The shear-leach process is being used in the first 
commercial fuel-processing plant; further development is necessary before 
a process for graphite-base reactor fuels is selected. 

During the past year shear- leach studies were made on secondary prob
lems associated with the process. These studies include calculation of the fuel 
temperature during the various process steps, measurement of the release of 
krypton and tritium during processii^, the zirconium-metal fines safety prob
lem, development of an Instrument for monitorir^ hulls for leaching losses, and 
shearing tests on second-generation fuel elements. 

Grind-leach process studies were done in the laboratory and in small 
engineering-scale experiments with unirradiated HTGR fuel. Grinding, leaching, 
and washing conditions have been determined for satisfactory recovery of the 
uranium and thorium. Engineering problems associated with grinding graphite 
and filtering graphite slurries are also being studied. For the burn—leach 
process, estimates were made of the fission-product activity in the off-gas 
from a fluidized-bed burner. Fission-product behavior and other problems 
associated with burn-leach processing are being studied in hot-cell experi
ments. Other studies include protactinium recovery by adsorption on unfired 
Vycor glass, and chemical and engineering studies of a close-coupled pro
cessing plant in which simplified, low-cost, limited-decontamination processing 
methods are used to prepare feed materials for an associated fuel-fabrication 
plant operated by remote control. 

*Research sponsored by the U. S. Atomic Energy Commission under con
tract with the Union Carbide Corporation. 

tGuest scientist from Kernforsohungsanlage, Jlilich, Germany. 
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The recent development work at Oak Ridge National Laboratory 
(ORNL) on thorium-fuel processing has been primarily concerned with 
head-end processes and with conceptual studies of close-coupled pro
cessing and fabrication plants. The purpose of this report is to sum
marize the information developed in the past year. 

For the metal-clad Th02-U02 fuels, a shear- leach process is the 
preferred head-end process and is very nearly fully developed for 
industrial application. We are now doing work on secondary problems 
that deal with operating safety and convenience and problems associ
ated with newer fuel types. The Nuclear Fuel Services (NFS) s h e a r -
leach operating experience will be available soon; therefore our pro
gram will be deemphasized in the near future. 

For the graphite-base High-Temperature Gas-Cooled Reactor 
(HTGR) fuels, we are developing both a burn-leach process and a 
grind-leach process. Each process is feasible but has several major 
problems that require solution before the processes can be considered 
for plant-scale use. The principal problem in the burn-leach process 
is cleanup of the burner off-gas. Cleanup is required to remove fission 
products that are volatilized at elevated temperatures in the burner 
and to remove entrained particulate material. For the grind-leach 
process, the problems are storage of highly active graphite waste and 
the extra head-end steps to remove soluble organic compounds before 
solvent extraction. At present, we prefer the burn—leach process and 
are developing the grind-leach process primarily as a backup for 
fuels having refractory coatings such as SiC or AI2O3 on the fuel par
ticles. Obviously the head-end process selection for HTGR fuels may 
be strongly influenced by factors such as plant capacity or by major 
changes in fuel design. For example, will the fuel particles be easily 
separated from the structural graphite? What scheme will be used to 
separate bred ^̂ Û from the ^̂ Û particle that contains ^̂ Û after i r r a 
diation? Since the HTGR concept is several years away from large-
scale multireactor exploitation, it is premature to make a choice 
between the two head-end processes. 

Solvent extraction, using the Acid-Thorex process,^ is considered 
the best method of recovering uranium and thorium. No development 
work has been done recently on the Acid-Thorex process, although 
some work will be done in the near future as part of our close-coupled 
process studies. 

The results of the initial phase of the close-coupled process pro
gram indicate that continuous solvent extraction is the best processing 
choice, even for low-decontamination processing. Preliminary cost 
information indicates that processing in a small, close-coupled plant 
may cost no more than the published costs for processing the Indian 
Point Th02 core in the NFS plant. This is an encouraging comparison 
for such a small plant. However, thorium processing and remote 
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fabrication are still more expensive (^30%) than the low-enrichment 
uranium fuel cycle for water-cooled reactors. Having demonstrated a 
case for close-coupled plants, we will now study advanced converters, 
such as the HTGR's, where the advantages of thorium fuels over low-
enrichment uranium can be realized. 

SHEAR-LEACH PROCESSING 

The shear- leach process has been intensively investigated^"^ at 
ORNL and is being used by NFS to process power-reactor fuels clad 
with stainless steel or zirconium alloys and containing cores of UO2, 
ThOa-UOj, U-Mo alloy, or Th-U alloy. 

The process consists of several basic steps (Fig. 1): fuel-element 
disassembly, shearing the fuel into short lengths to expose the core, 
loading sheared fuel into baskets, leaching, monitoring the leached 
cladding (hulls), and waste packaging and disposal. Shear-leach has 
been successfully demonstrated with unirradiated prototype thoria — 
urania and urania-bearing fuels on an engineering scale and with 
irradiated fuel-pin samples in hot-cell experiments.^ In the engineer
ing-scale demonstration,^ perforated baskets containing 18 to 36 kg of 
sheared unirradiated Th02-U02 fuel were leached in 8 to 26 hr with 
losses of only 0.1%. Unirradiated UO2 leaches in about one-eighth the 
time required for Th02-U02 under roughly comparable conditions, 
and hot-cell tests demonstrated that irradiated Th02-U02 dissolves 
significantly faster than unirradiated fuel.^ Other tes ts ' showed that 
from 1 to 5% of the Zircaloy cladding as well as 60 to 80% of the 
-10-mesh Zircaloy fines (less than 1% of the cladding weight) gener
ated by shearing dissolves in the boiling leachant [13M HNO3-O.O4M 
HF-0.04Af A1(N03)3]. The presence of the dissolved zirconium de
creased the dissolution rate of the thoria but not enough to seriously 
affect the overall leaching time. 

Since the primary development of the shearing and leaching pro
cess is completed, recent shear —leach development work has been on 
secondary items. The recent investigations are discussed in the 
following sections. 

Estimation of the Fuel Temperature During Shear-Leach Processing 

The internally generated heat from fission-product decay may 
result in high fuel temperatures detrimental to the fuel or equipment 
during shear-leach processing. This was evaluated by computer cal
culations for fuel irradiated to burnups of 8000 to 50,000 Mwd/metric 
ton at specific powers of 10 to 70 kw/kg with cooling times ranging 
from 180 to 1080 days. Heat removal was by radiation and natural 
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Table 1 

CALCULATED FUEL TEMPERATURES DURING SHEAR-LEACH 
PROCESSING OF STAIN LESS-ST EEL-CLAD UO2 FUEL 

Operation or p roces s 

Canal s torage 

step 

Mechanical d i sassembly 
Shear-feed envelope 

Sheared fuel s tored in 
16-basket a r r a y 

5-in.-ID baskets 
7V4-in.-ID baskets 
lO-in.-ID baskets 

Typical 

Fuel t empe ra tu re , °F 

power-
r e a c t o r fuel* 

71.5 
150 
350 

Center l ine 

491 
720 
924 

Surface 

324 
453 
575 

Highly i r radia ted 
short-cooled fuelt 

75.5 
191 
548 

Center line 

852 
1244 
1586 

Surface 

548 
773 
979 

*Burnup, 20,000 Mwd/metr ic ton at 23 kw/kg; 180-day cooling (Yankee Atomic). 
tBurnup, 50,000 Mwd/metr ic ton at 70 kw/kg; 180-day cooling. 

convection to the surrounding medium. In the calculations a Yankee 
Atomic fuel subassembly was selected to represent a typical power-
reactor fuel, but the results are equally applicable to thorium oxide 
fuel. The subassembly consisted of a square bundle of thirty-six 
0.302-in.-OD by 120-in.-long U02-filled stainless-steel fuel rods on 
0.422-in. centers and was assumed to be irradiated to a burnup of 
20,000 Mwd/metric ton at a specific power of 23 kw/kg and cooled 
180 days. The fuel temperature was calculated for the vertical fuel 
subassembly in the storage canal, for the horizontal fuel element in 
air in the dismantling cell and in air in the shear feed envelope, and 
finally as sheared fuel stored in air in a 16-basket array with baskets 
of 5-, 7.75-, and 10-in. inside diameter (Table 1). The results indicate 
there is no danger that the fuel or cladding will melt. With the possible 
exception of the calculated temperature of 548° F for the hottest fuel 
in the shear envelope, overheating should not be a serious problem for 
the shearing equipment. In any case, the temperature of the fuel in the 
shear envelope could be lowered considerably by forced air cooling. 

Krypton and Tritium Release During Shear-Leach Processing 

Hot-cell experiments were conducted to measure the release of 
krypton and tritium during shear- leach processing.^ Several stain
less-steel-clad prototype Consolidated Edison fuel samples containing 
high-density (96% of theoretical) pellets of 96% Th02-4% fully enriched 
UO2 irradiated to 25,000 Mwd/metric ton were sheared in special hot-
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cell equipment. The first cut released 0.03% of the calculated amount 
of tritium and 0.5% of the ^^Kr; multiple shearing into Vz'i"- segments 
released a maximum of 0.26% of the tritium and 1.07% of the ^^Kr. 
Tritium was released very slowly by the sheared material on standing. 
Only 0.26% of the tritium escaped in the dissolver off-gas when the 
sheared fuel was dissolved in boiling 13M HNO3-O.IM A1(N03)3-
0.5M HF. The balance of the ^̂ Kr was released during dissolution 
but was not measured. Tritium oxide distillation during boildown 
of the dissolver solution to remove excess acid was directly pro
portional to the amount evaporated. After rectification of the acid 
distillate and high-level extraction wastes, most of the tritium would 
eventually be discharged as a low- or intermediate-level waste 
stream, thus complicating low-activity-level waste disposal. Extrapo
lation of these data indicates that 1 curie of tritium would be released 
in the head-end off-gas for each metric ton of heavy metals sheared 
and dissolved and hence should not be a significant off-gas problem. 

Similar gas-release experiments were made with prototype pres -
surized-water reactor fuel specimens containing high-density (93% of 
theoretical) UO2 pellets clad in Zircaloy-2 and irradiated to 40,000 
Mwd/metric ton. These fuel pins were also sheared into V2-in. seg
ments, and the exposed fuel was dissolved in 4M HNO3. Shearing r e 
leased 7.43% of the calculated fission yield of tritium, and only 0.13% 
of the total tritium was carried by the dissolution off-gas. Total r e 
lease of tritium during the shearing and leaching of 1 metric ton of 
UO2 fuel would amount to about 37 curies, which does not appear to 
be a significant off-gas hazard. 

The amount and composition of the undissolved residue after 
leaching and after the feed-adjustment boildown were determined for 
the pins containing Th02-U02. The leaching residue amounted to 
0.58 wt.% of the original fuel and consisted principally of silica, 
alumina, and corrosion products with 0.74 wt.% molybdenum, 0.23 
wt.% Zr-Nb, 0.01 wt.% antimony, and insoluble uranium and thorium 
representing a 0.05% loss. Antimony was the principal radiation 
emitter. During feed-adjustment boildown, a residue precipitated 
that represented about 0.6% of the weight of the original fuel and con
tained molybdenum and zirconium plus a uranium loss of 0.02% and 
a thorium loss of 0.05%. 

Safety Studies on Shear-Leach Processing of Fuel Clad with Zircaloy-2 

The safety problems associated with the zirconium-metal fines 
produced by abrasive-disk sawing and by shearing the fuel rods are 
being investigated. Zircaloy-2 particles produced by both wet and dry 
abrasive cutting and containing the abrasive particles produced by disk 
wear in a volumetric ratio of 1 part Zircaloy-2 to 7 parts abrasive 
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particles were subjected to spark-ignition tests in air with a 20,000-
volt spark. The spark tester did not ignite any of the eight size frac
tions which ranged from 4760 to<44 y.. Electron-probe analysis showed 
that most of the finer particles had been converted to the oxide in both 
the wet and dry abrasive cutting tests and were nonreactive. Thus 
particles produced in a sawing operation and diluted with abrasive-disk 
debris are considered safe to handle and store. 

Shearing an 8-by-8 tube array of Zircaloy-2-clad UO2 in air 
produced about one to three low-energy sparks per cut and did not 
seem to present a fire hazard. Following shearing, the UO2 was dis
solved in 6M HNO3, leaving the Zircaloy-2 fines behind. Analysis of 
the fines showed that, during the shearing and leaching operation, the 
metal had not been oxidized and only a small amount, if any, of the 
fines had dissolved. Spark-testing in air showed that Zircaloy-2 par
ticles larger than about 150 |j, in diameter did not react; however, 
particles smaller than this reacted with increasing violence as the 
particle size decreased. It is estimated that aboutO.45 kg of Zircaloy-2 
particles in the potentially hazardous size range of < 400 y is produced 
by shearing 1 ton of fuel. As to thoria fuel, from 60 to 80% of the 
-10-mesh (approximately <1680 (x) Zircaloy particles are dissolved 
per pass with Thorex reagent;^ thus the fines do not seem to constitute 
a hazard for processing Zircaloy-2-clad thorium fuel. However, in 
shear- leach processing of Zircaloy-2-clad UO2 fuels, these poten
tially hazardous particles may accumulate in the equipment since they 
are not readily dissolved in 6M HNO3. Here periodic dissolution of the 
accumulated fines with HN03-HF~A1{N03)3 solution, or dilution with 
inert solids and packaging and discarding as a solid waste, may be 
required. 

Leached-hull Monitoring 

Neutron-activation analysis is being tested for monitoring the 
leached hulls to detect the presence of unleached fuel.^ In this method, 
the hulls are irradiated with neutrons from a neutron accelerator, and 
the delayed neutrons are counted (Fig. 2). Both stainless steel and 
Zircaloy-2 hulls can be monitored, and ^̂ ^U, ^̂ ^U, and ^^^Pu can be 
readily detected. Tests are being conducted with an 8-in.-diameter by 
5-ft-tall basket of hulls that contain various amounts of '̂̂ U (Fig. 3). 
The instrument monitoring will readily detect as little as 6 mg of 
'̂̂ U in a single hull and is quite sensitive to uniformly distributed 

fissionable material. Uniform distribution of 100 mg of ^̂ Û in the 
leached hulls in an 8-in. height of 8-in.-diameter basket corresponds 
to a leaching loss of about 0.02% for a fuel containing 2% ^̂ ^U; thus 
the instrument appears to be sensitive enough and should be quite 
useful for rapid monitoring of leaching losses. Development of the 
instrument is continuing. 
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Fig 2—Leached-hull monitoring instrument 

Shearmg Tests on Second generation Fuel Elements 

The spacing between fuel rods in the fuel elements of the first 
power-reactor cores was, m general, maintained by rigid grids or by 
brazing the fuel tubes to each other In the newer fuel elements, these 
rigid intermediate spacers have been replaced by grids m which the 
tubes are retained and spaced by small leaf springs or crossed wires 
An example of such an assembly is the Elk River core II (Th02-U02) 
fuel assembly m which the fuel tubes are supported at intermediate 
points with leaf-spring grid assemblies Since the rods are less 
rigidly restrained than m the first cores, it was thought that shearing 
into uniform lengths might be more difficult An Elk River core II fuel 
assembly (porcelain filled to simulate Th02-U02) was successfully 
sheared into l -m sections (Fig 4). All terminal pieces of tubing were 
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Fig. J—Monitor responhc to ^^^U m leached hulls. 

2 in. long except that two pieces were 2.5 in., one was 3 m., and one 
was 4 m. The leaf springs remained mainly as connected metal strips. 
Similar results were obtained with even larger assemblies such as 
the Consolidated Edison core B fuel element. With these newer fuels, 
it IS necessary to use sharp shear blades with the clearance between 
fixed and moving blades not exceeding 3 to 5 mils to ensure complete 
cutting of the grid assemblies and of the perforated element sheath, 
when present However, the grid assemblies tend to remain more or 
less intact and the perforated sheath yields long, flat metal strips, 
complicating the shearing operation and basket loading. For this 
reason, an alternative shearing method, consisting in removing the 
tubes from the grid-sheath assemblies prior to shearing and then 
shearing the fuel rods as a loose bundle, has been tested and is 
satisfactory 
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Fig. 4—Sheared Elk River fuel. 

GRIND-LEACH PROCESS DEVELOPMENT FOR GRAPHITE-BASE 

HTGR FUELS 

The grind—leach process (Fig. 5) for graphite-base HTGR fuels 
that contain coated fuel particles consists in grinding or crushing the 
fuel followed by leaching the powdered product with a suitable reagent. 
The grinding or crushing operation must effect rupture of all of the 
fuel-particle coatings to ensure satisfactory leaching. Hence the pro
cess is applicable to all types of coated-particle HTGR fuels, including 
those heavy refractory coatings such as SiC or AI2O3 on the particles. 
Ground fuels containing UO2 or uranium-thorium carbides can be 
leached with nitric acid alone; however, those containing Th02 or 
Th02-U02 will require nitric acid with a trace of HF as the leachant. 
After leaching, the residual graphite is separated from the product 
solution and is washed to ensure maximum recovery of the uranium 
and thorium. The graphite residue is discarded as a waste. The dis
posal method will be strongly influenced by the amount of radioactivity 
remaining in the graphite. 
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Fig. 5—Grind—leach process for graphite-base reactor fuels. 

The acidic solutions obtained by leaching carbide-bearing fuel may 
require additional chemical treatment to destroy the soluble organic 
compounds derived from carbide hydrolysis if these compounds prove 
to be detrimental to solvent-extraction performance. After prgtreat-
ment, the product solution is concentrated and the uranium and thorium 
are recovered by solvent extraction. 

Laboratory- and small-scale engineering work was conducted with 
unirradiated Peach Bottom fuel compacts to study crushing, grinding, 
and leaching. These tests are described in the following sections. 
Feed-preparation and solvent-extraction studies on leach liquors 
derived from carbide-bearing fuels are in progress and hot-cell tests 
of the process are planned for the future. 

Size Reduction: Crushing and Grinding of HTGR Fuel 

Rough crushing of fuel compacts is desirable as a first step in 
preparing a small-particle-size feed for the final fine grinding or 
crushing step. Unirradiated Peach Bottom fuel compacts were rough-
crushed by a conventional hammer mill having fixed hammers on a 
15-in.-diameter 8-in.-long rotor operating at 845 rpra, with the dis
charge bars set for Vg-in.-wide slots. A 75% yield of -6-mesh mate
rial was obtained in a single pass. This indicates that production of 
a 100% -6-mesh product suitable for feed to a fine grinder material 
should present no problem. 
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Early work on fine grinding showed that a high-speed hammer 
mill was excessively worn when HTGR fuels containing SiC-coated 
particles were ground to 35-mesh (500-|i) particles. Ball milling was 
also investigated briefly^' but was unattractive because of low grinding 
rates, the large variation in product size, and the batchwise nature of 
the operation. 

The roll crusher was selected as the fine-grinding method because 
the maximum dimension of the crushed product is determined quite 
accurately by the clearance between the rolls; thus product-classifica
tion equipment and recycle of oversize material can be avoided. 
Furthermore, the roll crusher is a very simple, continuously operated 
machine and should be quite satisfactory for remote use. The size 
reduction that can be obtained in a roll crusher is a function of the 
feed-particle diameter, the roll diameters, the spacing between rolls 
(approximately equal to the product diameter), and the coefficient of 
friction between the feed material and the roll surfaces. The coeffi
cient of friction is expressed as the angle of nip,'^ and this angle is 
of importance for predicting the size-reduction ratio per pass. With 
a mill having 8-in.-diameter rolls, the angle of nip was determined 
to be only 12° for Peach Bottom fuel, primarily because of the low 
coefficient of friction between the fuel and the smooth steel rolls. The 
true angle of nip may be somewhat less than 12° because this machine 
was not sufficiently rigid to maintain a preset roll spacing. Despite 
the problems with this machine, 80% of a —6-mesh feed could be 
crushed to -140 mesh (105 JJ.) in three passes through the mill, de
creasing the roll clearance from 0.045 in. for the first pass to 0.002 
in. for the final passes. Reduction of the particle size to —140 mesh 
was sufficient to ensure rupture of all the fuel-particle coatings. The 
+ 140-mesh fraction remained close to 20% after the second and third 
passes and actually increased with the fourth pass through the mill. 
The explanation for this anomaly is that the roll mill also compresses 
a great number of smaller particles (primarily from the —140 +325 
mesh range) into relatively large but very thin flakes. These flakes 
were up to 3000 |i in diameter but were only about 50 to 140 p, in 
thickness. Therefore the effectiveness of a roll crusher in fracturing 
coated particles can be much greater than is indicated by a sieve 
analysis of the product. 

Machine throughput was measured at several values of roll 
spacing, roll speed, and nominal feed size, but the data were incon
clusive. A tentative conclusion was that a roll speed of 200 rpm gave 
a grinding rate for unfueled graphite of 50 to 200 g/min for 2-in.-wide 
rollers. We estimate that an improved roll crusher with 8-in.-diameter 
12-in.-long rolls should be able to crush - 16-mesh HTGR fuel feed to 
-140 mesh in a single pass at a rate of about 400 kg/day. 
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On the basis of information obtained with the 8-in.-diameter roll 
crusher, an improved machine was designed and built at ORNL (Fig. 6). 
The 12-m,-diameter rolls of this machine are designed to produce 
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Fig. S—Experimental double-^oll crusher for final size reduction of 
graphite fuel 

-140-mesh product in a single pass from -12-mesh material. Two 
aspects of the design and fabrication received special attention: The 
roll spacing mechanism was improved to make it very rigid, and the 
clearance between the ends of the rolls and the side plates was de
creased to a very small value to minimize fuel bypassing the rollers. 
A heavy coil spring bearing against the movable roll yoke acts m a 
direction to force the rolls away from each other; this preloads the 
spacing adjustment mechanism and helps ensure that there is the 
least possible change in roll spacing in going from zero throughput to 
maximum throughput. Preliminary results indicate the machine will 
grind -4-mesh graphite to -12 mesh at a rate of 120 kg/hr; the final 
pass to produce -140-mesh material can be done at a rate of about 
22 kg/hr. 
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Laboratory-scale Leachmg Studies 

An investigation aimed at determining optimum conditions for 
leaching graphite fuels containing crushed carbide has been initiated 
at ORNL. The results obtained thus far showed that the highest ura
nium and thorium recoveries were achieved with boiling 13M to 
16 ¥ HNO3 Fluoride was not required m the leachant as a dissolution 
catalyst for the carbide particles but would be required if the particles 
contained Th02 

The leaching studies were conducted with unirradiated prototype 
Peach Bottom fuel that contained about 3% uranium and 14% thorium 
as carbon-coated ThC2-UC2 particles dispersed in a graphite matrix. 
The fuel was roll-crushed to —140 mesh, and small samples were 
leached with sufficient reagent to produce solutions 0.2M in U + Th if 
all the uranium and thorium were dissolved. After leaching, the res i 
dues were washed thoroughly to ensure maximum recovery of solu-
bilized uranium and thorium. In addition to a determination of the 
amounts of uranium and thorium leached, the leachate and wash solu
tions were analyzed for carbon, present in these solutions as soluble 
organic compounds. The amount of carbon found m solution was com
pared with that originally present m the fuel, assuming that the carbon 
content (9 3%) of the ThC2-UC2 particles represented combined carbon 
(carbide) 

In 5-hr leaches with boiling nitric acid solutions followed by water 
washing of the residues, uranium recoveries increased from about 
99 6 to 99 8% as the mtric acid concentration increased from about 
2M to 13M; the corresponding increase in thorium recovery was from 
about 98 to 99 2% (Table 2). A similar behavior was noted with nitric 
acid solutions that were 0.05M m HF. Uranium and thorium recoveries 
were not significantly increased by the addition of HF to the leachant. 
Slight, but possibly significant, increases m recoveries were obtained 
when the residues were washed with lOM HNO3 instead of water. These 
results, however, may merely show that the 5-hr leaching period is 
insufficient for maximum recovery of uranium and thorium. This 
hypothesis was fortified by other experiments in which the fuel was 
leached with two successive batches of fresh, boiling 13M HNO3. In 
these experiments, recovery of about 99.9% of both uranium and 
thorium was achieved 

The final solutions always contained soluble organic compounds, 
the products of the reaction of the ThC2-UC2 with nitric acid. The 
amount of carbon found m solution corresponded to 13 to 50% of the 
carbide carbon. The effect of the soluble organic compounds on feed-
preparation procedures and on solvent extraction is being investigated. 
Preliminary results indicate that foaming is encountered in the Thorex 
feed-adjustment operation.^^ Earlier work with uranium carbides mdi-
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Table 2 

URANIUM AND THORIUM RECOVERIES AFTER LEACHING 
OF ROLL-CRUSHED PEACH BOTTOM FUEL* 

Leachant composition, M 

HNO3 

2.0 
5.0 

13.0 
15.8 
2.0 

5.0 
13.0 
13.0 
13.0 
13.0 

HF 

0 
0 
0 
0 
0,05 

0.05 
0.05 
0.05 
0.05 
0.05 

Wash 

Water 
Water 
Water 
Water 
Water 

Water 
Water 
Water 
lOM HNO3 
lOM HNO3 

Recover ies , % 

Uranium 

99.6 
99.7 
99.8 
99.8 
99.8 

99.8 
99.8 
99.7 
99.9 
99.8 

Thor ium 

98.2 
99.1 
99.2 
98.8 
96.9 

99.0 
99.4 
99.5 
99.9 
99.9 

Ca 
i 

% 

rbide carbon 
1 leachate . 
of original 

24 
31 
13 

50 

32 

22 

52 

*Fuel was crushed to —140 mesh, and boiling leachant was used in each case . 
Leaching t ime, 5 hr . 

cates that the organic material may cause emulsion formation and 
increased settling times during solvent extraction." This was mini
mized by permanganate oxidation to destroy the organics. Investiga
tions are under way to see if the Thorex feed-preparation boildown 
will eliminate the objectionable organic material or if additional t reat
ment will be required. 

Engineering-scale Leaching Studies 

Preliininary experiments confirmed that fine grinding of Peach 
Bottom fuelx to —140 me^h was necessary to rupture all fuel-particle 
coatings. Also, continuous controlled addition of fuel to the acid in the 
leacher was found desirable to minimize foaming. After these experi
ments leaching equipment was built to process as much as 5 kg of 
ground fuel per batch as a slurry in 10 liters of leachant. The leacher 
was a heated 4-in.-diameter vessel provided with an air-lift sparger 
and an external slurry-re circulation line to provide good mixing. 
Crushed fuel was fed at a controlled rate to the leacher by a pneumatic 
transport system. The filter was a 6-in.-diameter vessel with a 
granular-alumina perforated-metal-plate filter-cake support. 

The flow-sheet conditions and leaching results are summarized in 
Fig. 7 for the first experiment. The leaching acid contained fluoride; 
however, as noted in the laboratory studies, it was probably unneces
sary. In the experiment the rate of addition of ground fuel to the 
leacher was limited to about 75 g/min by the generation of foam from 
the initial reaction with the boiling acid. During the 7-hr reaction 
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PEACH BOTTOM FUEL COMPACTS 

15%Th, 3.5%U, BALANCE C 
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3620 G 
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LEACHING ACID 

13« HNO3,0 .05«HF 
8 LITERS 

RECIRCULATING LEACHER 

(7 HR AT 112 TO 117 °C) 
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(0.8 HR) 

' ' 

GRAPHITE RESIDUE 
2826 G 

0.013% U (0.35% LOSS) 

0.121% Th (0.67% LOSS) 

BALANCE C 

LEACHER PRODUCT 

0.035*/ U 

0.173« Th 

6.1 « H + 
0.5G/LITERC 

12.6 LITER 

Fig. 7—Engineering-scale grind—leach processing of Peach Bottom 
fuel. 

period, the ground fuel was kept suspended in the leacher by boiling 
and by the sparger . The s lu r ry was then t r ans fe r r ed by vacuum to the 
filter vesse l , where the graphite res idue was separa ted from the leach 
l iquor and water washes by vacuum filtration. Solution samples taken 
during leaching showed that the concentration of dissolved carbon 
reached a peak value of about 3.5 g / l i t e r in 1.5 h r (approximately 
0.75 hr after all the graphite was added to the leacher) and slowly 
dec reased to 1.15 g / l i t e r at the end of the 7-hr leaching per iod. 

The resu l t s of the f i rs t run indicated that 99.65% of the uranium 
and 99.33% of the thor ium was recovered from the fuel, in good a g r e e 
ment with the r e su l t s of laboratory work. Additional washing of a 
port ion of the res idue with hot O.lM HNO3 showed that l o s se s could be 
reduced slightly at the cost of approximately doubling the volume of the 
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product and the washing time. However, as noted in the laboratory 
leaching experiments, washing with concentrated acid may be more 
effective in reducing the losses to a very low level. The acid wash 
could then be used as the leachant for the next batch. Additional ex
perimentation is under way. 

Filtration of Graphite Slurries 

Measurements of the permeability to O.IM HNO3 of 1- to 2.5-ft-
deep beds of the —140-mesh residue from the experiment described 
in the preceding section were correlated by the equation (see Fig. 8) 

where V = flow rate through the bed, gal/hr/ft^ 
(Ap/L) = pressure drop through the bed, psi/ft of bed 

|i = the solution viscosity, centipoises 

The bed depth L can be calculated by assuming that the bulk density 
of the graphite settled under O.IM HNO3 is about 0.80 g/cm^, an aver
age value determined in previous experiments. These results indicate 
that vacuum filtration will be satisfactory if the filter cake is not very 
deep. On the other hand, if other considerations such as criticality 
requirements dictate a small-diameter filter vessel, the resulting 
filter cake may be quite deep, thus making pressure filtration more 
attractive than vacuum filtration. 

BURN-LEACH PROCESS DEVELOPMENT FOR GRAPHITE-BASED 
HTGR FUELS 

The burn-leach process (Fig. 9) for graphite-base HTGR fuel 
consists in crushing the fuel to a suitable size and feeding it to a 
fluidized-bed burner where the graphite and carbide carbon are con
verted to CO2 and CO gases. The resulting fuel oxides are then dis
solved in fluoride-catalyzed nitric acid and, after feed adjustment, 
uranium and thorium are recovered by solvent e x t r a c t i o n . The 
fluidized-bed burner permits high combustion rates at relatively low 
temperatures, produces a free-flowing ash, and is easily operated. 

Engineering feasibility of the burn-leach process was established 
in small-scale experiments with unirradiated fuel.'^ The principal 
process problem is whether the burner off-gas can be decontaminated 
sufficiently to permit its release to the atmosphere. Hot-cell tests are 
currently under way at ORNL to demonstrate the process. The prin
cipal objective of these experiments is to determine the extent of 
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Fig. 8—Perm,eability of filter cakes of —140-mesh leached graphite 
to O.IM. nitric acid. 

volatilization of fission products into the off-gas and to test various 
methods for off-gas cleanup. Supplemental objectives are to determine 
the amount of fission products deposited on the burner surfaces and to 
study leaching, feed preparation, and solvent-extraction performance. 

As a guide to these experiments, the fission-product activity of the 
burner off-gas was estimated^^ for a plant processing HTGR fuel with 
a carbon-to-thorium ratio of 200 and a ^̂ Û to ^'^Th ratio of 0.068. 
The calculations were made for a burnup of 84,000 Mwd/metric ton, 
with 2100 days of irradiation and 250 days of cooling. The fission 
products Kr, Ru, Te, Cs, Se, and Tc were found to be the only ones 
that would volatilize significantly as oxides during combustion. Since 
the composition of the burner off-gas determined experimentally*^ 
(5% CO, 5% O2, and 90% CO2) is a nonequilibrium mixture, one cannot 
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Fig. 9—Burn—leach process for graphite-base reactor fuels. 

predict whether oxidation or reduction (by CO) of the fission products 
will have the predominating influence. Oxidizing conditions were 
assumed, since fission-product volatilization is most likely to occur 
under this condition; and hence the fission-product volatilization 
results predicted by calculation would tend to be conservative com
pared to those obtained in actual fluidized-bed combustion. The results 
of the calculations (Fig. 10) roughly substantiate tube-furnace com
bustion experiments and indicate that appreciable volatilization of 
fission-product oxides may occur at 750° C. If the off-gas is cooled to 
room temperature and passed through absolute filters before dis
charge, ^^Kr will be the principal activity in the gas and will not 
normally represent an atmospheric disposal problem. Another tenta
tive conclusion is that the fission products noted may tend to reflux 
between the hot fluidized bed and the burner filters, thus creating a 
heating problem in the burner if they are allowed to accumulate 
indefinitely. Resolution of these problems must await the results of 
the hot-cell experiments; so it is premature to draw final conclusions 
from the preceding data. 
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Fig. 10—Calculated equilibrium fission-product content of fluid-bed 
burner off-gas (oxygen pressure, 1 atm). 

ADSORPTION OF PROTACTINIUM ON UNFIRED VYCOR 

Adsorption of protactinium on unfired Vycor has the capability of 
232T producing low- U-content ''''''U from highly irradiated power-reactor 

233, fuels. The process for recovering "'^Pa by adsorption on unfired 
Vycor glass" was demonstrated in hot-cell experiments with feeds 
prepared by dissolving sol-gel thoria fuel specimens in boiling 
13M HNO3-0.05Af HF-O.IM A1(N03)3. The specimens had been i r radi-



DEVELOPMENTS IN THORIUM FUEL PROCESSING 609 

ated to about 5000 Mwd/metric ton in an average unperturbed neutron 
flux of 2.6 X 10" neutrons/cm^/sec and decayed 27 days. 

As an example of the results obtained in the hot-cell runs, Fig. 11 
shows the data obtained in an experiment with 100- to 120-mesh 
unfired Vycor. About 97% of the protactinium was adsorbed from a 
solution containing thorium (126 mg/ml), uranium (0.82 mg/ml), ^^^Pa 
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Fig. 11—Isolation of ^^^Pa by sorption on 100- to 120-m.esh unfired 
Vycor glass. Feed: 11.4U HNO3, O.OSM^HF, O.lUAl, 0.54U Th, 0.82 
mg/ml of U, and 54 nig/liter of ^^^Pa; 1.4 x lO'^ gross gamma counts/ 
min/ml; 410 ml. Wash: lOM HNO^ and O.IU AKNO^)}; 45 ml. Strip: 
0.5M oxalic acid; 50 ml. 
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(54 mg/liter), and 1.4 x lo'^ gamma counts/min/ml. The solution was 
11.4M in HNO3, O.OSMin HF, O.lMin A1(N03)3 and was passed through 
a column 0.9 cm in diameter and 17 cm long containing 7 g of unfired 
Vycor. At a flow rate of about 1 ml/min, the column was loaded to 3.1 
mg of ^^^Pa per gram of glass. The loaded column had to be cooled 
with water to prevent boiling. The Vycor was washed with about eight 
column volumes of lOM HNO3-O.IM A1(N03)3 at a flow rate of 0.5 
ml/min. This removed 1.5% of the adsorbed protactinium. The r e 
mainder of the protactinium was then eluted with 0.5M oxalic acid. 
The first 15 ml of product contained about 98% of the protactinium at 
an average concentration of 1.46 mg/ml or about 25 times the concen
tration of protactinium in the feed. The eluant sample having the peak 
^''Pa concentration (2.86 mg/ml) had to be diluted to prevent boiling. 
The protactinium product was decontaminated from Zr—Nb, rare 
earths, thorium, and uranium by factors of 5.5, 4.8 x 10^ a l x 10^, 
and 5:5.7 x 10^ respectively. The ^̂ Û that would be obtained from the 
decay of the protactinium would contain only about 0.1 to 0.5 ppm of 
232u, 

Radiation appeared to have little or no effect on the unfired Vycor 
glass. A second experiment, with this same column, showed very 
nearly the same adsorption and stripping characteristics. 

In a more optimized process for recovering protactinium, the 
Vycor would probably be loaded to about 2.5 mg of ^^^Pa per gram of 
glass to ensure 99% adsorption of the protactinium. This would result 
in slightly lower losses in the wash step and perhaps lower protac
tinium concentrations in the product but would have no effect on the 
product purity. 

Other experiments showed that silica gel was slightly less effec
tive and zirconium phosphate was only half as effective for protac
tinium recovery. Suitable stripping methods were not found for 
zirconium phosphate. 

CLOSE-COUPLED PROCESS STUDIES 

The gamma activity associated with daughters of both ^̂ Û and 
^^'Pu recycled from power reactors necessitates shielding for fuel 
fabrication. Since this shielding is required, only a partial decon
tamination from fission products may be necessary during chemical 
processing. Fuel-cycle cost reduction may also be achieved if pro
cessing and fabrication plants are close-coupled and perhaps located 
at the reactor station. The purpose of this program is to study simpli
fied, low-cost chemical processing methods which will yield a product 
decontaminated from fission products by a factor of about 1000 and 
which will be suitable as a feed for the sol —gel process for remote 



DEVELOPMENTS IN THORIUM FUEL PROCESSING 611 

fuel refabrication. Initial emphasis is on the thorium fuel cycle; later 
we will consider the problems of liquid-metal-cooled fast-breeder 
reactors. The best application of close-coupled processing in the 
immediate future may be for the HTGR's; however, for initial evalua
tion of the principle of close-coupled processing, we are considering 
a conventional Zircaloy-clad Th02-U02 fuel for which processing 
technology is well developed. 

Chemical and Engineering Development 

The chemical development program initially consisted of evalu
ating processing methods other than solvent extraction to see if any 
would be more suitable for a close-coupled plant.'^ A number of pos
sible methods such as peroxide, oxalate, and phosphate precipitation 
and electrodialysis were investigated; but anion exchange was the only 
method that gave promise of being developed into a workable process. 
However, resin capacity and decontamination were low, thus creating 
a recycle problem and requiring several cycles of anion exchange. It 
was concluded that solvent extraction is still the best choice for ura
nium and thorium recovery in a close-coupled plant such as the 
Thorium-Uranium Recycle Facility (TURF). 

We then investigated a batch-differential solvent-extraction sys
tem to see if it was more suitable than continuous solvent extraction 
for a small plant. With 30% tributyl phosphate (TBP) in w-dodecane as 
the solvent and a feed that was 1.62M thorium, 0.13M uranium, and 
O.IM acid deficient, more than 99.9% of the uranium and 48% of the 
thorium were extracted in 3.3 volumes of solvent. The decontamination 
factor of the uranium from gross gamma activity was 1400. Continuing 
the extraction until 9.8 volumes of solvent were used resulted in the 
extraction of 95% of the thorium and lowering of the overall decon
tamination factor to 100. The remaining 5% of the thorium would have 
to be recycled to avoid lowering the overall decontamination factor 
below 100. Further testing showed that about 25% of the fluoride and 
about 40% of the zirconium dissolved in the leaching was extracted. 
The fluoride, in particular, would be highly undesirable in the recon
stituted fuel. A high-thorium-content, dense, second organic phase will 
form in TBP extraction of thorium if the solubility of the TBP —thorium 
complex is exceeded. This second phase was encountered in laboratory 
experiments but caused no difficulty. However, batch-extraction tests 
in a small pulsed column were unsuccessful because an aqueous 
second-organic-phase emulsion formed and the organic holdup in the 
column was excessive, even at very low throughput rates. For these 
and other reasons, we concluded that batch extraction for uranium and 
thorium recovery was undesirable. We are now concentrating on im
proving the continuous Thorex solvent-extraction process. 
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Conceptual Plant Studies 

A conceptual engineering design and preliminary economic evalu
ation was made for a small close-coupled plant for processing, at a 
rate of 165 kg/day, Zircaloy-clad, vibratorily packed sol-gel Th02-
UO2 fuel irradiated to at least 20,000 Mwd/metric ton. This particular 
capacity and fuel type (metal-clad oxide) was chosen to permit com
parison of the close-coupled plant with a small on-site plant of similar 
capacity but for low-enrichment uranium fuel, very good decontamina
tion products, and conventional direct fabrication. The ground rules 
and cost assumptions used in the close-coupled study were practically 
the same as those used in the small-plant study. In our study it was 
assumed that batch-differential solvent extraction was used in the 
processing plant; when this proved impractical, the study was repeated 
to estimate costs for a single-cycle continuous-extraction system. 
We found that the difference in costs between the batch and the con
tinuous processes was insignificant. The close-coupled plant was 
assumed to be fully integrated with a lOOO-Mw(e) reactor station and 
included: 

1. Underwater fuel-element storage and dismantling. 
2. A remote maintenance shear- leach head end, with feed adjust

ment, acid recovery, high-level off-gas treatment, and high- and low-
level waste-evaporation equipment in the same area. 

3. Solvent extraction with 30% TBP followed by sol preparation 
according to simplified method based on extraction, with a long-chain 
amine, of the nitrate from blended uranium and thorium nitrate product 
solutions. 

4. Gel formation, firing, and sizing. 
5. Fuel fabrication in an adjoining remotely operated facility 

similar in design to TURF." 

Capital costs for the processing plant were estimated^" from pre
liminary conceptual equipment and building layouts; operating costs 
were derived by adjusting published data^* to an integrated facility of 
relatively small size and adding perpetual-care waste-storage charges 
derived from computer calculations.^^ Capital costs for the fabrica
tion plant were estimated by computer,^^ and operating costs for the 
fabrication plant were estimated on roughly the same basis as for the 
chemical plant. Fully developed technology was assumed, and a frugal 
approach was used on plant staffing and overhead. 

The processing and remote-fabrication cost (Table 3) of $156/kg 
of U + Th cannot be compared with today's costs because experience 
is not available for remote fabrication. However, the processing-cost 
component is estimated to be about $75/kg of U + Th compared to the 
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published NFS price^^ of about $78/kg for processing the Indian Point 
Reactor Th02 core. This comparison is encouraging, considering that 
the close-coupled plant throughput is one-third of the NFS rating for 
thorium and the processing product is a denitrated, mixed U —Th sol 
suitable for gel formation. However, the thorium fuel cycle still costs 
more than low-enrichment uranium. For example, the small on-site 

Table 3 

CAPITAL AND OPERATING COSTS FOR A SMALL 
CLOSE-COUPLED PROCESSING PLANT 

Capital cost 
P roces s ing building and equipment $ 7,430,000 
Fabricat ion building and equipment 5,300,000 
Star t -up cost, p rocess ing plant* 1,420,000 
Star t -up cost, fabrication plant* 1,448,000 

Total capital investment $15,598,000 

Annual operating cos t t 
Capital amort izat ion at 221/2% pe r yea r $ 3,510,000 
P rocess ing plant (direct costs) 1,420,000 
Fabricat ion plant (direct costs) 2,556,000 
Solid waste 75,000 
High-level waste s torage 282,000 
Medium-level waste s torage 153,000 

Total annual operating cost $ 7,996,000 

($156/kg of U + Th) 

* One-year operating cost, e x c l u d i n g waste s torage and fuel-
elemient hardware . 

t Exclusive of inventory charges and cost for U + Th makeup. 

plant study^^ estimated a cost of $120/kg of low-enrichment uranium. 
This indicates that the more complex thorium processing system and 
remote fabrication for metal-clad oxide fuel costs about 30% more 
than low-enrichment uranium oxide fuel and high-decontamination 
processing and direct fabrication. Thus it appears that the future of 
the thorium cycle lies with the advanced converters, such as the 
HTGR, where the unique advantages of thorium as a fuel can be 
realized. Extra head-end costs, perhaps amounting to as much as 
$134/kg of U+ Th in the case of HTGR fuels,^^ maybe charged for 
processing in existing plants. Therefore we think that small close-
coupled plants may be a desirable interim solution to minimize cost 
disadvantages of thorium fuel until large central thorium-fuel-cycle 
plants can be justified. 
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ABSTRACT 

One of the main objectives of the Dragon Project has been to carry out a re 
search and development program directed toward general problems of the high-
temperature reactor (HTR). To assess with a higher degree of confidence the 
generating costs of a HTR power plant, a conceptual design study for reprocessing 
of HTR fuel was initiated early in 1964. The size of the reactor program was put 
at 10,000 Mw(t); and for the purpose of costing spent-fuel reprocessing and r e 
fabrication, it was decided that a central reprocessing-refabrication plant would 
be required. Some additional assumptions were as follows: fuel, (U,Th)C2^ (93% 
enriched, pyrocarbon-silicon carbide-pyrocarbon-coated particles of approxi
mately 500 Mm in diameter); burnup, 150,000 Mwd/metric ton over 4 years; 
reloading, 25% of the core per year; thorium-to-^^^U ratio, 12; and carbon-to-
235u ratio, 3000. On the basis of these specifications, the daily throughput of the 
reprocessing plant is approximately 90 kg of heavy metal and 1000 kg of carbon. 

Two routes are under investigation for the head-end treatment: a grind— 
leach process and a grind-leach process preceded by electrolytic compact dis
integration. Decontamination and product separation is carried out by a modified 
Acid-Thorex process. The merits of low decontamination from coextr acted 
U - T h - P u associated with remote refabrication are compared with high decon
tamination of separated uranium as required for direct refabrication of HTR fuel 
in lightly shielded equipment. 

Capital and direct operating costs are presented for the grind-leach head
end process and the solvent-extraction separation system. 

The successful construction and operation of the High Temperature Re
actor Dragon (HTR), an undertaking of the Organization for Economic 
Cooperation and Development (OECD), allows the economics of large 
HTR power stations to be estimated with confidence. Thorium—uranium 
fuel-cycle studies carried out in support of this project suggest that op
timum fuel costs are obtained with a feed—breed system in which the 
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reprocessed fuel is returned. Whereas fabrication techniques for the 
basic nonirradiated fuel materials were successfully developed by the 
Dragon Project, insufficient information on reprocessingandrefabrica
tion of spent fuel made it desirable to carry out a cost study for a con-

^^'ceptual reprocessing and refabrication facility. In 1964, therefore, a 
''-.^de^gn_cost,s|udy for a centralized reprocessing and refabrication plant 

to meet the requirements of a 10,000 Mw(t) reactor program was 
\ initiated. 

At that time some uncertainties existed on core design and fuel 
composition for high-temperature power reactors. As a basis for the 
study, a simple core and fuel-element arrangement was chosen. More
over, the assumption of a homogeneous unsegregated and average com
position feed—breed core was introduced. The conclusions will there
fore apply with some reservations to the initial stages of a large HTR 
power program, for which optimization may lead to a different result. 

, The present paper is an interim report of the work carried out so 
far in the lield of reprocessing HTR U—Th fuel. ' It describes the 
head-end treatment of the fuel after cooling and transport to a central 
irradiated-fuel storage facility at the reprocessing site. For the en
visaged coated-fuel concept, the grind—leach process was chosen; this 
offers the advantage of simplicity. Solvent-extraction processes were 
selected for both intermediate decontamination from coextracted 
U—Th—Pu products and maximum decontamination of separated ura
nium. These two reprocessing routes in conjunction with remote and 
direct fuel fabrication seem to be of primary interest to the U—Th 
fuel cycle. Capital costs and direct operating costs for both routes, 
including costs for storage of highly active waste liquor and estimates 
of the quantities of gaseous, solid, and lower-order active wastes, 
are presented. As a potential alternative, anodic disintegration prior 
to grinding has been studied with a view to reducing the costs as
sociated with the storage and disposal of large quantities of highly 
active solid waste. 

Contracts for the HTR fuel reprocessing and refabrication cost 
study were placed with the United Kingdom Atomic Energy Authority 
(UKAEA) and the Comitato Nazionale per I'Energia Nucleare (CNEN), 
Rome. By the end of 1965, the first phase of this study up to the speci
fied products for the sol -gel refabrication processhadbeen completed. 

PLANT, FEED, AND PRODUCT SPECIFICATION 

The Dragon study is based on a central reprocessing and refabri
cation site, serving the requirements of a 10,000__Mw:{t) reactor pro
gram. Details of the fuel, e.g., geometry and composition, are given 
where required. Thus far in the study it has been assumed that no dif-
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ference exists between feed and breed elements, i.e., their composition 
and sequence of charge —discharge. 

The basic fuel-cell cluster consists of seven hexagonal elements 
(17.6 cm across flats, 100 cm long with 19 axial 3-cm-diameter holes 
equally spaced) containing the U-Thin graphite compacts. The fuel is of 
the fission-product-retaining type (U,Th)C2.4 fuel kernel [pyrocarbon — 
silicon carbide—pyrocarbon coated, approximately 500 iim in diameter 
(overall, 750 |jm)] pressed into compacts with graphite powder. 

For the purpose of this study, it has been assumed that the dis
mantling of the fuel cells into clusters of elements takes place at the 
reactor and that the unirradiated fuel undergoes a cooling period of 150 
days before transport. The fuel will arrive at the reprocessing site in 
air-cooled flasks containing four hermetically sealed, disposable mild-
steel cans, each containing a cluster of fuel elements. The cans are 
filled with helium at 1 atm. The fuel elements will be free of structural 
components of metal or materials other than graphite. An irradiated 
fuel store either under water or gas cooled will be installed at the r e 
processing site to allow a further 50 days of cooling and to provide, in 
addition, storage for a processing stock of a 41-day supply of 200-day 
cooled fuel. Descriptions of fuel handling and storage at the reactor, 
transport flasks, and the reprocessing-site store are not included in 
this paper. 

For the present study the following quantities of fissile, fertile, and 
moderating material in the discharged equilibrium fuel are expected: 

Mat 

Carbon 
Thorium 

er ia l 

F i ss i le uranium 
Nonfissile 
Plutonium 

uranium 

Fission products 
Silicon (in SiC) 

Discharged pe r ye 

316,500 
21,500 

1,460 
1,280 

18.3 
3,300 
2,660 

With respect to total uranium in the equilibrium fuel, the ^̂ Û con
tent was 400 ppm (~ 77 curies/day) in the discharged material. Values 
were derived for the following core parameters: fifa, 1.6; burnup, 
150,000 Mwd/metric ton; average rating, 1.2 Mw(t)/kg of initial fissile 
material; N value, 12 (total thorium-to-fissile uranium atomic ratio for 
refabricated fuel); and S value, 3000 (total carbon-to-fissile uranium 
atomic ratio for refabricated fuel). An average reloading sequence of 
one-fourth of each reactor core was specified at 300 days of nominal 
power rating per year. 

The expected fission-product activity after 200 days of cooling is 
about 1 X 10^ curies/day, which is equivalent to a heat emission of about 
4 kw per day's input. The main contribution originates, as shown in 
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Table 1 

FISSION PRODUCTS IN THE DAILY FEED TO THE REPROCESSING PLANT 

N u c l i d e 

s^Kr 
«9Sr 
90SJ. 

9 0 Y 

9 1 Y 

9621. 

95 Nb 
M3RU 

l»3Rh 

» 8 R U 

W«Rh 
«5Sb 
131J 

C u r i e s p e r 
• p r o c e s s i n g d a y 

3.8 X 10* 
2 .2 X 10* 
4 . 3 X 10* 
4 . 3 X 10* 
4 .0 X 10* 
5 . 1 X 10* 
1.0 X 105 
7.0 X 10^ 
7.0 X 10^ 
1.8 X 10* 
1.8 X 10* 
9.8 X 102 
3.8 X 10-3 

N u c l i d e 

«*Cs 
* " C s 
« ' B a 
" " B a 
»*''La 
" i C e 
143 p J, 

i**Ce 
144pr 

" ' N d 
147 p n , 

' " S m 
154EU 
155EU 

C u r i e s p e r 
p r o c e s s i n g d a y 

2 .5 X 10* 
3.9 X 10* 
3.9 X 10* 

9.8 
9.8 

6.6 X 103 
1.9 X 10 
2.7 X 105 
2 .7 X 10^ 
9.8 X 10-1 
1.1 X 10^ 
9.8 X 10^ 
3.6 X 10^ 
1.5 X 10^ 

Table 1, from the individual active fission products ^^Nb, ^^^Ce, "*Pr, 
and **'Pm. The quantity of ^^^Pa was assumed to be fairly negligible 
after 200 days of cooling. 

The acceptable radioactivity for refabrication of the fissile—fertile 
materials depends on the choice of refabrication route. For the inter
mediate decontamination process from fission products, followed by re 
mote refabrication, the gamma-curie-Mev emission of the U - T h - P u 
mixture is compared with that of the fission products. With the assump
tion of an estimated weight of 3.7 g of ^̂ Û in equilibrium recycled fuel 
and of ^̂ ^Th at its full amount in secular equilibrium with ^̂ ^U, it be
comes evident that the major gamma emission from U-Th mixtures 
IS from the " ' u - Th decay-products chain. The gamma activity of this 
chain was estimated, according to Table 2, at 102 curie-Mev per day's 
output of T h - U - P u . The target for the low-decontamination process is 
taken as that which reduces the gamma energy from fission products in 
the end product to about one-fourth of this value. 

The design standards applied with regard to airborne hazards of 
uranium and thorium, plutonium (separately), and the mixture are as 
allowed for in the International Commission on Radiological Protection 
(ICRP) recommendations. For both reprocessing and refabrication 
routes, the plant will be totally enclosed to control the alpha activity of 
the fissile-fertile fuel. The maximum permissible concentrations 
(MPC) in air of the homogeneous U-Th product mixture is about 
50 dis/min/m^, that for the U - T h - P u product mixture about 25 d i s / 
min/m^, and that for the separated plutonium about 0.5 dis/min/m^. If 
separation of plutonium can be discounted by the use of established 
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Table 2 

GAMMA- MEV EMISSION FROM THE 232u DECAY CHAIN PRESENT IN 
THE DAILY U - T h - P u PRODUCT FROM THE LOW-DECONTAMNATION 

SOLVENT-EXTRACTION PROCESS 

Species 

232u 
228-ph 

"*Ra 
22«Rn 
212pb 
212B1 
212po 
208 rpj 

Cur ies /day 

76.5 
76.5 
76.5 
76.5 
76.5 
76.5 
50.5 
26.0 

Gamma 
emiss ion , 

% 

0.286 
2.2 
3.72 
0.03 

39.1 
9.58 

Negligible 
238.7 

Mean gamma 
energy, 

Mev 

0.081 
0.113 
0.24 
0.54 
0.244 
0.792 

1.425 

Total 

Curie-Mev 
gamma/day 

0.018 
0.19 
0.687 
0.012 
7.3 
5.81 

88.50 

102.51 

p r o c e s s e s throughout refabrication, i ts p resence in the mixed U - T h -
Pu product from this p r o c e s s will i nc rease the a i rborne hazard in the 
refabricat ion plant by no more than a factor of 2. 

For the high-decontamination p r o c e s s , the gamma dose ra te at a 
distance of 1 m from a 1-kg sphere of ^^'u metal containing 400 ppm of 
^̂ ^U i s compared with the contribution from the fission products in the 

Table 3 

DOSE RATES AT 1 M FROM A 1-KG SPHERE OF 233u 
METAL CONTAINING 400 PPM '^^^V 

Time after 
separat ion 

of 228 Th anc 
products , 

1 
2 
4 
8 

16 
32 
64 

1 decay 
days 

Dose r a t e , 
uranium 
m r / h r 

0.17 
0.92 
9.1 

18 
54 

137 
298 

meta l . Es t ima tes of the gamma dose ra te , based on calculat ions ca r r i ed 
out by Arnold^ of the dose ra te from ^̂ ^U metal as a function of the ^̂ ^U 
concentration, at different t imes after separat ion of the 
decay products , a re summar i zed in Table 3. 

228 Th and i ts 
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As a provisional target it has therefore been assumed that the total 
dose rate from fission products in the feed to the refabrication process 
should not exceed that from the ^̂ Û chain at 1 to 2 days after final 
purification. This corresponds to approximately 20 mc-Mev of gamma 
per day's output. The airborne hazard from alpha- and beta-emitting 
isotopes has been estimated for the separated uranium product 8 days 
after its final purification. The MPC of the product in air in terms of 
the alpha count is about 90 dis/min/m^. The main contributions to 
this hazard are from ^̂ Û and ^̂ ^U. 

Refabrication specifications were introduced for the products 
from the low- and the high-decontamination processes. For the low-
decontamination process, the specification was for a mixed U —Th —Pu 
solution of IM thorium, O.IM uranium, and O.IM HNO3. For the high-
decontamination process, the specification was for a separated ura
nium solution of IM uranium and 2M HNO3 and a separated thorium 
solution that is 2M thorium neutral. 

The composition of the separated thorium product may be varied 
for the purpose of storage. To achieve a higher thorium concentration, 
the acidity may be lowered below zero. By this, thorium concentrations 
in excess of 500 g/liter may be achieved without crystallization. No 
specification has been suggested for plutonium storage from the high-
decontamination route. In the present scheme it emerges at concentra
tions of 0.1 to 0.25 g/liter and 1.45M HNO3 contaminated with ferrous 
sulfamate and approximately 100 curies of fission products per day. No 
flow sheet is presented for disposal of this stream; the present inten
tion is to merely concentrate and export it to a plutonium-recovery 
plant. 

Although no firm values on the general metallic impurity content of 
the products can be given, it seems reasonable to assume that the 
amount of metallic impurities can be kept below the 2000 ppm mark. A 
thorium content in the purified uranium product of less than 1 ppm 
should be attained. 

FUEL BREAKDOWN, DISSOLUTION, AND FEED ADJUSTMENT 

The process of size reduction selected for the present Dragon re 
processing assessment study essentially is based on mechanical break
down. This technique was chosen because it is the only one by which the 
coating of the triplex-coated fuel particles can be penetrated in a single 
operation. The process can deal with a wide variety of fuel composi
tions and designs and seems to involve fewer stages than alternative 
routes. As a potential refinement to grinding the intact fuel elements, 
anodic disintegration prior to grinding has been studied on behalf of the 
Dragon Project by CNEN, Rome. This method separates fuel particles 
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from the bulk of the graphite and reduces the volume of material to be 
ground and leached. The design and cost-assessment work discussed in 
this paper excludes electrolytic disintegration, although some of the re 
sults obtained are presented later. 

Fuel Breakdown 

The fuel breakdown and grinding process is explained on the basis 
of Fig. 1 (see page 639). It includes the following process steps: fuel-
element breakdown, grinding, leaching, and feed adjustment. 

The present design envisages vertical charging of four fuel cans 
per day, each containing a seven-element cluster, through a port station 
on top of the breakdown cell. The bottom ends of the cans are cut off 
mechanically, and the clusters are dismantled into individual elements 
and stacked. After inspection for freedom from fuel material, the empty 
cans will be baled and the bales transferred to a contaminated-solid-
waste storage facility. 

Dry milling and grinding has been chosen in preference to a wet 
system because it reduces the problems associated with criticality 
control, hydrolysis of fuel carbides, and corrosion of equipment. 
Primary attrition of the individual hexagonal element section is 
carried out by face milling, which allows an easy control on particle 
size and minimizes dust protection. The higher rate of wear of operat
ing faces in dry attrition is compensated for by the ease of replace
ment of the working parts. 

The millings are fed, through rollers set to crush any oversize 
particles, via a hopper to a pin mill for further size reduction down to 
75 Jim. After repeated classification in a rotary classifier, with recycle 
of oversized particles to the pin-mill grinder, the end product drops 
into one of two charging hoppers withacapacity of half the daily through
put. The rate of product addition is followed by weighing the hoppers in 
situ. The milling capacity is ample for the required throughput, and a 
single cell is capable of handling the daily throughput in 8 hr of opera
tion. A more detailed diagram of the fuel-element breakdown cell can 
be seen in Fig. 2 (see page 640). It is clad internally with stainless 
steel to facilitate decontamination and is filled with a dry nitrogen 
atmosphere to avoid a fire hazard and possible decomposition of ThC2 
and (U,Th)C2.4 mixed crystals by water vapor and oxygen. 

Hydrolysis and Leaching 

Research carried out by the project revealed that under certain 
conditions it is possible to obtain high leaching efficiencies for (U,Th)C2.4 
fuel particles in nitric acid without additions of HF. Although the rates 
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of dissolution are lower than those in the presence of HF, an acceptable 
cycle time and leaching efficiency is achieved if the finely ground par
ticle powder is fed at a controlled rate to a 16M HNO3 solution for hy
drolysis followed by about 20 hr of refluxing. It is anticipated that for a 
thorium-to-uranium ratio of 8 and a liquid-to-solid weight ratio of about 
1.5, the preceding treatment will give uranium leaching efficiency of 
>99.5%. This result needs confirmation with irradiated fuel. For details 
of the hydrolyze—leach process, see Fig. 1. 

The powdered fuel material is fed over a period of IV2 hr by screw 
feeders to one of two half-batch leaching vessels containing 0.865 m^ of 
16M HNO3. The U —Th-fission-product carbides are hydrolyzed, with 
evolution of CO2—NO—NO2 and N2O, to hydrated oxides that are dis
solved during hydrolysis and finally by boiling at 120°C under reflux. In 
the process of hydrolysis, the HNO3 concentration is reduced to 13M due 
to acid consumption. Assuming that >99.5% of the uranium can be ex
tracted in a leaching period of 20 hr and allowing V2 hr for acid charg
ing, 20 hr for leach refluxing and 2 hr for discharge, one should expect 
the hydrolyze—leach cycle to be completed in 24 hr. 

To determine the acid consumption and the quantity of gases evolved 
and the soluble organics produced, it was assumed that the actual com
bining ratio for U-Th and fission products is MeCi.ss and that the r e 
sults of Ferris et al.* for hydrolysis of uranium carbides in 16M HNO3 
also apply to thorium and the fission products. Soluble organic matter 
is also formed during the hydrolyze-leach process by interaction of 
strong nitric acid with graphite. According to Blanco et al.,^ about 2% 
of the graphite is attacked, of which 80% is oxidized to CO2 and 20% re
mains in solution as mellitic acid (C12O12H6) type compounds. On the 
basis of these assumptions, one may expect about 6.8 kg/day of soluble 
organic matter to remain in the leach solution from the present process. 

The off-gases from the hydrolyze—leach process and from the 
subsequent organics degradation treatment will first be oxidized with 
oxygen gas and then absorbed in an alkaline scrubber with an effi
ciency of better than 98%. 

The dissolution equipment is constructed of titanium metal con
taining a lattice of boron carbide filled tubes for criticality control. A 
duplicate dissolver cell is provided as a standby unit. 

After completion of the leaching operation, the slurry will be 
transferred with steam ejectors to Nutsche-type tray filters in which 
the bulk of the graphite will be separated from the product solution. The 
system will be washed thoroughly with four equal volumes of water to 
reduce the dissolved uranium content in the graphite cake to<0.01% of 
the daily throughput and the residual activity of the graphite due to fis
sion products. A conventional filtering process for mass separation was 
chosen because of its simplicity, ease of operation, and suitability for 
remote maintenance. 
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Feed Treatment and Adjustment 

The presence of organic acids can affect the solvent-extraction 
process by complexing Pu(IV) and probably Th(IV) and increasing the 
coalescence times under uranium backwashing conditions. Moreover, 
their presence could reduce decontamination from fission products. It 
is also possible that, in the presence of soluble organics, precipitates 
of metal compounds might occur in solutions of high metal concentra
tions encountered during conditioning of the feed to the solvent-extraction 
plant and in the highly active liquid-waste storage. 

Although the problem of increased coalescence times in the back
wash of the first cycle may be overcome by the use of larger diameter 
columns and operation at higher temperatures, the uncertainties asso
ciated with the various other aspects make it desirable to reduce the 
organics concentration to a practical minimum. Based on Oak Ridge 
National Laboratory experience,^ a permanganate treatment has been 
suggested. Refluxing at high acidity was only moderately effective in 
reducing the level of the organic compounds, but treatment with 
permanganate under proper conditions reduced the soluble organic 
matter to a level at which no difficulties are expected from the extrac
tion side. 

The proposed treatment is carried out in a single boron carbide 
poisoned batch evaporator operated under vacuum. The sodium per
manganate is added to the unevaporated bulk leach and washes liquors 
(Th-U concentration, ~16 g/liter). It has been assumed that by this 
process the content of carbon present as soluble organics can be r e 
duced from initially 6.8 kg to about 1.3 kg. Details of this process, 
which is shown in Fig. 1, may have to be redefined on the basis of 
further experiments. After the oxidation step the bulk volume of the 
leach liquors is reduced from 5 m^/day to approximately 1 m^/day, 
thus reducing the load on the subsequent filtering process and feed-
conditioning stage. The Mn02 formed during the organics degradation 
process will be removed in a second Nutsche-type filter prior to feed 
adjustment for the solvent-extraction purification process. 

The solution from the second filtration is transferred for concen
tration and acid removal to a batchwise-operated tubular evaporator, 
which is limited by geometry. The end product will have a U—Th con
centration of about 1000 g/liter. Stainless steel has been proposed as 
the construction material. To limit corrosion, operation is carried out 
under vacuum at a reduced temperature (~70 to 100°C). This treatment 
will reduce the acid concentration to about 2.5M. Further acid reduc
tion down to —0.36M is achieved by steam distillation at a constant con
centrate volume in the evaporator. The use of formaldehyde or alterna
tive organics for nitrate decomposition was discarded until more is 
known of the implications in applying reducing agents to such systems. 
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Before it is conditioned to acid deficiency, Pu(IV) is oxidized to the 
hexavalent state with dichromate ions to avoid possible precipitation of 
colloidal hydroxide polymer. The acid-deficient concentrate is t rans
ferred at high temperature into a batch conditioning vessel (boron car
bide poisoned) containing the correct amount of water to dilute the solu
tion to the specified feed composition of 250 g/liter of thorium, 31.3 
g/liter of uranium, and O.IM acid deficiency. Some ruthenium condi
tioning is carried out finally to maintain this element in an inextract-
able form. From the literature and laboratory studies, it seems that 
the formation of nitrite ions by radiation of nitrate converts ruthenium 
to a tributyl phosphate (TBP) extractable form. To reduce this effect, it 
is proposed that a nitrite suppressant, e.g., urea or sulfamic acid, be 
added. 

PURIFICATION AND SEPARATION 

Having opted for a grind—leach head-end process, the choice of 
solvent-extraction techniques for the purification and recovery of the 
fissile-fertile material for the Dragon conceptual design study follows 
logically. Alternatives such as halide volatility, pyrometallurgical, or 
fused-salt processes showed no technical advantages for the purification 
of a system containing U - T h - P u and carbon. Furthermore, solvent ex
traction has been used widely already for purification of nuclear mate
rial; this allows selection of an appropriate purification route with a 
higher degree of confidence. 

Tributyl phosphate in odorless kerosene (OK) was selected as the 
extracting agent on the basis of its superior ability to coextract ura
nium, thorium, and plutonium. No firm choice has been made yet r e 
garding the solvent-extraction equipment, although this paper suggests 
the use of pulsed columns rather than mixer-se t t lers . Pulsed columns 
have been used as the basis for costing purposes. Some technical 
features of pulsed columns (e.g., shorter residence and contact times 
with the high-activity fission-product liquor, easy criticality control, 
and mechanical simplicity) seem to support this choice. It is likely that 
at the estimated activity of liquors in the Dragon process the production 
of dibutyl phosphate (DBP) and complexing ligands by radiolysis of TBP 
and OK would be significant.' This would affect the decontamination effi
ciency. A similar advantage seems to exist with regard to safe dimen
sions. Pulsed columns of a diameter capable of handling the volume 
throughput in this process are virtually eversafe, whereas slab m i x e r -
settlers giving the same safety would be so shallow as to be difficult to 
design and install. A final decision is not intended within the terms of 
this study. Alternatives are currently being investigated by CNEN, 
Rome. 
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Low-decontamination Solvent-extraction Process 

As specified in the section entitled "Plant, Feed, and Product 
Specifications," the gamma emission from fission products in the 
U —Th—Pu product from the low-decontamination process should not 
exceed 25 curie-Mev per day's output. The main contribution in terms 
of gamma emission in the product is expected from the isotopes •'"̂ Ru — 
"^Rh and "'^Ru-^'^Rh present to the extent of 7.6 x 10^ curie-Mev 
gamma/day in the feed and from the isotopes ^^Zr—'^Nb, which con
tribute about 1.1 X 10^ curie-Mev gamma/day in the feed. This suggests 
that a minimum decontamination factor (DF) of 300 for ruthenium and 
of 4500 for zirconium and niobium is necessary to achieve the target. 

The process adopted for the present fuel-reprocessing study is 
basically an Acid-Thorex process' modified to suit the particular r e 
quirements of the specified reference fuel. To ensure efficient coex-
traction of thorium with uranium and plutonium in a reasonable solvent 
volume, a provisional choice of 30% TBP in OK was made. Firm pre 
dictions of the decontamination factors achievable with the suggested 
process are not possible without active pilot-plant trials, but it has been 
reported^ that DF's even higher than those specified for the present 
route may be achieved. Some uncertainty exists with regard to DFRU 

since the bisulfite treatment cannot conveniently be applied to the 
Dragon feed solution. To improve the decontamination in the first puri
fication cycle, a five-stage heated (50 to 65°C) scrub section was added 
to the cold (25°C) scrub. Based on the results of Duncan et al.,^ this 
additional scrub should increase DFRU and DFzr-Nb by factors of the 
order of 3 and 8, respectively. 

From consideration of the preceding results and qualifications, it 
has been assumed for this study that DF's of 500 and 10* for ruthenium 
and for zirconium and niobium, respectively, are attainable in the puri
fication cycle. The resulting activity from these fission products in the 
T h - U ~ P u output should then total 25 curie-Mev gamma/day. 

The actual purification process is detailed in Fig. 3 (see page 641) 
and can be described as follows: The conditioned U - T h - P u solution is 
metered continuously with a rotary constant-volume feeder to the feed 
plate of the first column; 12M HNO3 is supplied to the fourth extraction 
stage to increase the extraction of thorium without affecting the decon
tamination from Zr—Nb. The solvent extract is fed into the upper cold 
scrubbing section of column 1, where fission products are removed by 
a wash with 2.5Af HNO3 pumped from the bottom of the hot scrub column 
lA. Final decontamination from residual fission products is carried out 
in column lA with 1.5M HNO3 at a temperature of 50 to 65° C. The aque
ous scrub is collected and transferred back to the top of column 1. The 
fission-product waste from column 1 is steam stripped to remove sol-
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vent and sent to storage. Backwashing of the U —Th-Pu product is car
ried out in column 2 with O.OhVI HNO3 fed to the top of that column. 

The pulsed solvent-extraction columns are designed for the speci
fied requirements of fission-product decontamination and maximum 
uranium losses of <0.01%. The transport of liquor from one unit to 
another is by gravity flow. 

A diluent wash for the aqueous product from the backwash column 
is proposed to remove entrained or dissolved TBP. Such removal is 
necessary to avoid formation of degraded TBP audits possible reaction 
with the concentrated HNOs-U-Th-Pu nitrate solution. Removal of 
TBP with diluent is preferred to removal by steam stripping to avoid 
hazards of polymeric plutonium formation. 

The product solution is collected in either of two intermediate 
holding vessels prior to being pumped into a tubular evaporator that is 
geometrically limited and operated under vacuum. The solution is con
centrated here to approximately 1100 g of heavy metal/liter and the 
acidity reduced at the same time to0.4>/HNO3. The concentrated liquor 
is then fed into collecting tanks containing water to dilute the produce 
to 260 g of heavy metal/liter at an acidity of O.tM HNO3. Each export 
tank has the capacity for a 1-day throughput and provisions for analyti
cal sampling. Facilities are provided for recycling any "out-of-speci
fication" product through the purification process. 

Following the general practice observed throughout the design of 
this plant, provisions were included for duplication of equipment han
dling high-activity liquids, e.g., column 1 and the associated rotary 
feeder. 

High-decontamination Solvent-extraction Process 

For this process it was specified that thorium and plutonium should 
be separated from uranium and stored after partial purification. Only 
the uranium stream will be purified further and conditioned to the feed 
requirements of a refabrication plant. 

The high-decontamination and separation process corresponds to a 
lightly shielded fuel-refabrication facility. The decontamination factors 
for the fission products have therefore been related to the dose rate of 
the product uranium. The dose rates at 1 m from a 1-kg sphere of ^̂ Û 
containing 400 ppm of '̂̂ Û are summarized in Table 3. The main con
tribution to the dose rate from fission products is again expected from 
^'^Ru-^^Rh, "^Ru-^^'Rh, and ^^Zr-^^Nb. By considering the quantities 
of these isotopes in the feed (Table 1) and the dose rates from the unit 
activity of each of the isotopes in a 1-kg sphere of uranium metal 
(Table 4), one can see that the required DF's in the high-decontamination 
process are governed by the expression 
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1.7x10'' 3.6x10^ 
DF Ru DF-Zi+Nb 

> dose rate from 1 kg U 

From this the minimum DF's for ruthenium and Zr -Nb to reduce 
the dose rate from these to that from the uranium at 1 day after purifi
cation are 10^ and 2 x 10^; respectively. At two days after purification, 
the corresponding DF's would be 2 x 10^ and 4 x 10^: 

Table 4 

DOSE RATES* FROM FISSION PRODUCTS IN THE URANIUM PRODUCT 
FROM THE HIGH-DECONTAMINATION PROCESS 

Isotopes 

W^Ru 
106 Ru 
95zr 
95 Nb 

Quantity 
in feed, 

mc/kg of U 

7.7 X 10^ 
2.0 X 106 
5.6 X lO'' 
1.1 X 10' 

D F ' s 

5.5 X 10= 
5.5 X 10^ 
3.6 X 10' 
3.6 X 10' 

Quantity 
in product, 

mc /kg of U 

1.4 
3.64 
0.155 
0.306 

Specific dose 
r a t e s from Dose r a t e s from 

isotopes , fission products 
m r / h r per in U product, 
m c / k g of U m r / h r pe r kg of U 

0.084 0.117 
0.0536 0.195 
0.205 0.031 
0.224 0.069 

Total 0.412 

*At 1 m from a 1-kg sphere of uranium metal in which the fission products 
a r e homogeneously dis t r ibuted. 

After a study of DF's attained in various multicycle processes and 
a comparison of the relative merits of a series of proposed schemes, a 
three-cycle process was chosen which has a first cycle basically r e 
sembling the one for low decontamination but which has two additional 
purification cycles using 5% TBP-diluent. Table 5 summarizes the 
minimum additional DF's required beyond the first cycle to meet the 
overall decontamination target. From this it was concluded that DF's as 
high as these are unlikely to be readily attainable in a single additional 
cycle with any margin of safety. To allow for uncertainties in process 
efficiency due to long-term solvent degradation, variation of conditions, 
etc., but also for a final cleanup of the uranium product from ingrown 
228 

Th, a third purification cycle was included. 
Relatively conservative DF's for ruthenium and for Z r -Nb of 50 

and 120 in the second cycle and of 20 and 30 in the third cycle, respec
tively, have been allocated as readily attainable with a minimum of de
velopment. These lead to overall DF's for the three-cycle process of 
5.5 X lO'' for ruthenium and 3.6 x lO'' for Zr -Nb . The dose rates from 
fission products in the uranium product corresponding to these overall 
DF's are summarized in Table 4. Reference to Table 3 shows that these 
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Table 5 

DECONTAMINATION FACTORS REQUIRED FOR THE HIGH-
DECONTAMINATION SOLVENT-EXTRACTION PROCESS 

. Minimum overall DF ' s in f irs t Minimum additional 
^ ^ . DF ' s required purification cycle DF ' s required 

product Ruthenium Z r - N b Ruthenium Z r - N b Ruthenium Z r - N b 

2 days 2 x 10^ 4 x lO" 5 x 102 1 x 10* 4 x 102 4 x 10^ 
1 day 1 X 106 2 x 10' 5 x 102 1 x 10* 2 x 10^ 2 x 10^ 

amounts of fission products contribute a dose rate equivalent to that 
from the uranium itself at about 1.4 days after final purification. 

The high-decontamination solvent-extraction-process flow sheet 
is given as Fig. 4 (see page 642). The conditioned product liquor from 
the grind-leach process is metered by a constant-volume feeder near 
the center of the first column where U - T h - P u are extracted in 30 vol. 
per vol.% TBP-OK. The solvent extract is scrubbed with 0.75M HNO3 
(fed to the top of the column) for fission-product decontamination; 12M 
HNO3 is fed to the next-to-last extraction stage to improve thorium and 
uranium extraction during the last two stages. The active aqueous 
raffinate is transferred to storage. 

The first column does not include a heated strip section since the 
use of a heated separation column (column 2) should provide a com
parable improvement in decontamination efficiency to that anticipated 
in the heated strip in the low-decontamination process. The DF's for 
ruthenium and Zr-Nb in the first cycle were assumed therefore to be 
500 and 1 X 10*, respectively, as before. Because of the necessity of 
separating plutonium in this process, the conditions of acidity, flow, 
etc., are different from those of the low-decontamination route. 

The solvent product from column 1 is transferred to the bottom of 
the plutonium backwashing section of column 2. Column 2 consists es 
sentially of two sections, a top one for plutonium backwash and a 
bottom section for uranium and thorium scrub. Plutonium(VI) is r e 
duced to Pu(III) by ferrous sulfamate fed to the third stage above the 
solvent feed to improve separation from U(VI) and then backwashed with 
diluted HNO3, fed to the top of column 2. The uranium and thorium are 
scrubbed out of the plutonium solution in the bottom section of column 2 
with 30% TBP-OK fed to the bottom. The plutonium is fed via two batch 
tanks for primary collection to a liquid store. In column 3 the uranium-
and thorium-containing liquor flowing from the top of column 2 is back-
washed with 0.0IM HNO3. 

After removal of the bulk of the fission products and plutonium in 
columns 1, 2, and 3, the U-Th liquor is fed from a collecting tank to a 
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batchwise-operated evaporator to increase concentration of the aqueous 
uranium and thorium product, subsequently improve separation in the 
following cycles, and economize in the size of vessels and extractors. 
The concentrated liquor is then fed by a constant-volume feeder to near 
the center of column 4 where uranium is extracted into 5% TBP—OK 
supplied from the bottom of the column. Residual fission products and 
thorium in the solvent extract are removed in 3M HNO3 fed to the top of 
column 4. The target DF for thorium in this column is approximately 
2 X 10*. The thorium-containing solution from the bottom of column 4 is 
steam stripped in a geometrically limited tubular vacuum evaporator for 
removal of TBP and then concentrated to about 950 g/liter to reduce its 
acidity. After dilution the thorium solution is finally stored at a con
centration of 500 g/liter. 

Uranium is backwashed with O.OIM nitric acid in column 5. The 
uranium product from the second cycle is concentrated by evaporation 
to 250 g/liter of uranium and about 2M nitric acid prior to storage in 
intermediate batch tanks, which are boron carbide poisoned, with up to 
a 1-month-supply storage capacity. 

The uranium stream, after intermediate storage and blending to 
avoid excessive solvent-to-aqueous ratios, is purified finally in cycle 3, 
which is run concurrently with the refabrication plant. This part of the 
plant will remove Th and its decay daughters that have grown into the 
stored uranium product or rejects from the refabrication side. The 
process is virtually identical with the one used for cycle 2. 

The tubular geometry-limited export vessel includes facilities for 
sampling and accounting purposes. The high-activity column 1 and its 
feeder are duplicated; for the remainder a single line of equipment has 
been costed. 

SOLVENT MAKEUP 

Under the high-activity conditions encountered in the reprocessing 
of HTR fuel, solvent-degradation products such as DPB and ligands are 
produced continuously. The continuous removal of degradation products 
and fission products is therefore essential to avoid accumulation and 
consequently a drop in decontamination efficiency. The process selected 
for purification of the high-activity solvent consists essentially of a 
continuous alkali wash supplemented by flash vaporization. Separate 
facilities are envisaged for the treatment of the 30% TBP—OK from the 
first solvent-extraction cycle and the combined 5% TBP-OK streams 
from the second and third. 

In the proposed purification system, the high-activity solvent feed 
is first monitored for criticality control. The solvent, containing ap
proximately 100 curies of impurities per day, thenpasses into a Holly — 
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Mott vessel where it is washed with aqueous Na2C03 solution at 60° C 
with a solvent contact time of 20 min. This treatment yields a DF of 
approximately 10 from fission products. 

About 80% of the solvent next undergoes an acid wash, and, after 
being monitored and filtered, it is recycled to the purification and 
separation plant. The remaining 20% of the solvent flow is conveyed to 
a flash-steam purification unit. After it is preheated, the solvent is in
jected into superheated steam (105°C, 100 mm Hg) where it evaporates. 
Separation from decomposition products is carried out in two cyclones 
through which the combined vapors are passed prior to condensation and 
phase separation. A DF of 50 from ligands, DBP, and fission products 
can be expected in this system. 

The purification of the combined low-activity solvent streams from 
the second and third purification Cycles of the high-decontamination 
process is carried out in a similar line of carbonate- and acid-washing 
equipment. Purification by flash vaporization may be done if necessary 
in the central flash-vaporization plant. 

WASTE DISPOSAL 

Gaseous Wastes 

An assessment of the hazards involved from the disposal of 
gaseous-effluent discharge on the basis of atmosphere dilution was 
carried out to specify the maximum amount of each isotope that could 
be released to atmosphere. The amounts of the various fission products 
were calculated on the basis of the quantities shown in Table 1. The 
resulting concentrations in the stackgases, i.e., after alkaline scrubbing 
and passing through absolute filters, were estimated to be 2.5% of the 
original iodine, all the krypton and 10~^ parts of the nonvolatile isotopes 
originally in the irradiated fuel element. To ensure the safety of the 
local population, an effective stack height of 65 m has been determined 
to be adequate to enable the site to comply with the ICRP recommenda
tions applicable to the general public. 

High-activity Aqueous Raffinate Storage 

Various possibilities exist for temporary or permanent disposal 
of high-activity fission-product waste solutions, e.g., storage as liquid 
after concentration or storage of the fission products after selective 
separation from the waste product. In the present study preference 
was given to small bulk-liquid storage because it seems to be the 
simplest and cheapest method and the volumes of daily arisings do 
not present a costly evaporation problem. 

The proposed scheme suggests the use of a combined evaporation-
storage tank in which the heat generated by the fission products (~3 Mw 
after 5 years) is used to evaporate the solutions at a rate equal to the 
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daily arisings. To minimize possible corrosion, the concentration 
process is carried out at reduced pressure and temperature (70 mm Hg, 
~60 to 70°C). Prior to evaporation and storage, any entrained and dis
solved TBP in the high-activity aqueous fission-product solution is r e 
moved in a steam-stripping column. This is desirable to avoid the 
formation of gelatinous precipitates in the concentrate. 

The concentration factors, which can be achieved before crystalli
zation sets in, are a function of solution composition, concentration, and 
acidity. A first estimate suggests that, for the specified fuel composi
tion, the daily arisings can be reduced to a volume of about 70 liters at 
an acidity of AM to 5M HNO3. Acidity and volume control will be carried 
out during the process of evaporation by maintaining a certain balance 
between feed, concentrate, and condensate. The overall capacity of a 
single tank is adequate for handling the concentrated liquor of arisings 
of 5 years. The second vessel is a standby unit in case of failure. 

IVledium- and Low-activity Liquors 

The treatment of the medium- and low-activity fission-product 
solutions arising from the process and the method of disposal have not 
yet been decided. For costing purposes this aspect was excluded, and 
allowance was made only for the separation of medium- and low-activity 
streams within the reprocessing facility. 

Solid Wastes 

The solid wastes arising directly from the process are the baled 
fuel-element containers and the filter cake from the aqueous liquor 
filters. A^ in , no firm recommendation has been presented yet, although 
it is obvious that the disposal of the large quantities of fairly active 
graphite may be a major contribution to the overall reprocessing cost. 

The problem of storage or disposal of unprocessed fuel is of par
ticular interest at the start of a HTR program when it is doubtful that 
suitable reprocessing facilities would exist. Long-term storage of the 
quantities of high-activity to medium-activity solid matter expected 
from a high-temperature reactor may prove uneconomical and a study 
has been initiated to look at alternative solutions with a view to deter
mining the best method for recommendation to the first HTR customers. 

If reprocessing of HTR fuel is initially not possible, it seems rea
sonable to provide storage on the reactor site. The preliminary cost 
study being carried out at present will compare the merits of storing 
complete fuel elements with the storage of fuel after removal of graph
ite by onsite volume reduction, e.g., combustion or mechanical compact 
separation. At first sight storage at a reduced volume would seem 
preferable for economy in storage costs and also for economy in the 
costs of transport of the high-activity materials at a later stage to a 
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reprocessing plant. However, the apparent economic advantage may be 
counterbalanced by the extra costs of equipment for size and volume 
reduction and possibly by placing restriction on the reactor siting. 

PLANT LAYOUT AND DESCRIPTION 

The building layout and arrangement of the plant for the reprocess
ing route corresponding to direct refabrication is shown in Fig. 5 (see 
page 643). The equipment is contained in different cells according to 
the degree of activity. The processes, except for fuel storage, have 
been grouped together for centralized control. 

As a general rule, all equipment handling high-activity material as 
liquid solutions has been duplicated, and a direct-maintenance procedure 
has been introduced. This applies to the dissolution and evaporation cell, 
the first high-activity solvent-extraction column, the high-activity-
liquor steam-stripping column, and their associated feed and control 
systems. A single line of equipment coupled with remote maintenance 
was used in the high-activity fuel-element breakdown cell, which also 
houses the high-activity Nutsche filters. All the remaining equipment 
is in a single line suitable for direct maintenance. 

The materials of construction are mainly stainless steel. For the 
high-activity areas 18% Cr-13% Ni-1% Nb steel has been proposed ex
cept for the dissolution and evaporation vessel, where titanium is more 
appropriate. For the low- and medium-activity areas 18%Cr-8% Ni — 
1% Ti steel was recommended. The rest of the plant will be constructed 
to conventional-chemical-plant standards. 

The process has been designed to avoid conditions that could lead 
to criticality by one or a combination of the following methods of con
trol: mass or concentration limitation, geometry limitation, and nu
clear poisoning. An internal lattice of boron carbide for criticality con
trol was included in most of the larger process and storage vessels, the 
filter units, and primary evaporator units. Geometry control has been 
applied to the solvent-extraction plants, disentrainment columns, con
denser units, and evaporators of the head-end dissolution and evapora
tion cell, in addition to an appropriate control and warning system. 

The shielding requirements were assessed on the basis of gamma 
radiation, but some consideration was also given to a neutron flux that 
might arise from a criticality incident. Protection against ionizing ra 
diation for plant operators, personnel attached to the site, and the pub
lic is based on the recommendations of the ICRP. A dual-containment 
policy has been applied throughout the plant. Separate ventilation sys
tems in the reprocessing facility have been provided for normal operat
ing areas, the breakdown cell, other active process cells, and vessels. 
In each case the general principle is of inward flow from areas of 
lesser activity to the sources of greater activity. 
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The breakdown cell, which operates at a pressure slightly below 
atmospheric, is purged with nitrogen from which the heat dissipated in 
the cell is removed in a closed circulating loop through a refrigeration 
unit. The process effluent gases are purified through filters and ab
sorption units before joining the main-exhaust airstream to the site 
chimney. 

Process instrumentation has been provided to monitor and control 
throughout the various stages of the dissolution and purification 
processes. Conventional instrumentation to indicate levels and inter
faces, to measure or control feed rates, densities, temperatures, p res 
sures, and flow rates, and to analyze for heavy metals and nuclear in
strumentation to monitor alpha, beta, gamma, and neutron rates have 
been included. An additional set of safety instruments is provided to al
low an independent check on radiation warning, criticality incidents, or 
fire. A CO2 fire-extinguisher system integrated withalarmand detector 
units has been provided. 

CAPITAL AND OPERATING COSTS 

A preliminary assessment of the capital and direct operating costs 
associated with the reprocessing of HTR fuel has been prepared, and the 
results are shown in Tables 6 and 7. The values exclude capital costs 
for provision of general services, e.g., steam, electricity, water, com
pressed air, and nitrogen, which are for this phase of the study assumed 
to be available onsite. Also, the costs for storage and disposal of liquid 
effluents, other than the main fission-product waste, and of solid wastes 
are not yet included. The estimates are based on a plant operating 300 
days per year. 

A breakdown of the capital costs of plant and equipment in each of 
the process sections (head-end, solvent extraction, and high-activity-
liquor storage) is given in Table 8. 

The operating costs summarized in Table 7 are based on standard 
United Kingdom tariff rates and exclude costs for replacement of ex
pendable machinery and filter media, etc., associated with the operation 
of the plant which have yet to be assessed. Interest and establishment 
overheads were not considered in this analysis, and general services, 
maintenance, and analytical charges were considered only to the extent 
of time spent on duties directly chargeable to the facility. 

RESEARCH ON ELECTROLYTIC COMPACT DISINTEGRATION 

Electrolytic disintegration has been studied as an alternative to the 
grinding of entire fuel elements. The separation of the coated fuel par
ticles from the great bulk of carbon (about 109 kg of carbon out of 1060 
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Table 6 

SUMMARY OF CAPITAL COSTS 

Item 

Building and civil 
engineering 

Plant and equipment 
Contingency (20%) 
Engineering design 

and inspection 
services (20%) 

Commissioning 
(25% of annual 
direct operating 
cost) 

Total 

Head end, £ 

192,000 
900,000 
220,000 

268,000 

21,000 

1,601,000 

Direct, £ 

125,000 
719,000 
166,000 

200,000 

23,000 

1,233,000 

Remote, £ 

110,000 
322,000 

88,000 

104,000 

18,000 

642,000 

liquor storage, £ 

58,000 
323,000 

77,000 

92,000 

550,000 

Totals 

Direct, £ 

375,000 
1,942,000 

463,000 

560,000 

44,000 

3,384,000 

Remote, £ 

360,000 
1,545,000 

385,000 

460,000 

39,000 

2,789,000 

Table 7 

DIRECT ANNUAL OPERATING COST 

Item 

Process and operating 
materials 

Process Labor and 
supervision 

Repairs and maintenance 
Supply services (steam, 

electricity, water, and 
compressed air) 

Analytical services 

Total 

Head end, £ 

28,700 

26,200 
12,600 

5,500 
10,000 

83,000 

Solvent extraction and 
high-activity-liquor storage 

Direct, £ 

9,500 

24,800 
13,200 

24,500 
18,000 

90,000 

Remote, £ 

9,000 

21,000 
10,000 

22,500 
10,000 

72,500 

Totals 

Direct, £ 

38,200 

51,000 
25,800 

30,000 
28,000 

173,000 

Remote, £ 

37,700 

47,200 
22,600 

28,000 
20,000 

155,500 

Table 8 

BREAKDOWN OF PLANT AND EQUIPMENT CAPITAL COSTS 

Breakdown 
Dissolution and 

evaporation 
Solvent extraction 
Solvent treatment 
High-activlty-

liquor storage 
Plant installation 
Pipework 
Instruments 
Electrical equip

ment 
Inactive plant and 

ventilation 

Total 

Head end, £ 

212,000 

234,000 

47,000 
184,000 
100,000 

30,000 

93,000 

900,000 

Solvent extraction 

Direct, £ 

278,000 
30,000 

32,000 
228,000 

88,000 

24,000 

39,000 

719,000 

Remote, £ 

99,000 
26,000 

13,000 
93,000 
32,000 

22,000 

37,000 

322,000 

High-activity-
liquor storage, £ 

189,000 
20,000 
48,000 
27,000 

12,000 

27,000 

323,000 
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kg/day) without applying extreme conditions would not only facilitate the 
head-end treatment but also minimize the problems associated with 
storage and disposal of high-activity waste, provided the integrity of the 
fuel particles can be maintained. 

The work carried out at CNEN^ indicates that it is feasible to dis
integrate the Dragon fuel compacts without affecting the integrity of the 
coated particles in an "in-series cell" system [Fig. 6 (see page 644)]. 
Separation of the coated particles from the disintegrated graphite 
matrix is achieved by making use of the difference in densities. This 
method can be applied to a fuel element where the compacts can be r e 
moved mechanically from the main graphite structure. Alternatively, 
annular fuel compacts embedded in graphite could be disintegrated with
out much affecting the main element structure by inserting cathode rods 
into the compact annulus. The basic layout for the contact-anode 
centered-rod-cathode pilot cell is shown in Fig. 7 (see page 644). This 
principle can be applied to disintegrate the compacts in situ if their r e 
moval from the fuel element should prove complicated. 

Preliminary Investigation on the Anodic Disintegration of Graphite: 
Contact-anode and In-series Systems 

Nitric acid (4M to 6M) gives, in comparison to all other electrolytes, 
the best ratio between the rate of graphite disintegration and the rate of 
graphite combustion and consequently a high current yield. The concen
tration was chosen with a view to maximum conductivity and optimum 
dissociation. Furthermore, this composition does not impose any corro
sion problems and has the advantage of being similar to the one used in 
the subsequent hydrolyze—leach process. Current densities of 0.2 to 
0.3 amp/cm^ provide good disintegration rates with the contact-anode 
cell, whereas, with the in-series cell, 2 to 3 amp/cm^ is needed (in de-
consolidating compacts the values are a factor of about 2 lower). The 
resulting graphite powder is very fine and easily removed by circula
tion of the liquid. The off-gas volume is relatively small compared to 
the theoretically expected quantity and contains varying amounts of O2, 
H2, and CO2, depending on the mode of disintegration and the carbon 
material. 

Construction of Two Pilot Cells 

The first pilot cell is a contact-anode type capable of treating a 
stack of compacts 1 m high assembled in one of the 19 holes of the 
element; such a cell has as an anode a hollow graphite cylinder in 
which the compacts are inserted in close contact and as a cathode a 
centered stainless-steel rod. The second cell is equipped with a 
basket where four compacts can be loaded in a random disposition 
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between two electrodes of 50 cm^ 12 cm spaced, not in contact with 
the basket. 

The first cell, to be used for the entire element in case the com
pacts cannot be extruded, has the advantage of a lower power con
sumption; the second cell, to be used if the compacts can be easily 
pushed out from the element, has the advantage of little contact with the 
active material, which can be fed continuously. In both cells refractory 
metals such as tungsten, niobium, tangalum, and platinum are used for 
the anode, the anode contact, and the basket. Circulation of the elec
trolyte levitates the graphite powder from falling particles (collected at 
the bottom of the cells) and lets it deposit in a separate vessel; a heat 
exchanger is interposed to cool the electrolyte itself. The two cells 
were operated with unirradiated compacts of the "overcoated" type, 
i.e., with compacts in which the particles before compacting are coated, 
in addition to their pyrolytic carbon-silicon carbide-pyrolytic carbon 
coating, with a layer of graphite which upon compacting constitutes the 
matrix of the compact, thus ensuring a homogeneous particle distribu
tion. Results are summarized in Table 9. The tests reveal that the 
anode graphite does not oxidize in significant quantities and that the 
disintegration process is predominant. The disintegration yields seem 

Table 9 

COMPACT DISINTEGRATION RESULTS 

Contact-anode cell Basket cell 

Amperes 
Volts 
Current density, amp/cm^ 
Deconsolidation ra te , g / h r 
Current yield, g / a m p - h r 
Power yield, g /wa t t -h r 
Graphite accompanying pa r t i c l e s , 9c 
Tempera tu re , °C 

100 
4.0 
0.083 
500T 
5.0 
1.25 
25 
25 to 30 

62 
13* 
1.24 
150t 
2.40 
0.18 
50t 
40 to 50 

*Required voltage is approximately (n + 1) 1.6 -f IR, where n equals 
the number of compacts and R is the ohmic res i s t ance of any free 
t r a c t s between the e lec t rodes . 

t Different r a t e s with no substantial changes in yields a r e poss ible . 
JThe percentage is lowered to 20 for the not-overcoated compact. 

to be related to the current density. The losses of uranium and thorium 
to the electrolytic bath during the process of disintegration are small 
and do not exceed 1%. The results obtained with the two systems are 
comparable except for power yield, which is lower in the basket type 
cell owing to the higher voltage required. The effective volume reduc
tion ranges between 45 and 65%. The relatively small efficiency in car-
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Fig. 2—Fuel-element breakdown flow diagram.. 
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Fig. 4—Solvent-extraction flow sheet. Purification process for use with direct refabrication plant. Basis 1 day's throughput, 300 processing days per year. 
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1, SOCKET-HEAD SCREW 

2, SPRING WASHER 
3, VALVE 
4, FLANGE 
5, BASKET 

6, BASKET SUPPORT 
7, FLATHEAD SCREW 
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Pig, 6—Pilot-scale electrolytic-cell assembly. 
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22, TUNGSTEN ANODE 
23, GRUB SCREW 
24, TRANSPARENT SECTION 
25, 0 -RINGS 
26, SCREWS 
27, NUTS 

Fig. 7—Contact anode and centered-rod cathode of pilot cell. 
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bon separat ion i s due to the f i rm adherence of the overcoating to the 
pa r t i c l e s . An optimization of the p r o c e s s with r ega rd to bath composi
tion, operat ing t empera tu re , cur ren t density, e lectrode mate r ia l , etc. , 
m relat ion to the compact mater ia l s e e m s des i rable p r io r to scaling up. 
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t/CHEMICAL SEPARATIONS IN MOLTEN FLUORIDES* 

F. F. BLANKENSHIP 
Reactor Chemistry Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 

ABSTRACT 

The removal of fission-product poisons is essential for breeding with molten 
fluorides. An effective way to reduce the amount of "*Xe that accumulates In 
the reactor has been found; ^'^I, which occurs as I^ ions and is the precursor 
of *85xe, can be rapidly removed from fluoride melts by sparging with a mix
ture of H2 and HF. The H2 makes the sparge gas less corrosive. 

Rare earths, which occur as fluorides, can be removed by several methods; 
distillation and reduction have received the most attention recently. For distil
lation a pot composition such as LiF-BeF2-ZrF4 (85-11-4 mole %) yields as 
purified condensate LiF-BeF2-ZrF4 (65-30-5 mole %), which is the barren 
fuel solvent for the Molten Salt Reactor Experiment. The rare earths remain 
behind in the pot. 

Reduction of rare earths might at first appear difficult because of the 
presence of the more easily reduced BeF2 in the fuels. However, if Be" is used 
as the reducing agent, the rare earths form insoluble intermetallic beryllides 
and are thus effectively removed from the melt. Also, the rare earths have 
very low chemical activity coefficients when dissolved in molten bismuth. Ac
cordingly, molten L i -Bi alloys have been found useful as combined reduction 
and extraction agents. Lithium concentrations too low to give beryllide forma
tion are effective for rare-earth removal into the liquid-metal layer. Thus a 
solids handling problem is avoided. 

Protactinium fluoride can be removed from blanket melts by precipitation 
with oxides such as Zr02 or by reduction to the metal with elemental thorium. 

Among the advantages of fluid fuels is their amenability to convenient 
reprocessing; expensive refabrication by remote handling procedures 
is thereby avoided. Several methods of removing neutron poisons have 

•Research sponsored by U. S. Atomic Energy Commission under contract 
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been explored recently. The feasibility of breeding depends on how 
well the poisons can be removed. 

The problem of poisoning by '̂ ^Xe is a case in point. If all the 
xenon produced is burned, the consequent poison fraction rises to an 
intolerable 5%. The problem is accentuated in thermal breeders that 
are moderated by graphite in the core. The voids in the graphite, 
totaling in volume approximately the amount of fuel in the core, serve 
as readily available sinks for the xenon. The effect is sufficient to 
virtually defy cure by stripping unless a graphite of greatly decreased 
permeability is developed. More promising is the possibility of r e 
moving ^̂ Î, the precursor of ^̂ ^Xe, by sparging with HF as studied by 
Freasier, Baes, and Stone.^ 

The fuels are mixtures of fluorides such as LiF and BeF2 con
taining UF4 and possibly other fluoride additives such as ZrF^. Be
cause of the mild reducing action of the container metal, the fission-
product iodine occurs in the form of i o d i d e ion, I~. The reaction 
involved in removal of I~ is 

HF + r •- F - + HI! (1) 

A constant quotient, 

Q =—Ml (2) 
^F [HF] [I-] ^ ' 

holds under equilibrium conditions; Qp remains constant for a given 
solvent and temperature because the solute concentrations are in the 
range where Henry's law holds. For sparging under equilibrium 
conditions, the fraction of iodide removal is given by 

In = —0 (3) 
[r]" w 

The terms [I"]" and [I~] are, respectively, the concentration of iodide 
present initially and the concentration of iodide present after n^p moles 
of HF have been passed through W kg of melt. 

The apparatus employed in studying iodide removal was a simple 
nickel pot with a dip tube for inlet gas and a thermocouple well. At the 
exit from the pot, where HI could react with the nickel walls because 
the temperature was lower, a gold lining was used to prevent the 
reaction; similarly Teflon tubing carried the exit gas to the analyzer 
portion of the assembly. To avoid corrosion, the inlet gas was a mix
ture of HF in at least 90% hydrogen. A 10-cm bubble path was adequate 
to achieve equilibrium. 
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Values of Q were determined over a temperature range from 
434 to 635°C; Q decreased with increasing temperature, ranging from 
50 to 15 kg/mole. 

Since the half-time for decay of '̂ ^I to "'Xe is 6.7 hr, iodide-
removal half-times of about an hour may be appropriate. If Q = 40 kg/ 
mole (2LiF. BeF2 at 800 °C), half the iodide present in a reactor fuel 
can be removed in 1 hr by passing a minimum of 388 cm^ of HF per 
kilogram of fuel per hour. This is quite a modest requirement, but 
of course a final stripping with H2 or helium is required to remove 
the HF. 

Rare earths are the next most important poisons among the 
fission products. They constitute 22 at.% of the fission products but 
cause'40% of the poisoning. 

It appears possible to take advantage of the fact that the ra re-
earth fluorides have considerably lower vapor pressures than the fuel 
constituents. This possibility was studied by Kelly,^ and the prospects 
appear favorable for removal of rare earths in a heel that remains 
after distilling of the fuel constituents. 

In the most recent experiments, distillation was carried out with 
a graphite pot and receiver enclosed in an inverted U-tube. The pot 
had a capacity of about 17 g of fuel and an exposed fuel surface area 
of 1 cm^ Distillation was started or stopped by evacuating or ad
mitting an overpressure of helium. Rates of distillation were of the 
order of a few milligrams per square centimeter per second, which 
were adequate from the standpoint of feasibility. The rate for LiF 
was determined first; then successive portions of the solvent for the 
Molten Salt Reactor fuel were added and distilled. Each repetition 
brought the proportions of constituents in the pot nearer to the com
position that would yield fuel solvent (LiF-BeF2~ZrF4, 6 5 - 3 0 - 5 
mole %) as product; this was L i F - B e F j - Z r F i at 85.4-10.7-3.9 
mole %. 

Analyses of the residue and condensate obtained during the 
distillation provided a measure of the relative volatility of BeF2 and 
ZrF4 compared to LiF. In the LiF-rich region studied, the activity 
coefficient of LiF was near unity, and accordingly estimates of the 
activity coefficients of BeF2 and ZrF4 could be obtained. These were 
about 2 X 10"^ for BeF2 and 5 x 10~* for ZrFi, in approximate agree
ment with previous estimates based on other methods. 

In the course of distillation, NdFs was added to the pot; decon
tamination factors of the order of 100 were observed. This was in 
line with expectations based on vapor pressures and with other mea
surements as well. 

Attention has also been paid to the possibility of removal of rare 
earths by chemical reduction. In beryllium-containing melts, such 
as those of current interest, there is a difficulty; standard free 
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energies of formation show that BeF2 is reduced more easily than the 
rare-earth fluorides. Thus the desired reduction can supersede that 
of beryllium only if some special sink is provided in which the reduced 
rare-earth metals have an unusually low activity. 

An obvious choice for trial as a reducing agent is beryllium 
metal itself; in this case the oxidized product would not constitute 
a new ingredient in the salt mixture. Actually beryllium proves to be 
very effective in reducing rare earths from LiF-BeF2 mixtures, as 
demonstrated by G. I. Gathers and C. E. Schilling,^ who used both 
beryllium and other reducing agents strong enough to reduce beryllium. 
The reduction of rare earths proceeded in either case with the forma
tion of extremely stable intermetallic beryllides, having the formula 
(rare earth)Bei3. In most of their experiments. Gathers and Schilling 
used liquid alloys of active metals such as aluminum or lithium as 
the reducing agent. The intermetallic compounds that formed were 
not soluble in either the metal layer or the salt layer. As far as r e 
moval of rare earths from the salt was concerned, however, the de
contamination factors were more than adequate. Among the rare earths, 
neodymium is one of the worst poisons. A reprocessing decontamina
tion factor of about 20 is required for neodymium if the increase in 
uranium inventory to override the poisoning is to remain under 0.1%. 
Actually, decontamination factors as high as 52 for neodymium have 
been obtained by using beryllium as the reducing agent. The solids 
handling problem associated with the formation of the insoluble beryl
lides is a disadvantage, but, if well-behaved slurries or "creams" 
could be formed in heavy liquid metals, then the same procedures 
could be used as with true solutions in the metal layer; in true solu
tions only liquids are handled. Since it is highly probable that the 
beryllides are wet by liquid metal, the proposed slurries should be 
formable. Gathers and Schilling also found that zirconium, one of the 
fission products not removable by distillation, was readily removed by 
reduction. 

W. R. Grimes and J. H. Shaffer* took advantage of the very low 
activity coefficient of metallic rare earths in liquid bismuth to devise 
a method for reducing and extracting rare-earth cations from Li2BeF4 
and related melts. Their experiments were carried out with 2 or 3 kg 
of bismuth covered with about 2 kg of salt in steel liners. Rare earths, 
spiked with radioactive isotopes, were added to the salt at a con
centration of 10~* mole fraction. Lithium, which served as the re
ducing agent, was added in increments directly to the bismuth. Both 
layers were sampled after each addition. A graph of the logarithm of 
the Li concentration in the bismuth vs. the logarithm of the ratio of 
rare earth in the metal to the rare earth in the salt gave the expected 
straight lines. For reasons that are not yet clear, some of these lines 
did not have the expected slope. Nevertheless, it was found that a 
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concentration of 0.02 mole fraction Li" in the bismuth was sufficiently 
reducing to remove from the salt nearly all the cerium, lanthanum, 
and neodymium, as well as substantial quantities of samarium and 
europium. At the low reduction potentials to which the 0.02 mole 
fraction alloy corresponds, no formation of the insoluble beryllides 
occurs, and thus only liquids need be handled. Regardless of which 
strong reducing agent is employed, lithium alloys are the end product. 
Current work on this method involves measuring the activity coef
ficients of lithium and the rare earths in the bismuth. Preliminary 
results gave coefficients (based on mole fractions) of the order of 
10"^ for Li" and 10"''* for the rare earths. 

Protactinium removal from blanket melts is an important aspect 
of breeding from ThF4. Several methods of accomplishing this have 
been tried. J. H. Shaffer and H. F. McDuffie^ showed that, in simulated 
blanket mixtures in which Zr02 was insoluble, protactinium was re 
moved from solution by deposition on Zr02. Coprecipitation of prot
actinium with other insoluble oxides was demonstrated previously.^ 

In view of the good results with reduction and extraction of rare 
earths into bismuth, a similar procedure, with thorium as the reducing 
agent, was tried for protactinium removal. J. H. Shaffer and W. R. 
Grimes^ found that ^^^Pa, at tracer levels, would remain indefinitely 
in blanket melts (LiF-BeF2-ThF4, 7 3 - 2 - 2 5 mole %), but that, on 
treatment with thorium, the ^^^Pa left the melt and appeared on metal 
walls, whether a layer of bismuth was present or not. The fact that 
the protactinium showed a predilection for solid metals rather than 
liquid bismuth was disadvantageous, but attempts to use liquid-bismuth 
alloys as transfer agents are in progress. 

Additional experiments with ^^^Pa at realistic concentrations of 
the order of 30 ppm were carried out by C. J. Barton^ in a glove-box 
facility. The substitution of ^^^Pa for ^^'Pa circumvents shielding 
problems associated with the high gamma activity of Pa and provides 
a convenient means of analysis in the form of the alpha activity of 
^^^Pa. In general, the behavior encountered by Barton resembled that 
manifested in the tracer-level experiments. Thorium appeared to be 
a suitable reducing agent for protactinium. However, the reduced 
product tended to remain suspended in the salt phase in a form that 
would not pass through sintered-metal filters having a pore size of 
0.0015 in. Experiments to obtain protactinium deposition by elec
trolytic reduction are in progress. 
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ABSTRACT 

The proposed Molten Salt Breeder Reactor under consideration at Oak Ridge 
National Laboratory is a two-region, lOO-Mw(e) machine using a graphite-
moderated core with a circulating molten mixture of LiF, BeF2, and ^ '̂UF4 for 
fuel and a circulating molten mixture of LiF and ThF4 in the blanket. A method 
for processing the fuel and blanket has been tentatively selected and has formed 
the basis for an engineering-development study. This paper describes the 
processing methods being considered and gives the state of technology upon 
which these processes are based. 

A conceptual design study has been made of a facility for which the capital 
cost is estimated at $5.5 million and the direct operating costs at $788,000 per 
year. Present technology presents an encouraging starting point for the develop
ment of processes that will make a molten-salt breeder reactor a reality. 

Inherent in the concept of a mol ten-sa l t b r e e d e r r eac to r is the c l o s e -
coupled p rocess ing scheme to continuously remove the f iss ion-product 
poisons that would compete for neutrons needed for the t ransmuta t ion of 
^^^Th to ^^^U. Nuclear calculations have suggested that the fuel inventory 
be p rocessed on a 39-day cycle and the fert i le s t r e a m on a 22-day 
cycle. P rocess ing of the fuel is p r imar i ly concerned with the removal 
of r a r e ea r ths since the h igh-c ross - sec t ion r a r e gases a r e p r e sumed 
to be removed continuously in the rec i rcu la t ing pump of the r eac to r . 
The fert i le s t r e a m is p rocessed only to remove the ^^^U, which is ma in 
tained at such a level that few fission products a re formed in the 
blanket. 

The most obvious problem inp roces s ing s t r e a m s from this r eac to r , 
the handling of the h igh- tempera ture fluids, which a r e also highly r a d i o 
act ive and potentially cor ros ive , has been successfully faced before in 
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the molten-salt volatility pilot plant at the Oak Ridge National Labora
tory (ORNL) and in two generations of molten-salt reactors. The fuel 
would be delayed only about 1 day for decay before processing. Tech
nology from the fluoride volatility process forms the basis for the 
method of separation of the uranium as UFg from the carrier salt by 
fluorination with elemental fluorine. Subsequently the valuable carrier 
salt is separated from the bulk of the fission products, which are gen
erally less volatile than BeF2 or LiF, by low-pressure distillation. We 
have developed a new technique for recombining the refined UFg with 
the fuel carrier salt by liquid-phase reduction, which is a large im
provement over the previously available method of reducing the UFg gas 
to solid UF4 in the gas phase with its concomitant dusting problems. 
Processing of the fertile stream for uranium recovery would be similar 
to processing the fuel, but, since the ^̂ Û concentration could be kept 
quite low, the small accumulation of fission products could be more 
economically removed by discarding a purge stream (one reactor vol
ume per 30 years) than by distillation. The still, which will operate at 
1000° C with a pressure of 1 mm Hg, presents the engineering problem 
of providing adequate heat and mass transport for evaporation, which, 
under these conditions, can occur only at the surface. The high-specific-
heat generation rate from the accumulated fission products may be 
useful for providing circulation by thermal convection. The relative 
volatilities of the fission products are known well enough to establish 
favorable chemistry, but the rational design of the working system r e 
quires better values for those close to the carr ier salt. Unfortunately 
the rare earths, the most important group of fission products, fall with
in a factor of 100 of the carr ier salt. 

This chemistry of the fluorination step is fairly well established, but 
the technology from batch fluorination must be extended to that for a 
continuous process. Corrosion of bare metal surfaces, which was 
tolerable in a batch process, becomes intolerable in the continuous 
process. It appears feasible, however, to protect the metal surfaces 
with a layer of frozen salt. It is also important to maintain a good 
countercurrent flow of the salt and fluorine in order to recover all the 
uranium from the salt. A packed tower cannot be used because of the 
corrosion, but successful countercurrent continuous fluorinations have 
been made in towers with no packing. 

THE REACTOR AND THE COST 

Successful breeding in a molten-salt reactor depends upon the de
velopment of simple processes to remove the fission-product poisons 
and to manipulate the fertile and fissile materials. Table 1 lists the 
characteristics of the Molten Salt Breeder Reactor (MSBR), which has 
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Table 1 

TYPICAL CHARACTERISTICS OF A MOLTEN 
SALT BREEDER REACTOR (GENERAL) 

Reactor power, Mw(e) 
Thermodynamic efficiency, % 
Core d iameter , ft 
Core height, ft 
Blanket th ickness , ft 
Moderator 
Frac t ion of f iss ions in fuel s t r e a m 
Fuel -cyc le cost , m i l l / k w - h r 
Production r a t e , f i ss i le , kg/day 
Feed r a t e , fe r t i le , kg/day 

1000 
45 
20 
5 
5.4 
Graphite 
0.983 
0.365 
0.118 
29.4 

become the reference for our program. Tables 2 and 3 give the critical 
data on the fuel stream and the fertile stream. The reference reactor 
is a two-region, lOOO-Mw(e) machine that uses a carrier salt of ^LiF 
and BeF2 and 0.25 mole % uranium for the fuel stream. The fertile 
stream flows through the core as well as in the surrounding blanket. 
Since the molten-salt reactor is basically a thermal reactor, the fission 
products must be removed from the fuel solution continuously. In the 
reference case the fuel inventory, 558 cu ft, is processed in 39.4 days. 
This means that the processing plant handles the fuel stream at 
14 cu ft/day. The fertile stream, with an inventory of 2360 cu ft, is 
processed in 21 days, or at a rate of 113.1 cu ft/day. If the bred ^̂ Û is 
removed completely from this stream, its concentration is reduced to 
0.012 mole%, which is small compared to the thorium concentration. 
Fission products therefore accumulate quite slowly and can be eco
nomically removed by a "discard stream." The processing plant con
sidered here assumes that xenon has been removed in the reactor by a 
technique similar to that used presently in the MSRE, where a gas purge 
introduced at the pump has been shown to be effective. 

Because of the nature of the processing requirements, the facility 
should be immediately adjacent to the reactor. Figure 1 shows a layout 
of a reactor with the processing facility. This layout and the flow sheet, 
described later, were used in a design study to estimate the cost of 
processing an MSBR.-* The cost of the structure (which was considered 
as an appendage to the reactor structure), the waste storage, the in
stalled process equipment, and all necessary auxiliaries amounted to 
$5.3 million. The inventory cost for fuel salt, blanket salt, and NaK in 
the processing facility amounted to $196,000, bringing the total fixed 
capital cost to $5.5 million. A breakdown of the fuel processing cost is 
shown in Table 4. When the processing cost of about 0.2 mill/kw-hr is 
added to the inventory charges in the reactor, the cost of fertile-
material makeup, and salt makeup and when credit is taken for ^̂ Û 
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Table 2 

MOLTEN SALT BREEDER REACTOR FUEL STREAM 

Composition 
LiF (99.995 at.% 'Li ) , mole % 
BeFj , mole % 
UF4 (fissile), mole % 

Inventory at equil ibrium 
Volume, cuft 
L iF , kg 
BeF2, kg 
U (fissile, a s Ur4), kg 

Cycle t ime, days 
Power, Mw(t) 
Liquidus t empera tu re , °C 
Process ing r a t e , cu ft/day 

68.4 
31.3 
0.248 

586 
17,050 
14,050 
708 
39.4 
2184 
~500 
14.1 

Table 3 

MOLTEN SALT BREEDER REACTOR FERTILE STREAM 

Composition 
LiF (99.995 at.% 'Li) , mole % 
ThF4, mole % 
"3UF4, mole % 
233pa, mole % 

Inventory at equil ibrium 
Volume, cu ft 
L iF , kg 
Th (as ThFi) , kg 
233u (as UF4), kg 
233pa (as PaF4), kg 

Cycle t ime, days 
Power, Mw(t) 
Liquidus t empera tu re , °C 
Process ing r a t e , cu ft /day 

71 
29 
0.012 
0.022 

2475 
53,800 
196,100 
83.3 
152.7 
21 
38 
- 5 6 5 
113.1 

produced, the net fuel-cycle cost is 0.38 mill/kw-hr for our base reac
tor case. The fuel yield for this case is about 5% per year. For details 
on the reactor design and fuel yield calculations, see papers by Paul R. 
Kasten et al. included in this volume. 

THE PROCESS FLOW SHEET 

The process flow sheet is shown in Fig. 2. In processing of the fuel 
stream, it is necessary to provide some decay time before the first 
separation operation. The 32-hr delay allows the heat generation rate 
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REACTOR POWER-\ 
ERATION S Y S T E M ) 

HEAT 

EXCHANGER 

-FERTILE MAKEUP 

-FLUORINATOR 

-SORBERS 

-COLD TRAPS 

Fig. 1—Reactor integrated processing plant preliminary layout. 

in the fuel salt to drop from about 5 x 10̂  Btu/hr/cu ft down to about 
4 X 10 Btu/hr/cu ft. Even after this reduction internal heat generation 
still is an important consideration inprocess engineering. For instance, 
using a value of 65.1 Btu/cu ft/° F for the heat capacity, one calculates 
an adiabatic temperature rise of 10°F/min for the stream that leaves 
the decay tank. Even after additional decay, salt that has subsequently 
accumulated the fission products can attain an adiabatic temperature 
rise of 100° F/mm. 

The first separation step removes the uranium from the carrier 
salt by continuous fluorination. A few fission products follow the ura
nium at this point and are easily separated by either simple cold 
trapping or selective absorption on sodium fluoride beds. The barren 
carrier salt contains most of the fission products and, particularly, the 
high-cross-section rare earths. 
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Table 4 

ANNUAL FUEL PROCESSING COST FOR AN MSBR 

Direct operating cost $ 610,190 
Labor overhead (80% of labor cost) 177,600 
Fixed costs 

Depreciation (10% of fixed capital per year) 549,820 
Tax (1% of fixed capital) 54,980 
Insurance (1% of fixed capital) 54,980 

Total $1,447,570* 

*At 7 X 10' kw-hr/year, this is 0.207 mill/kw-hr. 

The next operation dis t i l ls the more volatile LiF—BeF2 c a r r i e r 
sal t from the l e s s volatile fission products . This dist i l lat ion i s ef
fected at 1000° C under a p r e s s u r e of 1 to 2 mm Hg. Most of the i m 
portant fission products a r e separa ted in this s tep. The purified u r a 
nium is then recombined with the c a r r i e r sal t by absorbing UFg in 
rec i rcu la t ing reconst i tuted sal t and reducing with hydrogen. 

The blanket s t r e a m will probably be p roces sed only for the r e 
moval of uranium, which will be collected and used to replace uranium 
burned in the fuel s t r e a m . Removal of a very smal l amount of c a r r i e r 
sal t from the blanket salt is sufficient to control f iss ion-product buildup 
in this s t r eam. 

FLUORINATION 

To elaborate on the sequence of "black b o x e s " that compr ise the 
flow sheet, we will consider each major operat ion in turn. The f i rs t is 
continuous fluorination. The removal of u ran ium from the mol ten-sa l t 
phase has been studied extensively on an engineering scale at the 
Volatility Pilot Plant at Oak Ridge. The p r i m a r y differences between 
this fluorination and the one for which the establ ished technology exis ts 
a r e as follows: 

1. The capacity of the plant, along with considerat ion of inventory 
charges and cr i t ical i ty , makes continuous fluorination instead of batch 
fluorination highly des i rab le . 

2. The corros ion r a t e during fluorination i s high; although the e c o 
nomics of batch fluorination in the Volatility Pilot Plant pe rmi t t ed 
per iodic replacement of the fluorinator, such p rac t i ce s would be in 
tolerable in an MSBR plant. 

Continuous fluorination appears quite feasible in towers of about 
3 in. in d iameter and probably l e s s than 9 ft tal l . Countercurrent flow 
of the sal t and fluorine would pe rmi t g rea te r than 99.9% recovery with 
an off-gas s t r e a m that has a reasonably high UFg concentration. Such 
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fz^. 3—Continuous fluorinator with frozen-salt wall for corrosion 
protection. 
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towers could be pro tec ted from cor ros ion by a frozen layer of sal t on 
the walls . Figure 3 shows a continuous fluorinator with a f rozen-sa l t 
wall for cor ros ion protect ion. Some experience with batch f luor inators 
opera ted in this manner has been obtained at Argonne National L a b o r a 
tory a s pa r t of the volatili ty p r o c e s s development. In the MSBR fuel 
p rocess ing , the internal heat generation of the salt would work to ad 
vantage in maintaining the frozen wall, but some art i f icial in ternal heat 
source would be requ i red in the fert i le s t r e a m fluorination. 

Engineer ing t e s t s have been performed with 1- in . -diameter con
tinuous f luorinators of nickel construction without frozen-wall p r o t e c 
tion. A sal t (26- -37-37 mole % L i F - N a F - Z r F i ) containing 0.21 wt.% 
UF4 was fed at 7 m l / m i n and countercurrent ly contacted with 140 cm^ 
of F2 (S.T.P.) pe r minute with a sal t depth in the fluorinator of 48 in. 
and a t empera tu re of 600° C to achieve uranium recove r i e s of 99%. It i s 
bel ieved that flow r a t e s 10 t imes these can be used with this equipment 
with no decrease in recovery . Among the significant observat ions from 
these exper iments is the succes s of maintaining a ver t ica l concentration 
gradient in a column without packing. 

DISTILLATION 

The technology for the dist i l lat ion is not so well establ ished. A gen
e ra l view of the chemis t ry of distil lation can be obtained from the fol
lowing l is t , which contains the important fission products : 

Components much more volatile than LiF: 
SeFg, BrFj, NbFj, MoFg, TcFj, TeFg, andIF3 (removed in fluorination 

step) 
RUF5, RuFj, PdF2, and AgF (plates on metal surfaces) 
CdF2 and CsF (must be removed by discarding salt) 

Components much less volatile than LiF: 
SrFj, YF3, and BaFj 

Components having intermediate volatility: 
RbF and ZrF4 (must be removed by discarding salt) 

Almost all the fission products that a r e more volatile than l i thium fall 
into one of three ca tegor ies : (1) those which a r e removed in the 
fluorination step and therefore do not appear in the disti l lation o p e r a 
tion; (2) those more noble than the construct ion metal for the t r ans fe r 
l ines and heat exchanger (these fission products would be deposited on 
equipment surfaces and would never r each the p rocess ing plant); and 
(3) those which a r e of sufficiently low yield and /o r c ro s s section as to 
be of no se r ious concern or which a r e daughters of an instantaneously 
removed p r e c u r s o r . 

Fiss ion products that a r e very much l e s s volatile than li thium in 
clude the s t ront ium, y t t r ium, and bar ium f luorides , for which s e p a r a 
tion will be easy. Among those of in termedia te volatility, excepting the 
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rare earths, only zirconium constitutes a problem. Chemical experi
ments have shown that partial reduction of the carrier salt will reduce 
the zirconium to the metal and sufficiently reduce its volatility that it 
can be retained in the still. Engineering application of this has not yet 
been demonstrated. 

The rare earths not shown in the previous list are separately 
treated in Table 5. The relative volatility of the rare-earth fluorides in 
lithium fluoride is found to range from 0.01 to 0.04. There is some un-

Table 5 

RELATIVE VOLATILITIES OF RARE-EARTH FLUORIDES 
IN LITHIUM FLUORIDE 

Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

R a r e -
ear th 

fluoride 

CeF4 
SmFj 
NdFj 
P r F j 
EuFj 
CeFg 
LaFj 
LaFj 

Liquid 
mole 

fraction 

0,0067 
0.01 
0.01 
0.001 
0.001 
0.01 
0.001 
0.01 

900°C 

0.133 
0.033 
0.025 

0.041 
0.043 
0.035 
0.051 

Average relat iv 

950°C 

0.167 

0.038 
0.037 
0.033 
0.024 
0.027 

e volat i l i t ies 

1000°C 

0.020 
0.028 

0.011 

1050°C 

0.028 
0.009 
0.016 
0.014 
0.012 
0.018 

0.008 

certainty because of the difficulty of experimental measurements at 
these high temperatures and low pressures; however, the magnitude has 
been independently checked by several investigators. With these num
bers an initial decontamination factor of about 50 is possible. As the 
fission-product rare earths accumulate in the still pot, the decon
tamination factor will decrease. Unless it is found that these numbers 
are highly in error, it is unlikely that concentrations by more than a 
factor of 10 to 20 will be feasible with a simple batch-distillation op
eration. An obvious alternative is to use rectification and obtain more 
than one theoretical plate. Technology for this becomes thin since at 
these pressures vapor velocities are high and distillation rates are at 
least partially controlled by phenomena peculiar to molecular distilla
tion. Engineering of the still is further complicated by the increasing 
internal heat generation in the salt in the still pot as the fission prod
ucts build up. 

In our experimental program we have built small recirculating 
stills of about 2 in. in diameter in which the condensate passed through 
a small well back to the still pot. These stills have been successfully 
operated for over 24 hr continuously and apparently achieve very good 
separation (see Figs. 4 and 5). 
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Fig 4—Recirculating still 

Fig 5—Recirculating still 
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RECONSTITUTION 

The fuel reconstitution step, although new technology, promises to 
be the simplest operation in the plant. It has been demonstrated in small 
engineering units that UFg gas, when bubbled through a molten salt (51 
to 49 mole% LiF —ZrF4) containing only 0.4 mole% UF4, absorbs very 
rapidly and reacts with the UF4 to form an intermediate uranium fluo
ride. In tests with only a 12-in. depth of salt, UFg was completely ab
sorbed at the rate of 90 g/hr from a single nozzle.^ In application r e 
constituted salt would be recirculated, mixed with freshly distilled 
carr ier salt, and used to absorb the UFg. Intermediate fluorides are 
subsequently reduced to UF4 with hydrogen. 

IMPORTANCE OF INDIVIDUAL FISSION PRODUCTS 

After having defined the general objectives of the processing plant, 
contrived a general flow sheet, and answered some specific questions 
concerning the engineering and chemical feasibility of the flow sheet, 
let us now look in more detail at the economic influence of important 
individual fission products. 

The evolution of the reactor concept necessarily involves examina
tion and revision of design and cost data by each of the participating 
groups as a final stable goal is approached. A particular reactor con
cept was used to prepare the cost estimate for the processing plant and 
to evaluate the influence of individual fission products. The reactor de
sign considered a standard processing plant for which the xenon, 
krypton, and ruthenium actually never reached the plant; the Cs, Rb, 
Zr, Cd, and Sn were not separated by the distillation but were removed 
by "throwing away" 5% of the salt, following uranium removal after 
each pass. All other fission products, including the rare earths, were 
assumed to be removed to the extent of 99.9%. For this case the fuel 
yield was 4.95% and the fuel-cycle cost was 0.365 mill/kw-hr. The 
processing rates for the fuel and fertile streams were the same as 
those given previously. 

Our study essentially took a partial derivative of the fuel yield and 
processing cost with respect to the removal of individual fission 
products. The effect of neodymium removal on these variables is shown 
in Fig. 6. Note that the slope of the fuel-cycle cost curve is still nega
tive at 100% removal efficiency. This follows from the fact that the 
neodymium concentration in the reactor fuel stream is not reduced to 
zero at this point but to a steady-state value that is limited by the 
processing rate. Figure 7 shows the effect of samarium removal. This 
is another very important fission product, but it is obvious from the 
lower slope of its curve at 100% removal efficiency that we are not 
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treating the high-cross-section "^Sm (88,000 barns), which has a very 
short half-life in the core and never reaches the processing plant. The 
characteristic knee in the curve at low removal efficiencies indicates 
relatively low-cross-section material. 

Figure 8 shows the influence of rhodium, which is surprisingly 
more important than ruthenium. For the base case the characteristic 
low slope at complete removal indicates a fairly low cross section. 
Rhodium is a noble metal and might be expected to deposit on metallic 
surfaces. Were this the case, effectively instantaneous removal would 
be realized, and the fuel-cycle cost would drop below that for the base 
case. 

Figure 9 shows the effect of removing gadolinium, one of the fis
sion products at the other end of the curve. Because of its quite low 
yield and the fact that the high-cross-section isotope is immediately 
burned out in the reactor, gadolinium has virtually no influence on fuel-
cycle cost. 

For a comparison of all of the fission products, in summary form, 
results in Table 6 show the laxity in removal efficiency from 100% 
which may be tolerated before the fuel-cycle cost increases by 0.1%. 
The calculation was made considering all other fission products to be 
removed to the base-case level. 
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Table 6 

FISSION-PRODUCT REMOVAL EFFICIENCIES* 

Fission 
product 

Nd 
Pm 
Sm 
Rh 
Mo 
Tc 
Ru 
1 
P r 

Removal, 
% 

92 
9i 
82 
77 
65 
60 
55 
40 
45 

Fission 
product 

La 
Eu 
Zr 
Pd 
Ce 
Y 
Br 
Ba 
Te 

Removal, 
% 

45 
48 
19 
12 
7 5 
6 5 
5 
5 
4 

Fission 
product 

Cd 
Si 
Gd 
Ag 
Sn 
Tb 
Nb 
In 
Se 

Removal, 
% 

5 
3 
1 
0 
0 
0 
0 
0 
0 

*Removal efficiencies m the process ing plant for each fission product 
that would resu l t m a 0 1% increase m fuel-cycle cost compared to i t s 
complete removal in the process ing plant when all other fission products 
a r e at the b a s e - c a s e concentration 
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The fission products of most concern are the rare earths neo
dymium, promethium, and samarium, whose relative volatilities will 
control the design of the still. Rhodium will likely be removed by de
position on metal surfaces. Molybdenum and technetium will be r e 
moved as volatile fluorides in the fluorination step. Further down the 
list is zirconium, which has been mentioned before. Its partial p res 
sure precludes its removal in the distillation step. The base case, you 
will recall, assumed 5% removal of the zirconium per pass by dis
carding salt. Even in the base case, zirconium contributes 1.5% to the 
fuel-cycle cost over that for complete zirconium removal. The eco
nomic incentive is high to develop such methods as partial reduction to 
remove zirconium. If even 30 or 40% removal were effected, the dis
card of salt could be reduced from 5% down to perhaps 1% per pass. 

FOR THE FUTURE 

There are two possibilities for significant modification of the 
present flow sheet which are being seriously pursued but which have 
not yet reached the level of development to warrant their inclusion in 
the "hard" engineering development program: (1) removal of protac
tinium from the fertile salt by deposition and accumulation on special 
metallic surfaces and (2) the continuous and rapid removal of iodine 
from the fuel salt to eliminate the neutron loss to its daughter, *^^Xe. 
Were the former practical, the size of the blanket could be markedly 
decreased, and a one-region reactor might be feasible. Since the neu
tron flux in the MSBR will be much higher than the flux in the MSRE, it 
will be more difficult to provide a purge-gas removal that competes 
with the burnout of xenon. Most of the problem can be avoided by r e 
moving the precursor, iodine. Scouting tests show that this might be 
done by contacting the fuel salt, perhaps in conventional type packed 
towers, first with HF to produce HI and then with H2 to remove the HF. 

Finally, it is appropriate to point out that the chemical processing 
for molten-salt reactors is not all long-range, speculative thinking. In
stalled in the MSRE is a facility to remove oxides from the fuel by H2 — 
HF sparging and to recover the uranium by fluorination. This facility 
has already been operated to remove 115 ppm oxide from the flush salt 
used during reactor start-up. It is anticipated that uranium will be r e 
covered from the fuel salt in 1968. Although this is not a continuous 
system but processes the entire 72 cu ft of fuel loading in one batch, it 
adds to the hard technology. It is also anticipated that in 1968 an ex
perimental facility to test distillation of actual reactor salt will be 
operated in a spare cell adjacent to the fuel processing at the MSRE. 

Although there are technological problems to be solved, a rather 
thorough look has shown at least one path to the processing for an 
MSBR. 
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t)PERATION OF THE MOLTEN SALT 
REACTOR EXPERIMENT 

PAljL N HATJBENREICH 
Oak Ridge National Laboratory 

ABSTRACT 

Many of the design features and materials of proposed molten-salt breeder 
reactors are being tested in the 10-Mw{t) Molten Salt Reactor Experiment 
(MSRE) The MSRE fuel is a molten mixture of hthium, beryllium, zirconium, 
and uranium fluorides with very low vapor pressure, good heat-transfer prop
erties and low viscosity at the operating temperature of 1200°F The core con
sists of 2-in -square stringers of impermeable graphite through which the fuel 
flows in direct contact with the graphite A 1200-gal/mm centrifugal pump cir
culates the fuel from the core through a heat exchanger, where heat is trans
ferred to a secondary coolant (LiF~BeF2 salt). Heatis rejected from the coolant 
salt in an air-cooled heat exchanger The container material m the salt systems 
IS a nickel-base alloy, Hastelloy N. 

Construction of the MSRE was completed in 1964, and after extensive non-
nuclear testing criticality was first attained on June 1, 1965 Experimental 
nuclear operation has confirmed the predicted nuclear characteristics, including 
good self-regulation and stability and very low xenon poisoning. (Gaseous fission 
products are stripped continuously from the circulating fuel salt ) Practically 
no corrosion has occurred m more than 3000 hr of salt circulation. The MSRE 
IS laid out to facilitate semidirect maintenance with long-handled tools through 
movable work shields However little maintenance of the radioactive system 
has been required thus far. 

Some concepts of future molten-salt breeder reactors and the strong 
incentives that exist for their development have already been described 
(see paper by Kasten et al. included m this volume). The purpose of my 
paper is to describe the experience at Oak Ridge National Laboratory 
(ORNL) with the Molten Salt Reactor Experiment (MSRE)—^one large 
step on the way to those molten-salt breeders of the future. The L i F -
BeF2- ZrFi salt system developed at ORNL m the course of deciding on 
the optimum fuel composition symbolizes the firm base of research and 
development on which the MSRE res ts—research not only on salt but 
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also on the other materials of the reactor, going back 15 years to the 
Aircraft Nuclear Propulsion Project. This basic information has been 
used to build a "red-hot" reactor This is literally true, for the reac
tor operates at an incandescent 1200° F The point is this In the MSRE 
we have an operating reactor which is demonstrating the practicability 
today of the basic molten-salt-reactor features that make the breeder 
concept look so exciting And that is the purpose of the MSRE. 

DESCRIPTION 

The MSRE is a one-region 10-Mw(t) reactor. It is not a breeder. 
The core is too small for that, only 5 ft m diameter. The fuel is a 
mixture of ' L I F , BeFj, and ZrF4 with less than 1 mole% UF4. The flow 
sheet IS given as Fig. 1. 

Fuel IS circulated at 1200 gal/mm by a sump-type centrifugal pump 
located at the high point of the system. The free surface of the salt and 
the surge space are m the pump bowl, which operates at 5 psig. The 
vapor pressure of the salt is much less than 1 mm Hg, and the 5 psig 
IS merely a convenient pressure for the helium gas, which is used to 
blanket the salt and sweep out fission-product gases. About 65 gal/min 
of the salt is recirculated through a spray ring m the top of the pump 
tank. The purpose is to give better contact between the salt and helium 
and to allow the relatively insoluble xenon and krypton to come out of 
the salt. Four liters per minute of helium, Carrying the fission-product 
gases, is sent through charcoal beds to allow decay of most of the 
activity before being sent up a stack. 

A tiny motor-driven windlass, shielded and contained, is used to 
lower 10-cm^ sample buckets into the salt m the pump bowl. This de
vice IS also used to lower small capsules of L1F-UF4 eutectic, each 
containing 85 g of ^̂ ^U, into the salt to effect on-line refueling. 

Three flexible control rods m the core permit the temperature to 
be adjusted as desired. Ultimate shutdown is provided by draining the 
salt. Incidentally, the fuel is never allowed to freeze. The liquidus 
temperature of the fuel is 813 °F, and all piping is preheated elec
trically before the salt is put m. 

When the reactor operates at power, heat is removed from the fuel 
and discharged to the atmosphere by a secondary loop containing an
other salt, LiF-BeF2. The circulation rate here is 850 gal/mm. 

Figure 2 shows the physical layout. The primary system and the 
dram tanks are m underground cells. Maintenance is done with long-
handled tools through openings in the roof. The main salt piping is 
5-in. schedule-40 pipe. All salt piping and vessels are made of a 
nickel-base alloy called INOR-8. This alloy is now available com
mercially as Hastelloy-N. The core is made up of graphite bars m 
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d i rec t contact with the fuel sa l t . Figure 3 shows the core being a s 
sembled . The 2 - by 2-in. s t r i nge r s a re made of a special grade of 
graphite that is pract ical ly impermeable to the sa l t . 

EXPERIENCE 

In very brief outline, our operating his tory has been as follows. 
We began pre l iminary testing of MSRE components and sys t ems in the 
fall of 1964. In January 1965 we began to c i rcula te sa l t in the fuel and 
coolant loops. On June 1, 1965, the r eac to r was f i rs t made c r i t i ca l . 
We ca r r i ed out low-power exper iments in June and July. Then after 
s eve ra l months of final p repara t ions , the r eac to r was operated at a 
significant power (1 Mw) in January 1966, We ran into some difficulties 
with our off-gas sys tem which delayed our escalat ion of the power, but 
we have now operated at powers up to 5 Mw. We expect to be at 10 Mw 
within a couple of weeks. 

Nuclear Characteristics 

The nuclear cha rac te r i s t i c s a r e ext remely close to the predicted 
va lues , as shown in Table 1. La te r dynamics exper iments confirmed 
our prediction that the sys tem is s table at al l power l eve l s . 

Table 1—COMPARISON OF PREDICTED AND MEASURED VALUES OF 
NUCLEAR CHARACTERISTICS 

Predicted Measured 

Initial critical concentration 
of fuel salt, g of ^'^U/liter 

^̂ Û concentration coefficient [(6k/k)/(6C/C)] 
Temperature coefficient [(6k/k)/°F] 
Reactivity effect of circulation, % 6k/k 
Rod worth at initial critical loading 

(51-in. travel), % 6k/k 
Rod 1 
Three-rod bank 

While on the subject of react ivi ty, we might mention that the xenon 
poisoning has been quite low. The two main var iables affecting the 
poison a r e the m a s s - t r a n s f e r coefficient for xenon migrat ion into the 
graphite and the fraction of the dissolved xenon that is s t r ipped from 
the sa l t pass ing through the sp ray r ing in the pump bowl. We d e t e r 
mined m a s s t r ans fe r in the core las t yea r by an exper iment that in 
volved sa tura t ing the fuel and graphite with krypton, and then purging 
i t out. Because of the t ime constants , we could not measu re the effi-

33.06 
0.234 

- 7 . 0 X 10-5 
0.22 

2.11 
5.46 

32.85 ± 0.25 
0.223 
- 7 . 3 X 10-5 
0.212 

2.26 
5.59 
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Fig. 3~-Core being assembled. 
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ciency of the gas stripper in this experiment. Our experience with 
xenon poisoning has now given us an indication of the stripper effi
ciency. With no stripping we would have about 1.7% 5k/k equilibrium 
poisoning at 5 Mw. We actually got only 0.3%6k/k, which corresponds 
to about 60% stripping efficiency. 

Corrosion 

We have had practically no corrosion. This is really no surprise 
because loop experience with fluoride salts in INOR-8 has always 
shown very low corrosion at MSRE temperatures (around 1200°F). The 
corrosion that does occur is reaction of salt impurities such as reF2 
with the INOR-8 to remove chromium, as CrFa, from a thin surface 
layer. This attack stops when the impurities in the salt are used up. 
There has been very little CrF2 formation since the salt used has been 
quite pure. Fuel salt has been used in the MSRE since April 1965. (Be
fore then we circulated flush salt.) It has been molten all 13 months, 
and during that time it has been circulated for 2400 hr. The chromium 
concentration in the salt started at38ppm; today it is only 45 ppm. This 
increase corresponds to removal of chromium from a layer only 
0.006 mil in thickness over the loop surfaces. Confirmation of prac-
tically no corrosion came when we examined the fuel-pump internals 
last fall and found no sign of attack. Sample specimens exposed in the 
core have given the same picture. 

Fuel Stability 

Fuel stability is of great importance in any fluid-fuel reactor. 
One asks, "Can high temperature, radiation, or some contaminant cause 
the fuel to break down, separate, or form precipitates?" The fluoride 
salts are not susceptible to any such effects with one exception: gross 
contamination with oxygen or water produces oxides that are not highly 
soluble. The MSRE was designed to prevent oxide formation, and we 
have been signally successful. The oxide content of the fuel, after 
13 months in the reactor, is only 50 ppm compared to a solubility of 
about 700 ppm. 

Equipment Performance and Reliability 

The components that are perhaps most central to the salt operation 
are the circulating pumps. So far, the fuel pump has circulated salt 
for 3300 hr and the coolant pump has operated with salt for 3500 hr 
with no sign of any trouble whatsoever. 
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We have no mechanical valves; instead we blow air on a flattened 
section of pipe to form a freeze plug. These "freeze valves," once 
frozen, are reliable. We had some trouble getting the controls prop
erly set up to freeze as quickly as we would like, but this has not been 
a real hindrance. 

The sampler-enricher is another component that comes into con
tact with the salt. Recently a short in the electrical wiring to the motor 
put the sampler out of service for the first time. Before then, we had 
taken 120 samples and added 87 enriching capsules without incident. 
We decontaminated the sampler and repaired the wiring. 

One component that did require a good bit of work to get it to 
operating properly is the coolant-radiator enclosure. The doors that 
drop to stop heat removal had to be modified before they would operate 
reliably. 

All the other components and systems are more or less peripheral 
to the salt operation. One system that is less peripheral than others 
is the off-gas system. In the past 4 months, during power operation 
we have been bothered a good bit by partial plugging at some points in 
the off-gas system. The most notable places are at the pressure-
control valve and at the inlets to the charcoal bed. We opened it up and 
inspected the trouble spots. In every case the lines looked clean, but 
there were small quantities of solid or viscous liquid on the valve 
tr ims. Analysis was hampered because of the intense radioactivity, 
but the material was shown to be almost exclusively hydrocarbon with 
practically no salt. The total quantity was only a few cubic centimeters, 
and we think we know the source of the material. The holdup volume in 
the off-gas line is normally at the temperature of the reactor cell 
(about 130°F), but, when the reactor is operated at power, the fission-
product gases heat the pipe up above 200 °F. We believe that a small 
quantity of oil accumulated in the holdup volume before power opera
tion began and the heating due to the fission-product gases evaporated 
part of the oil and the intense radiation converted part of it to cross-
linked polymers that plugged the valves. We have recently installed a 
filter and trap assembly in the off-gas line upstream of the pressure-
control valve, and this seems to be working effectively. 

Of course, there is much more equipment than I have mentioned 
and we have had the usual amount of trouble with conventional com
ponents. For example, the motor on a space cooler in the reactor cell 
failed, and, when we examined it, we found that the rotor had slipped 
on the shaft. This is an almost-unheard-of type failure, but it did hap
pen and succeeded in shutting us down until the motor could be r e 
placed. All in all, however, mechanical difficulties with equipment has 
caused very little delay in the program. 
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SUMMARY 

In summary, then, our experience has been as follows: 
1. Nuclear characteristics are as predicted. 
2. Xenon is effectively stripped, 
3. The system is stable at all powers. 
4. There has been practically no corrosion. 
5. The fuel is chemically quite stable. 
6. There have been some equipment difficulties, but nothing basic 

or very difficult to overcome. 

Several of us who are now operating the MSRE participated in the 
ill-fated aqueous homogeneous reactor experiments at Oak Ridge. You 
may be sure that we really appreciate how smoothly the molten-salt 
system operates and how free it is from worrisome basic limitations. 
It certainly looks good in comparison. But, no matter what the standard 
of comparison, we are confident that the MSRE will live up to the name 
which we think goes with the initials M. S. R, E.—Mighty Smooth Run
ning Experiment. 





COMPARISON OF MEASURED AND PREDICTED 

CHARACTERISTICS OF THE ELK RIVER REACTOR 

J. R. FISHER* and E. D. KENDRICK* 
Atomic Energy Division, Allis-Chalmers Manufacturing Company, 
Bethesda, Maryland 

ABSTRACT 

The Elk River Reactor Is a second-round, Th02-U02 fueled, stainless-steel 
clad< boiling water reactor built by Allis-Chalmers Manufacturing Company 
under contract to the U. S. Atomic Energy Commission for the Rural Coopera
tive Power Company. One of the stated objectives of the reactor is the demon
stration of the thorium cycle. The final physics design and pre-start-up analysis 
were done in 1958 to 1962. The reactor was loaded in 1963, reached full power 
in 1964, and shut down for its first refueling in April 1966. At the time of shut
down, the core had achieved an average burnup of 7040 Mwd/metrlc ton. Agree
ment between predicted and observed performance was excellent throughout the 
core life. 

CORE DESCRIPTION 

The Elk River Reactor (ERR) is a natural-circulation indirect-cycle 
system that feeds the secondary steam to a coal-fired superheater and 
thence to the turbine generator. Table 1 shows the pertinent parame
ters of the final mechanical design of the core. Figure 1 is a cross 
section of the core and pressure vessel. 

Sixteen of the 164 fuel-element positions in the core are occupied 
by dummy elements. These elements prevent coolant bypass of the 
operating elements and can be loaded with fuel if further design r e 
quirements necessitate it. 

The reactor fuel is a mixture of thoria (Th02) and 93.5% enriched 
uranla (UO2). The present core contains 128 regular and 20 spiked 

•Present address: Nuclear Associates International Corporation, 12601 
Twinbrook Parkway, Rockville, Maryland. 
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Table 1 

ERR DESIGN DATA 

Mater ia ls 
Fuel 
Fuel enrichment in ^'^y 

Regular e lements 
Spiked elements 

Cladding 
Boron content of cladding 
Structure 
Followers 
Moderator and coolant 
Control rods 

Core dimensions 
Active height 
Mean diameter 

Fuel -e lement cold dimensions 
Fuel-pel le t d iameter 
Fuel-pel le t length 
Th02-U02 density (average) 
Clad tubing, inside diameter 
Clad tubing, outside d iameter 
Fuel tube cen te r - to -cen te r pitch: 

Normal 
Diagonal 

Control rods 
Number 
Shape 
Span 
Thickness 
Effective length when fully inser ted 

Fol lowers 
Number 
Shape 
Span 
Thickness 
Maximum length in the core 

when rods a r e fully withdrawn 
Shrouds 

Length 
Width 
Thickness 

UOj-ThOj mixture 

4.3 wt.% of total U and Th 
5.2 wt.% of total U and Th 
304L s ta in less steel 
600 ppm natural boron 
Zircaloy-2 
Zircaloy-2 
Light water 
2.2 to 2.3% boron s ta in less s teel 

60 in. 
60 in. 

0.407 in. 
0.50 in. 
9.53 g/cm^ 
0.412 in. 
0.452 in. 

0.75 in. 
1.06 in. 

13 
Cruciform 
14.875 in. 
0.25 in. 
56 in. 

13 
Cruciform 
14.5 in. 
0.25 in. 

45 in. 

7.625 in. 
7.625 in. 
0.0625 in. 

elements. On the basis of total thoria and urania, the ^̂ Û content is 
4.3 wt.% for the regular elements and 5.2 wt.% for the spiked elements. 
The mixture is defined by the following weight ratio: 

ŝ̂ U (metal) 
Th 2 3 5 T U + ''•''*U(metal) 

The fuel pins are clad with free-standing, annealed 304L stainless 
steel which initially contained 600 ppm of natural boron. 
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Fig. 1 — Core loaded with 128 regular elements enriched 4.3%, 20 spiked ele
ments enriched 5.2%, and 16 dummy elements, x, dummy elem.ents; S, spiked 
elements. 
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The fuel element incorporates a 5 by 5 array of 25 fuel rods; the 
center rod of each element is interchangeable with a borated or a 
sample-bearing stainless-steel rod. The boron pins provide flexibility 
to reduce reactivity, and the sample tubes allow irradiation of speci
mens similar to the material of the control rods. The final assembled 
core did not require boron pins; but in eight elements the center pin 
was replaced with a sample tube. 

The core is controlled by 13 boron-stainless-steel cruciform 
control rods mounted on the bottom of the reactor vessel. They are 
withdrawn upward; thus reactivity is decreased by downward move
ment and increased by upward movement. During normal operation 
the center rod is used as a regulating rod and the others are used as 
shim rods. 

The cruciform rods are guided into the spaces between the indi
vidual cells by Zircaloy-2 shrouds welded to the cruciform Zircaloy-2 
support posts. 

COMPARISON OF ANALYTICAL METHODS WITH EXPERIMENT 

The models and methods used in analyzing the reactor have under
gone a number of evolutionary changes since the beginning of design. 
These are briefly reviewed chronologically, and the adequacy and 
applicability of each are examined. 

Design-phase Methods 

During the design phase, from 1958 to 1960, such items as the 
number of control rods, the wt.% ^̂ ^U, the amount and placement of the 
burnable poison, reactivity inventory, and power and void distribu
tions were determined. During this phase the Westcott-type cross-
section model* was utilized for predicting reaction rates. The cross 
section is defined as 

_ gpfe + rs ] [V% 
1 - br V 4 T, 

where CTQ - 2200-m absorption cross section 
Tj, = neutron temperature 
g = non-l/v factor for the thermal group 
s = non-l/v factor for the epithermal group 
r = spectral indices 

The spectrum was taken as a hardened Maxwellian in the thermal 
group and as 1/E in the epithermal group. 
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The model used^ incorporated a smoothing function to join the 
thermal and epithermal spectra. This function, adopted from Campbell 
and Freemantle,^ was linear from 1 to 3.5 kT, constant from 3.5 to 5 kT, 
and proportional to 1/E above 5 kT. The g and s values for all isotopes 
of interest in both thorium and uranium cycles had been recalculated by 
using this spectrum assumption. 

The choice of this cross-section model was one of expediency. 
The spectral programs accessible at that time did not include thorium, 
^̂ ^U, etc., and neither the time nor the inclination was available to 
amend the programs. The model proved very useful and is still in
corporated into one portion of the current calculational procedure. 

The flux-weighting factors necessary for reactivity analysis were 
obtained for the Th02-U02, the cladding, and the water inside the 
shroud by the so-called grey-cylinder approach, a method suggested 
by Pershagen and Carlvik.* The flux-weighting factors for the shrouds, 
the control-rod followers, and the water channels were determined 
from the two-group two-dimensional diffusion-theory calculations. 

Power distributions were calculated by using the usual one- and 
two-dimensional diffusion-theory programs. Iterations between the 
void-distribution analysis and power-distribution analysis were done 
until convergence was obtained. 

Pre-start-up Phase 

In the period between final design and criticality, spectral pro
grams were obtained which contained the thorium-chain isotopes. Av
erage cross sections were determined by using the codes GAM-I for 
the fast groups' and TEMPEST-II for the thermal group. ̂  Disadvantage 
factors were calculated by using a P3 program, and reactivity in
ventories were reinvestigated. The predictions of cold excess k and 
reactivity in temperature, voids, and xenon agreed with those of the 
design phase. 

Initial Fuel Loading and 100% Power Results 

Cold Results The initial core loading consisted of 148 regular fuel 
elements (4.3 wt.% ^^^U). The presence of boron pins that could be 
interchanged with the center pin of each element and 22 spiked ele
ments (5.2 wt.% ^̂ ^U) that could be interchanged with the regular 
elements made it possible to adjust reactivity. This capability was 
built in to account for calculational uncertainties since the reactor 
was built without benefit of a critical experiment and contained fea
tures, such as the thorium and the burnable poison in the cladding, 
which differed from other boiling-water reactors. 
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The clean, cold excess k was determined by rod calibration as a 
function of the number of elements in the core and by boric acid mea
surement with the fully loaded core. The reactivity thus measured for 
the 148 regular elements was 9.3% p. The predicted value was 11.2% p, 
about 2% Ap higher than the measured value. 

Examination of the data obtained by boric acid measurement in
dicated that part of the difference could be attributed to underestima
tion of the parasitic absorption in the cladding and moderator; i.e., 
since the actual worth of the boric acid was greater than predicted, 
it was reasonable to believe that the flux in the moderator was greater 
than predicted. Foil measurements between the pins substantiated this. 

To investigate this analytically, a thermal multigroup calculation 
was done by utilizing, first, TEMPEST and a P3 program and, second, 
TEMPEST and the grey-cylinder approach of Ref. 4. Cross sections 
inside the shroud were determined for use in spatial calculations, and 
two-dimensional three-group analysis was redone. 

To illustrate the difference in reactivity prediction by the thermal 
single group and the thermal multigroup, the familiar thermal utiliza
tion was calculated by both methods for the fuel, the cladding, and 
the water inside the shroud box. These results are shown in Table 2. 
The uncertainties in such areas as the epithermal parameters of zir
conium, etc., appear to be self-canceling, and the difference between 
the predicted and observed reactivity can be attributed in the most 
part to the disadvantage or flux-weighting factors. 

Table 2 

EFFECT OF ENERGY-SPACE SEPARABILITY 

Method 

Grey cylinder^ 

P3 

Thermal 
group s t ruc ture 

Single group 
Multigroup 
Single group 
Multigroup 

Thermal 

Utilization 

0.7842 
0.7682 
0.7894 
0.7754 

Af/f 

2.03% 

1.78% 

The difference between a thermal single-group model and a 
thermal multigroup model was not expected to be so great for full-
power conditions (of the order of 1%). Thermal analysis done during 
the pre-start-up phase predicted that the steam void fraction in the 
core would be higher than earlier design values. To compensate for 
this and for the difference in predictions previously mentioned, 
20 spiked elements were loaded as shown in Fig. 1. This increased the 
reactivity by about 1.2%. The spiked and regular cores were recalcu-
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lated by use of a two-dimensional diffusion-theory p rog ram (PDQ), 
with th ree -g roup p a r a m e t e r s obtained from the spec t ra l p r o g r a m s , 
and the descr ibed averaging p r o c e s s in the the rma l group. Agreement 
between these r e su l t s , a s shown in Table 3, is much bet ter . The only 
difference between this model and that of the p r e - s t a r t - u p period is 
in the t r ea tmen t of the flux weighting of the fuel-pin cel l . 

Table 3 

REACTIVITY OF UNRODDED CORE 

Core Calculated Measured 

Spiked 10.lJ( 10.5% 
Regular 8.7% 9.3% 

Results at 100% Power The mode of cont ro l - rod operation during power 
escala t ion is to keep the center rod inse r ted and to withdraw the 
remaining 12 rods in a bank. At full power and equil ibrium xenon, the 
12-rod bank i s fully withdrawn, and the center rod i s par t ia l ly with
drawn. 

Table 4 

REACTIVITY LOSSES AT FULL POWER 

Predicted, Ak Observed, Ak 

Temperature 0.013 0.010 
Xenon 0.023 0.025 
Voids plus Doppler 0.035 0.038 

Total 0.071 0.073 

In Table 4 the react ivi ty l o s se s at full power, a s predicted by the 
methods used in the design and p r e - s t a r t - u p phases , a r e compared 
with the observed values . This agreement indicates that the model and 
methods used in the design and p r e - s t a r t - u p phases were adequate for 
th is type of predict ion. However, they a r e cumbersome and incon
venient in some a r e a s ; for example, the void—power analysis is done 
by i terat ion, and th ree-d imens iona l power dis t r ibut ions a re obtained 
by combining one- and two-dimensional analyses o r by R - Z ca lcula
t ions where rods a re t rea ted unsat isfactor i ly . To improve this , a 
new calculational model was adapted and verified during cr i t ica l i ty 
and power escalat ion. 
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Post-start-up Phase 

The model adapted during start-up and currently in use represents 
the reactor as a one-group three-dimensional mock-up with coupled 
power and void calculations. This type of representation is accom
plished by use of the FLARE program,' which represents the reactor 
core as a series of three-dimensional cells or nodes; it is necessary 

5-* 

Fig. 2—Control-cell layout. 1 to 4, Fuel elements. 5, Zirconium shrouds. 6, 
Water channel. 7, Control-rod or zirconium follower. 8, Zirconium posts. 

to determine certain parameters externally. The physics input re 
quires the control-rod-cell infinite multiplication factor and migration 
area as a function of void fraction, control-rod fraction, and fuel 
exposure. Figure 2 shows a typical control-rod cell. These parameters 
are necessary for the various types of elements that may be in the 
core, for example, the spiked and regular elements. The thermal and 
hydraulic input requires the degree of subcooling, the total recircula
tion flow rate, the inlet velocity distribution, and the void fraction-
steam quality correlation for the conditions of interest. The reflector 
is treated by means of an albedo that is also input. 

The input physics parameters, k,, and M ,̂ were determined from 
a three-group two-dimensional representation of the control-rod cell. 
The thermal spectrum and resulting cross sections were calculated 
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by using the TEMPEST-II program. A thermal multigroup transport 
calculation was done for the fuel-pin cell to obtain the average thermal 
cross sections of the fuel element. Cross sections for the upper two 
energy groups were obtained by using the GAM-I program. The control 
rods were represented by equivalent diffusion parameters, and the 
PDQ-2-90 code was used for the two-dimensional analysis. Three-
group calculations were done for the unrodded, one-rod-in, and two-
rods-in cases vs. temperature and void fraction. 

Comparison with Cold Results The FLARE model can be normalized to a 
more sophisticated calculation or to experimental data in several 
ways, the most obvious being the variation of the reflector albedo. This 
was the method chosen for the ERR core. The normalization was done 
to the measured cold reactivity of the unrodded, uniformly loaded core 
containing 148 elements of 4.3 wt.% ^̂ ^U. After this normalization cal
culations of a number of observed critical rod configurations were 
made. Since this type of comparison does not involve data reduction or 
interpretation, it offers the best opportunity to test the complete cal
culational model. Figure 3 shows the rod locations, and Table 5 gives 
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Table 5 

COLD-CORE RESULTS 

Rod configuration 

Effective multiplication factor 

Calculated 

A. Uniform Core 

Unrodded 
All rods at 13.69 in. 
No. R out, bank at 12.74 in. 
No. 5 out, bank at 12.69 in. 
No. 8 out, bank at 12.89 in. 
Nos. 5, 10, R, and 11 at 25.20 in. 
No. 8 at 14.69 in. 
Nos . 5, 6, 7, and 11 out 

B. Final Core 

Unrodded 
All rods at 12.37 in. 
No. R out, bank at 11.50 in. 
No. 5 out, bank at 10.43 in. 
Nos. 11 and 12 at 49.63 in. 

C. Reactivity 

Nos. 5, 10, R, and 11 at 25.20 in. 
No. 8 at 14.69 in. 
Nos. 5, 10, R, and 11 at 20.14 in. 
No. 8 at 13.24 in. 

1.103* 
1.002 
1.001 
1.004 
1.002 

1.006 
0.995 

1.117 
1.001 
1.002 
1.006 
1.006 

Insertion 

43 .9? / in . 

4 6 ? / i n . 

Measured 

1.103 
1.00 
1.00 
1.00 
1.00 

1.00 
0.998 

1.117 
1.00 
1.00 
1.00 
1.00 

39(?/in. 

4 2 ? / i n . 

*Normalized to this value. 

the comparative results. Part A of the table shows the core data for the 
148 regular elements. The calculated and measured values agree 
within 0.6% for all cases. Part B of the table shows data for the final 
core. These later configurations were calculated with no further nor
malization; i.e., the only normalization done for any of the analysis 
was for the unrodded regular core. These calculations also agree to 
within 0.6% of the measured values. 

One other type of calculation was performed on the cold core, 
i.e., reactivity insertion due to rod movement (see part C of Table 5). 
This was done for abnormal rod configurations as well as for the 
13-rod bank. The comparison of calculated with the measured values 
is also given in Table 5. 

Comparison with Partial- and Full-power Results The analysis was extended to 
the hot operating core. During the initial approach to full power, mea
surements were taken of the rod positions vs. power level at the 
equilibrium xenon condition. The results of calculations performed 
for these rod configurations and conditions are shown in Table 6. The 
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Table 6 

HOT-OPERATING-CORE RESULTS* 

Effective multiplication 
factor Power coefficient 

Condition Rod configuration Calculated Measured Calculated Measu ied 

Hot z e i o 
power 

20 Mw(t) 

40 Mw(t) 

58 2 Mw (t) 

No 6 inser ted , 1 0007 1 00 
bank at 19 9 m 

No 6 inser ted 1 0005 1 00 
bank at 27 9 m 

No 6 inser ted 1 0047 1 00 
bank at 47 4 m 

Bank V ithdrawn 1000 5 1 0 0 
No 6 at 17 1 

10 3 9 / m w 12? /mw 

*Final core equi l ibi ium xenon 

nominal hot, zero-power condition with no xenon was calculated to 
0 1% Ak The same accuracy was obtained by the 20 Mw(t) condition 
Because of the test ing requ i rements , the measu remen t s for 40 Mw(t) 
and above included some samar ium and protact inium buildup This was 
not accounted for in the 40 Mw(t) measu remen t s but was included in the 
full-power measu remen t s At the t ime of the full-power measurement , 
t he re were approximately 20 equivalent full-power days of operation, 
o r 0 7%Ak m samar ium and protact inium 

At the end of the initial 28-day power run, the r eac to r was shut 
down for a 3-month period The gam m react ivi ty due to protact inium 
decay and the resul tant ^̂ ^U buildup was SG*?, the predicted gain was 
57^ 

As stated previously, the full-power mode of operation is to have 
the 12-rod bank fully withdrawn and to follow reactivi ty lo s ses by 
movement of the center rod The p o s i t i o n of the cen te r rod vs 
Mwd/met r ic ton was predicted by using this same calculational model 
An additional input, k „ vs t ime, had to be determined external ly The 
isotopic variat ion with t ime was predicted by use of a point-depletion 
T h o r i u m - U r a n i u m Recycle Analysis P r o g r a m (TURAP) that ut i l izes 
the Westcott model ' for effective c r o s s sect ions The depletion p rog ram 
rede te rmines the spec t ra l index and hence effective c r o s s sect ions as 
well as isotopic number densi t ies at specified t ime s teps . 

Radioactive m e m b e r s of f ission-product decay chains were d i 
vided into two groups,^ those which decay instantly and those which do 
not decay at al l Also, all i sotopes with 

yao < 0.001 

where y is fractional yield and CTQ IS 2200-m c r o s s section, were 
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Fig. 4 — Graph showing KgifVS. uniform exposure. 

eliminated. This left a list of 59 first-order isotopes (those formed 
directly in fission). In addition, 12 of the most important second-order 
isotopes (those formed by burnup of the 59 primary isotopes) were 
considered. The number densities of these isotopes were calculated 
vs. flux time, and the cross sections were then compiled into an ef
fective one-group cross section that varies with irradiation time and 
spectral index for use in the point-depletion analysis. 

A graph of kgff vs. time predicted by the TURAP program is given 
in Fig. 4. Figure 5 shows the predicted and observed rod positions as 
a function of irradiation time. The reactor was shut down for refueling 
on Apr. 15, 1966. At the time of shutdown, the position of the center 
rod was 59 in. from the bottom of the core, and the average burnup was 
7040 Mwd/metric ton. The agreement between the predicted and ob
served performance was excellent throughout the core life. 

The reactor will be refueled in May 1966, with approximately 
one-third of the fuel being replaced. The removed fuel will have a 
burnup of about 9000 Mwd/metric ton. The average burnup of the first 
core with the fuel-cycle program now envisioned will be about 11,000 
Mwd/metric ton. Present plans call for the first removed fuel to be 
reprocessed and refabricated in the POUT plant in Italy for eventual 
recycle into the ERR core. The second core fuel is 4.4 wt.% uranium 
in thorium with the burnable poison eliminated. The geometric char
acteristics are very similar to those in Table 1. The objective was to 
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achieve as long a burnup as poss ible with re l iance only on the movable 
rods for control and st i l l maintain a reasonable t ime interval between 
refueling (1 yea r ) . This has resu l ted in a design burnup of the second 
core of about 14,500 Mwd/met r ic ton. 
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PROGRESS OF ZERO-POWER EXPERIIVIENTS 

IN THE PEACH BOTTOIVI HIGH-TEMPERATURE 

GAS-COOLED REACTOR 

K. R. VAN HOWE and J. R. BROWN 
John Jay Hopkins Laboratory for Pure and Applied Science, General Atomic, 
Division of General Dynamics Corporation, San Diego, California 

ABSTRACT 

The Peach Bottom High-Temperature Gas-Cooled Reactor is a graphite-
moderated gas-cooled power reactor that operates with a 2^^U-232xh-233-(j f^gj 
cycle. The reactor, owned and operated by the Philadelphia Electric Company, is 
designed to produce 40 Mw(e). By May 1966 it is expected that the reactor will 
have been fueled and a large number of the zero-power experiments will have 
been completed. These zero-power experiments, discussed in this paper, in
clude: (1) loading of fuel to achieve initial criticality, (2) power-distribution 
measurements, (3) control-rod-worth measurements, (4) determination of the 
cold, clean excess reactivity, and (5) reactivity worth of thorium, uranium, and 
other core materials. 

For the pas t 3 months, General Atomic Division, General Dynamics 
Corp. , and the Philadelphia Elec t r ic Company have been pursuing a 
p r o g r a m of zero-power experimentat ion in the Peach Bottom High-
Tempera tu re Gas-Cooled Reactor (HTGR). This exper imental p r o g r a m 
has a s an objective the measuremen t of the physics p rope r t i e s of th is 
prototype HTGR. The majori ty of this ze ro-power p rog ram is now com
plete, and some p re l imina ry resu l t s of the p r o g r a m a re available. 

REACTOR DESCRIPTION 

The Peach Bottom HTGR is a graphi te -modera ted gas-cooled 
power r eac to r that opera tes with a 235^_232.pj^_233y ^^^^ cycle. The nu 
c lear s team supply sys tem of the Peach Bottom HTGR was designed and 
supplied by the General Atomic Division, General Dynamics Corpo ra -
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Fig. 1—Cutaway vieiv of a single fuel element. 
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tion.* The reactor is owned and operated by the Philadelphia Electric 
Company,! and, when operating at power, it is designed to produce a 
net electrical output of 40 Mw(e) with a net overall efficiency of 34.6%. 

The reactor core is composed of 804 graphite fuel elements, each 
of which contains the graphite moderator and the thorium and uranium 
fuel. A cutaway view of a single fuel element is shown in Fig. 1. The 
fuel element is 12 ft long and 3V2in. in diameter and is composed of the 
following major components: 

1. A graphite sleeve that acts as the primary structural material. 
2. Annular fuel compacts that contain coated Th-U particles in a 

graphite matrix. 
3. A graphite spine interior to the fuel compacts. 
4. Upper and lower graphite reflectors. 

The fueled section of the element is 7V2 ft long, and the upper and 
lower axial reflectors are approximately 2 ft long. Selected fuel ele
ments contain a lumped burnable poison in the form of cylindrical com
pacts containing zirconium diboride in a carbon matrix. These lumped 
burnable-poison compacts are located in the central graphite spine. 

A normal control rod is shown in Fig. 2. The control rod, which is 
bottom driven, rides in a graphite guide tube that also has an outside 
diameter of 3% in. and a total overall length similar to that of the fuel 
elements. The normal shutdown and regulation of the core is performed 
by 36 of these control rods. In addition to these 36 control rods, the 
core contains 19 emergency shutdown rods. These 19 emergency shut
down rods are also bottom driven and ride inside graphite guide tubes 
similar to those used for normal control rods. The emergency rods are 
clad in steel and are capable of being inserted against a resistance of 
10,000 lb. 

A top view of the core is shown in Fig. 3. The 36 control and the 
19 emergency rods are uniformly spaced throughout the active core r e 
gion. The core region, which is 9 ft in diameter, is surrounded by an 
inner radial reflector made up of three rows of unfueled graphite r e 
flector elements. These reflector elements have a hexagonal cross 
section and, like the fuel elements, are 12 ft long. The three rows of 
reflector elements are then surrounded by graphite reflector blocks, 
making a total radial reflector thickness of 2 ft. 

The fuel elements were loaded into the core with the normal fuel-
handling equipment. This consisted in remotely lowering a fuel element 
into the parking hole in the radial reflector with the charge machine. 

*Research and development work was supported in part by the U. S. Atomic 
Energy Commission. 

t Support for the developmental construction of the plant was provided by 
High Temperature Reactor Development Associates, a group of 53 U. S. utilities. 
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The fuel transfer machine then removedthe fuel element from the park
ing hole and inserted it into a vacant location in the core. 

Before the fuel elements were loaded, the core was filled with 
dummy graphite elements. These dummy elements had the same ex
terior appearance as fuel elements. The core was loaded by alternately 
removing a dummy element and replacing it with a fuel element. For 
facilitation of the removal of these dummy elements, an auxiliary park
ing hole was made under the vessel nozzle on the opposite side of the 
core from the normal parking hole and a dummy off-loading device was 
built. The fuel transfer machine would remove a dummy element from 
the core and deposit it in the auxiliary parking hole; a dummy off
loading device would then remove the dummy from the vessel. 

The nuclear design of the Peach Bottom core was based primarily 
upon the following criteria: 

1. A reactivity lifetime for the reactor core of 3 years with a 
minimum excess reactivity and an adequate shutdown margin throughout 
the core life. 

2. A low overall peak-to-average power density throughout the 
core life. 

3. A strong negative temperature coefficient of reactivity, both 
prompt and overall, throughout the core life. 

The zero-power physics program for the Peach Bottom HTGR was 
designed to measure the degree to which these primary criteria were 
met. In addition, the zero-power physics program was designed to pro
vide information that can be used to check the computational methods 
and data that are being used in the design of large HTGR reactors. 

INITIAL LOADING TO CRITICALITY 

So that the measurements during the zero-power physics program 
would reflect as closely as possible the properties of the operating r e 
actor, a somewhat unorthodox method of loading the core was de
veloped. Of the 804 dummy graphite elements in the core prior to load
ing, 150 were poisoned with boron to give the same effective absorption 
as the thorium and uranium in a fuel element. These 150 poisoned 
dummy elements were located in positions in the dummy core so that 
they approximated a uniform distribution over the core volume. The 
positions of these 150 poisoned dummy elements in the core prior to 
fuel loading are given in Fig. 4. Fuel was loaded into the core by r e 
placing first the clean dummy elements and then the poisoned dummy 
elements by fuel-bearing elements. The fuel-bearing elements were 
loaded in a pattern that was developed to approximate the full-size 
core during the approach to critical. The core configuration at six 
typical stages during initial loading is shown by the six different sec-
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Fig. 4—Element positions prior to loading. 

tors of the core-layout diagram in Fig. 5. Since the poisoned dummy 
elements had approximately the same effective absorption cross sec
tions as fuel-bearing elements, the neutron spectrum and the core diffu
sion length remained relatively constant while the last 150 fuel elements 
were being loaded. Because of the method of loading and the composition 
of the poisoned dummy elements, the final approach to critical (the r e 
placement of poisoned dummy elements by fuel-bearing elements) was 
not seriously complicated by a changing neutron spectrum, core size, 
or source—detector geometry. 
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The first fuel element was loaded into the core at 1:03 a.m. on 
Feb. 5, 1966. After the first 25 fuel elements had been loaded, the in
verse multiplication (ratio of the neutron-flux level with no fuel to the 
flux level with fuel) was measured with all 36 control rods inserted and 
with all control rods withdrawn. These fully rodded and unrodded in
verse multiplication measurements were repeated at various stages 
during the approach to the initial critical loading. Inverse multiplica
tion measurements were also made with 24 control rods inserted fol
lowing the loading of each fuel element. The predicted and measured 
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inverse multiplication as a function of the number of fuel elements 
loaded is given in Fig. 6. The measured inverse multiplication fell 
slightly below the predicted curve during core loading but, in general, 
followed the predicted curve. 
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Fig. 6 — Unrodded inverse multiplication during loading to critical. 

A critical configuration was achieved at 1: 33 a.m. on Mar. 3, 1966, 
with 682 fuel elements loaded. The just-critical core configuration is 
given in Fig. 7. With 682 fuel elements loaded, the reactor was critical 
with three control rods in the central ring inserted approximately 1 It. 
The predicted just-critical loading was 689 ± 20 fuel elements. The 
measured just-critical loading of 682 fuel elements was in excellent 
agreement with the predicted loading. The ±20 fuel-element uncertainty 
in the predicted loading was a consequence of uncertainties in actual 
core composition and geometry; uncertainties in thorium, uranium, and 
rhodium cross sections; uncertainties in the composition of the poisoned 
dummy elements; and uncertainties in the poison impurity content of the 
actual core. The critical mass was 188 kg of ^̂ Û compared to a p re 
dicted critical mass of 189 kg of ^̂ ^U. Calibration of the control rods 
that were partially inserted with 682 fuel elements loaded yielded an 
excess reactivity with the configuration of 0.0015 Ap. The central P o -
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Fig. 7—Element positions with just-critical core. 

Be source was then removed and replaced by the 683rd fuel element. A 
steady-state accelerator-type neutron source was also installed in the 
radial reflector. After these changes had been made, the excess r e 
activity of the core was again measured and determined to be 0.0011 Ap. 
The decrease in reactivity was primarily due to the poisoning effect of 
the steady-state accelerator source in the radial reflector. 

As a result of measurements of the reactivity worth of replacing a 
poisoned dummy element by a fuel element at various core positions, it 
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was determined that the excess reactivity with the predicted just-
critical loading of 689 fuel elements would be 0.0081 Ap. The tempera
ture coefficient of reactivity is expected to be about -10"'* Ap/°C at the 
core temperatures that existed during these measurements, and small 
changes in the core temperature can have a significant effect upon the 
reactivities previously mentioned. Temperature corrections to these 
measurements are awaiting the analysis of the measurement of the 
temperature coefficient of reactivity. In general, these temperature 
corrections will improve the already satisfactory agreement between 
the predicced and measured critical loading. 

CONTROL-ROD-WORTH MEASUREMENTS IN JUST-CRITICAL CORE 

The reactivity worths of various configurations of control rods 
were measured in the just-critical core of 683 fuel elements. These 
measurements were performed by pulsed neutron techniques. A Kaman 
Nuclear A-801 accelerator neutron source was placed on the top of the 
upper reflector near the radial center of the core. This electronic 
source introduced repetitive pulses of neutrons into the core. The time 
dependence of the neutron density following these neutron pulses was 
detected by a miniature BFg detector inside the core region and r e 
corded by a 1024-channel Technical Measurements Corporation multi
channel analyzer operating in the multiscaler mode. 

Preskitt and Nephew' had previously thoroughly investigated this 
pulsing technique as it applies to measurement of subcritical reactivity 
in reflected graphite reactors. As a result of their preparations for 
similar measurements on the Experimental Gas-Cooled Reactor, it be
came apparent that the fundamental prompt-neutron-density distribution 
of a subcritical graphite-reflected reactor and the fundamental delayed-
neutron-density distribution differ significantly. As a result of these dif
ferent prompt- and delayed-neutron-density distributions, they showed 
that interpretations of the experimental data which relied upon the ratio 
of the prompt- to delayed-neutron density can yield highly erroneous 
results. Their theoretical studies pointed out that the only valid method 
to interpret pulsed-source measurements accurately is to calculate the 
decay constant of the prompt-neutron density and relate any differences 
between the calculated and measured decay constant to a difference be
tween the calculated and measured subcritical reactivity of the core. 
Preskitt and Nephew assisted in the pulsed-source measurements in the 
Peach Bottom reactor, and, to a large extent, it has been their partici
pation in the program that has resulted in a clear interpretation of the 
experimental measurements. 

The reactivity worth of 10 different control-rod configurations was 
measured by pulsed-neutron techniques inthe just-critical core with 683 



ZERO-POWER EXPERIMENTS IN PEACH BOTTOM HTGR 705 

fuel elements. Preliminary analysis of the data from these measure
ments shows that the measured and predicted reactivity worths of the 
various control-rod configurations agree within the experimental un
certainty of about 3%. For example, the measured reactivity worth of 
the entire bank of 36 control rods in the just-critical core was 0.270 Ap, 
and the predicted reactivity worth was 0.264 Ap. The measured r e 
activity worth of the entire bank of 19 emergency shutdown rods in the 
just-critical core was 0.103 Ap; the predicted reactivity worth was 
0.099 Ap. It should be pointed out that these two measured reactivities 
correspond to $40 and $15 subcritical. 

FLUX-DISTRIBUTION MEASUREMENT IN JUST-CRITICAL CORE 

Following the measurement of the reactivity worth of various 
control-rod configurations in the just-critical core with 683 fuel ele
ments, the flux distribution in this essentially unrodded core was mea
sured. This core configuration approximates the end-of-life core after 
3 years of burnup. For facilitiation of this and other measurements of 
the flux distribution in the Peach Bottom core, an automatic flux-
scanning device was developed. 

The automatic flux-scanning device and its associated equipment, 
schematically shown in Fig. 8, consists of a miniature BFg probe, a 
traversing mechanism for the probe, a control module, a multichannel 
analyzer, and a monitor detector. With the reactor critical at low power, 
the traversing mechanism containing the miniature BFg probe was posi
tioned over a selected coolant channel by the fuel transfer machine. 
The probe was then inserted into the coolant channel until the 1-in.-
long sensitive length was positioned in the lower reflector region. The 
control module was then switched into automatic mode and the minia
ture BFg probe counted until 10,000 counts were recorded on the moni
tor detector located at the top of the upper reflector. The count on the 
probe was stored in the first channel of the multichannel analyzer, and 
the control module then indexed the probe up 3 in. to the next position. 
The probe again counted until 10,000 counts were recorded on the moni
tor detector, and the count on the probe was stored in the second channel 
of the multichannel analyzer. This process was repeated until the count 
on the probe per 10,000 monitor counts was recorded at 45 axial loca
tions and the probe was fully withdrawn from the core. The transfer 
machine then positioned the traversing mechanism over another coolant 
channel, and the axial traverse was repeated. This entire process was 
repeated until axial-flux profiles were obtained at 37 different radial 
and azimuthal positions in the core. Owing to the use of the monitor 
detector, the individual counts at each location were normalized to a 
constant core power irrespective of any fluctuations in the core power 
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Fig. 8—Schematic of flux-scanning device. 

level during the time of experimental measurement. At the end of the 
experiment, the normalized counting rates at 1665 different locations in 
the core and reflector were available on both printed and punched paper 
tapes. 

A comparison between the predicted and the measured point-to-
average neutron density as a function of core radius is given in Fig. 9. 
The experimental neutron-density distribution, axially averaged over 
the core length, along with the predicted neutron-density distribution 
from a one-dimensional (R) and a two-dimensional (X-Y) calculation, is 
given in this figure. The agreement between the predicted and the mea
sured neutron-density distribution is excellent. Over the majority of the 
core volume, the measured and the predicted neutron-density distribu
tion agree to within 5%. 

EXCESS REACTIVITY MEASUREMENT 

Following the measurement of the flux distribution in the essentially 
unrodded core, the reactivity worth of removing a poisoned dummy ele-
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60 

ment and replacing it by a fuel element at various core positions was 
measured. A poisoned dummy element was individually replaced by a 
fuel element at the six core locations given in Fig. 10, bringing the total 
core loading to 689 elements. The core reactivity change resulting from 
loading each of these fuel elements was measured by the changes in the 
critical-rod positions. The change in the effective multiplication (Ak) 
was plotted as a function of core radius as shown in Fig. 11. From this 
figure the change in the effective multiplication in the unrodded core 
which would be produced by loading a fuel element in each of the r e 
maining locations of poisoned dummy elements was obtained. The effec
tive multiplication of the cold, clean, fully loaded (804 fuel elements) 
core was then obtained by summing the individual Ak worths of the 121 
fuel elements that were to be loaded from 683 elements to achieve a 
fully loaded core. The cold, clean, fully loaded effective multiplication 
(k) determined by this measurement was 1.201 compared to a predicted 
value of 1.183lo:oi9. The uncertainty in the predicted value again r e -
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fleets uncer ta int ies in the c ro s s sect ions of thorium, uranium, and 
rhodium and uncer ta int ies in the composition geometry and poison con
tent of the actual fuel e lements . As can be seen, the measu red excess 
react ivi ty falls within the uncertainty l imits of the predicted excess r e 
activity. 

REACTIVITY-WORTH MEASUREMENTS 

The reactivi ty worth of thorium, uranium, rhodium, and lumped 
burnable poison (boron) was measu red by replacing selected fuel e l e -
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ments with fuel elements with an altered composition of the material of 
interest. The reactivity change due to each substitution was measured 
by the change in the critical-rod positions produced by the substitution. 
The analysis of the data from this series of measurements is not com
plete at this time, and therefore it is not possible to present any r e 
sults . 

DIFFERENTIAL-ROD-WORTH MEASUREMENTS 

After completion of the previous series of measurements, the 
loading of fuel toward the full loading of 804 fuel elements was con
tinued. These additional fuel elements were loaded in small batches 
(one to five elements), and the reactor was brought to critical after 
each small batch of fuel elements was loaded. Criticality was ap
proached by withdrawing control rods in the normal sequence that will 
be used during power operation. Each batch of fuel elements that was 
loaded was sized so that the change in reactivity of the core due to the 

file:///3F-i3.i2
http://D-15.ll%22�
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loading of these elements would allow a group of three control rods to 
be inserted approximately one additional foot when critical. The control-
rod patterns thus achieved during the continuation of loading to the full 
loading of 804 elements would duplicate the control-rod patterns that 
will be encountered during the reactivity lifetime of the core. With the 
just-critical loading of 683 fuel elements, the control-rod pattern du
plicated the pattern at power at end of life. As additional fuel elements 
were loaded, the control-rod patterns encountered progressed back
ward through the core life toward the pattern that will be encountered 
at power at the beginning of the core life. With the full-core loading, 
the control-rod pattern that will be encountered at beginning of life with 
the cold, clean, critical core was achieved. These additional fuel ele
ments were loaded in a uniform pattern to minimize flux distortions be
tween the core in which the measurements were made and the fully 
loaded core. 

As each group of three control rods was inserted one additional foot 
in an operating configuration at critical, the differential rod worth 
(Ap/inch) was measured by withdrawing each of the three partially in
serted rods a small distance from critical and measuring the resultant 
positive period. A typical differential-rod-worth curve for the first 

0 16 32 48 64 

ROD POSITION, INCHES WITHDRAWN 

Fig. 12—Differential rod worth for a single control rod in the first 
group of three. 
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group of rods is given in Fig. 12. The differential rod worth as a func
tion of rod position was integrated to obtain the total rod worth as a 
function of rod position. The total-rod-worth curve for the first group 
of control rods is given in Fig. 13. The results of these differential-

0 12 24 36 48 60 72 84 

ROD-GROUP POSITION, INCHES WITHDRAWN 

Fig. 13 — Worth of rod group 1 (3 control rods) vs. position. 

rod-worth measurements confirmed the close agreement between the 
predicted control-rod worth and the measured control-rod worth ob
tained earlier by pulse-source techniques. For example, the predicted 
worth of the first group of control rods was 0.022 Ap compared with a 
measured worth of 0.022 Ap from pulsed neutron measurements and 
0.023 Ap from differential-rod-worth measurements. 

The reactivity worth of each batch of fuel elements that was loaded 
was measured by the change in the critical control-rod configuration. 
The measured effective multiplication of the core as a function of the 
number of fuel elements loaded is given in Fig. 14. Also given in this 
figure is the effective multiplication of the core as a function of the 
number of elements loaded as obtained from the measurement worth of 
fuel as a function of position in the unrodded core. The difference be
tween these two sets of data reflects the difference between the worth of 
fuel in the unrodded core and the core with control rods inserted. 



712 VAN HOWE AND BROWN 

L20 

1.18 

1.16 

1.14 

IjL 

i 1.12 
t— < 
O 
_J 
Q-
1— 

1 1.10 
Q 
LU 
O 
O 

1 
= 1.08 

1.06 

1.04 

1.02 

n 

-

-

-

-

-

-

-

_ 

-

-

h 

a— 

1 1 1 1 1 1 
D , FROM UNRODDED CORE MEASUREMENTS / ~ 

O, FROM MEASUREMENTS DURING LOADING / _ 

/ o 
13 O 

rf ° 

/ O 
/ 0 
/ 0 

/ o 

n ^ o _ 

y/ 0 

/ ° 

/ o -

ri o 
To 

/ -

/ -

i 1 1 1 1 1 

700 720 740 760 

NO. OF ELEMENTS LOADED 

780 

Fig. 14—Unrodded multiplication vs. number of fuel elements. 

POWER-DISTRIBUTION MEASUREMENTS WITH CONTROL RODS 

As additional fuel elements were loaded into the core during the 
differential-rod-worth measurements described previously, it was pos
sible to achieve a critical configuration with the following control-rod 
patterns (see Fig. 15): 
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3 RODS, RING 1, 1/3 INSERTED 3 RODS, RING 1 

6 RODS, RING 1; 6 RODS, RING 2 

Fig. 15—Control ^od configurations for flux plotting. 

1. Three control rods in the central ring inserted one-third of their 
total travel. 

2. Three control rods in the central ring fully inserted. 
3. Three control rods in the central ring fully inserted and three 

control rods in the second ring fully inserted. 
4. Three control rods in the central ring fully inserted and six 

control rods in the second ring fully inserted. 
5. Six control rods in the central ring fully inserted and six control 

rods in the second ring fully inserted. 
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With each of these configurations, the automatic flux-scanning device 
was used to measure the flux distribution within the core and reflector. 
Additional flux distributions were measured for nonsymmetric control-
rod patterns. For each of these configurations, the normalized counting 
rate at 2745 different locations in the core was obtained. 

SHUTDOWN-MARGIN MEASUREMENT 

After a fully loaded core with 804 fuel elements was achieved, the 
shutdown margin, or subcritical reactivity, of the fully loaded core with 
all control rods inserted was measured by pulsed neutron techniques. 
As a result of these measurements, it was determined that the shutdown 
margin of the fully loaded, fully rodded (36 control rods), cold, clean 
core was 0.041 Ap; the predicted value was 0.054 Ap. 

A shutdown margin of 0.041 Ap is adequate, but, so that the shut
down margin could be increased to allow for maintenance of control 
rods and to reduce the excess reactivity, 24 normal fuel elements were 
replaced by fuel elements containing lumped burnable-poison spines. 
The shutdown margin was again measured by pulsed neutron techniques 
and determined to be 0.058 Ap. The measured worth of the 24 additional 
lumped burnable-poison elements was 0.017 Ap; the predicted value 
was 0.018 Ap. 

ADDITIONAL ZERO-POWER TESTS 

Zero-power tests with helium are being performed. These tests in
clude: (1) helium flow coefficient of reactivity, (2) helium pressure co
efficient of reactivity, and (3) temperature coefficient of reactivity. 

CONCLUSIONS 

The results of the zero-power physics program here are, in many 
instances, of a preliminary nature, and further analysis of the experi
mental data and theoretical computations may slightly modify the r e 
sults. This further analysis should, however, not alter the good agree
ment between the predicted and the measured physics properties of the 
initial Peach Bottom core. This agreement indicates that the nuclear 
data and computational methods presently being employed at General 
Atomic are of sufficient accuracy to adequately predict the physics 
properties of an HTGR-type reactor at least for the cold, clean, 
beginning-of-life core. 
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INITIAL OPERATION OF THE DRAGON 
REACTOR EXPERIMENT 
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Reactor Project, Wlnfrith, Dorset, England 

ABSTRACT 

The Dragon Project High-Temperature Gas-Cooled Reactor Experiment and the 
first fuel charge of mixed thorium-uranium dicarbides are briefly described. 
Initial criticality and commissioning tests and the various difficulties en
countered in the step-by-step approach to power are discussed. After extended 
operation at 10 Mw, the reactor was shut down, and a number of modifications 
were made before it was brought rapidly to a power of 20 Mw. Some of the 
salient operating parameters are presented for the reactor at the designed 
power level. 

DESCRIPTION OF THE 20-MW REACTOR 

The Dragon Project 20-Mw High-Tempera ture Gas-Cooled Reactor 
Experiment has been descr ibed e lsewhere . It i s only necessa ry he re 
to draw attention to some of the main features of the sys tem which a r e 
i l lus t ra ted in Figs. 1 to 4. 

Briefly, the r eac to r is a hel ium-cooled sys tem in which the coolant 
en te r s the core at 350°C and e m e r g e s at a mean t empera tu re of 750°C. 
The r eac to r assembly is contained in a s teel p r e s s u r e vesse l of IIV2 ft 
maximum diameter and an overal l height of about 60 ft, the l a t t e r being 
determined by the handling of the r a the r long fuel e lements and the 
incorporat ion of the charge machine. The coolant is at 20 atm p r e s s u r e 
under the normal operating conditions and c i rcu la tes upward through 
the core . The hottest gas is isolated from the main s t ruc tu re of the 
p r e s s u r e vesse l , and the outer walls of the p r i m a r y circuit b ranches 
by a Nimonic manifold and ducts that have only to withstand relat ively 
smal l p r e s s u r e differences. Between these ducts and the outer walls of 
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Fig 1—General assembly of reactor composite section 
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A PITCH 
^6.615 IN.—J 

Fig. 2 — Cross section of core of fuel element Mk 7. 

the branches and the vessel, the cooler incoming helium circulates so 
that the more highly stressed parts of the vessel structure only en
counter gas at 350°C. 

No attempt has been made to use the heat from the reactor for 
electric-power generation. The heat is rejected to small heat ex
changers located at the heads of six branches that extend upward from 
the shoulder of the pressure vessel. Forced-circulation water cooling 
is used on the secondary side of the heat exchangers, the maximum 
temperature being in the region of 200°C with a steam pressure of 
16 atm. Because the primary helium is at a higher pressure than the 
steam, the possibility of the latter leaking into the primary circuit to 
an appreciable extent is eliminated. Thus the problem of steam leakage 
into the helium, which might be encountered in power reactors where 
the secondary steam pressure would be very high, is not seriously 
tested in the Dragon Reactor. 

The method of circulation of the helium constitutes one of the main 
features of the reactor. In the upper region of each branch is mounted 
a centrifugal pump of approximately 140 kw input power driven by a 
fully contained electric motor to eliminate any requirement for shaft 
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Fig. 4—Dragon Reactor core plan. 

seals. So that the use of an oil lubricant can be avoided, dynamic gas 
bearings are used (two journal bearings and one thrust bearing). For 
start-up the hydrostatic principle is utilized with helium fed under 
pressure as the jacking gas. The presently mounted circulators use 
continuous-bearing surfaces, but a second set employing pad-type 
bearings is available for use in the future. Bearings of the latter type 
are also used in the circulators of the helium cleanup circuit. 

Some of the features of the primary circuit should be noted. The 
pressure vessel itself is of mild steel, 50 mm thick at its widest 
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section, and is sufficiently small to have been completely fabricated 
in the shop of the manufacturer. A high standard of leaktightness (less 
than 0.1% per day of the contained helium in the primary circuit) was 
specified, which necessitated particularly high standards of welding and 
extensive helium leaktesting of all components both in the factory and 
on site. A special problem was posed by the need for several large 
flanged demountable joints, which called for the development of special 
types of seal, and the use of a large "main entry valve" through which 
the relatively bulky fuel elements could be loaded into or removed 
from the reactor. All these items had to conform to the specified high 
degree of leaktightness. 

The reactor assembly involves a relatively small core that is 
roughly cylindrical, 107 cm in mean diameter and 160 cm high. Over
all, the reflector, which is 290 cm in external diameter and 245 cm 
in height, is also cylindrical. The outer reflector is stacked from 
graphite blocks, and the inner so-called live reflector is constructed 
from full-length graphite columns that can be charged or discharged 
in the same way as the fuel elements. The fuel elements themselves 
incorporate both end reflector sections. The control rods, 24 in num
ber, use boron carbide canned in steel and operate through channels 
in the live reflector where they are cooled by the incoming helium gas. 
They are suspended in the upper region (neck) of the pressure vessel 
from drums situated above a large shield plug. Initially the control 
rods were of a rigid cylindrical construction, but, for reasons that 
will be discussed, these have now been replaced by articulated rods. 

From the nuclear standpoint the reactor is more or less homo
geneous, and all the core materials, the moderator, and the fertile and 
fissile constituents are incorporated in the 37 fuel elements. Each 
element consists of a cluster of seven rods comprising almost solid 
graphite end pieces and a graphite tube, in the core region, in which 
annular fuel cartridges are stacked around a central spine. This is 
illustrated in Fig. 3. The graphite tubes are hexagonal in outer sec
tion, and ribs run down the middle of each flat surface. The ribs of 
adjacent rods are in contact, and the resulting spaces between the rods 
form trefoil section channels for the coolant. 

The individual fuel-element rods are purged by allowing helium 
coolant to flow into the tubes either through a small channel at the top 
of each rod or through the tube walls, depending on the type of graphite 
used. The helium flows down through the rods to the base of each ele
ment where it is extracted through the hollow steel cone on which the 
element is seated. The extract from all the elements is manifolded to 
go through the helium purification system, but an independent route 
into this system is provided for the central element. An important 
feature of the purge system is the "37-way valve," which permits 
sampling of the gas from each element. 
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A spring-contact arrangement on each element allows for the 
electrical connection of six thermocouples to leads that go to mating 
contacts on the bedplate of the reactor. The thermocouples are a r 
ranged to measure surface or central rod temperatures at various 
heights in the core or to measure gas temperatures in the coolant 
channels. 

The purge flow through the fuel elements passes through a circuit 
that has the dual purpose of removing gaseous fission products and 
also chemically active impurities, such as carbon monoxide and 
dioxide and water vapor. The complete charge of helium in the primary 
circuit of the reactor goes through this cleanup system in an average 
time of 6 hr. It should be borne in mind that the capability of the sys
tem to remove gas-borne fission products was based on the anticipated 
use of an emitting fuel. This capacity is consequently far in excess 
of that now required with fission-product-retaining fuel. A precooler 
and large water-cooled active charcoal delay beds were provided on 
the assumption that considerable quantities of active xenon and krypton, 
generating many kilowatts of heat, would be carried by the helium 
purge. Both of these features are now superfluous. The other com
ponents of the purification circuit consist of hot copper oxide beds to 
oxidize hydrogen and carbon monoxide, regeneratively cooled freezers 
and active charcoal traps going down to liquid nitrogen temperatures, 
and, of course, the helium circulators which, as previously indicated, 
incorporate pad-type gas bearings. 

One other item should be mentioned in this brief description, 
namely, the inner containment shell of the reactor building. This is a 
cylindrical steel shell, 81 ft in height and 66 ft in internal diameter, 
capable of withstanding an internal overpressure of 10 psig with a 
leak rate to the outside not exceeding 0.1% per day. It was intended to 
fill this containment shell with nitrogen as protection against a maxi
mum credible incident involving the simultaneous rupture of the p r i 
mary circuit and the failure of a heat exchanger. This was assumed to 
lead to a large ingress of water vapor into the reactor and the escape 
of hydrogen and carbon monoxide generated as a result of the interac
tion of the water with the very hot core graphite. By using an inert 
nitrogen atmosphere, one could avoid the hazard of an explosion of the 
hydrogen and carbon monoxide. However, current thinking is moving 
away from this procedure, and it Is expected that it will be possible 
to operate the reactor safely with air in the inner container. 

FIRST FUEL CHARGE OF THE REACTOR 

The 20-Mw Dragon Reactor has a very small core with an effec
tive volume of only 1.4 m'. As a consequence the rate of neutron 
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leakage, 32%, is high, and the proportion of the neutrons available for 
absorption in thorium is low. Approximately 3 atoms of thorium per 
atom of ^̂ Û can be allowed in the reactor core if a reasonable mean 
charge lifetime of 200 days is to be achieved. The amount of ^̂ Û in 
this charge is 14 kg. 

Since the Dragon Project is interested in testing fuels with 
thorium-to-^^^U atomic ratios greater than 3 (N = 10 or above would 
be typical of power-reactor fuel cycles) and since exposure times 
several times greater than the 200-day cycle of the reactor experi
ment are necessary in economic fuel cycles, it was decided to con
centrate the thorium into some 70 rods out of the total of 259. These 
rods constitute the experimental region of the reactor, and the re
mainder make up the so-called driver charge. Through this procedure 
one is able to use a relatively high average N-value and to achieve a 
high conversion ratio in the experimental rods. Furthermore, although 
the driver charge is replaced at relatively short intervals (~200 days 
at 20 Mw) to maintain adequate reactivity for operation at the specified 
power, the experimental thorium-bearing rods can be left in the reac
tor over several cycles according to the requirements of the experi
ment. 

In the first charge of the reactor, the 70 experimental rods are 
segregated in 10 complete elements; in the second charge only 7 full 
thorium-bearing elements will be retained in the core, and the re 
maining thorium fuel will be distributed as center rods in up to 24 of 
the remaining driver elements. The latter are of a special design, 
which permits the separation, in the shielded canning facility, of the 
center rod from the outer six of the cluster that makes up the fuel 
element. By this means it is possible to return an experimental rod 
into the reactor experiment for further irradiation in an otherwise 
new driver element. 

All the fuel in the first charge is of the coated-particle type; the 
kernels of the experimental fuel are mostly uranium-thorium di-
carbides, but some of the oxides are also included. The greater pro
portion of the kernels were fabricated by a powder-metallurgy route 
and were sintered rather than melted. The wide variety of different 
types of fuel, however, includes both carbides and oxides made by 
so l -ge l routes and some melted kernels. 

Coatings of the experimental fuel particles are of the composite 
type, i.e., having an inner pyrocarbon layer, a layer of silicon carbide, 
and a fairly thick outer layer of pyrocarbon. A typical total coating 
thickness is about 120 (x around a kernel of 400 jJ. diameter, but these 
figures have been varied in order to give different densities, crystal
lite dimensions, and degrees of isotropy in the pyrocarbon. 
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The driver fuel for the first Dragon Reactor core uses kernels of 
uranium carbide diluted with zirconium monocarbide with a zirconium-
to-^'^U atomic ratio of 8 to 1. The coatings are all of a plain pyro
carbon type. This type of driver fuel is being superseded in the second 
charge by the so-called UC 10 fuel, i.e., UCj diluted with a large 
excess of carbon in the kernels with composite coatings. In irradiation 
tests this latter type of fuel has displayed superior characteristics to 
the plain pyrocarbon-coated UC-ZrC fuel. 

It is worth noting that the selection of various types of experi
mental and driver fuel for the reactor experiment has been made on 
the basis of results from an extensive program of irradiation tests 
carried out in various research reactors throughout Europe. Since most 
of the driver charge of the first core was fabricated some 2 years ago, 
it can be appreciated that a great deal of data has been accumulated 
subsequently and that this part of the charge is now regarded as ob
solete. Similar remarks can be made with regard to the initial ex
perimental thorium-bearing elements. Only four of these elements 
remain in the charge that is now being operated at full power; the 
others have been replaced by more significant experiments which have 
been recently fabricated and which incorporate the latest data. 

Although the driver charge in the first core includes only pyro
carbon coating, we are doubtful about the use of this for power reac
tors because of its high metal-fission-product release. For this reason 
we are concentrating more heavily upon the composite coatings in our 
second charge. 

An important factor in the behavior of the fuel elements of the 
Dragon Reactor is, of course, the effect of fast-neutron irradiations 
on the behavior of the graphite structures of the fuel. The special 
graphites used in the tubes of the purged fuel elements have appeared 
to be particularly susceptible and undergo considerable shrinkage under 
fast-neutron irradiation. The effect, of course, is strongly temperature 
dependent and shows a sharp increase above about 1000°C. Since this 
is in the region of the temperatures expected in the hottest fuel tubes 
of the reactor, some concern was felt in case the differential effect 
of the temperature across the tube should lead to cracking and con
sequent breakage of the tube. It was hoped that irradiation-induced 
creep would alleviate the effect, but this was not certain on the basis 
of the available data. As a precaution against the possibility of failure 
of a high proportion of fuel tubes and the consequent inconvenience 
of removing broken fuel elements, it was planned to carry out a test 
on two uprated fuel elements with the reactor running at 10 Mw for 
50 days. The uprated elements were loaded with fuel containing 2 to 
2.6 times the ^̂ Û content of normal elements, and it was calculated 
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that this would give temperatures corresponding to the highest attained 
in normal elements at 20 Mw. 

CRITICALITY AND COMMISSIONING 

In the latter half of 1964 and in early 1965, the loading of the 
reactor, the commissioning of the plant, and even the closing phases 
of construction proceeded in parallel. The installation of the helium 
purification plant, in fact, was completed after the core had been 
fully loaded. 

The core was loaded by replacing dummy graphite elements with 
the real fuel elements, beginning with the outer ring of the UC—ZrC 
driver zone. This was done during August 1964, and criticality was 
achieved with 18 elements. During the ensuing 6 months, the core 
loading was completed and a program of zero-power physics experi
ments was undertaken. The loading and initial physics program were 
conducted with nitrogen in the pressure vessel, and variations of the 
filling pressure were used as a method of reactivity calibration. At 
the completion of loading, it was found that the total reactivity was 
3% higher than that theoretically calculated, but this lay within the 
limits of er rors in the theoretical and experimental determinations. 
The measured control-rod worth was also slightly in excess of the 
theoretical figure. Excellent agreement was obtained between mea
sured temperature coefficients of reactivity and those calculated. It 
should be noted that the temperature coefficients associated with the 
fuel and core moderator are fairly strongly negative and those as 
sociated with the reflector slightly positive. 

A transfer-function analyzer is incorporated in the control system 
of the reactor and has been used to study the kinetic behavior not only 
at zero power but also at other levels up to the nominal maximum 
power of 20 Mw. 

One of the most important features of the reactor experiment, as 
indicated in the first section of this report, is the high degree of leak-
tightness. During the erection and commissioning of the plant on site, 
over a period of 3 years, a team was engaged in carrying out tests 
using both soap-bubble and helium mass-spectrometer methods. Even
tually a cold pressure test was carried out on the primary circuit 
pressurized to 31 kg/cm^ (440 psig). Leaks, mainly in small bore 
piping, were rectified, and subsequent mass-spectrometer measure
ments with 10% helium in the circuit indicated a leak rate (excluding 
one or two identifiable and easily corrected sources) of only 5 x 10~^ 
atmospheric cmVsec, which was several orders of magnitude better 
than specification. 
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Before any hot tests were carried out on the reactor experiment, 
it was necessary to ensure that the proportions of oxygen and water 
vapor in the circuit would be reduced to adequate levels. This was 
achieved by partial evacuation and repeated purging by commercial 
pure nitrogen before filling with helium and subsequent circulation 
of the primary coolant through a humidryer; the coolant was circulated 
and heated over a period of several days by use of the energy dis
sipated by the circulators themselves. By these means water-vapor 
content was reduced to less than 50 vpm, and oxygen was reduced to 
500 vpm. It is worth noting that, in the initial stages of the hot tests, 
the primary heat-exchanger tubes were replaced by filters to remove 
dust. However, it was found that very little dust was collected, and the 
heat exchangers were replaced after 1 week of operation with the 
filters. 

The culminating feature of the hot testing was a hot overpressure 
test with the coolant at a temperature of 350°C and a pressure of 
27.2 ata. The main purpose of this test was to check to ensure that 
the pressure vessel was free of any cracks that might be of a critical 
length sufficient for self-propagation under normal operating con
ditions. For this test it had been proposed to heat the coolant by the 
power dissipated by the circulators, which, according to specifica
tion, should have been 450 kw. In the event, the pressure loss around 
the primary circuit was found to be lower than the calculated value, 
and consequently only 270 kw was available from the blowers. It was 
necessary, therefore, to resort to nuclear heating to achieve the nec
essary conditions for the hot pressure test, the required power from 
the reactor being some 500 kw. 

Throughout the period of hot testing, helium mass spectrometry 
was continued, and no leaks greater than 10"* cmVsec were detected. 
The overall leakage remained well within the specified maximum 
permissible level of 0.1% of the primary circuit volume per day. 

During the loading of the reactor and during subsequent fuel 
changes, the completely enclosed and remotely operated charge ma
chine has worked with considerable precision and without any sig
nificant trouble. Some difficulties were experienced in connection 
with the operation and leaktightness of the main-entry valve, but these 
have been rectified subsequently. The gas-bearing circulators behaved 
perfectly throughout the commissioning period and have continued to 
operate without trouble during the ensuing period of operation of the 
reactor. 

During the first low-power operation of the reactor for the hot 
overpressure test, oscillation of the neutron-flux level occurred. This 
was eventually traced to control-rod oscillation. 
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APPROACH TO POWER 

A program providing for a step-by-step approach to the nominal 
20-Mw operating power has been drawn up which involves a series of 
physics and engineering tests over a range of successively increasing 
levels (2, 5, 10, and 20 Mw). Temperatures of the coolant and fuel would 
be increased correspondingly during this stepwise approach to power, 
and at each stage it was intended that the helium purification plant 
should reduce the impurities down to some specified levels before 
proceeding to the next stage. The successive steps, of course, required 
progressively decreasing impurity levels because of the rising tem
peratures of the graphite. Since some fears were felt about the pos
sibility of seeding the graphite with fast-neutron-induced damage 
centers at the lower temperatures, it was intended that the accumulated 
irradiation at these temperatures should be kept to a minimum, and 
a fairly fast approach to power was favored. 

The approach to power was started in August 1965, approximately 
1 year after criticality, and, over a period of some 3 weeks, the reac
tor was brought up to 10 Mw. In the cours.e of this procedure, however, 
serious troubles were encountered with the control rods. Small oscil
lations in the reactor power were again observed and were finally 
attributed to oscillations of the control rods. More serious than this, 
however, was the fact that at the higher power levels temporary 
sticking of the control rods in their graphite channels could occur. 
The phenomenon was investigated, and it was attributed to the bowing 
of both the rods and the channels under the effects of differential 
heating. It is interesting to note that the clearances between the rods 
and their channels through the graphite had been selected to allow for 
bowing of the channels as a result of fast-neutron-induced shrinkage. 
Allowance for thermal effects, however, was inadequate. 

Although the bowing of the rods did not appear to produce jamming 
when the rods were dropped into the core but only during gradual 
insertion, it was considered undesirable to operate the reactor under 
conditions that gave rise to sticking. This involved the temperature 
of the helium in adjacent coolant channels and depended, therefore, 
upon power level and the coolant flow. As a result of the tests carried 
out, it was decided that the reactor could be operated at 10 Mw pro
vided that a sufficiently high coolant flow were retained. This was 
sufficient to carry out the proposed 50-day run with the uprated ele
ment; so it was decided to discontinue the approach to power and 
proceed with the 10-Mw program. At the same time the design and 
fabrication of a complete new set of articulated control rods were put 
in hand to eliminate the sticking phenomenon and also to include the 
incorporation of a feature to prevent rod oscillation. A prototype rod 
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was available in time to incorporate it in the reactor at the start of 
the 10-Mw run. 

OPERATION AT 10 MW 

Two of the original driver elements were removed to make way 
for the uprated elements. The latter also employed driver fuel, one 
using the charge 1 UC-ZrC kernels and the other being a charge 2 
element with UC 10 fuel and incorporating other improvements in 
design and materials which have gone into the second charge. The 
reactor was brought up to 10 Mw as quickly as possible in November 
1965, but the run was interrupted after about 2 weeks to reshuffle 
some of the fuel elements in order to bring the uprated elements into 
a region of higher neutron flux. The run was then continued and was 
completed on Jan. 8, 1966, after accumulating about 580 Mw days of 
energy output. 

The reason for changing the position of the uprated elements 
soon after the start of 10-Mw operation was related to the measured 
temperatures that were found to be significantly lower than the originally 
calculated values. In fact, our experience in measuring the core tem
peratures has not been very satisfactory owing to the failure of a 
large proportion of the thermocouples or of the thermocouple contacts 
between the fuel elements and their seats. As a result the peak fuel 
temperatures in the uprated elements had to be calculated from avail
able measurements made in other regions of the fuel. After reposi
tioning of the uprated elements, the deduced peak fuel temperature 
and the rod-surface temperature of the center rod oftheUC—ZrC 
element were 1400 and 1050°C, respectively, but these dropped 
steadily and at the end of the run were estimated to be 1200 and 950°C. 
The fact that these temperatures fell considerably below the specified 
values for the experiment is now attributed mainly to underestimation 
of the neutron-flux depression in the uprated fuel, giving lower power 
output and some pessimism in the choice of thermal data. It is evident 
that the graphite tubes of these elements were not subjected to such 
severe irradiation conditions as were intended, but it has subsequently 
been confirmed that this also 'applies to the normal fuel element at 
20-Mw operation; so the danger of tube failure has now receded. In 
the circumstances the value of the uprated-element tests has come 
from the data that are now being accumulated from postirradiation 
measurements of a large number of specimens of various graphites 
that were irradiated in the spines of these elements. 

A particularly satisfactory feature of the operation of the reactor 
during the 10-Mw run was the low level of fission-product activity in 
the coolant and the high degree of helium purity achieved. To some 
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extent the amount of impurities resulting from the outgassing of the 
core materials has been reduced by high-temperature heat treatment 
of the fuel-element components. However, it has to be remembered 
that most of the present charge has been in the reactor for more than 
a year, often in air, and that the reflector graphite had never been 
protected from the external atmosphere. Consequently, during the 
commissioning, in the approach to power, and, subsequently, during 
the 10-Mw run, a considerable quantity of impurities has arisen from 
outgassing of the graphite and fuel at each successive increment of 
power and temperature. Nevertheless, the purification plant has been 
able to cope with these impurities and to reduce them so well within 
the specified limits that graphite corrosion and mass transfer cannot 
be regarded as a significant problem in the reactor experiment. As 
an example of the degree of purity achieved, we may quote the levels 
of various gases, expressed as volume parts per million relative to the 
helium, after the fourth week of the approach to power, with the reac
tor at 9 Mw and a mean fuel temperature of 900°C, as follows: 

Gas vpm 

Carbon monoxide 2.2 
Carbon dioxide 0.2 
Nitrogen 0.4 
Methane 0.2 
Oxygen 0.1 
Water vapor 0.005 

It should be noted that the oxygen and nitrogen levels quoted in this 
list are attributed to air contamination of the samples taken for 
analysis. 

Gamma-ray spectrometry of charcoal-trap samples of the pr i 
mary-circuit gas was used to determine the activity levels of ^^^Xe, 
'^^Xe, and ^^""Kr. The tests were carried out with and without the fuel-
element purge in operation in an attempt to determine the effec
tiveness of the latter. The highest level of activity in the primary 
circuit with the purge off and the reactor at 10 Mw corresponded to 
a release rate to birth rate value of 10~^ for ^^^e. The activities were 
a factor of 50 lower when the purge was operating, and it has been 
estimated that the total level of noble-gas activity in the primary 
circuit is only 10 mc throughout the operation at 10 Mw; at the end of 
the 10-Mw run, for example, the average beta activity of the primary 
coolant was equivalent to 1.3 x 10~* MC of *^^Xe/cm^. 

It was possible to determine the relative gaseous fission-product 
emissions of individual fuel elements by the 37-way valve. The mea
surements showed that 23% of the total Xe + Kr activity originated in 
the UC—ZrC uprated element as against 5% in the UC 10 uprated 
element. A further 10% of the activity came from a UC2-ThC2 element 
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that had plain pyrocarbon-coated fuel particles, compared with 5y2% 
from the other nine experimental elements that had composite-coated 
fuel. The remainder of the core, i.e., 25 driver elements, contributed 
almost 60% of the activity. These results could be taken to indicate 
that the emission of gaseous fission products was lower from the 
composite-coated than from the plain pyrocarbon-coated particles. 
However, it almost certainly merely reflects the fact that the outer 
layers of the coatings were less contaminated with ^̂ Û in the former 
than in the letter. The higher temperatures of the uprated elements, 
of course, was the factor that caused their greater emission as com
pared with the normally loaded elements of comparable type. 

After the termination of the 10-Mw run, the two uprated elements 
were unloaded and were subsequently dismantled and examined in the 
hot cells at Winfrith. It was notable that, apart from a slight degree 
of carbon deposition on the lower steel components, probably from 
initial impurities in the primary circuit, there was no visible indica
tion of any effects of the irradiation on the elements. The lack of any 
signs of graphite corrosion confirmed the low levels of oxidizing im
purities in the primary coolant that had been observed during operation. 

Gamma-radiation spectrometry and activity measurements were 
carried out on the fuel, fuel tubes, and graphite spines. The objective 
of these measurements, of course, was to determine accumulated 
neutron flux and burn-up profiles and also the degree of migration of 
various fission products into the graphite. In addition, the activities 
of flux monitors, e.g., nickel, were used to determine accumulated 
fast-neutron doses. A remarkable fact revealed by the measurements 
was the very low migration of fission products into the graphite fuel 
tubes and spines. The activity levels, in fact, were sufficiently low 
to permit the removal of all the graphite specimens from the hot cells 
and to permit accurate measurements to be made under ordinary labo
ratory conditions. 

It was found that the dimensional changes in the various graphite 
specimens plotted against their vertical position in the fuel element 
fell on a remarkably smooth curve. From our previous investigations 
on the effects of fast-neutron irradiation of graphite carried out in 
the High Flux Reactor (HFR) at Reactor Centrum Nederland, Petten, 
it was possible to analyze these curves to give a fast-neutron-flux 
profile and a temperature profile along the element. The temperatures 
are, of course, averages weighted over the fast-neutron doses received 
at each step in power. The deduced position of the peak fast-neutron 
dose at 65 cm from the bottom of the core agreed closely with the 
results of gamma scanning of the fuel tubes. The maximum tempera
ture was found by this method to occur at a height of 100 cm. The 
weighted mean temperatures in the spines of the fuel elements were 
determined, absolutely, by combining the dimensional changes and 
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the measured nickel doses and attempting to relate the damage flux 
in the water-moderated HFR with that in the Dragon Reactor for 
equivalent nickel activities. A mean temperature of 1150°C in the 
hottest region of the spine of the center rod of the UC-ZrC uprated 
element has been deduced in this way. This is lower than the cor
responding figure deduced from thermocouple readings, but, having 
regard for the many sources of error and uncertainty in the calcula
tions, the difference is probably not significant. 

ACHIEVEMENT OF 20 MW 

After a number of modifications to the reactor, including changing 
all control rods to the articulated type and also replacing a total of 
nine fuel elements by new ones, operation was re-commenced in mid-
April. It was found that the articulated rods behaved correctly, sticking 
and vibration appearing to have been eliminated, and, with other plant 
components behaving satisfactorily, the reactor has been brought 
rapidly to a power of 20 Mw. This, the designed power level of the 
reactor, was achieved on April 24, 1 year and 8 months after criti
cality, 6 years from the start of construction, and just over 10 years 
after the original concept of the HTR. 

The temperature conditions have been determined from the various 
thermocouple measurements, and some of the salient figures are as 
follows: 

°C 

Helium inlet t empera ture to core 350 
Mean helium exit t empera tu re from the core 820 
Helium t empera tu re in upper plenum chamber 750 
Helium tempera ture in duct to heat exchanger 730 
Maximum measured fuel t empera ture in cent ra l element 1150 
Deduced maximum fuel t empera tu re in outer e lement 1250 
Maximum measured graphite surface t empera tu re 960 
Maximum tempera tu re in inner ref lector 650 
Tempera tu re at bottom of p r e s s u r e vesse l 300 

The power of 20 Mw is deduced from thermal balances in the primary 
coolant and is accurate to within ± 10%. 

The difference of 70°C between the mean exit temperature of the 
helium leaving the core and that in the plenum chamber arises from 
the fact that about 14% of the coolant is bypassing the core as a result 
of leakage through the inner live reflector and the seal feature between 
the upper plenum chamber and the reflector graphite. 

Measured activities in the primary circuit lead to a deduced 
release rate to birth rate value of ^^^e of 5 x 10~ ,̂ which is higher, 
of course, than that observed during the 10-Mw run. The difference 
may be attributed to the much higher fuel temperatures at the present 
power level. 
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CONCLUSIONS 

In the course of initial operating experience with the Dragon 
Reactor experiment, during which the reactor has been brought up 
to the specified power and coolant temperature levels, no fundamental 
problem has been encountered. All novel items, such as the gas-
bearing circulators and the enclosed remotely operated charge ma
chine, have functioned correctly, and remarkable standards of leak-
tightness have been achieved. No significant materials problems have 
arisen so far, but naturally it will require 2 or 3 years of irradiation 
experience to establish confidence in any particular type of fuel or 
in any variety of graphite used in the core. The future operation of the 
Dragon Reactor experiment is directed, to a large extent, toward the 
objective of developing this confidence in high-temperature reactor 
fuel and core materials and toward achieving progressive improve
ments in their behavior. The members of the Dragon Project have 
every confidence in the outcome of this work. 
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K^RODUCTION OF THORIUM OXIDE FOR VIBRATORY 
COMPACTION BY A MODIFIED SOL-GEL PROCESS 

W. J. ROBERTSON,* W. J. S. SMITH,* and T. H. SUBLETTf 
Mallinckrodt Chemical Works, Weldon Spring, Missouri 

ABSTRACT 

Since the end of 1963, over 400 tons of thorium oxide suitable for use in a s o l -
gel process have been produced at Weldon Spring by thermal denitration of 
thorium nitrate in a steam atmosphere. The remainder of the sol—gel process, 
as well as the denitration, is an adaptation of the Oak Ridge process to fit 
available plant equipment. The denitration step has been carried out in gas-
fired, uranium-denitration pots modified for thorium service and later in a 
fluidized-bed denltrator. The fluid-bed denitrator represents a significant in
novation for the process because the continuous operation permits an integrated 
denitration and sol-formation step with minimum exposure of the thorium oxide 
to the atmosphere. In addition, the fluid bed allows close control of the denitra
tion conditions. The unit at Weldon Spring is 10 in. in diameter and is capable 
of a throughput in excess of 1.5 tons of thorium per day. 

The light thoria from the denitration readily forms a sol on adjustment of the 
apparent pH with nitric acid. A thorium oxide concentration of 4JW in the sol has 
been satisfactory in terms of ease in handling. Drying the sol to the gel is ac
complished in the same agitated, batch-type units that are used for denitration. 
Some static drying in pans has been done, but the product improvement has not 
been worth the additional handling and expense. The gel Is densified by firing in 
inductively heated graphite crucibles to a temperature between 950 and 1150°C, 
depending on the method of denitration in the first step. Besides chemical im
purity specifications, the dense product must meet three basic specifications: 
tap density, loss on ignition, and dissolution rate in fluoride-catalyzed nitric 
acid. The material has been generally satisfactory and has improved somewhat 
as the process details have become standardized. Tap densities on the order of 
7.5 g/cm^ are realized for the product, with loss-on-ignition values of < 0.08% 
and a dissolution rate that allows >95% of the material to dissolve in the dis
solution medium in 6 hr. 

*Present address: Nuclear Division, Kerr—McGee Corporation, Oklahoma 
City, Oklahoma. 

tPresent address: Chesebrough-Pond's Inc., Jefferson City, Missouri. 
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At Weldon Spring, over 450 tons of thorium oxide have been made by 
thermal denitration of thorium nitrate. The product, light thoria, may 
be further processed to make a dense thorium oxide suitable for 
canning and irradiation in the ^̂ Û production cycle. Over 200 tons have 
been converted to the dense oxide by a sol -gel process. 

The specifications on the dense thorium oxide have varied some
what, reflecting problems or improvements in production technology, 
changing ideas on the importance of some items, and, in the case of 
chemical specifications, depending on the starting materials. The 
specifications for a recent production order are shown in Table 1. The 

Table 1 

CURRENT SPECIFICATIONS FOR DENSE THORIUM OXIDE 

Tap density, g/cm"'* 
Loss on ignition (1050°C), % 
Dissolution r a t e ,* % 
Thorium assay , % 
^'^U, ppm thorium bas i s 
^^"Th, ppm thorium bas is 

Par t ic le s ize , % 
- 6 +20 
- 2 0 +70 
- 7 0 +200 
- 2 0 0 

Suggested l imi ts on impur i t ies , 
ppm thorium bas is 

Boron 
Gadolinium 
Dysprosium 
Samarium 
Europium 
Chlorine 
Silicon 
Phosphorus 
Total Impuri t ies 

7.2 
0.1 
95 
87.4 
10 
1 

10 to 60 
15 to 50 
15 to 50 
0 to 50 

2 
5 
2 
5 
0.5 
100 
300 
100 
2000 

*Ninety-five percent of a 20-g sample to dissolve in 75 ml 
of 0.025M HF, 12M HNOg, and O.IM Al at boiling in 6 hr . 

first three are subjective working-type specifications. At the beginning 
of the program, emphasis was on obtaining material that would pack to 
high density. When it became apparent that satisfactory densities were 
readily attained, the other requirements assumed more importance. 
The loss-on-ignition specification is a measure of the volatile content 
that could possibly cause problems during irradiation. This depends 
on the degree of exposure as well as on the material itself. The 
dissolution-rate specification is necessary to ensure a reasonable 
processing rate for the ^̂ Û separation. At the present level of knowl-
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edge, these specifications are somewhat exclusive, and the product is 
a compromise. 

Since no purification is involved in a sol —gel process, the level 
of impurities is governed by the feed materials. Except for uranium 
and possibly iron, normal handling procedures preclude any significant 
contamination. For oxide to be suitable for ^̂ Û production, the thorium 
nitrate feed had to be low in ^̂ ^U, ^^°Th, and neutron absorbers. It also 
had to be of sufficient purity to perform satisfactorily in a sol -gel 
process, where even moderate quantities of ionic impurities affect the 
sol —gel characteristics. Suitable thorium nitrate hydrate amounting to 
several hundred tons was available. An additional quantity of impure 
thorium nitrate was cleaned up by a solvent-extraction operation' and 
processed as thorium nitrate solution. 

The Oak Ridge National Laboratory so l -ge l process^ consists of 
four basic steps: (1) denitration in steam, (2) sol preparation, (3) 
gelation, and (4) calcination. At Weldon Spring, there are several 
combinations of ways of carrying out these steps; two are shown in 
Fig. 1. 

DENITRATION AND SOL PREPARATION 

The denitration was originally carried out in a carefully cleaned 
system employing a new pot of the type used for the denitration of 
uranyl nitrate. A steam inlet in a somewhat loose-fitting cover supplied 
a steam atmosphere. The flow of steam through the system and the 
dusty nature of the thorium oxide product resulted in the loss of ap
proximately 30% of that product to the fume-collection system. Although 
the yield was low, the product was of good quality and behaved satis
factorily in the subsequent sol -gel steps. Because of the high losses, 
the pot-denitration system was modified to the arrangement shown in 
Fig. 2, This is a completely enclosed system that minimized all but 
one of the problems with pot denitration. 

The major problem in the pot operation occurs in the unloading of 
the thorium oxide product. Thorium oxide prepared by low-temperature 
denitration in steam has a highly active, strongly adsorbing surface. 
One of the more strongly adsorbed common substances is carbon 
dioxide. The pneumatic unloading system used with the pots aggravated 
this problem, often to an intolerable extent. The alternative was hand 
unloading, and this was resorted to in order to improve product quality. 
The result of atmospheric contamination by carbon dioxide is to de
crease the dispersibility of the thorium oxide in the sol preparation 
step. When light thoria was produced for shipment to private industry, 
the material had to meet a nondispersible specification. This limit was 
set at 7.5 ml of nondispersed material per 100 ml of 4M thoria sol. 
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Fig. 2—Agitated-pot facility for denitration and sol drying. 

This corresponds to approximately 25 wt.% nondispersible in the 
thorium oxide. 

A sol is prepared from pot-produced light thoria by adding the 
proper amount of thorium oxide to water in an agitated sol makeup 
tank. This may be done via the pneumatic system or by dumping pails 
that have been filled by hand. The sol preparation is finished by adjust
ing the apparent pH to 2.9 to 3.0, which corresponds to a conducto-
metric end point in the titration of the sol with nitric acid. It is not 
necessary to heat during sol preparation. On completion, the sol is 
generally somewhat above ambient temperature, around 35 to 40°C. At 
this time it is ready for drying. 

Because of the atmospheric contamination problem and the health 
problem associated with hand unloading, the step to a completely en
closed fluid-bed system was a logical one to take, particularly so, 
since there was a pilot-size fluid-bed facility available that had been 
used for uranium.^ This unit was modified to accomplish the continuous 
production of sol batches, doing away with handling the powder. The 
system is shown in Fig. 3. 
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Fig. 3—Fluid-bed denitration facility for production of thoria sol. 

The range of properties exhibited by thorium oxide allows for a 
novel method of operation. Thorium oxide produced by steam denitra
tion is a light, fluffy product with something less than ideal fluidization 
behavior. The seed bed material that was chosen to give an easily 
fluidized bed and to result in no contamination of the product was the 
dense thorium oxide product of the sol -gel process. A short laboratory 
program to obtain the optimum size distribution indicated that this 
factor was not critical. It is necessary'to periodically add more seed 
bed material to make up for that lost by attrition and carry-over. This 
amounts to approximately 20 lb/ton of thorium. The thoria sol is made 
up to a concentration of 4M, and the apparent pH is adjusted to a value 
of 2.9. It is possible to employ denitration conditions such that sufficient 
nitrate is left in the product and no additional nitric acid is needed. It 
was noted that the viscosity of these sols varied from thin to quite 
thick. Experimental work indicates that the viscosity of the sol depends 
on a combination of crystallite size and sol concentration and on the 
nitrate background from insufficient denitration or the effect of im
purities. Sols with higher viscosities due to crystallite size or sol 
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concentration do not seem to affect dense-product quality but are 
somewhat more difficult to handle. When the higher viscosity is caused 
by excessive ionic impurities, the final product is affected. 

GELATION 

The sol may be dried to the gel in an agitated denitration pot or 
under static conditions in pans. The major differences in the two 
methods are the drying temperature, which governs the residual 
volatile content, and the particle size of the product. The choice be
tween the two methods is made on the basis of product requirements 
and convenience. The vibrated density of the final product can be in
creased considerably by control of particle-size distribution.'* This 
is the major reason for considering pan drying. The requirements on 
the dense product were such that maximum density was not necessary 
or even desirable at the expense of other product properties. Since pan 
drying is more costly and more involved, it has been used only ex
perimentally. It could be used if higher densities were required. Sol-
to-gel conversion in the pots consists of boiling the sol down to a 
powder. The fineness of the powder and the residual volatile material 
depend on time and temperature. Low volatiles simplify the final 
calcining step. The degree of removal is controlled by checking the 
pH of a slurry made from the gel as the drying proceeds. It turns out 
that gel made from fluid-bed light thoria holds nitrate and water more 
tenaciously than gel made from pot-denitrator thoria, so a higher tem
perature is necessary in the preparation of gel from fluid-bed material 
to make the gel suitable for calcination. 

CALCINATION 

The high-firing operation is carried out with inductively heated 
graphite crucibles. Two types of crucibles are used, corresponding to 
two different heating stations. The largest has outside dimensions of 
30 by 24 in. in diameter and holds approximately 1100 lb of Th02. The 
heating station is a revamped uranium-recast facility. The smaller 
crucible has outside dimensions of 19 by 19 in. and holds approximately 
500 lb of Th02. This heating station was originally built to heat billets 
of uranium metal. The heating cycles are designed to permit evolution 
of volatiles by heating to approximately 430°C and then holding for a 
period of time before applying power to attain the final temperature. 
The heating cycles are on the order of 15 to 20 hr. An inert-gas sweep 
is maintained over the graphite crucibles while heating is taking place. 
In spite of this sweep, some atmospheric attack, or attack from evolved 
gases, occurs, and some graphite flakes off into the product from the 
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inner wall of the crucible. To minimize this, the inner walls are painted 
with thoria sol, which serves as a noncontaminating dressing to protect 
the graphite. The life of a small crucible is limited to four or five 
cycles because of atmospheric attack. 

In common with many production operations, a change in feed ma
terials or in the process often permits or requires other changes and 
may result in a markedly different product. This was the case when the 
denitration feed became purified thorium nitrate solution. The main 
effect was on the dissolution rate of the dense thoria. It was determined 
that the major difference in the feed materials was the considerably 
higher purity in the solvent-extracted thorium nitrate, reflected 
primarily in the sodium level. It was found that the addition of 400 ppm 
of sodium to the thorium nitrate solution or to the sol brought the dis
solution behavior of the product into line. 

The use of the fluid bed provides an example of a change in 
processing that has resulted in other process changes. Denitration in 
the fluid bed can be carried on at a lower temperature and certainly at 
a more evenly controlled temperature than denitration in the pot. The 
smaller crystallite-size material produced will sinter at a lower tem
perature. This is reflected in the temperature it is necessary to attain 
in the induction-heating step. This size also brings the temperature 

Table 2 

PRODUCT DESCRIPTION OF LIGHT THORIA 

Pot denitrated Fluid-bed denitrated 
Crysta l l i te s ize (90 to 120 A), % (45 to 60 A), % 

NOJ" 0.5 2.5 
HjO 0.5 2.5 

Table 3 

PRODUCT DESCRIPTION OF THORIA GEL 

Size distribution Pot dr ied, % Pan dried, % 

- 6 +20 
- 2 0 +200 
- 2 0 0 

NOJ 
HjO 

0.5 
70 
30 

Down to 0.2 
Down to 0.2 

75 
15 
3 

1 to 4 
1 to 4 
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necessary for densification into the range of conventional resistance 
furnaces. We are now in the process of designing equipment to take 
advantage of the large reduction furnaces, used for uranium production, 
to sinter the thorium oxide at lower temperatures. This will permit 
much closer control over the temperature at which sintering is carried 
out and should result in a more uniform product. 

The properties of the intermediate products and of the dense 
thorium oxide are shown in Tables 2 to 4. These values are averages 
for recent production material. 

Table 4 

DENSE THORIA FLUID-BED DENITRATED, POT DRIED, 
AND FIRED IN GRAPHITE CRUCIBLES 

Tap density, g/om^ 7.4 
Vibrated density, g/cm^ 7.7 
Dissolution r a t e , 98 

% dissolved in 6 hr 
Loss on ignition (1050°C), % 0.05 

Pa r t i c l e - s i ze distribution, % 
+ 20 0,5 

- 2 0 +70 10 
- 7 0 +200 35 
- 2 0 0 55 

Incremental pickup, ppm 
Uranium 5 
Iron 200 

REFERENCES 

1. R. C. Kispert et al . , Development of a Thorium Purification System, in Sum
mary Technical Report for the Per iod October 1 - D e c e m b e r 31, 1965, USAEC 
Report NLCO-970, pp. 1.1-1.22, National Lead Co. of Ohio, February 1966. 

2. O. C. Dean et a l . . The S o l - G e l P r o c e s s for P repara t ion of Thor ia Base 
Fuels , in Proceedings of the Thor ium Fuel Cycle Symposium, Gatlinburg, 
Tennessee , December 5-7, 1962, USAEC Report TID-7650, pp. 519-542, Oak 
Ridge National Laboratory and American Nuclear Society, 1963. 

3. S. Simecek and W. T. T r a s k , The Integrated Fluid-bed System, USAEC R e 
por t MCW-1478. Mallinckrodt Chemical Works, June 1963. 

4. D. E. Ferguson (Comp.), Status and P r o g r e s s Report for Thor ium Fuel Cycle 
Development for Per iod Ending December 31, 1962, USAEC Report ORNL-
3385, pp. 95-99, Oak Ridge National Laboratory , October 1963. 





I 

PRODUCTION OF 233u WITH LOW 232u CONTENT* 

J. M. BOSWELL.t R. D. McCROSKY.J J. T. STRINGER,§ and W. K. WOODS§ 
tE . I. du Pont de Nemours & Company, Inc., Savannah River Laboratory, Aiken, 
South Carolina; $E. I. du Pont de Nemours & Company, Inc., Savannah River 
Plant, Aiken, South Carolina; and §Douglas United Nuclear, Inc., Hanford Works, 
Richland, Washington 

ABSTRACT 

Recent studies sponsored by the Division of Production of the U. S. Atomic En
ergy Commission led to significant improvements in the technology for manu
facturing 233u. The Hanford and Savannah River production sites can now make 
233u with lower '̂̂ U content at lower manufacturing cost than was possible at 
the time of the previous international thorium fuel cycle symposium. 

Firm cost data are not yet available, but future prices for '̂̂ U are expected 
to be intermediate between the 1963 Federal Register prices for ^ssy (about 
$80/g) and that for 239pu (about $40/g). The 232u content can be lowered to 
values less than 5 ppm with only nominal increase in cost; this can eliminate 
the need for costly, heavily shielded, remotely operated facilities for working 
with ^̂ ^U. Minimum ^ '̂U cost will occur with '̂̂ U content in the range of 10 to 
20 ppm. 

The process for making low-contaminant ^̂ Û at reasonable cost requires 
(1) appropriate reactor loadings so that thorium-bearing targets are exposed 
to a neutron flux essentially free of high-energy neutrons; (2) short irradiations 
to minimize fission of '̂̂ U and consequent production of fission neutrons in the 
thoria; (3) use of thorium oxide instead of thorium metal and use of other 
methods to cheapen the target fabrication process, since with short irradiations 
the heat generation in the target is never high; (4) recycle of the thoria, which 
is now feasible because with low ^̂ Û formation the concentration of ^̂ STh in 
the thoria is low; and (5) avoidance of thoria from ores rich in ^^"Th. 

Valuable experience in the handling of large tonnages of thorium oxide, 
provided by vendors who converted thorium nitrate to thorium oxide by a modified 
so l -ge l process, is described. 

•Information in this paper was developed during the course of work for the 
U. S. Atomic Energy Commission under contract with E. I. du Pont de Nemours 
& Company, Inc., with General Electric Company, and with Douglas United 

Nuclear, Inc. 
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Workers studying power reactors that irradiate ^̂ Û to form plutonium 
have been blessed with abundant supplies of ^^^Pu for experimental 
studies. By contrast, workers studying power reactors that irradiate 
thorium to form ^̂ Û have been handicapped both by the limited amount 
of ^̂ Û available and by the penetrating radiation associated with the 
^̂ Û contaminant in the '̂̂ U. 

In an effort to alleviate this situation, the former Division of 
Reactor Development of the U. S. Atomic Energy Commission (AEC) 
authorized the Division of Production to manufacture additional amounts 
of ^̂ ^U. The methods adopted were described by Towler* in a paper 
presented to the previous thorium fuel cycle symposium held in Gatlin-
burg in December 1962. In consequence of this and other programs, 
there now exists about 200 kg of ^̂ Û containing moderate to large 
amounts of ^̂ ^U. Two-thirds of this ^̂ Û has a ^̂ Û content of 40 to 50 
parts of ^̂ Û per million parts of ^̂ Û (i.e., 40 to 50 ppm), and the 
remaining third has a ^̂ Û content^ of about 250 ppm. The price ' of 
this '̂̂ U is about $80/g, as compared with a price of about $40/g 
for ^'^Pu. 

There also exists 120 kg of '̂̂ U from the Indian Point Reactor 
present in a concentration of 12% in a mixture of uranium isotopes which 
is predominately ^ '̂U; the '̂̂ U content^ of this mixture is about 120 ppm. 

In contrast with the above, the program described in this paper 
has resulted in the production of some 400 kg of ^^'u with a '̂̂ U con
tent of only 5 to 7 ppm and with an average manufacturing cost lower 
than that for the more highly contaminated ^^'u. We anticipate that the 
recent availability of ^ '̂U low in '̂̂ U will have an important impact 
on the rate of development of reactors based on the thorium fuel cycle. 

In the course of producing this low-contaminant ^^'u, experience 
was gained with the handling of large tonnages of thorium oxide (thoria). 
We believe that the experience in this area will also be helpful in the 
development of the thorium fuel cycle. 

232 
CONTROL OF U FORMATION 

Technical Considerations 

If '̂̂ Th is exposed to neutrons with an energy greater than about 
6̂ /2 Mev, an (n,2n) reaction occurs which results in the formation of 
^^'Pa; subsequent capture of a thermal neutron by ^^'Pa produces '̂̂ U. 
Hence, to prevent the formation of '̂̂ U, it is necessary to irradiate 
thorium in an environment where the flux of highly energetic fission 
neutrons is minimized. This means that the thorium target material 
cannot be intermingled with the fissionable fuel that is used to drive 
the reactor but must be loaded into separate tubes. Fission neutrons 
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at the upper end of the energy spectrum will then have a reasonable 
chance of striking at least a glancing blow off some moderator atom 
which will degrade their energy to less than 6/4 Mev. Towler's report' 
in 1962 on early experimental irradiations of thorium showed the 
importance of keeping the thorium separated from the driver fuel. 

To control formation of ^̂ ^U, it is also necessary to minimize 
exposure of thorium to fast neutrons resulting from fission of newly 
formed ^^'u within the thorium. This means short irradiations and 
low ^ '̂U concentrations in the thorium. To this end, we are aided by 
the 27-day half-life of ^^'Pa. After two weeks of irradiation, 85% of 
the atoms of mass 233 is still present as protactinium; after two 
months 50% is present. 

Another source of ^^'Pa, and hence of '̂̂ U, is thermal-neutron 
capture in ŝorpĵ  (ionium). Meichle^ reported Hanford data which show 
that for the conditions of his experiment the presence of 80 ppm of 
ionium in ^̂ ^Th caused the '̂̂ U formation to increase by a factor of 14 
over that encountered when the ionium concentration was less than 
1 ppm. Actually, most of the thorium in the nation's stockpile has less 
than 1 ppm of ionium. Ionium, which is a daughter from the radioactive 
decay of '̂̂ U, is found primarily in thoria that has been recovered as a 
by-product of refining of uranium ores. 

When thorium is irradiated for short periods of time in a produc
tion reactor, the concentration of product (^ '̂u and ^^^Pa) builds up 
linearly with time at a rate proportional to the flux of thermal neutrons 
in the thorium. The concentration of '̂̂ U contaminant in this product 
builds up linearly with time at a rate proportional to the flux of highly 
energetic fast neutrons in the thorium. Wide differences in both the 
thermal flux and the fast flux are encountered in different reactors 
and in different locations within a given reactor. As a crude rule of 
thumb, however, the production of ^^'u containing a few parts per 
million of '̂̂ U involves irradiating approximately a ton of thoria for 
a few weeks to produce 1 kg of product. If the irradiation time is 
reduced, the rate of production of '̂̂ U will be essentially unchanged; 
the '̂̂ U content of the '̂̂ U will be reduced in proportion to the i r ra 
diation time; and the throughput of thorium will be increased in inverse 
proportion to the irradiation time. 

Economic Consequences 

The current price ' for ^' 'u containing 30 to 300 ppm of '̂̂ U is 
about $ 80/g. Since the cost of making ^''u with low '̂̂ U content by 
today's technology is considerably less than the costs prevailing 
when the above price was established, it is expected that the price 
for ^''U will be substantially reduced in the near future. However, 
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the price of ^''U should be somewhat higher than the price of plutonium 
(the price ' of ^'^Pu with 6% ^^'Pu is $40/g) because production costs 
for ^"U are higher than for plutonium. 

Factors that contribute to the lower cost of "clean" compared to 
"dirty" ^"u include simplified fabrication of thoria targets and easier 
recycling of thoria. Thoria is irradiated for short periods of time to 
prevent the fissioning of ^"U; hence target elements can be designed 
for low heat load, which greatly simplifies target-element fabrication. 
A dense thoria is inexpensively produced by the sol —gel process 
developed at the Oak Ridge National Laboratory. Target elements are 
then assembled by doing little more than pouring thoria powder into 
an aluminum can and welding on an end cap. This is substantially less 
expensive than converting thorium nitrate to metallic thorium, machin
ing metallic elements to close tolerances, and establishing intimate 
thermal contact between the thorium and the cladding. Although the 
production of clean rather than dirty ^"u involves much lower product 
concentrations and the handling of much more thorium per unit of 
product, the unit costs of handling the thorium and fabricating the 
target elements are correspondingly lower; thus the cost of clean ^"u 
tends to be lower than that of dirty ^"u. Also, with negligible amounts 
of ^"u destroyed by fission, the product yields are higher for ^"U 
compositions produced from short irradiations. 

The other reason clean ^"u is potentially cheaper than dirty ^"U 
is that irradiated thoria can be recycled more easily with low con
tamination. The first daughter of '̂̂ U is ^^'Th. If large concentrations 
of ^"U are allowed to accumulate in thorium, and if the ^"U is grossly 
contaminated with '̂̂ U, the recovered thorium will be grossly contami
nated with ^^^Th. Such contaminated thorium would either be expensive 
to recycle, because of the penetrating gamma radiation, or else it 
would have to be placed in storage for a decade or two for ^^'Th, with 
a two-year half-life, to decay. 

For short irradiation times, the cost of producing ^"u can be 
expressed by the general formula 

Cost in dollars per gram = A • B 
x 

where x is the concentration of '̂̂ U in the ^"U and A and B are con
stants. For very small irradiation times, for values of x less than 
1 ppm, for example, the cost of ^"u becomes inordinately large. As 
the irradiation time increases (larger values of x), there comes a 
time when the simple target fabrication process is no longer satisfac
tory, when the loss of ^"u by fission becomes significant, and when the 
cost of recycling the thoria begins to increase substantially. Hence the 
cost of producing ^"u does not decrease continuously toward some 
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value A but passes through a minimum value and then increases. The 
nature of this increase is of no significance; we can conceive of no 
demand for ^"u with a given '̂̂ U content if it can be produced with a 
lesser '̂̂ U content at no increase in cost. 

The actual '̂̂ U content associated with minimum-cost ^"u depends 
on the manner of allocating fixed costs in a multiproduct operation. 
There is some indication that this critical '̂̂ U content is somewhat 
different for operation at Savannah River than at Hanford. It appears 
that minimum-cost ^"u will be produced when the '̂̂ U content is 
somewhere in the range of 10 to 20 ppm. This means that ^"U con
taining 30 to 300 ppm of '̂̂ U is now an obsolete product which will no 
longer be produced by the AEC. 

THORIA CHARACTERISTICS 

Specifications 

The physical properties and behavior of thoria markedly influence 
target-element fabrication as well as chemical processing for ^"u 
recovery. For this reason certain characteristics of the thoria are 
controlled to provide efficient and economical production of ^"u. Many 
of the characteristics have been rather arbitrarily specified based on 
best judgment of what is considered important and what the thoria 
producers can supply. 

Specifications on incoming thoria, developed jointly by Mallinckrodt 
Chemical Works, Hanford, Savannah River, and AEC representa
tives, are listed in Table 1. They reflect in part the characteristics 
of thoria produced by Mallinckrodt in earlier years and were adjusted 
periodically as further experience was gained. 

Loss on ignition (LOl) is specified in an effort to control off-
gassing in the thoria during irradiation; off-gassing could produce 
severe internal pressures and possible rupture of the thoria target-
element jacket. In addition, it is believed that high LOI is conducive 
to poor welds in the element during fabrication. An original specifica
tion of 0.04% maximum LOI was based upon the producer's capability 
for small amounts of thoria already produced. This specification was 
difficult to meet as larger quantities were produced, and irradiation 
experience indicated the specification was more restrictive than neces
sary. The present limit on LOI in incoming thorium oxide is 0.10% 
maximum. 

In the measurement of tap density, a weighed amount of thoria 
was placed in a graduated cylinder and manually tapped on a hard 
surface until its volume was constant. The calculated densities varied 
as much as 7% from the slug compaction densities. A new mechanical 
tapping mechanism is now being used that gives tap densities within 
2% of the slug compaction densities. 
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THORIA SPECIFICATIONS 

Item Specification Basis 

Thorium content 

Ionium content 
(230Th:232xh) 

Total impur i t ies 

Specific impuri t ies 
Uranium 

Boron 

Li, Cd, Sm, 
Gd, Dy, Eu 

Chlorine 

Silicon 

Loss-on-Igni t ion 
(fired at 1050°C 
for 6 hr) 

Dissolution 

Tap density 

87.4% 
minimum 

1 :1 X 10^ 
maximum 

2000 ppm 
maximum 

10 ppm 
maximum 

TNT* content plus 
3 ppm maximum 

TNT content plus 
2 ppm maximum 

100 ppm maximum 

300 ppm maximum 

1000 ppm maximum 

At leas t 95% of 
thoria sample shall 
dissolve in 6 hr on 
refluxing with 
I2.3MHNO3 com
bined with 0.025iW 
HF and 0.1 M 
AKNOglg 

7.0 g/cm^ 
minimum 

P a r t i c l e - s i z e distr ibution 
Mesh: 

+6 
- 6 +20 
- 2 0 +70 
- 7 0 +200 
-200 

0 
10 to 60 
15 to 50 
15 to 50 
0 to 50 

Control on total impuri ty 
levels ; theoret ical con
tent, 87.9% 

Based on ability of the sup
pl ier to produce; ^'"Th, 
which conver ts to^^^U 
upon i r radia t ion , should 
be held to a minimum 

Control of total impur i t ies ; 
analysis performed for 
Al, B, Be, Bi, C, Cd, CI, 
Co, C r , Cu, Dy, Eu, F e , 
K, Li, Mg, Mn, Na, Ni, 
P , Pb, Si, Sn, Sm, U, Zn 

Undesirable isotopio diluent 
in 2''U product 

Neutron absorber , high 
c ro s s - s ec t i on impurity 

Neutron absorber , high 
c ros s - sec t i on impurity 

Acce le ra tes cor ros ion in 
separa t ions equipment 

Tends to form emulsions 
during separa t ion by so l 
vent extract ion 

Ability of supplier and r e 
quirement that m a t e 
r i a l will not off-gas suf
ficiently to produce 
enough internal p r e s s u r e 
to d is tor t aluminum 
jacket 

Required for economical 
separat ion of ^'^U from 
thoria 

To attain compacted bulk 
densi t ies above 70% of 
theoret ical in core of the 
t a rge t e lement to min i 
mize displacement of fuel 
in the r eac to r 

To at tain high compacted 
bulk densi t ies 

•Thor ium Nit ra te Te t rahydra te . 
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Thoria Processing 

In the sol —gel process for forming dense thoria, the ores are 
treated to form a nitrate, which is subsequently denitrated to an oxide. 
The oxide is dispersed as a hydrosol, which is then converted to a gel 
by evaporation. The gel is densified by drying and calcination. 

NUCLEAR FUEL 

SERVICES, INC, 

LIGHTTti0 2 

DISPERSE WITH HNO, 

SOL 

t 
TRAY DRY 

GEL 

_ 1 _ 
TRAY SINTER 

DENSE ThO, 

MALLINCKRODT 

CHEMICAL WORKS 

PURE THORIUM NITRATE 

NATIONAL LEAD 

COMPANY OF OHIO 

IMPURE THORIUM NITRATE 

1 
DISSOLVE 

POT DENITRATION |-«-PURE Tti(N0 3 )4 —|SOLVENT EXTRACTION 

\ 
LIGHT ThO2 

DISPERSE WITH HNOo 

SOL 

POT DRY 

1 
GEL 

t 
POT SINTER 

} 
DENSE ThO, 

Fig. 1 — Thoria suppliers flow sheet. 

A flow sheet of the thoria process from the suppliers is shown in 
Fig. 1. Thorium nitrate crystals were obtained from AEC stockpiles. 
When the supply of pure thorium nitrate was depleted, the impure 
thorium nitrate (about 30% of total) was refined by solvent extraction 
at the National Lead Company of Ohio. The crystals were denitrated 
in gas-fired pots at Mallinckrodt Chemical Works to produce a light 
thoria, which was converted to dense thoria by Mallinckrodt and by 
Nuclear Fuel Services, Inc. 

About 180 tons of light thoria has been converted to dense thoria 
by Nuclear Fuel Services by use of the sol -gel process. To produce 
the sol, dilute HNO3 is added to light thoria. The gel, which forms 
when the sol dries, is placed in trays and sintered in a furnace at 
1065°C to produce dense thoria. To produce acceptable thoria, the 
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light thoria should be well dispersed in the sol step. Otherwise the LOI 
of the resulting dense thoria would be out of specification. However, the 
LOI was satisfactorily controlled in the last month of production by 
refiring from 25 to 50% of each thoria lot in an Incoloy crucible and 
reblending the retired material with the once-fired material. About 13 
tons of thoria was so produced. Higher temperatures could not be ob
tained in the initial firing in the tray furnace, and larger quantities 
could not be fired in the Incoloy crucible. 

The refiring lowered the dissolution in the acceptance test so that 
at the Savannah River Plant about 12 tons of thoria was up to 4% low on 
dissolution. The specification was waived because the thoria com
pletely dissolved when the spent acid was replaced with fresh acid 
at the end of the test. 

About 170 tons of light thoria was converted to dense thoria by the 
sol -gel process at Mallinckrodt. The gel was sintered in graphite 
crucibles at temperatures varying from 980 to 1480°C from center to 
outer wall. 

In general. Nuclear Fuel Services had little trouble meeting the 
thoria specifications; the dissolution specification was the most trouble
some for them, but only a small percentage of the total did not meet 
requirements. The LOI specification was the most difficult for Mal
linckrodt, particularly at the previous limit of 0.04% maximum. It 
has been possible to blend some lots of thoria that were out of specifica
tion with thoria that was within specification and obtain satisfactory 
mixtures. 

Results of Savannah River measurements of thoria received from 
the suppliers, including moisture content (which was not a specifica
tion), are given in Table 2. 

Table 2 

ANALYSIS OF THORIA* 

P a r t i c l e s , % PPm x a p density, 

+6 - 6 +20 - 2 0 +70 - 7 0 +200 -200 LOI HjO U g/cm^ 

Supplied by Mallinckrodt Chemical Works 

Max. 2.7 21 17 18 32 1700 t 70 7.7 
Min. 0 2 35 32 58 100 t <5 7.0 
Av. 0.1 8.8 24.0 22.6 44.4 560 t 7.53 7.3 

Supplied by Nuclear Fuel Services , Inc. 

Max. 0 27 45 27 48 1230 670 20 7.7 
Min. 0 6 21 14 24 40 <20 3 7.0 
Av. 0 14.0 30.5 18.5 35.8 406 198 11.2 7.3 

*Measurements by Savannah River Plant . 
tNo data avai lable. 
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Future Work by Suppliers 

National Lead Company of Ohio, working with General Electric 
Company, at Evendale, Ohio, is developing an extrusion—sintering 
method of densifying thoria. In this process an organic binder and 
lubricant is added to light thoria powder, and the mixture is extruded 
through a multiple orifice die and chopped to short lengths. The ex
truded pellets are heated to 1000°C to burn off the binder and are 
subsequently fired in a hydrogen atmosphere at 1600°C for 3 to 5 hr to 
provide dense pellets that can be crushed for blending to provide 
maximum bulk densities. Particle-size distributions can be varied by 
varying the diameter of the orifices in the dies. The product meets all 
thoria specifications, but no irradiation experience has been obtained. 

Mallinckrodt converted their pot denitration to a fluid-bed de-
nitration process. Their light thoria is now more uniform, and their 
dense thoria is within specifications. 

Based on the experience with thoria during the first campaign, 
the following specifications have been proposed: 

LOI 800 ppm maximum 
H2O 300 ppm maximum 
Tap density 7.2 g/cm' 
Dissolution 95% minimum 
Particle size +6 mesh maximum 

FABRICATION OF THORIA TARGET ELEMENTS 

At both Savannah River and Hanford, aluminum cans are filled with 
thoria powder, and the cans are closed by welding an aluminum end 
cap. Differences both in the reactors and in the extent to which available 
facilities could be adapted caused minor differences in the fabrication 
processes at the two sites. Peak production rates of around 10 tons per 
week at Savannah River and 15 tons per week at Hanford were ex
perienced in order to start irradiations early. 

It should be recognized that the thoria processed at both Hanford 
and Savannah River for target elements had a low activity (about 50 
Mc/ton, i.e., 50% of secular equilibrium). Full exploitation of the 
thorium fuel cycle will require the use of recycled thoria, which will 
have much higher activity levels. The handling of recycled thoria will 
pose shielding and health problems different from those described here. 

Description of Thoria Elements 

At Hanford the thoria target element is a solid cylinder 1.60 in. in 
outside diameter and 9 in. long, as shown in Fig. 2. Each element 
contains a nominal 1700 g (about 4 lb) of thoria. 
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??^r^ fe^ 
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fusion weld (no filler) 
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-0 i 
THORIA 
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F 
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The diameter vanes depending on 
which reactor is used for irradiation 

.8.865 +0.120 
- 0.090 

0.100 • 
0.105-

0.010 — 
0.105 

(1) Retaining Ring (2) 1st Closure Wafer (3) 2nd Closure Wafer 

Aluminum retaining ring 
magneformed into place 
and used to support ttie 
closure wafers whicti 
comprise the cap. 

Inner wafer wtiich acts 
as heat barrier and gas 
trap during welding. 
Projections create 
chamber between wafers. 

Rests on projections of 
inner wafer and forms the 
external cap. This piece 
is welded to the can by 
tungsten inert gas welding. 

Fig. 2—Thoria element used at Hanford. 

The Savannah River element is tubular, 15 in. long, 3.1 in. in out
side diameter, and 2.4 in. in inside diameter, as shown in Fig. 3. Each 
element contains about 3600 g (8 lb) of thoria. 

Fabrication Process 

In the Hanford* process shown in Fig. 4, thoria is poured from 
shipping containers into an automatic system which blends, batch 
weighs, and fills a canister with the calculated amount of thoria to be 
placed in the aluminum can. The canister is conveyed to the filling and 
compaction station, where it is manually removed and the thoria is 
poured through a funnel into the can. 

The can has previously been cleaned and deoxidized to provide a 
suitable surface for closure welding, and an aluminum ring has been 
magneformed (electrodischarge formed) into the open end of the can 
component to support the cap closure wafers. The can is clamped in a 
vertical position between a funnel and a solid base attached to a 

•Douglas United Nuclear, Inc., Hanford Works, 
formerly General Electric Company. 

Richland, Washington; 



PRODUCTION OF '̂̂ U WITH LOW ̂ ^̂ U CONTENT 755 

<k 
TIG Weld: 

TIG Welds 

15.200 - 0.070 -

• 0.25 max. 

-14.350 Ref 

. THORIA 

7 
C64 Aluminum 

0.050 nom. 

THORIA 

3.076* 0.01 

2.400* 0.[ 

(DCap (2) Closure Pin (3) Spacer Rmg 

Placed in cap vent hole and fusion welded 

to provide final seal of element cladding. 

The hole in the cap vents gases during 
tungsten inert gas fusion welding of the 
inner and outer cap to clad junction. 
The cap Is snug fitting and requires no 
support before welding. 

Placed on the thoria to prevent thoria 
from contaminating the cap-clad closure 
zone and to allow cleaning of the Inner 
can wall prior to capping and fusion 
welding of the cap to the can. 

Fig. 3—Thoria element used at Savannah River. 

pneumatic vibrator system. An O-ring gasket on the funnel produces 
a seal at the can and funnel contact to prevent escape of thorium oxide 
up past the open end of the can component where the closure weld must 
be made. (Thorium oxide contamination of the closure area during 
welding inhibits bonding of the cap to the can and produces porous welds 
and weld blowouts.) 

As the thoria is poured into the funnel, the can component is 
vibrated at a frequency between 2000 and 2800 cycles/min and an 
amplitude from '/le to Vs in. by using a Cleveland pneumatic reciprocat
ing vibrator to compact the thoria to a density about 73% of theoretical. 
Foot control of the air to the vibrator frees both hands for pouring the 
thoria and measuring the level of compaction. Compaction time is 
from 15 to 60 sec; no appreciable increase in density is achieved at 
times longer than 1 min. The compacted element is placed on a conveyor 
and transported to the vacuum outgassing and helium backfilling sta
tion. (Helium is used in the element to aid in the detection of imperfect 
welds.) 

After helium filling, the element receives the first of two wafers 
that comprise the cap of the target element. The wafers are supported 
by the ring previously magneformed in the can. A light machining of 
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THORIUM OXIDE FROM PRODUCER SITE 
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Fig. 4—Flow diagram for thoria-element fabrication process at Han
ford. 

the top surface of the can prior to closure welding removes any con
tamination to assure a clean closure area. The second or outer cap 
wafer is placed on the first wafer. Four projections in the first wafer 
support the outer wafer and provide a 0.010-in. air gap that acts as a 
thermal barrier to the heat produced during closure welding and 
provides a void chamber to trap any thoria powder rising into the 
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closure area. The chamber also reduces the effect of trapped gases 
that expand with the heat during welding and tend to blow through the 
molten weld metal, causing porosity, voids, and penetrations. In ad
dition, a heat sink is fastened to the element near the weld zone to 
reduce the heat penetration to the void space under the first cap. 

The element is closed by Tungsten Inert Gas (TIG) welding, after 
which it is visually inspected for gross defects. Some of the weld 
rejects may be rewelded and made into acceptable elements. The ac
ceptable elements are ultrasonically cleaned for at least 2 min to 
remove any smearable contamination. Subsequently, two additional 
quality checks are made. All elements are leak tested on a helium 
leak detector and radiographed to detect any continuous entry or dis
continuity that may allow penetration of the reactor coolant to the 
thorium oxide. The helium leak rate allowed is based on a calculated 
leak rate of water such that only 10% of the void space in the element 
would be filled with water (the reactor coolant) if the reactor residence 
were as long as 6 months at 50°F and 300 psi differential pressure. 
The calculated hole size is slightly less than 0.0001 in. in diameter. 
Reasons for the rigid tests and quality assurance to prevent coolant 
entry are discussed in the section of this paper on production-scale 
irradiations. 

The flow chart for the Savannah River* process is shown in Fig. 5. 
Thoria is weighed in glove boxes in batches of about 3600 g, depending 
on the thoria density; no blending has been necessary. After cleaned 
cans are assembled on the vibrators, the thoria is poured manually into 
funnels placed over the cans. The elements are vibrated from 2 to 
5 min by air-actuated Branford vibrators, model No. 3. Aluminum 
inner caps (60 mils thick) are then inserted and seated on top of the 
thoria. The sides of each can over the inner cap are crimped slightly 
to hold the inner cap in place. Elements are removed from the glove 
boxes, the external surfaces are decontaminated with rags wet with 
isopropyl alcohol, and the annulus is cleaned with cotton swabs. Outer 
caps, each containing a vent hole through the cap for outgassing, are 
pressed into place; a void space is left between inner cap and outer cap 
of not over V4 in. Caps are then welded to the cans with a vertical 
welder having a DAR 500 d-c power source. Elements are welded at 
120 amp and 7 rpm with a helium shield. 

Welded elements are radiographed lor 9 sec at 100 kv and 15 ma 
with a Kelley-Koett X-ray machine to locate internal weld defects. 
Next, the elements are outgassed by preheating in air for 6 hr at 450° F 
and then by heating in vacuum at < 100 ji pressure for 3 hr at 450°F. 
The furnace is then backfilled with helium. After the elements are 

*E. I. du Pont de Nemours & Company, Savannah River Plant, Aiken, South 
Carolina. 
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Fig. J—Flow diagram for thoria-element fabrication process at Savan
nah River. 
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removed from the furnace, pins are inserted in the vent holes and 
welded. The vent holes in the caps allowed expanding gases to escape 
during the earlier rim welding. All elements are helium leak tested 
with a standard model 120-24 CEC leak tester. Elements with leak 
rates greater than 7 x 10~^ atmospheric cmVsec, which is the limit of 
detection, are rejected. All pin welds are radiographed. The elements 
are cleaned in hot HNO3 and visually inspected, primarily for weld 
defects. 

Description of Facilities 

Facilities for manufacturing the thoria target elements are de
scribed in this section. At Hanford open-face ventilated hoods are used 
for operations involving the handling of loose powder. At Savannah River 
the work is carried out in glove boxes. 

The Hanford fabrication facility contains 900 sq ft for the shop 
operation and an additional 400 sq ft for office, personnel-changeroom, 
and storage space. Component preparation, electroforming, helium 
leak detection, and radiograph equipment require an additional 1000 
sq ft of space. 

The physical condition (40% less than 37 (i in diameter) and the 
radiological nature of thorium oxide require that precautions be taken 
to prevent inhalation or ingestion by workers handling it during fabrica
tion. Well-ventilated open-face hoods were found to be adequate at 
work stations requiring handling of loose thoria in unsealed containers. 
This includes all the operations beyond the thoria-unloading station 
to the closure-weld station. A closed hood is used at the unloading 
station where the thoria is dumped from the shipping cans. This fabrica
tion line is shown in Fig. 6. The open hoods are ventilated to produce 
an air flow from the work area into the hoods with an air velocity of 
not less than 150 ft/min at the hood openings. The hoods are exhausted 
through a double absolute filter system to prevent contamination of the 
environment by the ventilation exhaust. Continuous air samplers located 
at head level showed that no significant concentrations of airborne 
contamination were created within the shop. Scintran alpha radiation 
detectors with hand-held probes are provided to monitor personnel 
and articles leaving the shop work area for thoria contamination. 

Initial measurements of gamma radiation from the thorium oxide 
indicated the need for shielding at the work stations in the development 
line. Lead plate, '/j i" thick, was used in the development line hoods 
around the thoria shipping container and the blender, where larger 
quantities of thoria were amassed. Other stations were not shielded, 
because the quantity of thoria at each station was minimal. It was 
noted, however, that, when operations were transferred from the devel
opment to the production hoods, shown in Fig. 6, the radiation exposure 
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Fig. 6—Hoods in Hanford thoria-canning line. 

of the operators was reduced by a factor of almost two. The reduc
tion in exposure was attributed to automation of the blending, weigh 
feeding, and transfer system in the production hood, which reduced 
handling and consequently reduced operator exposure. Lead shielding 
is therefore not used in the present system. The whole-body penetrat
ing exposure for operating personnel averages about 200 mrems per 
month, ranging from 60 to 440 mrems per individual. The average 
annual allowable whole-body penetrating exposure as established by the 
AEC is 5 rems. Exposure of the operators at Hanford has been con
trolled so as not to exceed 50% of this level. 

All operating personnel wear white protective clothing, which in
cludes coveralls, shoe covers, and cap. Surgical gloves, taped at the 
wrist, prevent hand contamination in normal work; leather gloves are 
worn over the surgical gloves for heavy work that could result in a 
puncture of the light surgical glove. Minimum protective clothing, a 
lab coat and shoe covers, is required for those only observing the 
operation. 

Thoria dust contamination is easily removed from personnel. In 
cases where hair, arms, and hands were contaminated because of 
improper covering with protective clothing, a hand wash or a shower 
removed all detectable contamination. 
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About 11 operators and two supervisors per shift are required 
for processing and fabricating the element from component prepara
tion to closure welding. Three quality-control inspectors are required 
for testing and inspection, along with one standard technician. 

Nearly all rejects are a result of unacceptable closure welds. 
Excessive heat in the closure zone causes expansion of trapped gases, 
which results in nonclosures, voids, porosity, and minute penetrations 
of the weld metal, causing rejection of the target element. Present 
programs to improve closure are concentrated on cold-closure 
processes or those requiring less heat than that used in the present 
TIG-welded closure. 

The importance of the integrity of the closure has been emphasized 
by the quantity of tests performed on the closure. At the time of the 
initial fabrication of thoria target elements, the closure integrity was 
not considered critical except to prevent leaching of the thorium oxide 
from the element by the reactor coolant. Laboratory tests and small 
in-reactor tests of defective elements indicated that the thorium oxide 
was nonreactive with water. Testing of the target-element closure 
during initial fabrication was therefore minimal and involved only a 
bubble test of the welded element to detect leakage at the closure zone. 
Subsequent experience, described in the following section, showed the 
importance of a weld of high integrity to prevent water entry during 
target-element irradiation. 

At Savannah River the uncontained Th02 is handled in a cabinet 
held under a slight vacuum. The body exposure does not exceed 1 mr/hr 
under the normal maximum conditions (i.e., within 1 ft of a compact 
array of 16 100-lb containers, next to a containment cabinet in which 
50 lb of uncontained Th02 was handled at a time, or a single 8-lb 
piece held in the hand). Other operations were adapted to existing 
facilities. 

PRODUCTION-SCALE IRRADIATIONS 

The thoria target elements shown in Fig. 2 and 3 are irradiated 
in tubes which are separated by several inches of moderator from the 
reactor tubes which contain the uranium driver fuel. The elements 
are cooled with a low flow of coolant; the Savannah River coolant is 
heavy water and the Hanford coolant is light water. At Savannah River 
the driver fuel is highly enriched ^̂ Û in an aluminum matrix; by use of 
a light loading of fuel and target, somewhat analogous to the technique 
used in establishing a neutron flux level greater than 5 x lO'^ (described 
in Reference 6), it is feasible to irradiate at higher neutron flux than 
at Hanford, with consequent higher product concentrations and reduced 
thoria requirements for a given ^̂ Û content. At Hanford the driver fuel 
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is slightly enriched uranium (0.95% ^̂ ^U), and ^̂ Û has been produced 
in several reactors incidental to plutonium production. 

At Savannah River all the thoria elements were dimensionally 
stable through the irradiation, and the surface appearance after i r
radiation was good. No reactor outage was required to discharge any 
failed thoria elements, though ^^^Pa was detected in the moderator on 
several occasions and very small quantities of thoria and/or fission 
gas were released. Coolant monitors showed that no flow or tempera
ture changes accompanied the release of activity. Following discharge 
from the reactor, a total of 16 failed elements have been identified by 
gas release while in the disassembly basin. Detailed examination re
vealed that a majority of the failures were caused by improper end-
closure welds. 

At Hanford it was found that the thoria is prone to hydrate in hot 
water and that imperfectly sealed target elements will sometimes swell 
afid stick in the reactor tubes so that they are difficult to remove. 
This phenomenon did not show up during the experimental irradiation 
of some 6 tons of thoria at Hanford, which preceded the start of 
production-scale irradiations, nor was it experienced atSavannahRiver. 
The phenomenon has not been satisfactorily explained. 

At Hanford 22 failures were observed during irradiation of the 
first 32% of the elements fabricated to date, but tightening of the 
precautions to assure high-integrity welding appears to have overcome 
the problem; there were only two subsequent failures. 

A brief investigation of the reactivity of thorium oxide with water 
was undertaken by autoclave tests of defective elements. The water 
temperature was 175°C, relatively high compared to the reactor-
coolant temperatures of about 30 to 80°C. The elements split or opened 
as a result of swelling of the thoria from contact with the autoclave 
water. In addition, a scale, not seen on irradiated failures, formed 
on the inside of the aluminum jacket; analysis of the scale showed a 
layer of Al202(OH)2 and a Th02, layer. The thorium oxide could be 
made nonreactive by firing at 1200°C instead of the present 1050°C, 
but the resulting thorium oxide would not meet the dissolution specifi
cations. 

Progress in the chemical recovery of the ^̂ Û from the irradiated 
target elements is discussed in a paper by Rathvon et al. included in 
this volume. 

CONCLUSIONS 

Studies sponsored by the AEC Division of Production have led to 
significant improvements in the technology for manufacturing ^̂ ^U. 
Minimum-cost ^̂ Û containing in the range of 10 to 20 ppm of ^̂ Û can 
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now be produced at costs somewhat greater than those for Pu; U 
of this quality would be desirable for destructive experimentation, 
such as part of a start-up loading in a prototype thermal breeder. 
Conversely, ^̂ Û containing very few parts per million of ^̂ Û can now 
be produced at costs no greater than the highly contaminated product 
made by previous methods; ^̂ Û of this quality would be useful in non
destructive experiments such as critical assemblies to avoid the need 
for heavily shielded, remotely operated facilities and/or the need for 
periodic chemical repurification of the ^̂ ^U. 

During the course of this program, the feasibility of handling large 
tonnages of thoria powder in open hoods was demonstrated. 

Users of thoria in irradiation programs should be alert to the 
possibility of hydration if the thoria is exposed to an aqueous coolant, 
though the conditions under which this effect is encountered have not 
been defined. 
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ABSTRACT 

An AEC program at the Hanford and Savannah River sites for the production of 
253u, with a ^̂ Û content of about 5 ppm, required the recovery and purification of 
uranium and thorium from the irradiated thoria targets. This paper presents the 
results of the recovery campaign completed at Savannah River in early 1966 
and the plans for a similar campaign at Hanford in mid-1966. Existing radio
chemical separations plants at both sites, originally designed for solvent-
extraction recovery of plutonium from irradiated uranium, were adaptable to 
this program by using processes based on the Thorex process. 

The principal problems encountered in the adaptation of the production 
facilities were concerned with (1) product purity, including the problem of 
contamination by other nuclear materials previously processed in the same 
facilities; (2) criticality requirements for ^'^U; (3) corrosion of stainless-steel 
equipment by the acidic fluoride needed to dissolve thoria; and (4) production-
rate limitations, particularly the relatively slow dissolving rate of thoria. 

At Savannah River, about 160 kg of ^̂ Û was successfully recovered. The 
solvent-extraction performance was as expected with (1) overall losses of 
uranium and thorium of less than 1.0%, (2) a uranium product containing less 
than 1000 parts of thorium per million parts of uranium and a thorium product 
with less than 2 parts of ^̂ Û per million parts of thorium, and (3) decon
tamination factors for gross gamma activity of 2 x 10* for uranium and 1 x 10* 
for thorium. Contamination of the products with residual nuclear materials in 
the plant was negligible. A small quantity of 233pĝ  .̂ ŷ g ĵgQ recovered. The 
essentially pure '̂̂ U (less than 0.5 ppm '̂̂ U) that will result from the decay of 
233pa will be recovered in a separate campaign. At Hanford, preparations are 
complete for a similar recovery campaign. 

Because of recent demands for "clean" ^̂ ^U, the U. S. Atomic Energy 
Commission (AEC) sponsored a program for its production, including 
the necessary development work, at the Savannah River and Hanford 
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production sites. Thorium oxide (thoria) and some thorium-metal targets 
were irradiated in the production reactors to produce ^̂ Û with a ^̂ Û 
content of about 5 ppm (see paper by Boswell et al. included in this 
volume). Chemical separation of the ^̂ Û product from the thorium 
and fission products was scheduled to be accomplished at the associated 
reprocessing facilities. 

At both Savannah River and Hanford, the available chemical re 
processing facilities were originally designed for U - P u separations, 
utilizing solvent-extraction processes. At both sites, tributyl phosphate 
(TBP) in a kerosene-type diluent has been used as the solvent in con
junction with an aqueous nitrate system. Consequently the facilities 
have been adaptable to the Thorex process for Th —U separations as 
developed at Oak Ridge National Laboratory (ORNL) and at the Knolls 
Atomic Power Laboratory. Additional development support required for 
the specific applications at the Savannah River Plant and at Hanford 
was furnished by the Savannah River Laboratory and the Pacific 
Northwest Laboratory, respectively. 

This paper describes the application of the Th —U separations 
processes to the Savannah River and Hanford facilities. The results 
of the separations campaign at Savannah River are summarized, and 
estimates of the performance expected for Hanford are presented. In 
addition, the Hanford program for development of the thoria dissolving 
capability required at the site is included. 

BASES AND OBJECTIVES 

Thorium-processing Flow Sheets 

Chemical flow sheets developed for the reprocessing of target and 
fuel elements containing irradiated thorium are based on solvent ex
traction of aqueous solutions of thorium nitrate. The aqueous feed 
solution is prepared by dissolving the thoria (or thorium metal) in 
concentrated nitric acid catalyzed with fluoride ion, generally following 
a decladding operation. Alternatively, in the case of aluminum-clad 
thoria, the cladding and the thoria can be dissolved in the same opera
tion by the use of mercury as a catalyst to initiate aluminum dissolution. 
The dissolved thorium solution is then chemically adjusted as required 
for the solvent-extraction system. Solvent-extraction processing ac
complishes the separation of ^̂ Û and thorium from each other and from 
the fission-product waste streams. The analogy of the aqueous re 
processing of U-Pu fuel elements is apparent. Much of the basic 
process chemistry data and the original processes for the Th-^^^U 
system have been summarized.' The flow sheets employed for this 
particular program are described in detail in this paper. 
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Available Processing Facilities 

The facilities at the Savannah River and Hanford production sites 
which are available for chemical reprocessing were originally de
signed and constructed for Pu —U separation and purification in con
nection with plutonium-weapons production. More recently, these 
facilities have been adapted to other AEC production programs, 
including the production of neptunium, ^^^Pu, and selected fission 
products. At both sites, the facilities were designed for remote op
eration, high radiation fields, and generally organic-aqueous nitrate 
processing systems. Consequently massive concrete construction was 
used, and 304L stainless-steel piping and equipment was used exten
sively because of its good resistance to corrosion in such systems. 
The radioactively "hot" canyon spaces containing the principal equip
ment elements are both remotely operated and remotely maintained. 
Construction features typical of the separations plants at both sites 
are illustrated by Fig. 1, which shows the Hanford Purex Plant canyon. 
In the process cells below the canyon deck are equipment pieces such 
as the concentrator and centrifuge, shown by Figs. 2 and 3, respec
tively. 

Fig. 1—Hanford Purex canyon. 
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Fig. 2—Hanford Purex concentrator. 

The radiochemical separations plant chosen for Thorex operation 
at Savannah River was originally designed and operated for Purex 
recovery of plutonium from irradiated natural uranium and is now 
normally used to recover ^̂ Û from irradiated enriched U—Al alloy. The 
choice was based on optimum scheduling of the two separations plants 
and on prior experience with special recovery campaigns,^ including 
two campaigns to recover ^̂ Û from irradiated thorium-metal targets 
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ASSEMBLY 

Fig. J — Savannah River Plant centrifuge. 

by the "Interim-23" process^ (thorium discarded to waste). These 
campaigns demonstrated that the equipment in this plant could be 
rearranged with minimum effort to suit a new process and could be 
successfully flushed to remove other nuclear materials which might 
contaminate the ^̂ Û or thorium products (e.g., ^̂ ^U, ^^"u, ^ '̂'Pu, etc.). 
In addition, the necessary instrumentation, controls, and procedures 
for maintaining nuclear safety while processing '̂̂ U were already 
available from the normal ^̂ Û recovery operations and from the prior 
experience with '̂̂ U. 

At the Hanford production site, Th-U reprocessing was planned 
for the Purex Plant, inasmuch as it is the only Hanford separations 
facility for which staffing for continued production programs is cur
rently scheduled. This plant was originally equipped and is now used 
for the solvent-extraction reprocessing of Hanford production fuels. 
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Product-quality Considerations 

The separation of '̂'̂ U from irradiated thoria was an effort without 
precedent, at least with respect to the particular facilities involved 
and with respect to the amount of feed material involved. Because of 
its unproven nature, very accurate prediction of product quality could 
not be guaranteed. Although the needs of potential customers were a 
principal consideration in the planning of the operation, it was recog
nized that circumstances dictated that a "best-effort" philosophy be 
adopted with regard to product quality. 

Important ^̂ Û quality considerations included the following: 
1. Concentrations of other uranium isotopes, including ^̂ ^U, were 

required to be minimum. Most of these impurities were contained in 
the irradiated targets from the reactors. However, products were also 
susceptible to cross-contamination from residual uranium products 
left in the separations-plant equipment. Thus an important element of 
the reprocessing plan was the thorough flushing of the equipment to 
ensure tolerable residues of these isotopes. 

2. To avoid complications in handling of the ^̂ Û product (e.g., 
product load-out. shipping, and further processing), low levels of beta-
and gamma-emitting radioisotopes were desired. Thus decontamination 
with respect to ^^^Pa. fissionproducts, and^^^Udaughters was important. 

3. The desirability of minimum levels of chemical impurities was 
also recognized, and an effort was made toward this end. 

Although there was no obvious "customer" for a separated and 
purified thorium product, the potential value of this material in any 
future production program required that it also be purified. Purity 
considerations were based on needs for future irradiation —separations 
cycles. Again plans for the separations processing effort were directed 
toward minimizing fission products, chemical impurities, and cross-
contamination from the plant equipment system. 

Nature of the Feed 

The irradiated thoria targets to be processed were aluminum cans 
that had been filled with heavy, sandlike thoria particles, ranging in 
size from approximately 6 mesh down to less than 200 mesh. Particle 
densities were typically 90 to 95% of theoretical. Bulk densities typi
cally in the range of 70 to 80% of theoretical were attained by using 
vibratory-compaction target fabrication technique. The sandlike char
acter of the material is not appreciably changed under the irradiation 
conditions specified for the clean ^̂ ^U. Following dissolution of the 
aluminum cans, the unagitated material will rapidly settle to the bottom 
of the containing vessel as a compact, relatively impermeable layer of 
solids. The intrinsically low penetration rate for thoria, even in the 
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most effective dissolvents, combined with these physical character
istics causes the dissolution processing step to be potentially rate 
limiting in a typical aqueous reprocessing system. 

The thoria feed material for both the Savannah River and Hanford 
programs was prepared by common offsite producers using AEC 
stockpiled thorium nitrate as the starting material. The process for 
producing the thoria was an adaptation of the ORNL sol—gel process. 
The same specifications for the thoria feed material were used by both 
production sites. A feed specification of importance to the chemical 
reprocessing plants was based on Battelle-Northwest Laboratory 
experience with typical thoria samples and was designed to provide 
some assurance that practicable dissolution rates could be attained 
in the reprocessing plants. This specification required the dissolu
tion of a thoria sample within a specified time interval and under 
specified dissolution conditions. The effect of this specification was to 
limit the firing temperature of the adapted sol—gel process. The 
specification was developed by using unirradiated thoria. Under the 
conditions of irradiation required for this clean ^̂ Û production pro
gram, the effects of irradiation on the thoria dissolution rate were 
probably negligible. On the basis of limited Hanford data, the dissolu
tion rate would be improved, if anything. 

DEVELOPIVIENT PROGRAMS 

To accomplish the desired processing objectives using the existing 
production facilities for reprocessing of irradiated thoria, supporting 
laboratory development programs were required. The Savannah River 
Laboratory (SRL) and the Hanford Battelle—Northwest Laboratory 
responded to the needs of the respective sites. Principal development 
programs included (1) studies of the solvent-extraction flow sheet, 
chiefly at SRL, (2) laboratory and semiworks dissolution studies, and 
(3) corrosion studies, principally as related to dissolution and solvent-
extraction feed preparation steps. The development effort at SRL has 
been described elsewhere;^ consequently it will not be included here. 
The most important aspects of the extensive dissolution and corrosion 
studies by Battelle-Northwest are described below. 

Battelle-Northwest Dissolution Studies 

Two approaches are available for preparing the aqueous solvent-
extraction feed solution from the aluminum-clad thoria targets, con
ventional caustic—nitrate decladding followed by nitric—fluoride thoria 
dissolution, and total dissolution of the clad target using mercury-
catalyzed nitric acid for aluminum dissolution and fluoride to catalyze 
the thoria dissolution. Although considerable data are available in the 
literature for the chemistry of the decladding systems, tests were 
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conducted under the conditions required by the production plants in
volved to ensure a practicable basis for selection of the process. 
Battelle-Northwest studies were designed to evaluate the relative 
merits of the two approaches for application at Hanford. The system 
involving caustic decladding was finally selected for Hanford applica
tion on the basis of extensive plant experience, available plant equip
ment, and a concern regarding ability to control the mercury-catalyzed 
aluminum dissolution in the Hanford dissolvers. At Savannah River, on 
the other hand, the choice of the acid-declad and dissolution flow sheet 
was consistent with equipment availability, costs, and plans to include 
protactinium recovery during the processing campaign. 

Aluminum Dissolution by Mercury-catalyzed Nitric Acid The mechanism by 
which Hg(II) ion catalyzes aluminum dissolution in nitric acid apparently 
involves the reduction of Hg(II) to metallic mercury on the aluminum 
surface.^ Amalgamation of the aluminum surface, termed "activation," 
prevents the formation of aluminum oxide. Aluminum then dissolves 
at a rate commensurate with its electromotive potential. The dissolu
tion rate of activated aluminum can be as high as 125 mg/cmVmin 
compared to only 0.5 to 1.0 mg/cmVmin for unactivated aluminum. 

For possible application at Hanford, it was desirable to have an 
aluminum dissolution rate intermediate between that for noncatalyzed 
aluminum and that for mercury-catalyzed aluminum. This arrangement 
would have the advantages of reducing the heat load to the dissolver 
reflux column and prolonging the period during which agitation of the 
thoria would be provided by the dissolving aluminum. Schulz and 
others^'' have indicated that Ni(II) markedly reduces the reaction rate 
of mercury-catalyzed aluminum in HNO3. Therefore, for Hanford 
thoria processing, a study was conducted to establish the conditions 
that would assure activation of the aluminum and also would provide a 
controlled dissolution rate, i.e., a penetration rate below 250 mils/hr.^ 

The development study sought to establish the relation between the 
dissolution rate of C-64 aluminum (used for Hanford targets) and the 
following six variables: (1) nitric acid concentration, (2) Ni(II) nitrate 
concentration, (3) Hg(II) nitrate concentration, (4) hydrogen fluoride 
concentration, (5) aluminum nitrate concentration, and (6) the ratio of 
aluminum surface area to solvent volume (A/V). For the experimental 
conditions selected, the average effects for these variables upon the 
dissolution rate of aluminum are shown in Fig. 4. For a given variable, 
the curve is based on experimental points for which the overall com
bination of levels of the remaining experimental factors have been 
averaged. The average effects of the six experimental variables listed 
in order of decreasing magnitude were (1) aluminum nitrate concentra
tion, (2) Ni(II) nitrate concentration, (3) Hg(II) nitrate concentration, 
(4) A/V, (5) hydrogen fluoride concentration, and (6) nitric acid con-
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Fig. 4—Aluminum dissolution. Average effects of solvent variables. 

centration. Nitric acid concentration in the range of 8M to 12M had no 
significant effect upon the dissolution rate. The effects of interactions 
between variables on the dissolution rate were significant. Conse
quently the average-effect curves alone (Fig. 4) cannot summarize the 
effects of the experimental factors, and they should be used only to gain 
a general idea of the effect of the factors on dissolution rates. 

By far the most significant interaction between variables was that 
for Ni(II) and Hg(II). Response curves showingtheNi(II)—Hg(II) interac
tion are shown in Fig. 5. 
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Fig. 3—Aluminum dissolution. Effects of Ni^'^—H^'^ interaction. 

Dissolution Rate of Thoria The dissolution rate of thoria in a nitric 
acid-fluoride system has been the subject of numerous laboratory in
vestigations. Data have been related to the specific properties of thoria 
fuels, to particle size, and to solvent composition. However, for 
specific application to the Hanford and Savannah River programs, the 
data could not be considered complete. For example, compared to 
previous work, the characteristics of the thoria were different. Also, 
though evidence has indicated that aluminum nitrate reduces the thoria 
dissolution rate, no quantitative data were available at high aluminum-
ion concentrations. Therefore investigative programs were planned 
that were specific for the particular type thoria available and for the 
requirements dictated by the available facilities. 

The laboratory investigation planned by Battelle-Northwest was 
aimed at a relatively complete definition of the effects of the concen
trations of nitric acid, thorium nitrate, aluminum nitrate, and hydrogen 
fluoride on the thoria dissolution rate so that a dissolvent of optimum 
composition could be used for the particular thoria employed. A 
polynomial approximation of the functional relation between the dissolu
tion rate of the thoria and these variables was developed. Based on 
values predicted by the results of this work, the average effects of the 
solvent variables on the dissolution rate are shown in Figs. 6 and 7. 
For a given variable each average-effect curve shown is based on ex
perimental points for which the overall combinations of levels of the 
three remaining solvent variables have been averaged. Significant two-
factor interactions were found between hydrogen fluoride and aluminum 
nitrate, nitric acid and aluminum nitrate, and nitric acid and thorium 
nitrate. Consequently the average-effect curves alone do not adequately 
summarize the effects of the solvent variables; they should be used 
only to approximate the effect of a solvent constituent upon the dis
solution rate. 
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An alternate representation of the results which is very useful for 
estimating dissolution rates is obtained by drawing contour curves of 
equal response (constant dissolution rate) on a graph whose coordinates 
denote solvent composition. Contour curves showing combinations of 
aluminum nitrate and hydrogen fluoride which yield constant dissolution 
rates are shown in Fig. 8 for 12M nitric acid-OAf thorium nitrate, 
lOM nitric acid~0.5M thorium nitrate, and 8.0M nitric acid-l.OM 
thorium nitrate. These curves indicate that, within the region of ex
perimentation, the hydrogen fluoride concentration that maximizes the 
dissolution rate appears to' be an increasing function of the aluminum 
nitrate concentration. For example, at 12M nitric acid and OM thorium 
nitrate, the hydrogen fluoride that maximizes the dissolution rate at 
O.lOAf aluminum nitrate is 0.055M hydrogen fluoride, whereas at 
0.50M aluminum nitrate it is about 0.065M hydrogen fluoride. 

Nitric acid—thorium nitrate contour curves are shown in Fig. 9 
for (1) 0.6Af aluminum nitrate-0.045 M hydrogen fluoride and (2) 
0.7M aluminum nitrate-0.045Af hydrogen fluoride. The dashed por
tions of the curves in Figs. 8 and 9 were obtained by extrapolating the 
polynomial beyond the region of experimentation, and thus they should 
be used with reservations. 

Fig. 8 — Thorium oxide 
dissolution. Effe ct of 
AliNO^)^ and HF. 
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Fig. 9—Thorium oxide dissolution. Effect of HNO3 and Th(NO^)^. 

Equipment Modifications to Improve Dissolution Rate In the final analysis the 
very low penetration rate per unit area for thoria (even with optimum 
solvent composition) means that a high production throughput can be 
obtained only by exposing a large surface area to the dissolving solu
tion. The thoria that has been used in the ^ '̂U program did have a large 
surface area. The specification required that all the material be 
smaller than 6 mesh; actually approximately 50% of the material was 
less than 200 mesh. There were, however, naturally occurring factors 
which tended to make this area unavailable. The high particle density 
(~9.8 g/cm^) caused the material to settle into a compact layer at the 
bottom of the dissolver. Also, the small particle size led to the forma
tion of a relatively impermeable layer of solids. The problem of 
providing a high production capacity therefore resolved itself into a 
single (though difficult) factor, i.e., promoting solids-liquid contact. 

Pilot-plant studies*^ were conducted to define the modifications 
that could be made to the Hanford Purex Plant annular dissolvers 
(Fig. 10) to increase their thoria dissolution capacity. The Purex an
nular dissolvers were at that time in an advanced stage of design, and 
it was necessary that any modifications be incorporated into the units 
without delaying the overall construction schedule. The pilot-plant 
studies were of two basic types: (1) dissolution of thoria target ele
ments in a segment of an annular dissolver and (2) a series of studies 
that were conducted with a transparent section of 3 ft of the peripheral 
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Fig. 10—Hanford Purex annular dissolver. 

length of the Purex annular dissolver. This equipment was used to study 
liquid circulation patterns and the suspension characteristics of solids. 

A cutaway view of the segment of the annular dissolver is shown in 
Fig. 11. A schematic diagram of the test section illustrating the meth
ods of agitation that were studied is presented in Fig. 12. Note that the 
studies included operating with the originally designed spargers in the 
two annuli (A), with an air-lift circulator above the material grating (B), 
with the use of a jet stream to maintain the openings between the annuli 
free of thoria (C), and with short air-lift circulators below the material 
grating combined with air-lift circulators in the solution annulus (D). 

The series of tests that was conducted with the transparent section 
of 3 ft ofthe peripheral length of a Purex annular dissolver is illustrated 
in Fig. 12. Figure 13 is a photograph of this unit showing operation 
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Ftg. 13 — Transparent annular-dissolver test section. 

wherein phenolphthalein was used as a color indicator and acid or base 
additions were circulated throughout the unit It was determined that 
with the use of air-lift circulators a complete circulation (with a liquid 
depth of 5 ft in the unit) could be readily obtained m less than 1 min. 
The time for complete circulation was defined as the time to move the 
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solution from the bottom of the annulus through the upper perforated 
part i t ion and down to the entrance of the " m o u s e h o l e s " at the entrance 
to the other annulus. 

The pilot-plant work that was conducted p r i m a r i l y with these two 
pieces of equipment led to the following conclusions and recommenda
t ions: 

1. The originally designed Hanford Purex Plant annular d i s so lve rs 
(conceived p r io r to any considerat ion of thor ia process ing) would have 
had an unsat isfactory production capacity for the dissolution of thoria, 
i .e. , approximately 0.5 ton/day for a single d isso lver . 

2. The incorporat ion of a i r - l i f t c i rcu la to rs into the Hanford annular 
d i s so lve rs represen ted the most appropr ia te modification in t e r m s of 
meeting the twofold c r i t e r i a of improving solids—liquid contact while 
being compatible with the d i sso lver construction schedule. A schemat ic 
representa t ion of the recommended ai r - l i f t a r r angement is shown in 
Fig. 14. 

3. P rope r operation of the a i r - l i f t c i rcu la to rs can inc rease the 
instantaneous thor ia dissolution ra te from the o r d e r of approximately 
2 I b / h r / s q ft for the originally designed equipment to the range of 
20 to 25 I b / h r / s q ft (both figures a r e based upon the c ross - sec t iona l 
a r e a of the mate r i a l annulus). Allowances must be made, of course , for 
the t ime requ i rements for "nondissolving" operat ions such as t a rge t -
element charging, jacket removal , r i n se s , acid addition, e tc . , in con
s ider ing the overal l increase in production capacity that will be 
achieved. 

4. The formation of a concretel ike thoria m a s s at the bottom of 
the d isso lver has been encountered in the pilot-plant work. It has been 
establ ished that this hard cake was formed when crysta l l izat ion oc 
cur red (hydrated thorium ni t ra te c rys ta l s ) within the bed of thoria. It 
has also been established that the formation of such a cake is not 
i r r e v e r s i b l e and consequently is not t r ag ic . Contacting the mate r ia l 
with dilute acid will dissolve the c rys t a l s and dis integrate the cake. 
It is , however, an undesirable situation and could lead to a loss in 
production t ime; operation precaut ions should therefore be taken to 
avoid an occur rence . 

5. High l iquid-circulat ion r a t e s and a significant improvement in 
the dissolution ra te of thor ia can be achieved with relat ively low a i r 
flow ra t e s to the c i r cu la to r s . An instantaneous thor ia dissolution ra te 
in the range of 15 to 20 I b / h r / s q ft has been obtained in the pilot-plant 
d i sso lver t es t section with an airflow ra te of approximately 0.8 scfm 
p e r unit to the c i rcu la to r s located beneath the grat ing in the mate r i a l 
annulus. 

6. A purging flow must be maintained through the a i r supply l ines 
to the a i r - l i f t c i r cu la to r s whenever there is an appreciable amount of 
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thoria in the dissolver. If this precaution is not taken, the thoria fines 
can shift into and completely block the openings. 

7. The air-lift circulators should be operated in such a manner that 
during the major portion of the dissolution, and particularly during the 
early stage, the net liquid flow will be upward through the bed of solids 
in the material annulus; in this manner suspension and dispersion of 
the thoria fines are promoted. 

8. An excessive abrasion —erosion of the dissolver floor can occur 
when the dissolver contains an appreciable amount of abrasive solids 
(such as thoria). Although a number of factors (sparger jet velocity, 
system geometry, and the ratio of abrasive material to suspending 
liquid) can affect the severity of this honing mechanism, it has been 
established that by far the most important and controlling variable is 
the velocity of the jet stream caused by the air emerging from a hole 
in the sparger ring or from the air supply line to an air-lift circulator. 
The data relating the penetration rate of a 304L stainless-steel plate 
to the air velocity through the discharge orifice (for the geometry of 
the air-lift circulators in the Purex annular dissolvers) is shown in 
Fig. 15. In view of the seriousness of gross damage to the dissolver 

^ 1000 

0.01 0.1 1.0 

Penetrat ion, mi ls /hr 

10 100 

Fig. 15—Abrasion of stainless-steel vs. jet velocity. Medium, 30-
niesh sand —water. Air supply, '/4-in. orifice at 1^/2 in. above plate. O, 
1 hr. • , 168 hr. 

floor, a conservative approach has been adopted. Restricting orifices 
have been incorporated into the air manifold supplying the air-lift 
circulators, and it has been strongly recommended that for the geometry 
of the Hanford dissolver system the velocity of the airstream emerg
ing from the downward pointing hole in the air supply line to the cir
culator be limited to less than 50 ft/sec. It must be emphasized that 
the specific penetration values shown in Fig. 15 apply to the Purex 
dissolver geometry and should not be directly translated to another 
geometry. 



784 RATHVON, BLASEWITZ, MAHER, EARGLE, AND WIBLE 

1.6 

1.4 

1.2 

1.0 
SI 

0,8 

0.^ 

0.4 

0.2 

0 

0 5 10 15 

T i m e , H o u r s 

Fig. 16—Thorium oxide dissolution data. Air spargers vs. air-lift 
circulators. 

Representative pilot-plant data for thoria dissolution rates for the 
original sparger design and the air-lift circulators are shown in Fig. 16. 

Corrosivity of Thoria Solvents Because of the potential for corrosion of 
plant equipment by the fluoride-catalyzed nitric acid solvent used for 
thoria dissolution, tests were conducted by Battelle-Northwest to 
relate the expected corrosion to the significant variables.^^ Data were 
obtained for several flow-sheetvariationsthathad been under considera
tion; however, discussion in this paper is restricted principally to the 
Hanford dissolution flow sheet and the solvent-extraction feed-adjust
ment step (boil-off of acid from dissolver solutions) described later. 
Also, studies were concerned primarily with the material used for 
construction of plant equipment, 304L stainless steel. For comparison 
purposes, some of the data are related to two other alloys, HAPO-20 
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(a Hanford-developed alloy with principal constituents as follows: 
iron, 16%; chromium, 25%; nickel, 50%; molybdenum, 6.0%) and Cor-
ronel-230 (a product of Henry Wiggins and Co., Birmingham, England, 
with principal constituents as follows: iron, 1.8%; chromium, 34%; 
and nickel, 63.4%). 

On the basis of the test results, annealed or slightly sensitized 304L 
stainless steel was determined to be adequate for thoria dissolution 
using a "standard" dissolvent, initially 12.5MHNO3-0.025M F- -0 .1M 
A1(N03)3. Corrosion rates of 1 to 2 mils/month were measured for 
304L in this metallurgical condition. The corrosion resistance of fully 
sensitized 304L samples (1-hr heat treatment at 1250°F) was poor (an 
order of magnitude greater) in the thoria solvent. However, the con
dition of 304L sensitized in this manner is not representative of the 
304L in a fabricated production vessel, and the sensitization effect 
produced in the fabrication of Va"!"-"thick weldments was found to 
be small. 

Corrosion data for the thoria dissolver solution during concentra
tion (for acid removal) varied, depending on the solution composition 
at boiling. For the system 8.5M HNO3-O.O36M F"-0.1Af A1(N03)3 and 
l.OM Th(N03)4, corrosion rates for as-fabricted weldments were mea
sured at 1 to 2 mils per month in the liquid and 1 to 4 mils per month 
in the vapor. However, at the higher boiling temperature of 4.0M 
Th(N03)4 3-"d 3.5M HNO3, measured liquid corrosion rates were in
creased by an order of magnitude. Also, data for boiling acid-deficient 
dissolver solution indicated vapor-space corrosion rates severalfold 
higher than for the lower boiling acidic solutions, apparently because 
of sensitization of the stainless steel caused by the absence of volatile 
NO3." 

Other pertinent results ofthe corrosion studies can be summarized 
as follows: 

1. HAPO-20 alloy was approximately equal in corrosion resistance 
to 304L stainless steel for the conditions tested. Corronel-230 was the 
most resistant of the three alloys. 

2. The presence of Fe(III) and Cr(VI) in thoria solvent markedly 
increases the corrosivity of all three alloys tested, catastrophically 
at the O.OIM level. 

3. The corrosivity of the system increased significantly as the 
HNO3 concentration of the solvent was increased above 12.5M. 

PLANT APPLICATION AND RESULTS 

A major problem in the adaptation of the existing Savannah River 
and Hanford facilities was the need to rapidly and economically con
vert from one type of production processing to another. This need was 
complicated by requirements for some revisions to facilities and by 
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the potential for cross-contamination between the Th~^^^U products 
and the products associated with normal production loads. Thus the 
overall processing campaigns at both sites were planned to include a 
prerun preparation period during which the necessary equipment r e 
arrangements could be made and extensive chemical flushing of the 
processing systems could be conducted. Following the active processing 
operation, postrun-operations again included flushing and a return to 
normal equipment arrangements. The prerun and postrun periods were 
very significant fractions of the total time required. 

Prerun Flushing Requirements 

The very stringent requirements for prerun flushing of the plant 
equipment is illustrated by the isotopic impurity goals established for 
the ^ '̂U product. For the ^̂ Û isotope, a maximum concentration of 
0.5% of the ^̂ Û was desired. Distributed over the product from an 
entire campaign, this amounts to about a kilogram of residual '̂̂ U 
allowable. However, considerably less holdup is actually desirable to 
avoid the need for extensive blending operations. In practice, at 
Savannah River plant flushing to a holdup of 20 g of ^̂ Û was confirmed 
by actual processing results. 

At Hanford the '̂̂ U isotope is the contaminating isotope of greatest 
concern. In the ^̂ Û product a maximum concentration of 3.9% was 
set as a target limit. On the average the ^̂ Û content of the thoria feed 
will account for slightly less than 1% leaving approximately 3% as al
lowable cross-contamination in the separations plant. To avoid exces
sive postrun blending operations, the goal of the prerun flushing 
program is the reduction of ^̂ Û holdup in the ^̂ Û processing equip
ment to approximately 2 lb or less. 

Campaign preparations at both sites were similarly planned to 
include programs of chemical flushing to reduce radioisotopic im
purities to these desired levels. At Savannah River the flushing program 
was accomplished concurrently with necessary equipment rearrange
ments during an approximately 4-week period. At Hanford similar 
scheduling of prerun preparations was expected. The prerun flushing 
program employed by Savannah River can be considered typical of 
both sites: 

1. The dissolvers and head-end equipment were extensively flushed 
following previously established techniques to remove residual nuclear 
materials from the enriched uranium and other prior operations. Flush 
solutions consisting of HN03-KF-A1(N03)3 were processed alternately 
with NaOH. The solvent-extraction equipment was similarly flushed; 
however, flush solutions using ferrous sulfamate and hydroxylamine 
sulfate were also employed to aid in removing plutonium isotopes. 
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2. Following the completion of equipment rearrangement and 
flushing, a "dummy run "of the solvent-extraction equipment was made 
to ensure equipment continuity and to verify that contaminants were be
low acceptable levels. The dummy run was of several days duration 
and used all cold-feed streams to the mixer —settler of the proper 
concentrations for the Thorex process; 2M HNO3 was used as stand-in 
for the radioactive thorium-bearing feed. 

Analyses of uranium and thorium product streams following the 
beginning of solvent-extraction operation inearly October 1965 indicated 
that less than 20 g of ^̂ Û and less than 1 g of plutonium isotopes had 
remained in the plant equipment following the flushing program; other 
contaminants were below normal detectable limits. Equally successful 
flushing following the completion of the Thorex process left only a few 
grams of '̂̂ U behind in the plant equipment. 

Savannah River Campaign 

At Savannah River about 160 kg of ^^'u, at a ^̂ Û content of 2.5 to 
6.1 ppm, was successfully recovered from about 94 tons of thorium, 
irradiated as thorium metal and thoria targets in Savannah River re
actors. About one-third of the ^̂ Û was converted to an oxide powder 
and delivered to ORNL; the remaining ^̂ Û is being stored as a uranyl 
nitrate solution in the radiochemical separations plant until requested 
by the AEC. The recovered thorium is being stored as a nitrate solu
tion until decay of radioactive components in the solution, principally 
^^*Th, permits reuse. 

The principal elements of the equipment arrangement used for the 
Savannah River campaign are shown in Fig. 17. Dissolution of the 
thoria targets in a solution of HNO3 containing fluoride was slow, as 
expected, but was compatible with the solvent-extraction processing 
rate. Protactinium-233 in the dissolved thoria solution was sorbed on 
manganese dioxide, which was centrifuged from solution and stored; 
a small quantity of ^̂ ^U. with only 0.7 ppm ^̂ ^U, will form and be re
covered separately from decay of the ^^^Pa. 

The Thorex solvent-extraction process performed as expected in 
existing mixer —settlers; uranium and thorium were separated from 
each other and from fission products and protactinium in a first cycle 
with 30 vol.% tributyl phosphate (TBP); one second cycle each for 
thorium and uranium provided additional decontamination. Overall 
losses of uranium and thorium were less than 1.0%; the uranium 
product contained less than 1500 parts of thorium per million parts 
of uranium, and the thorium product contained less than two parts of 
uranium per million parts of thorium. Decontamination of uranium and 
thorium was somewhat poorer than anticipated but was adequate for 
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Fig. 17—Savannah River Plant thorium process. Simplified flow dia
gram. 

the thorium product, in which fission products and ^'^Pa contributed 
less than 10% of the total gamma activity. Adequate decontamination 
of the uranium was achieved by recycling the uranium through the high-
capacity second uranium cycle without limiting the overall solvent-
extraction throughput. 

No unusual problems were encountered in the production of ura
nium oxide. The ^̂ Û solution from solvent extraction was concen
trated by cation exchange; the uranium was precipitated as ammonium 
diuranate and calcined to uranium oxide. 

Dissolving and Head End Description of Targets. About 77 tons of tho
rium from thoria targets and 17 tons from thorium-metal targets were 
processed during the campaign. The targets contained about 160 kg 
of ^ '̂U at 2.5 to 6.1 ppm ^̂ ^U. The thoria targets (see paper by Boswell 
et al. included in this volume) were hollow cylinders of aluminum (15.2 
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SLUG CRIB 

Fig. 18—Savannah River Plant dissolver tank and condenser column. 

in. long, 2.4 in. ID, 3.08 in. OD), each filled with 7.9 lb of thoria. 
Thorium-metal targets were solid cylinders (8.4 in. long by 1.2 in. in 
diameter), clad in aluminum, each containing 3.3 lb of thorium. The 
irradiated targets were charged to the dissolvers from buckets using 
procedures and equipment developed for processing irradiated uranium 
fuels;^^ about 30 thoria targets or 400 thorium-metal targets were in 
each bucket charged. 

Dissolving. A previously unused spare dissolver was modified and 
installed in place of one of the two existing dissolvers specifically for 
dissolving the thoria targets. The other dissolver was used for dissolv
ing the thorium-metal targets. Both dissolvers were tanks (about 11.5 
ft in diameter by 8 ft high) with (1) coils for heating and cooling, (2) 
a crib of vertical staves to contain the charge or targets, and (3) a 
column with cooling coils for recovery of condensable vapors to the 
tank (Fig. 18). A vacuum was maintained during dissolving, and gases 
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that evolved were passed through an iodine reactor and filters before 
being stacked to the atmosphere. The thoria-target dissolver was 
modified to include a flat spiral steam-heated coil (6 ft in diameter with 
55 sq ft of heat-transfer area) placed on the bottom of the dissolver 
just within the charging crib. Tests at the SRL semiworks with unir
radiated thoria indicated that agitation of settled thoria provided by 
transfer of heat from the spiral coil would greatly increase the dis
solving rate. In addition, the dip tubes in the thoria dissolver for 
removing solution and for measuring liquid level and specific gravity 
were shortened to avoid interference from the settled thoria. 

To begin dissolving thoria targets, a "heel" of thoria was first 
formed in the bottom of the dissolver to partially cover the flat spiral 
steam coil by charging several tons of thoria targets and dissolving 
the aluminum jackets in a relatively dilute HN03-Hg(N03)2 solution. 
This solution was then removed. The normal dissolving sequence 
required the charging of thoria targets into a solution in the dissolver 
containing the dissolved thoria from the previous charge to utilize 
the remaining acid for dissolution of the aluminum jackets. The com
bination of dissolved thoria from the previous charge and dissolved 
aluminum from the fresh charge made up a feed solution batch for 
head-end processing. 

The dissolving cycle was considered to begin with the dissolver 
containing about 5 to 6 tons of thoria, slumped as a pile on the bottom 
of the dissolver, and up to 15% of undissolved aluminum from the 
preceding dissolving cycle. After chemical addition, the starting dis
solvent composition for thoria was 11.7M HNO3, 0.27M A1(N03)3, 
0.032ikf KF, 0.0012M Hg(N03)2 and 0.075M Th(N03)4 (from a heel of 
dissolver solution remaining following the previous cycle). Fluoride 
was added to catalyze thoria dissolution, and aluminum nitrate was 
added to complex the fluoride and minimize corrosion of the 304L 
stainless-steel equipment; Hg(N03)2 was added to catalyze the dissolu
tion of residual aluminum. The dissolvent was refluxed until the 
Th(N03)4 concentration was about 0.8M to O.QM and the HNO3 was 
about 8M (as indicated by a specific gravity of 1.49 to 1.51), after which 
the dissolver solution was cooled. The next 3-ton charge of thoria 
targets was made into this solution. Samples of the dissolvent at this 
point showed that 75 to 85% of the thoria previously charged was dis
solved and that the residual aluminum from the preceding dissolving 
cycle was also dissolved. The dissolvent was again heated to the boiling 
point, and Hg(N03)2 was added slowly to a total concentration of 
0.004M; the solution was refluxed for an additional 8 hr to dissolve the 
aluminum jackets. Extreme care was required to avoid pressurizing 
the dissolver when heating following charging of the targets due to the 
large aluminum surface and to the vigorous reaction of aluminum with 
nitric acid in the presence of about 0.00lMHg(NO3)2. Following reflux. 
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dilution water was added (approximately 40 vol.%) to prevent crystal
lization, and the solution was cooled and allowed to settle 20 min 
before it was transferred to the dissolver-solution hold tank. Samples 
of this solution contained suspended and settled thoria fines; an esti
mated 1% of the thoria was entrained from the dissolver. Composition 
of the dissolver solution from the hold tank varied among the follow
ing values: 

Composition Maximum Minimum 

Total uranium, g / l i t e r 0.52 0.25 
Thorium, M 0.85 0.66 
Aluminum, M 1.62 1.00 
Acid, M 2.61 0.72 
Mercury , M 0.003 0.0006 
KF, M 0.024 0.017 

The capacity for dissolving thoria in the one dissolver was about 
1.1 tons of thorium per day, with the following average cycle time: 
dissolve Th02, 36 hr; charge 3 tons of Th02, 8 hr; dissolve aluminum 
jackets, 10 hr; and miscellaneous operations (cooling, chemical addi
tions, etc.), 9 hr. Thus the average total cycle time was 63 hr. 

Based on several tests in which the flat, spiral steam coil was not 
used and on other tests in which the depth of thoria over the activated 
coil was varied, it was concluded that the coil was of little benefit in 
improving the dissolving rate of irradiated thoria. However, the dis
solving rate in the plant was about 1.6 lb of thorium/hr/sq ft of dis
solver bottom area, which was almost as high a rate as in semiworks 
tests with the bottom coil activated. Without the bottom coil, at the 
semiworks the dissolving rate was 5 to 10 times lower. 

Although the average dissolving time for thoria was 36 hr (to 
dissolve 3.2 tons of thoria), the time was quite variable for apparently 
identical dissolving conditions. About 80% of the dissolvings required 
30 to 45 hr, but two dissolvings were completed in about 17 hr and one 
required 50 hr. The reasons for the wide variation in dissolving time 
and for the unexpected lack of any effect from the bottom coil in the 
dissolver are uncertain. 

During the course of the entire campaign, the total Hg(N03)2 ̂ °'^~ 
centration was increased incrementally from 3 x 10~*M to 4 x 10~^M, 
with a corresponding reduction in aluminum dissolving time from 
about 24 hr, for the initial dissolvings, to 10 hr. 

Dissolving the irradiated thorium-metal targets was straight
forward. The aluminum cladding was separately removed with boiling 
NaOH-NaNOs and discarded as waste, and the thorium metal was dis
solved in a solution of 12M HNO3-O.O5M KF-0.2M Al(NOg)3. 

Head End. The head-end equipment consisted of several large 
tanks and two centrifuges arranged as shown in Fig. 19. Both centri-
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fuges were alike in design (Fig. 3), with dynamic bowl capacities of 
60 gals and rotating speeds of 1740 rpm which produced 1730 g's of 
settling force.'^ The solutions from the dissolver were first centri
fuged to remove thoria fines entrained from the dissolver; these fines 
were collected in the centrifuge and periodically returned to the 
dissolver. Manganese dioxide was then precipitated in the solution by 
the sequential additon of Mn(N03)2 and KMn04; the precipitation proce
dures are similar to the reverse-strike head-end used in the Purex 
process. The MnOj precipitate, containing sorbed ^^^Pa and Zr -Nb 
fission products, was removed by centrifugation in the second machine; 
the Mn02 cakes from the processing of dissolved thoria targets were 
collected and stored for future recovery of essentially pure ^ '̂U from 
the decay of ^^'Pa. 

The maximum and minimum values for the range of chemical 
composition of adjusted dissolver solution following the Mn02 precipita
tion and the maximum and minimum values for the range of operating 
variables investigated were: 

Th(N03)4, 
M 

0.41 
0.24 

Tons of Tfc 
struck 

1.90 
0.85 

A1(N03)3, HNO3, 
M M 

0.72 0.80 
0.37 0.32 

I Struck solution 
volume, l i t e r s 

18,860 
10,140 

Total 
NH2SO3H, KF NOJ", MnOj, 

M M M M 

0.008 0.014 4.02 0.020 
0 0.006 2.96 0.006 

Centrifuge feed Simmer 
r a t e , ga l /min temp. , °C 

13 75 
8 70 

233pa, 
2^'Pa, g/ton 
mg/1 thor ium 

8.6 80 
0.6 4 

Simmer 
t ime , hr 

2 
0.5 

No single composition or operating variable in these ranges had a 
pronounced effect on protactinium recovery with the MnOj precipitates. 
However, as indicated by Fig. 20, there was an apparent correlation 
between protactinium recovery and the weight ratio of protactinium to 
manganese dioxide. Zirconium-niobium removal with the Mn02 pre
cipitate was low (60 to 80%) but adequate since it constituted less than 
5% of the total beta-gamma activity in the dissolver solution. 

A small quantity of "U at 0.7 ppm "'̂ U will form following decay 
of the ^'^Pa recovered with the MnOg cakes. An estimated 60% of the 
Mn02 was dissolved by radiolysis during the collection and storage 
period; the remaining undissolved Mn02 was solubilized with NaN02-
HNO3. The resulting solution was centrifuged to remove thoria fines 
and was stored in a canyon tank for future recovery of the ^'%. Ura
nium loss from the dissolver solution to the Mn02 cakes was about 
0.08% of the throughput. This caused the somewhat higher than expected 
'̂̂ U level in the '̂̂ Û formed from ^^'Pa decay. 



794 RATHVON, BLASEWITZ, MAHER, EARGLE, AND WIBLE 

1 
> o o 

«3 

•.J 

IZ 

u 
<3J 

0 1 2 3 4 
Relative Weight Ratio ^•'•'Pa//V\n02 

î ? .̂ 20—Savannah River Plant thorium, process. Protactinium, re
covery. 

Solvent Extraction Description of Process. The specific solvent-ex
traction conditions developed by SRL^ were modified somewhat after 
some operating experience was obtained. The modified flow sheets 
are shown in Figs. 21 to 23. 

Three cycles of solvent extraction were used for the separation 
of uranium, thorium, and fission products. Mixer-set t lers (Fig. 24) 
of 12 or 16 stages were used as the contactors in all three cycles. A 
first cycle of three mixer-se t t lers provided primary decontamination 
from fission products and partitioning of uranium and thorium. Addi
tional decontamination of the uranium and thorium was accomplished 
in two second cycles of two mixer-se t t lers each. Clarified solution 
from the head-end operation was adjusted with acid and/or water be
fore feeding to the first cycle of solvent extraction (1) to achieve the 
concentrations of aluminum, thorium, and acid necessary to prevent 
formation of a heavy organic third phase and a gel-like thorium 
phosphate precipitate, and (2) to limit the reflux of protactinium in the 
lA mixer-set t ler . Uranium and thorium were coextracted in the lA 
mixer-se t t ler with 30% TBP in Ultrasene (a kerosene-type diluent); 
trisodium phosphate was added to the scrub solution (IAS) to improve 
decontamination from protactinium and Zr—Nb. Thorium was separated 
from the uranium in the IB mixer-set t ler by stripping the solvent with 
dilute acid, and the uranium was removed from the solvent in the IC 
mixer-set t ler by stripping with acidified water. 

Uranium product from the first extraction cycle was washed with 
Ultrasene to remove traces of entrained solvent, evaporated, adjusted 
with acid, and fed through a second extraction cycle for additional 
decontamination from protactinium, fission products, and thorium. 
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IBT From First Cycle 
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© 
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55 
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HNO3 0.6 
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2BW 
To Solvent Wash 

and Recycle 

Evaporation 

ThtNOj), Product 

R 
H2O 
Th(N03)4 2 
HNO3 1 

Flow 0.6 

• To Product 
Storage 

Fig. 22—Savannah River Plant thorium-process flow sheet. Second 
thorium, solvent-extraction cycle. 

Thorium product from the first cycle was evaporated about two
fold, adjusted with acid, and processed through a second extraction 
cycle for additional decontamination from protactinium and fission 
products. Flow-sheet and operating criteria were the same as in the 
first cycle except there was no aluminum in the feed. The thorium 
product solution was evaporated, and the acid concentration was re
duced by steam stripping in the evaporator to provide a minimum 
storage volume. 
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Fig. 23—Savannah River Plant thorium-process flow sheet. Second uranium 
solvent-extraction cycle. 

Solvent from all three extraction cycles was washed in separate 
systems with dilute sodium carbonate solution (0.25M) in continuous 
washes, acidified, and recycled to the process. 

Solvent-extraction wastes and spent solvent washes were evaporated 
in an acid condition, neutralized, and transferred to underground 
storage tanks. Waste volumes averaged 2500 gallons per ton of thorium 
processed (at 40% solids content). 

Nuclear-safety Control. Nuclear safety was maintained by limit
ing the concentration of ^ '̂U throughout the solvent-extraction equip
ment to less than 6 g/liter (compared to a maximum safe value of 
9,8 g/liter). The concept of concentration control, backed by well-
proven instruments and strict procedural controls, has been success-
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Fig. 24—Savannah River Plant mixer—settler. 

fully used for the processing of U for many years and for previous 
processing of ^̂ ^U. Dual flow-measuring instruments for each radio-
actively "cold" chemical stream to each mixer-set t ler in the first 
cycle and second uranium cycle provided a primary control of flow 
ratios; compositions of all chemical feeds were carefully controlled. 
Each mixer —settler in the two uranium cycles was equipped with dual 
neutron monitors, and uranium and acid concentrations leaving the 
stripping banks were monitored by in-line colorimeters and conductivity 
instruments to aid in detecting any buildup of uranium in the mixer -
settlers. The aqueous uranium product stream from the first cycle was 
washed with Ultrasene to remove TBP before intercycle evaporation 
to avoid precipitation of uranium compounds formed from heat-
produced degradation products of the TBP. The total quantity of ura
nium in the intercycle evaporator was always limited to a safe value in 
the event of precipitation or accidental overconcentration. Since the 
flow sheet permitted possible reflux or uranium in the stripping mixer -
settler (2B) of the second thorium cycle, careful accounting of uranium 
in the thorium stream leaving the IB mixer-se t t ler (feed for the second 
thorium cycle) was kept, and the total quantity was limited to 500 g to 
ensure safe conditions. Although the limit was not reached, uranium 
would have been removed by flushing the 2B mixer-set t ler . 
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Processing Rate. Thorium processing was limited to a rate of 
1 ton per day through solvent extraction by excessive entrainment 
from the B mixer-se t t lers in both thorium cycles at higher rates. 
It was expected that the B mixer-se t t le rs would limit capacity be
cause they are subjected to the highest volumetric throughputs in the 
system. It was not unusual for entrainment of the aqueous phase in the 
organic stream leaving the mixer-se t t ler to reach 5 to 10% of the 
total organic flow at a rate of 1.1 tons of thorium per day compared 
to 2% or less at 1 ton per day. These observations illustrate the rapid 
loss of adequate phase separation in the mixer —settler at higher rates. 

Product Recovery. Recovery of uranium and thorium in the 
solvent-extraction system was above 99% throughout most of the 
campaign. Excessive thorium loss to the lAW and poor partitioning 
in the IB mixer-set t ler (high thorium loss to the uranium stream) 
was experienced early in the campaign until optimum impeller speeds 
were obtained and the total flow in the IB mixer-se t t le r was limited 
as previously described. The thorium lost to the uranium stream was 
recovered by processing the waste stream from the second uranium 
cycle in the second thorium cycle. Thorium losses to the 2AW were 
reduced by a factor of 2 shortly after start-up by reducing the tho
rium concentration in the cycle feed from QAM to 0.3M and raising 
the acid concentration from 1.7M to 2.5M to compensate for the r e -

Table 1 

TYPICAL SOLVENT-EXTRACTION WASTE LOSSES (SAVANNAH RIVER) 

Weight percent of throughput 

Stream Uranium Thorium 

F i r s t - cyc l e aqueous waste (lAW) 0.3 0.2 
F i r s t - cyc l e thorium product (IBT) <0.1 
F i r s t - cyc l e uranium product (ICU) 0.4 
F i r s t - cyc l e solvent (ICW) <0.3 <0.1 
Second-uranium-cycle aqueous waste (IDW) <0.1 
Second-uranium-cycle solvent (lEW) <0.3 
Second-thorium-cycle aqueous waste (2AW) 0.25 
Second-thorium-cycle solvent (2BW) <0.1 

duced salting from thorium nitrate. Typical losses to individual 
streams after start-up problems were resolved are in Table 1. 

Decontamination. Decontamination from fission products and prot
actinium in solvent extraction was poorer than anticipated from de
velopment work^ but proved adequate for the thorium stream with one 
pass through the cycles. The uranium produced was processed an 
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average of four times through the second uranium cycle to achieve 
the needed decontamination from protactinium. The uranium was re 
cycled through the second uranium cycle without limiting solvent-
extraction throughput because of the relatively high capacity of that 
cycle compared to the thorium cycles. 

Decontamination performance was consistent in the first cycle 
throughout the campaign. However, in the second thorium cycle, de
contamination dropped severely coincident with the appearance of 
thorium dibutyl phosphate (DBP) solids in the solvent system (the 
formation of these solids is discussed later). Except for ruthenium, 
the earlier levels of decontamination were regained as the solids were 
removed. Continued poor ruthenium decontamination was probably 
caused by the lower operating temperature adopted to reduce forma
tion of DBP. For uranium one pass in the second uranium cycle was 
sufficient for removal of zirconium and ruthenium, and thorium was 
satisfactorily removed after three passes. However, a fourth or fifth 
pass was usually required to reduce protactinium to a level satisfactory 
for transfer to the unshielded uranium oxide production line, A sum
mary of the decontamination performance during the campaign is 
shown in Table 2. 

Operating Problems. During the early part of the solvent-extrac
tion operation, the first and second thorium cycles were flushed, 
with 2M HNO3 as feed for several hours, in the event the cycles were 
to be shut down; the cycles were also flushed at start-up. It was felt 
that this practice was necessary to avoid the formation of thorium 
phosphate precipitates, which tend to form at low acidities in the 
extraction banks. Flushing at shutdown was discontinued near the end 
of the campaign because experience indicated that the thorium and acid 
concentrations within the mixer-se t t le rs would be relatively undis
turbed because of the shutdown and start-up and that formation of 
precipitates was therefore unlikely. Following the suspension of flush
ing, entrainment from mixer-set t ler IB became evident and entrain
ment from mixer-set t ler 2B was enough at some times to limit the 
throughput rates to about 80% of maximum capacity. In the first cycle, 
one or more of the following factors may have been responsible for 
the entrainment: (1) shutdowns without an acid flush, leaving ^^^Pa in 
contact with solvent for long periods causing accelerated degrada
tion of the solvent; (2) slow accumulation of solvent degradation 
products in the system (even though no thorium DBP was ever observed 
in the first-cycle system); or (3) higher irradiation of solvent, causing 
degradation, from shorter cooled feed processed toward the end of 
the campaign, 

Entrainment from mixer-set t ler 2B was accompanied by the dis
covery of large quantities of fine white solids throughout the solvent 
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Table 2 

SOLVENT-EXTRACTION DECONTAMINATION PERFORMANCE 
(SAVANNAH RIVER) 

Ari thmetic decontamination factors 

Stream 

F i r s t - c y c l e thor ium 
( l A F / l B T ) 

Average 
Range 

F i r St-cycle uran ium 
( lAF/ lCU) 

Average 
Range 

Second-cycle thor ium 
(2AF/2BT) 

Average* 
Range 

Second-cycle uranium 
( lCU/ lEU) t 

Average t 
Range! 

95Zj._96Nb 

450 
200 to 900 

7000 
2000 to 14,000 

80 
30 to 150 

2500 
1500 to 4400 

" 3 R U - " « R U 

80 
40 to 150 

30 
20 to 60 

30 
20 to 60 

24,000 
10,000 to 76,000 

233pa 

550 
200 to 1000 

2400 
1100 to 3800 

70 
30 to 200 

1300 
250 to 2800 

*The values shown a r e for operation of the second thorium cycle under nor 
mal conditions. During the period when thor ium DBP sol ids were present in the 
solvent sys tem the decontamination factors decreased to about 1 for ' ^ Z r - ' ^ N b , 
4 for " ' R U - I C S R U , and 7 for 233pa. 

t in addition to the values shown, the overal l decontamination factor for tho
r ium a c r o s s the second uranium cycle ranged from 1200 to 2500 for a total of 
three or four p a s s e s through the cycle, 

j T h e values shown for '^Zr-^^Nb and '"'Ru—'"^Ru were obtained on the f i r s t 
pass through the cycle; l i t t le additional decontamination was obtained during 
subsequent r ecyc le . The values shown for ^^'Pa a r e the overa l l decontamination 
factors for four p a s s e s through the cycle . 

system. Infrared spectra of the solids showed them to be 99% thorium 
DBP, The solids followed the solvent and plugged filters in the solvent 
system; coincident with the appearance of these solids, decontamina
tion performance in the cycle decreased markedly, as previously 
discussed. 

The thorium DBP precipitate was probably formed in the presence 
of dilute acid in the thorium-lean end of the stripping mixer —settler 
by radiolysis and chemical degradation of the TBP solvent. 

Apparently, the higher operating temperature in the second cycle 
(55°C compared to 40°C in the first cycle) used to improve decontami
nation from ruthenium generated much more DBP than was generated 
in the first cycle. The sudden appearance of solids after several 
months of operation rather than a more gradual appearance is not 
understood. 
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The operating temperature in the second cycle was reduced to 
40°C, solvent washes were changed more frequently, and filtration in 
the solvent system was improved. The amount of solids observed in 
the solvent then gradually diminished so that at the end of the campaign 
no detectable solids were present. Entrainment from the 2B mixe r -
settlers decreased, and throughput rates were returned to normal. 

Table 3 

URANIUM PRODUCT SOLUTION FROM SOLVENT EXTRACTION 
FOLLOWING TWO PASSES THROUGH SECOND CYCLE (SAVANNAH RIVER) 

Isotopic uranium content, wt,% 
233u 98,3 
234u 1.5 
235u 0,06 
2S6u 0,01 
238u 0,22 
232u content, ppm of total uranium 6,1 
Plutonium content, ppm of uranium 2,4* 
Thorium content, ppm of uranium <1600* 
95zr-95Nb, dis/min/ml 1.4 x 10«* 
"3RU, dis/min/ml 4.4 x 10'* 
233pa, dis/min/ml 4.1 x lo^* 

Total uranium concentration, g/liter 5.4 

•These values will be reduced to more tjT)ical levels following additional 
decontamination passes through the second uranium cycle. Typical values, 
based on other 2S3u processed in the campaign, are <1 part of plutonium per 
million parts of uranium; <1000 parts of thorium per million parts of ura
nium; ^5zr-95Nb, <1 X 10^ dis/min/ml; "*Ru, <3.5 x lo^ dis/min/ml; ^''^Pa, 
<1.5 X 10* dis/min/ml. 

Uranium Product. Approximately 164 kg of total uranium was re 
covered by solvent extraction during the campaign, and of this quantity 
about 56 kg was delivered to the direct-handling oxide production line. 
The remaining 108 kg was stored as a nitrate solution in a canyon, 
storage tank following only two passes, rather than the usual four or 
five, through the second uranium cycle. This stored material will be 
processed through the cycle for further decontamination (including 
decontamination from the high-energy decay products of ^̂ ^U, which 
will form during storage) prior to the time the AEC requests delivery 
of the finished oxide. The quality of the stored 108 kg is given in 
Table 3. 

Thorium Product. Approximately 73 tons ofthe thorium recovered 
during the campaign as a thorium nitrate solution was loaded into 
railroad tank cars and moved to a remote location within the plant site 
for storage until the radiation level decays sufficiently for the material 
to be shipped; the remaining recovered thorium will be handled in a 
similar fashion when additional tank cars become available. Although 
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provisions had been made for remote loading of the cars, the radia
tion levels from the thorium nitrate were sufficiently low to permit 
direct contact for the periods needed to connect and disconnect the 
load-out coupling. The quality of the thorium nitrate stored in the tank 
cars, as well as the radiation from the cars, is shown in Table 4, The 
quality of the thorium still to be loaded into cars is best represented 
by the last column in the table. 

Table 4 

THORIUM NITRATE QUALITY IN INDIVIDUAL TANK CARS (SAVANNAH RIVER) 

Thor ium in c a r , tons 
Solution, gal 
Thor ium concent ra t ion , 

g / l i t e r 
HNO3, M 
Specific grav i ty 
^''•'U, ppm ot t ho r ium 

SO4", ppm of thor ium 
Cl~, ppm of thor ium 
Boron, ppm of thor ium 
Other m e t a l s , ppm ot 

t h o r i u m t 
G r o s s alpha act ivi ty , 

d i s / m i n / m l 
^'iTh act ivi ty , 

d i s / m i n / m l 

2 ' 'Pa act ivi ty , 
d i s / m i n / m l 

95zi,-95Nb act ivi ty , 
d i s / m i n / m l 

•"^Ru act ivi ty , 
d i s / m i n / m l 

2»8T1, d i s / m i n / m l 

Radiation from c a r 
at 3 ft, m r / h r t 

Radiation from c a r 
at 10 ft, m r / h r 

10.7* 
6100 
422 

1,1 
1.74 
0.5 

40.3 
11.8 
0.5 
1385 

5.0 X 10'' 

Not 
detectable 

5.0 X 103 

2.5 X 10= 

1.2 X 105 

1.8 X W* 
10 

5 

12.2* 
5600 
524 

1.0 
1.90 
0.9 

72.6 
9.6 
0.5 
1285 

7.8 X 10^ 

7.2 X 10 ' 

3.5 X 105 

1.1 X 10* 

4.1 X 105 

70 

25 

12.6 
5530 
545 

0.96 
1.93 
1.3 

9.2 
0.5 
1105 

4.2 X 

1.2 X 

5.7 X 

1.6 X 

3.7 X 

5,0 X 
200 

60 

105 

108 

10^ 

10« 

105 

10^ 

12.1 
5120 
565 

0.91 
1.95 
1.0 

8.9 
0.5 
1340 

3.2 X li}^ 

2.5 X 108 

1.1 X 10« 

1.1 X W<^ 

9.9 X 105 

4.0 X 10-1 
250 

100 

12.7 
5650 
541 

0.96 
1.91 
1.2 

18.5 
9.3 
1 
1030 

6.4 X 

2.4 X 

1.2 X 

6.5 X 

3.7 X 

5.7 X 
250 

70 

105 

108 

10' 

105 

105 

10* 

12.6 
5600 
539 

0.86 
1.91 
0.8 

92.8 
9.3 
1 
1025 

3.7 X 108 

2.5 X 10' 

9.2 X 105 

8.6 X 105 

5.0 X 10< 
350 

150 

*From thorium-metal targets only (first column) and a mixture of thorium metal and 
thoria targets (second column). Because the thorium-metal targets and the thoria tar
gets were irradiated differently, the radioactive components of the solution are not typi
cal of the majority ot the thorium recovered. 

f O t h e r metals" are Al, Ca, Cr, Cu, Fe, Mo, Na, Pb, and Si. 
IRadiation measurements were made at the same time as the analyses for radioactivity 

in the solution. 

The expected rate of decrease in radiation from the majority of the 
thorium nitrate recovered from thoria targets is illustrated*^in Fig. 25; 

from ^̂ *Th decay, which are primarily 
228n 

the initial radiation levels, 
decrease rapidly until the radiation from 228-pĵ  (produced from ^̂ Û 
before separation of the uranium and thorium) decay becomes pre
dominant. 
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10"' 

lO^-

Radiation from 

^^''Th and Daughter 

Cooling Time Prior to Processing 

,116 Days 

, 8 1 Days 

Radiation from 

228Th and Daughters 

200 400 

Days After Discharge from Reactor 

600 

Fig. 25 — Savannah River Plant thorium nitrate product. Radiation level 
at 3 ft from side of railroad tank car. 

Production of Uranium Oxide Background. At Savannah River the uranyl 
nitrate in solutions from solvent extraction was converted to the oxide 
powder because it was felt that offsite shipments as the oxide presented 
fewer overall problems than shipments of the nitrate solution. About 
56 kg of uranium as the nitrate solution was converted to the oxide (a 
mixture of UO3 and U3O8) in an unshielded, direct-handling facility by 
using gloved boxes for control of the spread of contamination. The re 
maining 108 kg will be processed in a similar manner when requested 
by the AEC. The facility was previously used for the production of 
neptunium oxide and the equipment was readily adapted for the revised 
process necessary for uranium oxide production. Experience obtained 
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during two previous campaigns in which "^U oxide was produced in 
this facility provided the bases for successful flushing of equipment to 
remove other nuclear materials prior to the campaign and for generally 
trouble-free performance during the campaign. 

Process Description. The uranyl nitrate product solution from the 
second uranium cycle of solvent extraction, at about 3 to 5 g uranium/ 
liter, was delivered by pipeline to the oxide production facility, and the 
uranium was concentrated by cation exchange to about 40 g/liter. The 
concentration was by absorption of the uranium on Dowex 50W-X12 
cation resin followed by elution in a solution of 2M ammonium nitrate 
and IM nitric acid. Ammonium diuranate was precipitated from the 
cation-exchange eluate with ammonium hydroxide. Following washing 
of the precipitate to remove residual ammonium nitrate, the precipitate 
was heated in a furnace to 550°C for 30 min to decompose the precip
itate to the uranium oxides, UO3 and UsOg. Overall loss of uranium 
during oxide production averaged about 0.05% of the throughput and was 
principally from the cation-exchange step. 

Safety. Nuclear safety in the oxide production facility was based 
on limiting the size of batches of '̂̂ U and in some cases providing 
equipment of safe dimensions. In the furnace, precautions to prevent 
combustion of gases and explosions included (1) careful washing of the 
precipitates to remove residual ammonium nitrate which was con
sidered a possible explosion-producing source, (2) purging of the 
furnace with nitrogen to avoid explosive gas mixtures of ammonia and 
hydrogen which are formed, respectively, from the decomposition of 
ammonium diuranate and cracking of the ammonia in the hot furnace, 
and (3) introducing relatively large quantities of air into the furnace 
off-gas piping to ensure that hydrogen and ammonia were below the 
lower explosive limits. 

Product Quality and Shipment. The quality of the uranium oxide 
powder produced during the campaign is well represented by two of the 
larger batches of oxide produced as shown in Table 5. These two 
batches, one of 28 kg of oxide and the other of 19 kg, were processed 
as separate units through the facility. 

As a final step in the gloved-box operation, about 500 g of uranium 
as the oxide powder was loaded into an aluminum can (2.5 in. diameter, 
8 in. high, and 40-mil-thick wall) with a Magneformed lid. This can 
was removed from the gloved box into a second can for control of the 
spread of contamination. The second can (2.7 in, diameter, 8+ in, high, 
and 35-mil-thick wall) also had a lid which was Magneformed in place. 
Radiation levels on the outside of the second can were generally about 
40 to 70 mr /hr at 3 in. from the side; these measurements were made 
from 5 to 20 days following solvent extraction and represent the radia-
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Table 5 

URANIUM OXIDE QUALITY (SAVANNAH RIVER) 

Batch s ize , kg of oxide 
^^^U, ppm of total uranium 
Isotopic composition, 

233 u 
234u 
235 u 
286 u 
238u 

Gross alpha activity, 
Total uranium, wt.% 

, wt.% of uranium 

% of uranium alpha 

Weight loss (after 1 hr at 550°C), 
wt.% of uranium 

Plutonium, wt.% of uranium 
Thorium, wt.% of uranium 
Neptunium, wt.% of uranium 
Metallic impur i t ies 

Total wt.% of total uranium 
Individual, ppm of total uranium 

Aluminum 
A s - C d 
Boron 
Calcium 
Chromium 
Copper 
Iron 
Potass ium 
Magnesium 
Manganese 
Molybdenum 
Sodium 
Nickel 
Phosphorus 
Lead 
Silicon 
Vanadium 
Zinc 

28 
4.2 

98.43 
1.09 
0.038 

<0.01 
0.439 

102 
82,38 

1.4 
0.002 
0,04 
0.002 

0.07 

22 
<2 
<1.3 
24 
19 

8 
320 

33 
3 
6 

<10 
<20 

17 
<50 
180 

28 
<:25 
<50 

19 
4.6 

98.40 
1.23 
0.030 

<0.01 
0.344 

101 
82.83 

0.7 
0.001 
0.02 
0.0006 

0.06 

33 
<2 
<0,2 

236 
62 

6 
630 

50 
17 
17 
12 
30 

133 
<50 
180 

26 
<25 

87 

tion from in-growth of fresh decay products of ^̂ Û in that period, plus 
residual fission products and ^'^Pa, 

For shipment offsite, two double cans of oxide were placed into 
an M-101 "birdcage,"" and the birdcage was loaded into a double-
walled tank on a truck-trailer for additional containment and accident 
protection. 

Hanford Campaign 

At Hanford the recovery of about 270 kg of ^̂ Û from about 250 tons 
of irradiated thoria was scheduled for the late spring of 1966, The 
thoria was irradiated in Kanford reactors to ^̂ Û contents predicted to 
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range from 1.9 to 6.0 parts per million parts of ^^U. Principal facili
ties changes required for the Hanford Purex Plant included (1) rear
rangement of piping to adapt the solvent-extraction system to the 
differences in the chemical flow sheet; (2) installation of product-
handling and product load-out facilities compatible with the criticality 
requirements of concentrated ^̂ Û nitrate solutions; (3) reactivation 
of existing unused storage tankage for storage of the thorium nitrate 
product; and (4) miscellaneous routing revisions, such as those re
quired to permit utilization of existing centrifugation equipment. 
Dissolvers were available with design features that had been based on 
the findings of the development program described above. Installation 
of these dissolvers had been previously accomplished on behalf of the 
needs of other programs. 

The principal elements of the equipment arrangement as planned 
for the Hanford campaign are shown in Fig. 26. Important added equip
ment pieces and the significant changes required in the rearrangement 
of existing equipment pieces are indicated. The processing steps to be 
accomplished in this system are summarized as follows: 

1, A two-step decladding-dissolution flow sheet is used for 
preparation of the aqueous thorium nitrate solution. Centrifuges are 
used for recovery of thoria entrained in the waste decladding solutions. 

2, The dissolver solution is taken to acid deficiency by using an 
acid boil-off and stripping technique. 

3, Separation of thorium and ^̂ Û from impurities and from each 
other is accomplished in pulse columns by using 30% TBP in a hydro
carbon diluent as the solvent. The thorium is processed through two 
cycles of solvent extraction; the '̂̂ U, through three cycles, 

4, Both products are concentrated for shipping. In the case of 
^̂ ^U, concentration is preceded by the sorption of residual protactinium 
and thorium contaminants of beds of Vycor glass and cation-exchange 
resin. 

The entire solvent-extraction system, including the concentration and 
product sorption operations, is operated continuously. 

In addition to these steps, the complete process includes con
tinuous recovery and recycle of the solvent and waste treatment. The 
combined aqueous wastes from the solvent-extraction system will be 
treated for acid recovery and neutralized for disposal to underground 
storage. The low radioisotopic heat content of the material being 
processed will permit disposal to nonboiling waste storage. 

Thoria Dissolution The dissolvers for decladding and dissolution of the 
aluminum-clad thoria targets are of annular geometry, approximately 
9 ft in diameter by 13.5 ft tall (to the overflow) (Fig. 10). The inner 
12-in, (nominal) annulus, for receiving the charge, is surrounded by 
a 12-in. (nominal) solution annulus, A system of circulators, located in 
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Fig. 26—Hanford thorium process. Simplified flow diagram. 
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both annuli, is provided for suspending the thoria in the liquid during 
the dissolution operations. Circulators may be steam or air operated, 
as desired. The chemical flow sheets for aluminum-cladding dissolution, 
thoria dissolution, and for acid boil-off are shown in Figs. 27 and 28. 

The aluminum cans are dissolved using a conventional caust ic-
nitrate flow sheet. During this step the circulators are operated to 
provide liquid agitation and to avoid plugging of the circulators by the 
thoria. The waste decladding solution is expected to carry about 2% of 
the charged thoria during solution transfer from the dissolver. This 
material is recovered by centrifugation, with the reclaimed thoria 
transferred downstream process-wise to the acid-removal equipment. 

The thoria is dissolved in a solution of 13M KNO3, 0,025MKF, 
and O.IOM A1(N03)3 by using the circulators to suspend the material in 
the dissolvent. Operation at the boiling point is planned until the thoria 
charge is about 90%dissolved. The thorium solutionis then transferred 
to the acid boil-off step, and the dissolver is water flushed. 

The acid boil-off step will be accomplished in an original pot-type 
uranium-metal dissolver scheduled to be replaced following the thoria 
processing campaign. The boil-off step involves concentration of the 
solution, followed by boiling at constant volume to an acid-deficient (or 
near acid-deficient) end point. The final solvent-extraction feed solu
tion will be adusted to O.IM acid deficiency and L5M thorium. 

Based on the dissolver-circulator development work, with thoria of 
the type specified, a working charge for a dissolver is expected to be 
equivalent to about 7200 lb of thorium. At the dissolution rates demon
strated for thoria of this type, the overall dissolution time cycle in the 
production plant is expected to be equivalent to a processing rate of 
approximately 3 to 4 tons of thorium per day for a single dissolver. 
Without the dissolver circulators, the processing rate would be expected 
to be only about 0.5 tons of thorium per day for a single dissolver. 

Solvent Extraction The solvent-extraction system includes 10 pulse 
columns, all of which are equipped with piston-type pulse generators 
and sieve-plate internals. The feed material will be decontaminated and 
partitioned in a four-column first cycle. Thorium will be further de
contaminated in a second two-column cycle; the ^̂ Û will be further 
decontaminated in two additional two-column cycles. The estimated 
maximum solvent-extraction processing rate is about 8 tons of thorium 
per day. 

The first-cycle pulse columns and the second-thorium-cycle col
umns are relatively large-diameter extractors, with capacities con
sistent with the flow-sheet requirements for processing thorium and 
low concentrations of ^̂ ^U. Typical of this type is the IC column, shown 
by Fig. 29, which is 34 in. in diameter by approximately 28 ft high. 
Also shown in Fig. 29 is the associated piston-type pulse generator. 
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Fig. 27—Hanford thorium-process flow sheet. Target decladding. 
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Fig. 28—Hanford thorium-process flow sheet. Thoria dissolution and feed adjustment. 
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Fig 29—Hanford Purex pulse column 

The second- and third-uranium-cycle columns are small-diameter 
extractors, designed originally for criticality safety while processing 
higher concentrations of plutonium Column diameters are typically 
7 m and are considered safe for at least 20 g/liter ^^'u for the chemical 
flow sheet proposed 
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Table 6 

TYPICAL COLUMN DETAILS OF 
lA AND 2A PULSE COLUMNS (HANFORD) 

Column data ' 
Height, ft 
Inside d iameter , in. 
Pulse amplitude 
Frequency range , 

c y c l e s / m i n 
Continuous phase 

Car t r idge data 
Pla te type 
Pla te ma te r i a l 

, 
'Hole d iameter , in. 
F r e e a r e a , % 
Plate spacing, in. 

Louver-pla te data 
Number 
F r e e a rea , % 

lA cc 

Extract ion 
sect ion 

13.9 
24 
1.1 
35 to 110 

Organic 

Nozzle* 
Stainless 

s teel 
Vl6 
23 
2 

4 
23 

ilumn 

Scrub 
sect ion 

19.2 
32 
0.6 
35 to 110 

Organic 

Nozzle* 
Stainless 

s teel 
% 
6t 
2%t 

4 
16 

2A column 

Extract ion 
section 

20.9 
7 
1.1 
25 to 110 

Organic 

Nozzle* 
Stainless 

s tee l 
Vie 
23 
2 

None 

Scrub 
section 

9.8 
7 
1.1 
25 to 110 

Organic 

Nozzle* 
Stainless 

s teel 
%e 
23 
3 

None 

*Nozzles pointing down. 
fBottom 3 ft at 3-m. spacings . 

Typical design features of interest for two extraction pulse col
umns, the lA column and the 2A column, are shown in Table 6. For all 
Hanford Purex columns, the column internals are sieve plates (including 
nozzle sieve plates), and plate construction materials are linear poly
ethylene and/or stainless steel. The piston-type generators are of 
fixed amplitude and variable frequency. . The continuous phase in a 
column may be either aqueous or organic, depending on the service. 

The flow sheet for the solvent-extraction cycle is shown in 
Fig. 30. The thorium and ^̂ Û i r e coextracted from the acid-deficient 
feed solution in the lA by using an acid flow sheet based on the de
velopment work of Rainey and Moore.'^ The development data indi
cate that the prior evaporation of the feed to acid deficiency converts 
Zr-Nb, ruthenium, and protactinium to less extractable species, 
thereby improving first-cycle decontamination performance consid
erably. Nitric acid salting agent is added to the bottom extraction stage 
to further optimize product decontamination with respect to these 
isotopes. Phosphate and ferrous ion additions to the IAS are ex
pected to improve decontamination performance by (1) forming an 
inextractable complex of protactinum and Zr -Nb with phosphate and 
(2) reducing any trace chromium and residual plutonium to lower, less 
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1.01 
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H20 
Th 
HNO3 
233 u 

Temp. 
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Flow 

M 

0.224 
0.315 
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Amb. 
1.07 
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IBT 

Stripper 
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ITC 
M 

H2O 
Th 0.95 
HN(^ 1.3 

Temp. 106 "C 
Spig. - 1 . 3 
Flow 158 

To Second Uranium 
Cycle 

To Second Thorium 
Cycle 

233 u Values are Approximate Averages 

Process Solvent is 30 V o l . * TBP in Hydrocarbon Diluent 

100 Flows • 690 Gallons per ton of Th in the lAF 

Fig. 30—Hanford thorium-process flowsheet. First solvent-extraction 
cycle. 
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extractable valence states. Aqueous acidities throughout the column 
are maintained at greater than 0.2Af to prevent thorium phosphate 
precipitation. 

Uranium and thorium are partitioned in the IBX column by control 
of acidity, temperature, and flow ratio. The ^̂ Û remaining in the 
aqueous thorium stream from the IBX column is extracted in the IBS 
column. Careful control of the operating variables is required to 
assure nuclear safety (control uranium reflux) and to limit cross-
contamination of products. For example, a decrease in the organic-
to-aqueous flow ratio or salting strength in the IBX column, or an 
increase in temperature, tends to cause uranium reflux and increase 
uranium in the thorium stream. The organic uranium stream from the 
IBX column is back-extracted in the IC column. Both the ^̂ Û and 
thorium aqueous product streams are concentrated in preparation for 
further cycles of decontamination. 

The second-thorium-cycle flow sheet is shown in Fig. 31. The 
salting acid in the 2D extraction column is added with the organic ex-
tractant and in an existing intermediate scrub system (2DIS). A 2DF 
acidity of 1.3M KNO3 is shown. If necessary for decontamination 
performance, this value will be reduced by caustic addition. 

The second uranium cycle and the third uranium cycle are shown 
in Figs. 31 and 32, respectively. It is expected that the necessary 
decontamination performance can be attained with a KNOs-salted sys
tem. If it is necessary to improve decontamination performance, both 
cycles can be modified to use either aluminum nitrate or sodium 
nitrate in place of KNO3. 

To improve the uranium product quality, distilled water is provided 
for makeup of the 3BX stream, rather than the normal demineralized 
process water. Reduced concentrations of silica, sulfate, and calcium 
in the final product are expected to result from this change. Also, to 
assure good decontamination with respect to residual thorium, the 
dilute uranium product stream will be routed via a cation resin 
column to the product concentrator. A shielded bed of Vycor glass is 
provided upstream of the cation bed for sorption of Zr —Nb and prot
actinium. 

The concentrators for concentrating both first-cycle products and 
the second thorium cycle product are a thermal recirculating type, 
with working volumes of about 3500 gal (Fig. 2). The final ^̂ Û product 
concentrator is a thermal recirculation type, but it is a small-volume 
design, critically safe for concentrated ^̂ Û nitrate solutions. The 
^̂ Û product will be loaded into critically safe 3-liter plastic bottles 
at a nominal concentration in the range of 300 to 375 g/liter. 

Auxiliary Processing The complete process includes continuous solvent 
treatment and waste treatment, including KNOg recovery. Flow sheets 
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are not shown, inasmuch as they are basically similar to the analogous 
U —Pu processing step. 

Two solvent-treatment systems are available, one for the first 
cycle plus the second and third uranium cycles and the other for the 
second thorium cycle. A carbonate—permanganate solvent wash is 
employed in each system. 

In the waste-treatment system, the aqueous waste streams from 
all solvent-extraction cycles are combined. Most of the nitric acid is 
recovered by evaporation. However, the evaporator bottoms are 
treated with sugar to destroy additional HNO3, and the oxides of 
nitrogen are routed to the acid-recovery and acid-fractionator system. 
A recovered 60% HNO3 product is recycled to the process. The 
residual HNO3 in the processed salt waste is neutralized with caustic 
and transferred to underground storage (nonboiling). 

Nuclear-safety Analysis The bases for criticality control in the Th— '̂̂ U 
processing system at Hanford are similar to those currently used for 
U —Pu processing. A detailed engineering analysis of the entire Hanford 
Purex reprocessing system was conducted with the conclusion that, 
with adjustments to account for differences in detail between ^̂ Û and 
plutonium characteristics, the processing job could be accomplished 
at present-day-risk levels. 

From the standpoint of criticality control at the Hanford Purex 
Plant, the significant differences between plutonium and ^^^Uprocessing 
are associated with (1) the possibility of salting a critical concentra
tion of '̂̂ U into an organic phase (particularly if the TBP concentra
tion is drastically increased, for example, by inadvertent thermal 
concentration) and (2) the slightly smaller geometrically favorable 
diameters and thicknesses for concentrated ^̂ Û as compared to 
concentrated plutonium (say, 400 g/liter). 

To provide for these differences, some changes in the processing 
system were made: 

1. In the processing system in which the concentrated ^̂ Û product 
will be handled, vessels of reduced diameter were installed, including 
the product concentrator and the product load-out equipment. Also, two 
process sumps, adequate for plutonium, were poisoned by the addition 
of boron—stainless-steel Raschig rings. 

2. A large number of process alarm systems were added or 
modified. For example, additional liquid level and specific gravity 
indicators were added to the ICU concentrator as insurance against 
overconcentration. Over 30 such systems were affected. 

3. A large number of process blanks were installed to prevent 
inadve«j4ent transfer of an incompatible material, such as a precip
itating agent, into a system being controlled for criticality by means 
of concentration control. 
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3UD 
From 233 u 

Product Concentrator 

From First 
Solvent-Extraction 

Cycle 

To Waste Concentration 
and Acid Recovery 

233 
U Values are Approximate Averages 

Process Solvent is 30 V o l . * TBP in Hydrocarbon Diluent 

100 Flows = 690 Gallons per ton of Th in the lAF 
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PO4 
Fe 
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aooi 
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1.04 
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To Waste Concentration 
and Acid Recovery 
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2EX 

H2O 
HNO3 0.01 

Temp 30 OC 
Spg. 1.0 
Flow 500 

2E 
Col. 

^ 

2EW 

M 

Solvent 
HNO3 0.001 

Temp Amb. 
Spg. 0.83 
Flow 1110 

2ET 

M 

H2O 
HN(^ 0.1 
Th 0.29 

Temp Amb. 
Spg. 1.10 
Flow 517 

^ Overheads 
' to Crib 

2ET 
Stripper 

Concentrator 

TNT Product 

M 
H2O 
HN03 a76 
Th 223 

Temp Amb. 
Spg. 1.76 
Flow 66 

' ' 
Load-Out 
To Trailer 

Fig. 31—Hanford thorium-process flow sheet. Second uranium and 
second thorium, solvent-extraction cycles. 
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3BW 
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HNO3 
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U 
Th 
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M 

0.04 
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H2O 
HNO3 
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U 
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Fig. 32—Hanford thorium-process flow sheet. Third uranium solvent-
extraction cycle and ^^^U product concentration. 
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Table 7 

ESTIMATED ARITHMETIC DECONTAMINATION FACTORS 
FOR SOLVENT EXTRACTION IN THORIUM PROCESSING (HANFORD) 

F i r s t cycle 
Second cycle 
Thi rd cycle 
Thorium cation bed 

Pa 

2000 
300 

Thorium 

Z r - N b Ru 

4000 2000 
500 100 

U Pa 

100 2000 
5 1000 

100 
10 

233 u 

Z r - N b 

4000 
1000 

100 
10 

Ru 

2000 
500 
100 

2 

Th 

1000 
100 
100 

9 

Table 8 

ESTIMATED PERCENT WASTE LOSSES FOR SOLVENT EXTRACTION 
IN THORIUM PROCESSING (HANFORD) 

Thorium ^^^U 

F i r s t - c y c l e aqueous waste (lAW) 0.3 0.01 
F i r s t - c y c l e thorium product (IBT) <0.1 
F i r s t - c y c l e uranium product (ICU) <0.1 
F i r s t - cyc l e solvent (ICW) 0.1 
Second-uranium-cycle aqueous waste (2AW) 0.01 
Thi rd-uran ium-cyc le aqueous waste (3AW) 0.01 
Second-thorium-cycle aqueous waste (2DW) 1.1 
Seoond-thorium-cycle solvent (2EW) 0.05 

Total 1.6 0.3 

Table 9 

EXPECTED THORIUM PRODUCT QUALITY (HANFORD) 

Component 

Thorium, lb /gal 
HNO3, lb /gal 
Radiochemical impur i t ies 

(thorium weight basis) 
Plutonium, ppb 
^^^U, ppm uranium 
Total uranium excluding ^^^u, ppm 

Chemical impur i t ies 
(thorium weight bas is ) , ppm 

Silicon 
Iron 
Total impur i t ies* 
Chloride 
Sulfate 

Concentration 

3.5 ± 0.5 
0.5 ± 0.3 

£10 
<20 
<10 

<50 
£100 

£1000 
£50 

£200 

*A1, B, Be, Bi, C, Ca, Cd, Co, C r , Cu, F e , K, Li , Mg, 
Mn, Na, Ni, P , Pb , Si, Sn, and Zn. 



RECOVERY OF '̂̂ U FROM IRRADIATED THORIA 823 

Table 10 

EXPECTED 233u PRODUCT QUALITY (HANFORD) 

Component 

233U, g / l i t e r 
HNO3, lb /ga l 
Uranium isotopes 

232u, ppm (233U basis) 
233 U, % 
23%, % 
235U, % 
236U, % 
238u, % 

Other radiochemical impur i t ies 
(233u basis) 

Plutonium, g /g 
Thorium, g /g 
Neptunium, g / l i t e r 

Chemical impur i t i es , ppm 
Aluminum 
Arsenic 
Boron 
Cadmium 
Calcium 
Chromium 
Copper 
Iron 
Lead 
Magnesium 
Manganese 
Molybdenum 
Nickel 
Phosphorus 
Potass ium 
Silicon 
Sodium 
Vanadium 
Zinc 

Concentration* 

300 to 375 
1.0 ± 0.5 

8 
95 (minimum) 
2.5 
0.5 
0.1 
3.9 

0.001 
0.001 
0.0003 

200 
40 
1 
2.5 
80 
350 
40 
1500 
300 
100 
40 
450 
200 
100 
40 
250 
60 
80 
80 

•Maximum unless o therwise indicated. 

Expected Process Performance The decontamination performance and the 
process waste losses expected for the solvent-extraction system that 
has been described are summarized in Tables 7 and 8. The expected 
compositions of the product streams are defined by Tables 9 and 10 
for thorium and ^̂ ^U, respectively. 
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Design 
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pressurized heavy-water reactors , 29—39 
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Inconel 
compatibility with Th-U beryllides 
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Kilorod Facility 
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Lattices (D20) 
Th02- and UOa-rod admixture in, in 

pressurized heavy-water reactors , 29-39 
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processing for Molten-Salt Breeder 
Reactor, 51, 56, 58-59, 63, 653-69 

Lithium fluoride fuels (BeF2—LiF—UF4) 
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Neutron flux 
splitting between Th02 and UO2 rods in 
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Oak Ridge National Laboratory 
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radiation effects, 479-86 
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radiation effects, 463-73 
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grind-leaoh processing, 598-605 

Oxide fuels (Th02-U02) 
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537-45 
grind-leach processing, 598-605 

pilot plant for processing 233U-containing, 
299-319 

preparation by sol-gel process, 417-43 
processing costs for heavy-water-

moderated organic-cooled reactors , 
157-84 

processing plant, engineering study 
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use in Elk River Reactor, 681-84 
Oxide fuels (Th02-U02) (metal clad) 

radiation effects, 477-86 
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development for advanced gas-cooled 

reactors , 273-92 
head-end processing facility for, design 

for, 575-88 
Oxide microspheres 

preparation by sol-gel process , 391-415 
Oxide particles (Th02)(PyC coated) 

radiation effects, 486-92, 495-507 
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coating with PyC, 297 
preparation, 295-97, 377-90, 566-67 

Oxide particles (Th02-U02)(PyC coated) 
radiation effects, 486-92, 495-507 

Oxide rods (Th02) 
admixed with UO2 rods in D2O lattices, 

29-39 
Oxide sols (PuOj-ThOz) 

preparation, 401—5 
Oxide sols (Th02-U02) 

preparation, 399-401 
Oxide spheres (Be0-Pu02-Th02) 

feasibility of, in high-temperature gas -
cooled reactor, 107—18 

Oxide spheres (Be0-PuO2-ThO2-UO2) 
use in high-temperature gas-cooled 

reactor, 218-20 
Oxide spheres (Th02) 

feasibility, 129-55 
Oxide spheres (Th02-U02) 

development for Thorium High Tempera
ture Reactor, 293-98 

Oxide target elements (Th02) 
fabrication, 753-61 

Oxides (ThOz) 
characterist ics, 749—53 
production by modified sol-gel process 

for vibratory compaction, 735-43 
recovery of 233U from irradiated, 765—824 
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Paraffin process 
for production of PyC-coated ThC2—UC2 

fuel, 254-56 
PCUT program 

progress , 547-73 
Personnel 

radiation exposure in direct fabrica
tion of Th02-233U02 fuel, 543 

radiation exposure in Kilorod Facility, 
326-31 

radiation exposure in sol-gel pilot 
plant, 437-^3 



836 INDEX 

Physics 
CANDU Reactor, fuel cycles in, 365-69 
high-temperature gas-cooled reactors , 

BeO-moderated, 107-18 
pressurized heavy-water reactors , fuel 

cycles in, 361-65 
Plants 

for fabrication of Th02-233U02 fuel, 321-40 
for remote fabrication of recycled fuel, 

341-57 
Plants (head-end processing) 

design for, with high-temperature gas -
cooled reactor, 575-88 

Plants (processing) 
(see also PCUT program) 

close-coupled, 610-13 
design of pilot, for preparing sol-gel 

Th02-233U02 fuel, 419-31 
engineering study of, for Th02-U02 

fuel, 517-28 
operation of pilot, for preparing sol-gel 

ThO^-233U02 fuel, 431-43 
Plutonium dioxide fuels (Pu02-Th02) (metal 

clad) 
radiation effects, 479-86 

Plutonium dioxide fuels (Pu02-Th02) 
(Zircaloy clad) 

radiation effects, 463-73 
Plutonium dioxide sols 

preparation, 401-5 
Plutonium dioxide spheres (Be02-Pu02-Th02) 

feasibility of, in h i^ - t empera tu re gas -
cooled reactor, 107-18, 129-55 

Plutonium dioxide spheres (BeO-Pu02-Th02-
UO2) 

use in high-temperature gas-cooled 
reactor, 218-20 

Plutonium fuels (Pu-Th) 
use to produce 233U in heavy-water-

moderated reactors , 13-28 
Plutonium fuels (Pu-Th-U) 

reactivity and specific power, 13—28 
separation by solvent extraction, 

engineering study of, 528-34 
Plutonium systems (Pu-233U) 

progeny of, crossing with progeny of 
Th-233U system, 13-28 

Power 
economics of, from Molten-Salt Breeder 

Reactor, 53-63 
specific, from Pu-Th-23SU fuel, 13-28 

Processing 
(see also Head-end processing and 
Sol-gel processes) 

BeO-Pu02-ThO2-U02 fuel tor high-
temperature gas-cooled reactor, 221-50 

molten fluorides, 647-52 
Th-U fuels, costs for, 157-84 
ThC2-UC2 fuel, PyC-coated, 270-72 
Th02 tor 233U recovery, irradiated, 765-

824 
Th02-U02 fuels, costs for, 157-84 

Processing plants 
(see also PCUT program) 

close-coupled, 610-13 
engineering study for reprocessing 

Th02-U02 fuel, 517-28 

Processing plants (head end) 
design for, with high-temperature gas-

cooled reactor, 575-88 
Processing plants (pilot) 

for preparing sol-gel Th02-233U02 fuel, 
419.^3 

for recycled 233U-containing Th02-
UO2 fuel, 299-319 

Production 
Th02, by modified sol-gel process for 

vibratory compaction, 735-43 
233U, from irradiated Th02, 765-824 
233U, with low 232U Content, 745-63 

Protactinium 
adsorption on unfired Vycor, 608-10 
removal from molten fluorides, 651 

Pyrolytic-carbon coatings 
deposition on ThC2-UC2 particles, 263-66, 

274-80, 297 
deposition on Th02-U02 particles, 274-80, 

297 

Radiation effects 
fuels at ORNL, 475-94 
Pu02-Th02 fuel, Zircaloy-elad, 463-73 
Th and Th-U dicarbide and dioxide 

particles, 495-507 
UC2 particles, PyC-coated, 285-89 
UO2 particles, PyC-coated, 285-89 

Radiation exposure 
in direct fabrication of Th02-233U02 

fuel, 543 
in Kilorod Facility, 326-31 
in sol-gel pilot plant, 4 3 7 ^ 3 

Rare earths 
removal from molten fluorides, 649—51 

Reactivity 
Pu-Th-238U fuel, 13-28 

Reactors (advanced gas cooled) 
coated-particle-fuel development for, 

273-92 
Reactors (breeder) 

economics for power production, 185—99 
Reactors (CANDU type) 

fuel cycles in, 359-76 
Reactors (converter) 

economics for power production, 185—99 
Reactors (Dragon) 

operation, initial, 717-33 
Reactors (Elk River) 

characterist ics, comparison of measured 
and predicted, 681-94 

Reactors (fast breeder) 
design of Na-cooled, with mixed fuel 

cycles, 81-90 
Reactors (gas cooled) 

coated-particle-fuel development for 
advanced, 273-92 

Reactors (heavy-water moderated) 
fuel-cycle performance, 201—16 
fuel processing costs for organic-cooled, 

with Th-U and Th02-U02 fuel, 157-84 
233U production from Pu-Th fuel, 13-28 
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Reactors (high-temperature gas-cooled) 
carbide fuel, head-end processing of, 

617-45 
economics for power production, 185—99 
equilibrium fuel cycles, 1—12 
fuel-cycle studies of BeO-moderated, 

217-52 
graphite-base fuel, bum-leach processing 

of, 605-7 
graphite-base fuel, grind-leach processing 

of, 598-605 
head-end processing facility with, design 

for, 575-88 
physics of BeO-moderated, 107—18 
ThC2—UC2 fuel for, fabrication and 

evaluation of PyC-coated, 253—72 
Reactors (molten-salt breeder) 

design and evaluation of thermal, 41-63 
economics for power production, 185—99 
processing, on-site, 653-69 

Reactors (Molten Salt Reactor Experiment) 
fluorides, chemical separations in, 647—52 
operation, 671-79 

Reactors (organic cooled) 
fuel processing costs for heavy-water-

moderated, with Th-U and Th02-U02 
fuel, 157-84 

Reactors (ORGEL type) 
characterist ics, 119—28 
fuel-cycle performance, 201—16 

Reactors (Peach Bottom) 
zero-power experiments in, 695—715 

Reactors (pebble bed) 
design and feasibility of Thorium High 

Temperature Reactor, 91—105 
feasibility of BeO-moderated, 129-55 
physics of BeO-moderated high-

temperature gas-cooled, 107—18 
Reactors (power) 

economics of breeder and converter, 
185-99 

economics of Molten-Salt Breeder 
Reactor, 53-63 

head-end processing for high-tempera
ture gas-cooled, 575-88, 617-45 

Reactors (pressurized heavy-water) 
feasibility, 65-79 
fuel cycles in, 359-76 
Th02- and U02-rod admixture in D20 

lattices, 29-39 
Reactors (Thorium High Temperature) 

design and feasibility, 91—105 
fuel spheres, development of ThC2—UC2 

and Th02-U02, 293-98 
Resin process 

for production of PyC-coated ThC2-UC2 
fuel, 256-63 
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Separation 
engineering studies, 509-35 
In molten fluorides, chemical, 647-52 

Sodium-void coefficients 
reduction of positive, with mixed fuel 

cycles in fast breeder reactors , 81—90 

Sol-gel processes 
preparation of oxide microspheres, 391— 

415 
preparation of spherical ThC2—UC2 par 

ticles, 377-90 
preparation of spherical Th02-U02 

particles, 377-90 
preparation of Th carbide—U carbide par t i 

cles in PCUT facility, research for, 
566-67 

preparation of Th02—U02 particles in PCUT 
facility, research for, 566-67 

preparation of Th02-233U02 fuel, 417-43 
production of Th02 by modified, for vibra

tory compaction, 735-43 
Solvent extraction 

separation of Th-U and Pu-Th-U fuels, 
engineering study of, 528—34 

Specific power 
Pu-Th-238U fuel, 13-28 

Spectral-index measurements 
Th02- and U02-rod admixture in 

D2O lattices, 33-36 
Stainless steel (type 321) 

compatibility with Th—U beryllides 
and carbides, 464, 457 

Start-up 
self-sustaining fuel cycles in p r e s 

surized heavy-water reactors , 75 
Steam systems 

design for Molten-Salt Breeder Reactor, 
51, 53 

Strength (compressive fracture) 

Th-U carbides, 454 
Structure (micro-) 

Th and Th—U beryllides and carbides, 446 
Sweden 

feasibility of pressurized heavy-water 
reactor, 65—79 

T 

Tantalum 
compatibility with Th-U beryllides 

and carbides, 454, 457 
Target elements (Th02) 

fabrication, 753-61 
Testing 

ThC2-UC2 fuel, PyC-coated, 266-70 
Thermal conductivity 

Th and Th—U beryUides and carbides, 450 
Thermal expansion 

Th and Th-U beryllides and carbides, 450 
Thorium Recycle Integrated Plant 

costs , 178-82 
design, 172-78 

Tungsten 
compatibility with Th-U beryllides 

and carbides, 454, 457 

U 

Uranium-233 
cleanup-system engineering study, 511—17 
direct fabrication of fuel containing, 537-45 
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fabrication of ThOj—UO2 fuel containing, 
321-40 

pilot plant for processing Th02—UO2 fuel 
containing, 299—819 

production in heavy-water reactors with 
Pu-Th fuel, 13-28 

production with low 232u content, 745-63 
recovery from irradiated Th02, 765-S24 
remote fabrication of recycled fuel 

containing, 341-57 
Uranium beryllides (ThBeis-UBeis) 

arc casting, 446 
properties, 445-62 

Uranium carbide fuels (Th carbide—U 
carbide) 

head-end processing for high-tempera
ture gas-cooled reactors , 617-45 

Uranium carbide fuels (Th carblde-U 
carbide) (coated) 

head-end processing research for PCUT 
facility, 567-70 

Uranium carbide particles (Th carbide— 
U carbide) 

preparation by sol-gel process in PCUT 
facility, research for, 566-67 

Uranium dicarbide fuels (ThC2—UC2) (coated) 
use in Dragon Reactor, 723—26 

Uranium dicarbide fuels (ThC2—UC2)(PyC 
coated) 

development for advanced gas-cooled 
reactors , 273-S2 

evaluation for high-temperature gas -
cooled reactors , 253-72 

fabrication for high-temperature gas-
cooled reactors , 253-72 

grind-leach processing, 598-605 
Uranium dicarbide particles (PyC coated) 

radiation effects, 285-89, 486-507 
Uranium dicarbide particles (ThC2-UC2) 

coating with PyC, 297 
preparation, 295-97, 377-90 

Uranium dicarbide particles (ThC2— 
UC2)(PyC coated) 

radiation effects, 486-92 
Uranium dicarbide spheres (ThC2—UC2) 

development for Thorium High Tempera
ture Reactor, 293-98 

Uranium dicarbldes (ThC2-UC2) 
arc casting, 446 
properties, 445-62 

Uranium dioxide fuels (Th02-U02) 
direct fabrication of 233u-contalning, 

537-45 
fabrication in PCUT facility, research 

for, 566-67 
fabrication of 233U-containing, Kilorod 

Facility for, 321-40 
grind-leach processing, 598-605 
pilot plant for processing 233U-containing, 

299-319 
preparation of 233U-oontaining, by sol-gel 

process, 417-43 
processing costs for heavy-water-

moderated organic-cooled reactors , 
157-84 

processing plant, engineering study 
of, 517-28 

use in Elk River Reactor, 681-84 
Uranium dioxide fuels (Th02—U02) (metal 

clad) 
radiation effects, 477—86 
shear-leach processing, 591-97 

Uranium dioxide fuels (Th02-U02)(PyC 
coated) 

development for advanced gas-cooled 
reactors , 273-92 

head-end processing facility for, design 
for, 575-88 

Uranium dioxide microspheres 
preparation by sol-gel process, 394^97 

Uranium dioxide microspheres (Th02-U02) 
preparation by sol-gel process, 399—401 

Uranium dioxide particles (PyC coated) 
radiation effects, 285-89, 486-92 

Uranium dioxide particles (Th02-U02) 
coating with PyC, 287 
preparation, 295-97, 377-90, 566-67 

Uranium dioxide particles (Th02—UO2) 
(PyC coated) 

radiation effects, 486-507 
Uranium dioxide rods 

admixed with Th02 rods in D2O lattices, 
29-39 

Uranium dioxide sols 
preparation, 394—97 

Uranium dioxide sols (PUO2-UO2) 

preparation, 401-5 
Uranium dioxide sols (Th02-U02) 

preparation, 399-401 
Uranium dioxide spheres (BeO-Pu02—Th02— 

UO2) 
use in high-temperature gas-cooled 

reactor, 218-20 
Uranium dioxide spheres (Th02—UO2) 

development for Thorium High Tempera
ture Reactor, 293-98 

Uranium fluoride fuels (BeF2-LiF4-UF4) 
processing for Molten-Salt Breeder 

Reactor, 51, 56, 58-59, 63, 653-69 
Uranium fuels (Pu-Th-U) 

reactivity, 13-28 
separation by solvent extraction, engineer

ing study of, 528-34 
specific power, 13—28 

Uranium fuels (Hi—U) 
processing costs for heavy-water-

moderated organic-cooled reactors , 
157-84 

separation by solvent extraction, 
engineering study of, 528-34 

Uranium monocarbides (ThC—UC) 
arc casting, 446 
properties, 445-62 

2S3Uranium systems (Th-233u) 
progeny of, crossing with progeny of 

PU-238U system, 13-28 
238UranIum systems (Pu-238U) 

progeny of, crossing with progeny of 
Th-233U system, 13-28 
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Vycor 
Pa adsorption on unfired, 608-10 

Water 
(see Heavy-water lattices) 

w 

Waste disposal 
from head-end processing of carbide 

fuel, 632-34 

Zirconium 
compatibility with Th—U beryllides 

and carbides, 454, 457 
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