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I. PREFACE 

The purpose of this document is to outline 
(1) the economic potential, (2) the program re
quired to realize the potential, and (3) the cost 
of this program for each reactor concept in the 
Civilian Power Reactor Program. 

This report is Part I I of a series on the 
Civilian Power Reactor Program. Part I is a 
separate document entitled "Summary of Cur
rent Status of Reactor Concepts, 1959." Part 
I I I is a series of separate documents, collec
tively entitled "Technical Status, Civilian 
Power Reactors, 1959." The documents in 
Part I I I contain, in detail, the current tech
nical status and programs currently underway 
for each reactor concept. 

In planning the potential of the reactor con
cept, the^following factors were considered: 

1. The cost projections were made from the 
same reactor concepts outlined in Part I— 
Summary of Current Status of Reactor Con
cepts. No major deviation from this concept 
such as utilizing a different moderator, or cool
ant combination, or evolving to a pebble bed 
type of reactor was used in the projection. 
These items may have a significant bearing on 
the potential, and will be considered in subse
quent evaluations when more data is available 
to make a meaningful projection. 

2. The projections were made on the ura-
nium-plutonium fuel cycle, with one exception, 
i.e., the aqueous homogeneous reactor. No 
consideration was given to the advantages that 
may occur from the use of the thorium cycle. 
This evaluation will be considered in subse
quent studies. 

3. Before a reasonable prediction of power 
cost can be made, the reactor system must have 
demonstrated technical feasibility. Some re
actor concepts in the Civilian Power Reactor 

Program have not yet reached this stage of 
development. The "potential" of such reactor 
concepts will be limited to the expected power 
costs from a plant that would demonstrate the 
technical feasibility. 

4. The technology of some concepts has not 
developed to the point where the key improve
ment areas can be clearly identified. In such 
cases, the development program is directed 
toward the areas whose solution would identify 
these key areas. 

5. The technology of current reactor con
cepts in the Civilian Power Reactor Program is 
in various stages of development. Estimates of 
technical improvements and the economic worth 
of these improvements for reactor systems which 
have construction and operating experience 
behind them are on a sounder basis and have 
more validity than systems which have not 
reached a comparable level of development. 

The Division of Reactor Development re
quested the assistance of National Laboratories 
and industrial organizations in preparing the 
series of reports for the Civilian Power Reactor 
Program. The names and organizations of the 
key personnel providing assistance are listed in 
Appendix I. A set of ground rules and pro
cedures were established to maintain con
sistency in the evaluation of the different 
reactor concepts. This information is in
cluded in Appendix II . 

The economics of nuclear plants are influenced 
by such factors as: 

1. The buy-back price for plutonium and 
U-233. 

2. The method of charging for operating 
materials such as D2O and the use 
charge for U. 

1 



2 ECONOMIC POTENTIAL AND DEVELOPMENT PROGRAM 

3. Changes in the price of fissionable material. 
4. Changes in capitalization rates. 
5. Different capacity factors. 
6. Ratio of indirect to direct cost. 
I t was necessary to use specified values and 

procedures for the above items in order to make 
an evaluation. The assumptions used in de
termining the cost and the effect of a change in 
these assumptions on the cost are discussed in 
Appendix I I I . 



SUMMARY 

The technology of nuclear power reactors has 
not matured to a stage where precise predictions 
can be made on the performance and the cost 
of plants currently under construction. Even 
more uncertain is the expected performance and 
the construction cost of reactors presently in 
the conceptual or preliminary design phase. It 
is impossible to accurately predict the ultimate 
performance and cost of any power reactor con
cept at this stage of development of the tech
nology. It is possible, however, to identify 
apparent areas of improvement, whose success
ful development will reduce the cost of power 
and to estimate the economic potential of these 
improvements and the likelihood of realizing 
these improvements. This potential in con
junction with an analysis of the current tech
nical status can then be used as an evaluation 
tool for the purpose of program planning. 

The results of the evaluation to determine the 
economic potential of different reactor concepts 
are summarized in Tables 1-A, 1-B, and 1-C. 

1. Projected Power Generation Cost. The pro-
ected power generation cost of the reactor con
cepts in the Civilian Power Reactor Program 
are listed in Table 1-A. The ground rules and 
procedures used in determining these costs are 
outlined in Appendix II . 

The indirect expense, plutonium credit, pro
cedure for handling fixed charges and other 
variables that were used in determining these 
power costs are summarized in Appendix I I I . 

There are certain inequities in any single set 
of criteria that is used to evaluate eight differ
ent reactor concepts, since each concept may 
have different fuel materials, different modera
tors, different relationships between fixed 
charges, fuel cost, etc. For example, one of 
these inequities is the fact that current pricing 
practice dictates a 4 percent lease charge for 
enriched uranium whereas D2O must be capi
talized at 12.5 percent. 

A projection of 10 years in the future must 
also consider that such items as the plutonium 
"buy-back" price, indirect expense and other 
factors may change with time. 

The power costs used in this report are based 
on assumptions that are consistent with current 
practice. However, a brief treatise of the as
sumptions that may have a significant effect 
on the power cost is given in Appendix I I I . 

The projected power costs were based on the 
assumption that the development program re
quired to achieve the reductions in cost would 
be successful. Under this condition, it was 
necessary to limit the items considered for re
ductions in cost to those that could be readily 
identified for each reactor concept. 

I t is acknowledged that cost reductions may 
accrue over the next 10 years that are not now 
apparent. No credit for reduced cost was 
taken for such items as evolutionary improve
ment that may reduce indirect expense, such as 
engineering cost, shorter construction periods, 
or reduction in component cost due to increased 
production volume. 

The power costs shown in Table 1-A are 
based on a single unit plant with a net rating 
of 300 MWe. Increasing the plant size will 
decrease this power cost. The reduction in 
power cost as size is increased may be more 
significant for the Sodium Graphite Reactor, the 
Graphite Moderated Gas Cooled Reactor and 
the D2O Moderated, pressure tube reactor. 
The above reactors are relatively low pressure 
systems with a comparatively high capital cost. 

The potential of a light water moderated, 
superheat reactor is shown in Table 1-A. 
Nuclear superheated steam has normally been 
associated with boiling water reactors. How
ever, it has become apparent in this study that 
the potential improvement in both the pressur
ized water and boiling water reactor concepts 
show no distinct separation of pressurized or 
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4 ECONOMIC POTENTIAL AND DEVELOPMENT PROGRAM 

boiling water. Future developments in pres
surized water reactors will permit a high degree 
of boiling; whereas, developments in boiling 
water reactors will tend to higher water pres
sure. As a result of these potential develop
ments, the two concepts merge into one— 
a light water moderated reactor. For this 
reason, superheat, which may be a potential 
advantage for either concept, has been shown 
as a separate item in the summary even though 
the development program is delineated under 
the boiling water reactor. A more meaningful 
distinction for the types of water moderated 
reactors is direct cycle or indirect cycle. This 
distinction is based on the presence or absence 
of a heat exchanger in the primary coolant loop. 

The date at which the potential may be 
achieved is included in Table 1-A. This date 
represents completion of construction for the 
target plant. The power costs are based on the 
equilibrium fuel cycle which will be approxi
mately 3 to 4 years later than the date shown. 
All power cost data were based on 14 percent 
fixed charges, 80 percent capacity factor, 
$12/gm Pu credit, 300 MWe plant, single unit 

station with no escalation from 1959 dollar 
value. 

2. Program Cost. A summary of cost to 
develop each reactor concept is shown in 
Table 1-B. This cost is divided into two broad 
categories, i.e., cost expended to date and the 
additional investment required to develop the 
technology to the point outlined in this docu
ment. The additional investment required is 
shown as "Research and Development" and 
"Construction Cost." The construction cost is 
divided into two parts to indicate the total cost 
of the program and the net cost to AEC if a cost 
sharing arrangement between the AEC and 
private industry is used in the construction of 
prototypes and large commercial plants. 

The development program for each reactor 
concept includes all of the development required 
to realize the economic potential of that particu
lar reactor without additional support. There
fore, the cost figures cannot be added to 
determine the total AEC program cost. 

The AEC general research and engineering 
program (Nuclear Technology) includes fuel 
processing, environmental and waste treatment, 

TABLE 1-A—NUCLEAR POWER GENERATION COST, MILLS/KWH 

Beactor type 

Fixed charges 

Current Poten
tial 

Fuel cycle cost 

Current Poten
tial 

Operation and 
maintenance 

Current Poten
tial 

Nuclear 
insurance 

Current Poten
tial 

Total 

Current Poten
tial 

Construc
tion com

pletion 
date 

Pressurized water 
Boiling water 
Light water moderated super

heat 
Organic cooled 
Sodium graphite 
Gas cooled (enriched fuel).._ 
Fast breeder 
Aqueous homogeneous 
Heavy water 
Gas cooled (natural uranium) 
Coal-fired plants: 

35c/10« B T U fuel cost 
26c/10« BTU fuel cost 

5.05 
5.26 

4 39 
6. 11 
5.97 
5. 10 

7.05 
7.60 

3.31 
3.31 

4.40 
4.31 

3.91 
3.53 
4.47 
4.63 
4.43 
6.38 
5.80 

3.38 
3.47 

5.72 
4.12 
3.21 
7. 10 

4.22 
3.35 

3.32 
2.37 

2.56 
2.29 

1.96 
1.83 
2.00 
2.62 
1.99 
2.12 
1.21 

0.59 
.61 

1.09 
.70 
.89 
.79 

.91 

.61 

.36 

.36 

0.59 
.61 

.61 
1.09 
.65 
.49 
.79 

2.53 
.91 

0.26 
.27 

25 
29 
29 
26 

.32 

0.25 
.24 

.23 

.22 

.25 

.24 

.25 

.30 

.28 

.33 

,28 
61 

11.45 
11.22 
10.36 
13. 25 

12.50 
11.89 

7.0 
6.0 

7.80 
7.45 

6.71 
6.67 
7.42 
7.98 
7.46 

11.33 
8.20 

4/66 
6/67 

6/67 
1/67 
1/68 

12/68 
1/69 
1/70 
1/69 

NOTE: All plants are based on 300 MWe size—80% capacity factor—14% fiied charges. 
See other cost data in Appendix III. 
The power costs are based on the equilibrium fuel cycle which will be 3 to 4 years after completion of construction. 



SUMMARY 

TABLE 1-B—PROGRAM COST 

Reactor type 

Expenditures through 1969 ' 
(millions of dollars) 

R & D Construction 

Additional investment 1960-70 ' (millions of dollars) 

Research and 
development 

Construction cost 

Gross Net« 

Total 

Gross N e t ' 

Pressurized water 
Boiling water 
Organic cooled 
Sodium graphite 
Gas cooled (enriched fuel) 
Fast breeder 
Aqueous homogeneous 
Heavy water 
Plutonium recycle 
Safety 
General engineering 

87 
29 
14 
41 
11 
53 
83 
13 
11 
10 
162 

85 
7 
3 
6 

35 
3 
1 
8 

13 

3 27 

59 
72 
84 
107 
143 
79 
90 
71 
102 
248 

126 
136 
104 
165 
121 
179 

99 
193 
23 

65 
66 
38 
99 
52 
101 
74 
106 

74 

' 153 
195 
176 
249 
228 
322 
178 
283 
94 
102 
322 

' 92 
125 
110 
183 
159 
244 
153 
196 

102 

1 Includes R & D and construction funds supplied by private mdustry in cooperative arrangement with the AEC but does not mclude any private 
industry cost in noncooperative arrangement with AEC 

> Net construction mvestment includes the cost tor test and experimental facilities plus the additional cost for prototype and large power plants 
which is over and above the cost for conventional plants of the same size. 

» Does not include estimated funds of $125 million for R & D nor the $6 million construction cost required for Shlppingport. 

testing facilities, components, physics, fuel and 
materials. Much of the work in these areas is 
required to advance the nuclear technology and 
is not subject to inclusion under a single 
reactor concept. Therefore, only those por
tions of the general engineering program that 
are estimated to be essential to the support of 
the projects outlined are included in this cost. 
The figures should not be construed as the total 
effort of the Nuclear Technology Program. 
They do not include the expenditures that 
would be required if new reactor projects are 
added nor do they include the cost for creating 
a broad base technology. For this reason, the 
cost projections decrease as the technology 
matures. I t is quite likely that advance 

projects will be added which will prevent these 
figures from actually decreasing with time. 

S. Plant Parameters. A comparison of the 
significant plant parameters used to determine 
the current status power cost and those that 
were evolved for the potential plants are shown 
in Table 1-C. These design parameters were 
not optimized and subsequent evaluations are 
required to accurately determine the variations 
in enrichment required for the longer fuel 
burnup, the specific power of the fuel to achieve 
the power densities, complexity in control and 
other features that would be necessary to deter
mine if the potential parameters are compatible 
with good design practice. 



TABLE 1-C—PLANT PARAMETERS 

O o 
izl o 

Pressurized water. 

Boiling water 

Superheat 
Organic cooled 
Sodium graphite.. 

Gas cooled (en
riched fuel). 

Fast breeder 
Heavy water. 

Gas cooled (natu
ral uranium). 

Primary coolant conditions 

status 

2,200 psia sub-
cooled. 

1,000 psla sat. 
dual cycle. 

120 psla 676°F 

30psia«)0<'F 

300 psla MSOOF... 

30p8la900°F 
750 psla subcooled. 

Potential 

2,200 psla bulk 
boiling. 

1,400 psia sat. 
direct cycle. 

1,400 psla 1,000°F.. 
300 psia 726''F 
30psla950''F 

400 psia 1,200°F... 

30psto900'>F 
800 psia boiling 

dh-. cycle. 

Steam conditions 

status 

eoo psia (satu
rated). 

1,000 psia (satu
rated). 

600 psia 650''F 

800 psla 850»F 

950 psia 950''F 

.800 psia 850*F 
160 psla (sat.) 
500 psia 6S0°F 

Potential 

1,000 psia (satu
rated). 

1,400 psia (satu
rated). 

1,400 psia 1,000°F 
1,000 psia 700°F... 
2,400 psia 1,000°F/ 

1,000''F. 
950 psia 960°F 

800 psia 860^ 
760 psla (sat.) 

Cycle efficiency 

Status 

Percent 
28 

29 

29 
34 

33 

34 
23 

24 

Potential 

Percent 
30 

30 

36 
34 
41 

33 

34 
26 

Core power 
density (KW/L) 

Status 

65 

30 

20 
S 

.75 

860 
26 

.75 

Potential 

80 

50 

60 
44 
8 

1.28 

850 
35 

Fuel material 

Status 

UOj 

UOj 

U-3H%Mo.. 
U-10% Mo-. 

U0« 

U-10% Mo.. 
Nat. U . . . 

Nat. U . . . 

Potential 

uo, 

UO, 

U O i . 
UOJ 

UO 

UO. 

Pu-Oi 

Fuel expostu-e 
(average) 

Status 

13,000 

11,000 

4,500 
11,000 

10,000 

m W/0 
3,960 

3,000 

Potential 

19 000 

19 000 

19,000 
19,000 
19,000 

18,000 

60,000 
7,000 



A. POTENTIAL AND PROGRAM OF PRESSURIZED WATER 
REACTORS 

Summary 

The pressurized water, reactor concept is at 
present the most technologically advanced 
system in the civilian power reactor program. 
Experience with these plants has proved that 
they are safe, dependable and easy to control. 

A comparison of the power cost associated 
with current status and the estimated poten
tial cost of the pressurized water reactor is 
shown below. 

Fixed charges 
Fuel cycle costs 
Operation and maintenance 
Insurance 

Tota l power cost 

Current 
power cost 

milU/kwh 

5.05 
3.38 
0.59 
0.26 

9 .28 

Potential 
power cost 

miUt/kwh 

4.40 
2 .56 
0.59 
0 .25 

*7. 80 

* This does not biclude potential gains that may be accrued due to 
use of nuclear superheat. 

In order to accomplish the potential improve
ments, a program of research, development and 
construction of facilities and prototype plants 
must be undertaken. Such a program is ex
pected to require an additional investment of 
approximately $283 million through 1970 of 
which $130 milHon is required for Shipping-
port operation and future construction. 

The research and development program that 
must be undertaken, the required construction 
projects, the potential improvements that may 
be achieved, the expected costs, and schedule 
for the research and development and con
struction programs are as follows: 

1. Evaluation Studies. Although specific 
evaluation studies in connection with the de
velopment, of the pressurized water reactor 

concept are not indicated, means should be 
established to obtain a continuous flow of ex
perimental data from the various programs. 
This data should be used for continuously 
analyzing design parameters for possible re
ductions in plant cost. 

2. Research and Development. There are 
several key areas of uncertainty that should be 
explored, experimentally, to provide data to 
advance the technology and obtain potential 
reduction in cost for future plant construction. 
These areas are: 

a. Bvlk Boiling. The bulk temperature of 
the coolant is currently maintained below the 
saturation temperature. With this require
ment the (FAT) hot channel factor limits the 
reactor outlet temperature. The hot channel 
factor can be reduced by allowing bulk boiling 
to occur in the hottest channels. This will 
allow' bulk coolant temperature to be increased. 
Experimental tests are required to determine 
the integrated effects of bulk boiling on reactor 
physics, core stability, heat transfer and other 
factors of plant performance. 

h. Control Program. Current control rods 
do not have sufficient "worth" for there activity 
required for long fuel burnup, i.e., in excess of 
10,000 Mwd/mt (average). Methods of obtain
ing more control worth are required. A pro
gram to develop such methods should include 
the development and analysis of possible 
schemes such as neutron rectifiers, movable 
fuel sections, burnable poisons, liquid poisons, 
etc. Development of these improved control 
methods will also have a marked effect on the 
hot channel factors. 

c. Materials Development. There is a con
siderable amount of stainless steel in a pressur
ized water reactor system. A cost reduction 
could be obtained by employing less expensive 
materials. An experimental and development 

7 



8 ECONOMIC POTENTIAL AND DEVELOPMENT PROGRAM 

effort is required to determine the feasibility 
and compatibility of carbon steel or low alloy 
steel with the pressurized water reactor system. 
This would involve tests on corrosion rates, 
cleanup system requirements, analysis of radio
active isotope buildup, strength properties, etc., 
prior to use in a reactor system. This develop
ment would include the materials for the re
actor pressure vessel, piping and components. 

d. Component Development. There are sev
eral components employed in the pressurized 
water reactor system which offer the potential 
of cost reductions. These are as follows: 

(1) Primary coolant pumps. Canned motor 
pumps are expensive. A development pro
gram is needed to validate the performance of 
pumps utilizing mechanical shaft seals. This 
development program would involve seal de
velopment and performance tests to deter
mine leakage rates and performance data 
with pump life. 

(2) Control rod drive mechanisms. A de
velopment program should be initiated to 
explore the feasibility and performance of 
improved engagement magnetic jack systems 
for drive mechanisms. 

(3) Vapor containment. A lack of operat
ing experience has dictated an extremely 
conservative approach to reactor contain
ment. Two alternative approaches to cur
rent containment designs should be investi
gated. These are the so-called "burp" 
system where the initial release of steam and 
water from the primary system is permitted 
to escape to the atmosphere thus eliminating 
the problem of high initial pressure. As soon 
as the initial steam is vented, the container is 
sealed to prevent the escape of meltdown 
fission products. The concept may be feasi
ble because the initial release of pr inary 
fluid is expected to contain very little activity. 
A vapor container designed in accordance 
with this concept would be a thin walled 
steel shell designed for a nominal pressure of 
5 to 10 psig or a reinforced coacrete structure 
lined with sheet steel. 

Another approach to containment is that 
of vapor suppression. In event of a major 

accident the energy released in the form of 
steam will be absorbed by sprays or by con
ducting the vapor through large tanks of cold 
water where contact condensation occurs. 
In this case, too, the walls may be constructed 
of reinforced concrete lined with sheet steel, 
the vapor container becoming more analogous 
to a sealed building than a pressure vessel. 

(4) Pressurizer. Presently an expensive 
external electrically heated pressurizer is 
utilized to maintain stable water conditions. 
A program to evaluate and incorporate a 
steam dome in the reactor vessel rather than 
the present scheme should be initiated. 
e. High Performance Fuel. The economics 

of future pressurized water reactors can be 
improved by developing cheaper methods of 
fabrication and obtaining longer exposure of the 
fuel. The development necessary for achieving 
this goal is as follows: 

(1) Fabrication. Significant cost reduc
tions may be achieved by developing im
proved pelletization techniques that will 
eliminate the expensive grinding operation 
and permit longer pellets to be produced. 

Tapered dies have shown promise, in 
laboratory trials, for producing long pellets 
with no "hour-glassing." Good sintered 
density control will hold the dimension of the 
pellet and may eliminate grinding. An 
alternative means of eliminating grinding is 
to relax the tolerances on the gap between 
the pellet and the cladding. 

Alternative fabrication methods such as 
extrusion of UO2 in rod form and the swaging 
of complete fuel rods also show promise of 
cost reductions. Current swaging techniques 
produce reliable fuel rods although the 
cladding thickness is higher than desired from 
a neutron economy viewpoint. 

Further improvement in fuel cost will 
result from improved mechanical design to 
permit thinner cladding to minimize parasitic 
neutron absorption. In many current designs 
the clad thickness has been determined by 
a noncollapsing ("free-standing") specifica
tion, and a high estimate of fission gas release 
into the primary coolant. Both of these 
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requirements are presently incorporated be
cause of the unknowns involved in long 
duration, high burnup operation. Should 
collapsed clad be feasible, wall thickness as 
low as 0.012 inch may be used resulting in 
large reductions of parasitic material in 
the core. 

Further improvement in fuel cladding costs 
could come about through the development 
of inexpensive, low cross section cladding 
materials. Iron base-aluminum materials 
may be satisfactory below 1,500° F. 

(2) Burnup. Higher burnups result in 
reductions in fabrication costs and reprocess
ing costs. Current technology indicates that 
peak burnups of about 27,500 Mwd/metric 
ton of uranium are attainable in ceramic 
(UO2) fuels without excessive damage or 
fission gas release with an indication that 
50,000 to 60,000 Mwd/metric ton may be a 
feasible peak burnup. 

(3) Increased kw./ft. of fuel rod. Recent 
fuel irradiation experiments have indicated 
that fuel melting in the center of the rod 
may not be as serious a limitation as currently 
believed. Limited evidence shows that fuel 
pellets are self-coring at high power densities 
(due to melting or sublimation at the center) 
with no deleterious effects. An increase in 
power output from 14 kw./ft. of fuel rod to 
perhaps 20 kw./ft. increases power density 
and reduces the number of fuel rods required 
in the core. 

3. Plant Construction. The advancement of 
the pressurized water reactor technology can 
best be obtained by the construction and oper-
tion of reactors or facilities of various types to 
demonstrate the validity of potential power 
cost and plant performance. Experimental 
and prototype reactors would logically precede 
but not substitute for large nuclear plants. 
The estimated facilities and construction pro
jects required are as follows: 

a. Fuel Irradiation Realtor Experimental fa
cility. The purpose of this facility would be 
to test the integrity of fuel assemblies of pres
surized water reactor fuel assemblies (core 
section) under such conditions as partial sections 

with bulk boiling and to obtain performance 
data on physics, fuels, core, and components. 
Simulated power conditions would be as follows: 

(1) Thermal power of 40 MWT. 
(2) System pressure of 2,000 psia. 
(3) Multizoned core of 4 ' x 4 ' . 
(4) No electrical output. 

b. Bulk Boiling Prototype. The purpose of 
this prototype would be to evaluate the 
economic potential and operating character
istics of an advanced pressurized water reactor 
utilizing bulk boiling and other design improve
ments. The reactor should have the following 
characteristics: 

(1) Power of 50 MWe. 
(2) Pressure of 2,000 psia. 
(3) Bulk boiling with net generation of 

steam. 
(4) Steam dome in reactor as substitute 

for pressurizer. 
(5) Provisions for operating with chemical 

shims. 
(6) Provisions for average fuel exposures 

of 20,000 Mwd/m.t. 
(7) Improved control rod mechanisms. 
(8) Adequate in-core instrumentation for 

measuring core performance. 
(9) Improved vapor containment 

c. Large Optimized Power Plant. The pur
pose of this plant would be to obtain economic 
and operating data on a full size pressurized 
water reactor plant capable of generating power 
at the lowest cost. This plant would incorpo
rate the technology obtained from the experi
mental facility and the prototype plant utilizing 
bulk boiling and other design improvements. 
The plant would be rated at approximately 300 
MWe. 

d. Current Plants under Construction. In 
addition to the new construction projects, the 
following projects will provide useful informa
tion for the advancement of the pressurized 
water reactor technology: 

(1) The Yankee plant currently under con
struction. 

(2) Other commercial plants underway not 
supported by Government funds. These 
include the BIl-3 Belgian Reactor, the 
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Indian Point plant (Consolidated Edison), 
Italian Selni project, and the Saxton Nuclear 
Experimental Reactor currently under design 
by Westinghouse and General Public Utilities. 
4. Schedule for Pressurized Water Reactor 

Program. A schedule for the pressurized water 
reactor program is shown in Table 2. This 
schedule is based on a logical sequence of devel
opment and parallels as many phases as con
sidered feasible. 

TABLE 2.—SCHEDULE FOR PRESSURIZED 
WATER REACTOR PROGRAM 

Research and development: Initiate Complete 
Bulk boiling experiment 7/60 12/61 
Reactivity control 7/60 9/62 
Materials 7/60 6/62 
Primary coolant pump shaft 

seals 7/60 2/62 
Control rod drive mechanism. _ 7/61 10/62 
Vapor containment 7/60 12/62 
Pressurizer 1/61 1/62 
Fuel development 1/60 11/65 

Plant construction: 
Experimental fuel test facility, 4/60 12/62 
Bulk boiling prototype 5/61 11/63 
Large plant (300 MWe) 10/62 4/66 

5. Potential of Pressurized Water Reactor. 
The potential is based on the successfid realiza
tion of the development program. The base 
cost of a pressurized water reactor representing 
current status for a 300 MWe plant is as follows: 

MilUlkwh 

Fixed charge 5. 05 
Fuel cycle cost: 

Fabrication 1.25 
Shipping 0. 18 
Depletion 1. 81 
Reprocessing 0. 42 
Plutonium credit — 0. 96 
Lease charge 0. 49 
Use of fabrication capital 0. 19 

3.38 
Operation and maintenance 0. 59 
Insurance 0. 26 

Total power cost 9. 28 

The estimated potential reduction in power 
generation costs for the pressurized water re
actor is based on the following factors: 

a. Reactor Coolant Pumps. The cost of re
actor coolant pumps represent approximately 
7 percent of the capital cost of the plant. This 
is equivalent to 0.33 mills/kwh of fixed charges. 
The successful development of equivalent 
pumps employing shaft seals rather than the 
canned motor type would result in a reduction 
of 0.11 mills/kwh. This represents a reduction 
in cost of about 30 percent for the pumps. 

b. Pressurizer. Elimination of the pressur
izer would result in a savings in capital cost of 
approximately 1 percent or 0.05 mills/kwh. 
However, modifications would have to be made 
to the reactor vessel, to accommodate primary 
system surges, by the inclusion of a steam 
dome or other means. This added complexity 
in the vessel is estimated to reduce the gross 
savings by 0.02 mills/kwh. Therefore, the net 
savings in eUminating the pressurizer is about 
0.03 mills/kwh. 

c. Vapor Containment. The realization of 
the development program for reducing the 
requirements of vapor containment either by 
the "burp" method or by vapor suppression 
would result in a reduction of approximately 
25 percent of the construction cost of contain
ment or 0.09 mills/kwh. This is due to the re
duction in materials, structure, and labor of 
construction. 

d. Hot Channel Factors (chemical control 
and bulk boiling). The nuclear and engineering 
hot channel factors used in designing a core 
have a pronounced effect on reactor economics. 
The average primarj^ coolant temperature, plant 
efficiency, and core power density are largely 
controDed by these factors since by definition 
they express the ratio of maximum to average 
conditions. The lower the overall hot channel 
factor the better the performance of a given 
reactor, since the average conditions more 
closely approach the maximum of the core. 

There are several methods of reducing hot 
channel factors. The reactor control system 
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which holds the maximum potential for reducing 
hot channel factors and costs is probably 
chemical control in the form of soluble poisons 
in the primary coolant. The injection or re
moval of soluble poison causes no local flux 
perturbations and no large distortion of the 
axial flux distribution. With development, 
soluble poisons are expected to be serviceable 
for "lifetime" reactivity control. Chemical 
compatibility with primary system materials 
and corrosion inhibitor is mandatory and re
covery and concentrating systems for valuable 
chemicals (boron-10) must also be developed. 

Reductions in the mechanical factors that 
contribute to temperature rise hot channel 
factor. FAT, can be achieved by improved anal
ysis of flow distribution in open lattice channels. 

Present pressurized water reactor designs per
mit only nucleate boiling in the core. The bulk 
primary coolant temperature is normally main
tained below saturation. With this require
ment the outlet temperature of the reactor is 
limited by the FAT hot channel factor which is 
a function of the radial flux distribution and 
the local peaking factor. By the simple ex
pedient of permitting bulk boiling (net genera
tion of steam) in the core, the hot channel fac
tor is appreciably reduced. 

If bulk boiling in the core of a pressurized 
water reactor can be realized it will increase 
the temperature rise across the reactor. The 
effects of an increased AT will allow reduction 
in pumping power (less #/hr. to pump) and 
permit the use of slightly smaller primary sys
tem components (due to the less #/hr. flow). 
This net reduction is estimated to be 0.37 
mills/kwh. 

e. Control Rod Drive Mechanism. Mechan
ical improvements in the engagement system 
of the control rod mechanisms will permit a 
20 percent reduction of cost of these items. 
This corresponds to a savings of 0.05 mills/kwh. 

f. Fuel Cycle Cost Reductions. The basic re
ductions in fuel cycle cost wUl occur through 
lowering the fabrication cost and increasing the 
fuel exposure. 

I t is estimated that the fuel exposure for 

UO2 can be increased from 27,500 .Mwd/m.t. 
maximum to 40,000 ,Mwd/m.t. maximum by 
1966. Increasing the exposure affects the fab
rication cost and reprocessing cost whereas 
depletion cost is approximately constant. The 
net savings are estimated to be 0.52 mills/kwh. 
by 1966. This estimate does not include the 
additional complications and cost for the ex
cess reactivity control that will be required for 
the longer exposure. Projections of fabrica
tion cost through 1966 indicate a potential of 
reducing fabrication cost of stainless steel clad 
rod from $110/kg of U to $70/kg of U. This 
will result in a fuel cycle cost reduction of 
0.31 mills/kwh by 1966. 

g. Nuclear Superheat. The cost of electric 
power from a pressurized water reactor can be 
reduced by redesign of the system to permit 
nuclear superheating. This may be accom
plished by incorporating pressure tubes or 
process tubes to separate the moderator from 
the steam coolant, or a separate steam cooled 
reactor being supplied with saturated steam 
from the primary steam generators. Super
heating should result in a saving in capital cost 
because of higher steam conditions and a reduc
tion in fuel cost due to the increased thermal 
efficiency. The potential gains due to superheat 
are not shown in this section because the 
reactor incorporating such an evolutionary 
development would no longer be classified as a 
pressurized water reactor. The reduction in 
power cost would be slightly less but in the same 
order of magnitude as that shown under the 
potential for the boiling water reactor. 

h. Total Potential Reductions in Power Cost. 
The projected cost of a 300-MWe pressurized 
water reactor plant utilizing the foreseeable 
advancements in technology placed in opera
tion in 1966 would be as follows: 

JAilhlkwh. 

Fixed charges 4. 40 
Fuel cycle cost 2. 56 
Operation and maintenance cost 0. 59 
Insurance cost 0. 25 

Total 1 7. 80 
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[Thousands of dollars] 
to 

R E S E A R C H AND D E I E L O P M E N T 

Present Peactors, Operating and Test

ing 
Shlppingpor t—Priva te 

—Governmen t ._ 
Yankee—Pr iva te 

—Governmen t 
Program 

Bulk boiling experi-nents 
Reac t iv i ty control . 
Mater ia ls 
P r i m a r y coolant p u m p shaft 

seals 
Cont ro l r o d dr ive mechan i sm . 
Vapor con ta inment 
Pressurizer 
Fue l d e v e l o p m e n t . . . . 
Exper imenta l fuel t es t facility, 

operat ion a n d tes t ing 
Bulk boiling p ro to type opera

t ion and test ing 

Subtotal—research a n d de
ve lopment 

CONSTRUCTION 

Shlppingpor t—Priva te . 
—Governmen t 

Yankee—Pr iva te 
Exper imenta l fuel tes t facility 
Bulk boiling p ro to type (60 M W e ) 

(a) . 
(b) 

Large p l an t (300 M W e ) 
(a) . . 
(b) . 

Miscellaneous 

Subtotal—construct ion . . 

To ta l . . 

C u m u l a t i v e 
t h r o u g h 

fiscal year 
1959 

600 
81,916 

215 
4,629 

... 

. 

-

87,260 

17,500 
60,000 
16,956 

. 

. 
. . 
621 

85,077 

172,337 

1960 

20,000 
76 

225 

. . 
.. 

. 
1,000 

. 

-

21,300 

300 
32,000 

500 

. . 
. 

79 

32,879 

54,179 

1961 

20,000 
600 
146 

200 
1,000 

500 

1,000 

150 
150 

2,000 

-

26,646 

.. 
4,700 
5,000 
2,000 

116 
85 

. .. 

11,900 

37,546 

1962 

-
10,000 

.. 
100 

1,250 
400 

600 
400 
100 
160 

2,000 

.. 

- -

15,000 

. 

. 
2,000 

3,100 
2,300 

.. . 
. .. 

-
7,400 

22,400 

1963 

12,000 

. .. 
.. 

.. 
250 

.. 

. . 
100 
50 

1,000 

1,000 

14,400 

.. 

.. . 
600 

8,050 
5,950 

2,490 
700 

-
17,690 

32,090 

1964 

10,000 

1,000 

1,000 

1,000 

13,000 

._ . 
. . .. 

230 
170 

13,600 
3,800 

17,700 

30,700 

1965 

12,000 

_. 

. 
.. 

.. 

. 

. 

. 
1,000 

1,000 

1,000 

15,000 

. 
. . . 

. 

29,900 
8,400 

38,300 

63,300 

1966 

10,000 

. 
.. 

._ . 

.. 

. 
. 

.. 
. 

750 

1,000 

1,000 

12,750 

.. 
... 

.. 
3,990 
1,120 

6,110 

17,860 

1967 

7,000 

, 

.. 
. 

. 

_ 

1,000 

1,000 

9,000 

. _ 

_ - -
- -

_ 

9,000 

1968 

10,000 

--
_ 

. 

. 

_ _ 
. 

1,000 

500 

11,500 

.. 
.. 

. 

. 
. . . . 

. 

... 

. ... 

11,600 

1969 

. 
7,000 

. 

.. 
. . 

. 
. 

. 

7,000 

. . . . 
. . 

.. . 
. . 

. 
. 

7,000 

1970 

7,000 

.. 

. 

. 

-

7,000 

. 
. . 

. . 

. 

7,000 

T o t a l 
1960 

th rough 
1970 

125,000 
675 
371 

300 
2,500 

900 

1,600 
500 
300 
300 

8,750 

6,000 

4,600 

151, 696 

5,000 
37,000 

5,000 

11,496 
8,605 

49,880 
14,020 

79 

130,979 

282, 676 

To ta l 
th rough 

fiscal year 
1970 

500 
206,916 

790 
5,000 

300 
2,500 

900 

1,600 
600 
300 
300 

8,760 

6,000 

4,600 

238,866 

17,600 
55,000 
53,966 

6,000 

11, 495 
8,505 

49,880 
14,020 

700 

216,056 

454,912 

Total Investment thru 1969 
Investment 1960 thru 1970 
Construction credit for equivalent coal plants. 
Net investment 1960 thru 1970 
Costs are in millions and based on 1959 dollars, no escalation 

. . $172 

61 
222 

(a)—Construction cost based on capital cost of a 1969 fossil fuel plant (b)—Additional cost of nuclear plant over that required for a fossil fuel plant 
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6. Program Costs. The total estimated ad
ditional investment in the program to achieve 
the potential of the pressurized water reactor 
is approximately $153 million.* This addi-

•Exdudes Shlppingport operation, testing, and future construction 
estimated at $130,000,000. 

tional investment may not necessarily represent 
costs to the Government since the prototypes 
and the large plants are usually built under some 
cost sharing principle and the cost to the 
Government can be reduced. Table 3 details 
the total investment costs by years and by 
activity. 

542500 O—60 2 



B. POTENTIAL AND PROGRAM OF BOILING WATER REACTORS 

Summary 

The technical feasibility of the boiling water 
reactor plant has been successfully demon
strated and a number of such power plants are 
currently under construction. The advanced 
stage of development of the boiling water 
reactor is due in part to its ability to utilize 
the extensive experience and technology ob
tained through the pressurized water reactor 
program and also the Boiling Reactor Experi
ments (BORAX) and Experimental Boiling 
Water Reactor (EBWR) experiments. 

A comparison of the power cost associated 
with the current status and the estimated 
potential power cost of the boiling water reactor 
is shown below. 

Fixed charges. -
Fuel cycle costs - -
Operation and mainte

nance 
Insurance 

Total power cost--

Current 
status 

Milslkwh 
5.26 
3.47 

0.61 
0.27 

9. 61 

Potential 

Without 
superheat 

4.31 
2.29 

0.61 
0.24 

7.45 

With 
superheat 

3.91 
1.96 

0. 61 
0 23 

6.71 

In order to accomplish the potential improve
ments, a program of research, development, and 
construction must be undertaken that would 
require an additional investment of approxi
mately $198 million through 1970. 

The program requu'ed, the potential that may 
be achieved and the cost for developing the 
boiling water reactor technology are as follows: 

1. Evaluation Studies. Several reactor vari
ations require considerable technical study, 
analysis and possible development prior to 
establishing the parameters for a target plant 

that would exploit the full potential of the 
boiling water reactor. The following studies 
should be performed to determine the relative 
merits of these variations. 

a. Cycle Analyses. In addition to the basic 
boiling reactor systems using completely direct 
or indirect cycles, analyses should be made of 
the many combinations of these pure cycles 
(dual cycles) as well as other system variations 
such as the use of forced plus natural circulation 
systems. Even after a basic type has been 
chosen for a boiling water power plant, the 
effects of many variables such as pressure, flow 
rate, subcooling, use of returning condensate, 
etc., must be optimized from the standpoint of 
the effect on economics, control, stability, 
reliability, etc. 

b. Natural vs. Forced Circulation. The basic 
purpose of this study is to: 

(1) Determine the relative economics of 
the natural circulation reactor compared with 
a forced circulation reactor. This should be 
done over the size range in which a natural 
circulation reactor is practical. 

(2) Compare the cost of multiple natural 
circulation reactors in the same plant with a 
single large forced circulation reactor. 
For these studies to be meaningful it would 

involve detailed designs, plant layouts, etc., at 
several points over the size curve. The analyses 
would also include the relative effects on power 
density, heat transfer, plant efficiency, coolant 
velocity, and other factors. 

c. External vs. Internal Steam Separation. 
The basic purpose of this study is to determine 
the relative economics of separating the steam 
inside the reactor as opposed to separation in a 
steam drum external to the reactor or some 
combination thereof. This would involve the 
determination of interface surface areas re
quired inside the vessel, the maximum leaving 
velocity of the steam from the interface, the 

14 
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carryover and carryunder circulation problems, 
surging, foaming, etc., for the natural gravita
tion separation. Experience with mechanical 
steam-water separation devices should be ana
lyzed. Power plants having outputs ranging 
from 25-300 MWe should be studied. Sufficient 
layouts should be made to accurately determine 
the cost and sufficient engineering performed 
to evaluate the relative effects on core 
performance. 

d. Burnout Heat Flux. A thorough analysis 
of existing United States and foreign heat trans
fer data should be made in an attempt to im
prove the very unsatisfactory correlations ctf 
factors affecting burnout heat flux in boiling 
systems. The additional information needed 
and the types of experiments required to give 
this information should be delineated as a 
guide to future research and development. 

Accurate knowledge of factors affecting burn
out heat flux will become more and more im
portant as pressures and power densities of 
boiling reactors are increased. 

e. Stability. The small scale and sporadic 
efforts by individuals or small groups to analyze 
the factors affecting boiling reactor stability 
should be supplemented by a coordinated 
program of substantial size which analyzes all 
available data on the subject. A byproduct 
result of this study would be an indication of 
further experimental work needed to check 
existing uncertainties. 

/ . Evaluation and Synthesis. A means should 
be established for obtaining a continuous flow of 
experimental data from the various programs, 
continually analyzing design parameters toward 
reductions in plant cost. 

2. Development Programs. There are sev
eral key areas of uncertainty that should be 
experimentally explored in order to provide 
reliable data for prototype and plant construc
tion. These are: 

a. Nuclear Superheat. This development 
would be aimed directly toward the solution 
of those problem areas readily apparent in 
superheat reactors for large central station 
plants. I t would include investigation of ma
terials, properties, activity carryover in a high 

temperature steam environment, mechanical 
arrangement of the core and reactor internals, 
fuel configurations and performance, steam 
separation, shutdown cooling, etc. This work 
will provide engineering design data for nuclear 
superheat concepts. 

b. An In-core Instrumentation Development 
Program. The objective of this program is to 
satisfy the specific needs for in-core measure
ments, such as the development of reliable 
instruments for measuring voids, temperatures, 
pressures, heat fluxes, water level, etc. Strong 
emphasis should be given to developing means 
for detecting and locating faulty fuel elements. 
This program should include adequate instru
mentation in the cores of power demonstration 
reactors currently under construction and 
provisions for performing test runs on the 
reactors immediately after they are in service. 

c. Reactivity Control Program. One of the 
most serious limitations in long fuel life boiling 
water reactors is that of obtaining sufficient 
reactivity and of controlling this reactivity 
without sacrificing neutron economy, power 
flattening, etc. Current control rods do not 
have the required worth for large excess re
activity reactors. Methods of increasing both 
the combined strength and the refinement of 
the control are required. This should include 
the study and development of such schemes as 
neutron rectifiers, movable fuel sections, vari
able moderator level, burnable poisons, liquid 
poisons, variable moderator mixture, variable 
core section enrichment and others. Solution 
to this problem will enable large amounts of 
excess reactivity to be available for fuel burnup. 

d. Low Suction Head Pump. A basic prob
lem is the design of the boiling water reactors 
is that of obtaining sufficient head for the re
circulation pumps. Current requirements on 
the pump necessitate risers and downcomers in 
excess of 30 feet above the pumps. This means 
extra piping, supports, foundations, contain
ment building volume and other station space 
requirements. A pump capable of reliable opera
tion with 10 feet or less of suction head would 
have a significant effect on the overall plant 
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design and construction. Designs of such a 
pump with mechanical seals should be made and 
the pump developed. 

e. High Power Density. To prevent fuel in 
the hottest part of a reactor from exceeding 
temperature limits, the average specific power 
of fuel in the core is very low relative to the 
maximum potential of the fuel. By reducing 
the maximum to average ratio the power out
put of the entire reactor can be increased pro
portionately. Another way to increase the 
power density of the core is to develop a fuel 
element which can operate at a higher specific 
power. Still another way is to space the fuel 
elements closer together in the core. 

Programs for improved power flattening and 
fuel element development, as avenues leading 
to higher power density, are as follows: 

(1) Improved power flattening. Experimen
tal programs should be set up to determine 
the best types and arrangements of control 
elements from the standpoint of reducing the 
maximum/average ratio in the cores of ex
isting water reactors and reactors which are 
built under Commission auspices in the 
future. Zoned enrichments should also be 
checked thoroughly in reactors. Other meth
ods of power flattening such as steam void 
control, burnable poisons, temporary poison 
shims, etc., should be tested. 

(2) Improved fuel elements. In principle 
the most straightforward way to increase 
specific power and power density in reactors 
using rod-type fuel elements is to make the 
rods smaller and place the individual ele
ments closer together. This tends to increase 
the fabrication cost. The problem then is to 
devise fuel assembly designs and perfect 
manufacturing techniques so that the fabri
cation cost penalty associated with sub
division is minimized. Different types of 
fuel elements such as annular elements, 
cooled both inside and outside, should also 
be investigated. 
/ . Fuel Development. The following specific 

developments are essential to realization of 
the maximum potential of boiling and/or boiling 
superheating reactors. 

(1) A high temperature fuel element. This 
element should be capable of operating at 
1,200° F or 10,000 Mwd/t. The geometry 
should be suitable for nuclear superheated 
steam. Different cladding materials, struc
tural materials, basic geometries, and support 
methods are required in fuel elements for 
nuclear superheating. 

(2) Better understanding of the design limits 
of current oxide fuels. This would include 
the following: 

(a) Effects of fuel density on thermal 
conductivity. 

(b) Effects of fuel density on fission gas 
release. 

(c) Effects of centerline melting in fuel. 
(d) The amount of mechanical support 

the fuel provides the cladding. 
(e) Resistance (thermal) across gap be

tween fuel and cladding. 
(f) Performance of unswaged UO2 fuel 

elements. 
(3) A high heat flux fuel element. This 

element should be capable of heat flux up to 
800,000 to 1,000,000 BTU/hr-ft^ and power 
densities of 20 to 30 kw/kg of U. 

(4) Corrosion data on UO2 and fuel cladding. 
This should include corrosion rates as affected 
by temperature, velocity and water chem
istry. 
g. Vapor Containment. Current methods of 

designing vapor containment are based on con
taining the entire stored energy of the coolant 
within the vessel. This places a severe restric
tion on plant design and results in high cost. 
Design studies and experiments should be 
carried out to determine the feasibility of using 
vapor suppression (surround the reactor with a 
water tank) or other means to reduce the 
pressure for which containment buildings must 
be designed. Simplified seals for containment 
building penetrations would also be worthwhile. 

h. Steam-water Separation Experiments. Con
clusions reached in the evaluation study on 
steam separation (item Ic) should be checked 
by experiment. Inasmuch as steam-water sep
aration is more an art than a science, tests of 
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full scale separator modules are likely to be 
required. 

i. Physics. A parametric analysis of core 
physics for nuclear superheat reactors should 
be made. This analysis should show enrich
ment required versus nuclear parameters of 
high temperature cladding and structural mate
rials, effects of superheat on conversion ratio, 
heat output and relative burnup of superheat 
fuel versus boiling fuel over the corelife, effects 
on control requirements, moderator fuel ratio, 
fuel arrangements, safety upon voiding and 
flooding, etc. In general, parametric curves 
are required of all physics parameters necessary 
to evaluate nuclear superheat over a broad range 
of temperature volume fractions and other core 
design parameters. 

j . Heat Transfer and Core Design. 
(1) Burnout heat flux data. In view of the 

current confused picture regarding the fac
tors affecting burnout heat flux under boiling 
conditions, more data are needed from ex
periments which simulate reactor conditions. 
The effects of steam quality, water velocity, 
pressure, and fuel element geometry should 
be checked thoroughly. 

(2) Centerline melting of UO2 fuel. More 
experiments should be done on actual fuel 
elements to determine the maximum heat 
output before centerline melting of the UO2 
occurs. These experiments will extend the 
data on whether melting of a small amount of 
the central portion of the UO2 is actually det
rimental. Permissible power output should 
be investigated as a function of integrated 
exposure. 

(3) Properties of two-phase mixtures. In
formation is needed on carryover, carry-
under, pressure drop, relative velocity, arid 
stability of flowing two-phase mixtures. 
Effects of orifices and chimneys on flow 
and stability should be experimentally 
checked. 
k. Water Chemistry. 

(1) Determine the cause of "crud" forma
tion on fuel element heat transfer surfaces 
of boiling reactors and its effect on heat 

transfer. Ways of reducing or eliminating 
this crud formation should be explored. 

(2) Efforts should be made to develop 
systems for removal of impurities from 
water at high temperature. This would 
result in a significant cost saving relative 
to present low temperature ion exchange 
systems. 

3. Plant Construction. The advancement of 
boiling water reactor technology can best be 
obtained by the construction and operation of 
reactors of various types, both large and small. 
In small or medium sizes, these reactors could 
supply technical or technological information 
which can be extrapolated for designing large 
reactors. Cost estimates for large reactors 
can be based on the performance of prototypes. 
Before the minimum cost of nuclear power 
can be assessed with confidence, however, it 
will be necessary to actually buUd and operate 
very large boiling and/or boiling superheating 
plants. Experimental and prototype reactors 
would logically precede, but not substitute 
for, the large reactors which are ultimately 
needed. The following projects are required. 

a. Zero Power Critical Facility. The purpose 
of this facility is to make detailed physics 
parameter measurements applicable to boiling 
water reactors with and without superheat. 
Effects of water-to-fuel ratio, fuel geometry, 
voids, channel peaking, absorber rods, burnable 
poisons, clad materials, etc., on power dis
tributions, and reactivity should be studied 
in great detail. Conditions prevailing under 
actual operating conditions should be simu
lated to the maximum practical extent. 

The reactor type required is a zero power 
critical facility using light water as the modera
tor and containing considerable flexibility to 
allow geometry changes and detailed measure
ments on both boiling and integral boiling 
superheating cores. 

6. Fuel Irradiation Reactor and Experimental 
Facility. The purpose of this facility is to test 
fuel elements for advanced boiling water 
reactor. 
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A boiling water reactor using a direct cycle 
and forced plus natural circulation cooling is 
required. Electrical power generation is not 
required for this facility, but could be added, if 
desired. To obtain simulated power ractor 
conditions and test typical power reactor 
elements designed for high power density 
operation, the following reactor parameters 
are suggested: 

Power, thermal 40 Mw. 
Pressure, minimum 1,250 psig. 
Temperature, minimum 572° F. 
Two zone core size 4' x 4'. 

Inner core Forced circulation at 
specific power of 40 
Mw/tU. 

Outer core Natural circulation. 

c. Prototype High Power Density Boiling 
Water Reactor. The purpose of this prototype 
is to study the economic potentialities and 
obtain operational experience on a reactor 
powerplant using a high power density, high 
pressure, direct cycle, forced circulation reactor 
operating with high exit core voids. Provisions 
should be made for extensive investigation of 
operating characteristics with special instru
ments for measuring voids, pressure transients, 
flow transients, flux distributions, temperatures, 
etc. 

A boiling water, direct cycle, forced circula
tion system having the following parameters is 
suggested for this reactor: 

Power, electrical 50 Mwe. 
Pressure 1,300 to 1,500 psia. 
Temperature 577 to 593° F. 
Power density, minimum._. 50 kw/1. average for entire 

core. 

d. Pilot Plant Boiling Water Reactor with 
Integral Superheat. The purpose of this plant 
is to study the economic potential and opera
tional characteristics of a direct cycle boiling 
water reactor with integral nuclear superheat. 
I t can serve as a superheater fuel element test 
facility, since fuel elements can be oper
ated experimentally at considerably higher 
temperatures. 

This reactor would operate at a thermal 
power of about 50-100 MWt and supply super-

DBVELOPMENT PROGRAM 

heated steam to a turbine at about 850 psig 
and 900° F. 

e. Large Boiling Water Reactor Power Plant. 
The purpose of this plant is to obtain economic 
and operating data on a full size plant, capable 
of generating power at the lowest predicted 
cost. This plant will make use of all informa
tion obtained from the previous research and 
development and reactor programs. I t would 
be either a high performance saturated boiling 
water reactor or a nuclear superheat plant de
pending upon the information generated from 
the two prototypes. 

Since a first generation plant of a given type 
and size cannot be expected to be optimized in 
all respects, further gains can be expected from 
construction of second generation plants after 
operating results have been analyzed from the 
first generation plant. 

The following general parameters are con
sidered reasonable goals for a boiler superheater 
reactor plant. 

Electric output 320 Mwe or higher. 
Pressure 1,200 psi or higher. 
Temperature 1,050° F. 
Gross cycle efficiency 38%. 

/ . Current Plants Under Construction. In 
addition to the new construction programs, the 
following areas should be continued. 

(1) BORAX V. This faciUty will be de
signed to investigate nuclear superheat. 
Construction and operation of this plant 
should be expedited so that information can 
be integrated into the design of futirre boil
ing water reactor plants. 

(2) EBWR. The modifications of the 
original EBWR, including the core and in
creased thermal capacity, will check the 
feasibility demonstration of high power 
density performance (about 58 kw/1. of core) 
in a metallic fueled core cooled by natural 
circulation. The major fuel material for 
boiling water reactors is UO2 with entirely 
different operating characteristics. Immedi
ately after this planned experiment, the 
modified EBWR should be used as a flexible 
test facility for water reactors. A complete 
experimental program should be planned for 
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this reactor to investigate fuel and materials 
for advanced concepts, water chemistry, 
transient behaviors and other fundamental 
developments for water reactors. 

(3) The Northern States and Elk River 
plants will provide valuable operating ex
perience and also provide information on the 
design problems associated with nuclear 
superheat and fossil superheat (indirect 
cycle), respectively. 
(4) In addition to the AEC-supported plants, 

industry has underway a series of plants which 
would also provide valuable data on boiling 
water reactors. These are the Dresden Nuclear 
Power Station, the Humboldt Bay Power Plant 
(PG&E), the SENN plant, and the RWE plant. 

4. Schedule for Boiling Water Reactor Pro
gram. A schedule for the boiling water reactor 
program is shown in Table 4. This schedule is 
based on a logical sequence of development and 

TABLE 4.—BOILING WATER REACTOR PRO
GRAM SCHEDULE 

Evaluation studies: Mttau Complete 
Natural vs. forced circula

tion 7/60 3/61 
External vs. internal steam 

separation 7/60 3/61 
Direct vs. indirect cycle-- 7/60 3/61 

Research and development: 
Nuclear superheat 9/59 12/61 
Fuel development 9/59 12/61 
In-core instrumentation.-- 1/60 9/61 
Reactivity control 1/60 7/62 
Low suction head pumps-- 1/60 12/61 
Vapor containment 1/60 4/62 
Steam water separation ex

periment 3/61 9/61 
Physics 1/60 1/61 
Heat transfer and core de

sign 1/60 1/61 
Water chemistry 1/60 1/62 

Construction: 
BORAX-V Underway 10/60 
EBWR modification Underway 7/60 
RCPA Underway 2/61 
Critical facility 7/60 1/61 
Experimental fuel test fa

cility 7/60 12/62 
High power density proto

type 7/60 1/63 
Superheat pilot plant 7/60 1/63 
Large plant 1/64 6/67 

parallels as many phases as are considered 
feasible. 

5. Potential of Boiling Water Reactors. The 
estimated potential of the boiling water reactor 
is based on the successful realization of the 
boiling water reactor development projects de
scribed in the program. The cost reductions 
are figured from the "current status" of a 300 
Mwe dual cycle reactor. These are: 

MiOslkwh 

Fixed charges 5. 26 
Fuel cycle cost: 

Fabrication 1.71 
Shipping 0.19 
Depletion 1. 54 
Reprocessing 0. 40 
Plutonium credit —0.73 
Lease charge 0. 15 
Use of fabrication capital 0. 21 

3.47 
Operation and maintenance 0. 61 
Insurance 0. 27 

Total power cost 9. 61 

The expected reductions in power cost are as 
follows: 

a. Simplification of Current Status Design. 
The large risers and heat exchangers used in 
the dual cycle boiling water reactor are not re
quired in a direct cycle reactor and their elimi
nation results in a net saving of 0.53 mills/kwh. 
This saving is mainly due to the decrease in 
containment vessel size and elimination of pip
ing and heat exchangers. The slight improve
ment in cycle efficiency and resultant decrease 
in reactor size were not evaluated. 

6. High Power Density. The successful in
crease in the power density of the boiling water 
reactors from 28 to 50 kw/1. of core would 
result in a net savings of 0.63 mills/kwh. This 
is obtained because of a capital savings of 0.30 
mills/kwh and a fuel cycle saving of 0.33 
mills/kwh tor the increased average burnup 
from 11,000 to 13,000 Mwd/m.t. which is 
a result of the power flattening used to obtain 
the higher power density. 

c. Vapor Containment. The realization of the 
development program for reducing the require
ments of vapor containment either bv the 
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"burp" method or by vapor suppression would 
result in a reduction of approximately 25 per
cent of the construction cost of containment or 
0.09 mills/kwh. This is due to the reduction in 
materials, structure and labor of construction. 

d. Fuel Cycle Cost. The major reductions in 
fuel cycle cost will occur through a lower fabri
cation cost and increased exposure of the fuel. 
The estimated fuel exposure from UO2 is 40,000 
Mwd/m.t. maximum by 1968. The increased 
exposure affects only fabrication and reproc
essing costs. Depletion costs remain approxi
mately the same. The average burnup for the 
boiling water reactor would be 19,000 Mwd/m.t. 
The reductions in fuel cycle cost going from 
13,000 to 19,000 Mwd/m.t. would be 0.53 mills/ 
kwh. It is estimated that fabrication cost 
wiU be reduced from $140/kg. of U to $90/kg. of 
U by 1968. This results in a reduction of 0.35 
mills/kwh. 

e. Nuclear Superheat. The cost of electricity 
from a 306 MWe plant utilizing steam at 1,500 
psi and 1,000° F from an integral boiler, nuclear 
superheater reactor is estimated to be about 0.73 
mills/kwh less than the equivalent saturated 
steam boiling reactor plant. This gain is 
achieved because of an estimated 0.43 mills/kwh 
reduction in capital cost as well as an ap
proximate 0.3 miUs/kwh reduction in fuel 
costs. The gain is due primarily to the higher 
plant efficiency and the effects of a superheated 
turbine on plant cost. 

f. Total Potential Power Cost Reductions. The 
net reductions in cost that may be expected in 
the boiling water reactor based on realization of 
the development program are as follows: 

(1) Capital Cost. The current status capi
tal cost is 5.26 mills/kwh. The net reduc
tions by ] 968 without nuclear superheat are: 

Millslkwh 
Simplification of design 0. 53 
High power density 0. 30 
Containment 0. 09 

Total 0. 92 

(2) Fuel Cycle Cost. The current fuel cycle 
cost is 3.47 mills/kwh. The net reductions 
without nuclear superheat by 1968 are: 

Millslkwh 
Increased fuel exposure 0. 53 
Fabrication cost reductions 0. 35 
Power flattening 0. 33 

Total -*- 1. 21 

I t is unlikely that reductions will occur in 
operation and maintenance cost or in in
surance cost by 1968. 

(3) Power Cost of Boiling Water Reactor. 
The estimated potential of a boiling water 
reactor without superheat on which con
struction would be completed in 1967 is as 
follows: 

Millslkwh 
Fixed charges 4. 34 
Fuel cycle cost 2. 26 
Operation and maintenance 0. 61 
Insurance 0. 24 

Total power cost 7. 45 

The addition of nuclear superheat to the 
boiling water reactor is expected to reduce 
the power cost as follows: 

Millslkwh 
Fixed charges 3. 91 
Fuel cycle cost 1. 96 
Operation and maintenance 0. 61 
Insurance 0. 23 

Total 6. 71 

The power cost indicated would be obtainable 
only after equilibrium was reached on the fuel 
cycle. This would require approximately 3 to 
4 years after full power operation was obtained. 

6. Program Cost. The estimated additional 
investment required to realize the full potential 
of the boiling water reactor is $195 million. 
Details are shown in Table 5. This cost is 
based on rough estimates and on 1959 dollars. 
Construction cost of prototypes and large 
plants are total estimated costs. If these 
plants were constructed under some cost-
sharing principle the cost to the Government 
would be less than $125 million. 



TABLE 5.—BOILING WATER REACTOR—DEVELOPMENT PROGRAM ESTIMATED INVESTMENT, FISCAL YEAR 1960-70 

[Thousands of dollars] 

R E S E A R C H A N D D E V E L O P M E N T 

Present Reactors : 
B O R A X , E B W R — - -
R C P A 

Eva lua t ion Studies : 

Ex te rna l vs . in te rna l s team 

Program: 

S team wate r separat ion experi-

Critical facility, operat ion a n d 

Exper imenta l fuel test facility, 

Superheat pilot p l an t , operat ion 

High power dens i ty p ro to type , 

Subtotal—Besearch a n d devel
opmen t _ 

C u m u l a t i v e 
t h r o u g h 

fiscal year 
1959 

25,965 
71 

1,101 
2,019 

29,156 

1960 

1,000 
lOO 

1,000 
2,500 

750 
1,000 

400 
250 

75 
50 

60 
60 

160 
60 

7,425 

1961 

1,000 
100 

1,000 
2,500 

300 

400 
500 

1,600 
2,000 
1,000 

800 
160 
175 

50 
50 

150 
60 

11,725 

1962 

1,000 
400 

2,000 
981 

250 
2,000 

460 
300 
125 
125 

1,000 

8,631 

1963 

1,000 
400 

100 

2,000 

1,000 

1,000 

1,000 

1,000 

7,600 

1964 

1,000 
400 

100 

1,000 

1,000 

1,000 

1,000 

1,000 

6,600 

1965 

1,000 
400 

100 

1,000 

500 

1,000 

1,000 

1,000 

6,000 

1966 

1,000 
305 

100 

1,000 

1,000 

1,000 

4,405 

1967 

1,000 

100 

1,000 

1,000 

1,000 

4,100 

1968 

1,000 

1,000 

1969 

1,000 

1,000 

1970 

1,000 

1,000 

Total 
1960 

th rough 
1970 

11,000 
2,105 
4,000 
6,481 

300 

400 
500 

2,500 
9,000 
1,860 
1,360 

360 
360 

100 
100 
300 
100 

3,600 

6,000 

5,000 

5,000 

59,286 

T o t a l 
th rough 

fiscal year 
1970 

36,966 
2,176 
5,101 
8,500 

300 

400 
500 

2,500 
9,000 
1,860 
1,350 

350 
350 

100 
100 
300 
100 

3,600 

5 000 

5,000 

6,000 

88,442 

o 

H 
W 

W 
H 

O 
w 
on 



TABLE 5.—BOILING WATER REACTOR—DEVELOPMENT PROGRAM ESTIMATED INVESTMENT, FISCAL YEAR 1960-70— 
Continued 

to 
to 

[Thousands of dollars] 

C0^STKTJCT10N 

B O R A X , E B W R a n d modifications 
R C P A — P r i v a t e 

Gove rnmen t . 
N o r t h e r n Sta tes—Private . . 
Cri t ical faci l i ty . . . . 
Exper imenta l fuel test facility 
Superheat pilot p l an t ( 1 6 M W E ) 

(a) . . . . 

(b) 
H igh Power Dens i ty P r o t o t y p e (60 

M W E ) 
(a) . . . . . . 
(b) 

Large p lan t (320 M W E ) 
(a) 
(b) . . . . 

Miscellaneous 

Subto ta l—Const ruc t ion 

Tota l 

C u m u l a t i v e 
t h r o u g h 

fiscal year 
1959 

1,099 
2,737 
1,692 

513 

1,047 

6,988 

36,144 

1960 

1,800 
1,755 
6,245 
3,100 

500 

197 

13, 597 

21,022 

1961 

2,600 
440 

1,560 
7,000 
3,000 
2,000 

1,740 
1,260 

4,480 
3,520 

28,600 

40,326 

1962 

200 

9,000 

2,000 

2,030 
1,470 

5,040 
3,960 

... 

25,200 

32,031 

1963 

100 

2,000 

500 

1,450 
1,050 

2,240 
1,760 

10,100 

18,600 

1964 

100 

5,160 
840 

6,100 

11,600 

1965 

9,460 
1,540 

11,000 

16,000 

1966 

25,800 
4,200 

30,000 

34,405 

1967 

12,900 
2,100 

15,000 

19,100 

1968 

1,000 

1969 

-

-
1,000 

1970 

1,000 

T o t a l 
1960 

th rough 
1970 

4,800 
2,195 
7,806 

21,100 
3,000 
5,000 

5,220 
3,780 

11,760 
9,240 

63,320 
8,680 

197 

136,097 

195,383 

T o t a l 
t h rough 

fiscla year 
1970 

5,899 
4,932 
9,397 

21,613 
3,000 
5,000 

5,220 
3,780 

11,76 
9,240 

53,320 
8,680 
1,244 

143,085 

231, 527 

n o 
o 

o 

o 
H 
H •^ 
1 ^ 

> 

> 
O 
O 
<! 
H 
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W 
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ft) 

Total investment thru 1959. $36 
Investment 1960 thru 1970 - — 195 
Construction credit for equivalent coal plants . 70 
Net investment 1960 thru 1970.. 126 
Costs are in millions and based on 1969 dollars, no escalation 

(a)—Construction cost based on capitalcost of a 1959 fossil fuel plant 
(b)—Additional cost of nuclear plant over that required for a fossil fuel plant 



C. POTENTIAL & PROGRAM OF ORGANIC COOLED REACTORS 

Summary 

The technology of the organic cooled reactor 
concept is in the early stages of development. 
Experience with this concept is limited to the 
operation of the Organic Moderated Reactor 
Experiment and the design of the Piqua 
reactor. As a consequence, the projections of 
power cost of the large plant is more con
jectural than those made for water reactors. 

A comparison of the power cost associated 
with current status and the estimated potential 
power cost of the organic cooled reactor is 
shown below. 

Costi, mills/kwk 

Current Potential 
status Milhlkwh 

Fixed charges 4.39 3.53 
Fuel cycle costs 5.72 1.83 
Operation and maintenance 1. 09 1. 09 
Insurance 0.25 0.22 

Total power cost 11.45 6.67 

In order to realize the potential, a program 
of research, development and construction must 
be undertaken. Such a program is expected to 
require an additional investment of $176 million 
through 1970. 

This section indicates the research and 
development program required, the construc
tion projects required, the potential improve
ments to be expected and the estimated costs 
and schedules for this program. 

1. Research and Development. Due to the 
early stage of technological development of the 
organic cooled reactor, an extensive research 
and development program is required to provide 
reliable data and to make advancements that 
will reduce the power cost. The salient devel
opment projects now apparent are as follows: 

a. Heat Transfer. The performance of the 
organic reactor is sensitive to the transfer of 
heat from the fuel to the coolant, due to the 
low thermal conductivity of the organic. This 

program would involve experimental tests to 
determine: 

(1) The heat transfer limits obtainable 
with forced convection. This would include 
an analysis of different organic coolants, 
the effect of chemical additives on heat 
transfer, formation and concentration of 
residue and its effects on heat transfer, and 
the effects of temperature and time. 

(2) The heat transfer limits of nucleate 
boiling. This would include the determina
tion of the maximum heat flux that can 
be safely obtained with nucleate boiling. 
Fuel surface areas required, burnout limits, 
decomposition of the organic, chemical addi
tives, effects of temperature vs. time. 
These tests would be directed toward the 

selection of the best method of cooling, i.e., 
forced convection or nucleate boiling, the 
maximum operating temperature of the organic, 
the decomposition rate, the fuel geometry, 
burnout heat flux, etc. 

b. Coolant Technology. The experimental 
investigation of coolant technology would 
encompass the following areas: 

(1) Experimental tests to determine the 
physical properties of the organic. This 
would include the correlation of density, 
heat transfer coefficients, viscosity, flash 
point, thermal conductivity, specific heat, 
and other variables under the temperature 
and flow conditions of interest. 

(2) Experimental tests to determine the 
compatibility of the coolant in its reactor 
environment. This would involve corrosion 
rates with the structural materials in the 
system, decomposition rates due to radiolytic 
and pyrolitic effects, use of soluble poison, 
methods of removing decomposition products, 
removal and disposal of gases due to radio
lytic and pyrolitic decomposition, steam 
inleakage, etc. 

23 
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c. Components Development. There are 
several components that show potential for 
better performance or cost reductions associated 
with organic cooled reactors. These are: 

(1) Control Rod Drive Mechanism. A 
development program should be initiated 
to determine the drive mechanism most 
compatible with an organic cooled reactor. 
This will become significant as the UO2 
fuel is used in the reactor providing more 
potential burnup and thus requiring more 
control rods to hold down the excess 
reactivity. 

(2) Shaft Seals. A development program 
is required to develop reliable seals for pumps 
and valve stems in the primary loop. 

(3) Refueling Equipment. A development 
program should be initiated to perfect the 
best methods of fuel handling and relocation 
of fuel in an organic cooled reactor core. 
d. Physics. This would include: 

(1) General analytical studies to evaluate 
methods of achieving power flattening in the 
core, the power distribution change with 
burnup, fuel management, plutonium recycle, 
xenon oscillation, optimum moderator-fuel 
ratio, and others. 

(2) Critical experiments to determine lat
tice parameters, critical loadings, temperature 
coefficients and control rod worth. 
e. Fuel Element Development. The most 

critical problem in the organic cooled reactor 
development is to obtain a fuel element that 
will maintain its integrity over a long fuel 
exposure time, and that can be clad with a 
jacket having a high thermal conductivity. 
The fuel material that offers the most promise 
is UO2. Zirconium cladding is not compatible 
with the organic due to the hydriding effect. 
The low thermal conductivity of stainless steel 
places severe limitations on the heat that can be 
transferred to the coolant. The organic cooled 
reactor is inherently heat transfer limited in the 
core. The key item is to develop a cladding 
material that has a high thermal conductivity 
and can be easily extruded, with effective 
fins, to increase the heat transfer surface area. 
This material must also be compatible with the 

temperature (up to 900°F) desired for the 
coolant. The most promising cladding material 
is a sintered aluminum alloy. The development 
program would include testing to determine 
cladding integrity in the reactor environment, 
corrosion rates, radiation effects vs. in-core 
time, methods of fabrication, effectiveness of 
fins and other factors. 

2. Plant Construction. The advancement of 
the organic cooled reactor technology can best 
be obtained by the construction and operation 
of reactors or facilities to demonstrate the 
vafidity of the potential power cost and plant 
performance. The minimum facilities and con
struction projects required are as follows: 

a. Critical Facilities. Critical experiments 
are needed to provide basic core physics data 
such as critical loading, temperature coefficient, 
void coefficient, control rod programing, etc. 
Two critical experiments will be required in the 
program. One critical experiment is required 
to specifically confirm the nuclear character
istics of the prototype reactor and a full scale 
power reactor. The second critical experiment 
will be used to generate basic data to advance 
the technology. 

b. Experimental Reactors. In support of the 
research and development program, the con
tinued utilization of the Organic Moderated 
Reactor Experiment and the construction and 
operation of the Experimental Organic Cooled 
Reactor is necessary. These two reactors 
would supplement the out-of-reactor work and 
provide adequate facilities for the testing of 
components and materials in environments 
projected for large organic power reactors. 

The Organic Moderated Reactor Experiment 
(OMRE) was designed and built as an irradi
ation facility to study the behavior of organic 
reactor coolants under conditions similar to 
those encountered in power reactors. Specif
ically the experiment was designed to resolve 
two major areas of uncertainty. These were: 

(1) The technical feasibifity of operating a 
reactor of this type without encountering 
problems associated with the decomposition 
of the coolant and possible deposition of 
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decomposition products on the heat transfer 
surfaces. 

(2) The rate of organic decomposition that 
would be encountered in actual operation of 
an organic power reactor. 

The nearly 2 years of operation of the 
OMRE have successfully demonstrated the 
technical feasibility of operating an organic 
power reactor. Having accomplished its 
initial objective, the OMRE should continue 
to operate and serve as an important source 
of information necessary for the continuing 
development of the organic reactor concept, 
specifically: 

(a) The relation between fundamental 
properties of an organic and the decomposi
tion mechanism. 

(b) The effects of organic decomposition 
on the heat transfer properties of the coolant. 

(c) The problems associated with sub-
cooled nucleate boiling as the principal heat 
transfer mechanism in power reactors. 

(d) Fuel element materials and cladding 
materials and their configurations best suited 
for power reactor applications. 
The OMRE facility will help resolve these 

questions and should be continued through 
1964 for this purpose. In order to utilize the 
facility more effectively, modifications must be 
made. These modifications include increased 
building space, increased electrical power sup
ply capacity, improved fuel handling facilities, 
and modifications to the reactor assembly to 
permit simplifications in installing test equip
ment and instrumentation. 

As a necessarj^ adjunct to the use of the 
OMRE, the development program outlined re
quires in-reactor testing facilities which cannot 
readily be incorporated in the OMRE. There
fore, a second experimental facility is required. 
This reactor will provide a facility in which 
organic coolant technology may be explored; 
full size segments of fuel elements can be tested 
for extended periods of time under temperature, 
flow, pressure, and irradiation conditions typi
cal of power reactors; various aspects of heat 
transfer can be investigated; and the testing 
of other reactor components accomplished. The 

proposed description for this reactor is as 
follows: 

Power 20 to 40 MWt. 
Fuel __ _ _ UO2 plates 
Clad SS. 
Coolant Polyphenyls 

c. Prototype Reactor. The construction of a 
prototype organic reactor power plant of no 
less than 50 MWe is required as an integral part 
of the research and development program for 
organic cooled reactors. The purpose of this 
plant is to obtain specific technical data and 
operating experience on equipment of sufficient 
size that can be easily extrapolated to a full 
size power plant. 

The prototype plant would be designed for 
maximum flexibility while still incorporating 
all the feature characteristics of a base load 
utility plant. The plant would be designed to 
operate with one significant area of technical 
advancement, the use of a high burnup UO2 
fuel element. To minimize the effects of an 
unforeseen development problem associated 
with the fuel element, the plant would be de
signed to operate on an alternate uranium metal 
aluminum clad core, although at somewhat re
duced performance. 

Design of the reactor core and external process 
systems would be based on either forced con
vection or nucleate boiling. Typical operating 
conditions would be: 

Reactor type.- - _ Organic moderated and 
cooled. 

Power 50-75 MWe. 
Approximate thermal power. 230 MWe. 
Mode of heat transfer _ _ _ Forced convection/nucle

ate boiling. 
Coolant - - Mixed terphenyls/mixed 

terphenyls- diphenyl. 
Coolant temperature 610°F. inlet, 675° F. outlet. 
Number of primary loops.- 3. 
Approximate coolant flow__ 25 x 10" Ib/hr. 
Steam generator type Natural circulation. 
Steam conditions 850 psig, 650° F. 
Fuel UO2 clad with APM. 
Approximate core size_ ___ 6.75'diameter x 7'long. 
Burnup, average.. . . . . . 10,000 Mwd/t 
Maximum UO2 tempera- 4,500° F. 

ture 
Maximum cladding surface 800° F. 

temperature 
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Maximum heat flux 85,000 BTU/hr-ft'. 
Approximate average spe- 16.5 kwt/kg. 

cific power. 
Approximate core power 30 kwt/1. 

density. 
Approximate initial reac- 10%. 

tivity (1st core). 
Containment Totally enclosed primary 

system. 

Design would start early in fiscal year 1961 
with power operation commencing in fiscal year 
1963. Initial operation with forced convection 
is probable with later conversion to nucleate 
boiling and higher fuel surface temperatures. 

d. Advanced 300 MWe Organic Cooled Re
actor. With the successful completion of the 
proposed research and development program 
and the operation of the 50-75 MWe prototype 
reactor, the technology of organic moderated 
and cooled reactors will be sufficiently advanced 
to permit the design and construction of a large 
organic cooled reactor power plant. The pur
pose of this plant is to demonstrate the econom
ics of a typical commercial plant. The 300 
MWe plant would be designed to utilize those 
features of the technology which could be dem
onstrated prior to the projected design freeze 
date. Projected design characteristics are sum
marized below. 

Reactor type Organic moderated and 
cooled. 

Net plant rating 300 MWe. 
Approx imate t h e r m a l 875 MWe. 

power. 
Coolant Mixed terphenyls. 
Coolant temperature 550°F inlet, 725°F outlet. 
Number of primary loops.. 3. 
Approximate coolant flow.. 47X10' Ib/hr. 
Steam generator type Once through. 
Fuel UO2 clad with APM. 
Approximate core size 9.3' diameter x 10.4' long. 
Maximum UO2 tempera- 4,700°F. 

ture. 
M aximum cladding surface 900°F. 

temperature. 
M aximum heat flux 175,000 BTU/hr.-ft.2 
Mode of heat transfer Nucleate boiling or forced 

convection. 
Approximate average spe- 25 kwt./kg. 

cific pbwer. 
Approximate average core 44kwt./l . 

power density. 

Approximate initial reac- 16%. 
tivity (1st core). 

Containment Totally enclosed primary 
system. 

Total weight of uranium in 35,000 kg. 
core. 

3. Schedule for Organic Cooled Reactor Pro
gram. A schedule for the organic cooled reactor 
program is shown in Table 6. This schedule 
is based on a logical sequence of development 
and parallels as many phases as considered 
feasible. 

TABLE 6—SCHEDULE FOR ORGANIC COOLED 
REACTOR DEVELOPMENT 

Research and development: IniUate Complett 
Heat transfer experiments 7/60 7/62 
Coolant chemistry 7/60 7/62 
Control rod drives 7/60 12/62 
Primary coolant pump shaft 

seals 9/60 12/61 
Refueling equipment 10/60 10/62 
Fuel development 7/60 7/63 
Physics 7/60 7/62 
Instrumentation 7/60 7/62 
Critical experiments 7/60 7/62 

Plant construction: 
Critical facilities 1/60 7/61 
Experimental reactor 1/60 7/62 
Prototype 7/60 1/63 
Large plant 7/63 1/67 

4. Potential of Organic Cooled Reactors. 
The potential is based on the successful reali
zation of the development program. The 
estimated cost of the organic cooled reactor 
representing current status for a 300-MWe plant 
using the metallic fuel is as follows: 

MiUslkwh. 

Fixed charges 4. 39 
Fuel cycle cost: 

Fabrication 1.87 
Shipping 0 48 
Depletion 2.61 
Processing 0. 74 
Plutonium credit — 0. 84 
Use charge 0. 56 
Use of fabrication capital— 0. 30 c 79 

•Operation and maintenance cost 1. 09 
Insurance cost 0. 25 

Total power cost 11. 45 

•Includes the cost of organic makeup. 



ORGANIC COOLED REACTORS 27 

(1) Capital Cost. miuikwh 
Increased power density 0. 30 

(2) Fuel Cycle Cost. 
Increased exposure 0. 61 
Reduction in fabrication cost 0. 10 

Total 0 71 

(3) Operation and Maintenance. I t is un
likely that any reduction will occur in main
tenance and operation and insurance cost by 
1967. A reduction in the cost of organic 
from 17 to I3%i/\b. is reflected in the current 
status figure, and is not shown in the 
potential. 

(4) Power Costs in 1967. The projected 
cost of 300 MWe organic cooled reactor plant, 
utilizing the advancements in technology 
outlined in this program, are: 

Mttlslkwh 

Fixed charges 3. 53 
Fuel cycle cost 1. 83 
Operation and maintenance 1. 09 
Insurance 0. 22 

Total power cost 6. 67 

(5) Program Cost. The total estimated 
additional investment required to achieve 
the potential of the organic cooled reactor is 
approximately $176 million through 1970. 
This investment includes the total estimated 
costs and is not necessarily the cost to the 
Government. If the prototype and the 
large plants are built under some cost sharing 
principle, the cost to the Atomic Energy 
Commission can be reduced. The cost vs. 
years are shown in Table 7. 

The successful economic potential of the 
organic reactor concept is dependent on 

achieving a fuel capable of a high heat 
transfer rate to the organic coolant and high 
burnup. Rather than extrapolate from a plant 
designed for metallic fuel, a design was made 
for a U02 fueled, aluminum powder metal
lurgy (APM) clad reactor rated at 300 MWe. 
This is the first step in the potential of the 
organic moderated reactor. Realization of 
this development would result in the follow
ing cost for a 300 MWe plant. 

MlUslkwh 

Fixed charges 3. 83 
Fuel cycle costs 2. 54 
Operation and maintenance 1. 09 
Insurance 0. 25 

Total 7. 71 

The potential cost reductions were esti
mated from the above base. 

a. High Power Density. Increasing the 
power density from 19 to 44 kw./l. of core 
will permit a reduction in the core size and 
number of control rods. A savings of 0.30 
mills/kwh is estimated. 

b. Fuel Cycle Savings. The fuel cycle cost 
is based on UO2, APM clad is 2.54 mUls/kwh. 
Increasing the fuel exposure from 11,000 to 
19,000 Mwd/mt. will reduce the fuel cycle 
cost by 0.61 mills/kwh. The estimated cost 
for APM cladding material for UO2 in an 
organic reactor is $90/kg of U. .A. further 
reductioff' in fabrication cost for APM to 
$75/kg would result in a savings of 0.10 mills/ 
kwh. 

c. Total Potential Reductions in Power Cost. 
A summary of the estimated cost reductions 
from the potential plant incorporating UO2 
fuel with .A.PM cladding is as follows: 



TABLE 7—ORGANIC COOLED REACTOR—DEVELOPMENT PROGRAM ESTIMATED INVESTMENT, FISCAL YEAR 1960-70 
[Thousands of dollars] 

N3 
00 

R E S E A R C H \ N D D E V E L O P M E N T 

Present reactors 
O M R E 
P i q u a — G o \ e m m e n t . 

ProgratA 
Hea t transfer exper iment 
Coolant chemis t ry 
Control rod drive mechanism 
P r m i a r y coolant p u m p shaft 

seals 
Refueling e q u i p m e n t 
Fue l deve lopment 
Physics . 
I n s t rumen ta t i on 
Studies and evaluat ions 
Critical exper iments . 
O M R E , operat ion a n d t e s tmg 
Exper imenta l reactor, operat ion 

and testhig 
P ro to type reactor, operat ion a n d 

test ing 

Subtotal—Research a n d de 
ve lop i ren t 

CONSTRUCTION 

O M R E a n d -rodiflcations 
P iqua—Pr iva te 

—Governmen t 
Critical facilities 
Experhnen ta l reactor 
P ro to type reactor (76 M W e ) 

(a) 
Cb) . 

Large p lan t (300 M W e ) 
(a) 
(b) 

Subtota l—Const ruc t ion 

Tota l . 

C u m u l a t i v e 
t h rough 

fiscal year 
1959 

10,679 
2 934 

776 

14,339 

2,462 

244 

2 706 

17 095 

1960 

5 800 
337 

24 

2,000 

8,161 

200 
1,390 
2,610 
1 000 
1,000 

6,200 

14,361 

1961 

229 

2,000 

1,000 
120 

200 
360 

1,000 

300 
210 
200 
200 

2,000 

7,819 

300 
2,090 
3 910 
2,000 
4,000 

2,720 
1,900 

16,920 

24, 739 

1962 

700 

2,000 
1,000 

300 

200 
300 

2,000 
300 
210 
200 

1,000 
2,000 

10,210 

432 

568 

1,000 

12,500 
8,700 

23 200 

33,410 

1963 

700 

2,000 
1,000 

300 

200 
300 

2,000 

210 
200 

1,000 
2,000 

1 000 

600 

11, 510 

820 
560 

1,380 

12,890 

1964 

700 

2,000 
500 

2,000 

150 

1,000 
2,000 

2,600 

1,000 

11,850 

3,960 
240 

4,200 

16,050 

1965 

700 

1,000 

1,000 
2,000 

2,500 

1,000 

8,200 

21,800 
1,300 

23,100 

31,300 

1966 

518 

1 000 

1,000 
2,000 

2,500 

1,000 

8 018 

22,000 
5,300 

27,300 

31,318 

1967 

. 

1,000 

2,600 

1,000 

4,500 

1,980 
120 

2,100 

6,600 

1968 

. 

. 
1,000 

1,000 

1,000 

1969 1970 

_ 

. 

. 

T o t a l 
1960 

th rough 
1970 

6,800 
3,884 

8,000 
3,500 

720 

600 
960 

9,000 
600 
780 
624 

5,200 
16,000 

11,000 

5,600 

71,768 

500 
3,912 
7,088 
3,000 
6,000 

16 040 
11,160 

49,740 
6,960 

104,400 

176,168 

T o t a l 
th rough 

fiscal year 
1970 

16,479 
6,818 

8,000 
3500 

720 

600 
960 

9 0 0 0 
600 
780 

1,400 
5,200 

15,000 

11,000 

6,600 

86,157 

2,962 
3,912 
7,332 
3,000 
6,000 

16,040 
11 160 

49,740 
6,960 

107,106 

193,263 

Total Investment thru 1969. 
Investment 1960 thru 1970 - -
Construction credit for equivalent coal plants 
Net investment 1960 thru 1970 — 
Costs are in millions and based on 1959 dollars, no escalation 

$17 
176 

110 

(a) Construction cost based on capital cost of a 1959 fossil fuel plant (b) Additional cost of nuclear plant over that required for a fossil fuel plant 



D. POTENTIAL AND PROGRAM FOR SODIUM GRAPHITE REACTOR 

Summary 

The sodium graphite reactor technology has 
drawn heavily on experience obtained through 
the Naval Submarine Intermediate Reactor pro
gram (SIR) and the fast breeder reactor pro
gram. The operating experience on a graphite 
moderated reactor has been limited to the So
dium Reactor Experiment (SRE). The expe
rience to date has indicated the feasibility of the 
concept. However, it has also shown that this 
design is complex and the costs of the system are 
relatively high. 

A comparison of the power cost associated 
with the current status and the estimated po
tential power costs of the sodium graphite 
reactor are shown below. 

Current 
status Potential 
costt cost, 
millsl mills! 
kwh kwh 

Fixed charges 6.11 4.47 
Fuel cycle cost 4.12 2.00 
Operation and maintenance 0.70 0.70 
Insurance 0. 29 0. 25 

Total power cost 11. 22 7. 42 

In order to accomplish these improvements, 
a program of research and development and 
plant construction must be undertaken. Such 
a program is expected to require an additional 
investment of $249 million through 1970. This 
development program and the potential are 
outlined in the following pages. 

1. Evaluation Studies. There are several 
study evaluations that should be made to de
termine the development areas that should be 
emphasized in the sodium graphite reactor pro
gram. These are: 

a. Design Concept Evaluations. There are 
several current reactor design concepts that 
show promise for the sodium graphite reactor 
system. These are as follows: (1) the "canned 
moderator" design in which the moderator con-

542500 O—60 3 

sists of individually canned graphite columns, 
(2) the "calandria" design in which the graphite 
is contained in a single large vessel, vertically 
penetrated by fuel channels, (3) the through-
tube designs, (4) designs where the graphite is 
separately cooled to improve neutron economy, 
and (5) the compact "overflow" design in which 
the entire primary sodium heat transfer system 
is located within the reactor tank. Continued 
design evaluation effort should be made to de
termine the most optimum design and to pro
duce further simplification of the concept. 

b. Evaluation of Alternate Fuels. The fuels 
that show promise for the sodium graphite 
reactor are U-10 w/o Mo, U-Th, and UC. A 
technical and economic evaluation is required 
to determine quantitatively the relative merits 
of these fuels. 

c. Breeding Evaluation. A study should be 
made to determine the possibility of breeding 
on a Th-U 233 fuel cycle. 

d. Epithermal Nonbreeding Reactor. The 
sodium cooled reactor has the potential of a 
high performance heat source. One of the 
major design difficulties has been in isolating 
the graphite from the sodium. A study should 
be made to determine the merits of a sodium 
cooled reactor, with a harder neutron energy 
spectrum (less moderator material) independent 
of breeding requirements. Hardening of the 
neutron spectrum will allow most of the moder
ator to be removed, and elimination of the 
breeding requirement will eliminate the blanket 
material. This should result in a high per
formance, compact core. 

2. Research and Development. There are 
several key areas of uncertainty that should 
be explored, experimentally, to provide data 
to advance the technology and obtain verifi
cation of design criteria. These are: 

a. Fuel Development. The most important 
item in the success of the sodium graphite 

29 
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system is the development of a fuel that will 
maintain its integrity for periods of long 
exposures at the fuel temperatures required 
in the sodium reactor environment. The 
fuel at a minimum should have a high thermal 
conductivity and ability to achieve average 
exposures of 17,000 Mwd/mt at a surface 
temperature of 1,200°F and center line temper
ature of 1,400°F. The poor thermal conduc
tivity of UO2 places restrictions on the potential 
performance of this fuel in the sodium cooled 
system. Uranium carbide (UC) shows promise 
of good performance in the sodium graphite 
reactor. The fuel program should be centered 
around the development of UC fuel and the 
investigation of other ceramic fuels with high 
thermal conductivity. The program must 
include the development of fabrication methods, 
evaluation of different fuel element geometries, 
irradiation testing, mechanical and structural 
test at reactor environment conditions versus 
fuel life. I t should be carried out on various 
fuel alloys, as a function of carbon content, and 
for different compounds, to establish optimum 
performance of the fuels. The development of 
the carbide fuel should be accompanied by an 
evaluation of reactor core safeguards using 
this fuel material. 

Uranium compounds and cermets should be 
investigated as a longer range fuel development 
program for the sodium graphite reactor system 
as well as "back-up" for UC. The materials of 
interest are either single compounds or combi
nations of compounds, and metal-plus-compound 
combinations. The development for these fuels 
are in the initial phases of determining physical 
properties and methods of fabrication. Ex
amples of the compound fuels that should be 
studied include uranium nitride, uranium sul
phide, uranium phosphide, thorium carbide, 
and plutonium carbide. Solid^ solutions of 
PuC in UC and UC in ThC are of particular 
interest for use in unmoderated reactors. 
Cermet fuels of interest are U-10 w/o M0+UO2 
or UC, and U-60 w/o Nb+UO2 or UC. These 
materials require extensive investigation in the 
areas of synthesis of the material, physical 
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properties, radiation damage, compatibility, 
and entire fuel cycle analysis. 

b. Cladding Materials. Fuel cladding ma
terials that have high temperature strength 
and creep resistance, compatibility with the 
fuel coolant, relatively low cross section, reason
able thermal conductivity, and availability in 
thin sections need to be developed. The present 
cladding material for sodium graphite reactor 
fuels is stainless steel. Due to the much lower 
cross section of zirconium base alloys, develop
ment of these alloys has been in progress for use 
in sodium to 1,200°F or possibly higher. An 
additional incentive in the zirconium aUoy de
velopment is the problem of solid state diffusion 
between stainless steel and uranium in this 
temperature range. Thus, if bulk sodium at 
1,200°F is to be used with metallic fuels, im
proved clad materials will be required. A few 
alloys of Zr, such as IK percent .Mo or IK per
cent Al, show promise of having equal or better 
strength than stainless steel under conditions of 
interest, although the creep strength appears 
somewhat lower. These alloys are now in the 
initial phases of useful hardware development. 
Results are very encouraging. In addition, 
newer alloys with improved properties should 
be investigated and physical properties de
termined. 

Other high temperature materials that meet 
the above requirements should also be investi
gated. Among these materials are niobium, 
molybdenum, and yttrium. As the fuel surface 
temperature and surface heat flux increase, the 
demands on the fuel clad materials require in
tensive development in the areas of physical 
properties, fabrication development, and in-pile 
testing. 

c. Materials Development. Austenitic stain
less steels are currently used in sodium graphite 
reactor cores due to their retention of strength 
at high temperatures. Corrosion rates in so
dium of normal purity and oxide levels are 
acceptable and fabrication techniques are well 
known. The disadvantages include lower ther
mal conductivity and higher thermal expansion 
than ferritic and low carbon steels, and high 
neutron absorption cross section. Ferritic steel 
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alloys having adequate high temperature 
strength are beginning to show promise. Fur
ther development and experience are required 
to permit their use for the entire reactor and 
heat transfer system, with resulting improved 
system costs and performance. 

For the reactor core structure, particularly in 
high flux regions, it is desirable to replace 
the steels with zirconium alloys having high 
strength at 1,200° F. Alloys of zirconium, e.g., 
1.5 percent aluminum, 1.5 percent tin, and 1.5 
percent molybdenum should be investigated. 
The success of this materials development will 
result in increasing the conversion ratio in a 
300 MWe canned moderator plant. 

The development program should include 
further work on the problem of joining zir
conium alloys to either ferritic or stainless 
steels, to permit the use of low absorption 
process tubes in either the calandria or through-
tube concepts. 

d. Sodium Components Development. The de
velopment of external sodium graphite reactor 
heat transfer system components and technol
ogy is being carried out under the Commission's 
Sodium Components Development Program for 
advanced design plants capable of producing 
1,200° F. reactor outlet sodium. This program 
includes: 

(1) Steam Generators. This component of 
sodium graphite reactor systems has probably 
the largest potential for improvement of any 
single ' out-of-core component. Currently, 
designs are based on double walled tubes con
taining a pressure monitoring fluid between 
tube walls. The cost of these units is approxi
mately $200 per square foot of heat transfer 
surface. This design requires the use of two 
tube sheets, with correspondingly difficult at
tachments. This type of construction creates 
difficulties in stress analysis and results in 
high thermal stresses during rapid tempera
ture changes in the liquid heat metal transfer 
medium. The following areas should be exper
imentally investigated to reduce the cost and 
complexity of steam generators for sodium 
graphite reactor systems: 

(a) Use of high strength ferritic steel. 

(b) Use of header arrangements for 
tube sheets. 

(c) Use of "once through" steam gener
ator where the heating, boiling and super
heating is done in the same tube. 

(d) Single wall tube. 
(2) Liquid Metal Pumps. Mechanical and 

electromagnetic pumps are currently avail
able for circulating liquid metal in reactor 
coolant systems. Both types are demonstra
ted to be satisfactory from a performance 
standpoint. However, they are expensive. 
Electromagnetic pumps also have a low 
efficiency (less than 44%). In-line E M 
pumps must be installed directly in the 
coolant pipe line and in case of electrical or 
mechanical failure, must be removed from the 
piping system by cutting or breaking a joint. 
A minimum of 10 days is required for sodium 
activity to decay sofficiently to permit 
maintenance personnel to enter the primary 
piping area. Therefore, reduction in main
tenance requirements holds the most poten
tial for improvement of electromagnetic 
pumps for use in sodium graphite reactors. 
Two types of EM pumps are currently being 
developed which can be replaced without 
cutting into the sodium piping. 

There are at least two varieties of mechan
ical pumps: the freeze seal pump, which 
relies on a film of shearing, frozen sodium for 
sealing the rotating shaft, and the "free 
surface" type of pump, in which a bearing 
lubricated by liquid metal supports the 
bottom of an overhung impeller at the end 
of a long shaft. Both types of pumps have 
operating components, notably the impellers, 
immersed in liquid metal. Therefore, main
tenance is costly. A combination of mechan
ical and electromagnetic features should be 
developed in which the magnetic field is 
rotated mechanically. No moving parts are 
immersed in liquid metal, and all portions 
which might reasonably be expected to 
require maintenance can be removed without 
the necessity for either an inert atmosphere 
or a radioactivity decay period. This pump 
is subject to the same theoretical limitation 
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on efficiency as the linear electromagnetic 
pump—44 percent, but offers promise of 
reduced maintenance cost. 

(3) Valves. Valves in a sodium system 
must be designed for no fluid leakage. Stop 
valves have been developed that are satis
factory but they are expensive (about 
$3,000/in. of valve opening). A development 
program is required to experimentally investi
gate the following valve types: "freeze seal" 
type, a "ball-disc" type, a disc gate valve. 
The successful development of one of the 
above valves shows promise of significant 
reduction in valve cost. 

(4) Intermediate Heat Exchanger. A de
velopment program is required to reduce the 
cost of the intermediate heat exchanger. 
This would involve experimental investiga
tion of the use of high strength ferritic steel, 
and the special configuration associated with 
the "overflow" core design. 
e. Physics. Analytical and experimental in

vestigations of methods of decreasing peak to 
average power ratio should be carried out, 
using critical facilities. The use of non-uniform 
fuel distribution should be investigated. Core 
optimization, such as moderator to fuel ratio, 
rod worth, etc., should be a continuous effort. 
The reactivity worth of various fuels such as UC 
should be determined. 

/ . Design Improvement. Analytical and ex
perimental investigations to reduce component 
complexity in areas such as fuel handling, com
ponent design, thermal transient behavior, and 
system analysis are required. 

3. Plant Construction. There are several key 
areas in the sodium graphite reactor technology 
that should be solved prior to embarking on a 
large plant construction program.. However, 
once these have been solved, the experimental 
and prototype reactors required to demonstrate 
the potential of the sodium graphite reactor are 
listed below. 

a. Modification of Sodium Reactor Experiment. 
The Sodium Reactor Experiment (SRE) should 
be modified to become a more flexible fuel test 
facility and should be capable of operating 

with UC fuel and other cermets as well as 
metallic elements. This facility should also 
provide operating data on components and 
system behavior. 

b. Advanced Sodium Graphite Realtor Proto
type. This reactor should incorporate the most 
optimum reactor concept, i.e., canned modera
tor, calandria, or other design, as determined 
by the evaluation studies and research and de
velopment results. The cooling system should 
incorporate the "overflow" design concept, 
which confines the intermediate heat exchang
ers to the annular region outside of the reactor 
core. I t might operate with a neutron spec
trum above thermal, based on the outcome of 
research and development evaluation studies. 
I t would also incorporate the best material 
indicated by research and development, i.e., 
zirconium, ferritic, or stainless steel structural 
material, and the optimum fuel material. This 
prototype is in essence the forerunner of the 
large size commercial target plant. A desirable 
plant size appears to be about 75 MWe. 

c. Advanced Large Commercial Plant. The 
purpose of this plant is to obtain economic and 
operating data on a full sized sodium graphite 
reactor capable of generating power at the low
est cost. This plant would incorporate the 
technology obtained through the research and 
development program and prototype operation. 
The plant would be rated at 300 MWe. 

d. Plants Currently Under Construction. The 
only sodium graphite reactor currently under 
construction is the Hallam Nuclear Power Facil
ity. This plant will incorporate U-Mo fuel for 
the first core loading, a canned moderator, and 
components currently known to be complex 
and expensive. Incorporation of the UC fuel 
for future loadings will demonstrate the eco
nomic potential of this fuel material. 

4. Schedule for Sodium Graphite Reactor 
Program. A schedule for the sodium graphite 
reactor program is shown in Table 8. This 
schedule is based on a logical sequence of de
velopment and parallels as many phases as 
considered feasible. 
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TABLE 8.—SCHEDULE FOR SODIUM GRAPHITE 
REACTOR PROGRAM 

Evaluation studies: initiate Complete 
Design concepts Underway 7/66 
Alternate fuels Underway 6/67 
Breeding potential Underway 6/63 
Above thermal flux 
Nonbreeding Underway 6/63 

Research and development: 
UC fuel program Underway 7/67 
Backup fuel development. Underway 1/64 
Cladding material develop

ment Underway 7/67 
Materials development Underway 1/66 
Component development 

steam generators Underway 6/66' 
Pumps Underway 6/66 
Valves 7/60 6/66 
Heat exchangers Underway 6/66 
Physics Underway 6/66 
Design improvement- Underway 6/66 

Construction projects: 
Modification to SRE Underway 9/62 
Advanced sodium graphite 

reactor prototype 1/62 7/64 
Large size 7/64 1/68 

5. Potential of Sodium Graphite Reactor. 
The potential_is based on the successful reali
zation of the development program. The base 
cost of sodium graphite reactor representing 
current status for a 300 MWe plant is as follows: 

Millslkwh. 

Fixed charges 6. 05 
Fuel cycle cost: 

Fabrication 1.14 
Shipping 0.17 
Depletion 2.17 
Processing 0.35 
Plutonium credit — 0. 52 
Use charge 0. 69 
Use of fabrication money 0. 12 

4. 12 
Operation and maintenance 0. 70 
Insurance 0. 29 

Total power cost 11. 16 

The estimated potential reduction in power 
cost for the sodium graphite reactor is based on 
the following: 

a. Primary Coolant System Improvements. 
The economic potential of the sodium graphite 
reactors is dependent primarily on the develop

ment of a ceramic type of fuel that will provide 
long exposures, and simplification of the reactor 
design. A design has been made for an ad
vanced sodium graphite reactor that incorpo
rates the following features: 

(1) Core design for a UC fuel. 
(2) Sodium overflow reactor system with 

the intermediate heat exchangers in the re
actor. 

(3) Steam generators priced at $80/ft^ 
direct cost. 

(4) Steam conditions of 2,400 psia/l,000°F/ 
1,000° F reheat. 

The successful development of this system 
would reduce the capital cost by 1.26 mills/kwh. 

b. Steam generators. The cost of steam gen
erators associated with the advanced sodium 
graphite reactor is $80/ft^. The successful de
velopment of simplified steam generators would 
reduce this cost to $45/ft^. This would result 
in a capital savings of 0.25 mills/kwh. 

c. Calandria Core Design. The successful 
development of the calandria core to supersede 
the currently used canned-moderator core is 
estimated to reduce capital costs 0.13 mills/kwh. 

d. Fuel Cycle Cost. The U-10 w/o Mo cur
rently used for the sodium graphite reactor does 
not have a high potential for low power cost at 
high sodium temperatures. The potential of 
the sodium graphite reactor lies in the develop
ment of a new fuel material. UC appears to 
have the most promise and for this reason no 
rationale is given here on the uranium-molyb
denum fuel. Successful development of the UC 
fuel in the future will provide the foflowing fuel 
cycle cost for a 300 MWe plant, using 10,000 
Mw/mt. of U and a fabrication cost of $110/kg 
of U for UC-stainless steel clad. 

Millslkwh. 

Fabrication cost 1. 08 
Shipping 0. 15 
Depletion 1. 64 
Processing 0. 34 
Pu credit - O 58 
Use charge 0.10 
Interest on capital 0. 07 

Total 2. 80 



TABLE 9.—SODIUM GRAPHITE REACTOR—DEVELOPMENT PROGRAM ESTIMATED INVESTMENT, FISCAL YEAR 1960-70 

[Thousands of dollars] 

00 

E E S E A K C H AND D E V E I O P M E N T 

Present reactors 
S H E 
Ha l l am . 

Evaluation studtes 
Design concepts 
Al ternate fuel mater ia ls 
Breedme potent ia l 
Above the rma l flux nonbreed ins 

Program 
U C fuels -
B a c k u p fuels 
Cladding mater ia ls deve lopment 
Mater ia l s development 
S team generators 
P u m p s 
Valves 
H e a t exchangers . 
Physics - - -
Design Improvements 
Opera t ion of advanced S G B pro

t o t y p e 

Subtotal—Research a n d devel
o p m e n t 

CONSTRUCTION 

S R E modifications 
Ha l l am—Pr iva t e 

—Government 
Advanced S O E p ro to type 

(a) -
(b) 

300 M W e p lan t 

(a) 
(b) . 

Subto ta l—Const ruc t ion 

To ta l 

C u m u l a t i v e 
th rough 

fiscal year 
1959 

32,729 
8,446 

41,176 

960 
2 336 
2,285 

8,581 

46, 756 

1960 

2,400 
4,268 

50 
50 
50 
60 

1,000 
1,000 

250 
400 
500 

1,000 

1,000 
500 
600 

13,018 

1 090 
5 180 
4,820 

11,090 

24,108 

1961 

2,500 
3,000 

200 
60 

100 
100 

2,000 
1,000 

600 
400 
600 

1,000 
500 

1,000 
600 

1,000 

14,360 

1,650 
12,800 
12,200 

26,660 

41 000 

1962 

2,500 
3,000 

200 
50 

100 
100 

2,000 
1,000 

500 
400 
600 

6,000 
500 

1,000 
600 

1,000 

14,350 

1,000 
6,292 
4,708 

620 
1,380 

13,000 

27,360 

1963 

2,500 
1,600 

100 
50 

100 
100 

2,000 
1,000 

500 
300 
260 
500 
260 
500 
500 

1,000 

-

11,250 

8,530 
18, 970 

27,600 

38 750 

9964 

2,600 
1,600 

100 
50 

2,000 
1,000 

600 
200 
100 
100 
100 
200 
600 
600 

9,450 

6,360 
6,540 

12,900 

22 350 

1966 

2,600 
1,600 

100 
50 

1,600 

600 
200 
100 
100 
100 
lOO 
250 
250 

1,000 

8,350 

3,980 
1,940 

5,920 

14,270 

1966 

2,500 
1,600 

100 
50 

1,600 

500 
100 
100 
100 
100 
100 
250 
250 

1,000 

8,250 

21, 400 
10,400 

31 800 

40,060 

1907 

1,061 

60 

1,000 

_ 
260 

_ 

1,000 

3,351 

23,700 
10,300 

34,000 

37, 361 

1968 

_ 

1,000 

1,000 

1,530 
760 

2,280 

3,280 

1969 

_ 
1,000 

1,000 

1,000 

1970 

1,000 

Total 
I960 

th rough 
1970 

17,400 
17, 719 

860 
400 
360 
350 

13,000 
6,000 
3,500 
2,000 
2,060 
3,800 
1,550 
3,900 
3,000 
4,600 

5,000 

84,369 

3,740 
23,272 
21,728 

15, 510 
26,890 

60,610 
23,390 

166,140 

249,609 

T o t a l 
t h rough 

fiscal year 
1970 

60,129 
26,165 

850 
400 
350 
360 

13,000 
6,000 
3,600 
2,000 
2,050 
3,800 
1,560 
3,900 
3,000 
4,o00 

5,000 

126,544 

4,700 
25,608 
24, 013 

15,510 
26,890 

50,610 
23,390 

170, 721 

296,266 

Total investment through 1969 
Investment 1960 through 1970 
Construction credit for equivalent coal plants 
Net investment 1960 through 1970 
Costs are in millions and based on 1959 dollars, no escalation 

$47 
249 

(a)—Construction cost based on capital cost of a 1959 fossil fuel plant (b)—Additional cost of nuclear plant over that required for a fossil fuel plant 
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An increase in the average irradiation level 
from 10,000 to 19,000 Mwd/mt (average) will 
reduce the fuel cycle cost 0.67 mills/kwh. 

A reduction in fabrication cost from $110/kg 
to $70/kg U will reduce the fuel cycle cost 0.13 
mills/kwh. 

Total Potential Reductions in Power Cost. 
The reduction in maintenance cost is estimated 
at 0.05 mills/kwh. 

The projected cost of a 300 MWe sodium 
graphite reactor plant placed in operation in 
1969 utilizing all the advancement currently 
known, would be as follows: 

Millsjkv)h 

Fixed charges 4. 47 
Fuel cycle cost 2. 00 

Millslkwh 

Operation and maintenance 0. 70 
Insurance 0. 25 

Total 7.42 

6. Program Cost. The total estimated addi
tional investment in the program to achieve 
the above potential of the sodium graphite 
reactor is approximately $249 million. These 
investments include the total cost and are not 
necessarily the cost to the Government. If 
the prototype and the large plant are buUt 
under a cost-sharing principle, the cost to the 
Government can be reduced. Table 9 details 
the cost by year and activity. 



E. POTENTIAL AND PROGRAM FOR GAS COOLED REACTORS 
(ENRICHED FUEL) 

Summary 

At present, the gas cooled reactor program 
in the United States is devoted exclusively to 
enriched fueled reactors. No gas reactor of 
this type has been built. However, the British 
construction and operating experience on natu
ral uranium fueled gas reactor systems and the 
extensive research and development work on 
fuel elements for enriched reactors in this 
country provide a basic technology that is 
applicable to the development of enriched fuel 
gas reactors. 

There are two variations of the gas cooled 
reactor concept currently under development 
in this country. These are: 

1. A heterogeneous reactor (GCR) utilizing 
stainless steel clad, slightly enriched UO2 fuel, 
and 

2. A gas cooled reactor (HTGR) employing 
homogeneous core construction and utilizing 
graphite clad fuel consisting of fully enriched 
uranium carbide and thorium carbide dispersed 
in graphite. 

The projection made in this report is strictly 
for the stainless steel clad, uranium fueled 
reactor. No attempt was made to project the 
power cost of the uranium-thorium fueled 
concept. The utilization of thorium fueled 
reactors with its recognized advantages in 
conversion ratio and ability to obtain long fuel 
burnup as compared with uranium fueled 
reactors is considered significant enough to 
justify a separate evaluation at a later date. 

A comparison of the power cost associated 
with current technical status and the estimated 
potential power cost of a 300 MWe gas reactor 
is shown below. These costs are for clad 
systems using uranium fuel. 

Current 
status Potential 

Fixed charges 5.97 4.63 
Fuel cycle cost 3.21 2.62 
Operation and maintenance 0. 89 0. 49 
Insurance 0.29 0.24 

10. 36 7. 98 

In order to accomplish aU of these improve
ments, a comprehensive research and develop 
ment and plant construction program must be 
undertaken. This program for the uranium 
fueled reactor is expected to require an addi
tional investment of $229 million through 1970. 
The development program, the potential, and 
the program cost are delineated in the following 
pages. 

1. Evaluation Studies. There are many vari
ations of the gas cooled reactor concept which 
require detailed study and development before 
it is possible to evaluate in complete detail the 
potential of the gas cooled concept and detail 
the parameters for the target plant. Also, the 
gas cooled concept can be directed toward 
several different program objectives, namely, 
the thermal converter, the natural uranium 
class of reactors and possibly, the breeder. The 
following systems evaluations studies should be 
made for the gas cooled reactor. 

a. Thermal Breeders. The basic purpose of 
this evaluation study is to determine the poten
tial of gas cooled reactors as thermal breeders. 
The study would include a detailed appraisal of 
the overall doubling time which can be achieved 
in gas cooled systems and for this purpose must 
compare systems moderated with D2O, B2O, 
and graphite. 

b. Clad vs. Unclad Fuel Systems. The United 
States is already pursuing reactor construction 
of clad and unclad systems. However, there 
has not yet been a definitive attempt to evaluate 

36 
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the relative potential of both types. I t is clear 
that unclad systems offer lower capital and fuel 
costs than the clad systems but this is accom
plished at the expense of higher operating costs 
and essentially unevaluated maintenance and 
"on-line" availability problems. The purpose 
of this study will be to quantitatively evaluate 
the relative economic merits of these two 
systems. 

c. Containment. The purpose of this study is 
to determine and define the specific power at 
which containment is required. Hazard anal
yses of gas cooled reactors to date have indi
cated that the basic accident to be considered is 
the loss of coolant accident. In gas cooled 
reactors, as distinct from water cooled systems, 
the pressure and temperature of the coolant are 
only loosely coupled and there is no phase 
change of coolant in the accident configuration 
which requires of itself a large expansion vol
ume. The thermal capacity of the graphite 
exerts an important inertial influence on retard
ing any thermal excursion which follows an 
accident. I t appears posaible to design gas 
cooled systems in such a way that no single 
accident can lead to complete loss of coolant. 
There appears to be a reasonable likelihood 
that no containment wiU be necessary for 
properly designed gas cooled reactors. The 
purpose of this study is to determine whether 
or not there is a critical design point beyond 
which containment would be required. The 
study-must take into account the heat sources 
in the system following an accident and includ
ing the fission products, Np-239. chemical 
reactions (graphite oxidation in air as well as 
cladding and structural material contributions). 

d. Fuel Management Evaluation. The pur
pose of this study is to determine the detailed 
requirements for remote handling of fuel ele
ments. The study must develop fuel m.anage-
ment programs by including all of the possible 
sources which place requirements on the equip
ment. The study will include: 

(1) Fuel movement required in core to 
obtain uniform exposure and insure that the 
oldest elements will not operate under the 
most stringent performance conditions. 

(2) Maximum acceptable radiation back
ground due to buildup of radioactive species 
resulting from fuel element leakage and 
induced activation. It is necessary to 
consider the ability to decontaminate and 
maintain the remote machines themselves. 

(3) Methods of dealing with incidents more 
serious than simple fuel element ruptures. 

(4) Fuel element design principles derived 
from handling requirements. 
e. Evaluation of Component Design Principles. 

The evaluation of components would include 
the following studies: 

(1) Evaluation of methods of piping. This 
study is essentially a comparison of various 
possible methods of coping with the piping 
problems of high temperature gas systems, 
for example, concentric vs. separate hot and 
cold gas pipes. This study must take cogni
zance of the stresses, cooling or insulation, 
and suspension problems of such piping 
systems. 

(2) Evaluation of blowers. The objective 
of this study is to determine the most fruitful 
paths that blower development should follow 
in the next several years. I t is necessary to 
compare bearing techniques (including specif
ically gas bearings), blower types, seals, and 
the merits of canned blower systems. 

(3) Evaluation of heat exchangers. The 
purpose of this study is to determine the 
optimum heat exchanger design as a function 
of system operating parameters. The study 
should include comparisons such as the once 
through boiler with reheat—single and dual 
pressure cycle, the supercritrical boiler, and 
the Loeffler boiler. 
/ . Evaluation of Fuel Materials. The purpose 

of this study is to develop a preliminary evalua
tion of various possible fuel materials to include 
U, UO2, UC-UC2, the various nitrides and 
silicides of uranium, and cermets which include 
uranium, in order to guide the development 
program on materials which is necessary for 
advance systems work. 

g. Evaluation oj Cladding Materials. The 
objective of this study is to guide the develop
ment program designed to produce the best 
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cladding for the partially enriched and recycle 
versions of the gas cooled reactor. The ma
terials to be considered are stainless steel, 
beryllium, and high strength alloys. The 
criteria to be established for evaluation include 
limiting stresses, limiting temperatures, value 
of enrichment compared to incremental fabrica
tion costs, exposure lifetime, effect of irradiation 
on properties, chemical compatibility with 
coolants of interest, and methods of calculation 
of limiting lifetime. 

h. Thermal Cycle Analysis. The objective of 
this study is to determine, as a function of gas 
temperature and fuel element performance, the 
thermal cycle to be used. This study should 
include direct cycles, indirect cycles, and mixed 
cycles in which a gas turbine is used as a topping 
device above the indirect cycle superheater 
temperature. 

2. Research and Pevelopment Programs. 
The following research and development are 
required for the gas cooled reactor. 

a. Fuel Materials. The objective is to de
termine the relative performance of the various 
possible fuel materials under the range of gas 
cooled reactor conditions. The program should 
include both in and out-of-pile work. Its 
essential aim is to fine a better material than 
UO2. This work should include obtaining 
data on thermal properties, physical and me
chanical properties, fabrication technology, and 
irradiation performance under temperature and 
stress conditions appropriate to gas cooled 
reactors. For clad reactors the materials 
studied should be UO2, UC-UC2, U- containing 
ceramics such as silicides and nitrides, and U-
containing cermets such as Cr-Al203-U. 

6. Cladding Materials. The objective is to 
develop the best cladding material for high 
performance gas cooled reactors. This in
cludes a comparison for clad systems of stain
less steel, beryllium and high strength alloys. 

c. Heat Transfer and Fluid Flow. The objec
tive is to obtain and correlate heat transfer and 
fluid flow data relevant to high performance 
gas cooled reactors. For various fuel element 
and channel geometries, this would include 
results on pressure drop, orifice requirements 

and performance, channel mixing, mechanical 
stability of elements, etc. 

d. Critical Facility. The objective of critical 
experiment work is to obtain detailed nuclear 
fine structure data which would permit a 
precise determination of the spatial heat source 
and thereby lead to precision optimization of 
the core design. This is a matter of determining 
the flux—^not the criticality which can be 
adequately accomplished at the present time. 
It will also make possible an experimental de
termination of the reactivity lifetime of the 
fuel and lattice design since elements can be 
measured reactivity-wise in a spectrum ident
ical to that in which they were exposed. This 
is a full temperature, atmospheric pressure 
facility rated at 100 kw. 

e. Component Development. The objective is 
to develop reliable components for higher 
temperature operation. These components 
would include seals and closures, valves, 
piping, bearing (gas), fuel handling equipment, 
and remote maintenance techniques and equip
ment where required. 

3. Plant Construction. The following proto
type and demonstration plants are required to 
advance the technology of the gas cooled 
reactor. 

a. Experimental Gas Cooled Reactor. This is 
a pilot plant and test facility rated at 22.3 MWe 
now under construction at Oak Ridge, Tenn. 
The reactor outlet temperature is 1,050°F and 
the pressure is approximately 300 psia. Helium 
is used as a coolant and UO2-SS clad as the fuel. 

6. Advanced Prototype. This will be a proto
type of advanced design containing features 
that would culminate from the research and 
development programs. The plant should be 
rated at approximately 50 MWe with 1,200 to 
l,300°r coolant temperature and 400 psia 
coolant pressure with a high specific power core. 

c. Large Size Plant. The design of this plant 
will be based on the results obtained from pro
totype and research and development work. I t 
will probably be in the size range of 250 to 350 
MWe. The temperature wifl be about 1,300°F. 
The fuel cannot be identified at this time. 

4. Schedule for Gas Cooled Reactor Devel-
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opment. A schedule for the gas cooled reactor Maisikwh 
, • m 11 , « mi • 1 1 1 Operation and maintenance 0.89 

program is shown m table 10. Ihis schedule i s ra c 0 29 
parallels as many phases as are considered 
feasible. 10 36 
TABLE 10.—SCHEDULE FOR GAS COOLED RE- The power cost of the gas cooled reactor can 

ACTOR DEVELOPMENT (ENRICHED) be decreased by the following developments. 
Evaluation studies: inUiate Complete a. Increase in Temperature. The capital cost 

Thermal breeders 7/60 7/62 could be reduced by increasing the bulk gas 
Clad vs. unclad fuels 7/60 7/62 Q^^\^^ temperature from 1,050 to 1,200°F. 

onainmen-.- / / Assuming the steam conditions were held con-
Fuel management 7/61 7/63 , . • 
Component design prin- 7/60 7/62 ^tant, this increase m temperature could be 

cipies. used to increase the heat transfer coefficient 
Fuel materials 7/60 7/62 across the heat exchangers, which would de-
Claddmg materials 7/60 12/62 crease the heat exchanger surface area require-

yc e ana ysis ments. This would result in a capital cost 
Research and Development: . -n i i TWT n 

Fuel materials 7/60 7/68 savings of 0.33 miUs/kwh. No allowance is 
Clad materials 7/61 7/68 made for an increase in piping costs associated 
Fuel elements 12/61 12/68 with the higher temperature since it is assumed 
Heat transfer and fluid flow_ 7/61 7/68 ^^^t some means of pipe insulation would be 
Components 7/61 7/66 , 

Construction Projects: ' . rv n -n • • 
Criticalfacility 7/61 12/62 *• Increase in System Pressure. Raising sys-
Experimental gas cooled Underway 12/61 tem pressure from 300 to 400 psi increases the 

reactor. power density in the core, reduces component 
Advanced prototype 5/63 5/65 gĵ ĝ  reduces pumping power and other vari-

arge size pan ables. The net results on capital cost is a 
5. Potential of Gas Cooled Reactors—En- saving of 0.60 mills/kwh. 

riched Fuel. There is no current status of gas c. Increased Specific Power. The centerline 
reactors using enriched uranium as a fuel. temperature of the fuel in the current design is 
Therefore, the estimated cost below is not sup- 2,200T. This limit is based on retention of 
ported by the same experience as many of the fission gases as a function of temperature. Ex-
other concepts included in this report. The perimental work has indicated that a fuel center-
base cost of the enriched uranium fueled, gas line temperature of 2,800°F may be feasible, 
cooled reactor, 300 MWe plant, from which the Assuming the heat transfer surface area was 
additional potential was estimated is as follows: held constant and flow was increased to main-

Fixed har es MMsikwh ^^^-j^ constant fuel surface temperature, more 
Fuel cycle cost (10,000 heat could be removed from the fuel. Thus in 

Mwd/mt): effect, increasing the power density of the cores. 
Fabrication ($68.50/kg)_..._ 0.87 ^j^^ estimated savings in capital cost is 0.41 
Shipping 0 20 
Depletion and losses 1. 88 mills/kwh. 
Reprocessing 0.46 d. Fuel Cycle Cost. The basic reductions in 
Plutonium credit — O 95 f^gj cycle cost would occur through reductions 
Use of fXication"capi"tai_"_"_" O 05 "^ fabrication cost and increased fuel exposure. 

3. 21 The fabrication cost used in the current design 
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YEAR 1960-70 

[Thousands of dollars] 
O 

R E S E iRCH .\ND D E V E L O P M E N T 

Piesen t reactors 
G C R E -
High t empera tu re unclad fuel 

p ro to type 1 - -
Eva lua t i on s tudies : 

Clad vs unolad fuels 

Fue l m a n a g e m e n t 

Cladding mater ia ls . _-_ 
Cycle ana lys i s - - - -

P rogram 

Fue l deve lopment 

C o m p o n e n t s - - --
E G C R operat ion a n d test ing 

Subtotal—Research and de-

CONSTRHCTION 

Exper imenta l gas cooled reactor 
( a ) - — — 
(b) 

Advanced p ro to type . 
(a) 
(b) -

Large-size p lan t (300 M W e ) 
(a)- - -
(b) 

T o t a l - - -

C u m u l a t i v e 
t h r o u g h 

fiscal >ear 
1959 

11,171 

11,171 

11,171 

1960 

9,500 

9,600 

1,200 
3,600 

4,800 

14,300 

1981 

260 
250 
100 

100 
75 
50 
60 

1,000 

6,000 

6,876 

5,860 
17,860 

23,700 

30, 575 

1962 

260 
250 

260 
100 
75 
60 

600 
1,000 

400 
1,000 

600 
4,000 

8,376 

6,000 

370 
1,130 

6,600 

14, 876 

1963 

-

260 

1,000 
1,500 

400 
2,000 
2,600 
6,000 

12, 660 

3,000 
4,000 

7,000 

19,660 

1964 

1,000 
2,000 

400 
2,000 
2,500 
6,000 

12,900 

6,000 
6,000 

12,000 

2,490 

1965 

--

1,000 
3,000 

400 
2.000 
2,600 
6,000 

13,900 

2,600 
3,500 

6,000 

19,900 

1966 

1,000 
3,000 

400 
2,000 
2,500 
6,000 

13,900 

4,000 
1,100 

5,100 

19.000 

1967 

: 

1,000 
3,000 

400 

2,500 
4,000 

10,900 

22,400 
6,000 

28,400 

39,300 

1968 

760 
2,000 

400 

2,600 
2; 000 

7,660 

--

21,300 
4,060 

26,360 

33,000 

1969 

2,000 

2,600 
2,000 

6,600 

2,000 
600 

2,500 

9,000 

1970 

— - —-

2,600 
2,000 

4,500 

4,500 

T o t a l 
1960 

th rough 
1970 

9,600 

500 
500 
100 
600 
200 
150 
100 
60 

6,260 
18,500 
2,800 
9,000 

20,600 
39,000 

107, 660 

5,000 

7,420 
22,680 

11,600 
13,500 

49, 700 
11,650 

121,350 

228,900 

To ta l 
th rough 

fiscal year 
1970 

20,671 

500 
500 

600 
200 

100 
60 

6,260 
18,500 
2,800 
9,000 

20,600 
39,000 

124, 221 

6,000 

7,420 
22,680 

11,600 
13,500 

49, 700 
11,660 

121, 360 

245.671 

n 
o 
!z! 
o 

o 

I—I > 
t-l 

> 
o 
o 
H 
< 
t-< o 
g 
ts 

^ 
O 
O 

> 

Total mvestment thru 1969 - -- -- $11 
Investment 1960 thru 1970 - - 229 
Construction credit for equivalent coal plants 71 
Net investment 1960 thru 1970 158 
Costs are in millions and based on 1969 dollars, no escalation. 

(a)—Construction cost based on capital cost of a 1969 fossil fuel plant. 
1 Cost of this project not mcluded in total 

(b)—Additional cost of nuclear plant over that required for a fossil fuel plant. 
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was based on $68.50/kg of U. This figure is 
low compared to the $110/kg used for fabrica
tion cost in other reactor types due primarily 
to its relatively large diameter (~0.75 inches 
as compared to 0.5) and simplicity in design. 
The evaluation of this concept toward a higher 
specific power in the fuel will probably decrease 
the rod size and increase the complexity which 
would increase fabrication cost ^toward the 
$110/kg for the 0.50-inch rod. I t is assumed 
that over the next 10 years these two factors 
will offset each other and the potential fabrica
tion cost was estimated to also be $68.50/kg. 
Increasing the average fuel exposure from 10,-
000 to 18,000 Mwd/mt. would reduce fuel cycle 
cost by 0.59 mills/kwh. 

e. Total Potential Reductions in Power Cost. 
The projected cost of a 300 MWe gas cooled re

actor plant realizing all possible advancements 
in the technology by 1968 would be as follows: 

Millslkwh 

Fixed cliarges-- _- __ 4 .63 
Fuel cycle cost _ . 2 .62 
Operation and maintenance - _ _ 0. 49 
Insurance _- _ __ 0 .24 

7 .98 

6. Program Cost. The total estimated addi
tional investment for the next 10 years to 
achieve the potential of the gas cooled reactor 
is approximately $229 million. These costs 
include the total estimated figures and are not 
necessarily the cost to the Government. If 
the prototype and the large plants are built on 
a cost sharing program, the cost to the Govern
ment can be reduced. Table 11 shows the 
total cost by years and activity. 



F. POTENTIAL AND PROGRAM 

Summary 

The technical feasibility of the fast breeder 
reactor concept has been demonstrated through 
research and development and through operat
ing experience with Experimental Breeder Reac
tor No. 1 (EBR- l ) . Design and construction 
of the Experimental Breeder Reactor No. 2 
(EBR-2) and Enrico Fermi Atomic Power Plant 
are nearing completion. A comparison of the 
power cost associated with current technical 
status and the estimated potential power cost 
of a 300 MWe sodium cooled fast breeder re
actor is shown below. 

Current 
status Potential 

Fixed charges 5. 10 4. 43 
Fuel cycle cost 7. 10 1. 99 
Operation and maintenance. 0.79 0.79 
Insurance 0.26 0.25 

Total 13.25 7.46 

In order to realize this potential, a program 
of research, development, and construction is 
required. Such a program is expected to re
quire an additional investment through 1970 of 
$322 million. 

The following pages detail the program of 
evaluation, research, development, and con
struction; the expected costs and the potential 
improvements. 

1. Evaluation Studies. A number of evalua
tion studies are required to further define de
sirable design characteristics of fast breeder 
reactors. 

a. Basic Parametric Studies. 
(1) Physics. An evaluation is required to 

determine the effects of the following varia
bles on critical mass, breeding ratio and 
reactivity coefficients. 

(a) Neutron spectrum. 
(b) Core and blanket geometry. 

OF FAST BREEDER REACTORS 

(c) Fuel, coolant and structure composi
tions. 

(d) Voids and diluents. 
(2) Economics. An evaluation is required 

to determine the effects of the following items 
on power cost. 

(a) Fueling with recycle plutonium. 
This will include evaluation of the fuel 
value of plutonium. 

(b) Variation in fuel prices. 
(c) Use of thorium in the blanket. 
(d) Chemical composition of fuel. 
(e) Alternate fuel reprocessing tech

niques. 
6. Alternate Concepts. There are several 

different design concepts suitable for a fast 
breeder reactor. Further evaluations must be 
carried out to define the relative merit of these 
concepts. This will include an evaluation of: 

(1) The "paste" fuel concept as a means of 
reducing fuel cycle costs. 

(2) Coupled fast-thermal system to ex
ploit a high breeding potential with improved 
safety characteristics. 

(3) Direct versus indirect heat transfer 
cycles utilizing such coolants as sodium, lead 
phosphorus and mercury-sodium. 

(4) The use of "leaky" fuel elements which 
may alleviate present fission gas containment 
problems and permit cheaper fabrication. 

(5) A mobile blanket as a means of re
ducing the variation in the exposure of parts 
of the blanket. 

(6) Latticed core with discrete flow chan
nels. Advantages to this design are ability 
to refuel and monitor individual ta les plus 
potential improvements in safety r^hiracter
istics. 

(7) Blanket thermalizatiou as a means of 
improving control characteristics and eco
nomics. 

42 
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2. Research and Development. 
a. Physics. The physics of sodium cooled 

fast breeder reactors has been extensively in
vestigated. However, further investigations 
must be pursued in the following areas, par
ticularly with respect to the use of plutonium 
as a fissionable material. 

(1) The variation of the reactivity coeffi
cients with temperature. 

(2) The transient effects of power changes. 
(3) Stability under flow changes. 
(4) Improved resolution and measurement 

of the neutron flux spectrum. 
(5) Measurement of the fractions of 

delayed neutrons produced when plutonium 
is substituted for U-235 in the core fuel. 

(6) Better resolution of the cross section of 
plutonium isotopes as a function of neutron 
energy in the fast regions. 
b. Heat Transfer and Fluid Flow. Heat 

transfer and fluid flow characteristics of two 
phase sodium flow should be investigated, 
including flow distribution in unique geometries. 

c. Fuel Cycle Development. This area offers 
the greatest potential for reducing power cost. 
The research and development required to 
realize this potential is as follows: 

(1) Fusl Development. Investigation of a 
variety of fuel materials must be continued in 
order to develop a fuel element which will be 
reliable at high exposure levels, and which 
can.be economically fabricated and reproc
essed. This investigation will determine the 
physical properties of the irradiation phe
nomena associated with such materials as 
plutonium and uranium oxides, in cermet and 
ceramic combinations, and alloys. Cladding 
materials compatible with the above fuel 
materials and meeting the same requirements 
must also be developed. 

(2) Closed Reprocessing Cycle. A closed 
low decontamination factor, fuel cycle is being 
developed in connection with the EBR-2 pro
gram. This work should be continued and 
followed with the construction and operation 
of a full scale demonstration reprocessing 
facility. 
The low decontamination achieved through 

the present direction of development results in 
semi-remote fabrication methods for fuel. With 
a higher decontamination factor fuel reproc
essing method, the refabrication problem may 
be reduced. An evaluation of this alternate 
approach should be made. 

d. Component and Systems Development. Me
chanical components and materials both in 
simulated and actual environments must be 
tested. Mass transport of carbon by the coolant 
is of concern and its magnitude under various 
parameters should be determined. Irradiation 
effects on stainless steels in a fast flux to 10^*Nvt 
must be determined. Bearing materials com
patible with high temperature sodium must be 
further developed. Promising new construction 
materials should be continually investigated. 
More specific details of the type of activity to be 
pursued under this heading is described in the 
section on sodium-graphite reactors under the 
heading "Component Development." 

e. Coolant Chemistry. Additional investiga
tions of the sodium coolant system are required. 
These will include improved sampling tech
niques, impurity removal methods, the effects 
of impurities in the coolant on structural ma
terials at high temperature and blanket gas 
solubility in sodium. 

/ . Instrumentation. Improved and additional 
instruments will be required to successfully ex
ploit the fast reactor concept. These instru
ments may be considered in two categories: 

(1) Instruments for development programs. 
(2) Instruments for the large fast reactors. 

g. Safety. Since fast reactors encounter many 
safety problems unique to this concept, the 
safety development program is listed in this 
section. 

Two parallel areas of development are re
quired. These are (1) prevention of a gross core 
meltdown and (2) consequences of a meltdown. 

The first area will require extensive operation 
of test reactors to establish the kinetic behavior 
of fast reactors under varying operational 
conditions. Pile oscillator techniques must 
be developed to further this study. 

The second area will involve a great deal of 
chemical kinetics calculations and experimenta-

http://can.be


44 ECONOMIC POTENTIAL AND DEVELOPMENT PROGRAM 

tion with the final testing in a facility such as 
the Transient Reactor Test FaciUty (TREAT). 

3. Plant Construction. In order to realize 
the potential of the fast breeder reactor, the 
following construction program is required. 

a. Heat Transport Test Facility. This facility 
is necessary to test the components being 
developed under the sodium graphite reactor 
components and the fast breeder reactor com
ponents programs. The facility will permit 
the determination of heat transfer capabilities 
of heat exchangers and steam generators. I t 
will also serve to test these components under 
severe transient thermal stresses to verify 
designs and performance. The facility would 
consist of a 30 to 35 Mw oil-fired heat source 
and sink with suitable facilities to measure and 
test the performance of prototype of scale 
model reactor system components. 

6. Fuel Irradiation Test Facility. An existing 
reactor such as the E B R - l , EBR-2, Fermi or 
SRE could be modified to provide a facility for 
testing high temperature, high power density 
fuel elements. 

c. Plutonium Fabrication and Reprocessing 
Facility. A facility to demonstrate the techno
logical and economic feasibility of closed, low 
decontamination fuel cycle is required. 

d. Critical Facilities and Meltdown Tests. 
There is a need to determine temperature 
coefficients and other safety aspects of fast 
reactors. Additional TREAT-type facilities 
are also required. 

e. Prototype Plant. This plant would in
corporate the improvement derived from the 
research and development program, and the 
experience obtained from EBR-2 and Enrico 
Fermi. I t would incorporate a plutonium 
fueled core and should be rated at 100 MWe. 

/ . Advanced Prototype Plant. This plant 
would incorporate the combined longer range 
results of the research and development pro
gram. It would probably include such features 
as a mobile blanket, paste fuel, plutonium 
oxide fuel, and higher steam conditions. The 
plant would be rated at 150 MWe. 

g. Large Plant. The design of this plant will 
be based on the research and development 

program and the results of experience obtained 
from the prototype reactors. I t would be rated 
at 300 MWe. 

h. Current Plants Under Construction. In 
addition to the new construction program, the 
EBR-2 and the Enrico Fermi plants presently 
under construction should be completed and 
operated. 

4. Fast Breeder Concept Development Pro
gram Schedule. The development program 
scheduled in Table 12 is based primarily, 
because of the available information, upon the 
heterogeneous sodium cooled fast breeder re
actor. The expansion of the program to 
encompass other concepts such as the "paste" 
and "fast thermal" must await results of 
additional evaluation studies. Various phases 
of the program are placed on a parallel time 
schedule, where practical, to shorten overall 
completion time. 

5. Potential for the Fast Breeder Reactor. 
The realization of the full potential of the fast 
breeder reactor extends appreciably beyond 
1970. Projections of this longer range potential 
will require many radical changes from the 
current reactor concepts and are discussed later 
in this section since that probably could not be 
realized in time for the 1969 target plant. 

The projection of economics on a comparative 
basis with other reactor concepts included in 
this report is provided in the following para
graphs. 

The possible cost reductions are derived from 
the "current status" costs of a 300 MWe fast 
breeder plant. These costs are: 

Millslkwh 

Fixed charges 5. 10 
Fuel cycle cost: 

Fabrication 2.68 
Shipping 0.31 
Depletion 1. 96 
Reprocessing 1. 35 
Plutonium credit —1.42 
Use charge 0.81 
Use of fabricated capital 0. 38 

7. 10 
Operation and maintenance 0. 79 
Insurance 0. 26 

Total 13. 25 
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T A B L E 12.—FAST B R E E D E R R E A C T O R P R O G R A M S C H E D U L E 

Construction 
Evaluation studies: initiate complete 

Parametric studies _ - - - - - - 7/60 
Alternate concepts: 

Pas t e fue l - - - ^- - - - - 7/61 
Coupled fast-thermal- 7/61 _ _ — 
Direct vs. indirect-- - - - - - 7/61 
Leaky fuel elements - - — - 7/60 
Mobile blanket - - 7/60 
Latticed core - . - _ - 7/60 _ 
Blanket thermalizatiou - - — 1/61 

Research and development: 
Physics 7/60 - -
Heat transfer and fluid flow- - - - Underway 
Fuel cycle development - - - — - Underway 
Engineering development - - - - Underway -- - — 
Coolant chemistry , - - - - Underway - - - — 
Instrumentation - - _ _- - Underway - - - — 
Safety - - - - Underway - -

Construction: 
Mechanisms test facility- _ 7/60 7/61 
Heat t ransport test facility _ 7/61 7/62 
Fuel irradiation test facility - - - - - 7/60 7/62 
Critical facility _ - - — 7/60 - - . 
Prototype plant (150 MWe) _ 7/63 1/66 
Large plant (300 MWe) 7/65 1/69 
Advanced prototype (150 MWe) . - . - - 7/66 7/69 

NOTE. In actual practice, the ad\anced prototype will probably be built before the large plant (300 Mwe) 

Program 
complete 

7/61 

7/62 
7/62 
7/62 
7/61 
7/61 
7/61 
2/62 

7/64 
7/62 
1/69 
1/69 
1/65 
1/64 
7/64 

1/64 
1/64 
6/66 
7/61 

The estimated potential reduction in power 
cost for the fast breeder reactor is based on 
the following. 

a. Design Simplification. The principle capi
tal cost reductions that are projected for the 
fast reactor with its current concept are in the 
area of design simplifications that have become 
apparent since the design and construction of 
the Enrico Fermi plant. This would include: 

(1) Improvements in the reactor pressure 
vessel and the surrounding shielding. 

(2) A cheaper method of fuel handling 
made possible by the longer residence time 
of the fuel in the core due tb increased ex
posure lifetime. 

(3) Reductions in the excessive instrumen
tation which was used primarily for first 
plant testing purposes. 

(4) Increasing the system pressure to ~20 
psia and increasing the coolant velocity. 
This reduces pumping requirements and pip
ing cost. 

These and a combination of other design 
simplifications are expected to reduce the capi
tal cost by 0.67 mills/kwh. 

b. Fuel Cycle Cost. The major reduction in 
fuel cycle cost will come about in substituting 
a plutonium fuel for the U-10 w/o Mo, resulting 
in a considerable increase in fuel exposure. 
Using this type of fuel, the following fuel cycle 
costs are estimated for the 1969 plant. 

Millslkwh 
Fabrication - - 1.03 
Shipping - 0 .14 
Depletion-- - -- -
Reprocessing - - - 0 .61 
Plutonium credit -_ —0.68 
Use charge - 0. 82 
Use of fabrication capital- -_ 0. 07 

Total - . - -_- 1.99 

The above fuel cycle costs are based on a 
Pu02-U-15 w/o Mo fuel with stainless steel 
cladding, a conversion ratio of 1.5 to 1, fabri
cation cost of $385/kg of Pu-fU and 50,000 
Mwd/m.t. 
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TABLE 13—FAST BREEDER REACTOR—DEVELOPMENT PROGRAM ESTIMATED INVESTMENT, FISCAL YEAR 1960-70 
[Thousands of dollars] 

4^ 

R E S F A R C H \ N D D E V E I O P M E N T 

Present reactors 
E B R I * 11 
Fermi—Priva te _ 

— O o \ e m m e n t 
P rogram 

Eva lua t ions 
Pa ramet r i c s tudies . 
M t e m a t e concepts 

Phys ics 
Safety 
Heat transfer, fluid flow 
Fuel cycle deve lopment 
Engineering development 
Coolant chemis t ry 
I n s t r u m e n t a t i o n . 

Facil i t ies and p lan t opera t ion 
Mechanica l test 
H e a t transfer test 
Fuel i r radiat ion 
Fuel cycle test 
Critical me l tdown . 
Exper imenta l reactor 
Pro to type 

Subtotal—Research and devel
o p m e n t 

CONSTRUCTION 

Miscellaneous 
E B R I & I I 
Fe rmi 
P ro to type p lan t (150 M W e ) 

(a) 
(b) 

Large p lan t (300 M W e ) 
(a) 
(b) 

Subtota l—Const ruc t ion 

To ta l 

C u m u l a t i v e 
t h r o u g h 

fiscal year 
1859 

37,605 
14,589 
1 071 

_ 
. 

63 265 

1 042 
12, 771 
21 297 

35 110 

88 375 

1960 

12,100 
5,000 

600 

300 
200 

1,000 
1,200 

100 
4,000 
1,000 

50 

25 550 

10,300 
28,000 

38 300 

63 850 

1961 

10 000 
2,000 

600 

500 
1,000 
1,100 

100 
6 0 0 0 
1 000 

100 
500 

700 

1,000 

, 
100 

24 600 

8,874 
11 000 

19 874 

44 475 

1962 

4,000 

200 

500 
1,500 
1,000 

100 
7,000 

600 
100 

1,000 

700 
1,700 
2 000 
6,000 

400 

25 700 

887 

887 

26 687 

1963 

4,000 

_ 
300 

1 600 
1,000 

7,000 
600 
100 
100 

300 
1 700 
1,000 
6,000 

600 

24,100 

4 800 
4,200 

9 0 0 0 

33,100 

1964 

3 000 

300 

1,000 
800 

6,000 
300 
100 
100 

300 
900 

1,000 
1,000 

500 

16,300 

22 200 
19,800 

42,000 

67,300 

1965 

3,000 

300 

800 

4,000 
300 

60 

500 

8,960 

1,100 
900 

2 000 

10,950 

1966 

2,000 

600 

3,000 
300 

300 

1,000 

7,200 

4 000 
1 300 

5 300 

12,500 

1967 

2,000 

500 

2,000 
300 

300 

2,000 

7,100 

--

20,900 
7 000 

27,900 

35 100 

1968 

2,000 

.. 

_ 

200 

2,000 

4,200 

23,000 
7 600 

30 600 

34 800 

1969 

. 
. 

_ 

. 
1,000 

1,000 

. 

2 0 0 0 
700 

2 700 

3 700 

1970 

. 

. 

.. 

1,000 

1,000 

1 000 

T o t a l 
1960 

th rough 
1970 

42,100 
7,000 
2,200 

300 
1,200 
6,000 
7,000 

300 
39,000 

4,200 
500 

1 700 

2,030 
4,300 
5,000 

11,000 
2,800 

7,000 

143 600 

20,061 
39,000 

28,100 
24,900 

49,900 
16 600 

178, 661 

322 161 

T o t a l 
th rough 

fiscal year 
1970 

79, 705 
21,589 
3,271 

300 
1,200 
6,000 
7,000 

300 
39,000 

4,200 
500 

1 700 

2,000 
4,300 
5,000 

11,000 
2,800 

7,000 

196 866 

1,042 
32,832 
60,297 

28,100 
24,900 

49,900 
16,600 

213 671 

410 636 

Total investment through fiscal year 1969 $88 
Investment 1960 through 1970 - 322 
Construction credit for equivalent coal plant 78 

Net Investment 1960 through 1970 254 

Costs are m millions and based on 1959 dollars, no escalation. 

(a) Construction cost based on capital cost of 1959 fossil fueled plant (b) Additional cost of nuclear plant over that required for a fossil fueled plant 
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c. Total Potential Power Cost oj Fast Breeder. 
The estimated power generating cost of a fast 
breeder reactor plant placed in operation in 
1969 is as follows: 

Mtll>ikwlt 

Fixed charges-_ 4. 43 
Fuel cycle cost ___ 1.99 
Operation and maintenance. _ 0. 79 
Insurance 0.25 

Total 7.46 

d. Further Cost Reductions Past 1969. A 
number of the potential areas of improvement 
in addition to those listed can be projected for 
the fast reactor concept. They were not con
sidered in the above analysis since it is doubtful 
they could be incorporated in the 1969 plant. 

6. Program Cost. The additional investment 
to carry out the above program is estimated to 

cost $322 million through 1970. Details are 
based on rough estimates and 1959 dollars. 
Construction costs are total and assuming some 
cost sharing plan, not necessarily Government 
costs. The detailed cost breakdown for the 
fast reactor program is shown in Table 13. The 
cost for the advanced prototype reactor is not 
shown in the cost breakdown since the results 
from this prototype could not be factored into 
the economic potential by 1968. The large 
plant cost was included in order to make the 
cost consistent with that shown for other con
cepts. In all probability, this situation will be 
reversed in actual practice, i.e., the advanced 
prototype may be constructed in 1966, whereas 
the large plant may not be constructed until 
1972. 



G. POTENTIAL AND PROGRAM OF THERMAL BREEDER 
REACTORS, AQUEOUS HOMOGENEOUS 

Summary 

The technical feasibility of the Aqueous 
Homogeneous Reactor as a thorium breeder 
has not been established. As a consequence, 
a major program of research, development and 
plant construction and operation must be 
carried out before this feasibility is demon
strated and the economics of the system pre
dicted with any degree of certainty. Assuming 
the development outlined is achieved, a 300 
MWe commercial plant could be constructed 
in 1970 having the following expected eco
nomics: 

MiUalkwh 

Fixed charges 6. 38 
Fuel cycle costs 2. 12 
Operation, maintenance and insurance. 2. 83 

11.33 

In order to reach this point, it is estimated that 
an additional investment of $178 million will be 
required over the period 1960 through 1970. 
The following pages detail the program of 
evaluation, development, and construction that 
must be undertaken and the schedule and the 
yearly costs for this program by activity. 

1. Evaluation Studies. The liquid metal fuel 
reactor concept and the fused salt concept are 
being studied as alternative approaches to the 
development of a successful thorium thermal 
breeder. However, no systematic evaluation 
study has been made of all possible reactor 
types and systems with the view of assessing 
their potential for development as a successful 
thermal breeder. Although the use of DuO as 
the solvent in an aqueous homogeneous system 
permits the attainment of an effective breeding 
ratio of greater than one, it carries the penalty 
of comparatively low temperature, high pres
sure, and expensive components. Other sys

tems may give lower breeding ratios but as com
pensation permit lower capital costs and higher 
efficiencies. In order to explore the possibilities 
of other concepts as thermal breeders, a sys
tematic evaluation study should be carried out. 
Based upon the results of such evaluation 
studies experimental programs can be started 
where warranted to verify or establish parame
ters. The scope of study should be similar to 
the one described for the fast breeder program. 

2. Research and Development Program. The 
following program is required for the successful 
development of the aqueous homogeneous 
concept. 

a. Uranyl Sulfate Solution Fuels. Much 
more detailed information is necessary before 
uranyl sulfate fuels can be used with confidence. 
Work in this field divides itself conveniently 
into three areas. 

(1) Heterogeneous Equilibrium Studies. 
(a) Complete the determination of bound

ary limits of the region of homogeneous solu
tion in the five component system UOa-CuO-
NiO-S03-D20 in the ranges of concentrations 
and temperatures which are relevant to the 
core fuel. 

(b) Complete the determination of the 
compositions of liquid and solid phases which 
form when the boundary limits are exceeded 
and the investigations of thermal stabilities 
of those phases. 

(c) Complete the study of phase relation
ships of the several three and four component 
which are related to the five component 
system. 

(d) Complete the study of solubility of 
fission products in the reactor fuel and the 
determination of the effects of fission products 
on the phase relationships. 

(2) Reactions in Fuel Solutions. The 
48 
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chemical behavior of the fuel solution is not 
completely understood. Rates of peroxide 
decomposition and the effects of catalysts on 
these rates must be explored over wide tem
perature ranges. The rates at which the 
various solutes present in the fuel solution 
are oxidized and reduced by one another must 
be determined. The factor affecting precipi
tation of fuel constituents must be learned 
and development of methods for removal 
of solids must be undertaken. Deposition of 
uranium on metal surfaces or adsorption of 
uranium by corrosion films or corrosion 
products in suspension can result in over
heating and accelerated corrosion. Meth
ods of controlling the sorption must be 
learned. 

(3) Radiation Chemistry. Determination 
of the effects of radiation on fuel solutions 
must be extended to the dilute solutions and 
the high power "densities proposed for the 
cores of large power breeder reactors. The 
tests are intended to demonstrate the ade
quacy of recombination and peroxide decom
position reactions and to determine whether 
there are radiation induced instabilities which 
have not been observed in short experiments 
with concentrated solutions at high power 
density and dilute solutions at lower power 
density. 
b. Thoria Slurries. A better basic under

standing of thoria slurries, their properties, and 
the chemical and physical behavior under re
actor conditions must be obtained. Develop
ment work should be concentrated into four 
areas. 

(1) Surface Chemistry and Caking Studies. 
(a) Investigation of the surface chemistry 

of thoria and the relationship between the 
behavior of the slurries and electrolyte con
centrations in the environment. The work 
will include study of the sorptive or ion ex
change properties of representative thoria 
preparations, determination of the nature of 
the bonding between thoria and adsorbed 
materials, degree of dispersion of the thoria 
particles or strength of floes as indicated by 
settling characteristics, etc. 

(b) Development of complete specifications 
for noncaking slurries. Methods will be 
sought for preventing caking and for remov
ing and dispersing cakes which are formed in 
reactor equipment. 

(2) Engineering Properties. The various 
factors affecting the yield stress and coefficient 
of rigidity of slurries will be determined to 
provide design data for slurry blanket systems 
and criteria for establishing engineering spe
cifications for slurry fuels. 

Investigations of settling and resuspension 
of slurry in piping systems will be completed 
to provide engineering design data. 

(3) Recombination Catalyst Development. 
The objective of this work is to complete the 
development of a satisfactory catalyst for 
recombining gases which will be produced 
in the blanket of a breeder reactor. Molyb
denum oxide, palladium and platinum have 
shown promise and the immediate need is to 
develop preparation methods which will pro
vide a catalyst of satisfactory activity and 
assure reproducible results. As the catalyst 
preparation methods become more clearly 
defined and slurry systems are selected for 
extended study the effects of fission products, 
corrosion products, uranium concentration, 
thermal gradients and long-term hydro ther
mal treatment on catalyst activity will be 
systematically studied. 

(4) Radiation Stability. Attrition of the 
particles and other radiation effects could 
cause changes in the physical behavior and 
the usefulness of the slurries. Although no 
gross effects have been observed in short ir
radiations, it is necessary to extend the ir
radiations to beyond the burnups expected 
in the large reactors and to develop satis
factory methods of evaluating the effects of 
radiation. 

c. Corrosion in Reactor Circulating Systems 
and Auxiliaries. 

(!) Uranyl Sulfate Solution Fuels. Unless 
it is determined from reactor and loop ex
perience that acidities higher than those in 
Homogeneous Reactor Experiment No. 2 
(HRE-2) fuel are necessary to improve the 
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stability of the fuel this work will be con
cerned primarily with the testing of new 
alloys for special applications, and the 
"special situation testing" of fuels, descaling 
solutions and materials for the reactor ex
periment and prototypes. 

(2) Slurry Fuels. Before the design of a 
large reactor can be undertaken, it will be 
necessary to complete the determination of 
effects of particle size, shape and concentra
tion and slurry velocity on errosion of a 
variety of materials in acid, neutral, and 
alkaline slurries and with deuterium, oxygen 
and stoichiometric gas overpressures. 

Conditions which lead to and which pre
vent stress corrosion cracking in slurry sys
tems must be established in order to evalu
ate the suitability of austenitic stainless steels 
as constructional materials. 

(3) Water and Steam. Experiments need 
to be done in HRE-2 and in autoclaves under 
radiation to determine whether radiation has 
an effect on stress corrosion cracking and to 
establish a satisfactory feed-water treatment. 
d. Corrosion of Reactor Core and Blanket 

Materials. Theories which have been developed 
to explain the radiation corrosion effect of 
solution fuels on Zr-2 indicate that alloys which 
have greater corrosion resistance in the absence 
of radiation should be superior in-pile also. 
I t is believed that studies of processes and 
kinetics of corrosion of zirconium alloys and 
formation and attrition of zirconium oxide 
films on the alloys out-of-radiation will be of 
great assistance in unraveling the mechanism 
of radiation corrosion and in selecting alloys 
and solutions which will give improved corro
sion performance in-pile. The types of studies 
include ; 

(1) Experimental studies using electro
chemical methods. 

(2) Experimental studies using autoclave-
oxygen consumption methods. 

(3) Analysis and correlation of literature 
data on aqueous corrosion of zirconium 
alloys. 
Autoclave experiments with slurry fuels 

indicate a radiation effect on corrosion that 

diminishes with time. The decrease in corro
sion rate is attributed to the growth of a pro
tective film. If the film is removed by abrasion 
of high-velocity particles, higher corrosion rates 
with no time dependence will be observed in 
loop experiments. Boiling in loop experiments 
at high power density is required to duplicate 
conditions that would exist in large power 
reactors of some designs. 

The accelerated corrosion rate coupled with 
circulation effects may result in a hydriding 
action in-pile that would not be observed out-
of-pile. Special attention will be paid to the 
hydriding problem in the in-pile loop tests. 

e. Metallurgy. Although Zircaloy-2 could 
be used for the prototype and commercial 
reactors, it would be desirable to have a more 
corrosion resistant alloy. Availability of such 
an alloy would give more freedom to the de
signer and operator and would require less 
frequent replacement of the core tank. De
velopment of an improved alloy is an important 
part of the program. 

(1) Zircaloy-2 Development. Procedures 
for manufacture of Zircaloy-2 will be de
veloped sufficiently so that plate and other 
products can be obtained with very nearly 
isotropic properties and with the anistropy 
controlled in such a manner as to facilitate 
special forming operations. 

(2) Zirconium Alloy Development. Zir
conium-niobium alloys are promising as 
materials with improved resistance to radia
tion corrosion effects and as the first high-
strength, heat-treatable zirconium alloys. 
The alloy development program wiU consist 
initially of studies of zirconium-niobium 
alloys with ternary or quaternary additions 
of elements such as palladium, molybdenum, 
and copper to improve the fabricability of 
the alloys. One or two of the more promising 
alloys will be developed into engineering 
materials. Corrosion testing will be done as 
a part of the corrosion program. 

(3) Mechanical Properties. Proper design 
of large zirconium alloy vessels require a 
better knowledge of the interpretation and 
application of results of standard physical 
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properties tests to the design of zirconium 
structures. Zirconium alloys are hexagonal 
metals while the tests have been proved 
with the more common cubic metals. 
Behavior of zirconium alloys in the conven
tional mechanical tests will be studied with 
the objective of modifying the design rules 
and providing an understanding of the effects 
of anisotropy on the properties. 

(4) Chemical Activity and Radiation 
Damage. Studies must be undertaken to 
determine the effects of radiation and the 
effects of the solution or slurries on the 
physical and chemical properties of promising 
new alloys. 
/ . Fuel Manufacture and Processing Develop

ment. Methods have been developed for 
manufacturing both core and blanket fuels 
for the two-region breeder reactors. While 
the methods should be satisfactory for a 
HRE-3, development of better equipment, 
more economical processes, an improved 
thorium oxide slurry and facilities for recycling 
fuel are important for the Thermal Breeder 
Reactors. The basic work and some of the 
pilot plant work have been done in developmg 
methods for processing core and blanket fuels. 
It is necessary to prove the feasibility of the 
methods and to provide special equipment for 
the processing plants. 

g. Engineering Development of Reactor Com
ponents and Systems. Engineering development 
work has progressed to the stage where most 
of the equipment can be specified for a HRE-3. 
Satisfactory operation of the equipment assem
bled in a mockup remains to be demonstrated. 
Equipment and systems must be developed 
for prototype and large scale reactors. Of 
particular importance is the early development 
of a design for a reactor vessel which shows 
promise of being satisfactory for a large power 
breeder. 

3. Supplementary Research and Develop
ment on Alternative Systems. Alternative sys
tems which are presently considered sufficiently 
promising to merit further investigation are dis
cussed below. All of the effort is in the field of 
fuels and materials. In the event that an alter

native fuel, material, or reactor system com
pares advantageously with one of the present 
primary efforts systems, an expansion of effort 
on the alternative would be supported at the 
expense of the system to be replaced. 

a. Core Fuels. Interest in alternative core 
fuels stems from the limitations which presently 
appear inherent in the uranyl sulfate solution 
fuel. The limitations are related to second 
hquid phase and insoluble complex salt forma
tion in solutions which can be contained by 
stainless steel at temperatures of interest for 
producing power. 

(1) Solutions. Phase studies of uranyl ni
trate solutions indicate they are less prone to 
second liquid phase or insoluble complex salt 
formation. Studies directed at the compara
tive evaluation of the nitrate and sulfate sys
tems will continue. 
Studies of uranyl carbonate systems are of 

interest since preliminary data indicate they are 
compatible with carbon steel. Establishment 
of suitable solubility limits will be followed by 
reaction chemistry and radiation chemistry 
investigations. 

(2) Slurries. Dilute oxide slurry fuels 
(~200 g mixture per liter, 5-10%, U, 95-90% 
Th) will be investigated. Chemical and 
physical behavior of the oxide particles in 
terms of integrity and interaction at the high-
power densities of interest requires explora
tion. Collateral studies of catalysts and other 
inherent impurities such as corrosion and fis
sion products are anticipated, consistent with 
developments. Work on preparation and 
properties of mixed oxides will have to be car
ried out concurrently to provide suitable ma
terials for these investigations. 
b. Advanced Design Studies. The purpose of 

this work is to provide goals for the development 
and reactor construction programs in terms of 
the design for a large power breeder plant. The 
design work defines the problems that must be 
solved in the development programs and pro
vides a basis for distributing the efforts in ac
cordance with the importance of the problems. 
It must be continuous so that results of the de
velopment work can be factored back into the 
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design to assess the progress that is being made 
and to determine whether changes are required 
in the program. In addition, the work provides 
a basis for continuous evaluation of the poten
tial of reactors as power breeders and for the 
study of alternative designs such as fluidized 
blanket and boiling reactors. 

4. Plant Construction. Based upon the re
search and development program outlined 
above, the following projects are required to 
establish the feasibihty and demonstrate the 
economics of the aqueous homogeneous con
cept as a thermal breeder. 

a. HRES. The purpose of this project is to 
demonstrate solutions to problems encountered 
with uranyl sulfate fuel in HRE-2 and to in
vestigate the nuclear behavior of a reactor 
with a thoria slurry blanket, the performance 
of blanket system equipment, and the main
tenance of core and blanket system. 

This reactor would be a small scale model 
of a two-region power reactor utiHzing solution 
core fuel and a slurry blanket fuel. No elec
tricity would be generated. The following 
reactor parameters are suggested. 

Power thermal 5 to 10 Mw. 
Pressure 2,000 psig. 
Temperature of solution 482°F to 554°F. 
Core solution Uranyl sulfate in D2O. 
Blanket slurry Th02 dispersion. 

b. Thermal Breeder Reactor Experiment. The 
purpose of this project is to perform all the 
functions and to operate under all the condi
tions of a full scale powerplant. The objective 
of the plant would be to prove the practicality 
of aqueous homogeneous power breeders and 
to provide a firm economic basis for estimating 
potential and a firm technological basis for 
construction of commercial plants in large 
size. I t would be as small as could be built 
to utilize the core and blanket fuels in the 
actual concentrations required for a large 
plant. The power would be ^ligh enough to 
attain the maximum power densities of the 
large plant. Reactor equipment, operational 
procedures, the maintenance equipment and 
methods developed for this reactor would be 
those required for a large power reactor or 

would be easily enlarged to an appropriate 
size. 

Reactor type: The reactor would be a 75 to 
150 MWt thermal breeder. No electricity 
would be generated. Included with the reactor 
plant would be hot maintenance facilities, a 
complete plant for manufacturing, processing 
and recycling the core and blanket fuels, and 
facilities for handling all the radioactive 
wastes. Operation of the prototype would be 
continued for an indefinite time. Features 
of the operation would be demonstration 
of a positive breeding gain end recycle of 
thorium and bred U-233. 

c. TBR Large Size Plant. The conceptual 
design of the first prototype plant could be 
started while construction of the Thermal 
Breeder Reactor Experiment is still under way. 
Detailed design could proceed concurrently 
with operation of the prototype and still 
benefit from the operating experience. 

The plant might initially be constructed with 
one reactor core to produce about 400 Mw of 
heat and 125 Mw of electricity. It could be 
expanded in subsequent years by addition of 
reactor and turbo-generator capacity to provide 
300 Mw or more of electrical capability. The 
plant would be provided with full fuel manu
facturing and processing facilities. Processing 
facilities for the first reactor should be more 
than adequate to handle the expanded power 
station. 

d. Current Plants Under Construction or 
Operation. Operation of HRE-2 through 1960 
and part of 1962 is required to establish firmly 
the mechanism of separation of uranium from 
the uranyl sulfate solution fuel. I t is necessary 
also to determine whether the separation can 
be prevented by changing the composition of 
the fuel or the design of the reactor core. 

5. Schedule for the Aqueous Homogeneous 
Reactor Program. A schedule for the aqueous 
homogeneous reactor program is shown on 
Table 14. This schedule is based upon an 
orderly sequence of development for demon
strating feasibility and economics. I t parallels 
as many phases as are considered feasible. 
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T A B L E 14—AQUEOUS H O M O G E N E O U S REACTOR 
P R O G R A M S C H E D U L E 

Evaluation studies: start Complete 
Thorium breeder concepts . 7/60 7/61 

Research and development: 
Uranyl sulfate solution 

fuels_ __ _ Underway 12/63 
Thoria slurry fuels. Underway 12/64 
Corrosion in circulating 

systems Underway 12/63 
Corrosion in core and 

blanket Underway 12/65 
Metallurgy __ ._ _ Underway 12/63 
Fuel manufacture and re

processing Underway 12/66 
Engineering of reactor 

components and sys
tems Underway 12/66 

Advanced design 7/60 12/69 
Alternate systems ___ 7/60 12/64 

Plant construction: 
H R E - 3 (5-10 Mwt) 7/61 1/64 
T B R prototype (75-150 

Mwt) _ 7/63 1/66 
T B R large size plant (125 

Mwe) 7/66 1/70 

6. Potential of Aqueous Homogeneous Re
actors. The ultimate economic potential of 
aqueous homogeneous reactors is not evaluated 
in this report because the technology has not 
been developed sufficiently to support realistic 
estimates of cost. This technology will not be 

available until 1970-71 when the first plant 
demonstrating feasibility is scheduled for oper
ation. Estimates for a 300 MWe plant employ
ing three reactors of the two-region solution-core 
power breeder type have been made on a basis 
consistent with other power plants. For such 
a reactor the estimated power costs are sa 
follows : 

MilUtkwh 

Fixed charges 6. 38 
Fuel cycle costs: 

Depletion (includes U233 
credit) (0.22) 

Reprocessing 1. 94 
AEC lease charges 0. 24 
Thorium inventory 0.16 

2. 12 
Operation and maintenance 2. 53 
Insurance __ _ 0. 30 

11.33 

7. Program Costs. An additional investment 
of $178 million will be required through 1970 in 
order to develop the technology and establish 
the feasibility of large-scale powerplants. The 
costs of this program to the Government will 
be less than indicated depending upon the 
particular cost-sharing principle utilized in the 
construction of the prototype and the large 
plant. 



TABLE 15.—THERMAL BREEDER. AQUEOUS HOMOGENEOUS REACTORS—DEVELOPMENT PROGRAM ESTIMATED INVEST
MENT, FISCAL YEARS 1960-70 

[Thousands of dollars) 

0\ 
4^ 

R E S E A R C H A N D D E V E L O P M E N T 

Present reactors: 
Aqueous honiogeneous 

L M F R E . . 
E v a l u a t i o n s tudies : 

P r o g r a m : 
U r a n y l sulfate solut ion fuels 

Corrosion in core 

Fue l manufac ture 
Engineer ing of c o m p o n e n t s . - . . . 
Advanced design-
Al te rna te sys tems - - - -
H R E - 2 opera t ion 
H R E - 3 opera t ion 
T B R p ro to type operat ion 

Subtota l—Research a n d de-

CONSTRIICTION 

Aqueous homogeneous 
Fused salt 
L M F R E 
H R E - 3 
T B R p ro to type 
T B R large p lant : 

(a) 
(b) 

To ta l 

C u m u l a t i v e 
th rough 

fiscal year 
1959 

62,089 
2,891 

18,042 

83,022 

964 

346 

1,841 

3,151 

86.173 

1960 

(') 
1,000 
1,500 

400 
600 
800 
700 
300 
400 
900 
600 
150 

2,000 

9,350 

156 

14 

170 

9,520 

1961 

1,000 

600 
800 
820 

1,000 
360 
500 
600 
600 
200 

1,900 

8,380 

8,380 

1962 

500 

600 
800 
800 

1,100 
390 
960 

1,500 
400 
270 

1,000 

8,320 

2,000 

2,000 

10,320 

1%3 

360 
850 
300 

1,100 
270 

1,250 
2,300 

600 
210 

800 

8,040 

3,000 

3,000 

11,040 

1964 

160 
410 
120 
900 
100 

1,400 
2,000 

400 
150 

2,800 

8,430 

1,000 
8,100 

9,100 

17,350 

1966 

200 

700 

1,300 
1,800 

500 
100 

2,800 

7,400 

35,000 

36,000 

42,400 

1966 

200 

900 
1,000 

300 

2,800 
1,000 

6,200 

1,900 

1,900 

8,100 

1967 

100 
1,000 

500 

2,800 
3,000 

7,400 

2,000 
1,800 

3,800 

11,200 

1968 

600 

4,500 

5,000 

11,000 
10,000 

21,000 

26,000 

1969 

500 

4,500 

6,000 

11,600 
10,500 

22,000 

27,000 

1970 

600 

4,600 

5,100 

600 
600 

1,200 

6,300 

T o t a l 
1960 

th rough 
1970 

1,000 
1,600 

1,600 

2,110 
3,660 
2,840 
5,700 
1,420 
6,810 

11,100 
5,500 
1,080 
4,900 

12,000 
17,600 

78,620 

156 

6,000 
45,000 

25,100 
22,900 

14 

89,170 

177,790 

T o t a l 
th rough 

fiscal year 
1970 

62,089 
3,891 
9,642 

1,600 

2 110 
3,660 
2,840 
6,700 

6,810 
11,100 
6,600 
1,080 
4,900 

12,000 
17,600 

161, 642 

1,120 

346 
6,000 

45,000 

25,100 
22,900 

1,866 

102,321 

263,963 

Total Investment through 1969 $86 
Investment 1960 through 1970 _ _ 178 
Construction credit lor equivalent coal plants 25 
Net Investment 1960 through 1970 153 

Costs are in millions and based on 1959 dollars, no escalation. 

M 
O 

o 
o 
g 

o 
H 
H 

o 

o •ti 

» 
o 
o 
w 

' Fiscal Year 1960 totals included in development program. 
' Does not Include ANF. 

(a)—Construction cost based on capital cost of a 1959 fossil fuel plant. 
(b)—Additional cost of nuclear plant over that required for a fossil fuel plant. 



H. POTENTIAL AND PROGRAM OF D2O MODERATED NATURAL 
URANIUM FUEL REACTORS 

Summary 

There is no experience in the operation of any 
D2O moderated reactor for generation of elec
tric power. However, â  basic technology has 
been developed through research and develop
ment programs as well as from operation of the 
D2O moderated production reactors at Savan
nah River. 

The D2O moderated power reactor tech
nology is in an early stage of development and 
there remain many areas where further research, 
development, and testing are required to 
identify the features which should be incorpo
rated in a logical demonstration plant. A com
parison of the power cost associated with 
current status and the estimated economic 
potential of the D2O moderated reactor is 
shown below. 

Coitf miUilkwh 
Current Potential 
ttatus 

Fixed charges 7.05 5.80 
Fuel cycle cost 4.22 1.21 
Operation and maintenance 0. 91 0. 91 
Insurance 0.32 0.28 

Total 12.50 8.20 

In order to accomplish these improvements, 
a comprehensive research and development and 
plant construction program must be under
taken. Such a program is expected to require 
an additional investment of $283 million 
through 1970. 

1. Evaluation Studies. There are numerous 
variations of design concepts suitable for a D2O 
moderated reactor plant. The significant ones 
are: the pressure vessel vs. the pressure tube-
calandria design; the boiling water-direct cycle 
(pressure-tube) vs.- the pressurized-pressure 
tube design; or combinations of the above. In 
addition, the D2O moderated concept may 
employ various coolants, such as D2O, light 

water, organic and gas. I t is axiomatic that 
in planning a development program one base 
design should be selected as the starting point. 
For piu-poses of this potential projection, the 
pressurized D2O coolant, pressure vessel, in
direct cycle was selected as the base. 

A design study has been made on the D2O 
moderated, natural uranium-fueled reactor. 
However, this study included only a brief 
analysis of the various concepts and emphasized 
the preliminary design of the pressure tube-
boiling-direct cycle concept. Considerably 
more evaluation is needed to clearly identify 
the most promising concept with the emphasis 
on a detailed analysis of the relative difference 
in various concepts rather than a detailed 
design of any one concept. The following 
analyses are needed: 

a. Pressure Vessel vs. Pressure Tube Design. 
A study is required to determine the relative 
quantitative economics of these two concepts. 
The study should include the expected limi
tations on reactor size, the effects of a hot vs. 
cold moderator on the lattice parameters and 
reactivity lifetime, and the effects of the 
various calandria and tube materials on 
reactivity lifetime. 

b. Boiling Direct Cycle vs. Pressurized. A 
quantitative study is required to determine the 
relative merits of these two concepts, which 
should include reactivity lifetime, relative 
leakage of D2O, economics and other factors. 

c. DfO Natural Uranium vs. 6as Cooled or 
Organic Cooled Natural Uranium. The D2O 
natural uranium fueled reactor is competing 
directly with the graphite moderated gas 
cooled-natural uranium reactor. A quantita
tive economic analysis should be made between 
these concepts before launching a full scale 
D2O natural uranium program. Organic cool-

55 
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ing permits a low pressure operation—a more 
exhaustive study should be made of the 
potential of this concept. 

2. Development Programs. 
a. Reactivity and Physics. The major limi

tation of the D2O natural uranium-fueled 
reactor is the reactivity available in the 
natural uranium fuel. The accurate prediction 
of reactivity is particularly significant for the 
natural uranium reactors because small errors 
can represent a large part of the available 
excess reactivity (i.e., for fuel burnup). The 
nuclear properties of a wide variety of cold-
clean natural uranium lattices in a heavy 
water moderator have been measured. How
ever, most of the data were for metal-fueled 
lattices and for moderator temperatures gen
erally about room temperature. The nuclear 
design of present reactor concepts has been 
extrapolated by a variety of computational 
techniques from these experimental data. 

Physics studies on U02-Zr clad fuel and 
metallic U-Zr clad fuel should be made at 
temperatures compatible with power reactors. 
These should include: 

(1) The nuclear properties of oxide-fueled 
lattices. 

(2) The properties of lattices moderated 
with hot D2O. 

(3) The properties of lattices moderated 
with cold D2O, i.e., calandria-pressure tube 
design. 

(4) The transient response of each power 
reactor to sudden changes in temperature, 
reactivity or load. 
b. Fuel Elements and Cladding Materials. 

Uranium metallic fuel elements and oxide ele
ments are being developed as alternative fuels. 
Metallic fuel offers higher reactivity and lower 
fabrication cost while the oxide has better irradi
ation stability and corrosion resistance. Addi
tional experimental data is needed to determine 
which type has more potential. 'The fuel 
program should include: 

(1) Irradiation testing of prototype metal
lic fuel elements to determine radiation 
stability under conditions comparable to 
those expected in power reactors. 

(2) Development of an inexpensive method 
of fuel element fabrication to achieve reason
able economics. Reactivity considerations 
require a relatively rapid throughput of fuel 
for the natural uranium fueled reactor. 
Economics dictate a concentrated effort to 
reduce fabrication cost. 

(3) Experimental tests and analyses to 
determine the corrosion rates and also the 
effects of defective fuel elements under 
operating conditions. 
c. Pressure Tubes. The development of high-

integrity pressure tubes is essential to the 
feasibility of both the boiling and non-boiling 
pressure tube reactor concepts. This will 
entail: 

(1) Mechanical, hydraulic and corrosion 
testing of pressure tubes and joints. 

(2) Irradiation testing of pressure tubes 
and joints. 

(3) Studies and experiments to investigate 
insulated pressure tubes. 

(4) Development of a low-cost high-
quality fabrication process for pressure tubes 
and joints. 
d. Components. 

(1) Refueling mechanisms. Because of the 
relatively short fuel cycle, the time required 
for refueling will have a significant effect on 
the plant factor and therefore should be 
minimized. The design and development of 
refueling machines should include an investi
gation of means for refueling during reactor 
operation. 

(2) D2O Equipment and Seals. D2O leak
age may prove to be the most significant 
problem area in the D2O concept. Methods 
of reducing and detecting D2O leakage must 
be developed. This requires the develop
ment of seals, horizontal joints on compo
nents, collection systems, etc. This is espe
cially true if the direct cycle-boiling reactor 
shows the most promise. 

3. Plant Construction. The construction and 
operation of reactors of various types are neces
sary for the advancement of heavy water 
reactor technology. The most immediate need 
is for plants which permit testing and develop-
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ment of natural uranium fuel assemblies and 
other components for D2O moderated power 
reactors and which will provide information on 
the general operating characteristics. The 
following plants should be constructed to pro
vide the necessary technological base for com
paring and evaluating the attractiveness of 
various design concepts and to develop the 
potential of heavy water reactors. 

a. Heavy Water Components Test Reactor 
(HWCTR). The HWCTR is a pressurized 
D2O moderated and cooled reactor of the 
pressure vessel type with no provisions for 
electric power generation. Plant construction 
is currently underway. The plant will serve 
as a facility in which natural uranium fuel 
assemblies can be exposed to the same condi
tions of irradiation, temperature, pressure, 
heat flux, heavy water flow, and general en
vironment as are expected in proposed designs 
of full-scale power reactors. This facility will 
also be useful for testing other D2O reactor 
components and for gaining experience on 
general operating characteristics of D2O power 
reactors. 

The principal design and operating features 
are as follows: 

Maximum power, thermal. 61 Mwt. 
Maximum D2O outlet temperature 285° C. 
Normal D2O outlet temperature 240°C. 
Temperature rise through ••eactor__ 27°C. 

at maximum power 
Design pressure - 1,500 psig. 
D2O flow through reactor.__ ___ 9, 600 GPM. 

b. Carolinas-Virginia Nuclear Power Associ
ates (CVNPA). Plant construction is currently 
underway. The CVNPA is a D2O moderated 
and cooled pressure tube-type reactor rated at 
60.5 MWt (17 MWe). The fuel will be slightly 
enriched UO2. Saturated steam from the 
boilers at about 605 psia is superheated in 
a fossil-fired superheater before entering the 
turbine. 

The basic purpose of this plant is to demon
strate the feasibility, and to evaluate the eco
nomic potential of the pressure tube, pres-
surized-D20 concept. I t will serve as a proto-
tyoe for large-scale power reactors. 

c. D20-Natural Uranium Prototype. The 
design parameters for this prototype should 
logically culminate from the evaluation studies, 
research and development, and operating ex
perience from HWCTR and CVNPA. How
ever, if the program is to be accelerated, certain 
decisions must be made now and the base pro
gram utilized as a "backup" for the selected 
concept. Based on this philosophy, the proto
type should have the following features: 

(1) Pressure tube design concept. 
(2) Pressurized D2O as the coolant. 
(3) Indirect cycle. 
(4) UO2 (natural uranium)-Zr cladding. 
(5) 100 MWe 
(6) Refueling during operation. 

d. Boiling-Pressure Tube Experimental Proto
type. An experimental test should be run on 
a pressure tube design to determine the ability 
to control D2O leakage in a direct-cycle plant. 
This facility should be designed so that it could 
be modified, if required, to a pressurized in
direct cycle. The plant should be rated at 100 
Mwe. 

e. Large Plant. This should be the target 
plant in the development sequence provided 
that the results of research and development, 
prototype plant construction, and operating 
experience indicate that such a plant is eco
nomically justifiable. The design parameters 
would be determined by an evaluation of the 
performance of the two prototypes. The plant 
would be rated at 300 MWe. 

4. Schedule for Heavy Water Reactor Pro
gram. A schedule for the heavy water reactor 
program is shown in Table 16. This schedule is 
based on a logical sequence of development and 
parallels as many phases as are considered 
feasible. 

5. Potential of D2O-Natural Uranium Fueled 
Plants. There is no current status of D2O 
moderated-natural uranium fueled reactors for 
large central station plants. Therefore, the 
estimated cost shown below as representing 
current status is not backed by the same 
experience as many of the other concepts 
included in this report. The base generating 
cost of the D2O moderated reactor, for a 300 
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TABLE 16.—SCHEDULE FOR D2O-NATURAL 
URANIUM PROGRAM 

Evaluation studies: 
Pressure vessel vs. pressure Initiau Ccmphu 

tube 7/60 7/61 
Boiling direct cycle-pres

surized 7/60 7/61 
D20-natural uranium vs. gais 

cooled-graphite moder
ated 7/60 7/61 

Research and development: 
Critical experiments 7/60 7/62 
Fuel elements and cladding. Underway 7/65 
Pressure tube development- 7/60 12/62 
Components: 

Refueling mechanism. 7/60 2/63 
Seals and joints 7/60 2/63 

Plant constiuction: 
HWCTR Underway 7/61 
CVNPA Underway 7/63 
Pressurized prototype 7/60 1/63 
Boiling prototype 7/62 1/65 
Large size plant 7/65 1/69 

MWe plant, from which the potential was 
estimated is as follows: 

MiUi/kwh 

Fixed charges ' 7 . 05 
Fuel cycle cost: 

Fabrication ($50/l!;g) 2. 36 
Shipping 0.72 
Depletion 1. 24 
Reprocessing 1. 16 
Plutonium credit —1.53 
Use charge 0. 05 
Use of fabrication capital-. 0. 22 

4. 22 
Operation and maintenance 0. 91 
Insurance 0. 32 

Power cost 12. 50 
' Pressure vessel type. 

The power cost of the D2O moderated reactor 
can be reduced by the following developments: 

a. Pressure Tube Concept. The successful 
development of pressure tubes for a long lived 
core would have two effects. The first would 
be a slight reduction in plant cost. The 
calandria-tube design would be slightly cheaper 
than the pressure vessel design. The estimated 
savings are 0.2 mills/kwh. 

Secondly, the use of pressure tubes will 
probably have an adverse effect on core power 
density. However, a better understanding of 
lattice parameter and fuel design may allow 
an overall increase in the power density of the 
core. .4n increase in power density from~ 
26 kw./l. to 35 kw./l. would reduce the capital 
cost by 0.36 mills/kwh. 

b. Increased Plant Efficiency. Increasing 
the plant efficiency from 23 percent to 26 per
cent will reduce capital cost by 0.69 mills/kwh. 
This increase in efficiency will also reduce fuel 
cycle cost by 0.1 mills/kwh. 

c. Fuel Cycle Improvements. The major 
reductions in fuel cycle cost will occur through 
lower fabrication cost and increased fuel 
exposure. I t is estimated that exposure life
time can be increased from 3,850 Mwd/m.t. 
to 7,000 Mwd/m.t. by 1968. This will reduce 
the fuel cycle cost by 2.00 mills/kwh. I t is 
estimated that fabrication cost will be reduced 
from $50/kg. to $15/kg. by 1968. This will 
reduce the fuel cycle cost by 0.91 mills/kwh. 

d. Total Potential Reduction in Power Cost. 
Based on the successful realization of the 
development program outlined and the ex
pected reduction in power cost, it is .estimated 
that a 300 Mwe plant could be in service by 
early 1969 with potential cost shown below: 

MOIslkwk 

Fixed charges 5. 80 
Fuel cycle cost 1. 21 
Operation and maintenance 0. 91 
Insurance 0. 28 

Total 8. 20 

6. Program Investment. The estimated ad
ditional program investment for developing 
and demonstrating the heavy water reactor 
technology is shown in Table 17. This cost is 
based on rough estimates and on 1959 dollars. 
Construction costs are total and not necessarily 
Government costs assuming prototypes and 
large plants are built under some cost sharing 
plan. 



TABLE 17.—DJO MODERATED REACTORS—DEVELOPMENT PROGRAM ESTIMATED INVESTMENT, FISCAL YEAR 1960-70 
[Thousands of dollars] 

R E S E A R C H A N D D E V E L O P M E N T 

Present reactors: 
H W C T R 
Chugach 
C V N P O — P r i v a t e . . 

Studies a n d evaluat ions: 

Boiling Dh-ect Cycle vs . Pres-

D2O vs . Graph i t e modera to r 

P rogram: 

Fue l deve lopment . 

Refllfillng TTfiohftTilsTTl 

Pressur ized p ro to type , operat ion 

Boiling p ro to type , operat ion a n d 

Subtotal—Research a n d de-

CONSTRUCTION 

H W C T R 
C V N P G 

Pressur ized p ro to type (100 M W e ) : 
(a) 
(b) 

Boiling p ro to type (100 M W e ) : 
(a) 
(b) 

Large p l an t (300 M W e ) : 
(a) 
( b ) . . 

Sub to ta l—Cons t ruc t ion . . . 

To ta l 

C u m u l a t i v e 
t h r o u g h 

fiscal year 
1959 

5,833 
3,937 

437 
1,207 

1,347 

12,761 

985 

985 

13,746 

1960 

6,250 

2,600 

163 

9,003 

4,620 
3,000 

7,620 

16,623 

1961 

7,000 

3,100 

300 

300 
300 

300 
1,000 

600 
1,000 

500 

14,300 

3,695 
6,000 

3,200 
2,600 

15,395 

29,695 

1962 

7,000 

3,238 

600 
1,000 
1,500 
1,600 
1,000 

16,738 

11,000 

15,600 
11,900 

38,500 

64,238 

1963 

6,000 

752 

500 
1,000 
1,000 
3,000 
1,000 

700 

13.962 

2,141 

1,000 
800 

3,300 
1,700 

8,941 

22,893 

1964 

6,000 

752 

100 
1,000 

600 
4,500 

500 

1,000 

14,362 

15,400 
8,000 

23,400 

37, 752 

1965 

6,000 

762 

1,000 

1,000 

400 

9,152 

1,100 
600 

1,600 

10, 762 

1966 

6,000 

752 

500 

1,000 

600 

8,852 

3,800 
4,000 

7,800 

16,652 

1967 

752 

700 

600 

2,062 

20,800 
21,600 

42,400 

1968 

700 

600 

1,300 

21,200 
22,100 

43,300 

1969 

600 

500 

1,900 
2,000 

3,900 

1970 

500 

500 

To ta l 
1960 

th rough 
1970 

44,260 

12,698 

300 

300 
300 
163 

1,400 
6,500 
3,600 

10,000 
3,000 

6,100 

3,200 

89, 701 

8,315 
22,141 

19,800 
15,200 

19,800 
10,200 

47,700 
49,700 

192,856 

282,767 

-J 
T o t a l 

th rough 
fiscal year 

1970 

60,083 
3,937 

437 
13,905 

300 

300 
300 

1,500 

1,400 
6,600 
3,600 

10,000 
3,000 

6,100 

3,200 

102,462 

9,300 
22,141 

19,800 
16,200 

19,800 
10,200 

47,700 
49,700 

193,841 

296,303 

Total Investment through 1969 $14 
Investment 1960 through 1970 283 
Construction credit for equivalent coal plants 87 
Net investment 1960 through 1970.-.. 196 

Costs are in millions and based on 1969 dollars, no escalation. 

W 

> 

O 

(a)—Construction cost based on capital cost of a 1959 fossil fuel plant. (b)—Additional cost of nuclear plant over that required for a fossil fuel plant. CO 



I. POTENTIAL AND PROGRAM OF GAS COOLED REACTORS 
USING NATURAL URANIUM FUEL 

Summary 

The technical feasibility of natural uranium 
fueled, gas cooled reactors has been demon
strated through extensive developmental and 
operating expenence in the United Kingdom 
and France The estimated cost of 300 MWe 
graphite moderated, natural uranium fueled, 
gas cooled reactor based on United States 
cost data, is • 

Mtll$ikwh 

Fixed charges 7 60 
Fuel cycle costs 

Fabrication 0 89 
Shipping 0 53 
Depletion 1 65 
Processing 1 15 
Plutonium credit — 1 41 
Use charge 0 45 
Use of fabrication capital. 0 09 

3 35 
Operation and maintenance 0 61 
Insurance. 0 33 

Total 11 89 

The potential of the natural uranium fueled 
reactor is not shown in this report A gas 
cooled natural uranium fueled reactor must 
meet two criteria before a large scale develop
ment program could be justified in this country. 
These are. 

a I t must show a significantly better po
tential than the natural uranium metal fueled, 
Magnox clad reactor of the United Kingdom 
type. 

b I t must show more potential than the 
D2O moderated natural uranium reactor 

I t is proposed that the following analysis 
be made 

1. Evaluation Studies. The purpose of such 
evaluation studies is to determine the relative 

potential of the different gas reactor concepts 
using natural uranium as a fuel and to evaluate 
these concepts m perspective to the British 
plants, and the D2O plants. The systems 
which should be compared are as follows: 

a Reactors with the following fuel materials 
and cladding. UO2-SS Clad; UO2-Magnox clad; 
U02-Be; UC or UC2 Graphite will be used 
as the moderator in all of the above cases. 

b. Reactors with the foUowmg fuel material 
and cladding: UO2-SS; UOj-Magnox; UO2-
Be; UC! or UC2 D2O will be used as the 
moderator in all of the above cases 

In making the above evaluation both He and 
CO2 must be considered as the coolant since 
helium IS not available on the world market. 
Providing that a clean cut advantage is found 
in one or more of the above systems it should 
be evaluated and compared with the British 
plants. 

If it should turn out that one of the above 
reactors satisfies the cnteria then the logical 
development pattern would be to pursue the 
areas of research and development listed below. 

2. Research and Development. The follow
ing areas of research and development are 
visualized. 

a Experimentally determine the compati
bility of the chemical system composed of mod
erator, fuel material of construction (including 
cladding, if any) and coolant. 

b Experimentally determine the integrity 
and characteristics of the fuel element. I t is 
not considered feasible to map out a detailed 
development sequence for the natural uranium 
fuel element until the above work has been 
completed 

3. Plant Construction. No new plants should 
be planned at this time, however, the Florida 
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Nuclear Power Group's plant which is currently 
underway will provide data on one of the con
cepts that must be considered. 

4. Schedule. The study should be initiated 
in 1960 and be completed in 1961. I t should 
be re-evaluated periodically. 

5. Cost. The estimated cost of the study is 

$1.5 million per year for two years ($3.0 million 
total). 

The Florida Nuclear Power Group's power 
reactor which is scheduled for operation in fiscal 
year 1964 will reflect a total investment of 
approximately $50.5 million by the end of fiscal 
year 1970. 

542500—60 5 



J. PROGRAM FOR PLUTONIUM FUEL RECYCLE 

Summary 

The purpose of the Plutonium Recycle 
Program is to develop the technology to the 
point where plutonium can be used as an alter
nate to or a supplement for U-235 as fuel en
richment in reactors. Reactors making use of 
plutonium fuel are termed "recycle reactors" 
and may include any of the concepts in the 
civilian power reactor program. 

Plutonium fuel can be used in reactors in the 
following manner: (a) in reactors whose enrich
ment needs are accommodated solely by self-
producing plutonium, thus becoming inde
pendent of supplies of enriched uranium, (6) in 
reactors which use plutonium in conjunction 
with enriched or depleted uranium. These 
variations of the plutonium recycle concept are 
applicable to complexes of reactors as well as 
single reactors. 

Fuel element types showing the greatest 
promise are those containing fissionable mate
rials in low concentration, as contrasted to 
those more commonly associated with fast 
reactor systems, which utilize substantially 
higher concentrations of fissionable material. 

Plutonium fuel is currently expensive due to 
the high cost of fabrication and reprocessing. 
This high fuel cycle cost is due in part to the lack 
of technology in special handling methods 
required for recycled plutonium, which is radio
active and highly toxic. In addition, the 
influence of the higher isotopes of plutonium on 
its behavior as a reactor fuel now prevents 
informed and accurate specification of eco
nomically optimum fuel loadings. A basic pur
pose of the Plutonium Recycle Program is to 
perform research and development efforts 
required to develop the technology necessary 
for the safe and economical utilization of a 
plutonium fuel cycle. The primary emphasis 
in the current program is on fuel to be used in 

thermal heterogeneous systems, but potential 
interactions between fast reactor and thermal 
reactor fuel cycles are also being considered. 

Recycle program costs are expected to be 
$112 million through 1970, including $18 million 
spent to date. 

A brief description of the required Plu
tonium Recycle Program is given in the follow
ing: 

1. Evaluation Studies. 

a. Fuel Value Studies. Fuel value analyses on 
the use of plutonium fuels will be continued to 
determine: 

(1) The relative economics of recycle plu
tonium versus U-235 fuel. 

(2) The design characteristics of the most 
promising reactor types for utilization of 
plutonium fuel. 

(3) The principal problem areas associated 
with the use of plutonium in each reactor 
type. 

As part of these studies, estimates will be made 
of plutonium availability projected for at least 
15 years. The studies will also include the 
effects of fuel isotopic composition on through
put rates and on fuel fabrication and processing 
costs. Fuel values will be calculated for various 
mixtures of plutonium isotopes. 

6. Reactor Concept Studies. Engineering stud
ies will be made on different reactor concepts in 
which recycling appears attractive. This will 
include an analysis of the special features en
abling reactors to secure optimum benefits from 
the application of plutonium recycle. 

2. Research and Development. Several key 
areas will continue to be explored experimen
tally. These are: 

a. Fuels Development. This development will 
include basic studies, laboratory investigations, 
and pilot scale fabrication and irradiation in the 
Plutonium Recycle Test Reactor (PRTR) of 
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fuel elements containing plutonium, uranium, 
and mixtures of the two. 

The development effort will include: 
(1) Study of fuels in which plutonium exists 

in conjunction with inert diluents, such as 
plutonium-aluminum alloys, as well as those 
in which plutonium is associated with a 
preponderance of fertile material. 

(2) Development of fuel fabrication proc
esses to decrease the cost. 

(3) An investigation of high temperature 
ceramic and cermet spike elements. 

(4) The development of ceramic pluto-
nium-uranium fuel elements for uniform 
loading use, with the principal early emphasis 
on PUO2-UO2 systems. 

(5) Basic studies to better understand the 
physical properties, particularly at high 
temperature, of the materials of interest. 
These studies will investigate such items as 
the effects of preparation variables on the 
characteristics of ceramic powders, the prep
aration of and study of the effects of irradia
tion on fuel core materials, the mechanism of 
formation of voids in the center of fuel rods, 
and the determination of fuel core tempera
tures as influenced by thermal conductivity 
and clearance between fuel cores and cladding. 

(6) Advanced fabrication techniques will 
be explored vigorously, to extend progress 
made to date. This will include methods 
such as cold and hot swaging, isostatic 
pressure, and vibratory compaction. These 
will involve nested tubular as well as rod 
bundle fuel geometries. Promising fuel fabri
cation techniques, particularly those bearing 
on the affixation of spacing devices and on 
securing high integrity closures, should be 
further developed into a simple, reliable and 
economical system for remote processing. 

(7) Irradiation testing will be undertaken 
on capsules and specimens in special loop 
facilities in the PRTR. Full-size fuel ele,-
ments, fabricated in pilot plant quantities, 
should be tested in the PRTR core to study 
among other things the effects of fabrication 
variables. 

b. Materials Development. The work per
formed on cladding material would include 
work on zirconium alloy clad fuels and thin 
wall stainless steel cladding. 

Development on zirconium would include an 
analysis of the effects of irradiation on mechan
ical properties, mechanisms of embrittlement 
by hydriding and corrosion resistance as in
fluenced by etching and autoclaving techniques; 
and developing better procedures for evaluating 
and testing the integrity of zircaloy tubing. 

Work on cermet and stainless steel cladding 
would be directed toward in-and-out of reactor 
corrosion testing; establishing mechanical prop
erties; and developing satisfactory fabricating 
techniques. AppUcation of other cladding ma
terials to plutonium recycle use would be studied 
as promising materials are identified. 

c. Reactor Engineering Development on PRTR. 
Supporting reactor engineering analysis will be 
required for operation of the PRTR. Modifi
cations will be made as necessary to accommo
date periodic changes in fuel loading and special 
test assemblies. Reactor engineering efforts 
should include the following: 

(1) Development of heat transfer tech
nology to define maximum reactor operating 
limits and to establish optimum fuel element 
cooling methods. 

(2) Development and testing of critical 
mechanical components and process instru
mentation to assure proper performance and 
maximum utilization of the test reactor. 

(3) Hazards evaluation of significant 
changes in the reactor or its fuel element 
loadings to insure the continuous safe experi
mental operation of the PRTR. 
d. Physics. The research and development 

required on physics for analysis of plutonium 
fuel cycle and its appUcability to a given 
reactor will include the following: 

(1) The extension of reactor theory and 
calculation methods to provide improved 
predictions of reactivity parameters and 
effective burnup cross sections in plutonium 
enriched lattices. In particular, the reso
nance absorption is plutonium fuels and the 
interactions between plutonium isotopic com-
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positions and thermal neutron energy spectra 
in various lattices require considerable further 
study. Measurements will be made of the 
cross-sections of isotopes of special interest, 
particularly those of plutonium. 

(2) Exponential, critical and PCTR ex
periments to verify calculated critical load
ings, plutonium spike worths, and lattice 
parameters for plutonium cores in a variety 
of moderators under cold conditions. 

(3) Correlated composition analyses and 
reactivity measurements at intervals of ex
posure on plutonium-containing fuel elements 
in PRTR in order to verify calculated effec
tive burnup cross section under a variety of 
fuel cycle conditions, including high-burnup 
and recycle. These experiments will also 
include measurements of neutron spectrum 
and total exposure by a variety of methods. 
Theoretical extrapolation to predict burnup 
characteristics in other reactor types will be 
carried out. 

(4) Observation of effects of multiregion 
plutonium loadings on reactor kinetics char
acteristics, control requirements, and rod 
worth in the PRTR. Operating character
istics of plutonium loadings in other reactor 
types will also be analyzed. 

(5) The development of advanced com
puter codes to enable improved analysis of 
plutonium isotopic composition changes with 
time, the characterization of neutron energy 
spectrum effects, and to handle geometry 
effects diflicult to analyze in other ways. 
e. Chemical Reprocessing. Chemical and en

gineering studies will be carried out to develop 
the technology necessary to define low-cost sep
aration techniques and facilities for uranium-
plutonium mixed or separate fuel cycle. In 
general, developmental work will be performed 
to determine the most economical reprocessing 
methods, including the processing and re-con
stitution of partially decontaminated fuel ma
terial. Laboratory, engineering and pilot plant 
studies will emphasize advanced reprocessing 
methods, particularly nonaqueous and close-
coupled processes. 

Attractive processes will be identified by 
theoretical study and verified on a laboratory 
scale. Selection of those of particular merit will 
be made, and carried forward to pilot scale 
demonstration, using primarily the fuel irradi
ated in the PRTR. The reliability and mainte
nance aspects of related processing equipment 
will be determined so as to form a meaningful 
basis for cost estimates of larger scale opera
tions. 

3. Plant Construction. No major plant con
struction projects will be delineated for plu
tonium fueled reactors since plutonium will be 
recycled in existing reactor concepts. At pres
ent, the only reactor plant construction recom
mended is the PRTR, a high temperature test 
reactor (no power recovery facilities) now being 
built. The design of the reactor is such as to 
accommodate changes in the core structure, or 
even replacement of the entire core so as to 
enable the securing of practical operating experi
ence with other core types. I t is not possible to 
forecast these changes at this time; however, 
allowance is made for them as contingencies. 
Laboratory facilities will be needed to accom
plish the research and development outlined in 
this program. These facilities are" (a) a plu
tonium fabrication pilot plant (PFPP) now 
being constructed, (6) a fuels recycle test plant 
to develop and test promising close-coupled 
fuel reprocessing systems, (c) a remote handling 
shielded facility, and (d) an oxide fuel develop
ment laboratory. 

4. Schedule. A schedule for the immediate 
Plutonium Recycle Program is shown in Table 
18. 

5. Potential. The results of this fuel cycle 
development program are applicable to almost 
all of the reactor concepts considered in the 
Civilian Power Program, including those vari
eties using as moderators such materials as 
light water, heavy water, organic liquids, and 
graphite. As such, its potential is broad in 
scope and cannot now be measured in quanti
tative terms for a discrete moderator-coolant-
combination reactor concept. The basic poten
tial of plutonium recycle lies in the following 
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TABLE 18.-PLUTONIUM RECYCLE PROGRAM 

SCHEDULE 

2. 

3. 

Evaluat ion studies: 
Identification of promising 

reactor concepts. 
Plutonium availability for 

civilian reactor program. 
Research and development 

program: 
Analysis of fuel values for 

Pu. 
Fuel element development . 
Materials development 
Reactor engr. develop

ment . 
Physics 
Chemical processing 

P lan t construction: 
Plutonium recycle test re

actor ( P R T R ) . 
Plutonium fabrication pilot 

p lant ( P F P P ) . 
P R T R core modifications-
Fuels recycle test p lant 
Remote handling shielded 

facility. 
Oxide fuel development 

laboratory. 

Initiate 

Underway 

Underway 

Underway 

Underway 
Underway 
Underway 

Underway 
Underway 

Underway 

Underway 

Complete 

7/70 1 

7/70 1 

7 / 7 0 ' 

7/70 2 
7/70 2 
7/70 2 

7/70 2 

7/70 2 

7/70 

11/60 

Contingent 
F Y 7/61 
F Y 7/61 

F Y 7/61 

7/63 
7/63 

7/63 

' Continuing program, to be revised and updated periodically, depend
ing on results of other research and development programs, 

' Magnitude of required effort, and distribution between different 
areas of technology, will depend on results ot research and development 
efforts and cannot be forecast with accuracy for the later years of the pro
gram. 

areas: (a) that on a long term basis the effective 
recycling of plutonium is essential for the effi
cient exploitation of reserves of fissionable ma
terial; (6) recycle technology is basic to reactor 
concepts in which the advantage of fuel enrich
ment are to be secured without the use of en
riched uranium; and (c) the Plutonium Recycle 
Program influences the potential of all reactor 
concepts where credits from the sale of by
product plutonium play an important part 
in determining the net cost of power production. 

Excluding military consumption and peace
ful uses such as in commercial explosives, de
velopment of a significant market for pluto
nium will largely depend on the success of these 
efforts to develop the technology basic to best 
exploiting its advantages as a reactor fuel ma
terial. 

6. Program Cost. The estimated program 
cost for the Plutonium Recycle Program is 
shown in Table 19. The cost in the early years 
includes the P F P P and PRTR construction 
programs. The extent of the program beyond 
fiscal year 1964 can only be determined after 
the results of research and development now 
under way are available. For consistency in 
this report study, an order of magnitude esti
mate of $7 million per year is included for the 
period fiscal year 1965 through 1970. 



TABLE 19.—PLUTONIUM RECYCLE PROGRAM—DEVELOPMENT PROGRAM ESTIMATED INVESTMENT, FISCAL YEAR 1960-70 

[Thousands of dollars] 

RESEARCH AND DEVELOPMENT 

Evaluation studies: 

Program: 

Reactor engineering develop
ment 

Physics 

Subtotal—Research and devel-

CONSTEUCTION 

P F P P . 
P R T R 
P R T R Core Modifications 
Fuels Recycle Test Plant , 

Oxide Fuel Development Labora-

Mlscellaneous 

Subtotal—Construction 

Total 

Cumulative 
through 

fl.scal year 
1969 

9,881 

(') 
(') 

(') 
(>) 
(') 
(') 

747 

10,628 

2,674 
4,902 

7,667 

18,204 

1960 

6,729 

(') 
(') 

(•) 
(') 
(') 
(•) 

783 

6,612 

1,326 
8,098 

9,424 

16,936 

1961 

165 
209 

2,631 
326 

418 
568 

1,006 
1,417 

942 

7,681 

2,000 

2,000 

9,681 

1962 

150 
250 

2,600 
300 

100 
500 

1,000 
1,600 

650 

7,050 

1,760 
760 

800 

3,300 

10,360 

1963 

100 
200 

2,600 
200 

100 
500 

1,000 
1,500 

400 

6,600 

1,760 
750 

800 

3,300 

9,900 

1964 

lOO 
150 

2,600 
150 

100 
60O 

1,000 
1,500 

200 

6,200 

200 

200 

6,400 

1966 

100 
150 

2,500 
150 

100 
600 

1,000 
1,500 

200 

6,200 

1,000 

200 

1,200 

7,400 

1966 

100 
150 

2,600 
150 

100 
600 

1,000 
1,500 

200' 

6,200 

1,000 

200 

1,200 

7,400 

1967 

100 
150 

2,600 
150 

100 
500 

1,000 
1,500 

200 

6,200 

200 

200 

6,400 

1968 

100 
160 

2,500 
160 

100 
600 

1,000 
1,500 

200 

6,200 

200 

200 

6,400 

1969 

100 
160 

2,500 
160 

100 
600 

1,000 
1,500 

200 

6,200 

200 

200 

6,400 

1970 

100 
160 

2,500 
160 

100 
500 

1,000 
1,600 

200 

6,200 

1,000 

200 

1,200 

7,400 

Total 
1960 

through 
1970 

5,729 

1,116 
1,709 

26,331 
1,876 

1,318 
5,068 

10,006 
14,917 
4,175 

71,243 

1,326 
10,098 
3,000 
3,500 
1,500 

1,600 
1,400 

22,424 

93,667 

Total 
through 

fiscal year 
1970 

16,610 

1 709 

26,331 
1,876 

1 318 
5,068 

10,006 
14,917 
4,922 

81,871 

4,000 
15,000 
3,000 
3,500 
1,500 

1,600 
1,400 

30,000 

111,871 

> Included In above. 
Total Investment through 1969 $18 
Investment 1960 through 1970 94 
Construction credit for equivalent coal plants None 
Net Investment 1960 through 1970 94 
Costs are in millicns and based on 1959 dollars, no escalation. 



K. REACTOR SAFETY 

Summary 

The scope of the reactor safety program is 
limited to the safety of thermal reactor systems 
and related facilities. Plans for safety work 
on chemical processing plants and fast reactor 
systems are described elsewhere. The objec
tives of the safety program are to provide a 
basis for safe and economical reactor design. 
The proposed program is intended to provide 
for the most rapid development of information 
needed for handbooks, design manuals, and the 
possible establishment of standard test pro
cedures for defining the safety of reactors as a 
condition of licensing or approval to operate. 
The information derived from this program 
should also effect substantial economic gains for 
the nuclear power field. These gains may come 
through the simplification of reactor control 
systems, the removal of unnecessary operating 
restrictions, less conservative design in con
tainment or confinement systems, and the 
potential for a more quantitative evaluation of 
the liability of nuclear accidents and the 
avoidance of otherwise unsuspected risks. 

The experimental and theoretical program 
will lean toward those reactor types which have 
the greatest prospect of becoming established 
as class prototypes. Future plans for the re
actor safety program are described in the suc
ceeding pages. The program is divided into 
three principal categories. Reactor Kinetics, 
Hazardous Chemical Reactions, and Reactor 
Containment. The safety problems directly 
associated with Fast Reactors is discussed in 
the Fast Breeder Reactor Section. The total 
expected cost over the next 10 years for the 
program outlined here is $91.9 milHon. 

a. Reactor Kinetics. A considerable portion 
of the immediate program will be concerned 
with work which is currently under way. 
Under the Special Power Excursion Reactor 

Test (SPERT) program, two facilities will be in 
operation by the end of 1959: a third will be 
operable early in 1960, the SPERT I reactor 
which is primarily intended for the study of 
easily altered core properties, the SPERT I I 
system for the study of prompt neutron life
time and for the study of heavy water systems, 
and the SPERT I I I reactor for providing 
temperatures and pressures characteristic of 
power reactors. A fourth facility, SPERT IV, 
is designed for the study of instability phe
nomena in water reactors and should become 
operational in the latter part of 1961. 

Over the next few years the program will 
concern itself with the study of instability 
phenomena, the detailed investigation of self-
shutdown processes, and the confirmation of 
the theoretical predictions of dynamic behavior. 
The SPERT I I I reactor, for example, will make 
it possible to determine whether the theory 
developed from the analysis of the SPERT I 
low power reactor tests is indeed applicable 
to the analysis of power systems. In at least 
one of the theoretical models developed, useful
ness and ultimate application depends upon 
the successful determination of the djoiamic 
reactivity coefficient for representative reactor 
types. Analysis of the self-limiting character
istics and other transient behavior of reactors 
depends upon knowledge of the dynamic 
reactivity coefficient. Methods for measuring 
this coefficient wiU have to be developed, 
possibly by running a limited number of mild 
transients for a number of reactor types. 
Development of such methods can eventually 
lead to the establishment of acceptance testing 
techniques for a determination of the dynamic 
properties of reactors before operating approval 
is granted. 

The studies for all important reactor classes 
should be extended to the study of the con
sequences of accidents. Destructive tests 
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should be included in the reactor safety program 
since they are the only means available for 
assessing the consequences of accidents, for 
determining the extra polability of non
destructive data, and for providing data for 
useful in more realistic containment design. 

I t is evident that the safety program, in 
the past has concentrated on water reactors. 
However, it is evident from the results of 
the general studies that efforts of the same 
degree are not required to obtain comparable 
results from other reactor types because the 
general theoretical framework developed from 
studies of water reactors can be applied to 
other reactor systems. Because of the cross
links in information the experimental program 
for other systems need not be as extensive 
as that which has been conducted for water 
systems. 

The types of systems proposed for inclusion 
in the long-range program are pressurized water 
reactors, boiling water reactors, organic cooled 
reactors, gas cooled reactors, heavy water 
reactors, sodium cooled reactors, and other 
basic reactor types which may become impor
tant in reactor technology. In addition, it 
is proposed to initiate the study of the con
sequences of accidents and to perform experi
ments in which the three broad areas of reactor 
studies, chemical reactions, containment, and 
reactor dynamics, are combined with in-pile 
experiments. 

The general outline of the proposed experi
ments is as follows: 

(1) The basic studies on heterogeneous 
water systems-initiated in SPERT I should 
be extended to the full range of conditions 
(pressure, temperature, flow, and moder
ator change) available in SPERT II , I I I , 
and IV. These experiments will provide 
kinetics data for essentially the whole field 
of heterogeneous water technology irom 
simple research reactors to power reactors. 

(2) The dynamic properties of organic 
systems should be investigated. Initial 
studies would concern themselves with small-
scale experiments on dynamic void measure
ments, flow instability, and other factors 

affecting kinetic behavior. Full-scale or 
integral reactor experiments similar to those 
conducted on water systems should be con
ducted if the small-scale experiments prove 
inadequate. 

(3) New reactor concepts may require the 
addition of test facilities or the modification 
of present facilities. Included under this 
category would be such items as the pressure 
tube concept, nuclear superheaters for boiling 
water reactors, pressurized water with con-
vective cooling, various nucleate boiling 
schemes, and other concepts which might 
create uncertainties regarding kinetic be
havior and safety. 

(4) In-pile study of transient process (iso 
lated or loop experiment) should be carried 
out in considerable detail and extended to 
include fuel melting for major reactor types, 
possible metal-water reactions, meltdown re
actions with organic and sodium coolants, 
and in-pile fission product release studies. 

(5) Destructive tests should be conducted 
to extend the investigation into the conse
quences of an accident; also to determine 
the form and kind of energy release including 
pressure time histories required for the 
analysis of containment systems. A separate 
facility will be required to accomplish this 
work, including a containment shell to permit 
the study of all aspects of reactor safety 
design. 

(6) Transient test experiments for large 
core reactors may be required since these are 
significantly different from present SPERT 
reactors and may have different shutdown 
mechanisms. 
The studies of both heavy and light water 

systems can be carried out in the facilities 
presently included in the SPERT program. 
Also, to a lesser extent, the studies on organic 
moderated systems can be carried out in the 
SPERT I I reactor with only minor plant modi
fications. An alternative plan is to use the 
OMRE by properly integrating transient tests 
with the present schedule of operational tests. 

In addition to the information produced 
directly from the proposed safety studies. 
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valuable data can be obtained throughout the 
reactor industry from experiments which can be 
performed in the course of normal activity. 
For example, void coefficient data can often be 
obtained as part of the static measurement 
program during reactor startup and typical 
reactivity addition rates can be determined 
reasonably well from static data. In many 
cases, a limited number of dynamic measure
ments could be performed without undue risk. 
These limited data can be correlated with the 
more extensive SPERT results and in conjunc
tion with the general theory would permit the 
hazards for these systems to be evaluated in a 
much more realistic and quantitative manner. 
In addition, these measurements would provide 
needed experimental data on typical dynamic 
characteristics for a wide variety of systems. 
I t is therefore recommended that advantage be 
taken of this source of information by encourag
ing such reactor experiments throughout the 
reactor field and compiling the results for 
general use. 

Regarding the Kinetic Experiment on Water 
Boiler (KEWB) program, which has been con
cerned with the kinetic behavior of homog
eneous reactors, present plans indicate the 
completion of work by 1961. Valuable infor
mation has been obtained from the KEWB 
program. This work has not only made 
significant contributions to our general knowl
edge of kinetic behavior of homogeneous 
reactor systems, but also has wide application 
to chemical processing systems. I t is felt, 
however, that the information obtained cannot 
realistically be applied to the analysis of 
homogeneous power reactors due to the lack of 
sufficient experimental data at high initial 
powers and pressures characteristic of the full-
scale plant. No plans are being made for con
tinuing the studies which might extend KEWB 
knowledge to homogeneous power reactors. 
Future work may be undertaken, however, if 
the homogeneous concept shows promise of 
achieving competitive nuclear power. 

6. Hazardous Chemical Reactions. In reactor 
safety research, areas of work which are con
cerned with non-nuclear energy releases and 

hazards are generally grouped under the head
ing of Hazardous Chemical Reactions. In
cluded under this category are metal-water 
reactions, metal-gas reactions, and fission prod
uct release. The areas of study principally 
detail those aspects of the phenomena which 
deal with violent or catastrophic reactions. 

Because each of these problems concern 
extremely complex and interrelated heat trans
fer, chemical kinetics, and thermo-dynamic 
phenomena, they are approached by basic 
research on the fundamental mechanisms in
volved. For this reason emphasis has been 
placed on a continuing type program which 
can best be undertaken by the national labora
tories. Private contractors are also engaged in 
these studies, but for the most part their work 
is directed to engineering type studies or to 
the confirmation of specific theories as opposed 
to broad investigations characteristic of funda
mental research. 

(1) Metal Gas Reactions. Spontaneous 
ignitions of the reactor materials—uranium, 
thorium, plutonium, and zirconium^—occur
ring from time to time have caused more 
material damage, personal injury and loss of 
life than any other type of accident to date. 
These spontaneous ignitions have occurred 
under such widely varied conditions that no 
previous theory of metal explosions will fit 
the condition of all, or even most of the 
events. 

The problem is therefore defined as follows: 
Find the factors which cause spontaneous 
metal explosions. The successful solution 
will be such that metal explosions under the 
conditions of the previous accidents can be 
experimentally duplicated, limiting condi
tions for the explosions defined, and rules 
formulated or the use of these materials 
which will eliminate the possibility of 
further explosions. 

Extensive systematic research into the 
mechanisms of metal oxidation and the 
factors affecting metal oxidation is conducted 
at Argonne National Laboratory.' These 
studies constitute the basic research program. 

A second category of study is maintained 
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in which promising theories or new experi
mental techniques are investigated. The 
specific technical objectives of the first type 
of study is broad, and the second, narrow. 
An outline of the two follows: 

(a) Basic Program. Determine the factors 
which influence the oxidation of reactor 
materials, develop methods and techniques 
of reducing the hazards associated with 
handling these materials, and develop an 
understanding of the mechanisms of the 
explosive reaction. 

(6) Other. Determine if zirconium hydride 
or zirconium carbide can provide an igniting 
source for pyrophoric reactions of zirconium. 

A 10-year plan for metal-gas reactions is 
outlined in the following paragraphs for sys
tematic studies under a basic research pro
gram. No attempt is made to predict the 
type of work which may later be undertaken 
for confirming new theories or applying re
search data to engineering problems. 

The materials of interest to metal-ga^ stud
ies are reactor materials which are known to 
be pyrophoric. They are zirconium, uranium, 
plutonium, and thorium. These will be in
vestigated both in the unirradiated and 
irradiated conditions. 

The problem may be considered as an ex
tremely complex heat transfer problem. The 
factors which wiU be investigated for each 
material are those influencing the reaction 
rate between metal and gas such as metallur
gical condition, temperature, gas composi
tion, and the nature of the oxide formed. 

Factors which influence the transport of 
heat away from the reacting area wiU also be 
investigated. They are: (a) thermal con
ductivity of metal, (6) thermal conductivity 
of oxides, (c) geometry, (d) temperature 
gradient. 

In addition, results of experiments made 
with the various materials will undoubtedly 
suggest other parameters for study. 

The actual experimental schedule or se
quence in which these factors will be investi
gated are determined by the results of pre
vious experiments, and thus will usually be 

developed as the study progresses. Also, it is 
desirable that the chief investigator have, to 
some extent, a free hand in following the clues 
developed from his own investigation. The 
10-year long-term plants are therefore dis
cussed in broad terms rather than definitive 
ones involving dates on which work.will be 
initiated or completed or reach a significant 
point. The following time scale represents a 
possible sequence of events based on our pres
ent knowledge of the experimental difficulties 
involved. First, consider the period 1959 to 
1964. 

During this period work on plutonium will 
begin, probably late in 1959. Using the time 
required for the uranium investigations as a 
basis, and extrapolating to the more diflicult 
to handle plutonium, it is expected that this 
work will be completed by 1963 or early 1964. 

Some time in 1960 work will begin on 
irradiated uranium and uranium compounds 
suspected of pyrophoricity. This is partic
ularly important since experience at Hanford 
has shown that pyrophoric tendencies are 
increased under irradiation. This work will 
continue into 1965. Work on thorium will 
be initiated in 1961 and continue until 1965. 
During the period 1964 to 1969 the effects of 
gross alloying recycle fuel mixtures, and new 
compounds such as uranium carbide and 
uranium sulfide will be studied. 

Regarding the need for additional facilities, 
the plutonium hot cell facilities now being 
completed at ANL are expected to be ade
quate for the 10-year period. Laboratory 
space available, however, is now the minimum 
working space per man which is feasible. 
Any additional effort, such as may be needed 
to insure a reasonable rate of progress on 
difficult to handle materials such as irradiated 
fuels, or plutonium, cannot be made without 
additional laboratory facilities. 

(2) Metal-Water Reactions. The greatest 
danger from any reactor accident is based on 
the spread of fission products to the environ
ment. While the energy to distribute fission 
products can be generated by a nuclear ex
cursion, a far greater potential for energy re-
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lease lies in the possible reaction of molten 
core materials with water. Whether this 
reaction will actually take place during melt
down and to what extent constitutes one of 
the main problems in reactor design and 
hazards analysis. 

The objective of research work on metal-
water reactions is to determine the exact 
magnitude of the energy release as well as 
the rate of release for credible accidents in 
water reactor systems. This can be brought 
about through a basic study of the mecha
nisms and kinetics involved in the reactions 
during meltdown both out-of-pile and in-pile. 
The ultimate objective is to obtain sufficient 
knowledge for defining the limits within 
which the reaction can take place; also, to 
develop methods of reducing the hazard 
associated with the accident. 

Work done to date has largely been de
voted to the development of reproducible test 
methods, analytical techniques for predicting 
meltdown as a function of reactor period, and 
studies related to reaction rates and kinetic 
behavior. Although significant progress has 
been made, our knowledge of the factors 
which initiate, limit, or propagate metal 
water reactions is still largely empirical. The 
degree to which a metal water reaction con
tributes energy release during a reactor acci
dent cannot be accurately calculated. 

Based on present technology and the suc
cessful completion of work summarized in 
the following paragraphs, it is estimated that 
the metal-water work will be completed by 
1964. 

Laboratory work should be directed to the 
investigation of zirconium, aluminum, stain
less steel, uranium, plutonium, and thorium. 
Sufficient test data should be obtained to 
permit theoretical prediction of the observed 
phenomena. In-pUe meltdown tests will be 
conducted to verify the theoretical predic
tions and also to observe effects which cannot 
be obtained outside of a reactor environment. 
I t should be possible, at the completion of 
this work, to predict with reasonable ac
curacy the total energy release, the rate of 

release, and the conditions which favor metal 
water reaction propagation. Improvements 
in reactor design can be effected if it can be 
shown that the metal water reaction has a 
low probability for occurrence or that it 
contributes little to the total energy release 
during a nuclear accident. 

In the period 1964 to 1969 additional 
studies will be undertaken to study the 
characteristic reactions of reactor fuel ma
terials with other coolants such as organic 
and sodium. These studies will be concerned 
with the general need for understanding 
phenomena at meltdown, for predicting 
pressure time histories, and for quantitatively 
estimating the nature of reactor shutdown 
during fast period or loss of coolant accidents. 

(3) Fission Product Release. The ultimate 
reactor accident is one in which fission 
products are released to the environment. 
Such an accident is particularly serious when 
the reactor accumulates many hours of 
operation and the activity level associated 
with fuel burnup becomes quite high. Serious 
consequences to a widespread area would 
result if the fission products from a high 
burnup core were totally released and dis
persed outside the outer containment shell. 

The objectives of the fission product 
release program are then to study the condi
tions which affect and are related to cata
strophic fission product release. The tech
nical objectives are the following: 

(a) To determine the kind, amount, and 
form of fission products released during a 
core meltdown. 

(6) To determine the dependence of fis
sion product release on reactor operating 
and design conditions. 

(c) To develop methods and techniques of 
reducing the associated hazard. 
Present plans call for the following studies: 

(a) Determine the dependence of fission 
product release from melted fuel elements 
on the chemical, metallurgical, and physical 
properties of the fuel element, its operating 
condition including burnup level, and the 
type of accident occurring. 
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(b) Study the kinetics of chemical reac
tions at meltdown which determine the form 
and physical state of the fission products 
released (gaseous, solid, elemental or chemic
ally combined). 

(c) Conduct measurements on the amount, 
kind, and form of fission products released 
from fuel materials of interest to the reactor 
development program. 

(d) Establish the validity of the test 
data by correlation of the laboratory studies 
with in-pile tests. 
Studies in the kinetics of reactions which 

govern the form and kind of fission product 
release will be initiated in fiscal year 1960. 
Initial work will be done using aluminum fuel 
elements. 

In-pile tests should begin in fiscal year 1961 
after laboratory experiments are completed to 
reduce the number of variables which should be 
considered in the proper correlation of labora
tory with in-pile tests. As an example, the 
smallest size of sample which properly repre
sents a full-scale fuel element can be de
termined from the laboratory program. 

In addition to the systematic test of fuel 
elements which will be used in aU major reactor 
concepts, including fuel systems yet to be devel
oped, the program will also be directed to obtain 
information on the effects of coolant upon 
fission product retention, plating effects on 
vessel and containment walls, methods of re
ducing the total quantity of fission product 
release, and methods of cleanup or decontami
nation in the event of a release. 

A major objective in all studies will be the 
development of theoretical models which can 
be used for predicting the amount and kind 
of fission product release. The theoretical 
models in addition to the experimental data 
collected under a variety of conditions should 
lead to safer, more economical and improved 
reactor designs. 
c. Reactor Containment. The principal objec

tive of studies in reactor containment is to 
provide information leading to less conserva
tive, though safe, containment designs. The 

present degree of conservatism will be reduced 
in succeeding years as we learn more about the 
dynamic properties of containment systems 
which are subjected to simulated reactor 
accidents. Increased knowledge on the kinetic 
properties of reactors during an excursion and 
data collected as a result of destructive core 
tests and melt-down experiments will greatly 
aid in reducing the overall size and cost of 
containment shells. Ultimately, confinement 
and low pressure type vapor barriers may 
become prevalent. By undertaking an ambi
tious research program, this may be brought 
about within the next 10 years. Safety criteria 
for pressure vessels may not be reduced due to 
the uncertainties of radiation damage and other 
long-term effects. However, knowledge gained 
from the various research programs in existence 
will certainly aid in ascertaining the margin of 
safety and lead to improved design. 

Future work in containment is based upon 
the continuation and extension of present 
programs. These can roughly be separated into 
the following categories: (a) dynamic and 
static strength of pressure vessels, (6) blast 
formation and transmission from the core 
region, (c) blast loading of outer vapor con
tainers, (d) mechanics of missile penetration and 
vessel fragmentation, (e) leak testing, and (J) 
energy absorption schemes. 

Problems in the analysis and design of 
pressure vessels will require a continuing 
research effort in order to understand the 
factors which may contribute to failure and the 
release of large stores of potential energy. Static 
and dynamic model tests with different types 
of steel and vessel configurations will be 
continued. Laminated systems will be tested. 
Energy sources will be developed to produce 
various time-variant loadings for simulating 
different accidents in the model vessel tests. 
The effects of reinforcements, pipe nozzles, 
welded joints, pressure fatigue, thermal fatigue, 
and radiation effects on the rupture strength 
of vessels needs to be investigated. 

Theories of the mechanics of blast are ex
tremely complicated and the work which has 
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been done heretofore necessarily involves a num
ber of assumptions and limitations which re
strict the application of given solutions. Work 
will be done on the extension and improvement 
of blast theories and the effect of internal blast 
on materials and structure. This will cover such 
matters as the response of blast shields to 
loading and the development of improved 
blast shields. 

Studies on the shock loading of vapor con
tainers, the effect of earth support, and the 
shock transmitted from the vapor container to 
the earth will be completed within the next 3 
years. Theories are now being developed to 
consider the effect of stiffeners on the response 
of the shells and it may be desirable later to 
make tests on models if the theory shows that 
potential economies may result. 

An investigation of air leakage from buildings 
and means of reducing this leakage should be 
completed within the coming 3 years. This 
type of system is referred to as confinement. 
Included in the confinement studies will be an 
evaluation of filter-scrubber systems and pos
sible program for improved cleanup systems. 
Initial plans call for a survey of existing venting 
and filter systems now used with some reactors. 
These schemes call for the initial venting of the 
high pressure pulse during a reactor incident 
before any radioactivity reaches the vents. 
Subsequently, the vents are closed and the air 
which is now at lower pressure is scrubbed and 
filtered to retain the radioactive releases. 

Studies of fragmentation, spalling, and pene
tration of structure resulting from a reactor ex
cursion must necessarily be largely experimental 
since no theories are easily developed for the 
complicated structures usually involved. The 
penetration resistance of steel plate has been 
found to be significantly affected by metallurgi
cal properties even though the static tensile 
tests may show no difference in the material. 
This effect needs to be studied more thoroughly 
as well as the effect of pretensioning on the 
penetration strength of plate. Various forms of 
reinforcement for concrete shields and cushion

ing materials between model reactor vessels and 
the shield are to be studied. Some preliminary 
tests will be done on ordinary and prestressed 
concrete pipe to ascertain the feasibility of using 
prestressed concrete vapor containers in lieu 
of the present steel containers. Most of the 
general studies now envisioned will be com
pleted in 3 to 4 years, but the res'-a'^ch may 
indicate promising developments whicli would 
require further work. 

Perhaps the most promising means of re
ducing the cost of containment is the .use of 
heat sinks to suppress the generation of vapor 
upon the rupture of a reactor vessel. The two 
principal types of heat sinks which have been 
proposed are pools of water or beds of gravel. 
.4. sizable amount of work is now being done 
by some commercial firms with their own 
funds. I t may prove advantageous for the 
Commission to undertake research on beat 
sinks and plans for such studies are presently 
being considered. 

There is a need for assembling and coordinating 
the available information on problems in 
reactor containment into a manual. This 
manual should not have the status of regulation 
but merely be a guide to assist designers and 
motivate them to use the most sophisticated 
analytical and design techniques available. 

Within the next 10 years it is possible that 
serious consideration will be given to under
ground construction of a plant to solve the 
containment problems. This may require a 
fairly detailed preliminary study, although the 
actual design arrangement will depend greatly 
on the actual terrain at the chosen site. 

Collection of reliable statistical information 
on failure of plant components would make it 
possible to estimate the probability of accidents 
more accurately and lead to the establishment 
of more rational procedures for safety analysis. 
.A.cquisition of this information will be started 
but a great deal of difficulty is anticipated since 
a large amount of accident data is usually sup
pressed and never reported. 



TABLE 20.—DEVELOPMENT PROGRAM ESTIMATED INVESTMENT 
[Thousands of Dollars] 

R E S E A R C H A N D D E V E L O P M E N T 

Peactor safety 
Reactor Kinetics: 

S P E R T I 
S P E R T H _ 
S P E R T III 
S P E R T IV 
Destructive core tests ._ . . -
Analysi.s and technical support o n S P E R T 

work -
K E W B program 
0 M R B 8 Q R safetv studies 

Large core reactors 
Acceptance testing of new reactors for dy-

Reaetor containment - _ _ 

Total 

Cumula
t ive 

through 
fiscal year 

19S9 

1960 

600 
2,690 
1,060 
1,336 

820 
760 
160 

927 
910 
568 

9,700 

1961 

450 
626 

1,160 
840 

1,465 

820 
200 
460 

1,739 
1,660 

711 

10,006 

1962 

300 
900 

1,000 
600 
4C0 

960 

460 
300 

1,190 
1,660 

450 

8,100 

1963 

400 
660 

1,000 
600 
300 

960 

460 
300 
300 

1,160 
1,620 

470 

8,200 

1964 

400 
660 

1,000 
600 
300 

960 

450 
600 
300 

400 
1,000 
1,480 

460 

8,500 

1966 

400 
700 

1,000 
600 
300 

960 

1,500 
500 
300 

400 
925 
830 
485 

8,900 

1966 

600 
1,000 

600 
300 

960 

1,500 
2,500 

300 

400 
876 
340 
425 

9,800 

1967 

700 
1,000 
1,000 

100 

960 

1,000 
1,500 

400 

400 
900 

60 
480 

8,600 

1968 

700 
1,000 

800 

850 

1,000 
1,000 
3,000 

400 
900 
60 

490 

10,200 

1969 

700 
1,000 

600 

850 

1,000 
1,000 
3,000 

400 
900 
60 

490 

10,000 

1970 

700 
1,000 

600 

860 

1,000 
1,000 
3,000 

400 
900 
60 

490 

10,00( 

Total 1960 
through 

1970 

2,450 
9,616 

11,200 
8,076 
3,165 

9,950 
960 

8,950 
8,600 

10,600 

2,800 
11,406 
8,620 
6,609 

101,900 
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L. GENERAL RESEARCH AND 

Introduction 

In addition to the specific work that is car
ried on under individual power reactor projects, 
there is an area of more broadly based develop
ment in the Division of Reactor Development. 
The purpose of this work is to provide the basic 
information needed on material, techniques and 
engineering fundamentals required for the de
sign of reactor plants, as well as to provide in
formation in the fields of reactor materials, 
chemical reprocessing and waste disposal meth
ods, reactor safety, reactor physics and testing 
facilities. 

The estimated programs for these activities, 
that are in addition to the development de
lineated under the projects, are provided in this 
section. These programs are based on the cur
rent power reactor program and are dependent 
upon results of previous work, and to some 
degree on any changes in emphasis in the vari
ous areas of activity. 

General engineering work of this type, though 
essential to the attainment of practical and 
economic civilian nuclear power plants, is not 
susceptible to a specific analysis of its economic 
potential. 

Projections for required construction projects 
are presented in the case of chemical processing 
and waste disposal because the development 
programs in those areas indicate a specific need 
for certain development plants. Construction 
activities in the other areas of general engineer
ing represent, to a large degree, provisions for 
working facilities for technical personnel. 

1. Fuel, Cladding and Control Materials. 
The majority of fuel element work is being done 
in support of specific reactor projects. Most,of 
this effort is^supported by the Division of Re
actor Development, but substantial contribu
tions are also made by the Division of Produc-

ENGINEERING DEVELOPMENT 

tion and by privately sponsored work in this 
country as well as in other countries. 

Fuel element development expenditures, in
cluding fabrication of entire cores, exceed $75 
million a year in the United States. Much of 
this supports military and production reactors 
where conditions of operation and criteria for 
fuel element quality differ markedly from those 
applied to civilian reactor fuels. Nevertheless, 
much of this work provides valuable data that 
can be used directly or indirectly for civilian 
power reactor concepts. 

The programs delineated below are required 
in addition to work being undertaken under 
specific projects. 

a. Uranium Oxide. At present the oxide fuel 
program is primarily limited to UO2 and mix
tures of UO2 with a fertile or nonfissionable ma
terial. The fabrication of UO2 compared to 
other ceramic fuels is fairly well known, and 
this material is a proven reactor fuel. Of the 
investigations in progress, only those offering 
substantial reduction in fabrication costs either 
by a marked improvement in methods over 
those now used or by the development of new 
and novel methods such as hot swaging or 
vibratory compaction of UO2 should be con
sidered. 

Statistical information concerning the ther
mal behavior of UO2 under irradiation is needed. 
This information would be of help in designing 
fuel elements utilizing UO2 as a fuel. Suggested 
studies are to determine (1) the thermal con
ductivity of UO2 under irradiation; (2) the high 
temperature properties of UO2 such as plas
ticity; (3) the ultimate burnup which UO2 will 
withstand; (4) the mechanism of the formation 
of the central void in UO2 fuels; (5) the rate and 
mechanism of gas diffusion through UO2; (6) 
effects of uranium to oxygen ratio on the fabri
cation and properties of UO2 fuels such as re-

75 
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sistance to water corrosion, radiation damage, 
and thermal conductivity and (7) the possi
bility of hydrothermal transport of UO2, which 
is the solution and deposition of fuel by water 
due to temperature differentials within a reactor. 
This has not been observed in defective fuel 
elements, but may be a problem in case of more 
extensive cladding failures. 

b. Uranium Carbide. Uranium mono carbide 
appears promising as a fuel material for some 
civilian power reactors, and the work in the 
preparation and fabrication of dense material 
should be continued. Additional and basic in
formation is needed on irradiation effects, par
ticularly on the rate of volume change of UC 
under irradiation, fission gas release, burnup 
limits and temperature lunits, influence of 
fabrication procedures and the effect of com
positional changes on irradiation behavior, and 
reaction at high temperature with cladding 
materials. 

Facilities to investigate a number of different 
methods to produce dense UC are required. 
This work should be on a laboratory scale. 
If successful methods are developed, they 
should then be evaluated for scaling up to 
pilot lot quantities. 

The compound PuC and compositions in 
the system of UC-PuC appear promising as 
fast breeder reactor fuels. Development work 
on the preparation of samples of these materials 
should be increased and irradiation data should 
be obtained and evaluated. 

c. Fueled Graphite. Potentially, fueled 
graphite has great promise for use in a gas 
cooled reactor. Therefore, it is believed that 
continued study of this fuel material is war
ranted. Specific research problems which de
serve attention are as follows: 

(1) The radiation of uncoated and coated 
fueled graphite. 

(2) The radiation behavior of fueled 
graphite containing dispersed and coated 
uranium compounds. 

(3) The development of more efficient ways 
of using metal jackets on graphite-base 
fuels. 

(4) The development of impermeable 
ceramic cans for containing the fission 
products released by present graphite fuels. 
d. Cladding Material. Eutectic melting be

tween uranium-base fuel alloys and stainless 
steel cladding is still a problem. Since ex
tensive barrier layer development has not led 
to a solution, greater efforts should be made 
in developing alternate high strength clads 
not subject to eutectic melting with uranium. 
This is particularly important in sodium 
cooled reactors. 

e. Nondestructive Testing. Research should 
be supported to provide a more basic under
standing of nondestructive testing methods. 
At present the methods are more of an art 
than science and many aspects are poorly 
understood. Because nondestructive testing 
is an important part of fuel element manu
facture, new fuel designs and new fuel or clad
ding materials should be submitted to non
destructive testing at the earliest possible 
date. In particular, better tests of bond 
quality are needed. Ideally, such tests should 
simulate reactor operating conditions, and 
might therefore be based on thermal con
ductive methods. 

/ . Control Materials. A comprehensive con
trol rod material program is now underway 
which will be completed during fiscal year 1961. 
The successful completion of this program 
will allow the selection of an optimum research 
program to provide necessary reactor control 
materials. Subsequent to fiscal year 1961 it is 
anticipated that research on control materials 
will be continued at a lower level of effort with 
emphasis on materials that may be used at 
high temperatures, and on burnable poisons. 

2. Chemical Reprocessing. Based on the 
purpose and assumptions of the overall 10-year 
Civilian Power Program, the following ob
jectives for the chemical reprocessing develop
ment program are delineated: 

(a) To develop optimum chemical reprocess
ing methods which when considered concur
rently with all other aspects of a power reactor, 
lead to one or more complete economic reactor 
fuel cycles. 
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(6) To develop and demonstrate where 
necessary, technology to meet the increasing 
civilian power reactor fuel load processing 
demands with adequate and efficient capacity. 

(c) To facilitate early, healthy participation 
of private industry in the reprocessing of 
nuclear fuels. Since the economics of certain 
types of fuel processing are strictly dependent 
on the scale of operations, it is further assumed 
in such cases that the basis for economic feasi
bility will correspond to a reasonable scale of 
operations. 

In reviewing the essential aspects of a fuel 
reprocessing development program, certain con
siderations which peculiarly characterize this 
aspect of nuclear energy generation become 
apparent. A number of these considerations 
apply generally to all phases of the extra-
reactor fuel cycle (i.e., to initial fuel prepara
tion, fabrication, and fuel conversion). 

a. Relation of Reactor Design. Chemical 
reprocessing problems which arise due to fuel 
element chemical composition or design cannot 
be allowed to impose serious restrictions upon 
the optimum design, physics, and engineering 
requirements of a reactor. On the other hand, 
there must be a recognition of fuel reprocessing 
problems in reactor design, where a choice 
among alternates is feasible, and an effort 
should be made to minimize such problems. 

b. Relationship to Reprocessing oj Nuclear 
Fuels from other Reactor Sources. Reprocessing 
development programs (other than for the 
closed cycle type of operation) cannot be con
sidered independently of fuel processing for 
research, production, and military reactor fuels. 
These are almost the sole basis of present ex
perience and technology. Fortuitously, certain 
power reactor fuels may utilize this technology 
more easily than others to achieve economic 
processing costs, and the existence of certain 
Government facilities may appear to require 
little development of fuel processing for certain 
reactors. This must not be taken to indicate 
that optimum processing means are already 
available. Reprocessing for all reactor fuels 
should be approached with full knowledge of 
the available technology, but without prejudice 

based on the existence of experience and 
facilities. 

During the phase of development in which 
reactors and reactor types and widely varying 
fuel materials are being tested in prototype and 
demonstration programs, there will be a need 
for fuel reprocessing primarily to return material 
to a state of availability. Broadly, applicable 
but not necessarily optimum processes are 
desirable in this phase and minimum facility 
expenditures are a goal. A different aim 
appears appropriate for reactor evaluation on 
the assumption that ultimately a number of 
reactor types (or fuel types) will be discarded. 

c. Unique Character of Nuclear Fuel Separa
tions Processes. In contrast to nuclear raw 
material, feed material, and fuel fabrication 
operations, which in general apply industrial 
technology to the very special requirements of 
nuclear materials on a relatively modest eco
nomic scale, fuel separations processes in general 
apply unique and specially developed processes 
under conditions involving most of the hazards 
of reactor operation, and at present require 
multimillion dollar facilities. Also, separations 
process requirements can be highly dependent 
on reactor fuel design and, indeed, successful 
operation of the reactor itself. These uncer
tainties affect the feasibility of industrial 
processing. 

d. Process Methods. I t is somewhat arbi
trary to classify reprocessing methods as aque
ous, volatility, or closed cycle processes and to 
separate development programs accordingly. 
I t is true that the aqueous and volatility proc
esses are high decontamination methods ap
propriate for common consideration for a large 
class of reactor fuels for which intricate fabri
cation is required. Correspondingly, the closed 
cycle (pjrrometallurgical, homogeneous, liquid 
metal fuels) processing methods may be of 
particular interest for reactor types which re
quire large fissionable material inventories, 
which maintain high equilibrium fission product 
poison concentrations during operations, or 
which anticipate recycle of isotopically contam
inated fissionable materials. However, there 
are feasible processes which are borderline within 

542500 O—60 6 
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these areas. There are aqueous process appli
cations, for example, which are effectively 
closed cycle in nature (i.e., a process facility 
for single reactor). A major aspect of process
ing with which power reactor fuels are becom
ing increasingly concerned is the mechanical 
treatment necessary to prepare fuels for either 
closed or open cycle process operations. Fur
thermore, closed reactor fuel cycles cannot be 
considered closed in a complete sense. In 
general, they will either be fed with fertile or 
fissionable material from external sources or 
will fiu"nish an excess of such material requiring 
more or less complete decontamination. Thus, 
closed cycle reactors will depend in part on 
open cycle operations. 

e. Fission Product Disposal and Utilization. 
In assessing fuel cycle costs fuel reprocessing 
operation and development cannot avoid con
sideration of ultimate disposal of fission prod
uct wastes. Thus, adequate means must be 
determined for disposal, which may be specific 
in their application to reactor types or process
ing methods for each reactor. 

If there is any possibility of Y)ffsetting process
ing or waste disposal costs with income from 
fission product utilization, it would be desirable 
to resolve this also concurrently with reactor 
development. Again, particular reactor fuels or 
process methods must be more favorable than 
others with respect to utilization of fission 
products. Appropriate n^eans for separation as 
necessary and for application must also be 
developed. 

The best estimates that can be made today 
suggest that by approximately 1970 sufficient 
fuel loads will be available to justify private 
industrial construction of a central multipur
pose aqueous processing plant under a pricing 
policy satisfactory both to customer and 
operator. This, in turn, suggests that by the 
period 1965-67, sufficient processing technol
ogy must be developed to permit a realistic 
evaluation of the 1970 commitment, and to 
permit initiation of design of the 1970 facility. 

/ . The projected plan for chemical reprocess
ing activities are given below. 

(1) Aqueous Process. Over the next 5-7 

years, aqueous processes will be developed 
sufficiently to verify processes and supporting 
technology. Actual costs wiU be developed 
imder the Interim Processing Program and 
related research and development pilot plant 
efforts. Such a program must be aimed at 
the demonstration of adequate techniques 
for treating all fuel types likely to be major 
contributors to loads in 1970. At present, 
the largest gaps in technology exist in 

(a) UC and metal clads 
(6) UC and graphite 
(c) UO2—ceramics in refractory metal 

clads, and 
(d) Niobium based aUoys and clads 

As opposed to a centralized, multipurpose 
plant, it is possible that there could be de
veloped a small plant of specialized fimction, 
closely associated with a given reactor which 
would take full advantage of economies in 
shared facihties, operating labor, minimum 
transportation, etc. Such a plant would use 
conventional aqueous techniques to yield a 
completely decontaminated product in con
trast to closed cycle, low decontamination-
remote fabrication facilities. Development 
on such a concept will be expanded contingent 
upon continued favorable engineering evalu
ation. 

In addition to the broad development 
approach envisioned for those aqueous proc
esses considered to be the most likely 
candidates for the 1965-67 tai^et years, a 
continuing effort will be directed toward 
longer range ideas and toward general process 
improvement. This will include work on 
mechanical handling, alternate dissolution 
systems, corrosion and materials, new sol
vents and solvent degradation, criticality 
control, in-line instrumentation, and general 
chemistry and chemical engineering. 

(2) Volatility Process. The volatility proc
esses are almost certainly the only possible 
competitor to aqueous processes under the 
proposed time schedule. It is necessary, 
therefore, to establish their true potential by 
1965-67 if an intelligent evaluation is to be 
made relative to aqueous technology. 
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(a) On a laboratory basis, work will con
tinue to be accelerated on process develop
ment of all volatihty recovery methods for 
plutonium, widening the applicability of the 
present fused salt dissolution process (at 
present most suitable for ZR-base fuels), 
and developing more widely applicable feed 
preparation techniques suitable for stainless 
steel, oxides, carbides, ,etc. 

(6) Existing pilot plants are about to 
initiate hot operation with highly enriched 
U-Zr feed. After one year's hot operation 
an engineering evaluation will be made con
trasting aqueous with volatility processes for 
feeds of this type. If the engineering evalua
tion is not encom-aging, large scale pilot plant 
effort will be de-emphasized in this area 
pending laboratory resolution of the problem 
areas. If present estimates of the volatility 
potential are confirmed, every effort will be 
made to demonstrate, by 1965-67, its wider 
applicability to plutonium containing fuels 
as developed under (1) above. In any event, 
development of volatility for highly enriched 
U-Zr fuels will be accelerated to permit sound 
technical choice between it and aqueous for 
the increased load expected during this 
interval. 

g. A program will be maintained in all aspects 
of fuel recycle past "chemical reprocessing," 
including cheaper methods of conversion be
tween oxides, carbides, metals, fluorides, etc., 
recognizing present high costs and the increasing 
interest in plutonium and isotopically con
taminated materials. 

3. Environmental Investigation. In order to 
assure the safe and economic development of the 
civilian power reactor industry, it is mandatory 
that adequate and economic methods and 
techniques for control of radioactive effluents 
be available. Associated with such control is 
the important requirement that environmental 
factors involved in selection of plant sites and 
design, construction and operation of these 
plants be adequately delineated and considered. 

Accordingly, the basic objectives of the future 
Environmental and Sanitary Engineering De
velopment Program in the next decade are: 

First, to have available practical systems for 
the management of the wide variety of radio
active waste materials; and 

Second, to develop efficient techniques for 
environmental investigations and to accumulate 
environmental information required for the 
growing nuclear industry. 

Although the s c h e d u l e of development 
achievements is obviously dependent on the 
success of each step in the program and there
fore cannot be specifically laid down, it is reason
able to expect that in the next decade informa
tion required to engineer practical systems for 
the ultimate disposal of highly radioactive 
wastes should be fairly weU in hand. The 
actual engineering, operation and longer term 
evaluation of these systems wiU, of course, 
extend beyond this period. Development work 
on modification and improvement required by 
the introduction of new fuels and processes 
will be a continuing effort. Similarly, it is 
proposed that within the next decade present 
systems for treatment of large volume, low-
level wastes will be modified and improved to 
keep pace with the more stringent requirements 
occasioned by increasing use of the environment 
to receive radioactive materials. 

Environmental investigations will necessarily 
be a continuing and expanding part of the 
program as the industry grows. I t is proposed 
that in the next 10 years investigative tech
niques and generalized environmental informa
tion will be available to the extent that these 
factors will be properly and adequately inte
grated in power reactor development. I t is 
important to emphasize, however, that because 
of the time scale of environmental phenomena 
(particularly in hydro-geology) and the long 
effective life of the radioactive materials 
involved, much of the program in this area is of 
a long-term nature. The following paragraphs 
summarize certain anticipated problems, in 
future waste disposal operations and provide 
some general approaches for their resolution. 

a. Environmental Studies. The expanding 
nuclear industry with its increasing numbers of 
power and test reactors, more extensive use of 
radioisotopes, the advent of industrial chemical 
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processing, etc., wiU intensify the requirement 
for specific environmental investigations in 
order to assess quantitatively the impact of 
these operations on man and his natural re
sources. Although certain techniques, pro
cedures, and fundamental principles are appli
cable in such investigations, the variability of 
each site environment makes it essential that 
local investigation be carried out in order to 
obtain engineering data which is directly 
related to the location, design, construction and 
operation of nuclear facilities. A substantial 
increase in the number of these environmental 
studies at proposed and operating nuclear 
facilities is visualized during the next few years. 

Basic geo-hydrologic and meteorologic in
formation are required at all nuclear installa
tions in order that management and control of 
radioactive effluents can be provided in a safe 
and rational manner. Therefore, regional 
studies are being made of the geology and 
hydrology of the entire United States as it 
relates to the disposal of waste effluents. Maps 
and narrative data on the physical division of 
the Nation will be prepared and will provide 
information on the geologic formations present, 
water table data, ground water direction and 
velocity, main drainage areas and on other 
geologic factors bearing on waste disposal. 
Along similar lines, detailed geo-hydrologic 
studies will be required of various areas in the 
country in connection with proving and estab
lishing regional burial grounds for disposal of 
solid, low-level wastes. 

The capacity of the atmosphere for receiving 
and assimUating radioactive effluents is a major 
environmental factor to be considered in the 
selection of sites and the operation of nuclear 
facilities. An effort will be made to compile 
and summarize all available diffusion data in 
an attempt to define, in general terms, a diffu
sion climatology of the United States. Because 
of the variability of climatic records, an attempt 
will also be made to normalize available data. 
In this manner, it is hoped to relate diffusion 
climatology to the synoptic scale in order to 
improve diffusion forecasting. This informa
tion is desired in the evaluation of potential 

reactor sites and is essential for the operation 
of reactor facilities, such as pressurized water 
reactor, because of meteorologic limitations of 
the site. 

I t is apparent that sea disposal of solid, low-
level wastes, which emanate from laboratory 
and normal reactor operations, and the possi
ble geochemical and biochemical effects of these 
operations on our marine environment, will re
quire quantitative assessment during the next 
several years. Oceanograpbic studies to de
velop operating criteria and regulations for in
suring safe disposal of low-level wastes at sea 
are only in the initiatory stages. The field 
survey program now being conducted off the 
Atlantic Coast will be extended to the Gulf 
Coast and Pacific Coast regions and to other 
areas as the need requires. 

b. Low and Intermediate Level Waste Studies. 
As nuclear energy operations continue to ex
pand and facilities become more concentrated, 
it is considered likely that in certain restricted 
areas the environmental capacity for receiving 
radioactive effluents, i.e., the atmosphere, hy
drosphere, and lithosphere, may have been uti
lized. I t will then, of course, be necessary to 
develop more efficient methods for the treat
ment of large volume, low-level wastes. Proc
ess development on low and intermediate level 
liquid waste treatment systems will be required 
to provide waste effluents of drinking water 
quality. In this connection additional develop
ment work is needed on increasing removal 
efficiencies for strontium and cesium from labo
ratory wastes. As new reactor concepts are 
developed for power reactor use with different 
types of organic and inorganic coolants and 
moderators, it will be necessary to develop 
improved and more efficient handling and dis
posal systems for these contaminated materials. 
Contaminated sodium coolants and various 
types of organic moderators and coolants are 
examples of these potential problem areas. In 
this connection, it is believed that a need will 
exist in the near future for obtaining basic in
formation on all wastes resulting from the rou
tine operation of all types of power reactors, 
excluding the chemical processing of irradiated 
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fuels, which is being investigated separately. 
Treatment processes for low-level wastes from 
decontamination operations and from the han
dling and processing of coolants, resins, etc., 
would be evaluated for all reactor types with 
the objective of developing engineering criteria 
for the design of improved and more economical 
waste disposal systems. 

With the rapid utilization of our environ
mental capacity for assimilating waste effluents, 
it is planned to investigate the feasibility of 
discharging low or intermediate level liquid 
wastes into certain geologic formations, which 
are not accessible to potable water or 'other 
natural resources. The disposal of this type of 
liquid wastes into deep porous formations 
(about 5,000 ft.) may be feasible. Along similar 
lines, adaptation of the petroleum industry's 
hydro-fracturing techniques for deep weU dis
posal purposes should be investigated. This 
method consists of mixing waste with clays and 
cement, and then injecting the slurry under 
heavy pressure into an impermeable formation 
by fracturing. Test fracturing work in shaUow 
depths for obtaining information on the control 
of fracture patterns is planned for this year. 
Chemical development of waste-cement-clay 
mixes is already imder way. Under favorable 
conditions, it is anticipated that the disposal of 
fuel decladding wastes from power reactor fuel 
reprocessing by this method could be realized in 
the next 5 years. 

c. High-Level Waste Studies. As previously 
indicated, the program for developing ultimate 
disposal systems for high-level wastes is directed 
along two approaches: (1) the fixation or im-
mobihzation of fission products in clay, glass or 
ceramic structures, and (2) the direct discharge 
of these solids or solutions to selected geologic 
formations such as salt cavities or deep per
meable strata. Laboratory work on both ap
proaches has been promising and the program 
emphasis is now being directed towards engi
neering pilot plant studies on both the fixation 
and direct disposal schemes. A 60-gaUon per 
hour fluidized bed calcination plant at Idaho 
Chemical Processing Plant for processing alu-
miniun nitrate wastes wiU be in operation during 

1961. Latest operation will be aimed at demon
strating storage at the high equilibrium tem
peratures attained by these heat producing, 
highly insulating soHd materials. Modifica
tions may also be made to the plant in order to 
extend the applicability of this technique to 
stainless steel and zirconium wastes. Parallel 
work on fixation through other techniques is 
being conducted at Brookhaven National Labo
ratory, Oak Ridge National Laboratory, and 
the Hanford Works on various power reactor 
fuel wastes. Experimental work with increasing 
quantities of activity is being planned at Oak 
Ridge National Laboratory and Hanford. 

On the direct disposal approach, considerable 
more laboratory work has been accomplished 
on the utilization of salt structures than any 
other geologic formation. Theoretical studies 
and laboratory investigations of chemical 
compatibility, gas formation, and heat dissi
pation have led to the engineering design of a 
field experiment at the Carey Salt Mine in 
Hutchinson, Kans. The initial field testing 
program, involving two cavities (7.5 x 7.5 
X 10 feet), filled with synthetic chemical proc
essing wastes having no radioactivity, will 
run for a period of approximately 2 years. 
Fission product decay heat wiU be simulated 
by electrolytic heating. I t is planned to 
obtain information on the structural integrity 
of salt cavities, gas production rates, tempera
ture gradients both inside and outside of the 
cavities, ion migration, and possible migration 
of the waste cavity itself. Results of this 
study will serve as a basis for further tests, 
beginning with tracer quantities of activity and 
proceeding to a full-scale, "hot" experiment. 
I t appears that the design, construction and 
operation of the "hot" facility can be accom
plished during the next 5 years. 

Work on the other direct disposal approach, 
which involves the injection of high-level 
wastes into deep permeable formations, is 
being pursued in accordance with recommen
dations of a special American Petroleum 
Institute committee. Deep well problems such 
as plugging, formation fluid and reservoir 
compatibility with the wastes, heat dissipation 
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and corrosion are being investigated on a 
laboratory scale. During the next several 
years work will proceed on (1) theoretical 
analysis of the thermal problem, (2) experi
mental analysis of geochemical interactions 
and diffusion and dispersion in synthetic and 
natural sandstone cores, and (3) possible 
treatment of wastes to render them compatible 
with disposal formations. Also during the next 
5 years, in cooperation with the U.S. Geological 
Survey, the American Petroleum Institute 
and the American Association of Petroleum 
Geologists, it is planned to complete the geo
physical reconnaissance required in the selection 
of a suitable site for an injection test well. 
Drilling operations would also be accomplished 
during this period. 

An important adjunct to the high level waste 
problem is a continuing program for removing 
specific fission products from waste streams with 
decontamination factors in the range of 10* to 
10*. I t is hoped that these treatment effi
ciencies, using high activity wastes, can be 
demonstrated in existing facilities such as the 
Multicurie Fission Product Pilot Plant. 

d. Oaseous Effluent Studies. As previously 
indicated, research and development work in 
the treatment of gaseous effluents is directed 
toward improving efficiencies and capabilities 
of air cleaning systems as new reactor require
ments arise. The development of ffltration 
equipment for removal of particulates at high 
temperatiires (above 1,000° F) is needed for 
advanced power and miUtary reactor systems. 
High capacity iodine removal equipment is 
required for chemical processing plant gas 
streams and for emergency purposes in reactor 
containment shells in event of incident. A 
silver-plated copper gauze fflter has been de
veloped on a laboratory scale and is being 
actively considered for installation in the 
existing exhaust air systems for the Hanford 
production reactors. However, pilot scale 
operation using increased quantities of activity 
is required to verify laboratory results and to 
obtain engineering design data. x̂  

In the fixation of high level wastes to an 
inert form, the problem of ruthenium removal 

from off-gas streams may require further 
investigation. 

As advanced gas-cooled reactors are designed 
and constructed, utilizing higher temperatures 
and various gaseous coolants, one of the major 
problems envisioned is the handling and proc
essing of large volume, high activity gases. 
An early evaluation of this problem should be 
made to determine if an air-cleaning develop
ment project is warranted. 

Closely associated with gaseous effluent 
studies is a vigorous metorological research and 
development program. Atmospheric transport 
studies involving the use of radar and different 
tracers will be continued. The use of model 
airplanes as sampling probes for the determina
tion of plume concentration is planned. In
vestigations of atmospheric diffusion will con
tinue to yield "forecasting" data as required 
for continuous reactor operation. In addition, 
this information is needed to assess the cumu
lative effects of multiple sources as related to 
the spacing of reactor sites. 

e. Construction. The operation of full-scale 
disposal systems will require construction of 
facilities capable of handling highly radioactive 
materials. The facilities that will be required 
are a full-scale salt disposal system, a deep well 
system, and a full-scale "conversion to solid" 
plant. 

4. Reactor Physics and Testing Facilities. 
The Reactor Physics Program is a broadly 
defined effort to develop scientific and techno
logical information in this area. The develop
ment of this information on the physics of 
reactor systems will improve our basis for select
ing potential reactor concepts and evaluating 
their feasibility, and provide nuclear data and 
information required by reactor designers and 
engineers. 

Experience has demonstrated that the design 
of high performance reactors having predictable 
operational and economic characteristics re
quires a firm understanding of the core physics 
of such reactors. This continuing program of 
experimental and theoretical studies improves 
our basis for building and operating more ef-
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ficient, economical reactors, whether used for 
power, research or test purposes. 

The following pages detail the research and 
development required for this program: 

a. Thorium-U 233 Cycle Systems. The lack 
of data on heterogeneous Th-U 233 systems is 
as serious as that on plutonium fueled systems. 
The neutron economy, breeding gains, and even 
critical size of heterogeneous U 233-Th reactors 
in general still lack experimental work, the 
closest approaches being the present Argonne 
work with U 235-Th in DjO and the Babcock 
and Wilcox work with similar fuel in H2O. 
A great deal can be done with two-region as
semblies in which only the small inner region 
contains U 233. Perhaps, Physical Constants 
Testing Reactor type measurements would 
be better. 

Measurements should be made with both 
metal and ceramic fuels, although the difficulty 
of alloying thorium and uranium makes the 
latter seem somewhat more attractive. From 
the theoretical point of view, the primary effort 
should first go into a program on resonance 
absorption in Th 232 similar to that now given 
to U 238. 

6. General Systems. 
(1) Cavity Reactors. These hollow core 

systems appear very attractive as test 
reactors, in which irradiation of very large 
samples could take place. Critical mass 
curves should be found. The effects on 
reactivity and control of large samples in 
the cavity should be thoroughly explored, 
as should the effects of nonuniform loading. 
A theoretical study has been carried out by 
G. Safanov; as the experimental work pro
ceeds, more refined calculations would 
doubtless be needed. 

(2) Pebble Bed Reactors. Although this 
title may be somewhat misleading, it still 
is apt because of the implied freedom from 
close tolerances on fuel composition and size. 
What is called for under this subject is a 
study of how the physics of the reactors 
might be influenced by a gross relaxation 
of the specifications on fuel, control, and 
instrumentation, with the intent of isolating 

what features in the design are necessary 
for safe, efficient operation, and what features 
are sufficient but not necessary. Pebble 
beds are suggested as only one means of 
approaching this very general question. 

c. General Theoretical Problems. Theoretical 
problems include development of theory which 
provides for better understanding, aids in 
producing safer and more economic reactors, 
and improved computational techniques. 

(1) The development of methods for 
calculating perturbations in flux shape with 
time over regions interior to large, high 
power reactors. The perturbations of interest 
are those associated with shutdown and 
startup transients, with interactions between 
control elements and xenon concentrations, 
and with variations in local temperature of 
reactor components. 

(2) The development of improved tech
niques for calculating the effects of non
uniform fuel loadings in reactors. 

(3) The improvement of methods for 
calculating p and in heterogeneous reactors. 

(4) The development of models for hetero
geneous reactors other than those based 
on homogenization or the four-factor formula; 
examples are W. A. Horning's "Small Source 
Theory", Monte Carlo, and S'"' calculations. 

(5) The attempt to distinguish magnitudes 
of errors incurred in approximating neutron 
behavior in simplified models. I t would be 
useful to know not only the results of the 
calculations of critical mass, isotope yield, 
etc., but also their error limits. At least, it 
should be established which errors are of the 
first order. 

(6) The continuation of the study of the 
problem of neutron thermalization, extending 
it to heterogeneous lattices so that effective 
neutron temperatures (or similar concepts) 
could be derived for these systems. The in-
tracell variation of the low energy neutron 
distribution should be studied in this way. 

(7) Continuation of the theoretical study 
of neutron thermalization by crystalline media 
(ZrHj, graphite. Be, BeO, etc.). 
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(8) Continuation of the study of resonance 
absorption in heterogeneous uranium assem
blies. 

(9) A study of resonance absorption in Th 
and ThO fuel elements by the methods being 
apphed to U 238. 

(10) The study of Doppler broadening at 
high temperature. 

(11) Methods of machine computation — 
this is basically a study of methods rather 
than results. Examples are: the convergence 
of iterative solutions to problems, and the 
simplification and application of Monte Carlo 
techniques to more reactor physics problems. 

(12) A continuation of the problem of 
slowing down of fission neutrons in water and 
other hydrogenous media, with the intention 
of removing the long-standing discrepancy 
between calculations and measurements. 

(13) The study of the effect of inelastic 
scattering by heavy elements on neutron 
slowing-down in lattices. 

(14) The development of better methods of 
calculating control rod characteristics. 

(15) The development of methods of im
proving the convergence rate of two-dimen
sional multigroup codes, so that additional 
parameters may be introduced without the 
need of excessive machine time. This is 
necessary, for instance, for the study of long 
term reactivity changes. 

(16) Studies of the transient behavior of 
pulsed critical and subcritical assemblies. 
Present attempts at correlating measure
ments and calculations have not been very 
successful. 

(17) Calculations of resonance absorption 
in graphite and D2O moderated lattices, 
particularly for complex fuel arrangement 
such as rod clusters. Apparently, the rubber 
band model needs improvement for this 
application. 
d. General Experimental Problems. Some of 

the outstanding experimental problems which 
need attention follow: 

(1) The systematic development of pulsed 
neutron techniques, with a complete study 

of the parameters which can be measured 
by these methods. 

(2) Development of new methods for 
measuring neutron spectra in heterogeneous 
assemblies, as a function of position in 
a lattice cell. Application of these methods 
to clearing up uncertainties of this character 
now existing. 

(3) Identification of the rest of the delayed 
neutron precursors. 

(4) Re-evaluation of the energy distribu
tion of delayed neutrons. 

(5) Measurements of effective delayed 
neutron yields. 

(6) Remeasurement (by a means as dif
ferent as possible from that used up tiU 
now) of the age of fission neutrons in water. 

(7) Study of the Doppler effect on reso
nance capture in lattices composed of rods 
with a parabolic temperature distribution. 

(8) More accurate, or at least confirma
tory, data on the overall multiplication of 
fission neutrons emitted in beryllium. 

(9) A large scale program on long-term 
reactivity changes resulting from burning 
out of fuel. I t is important to find the 
reactivity tied up in unstable as weU as 
stable fission products. To interpret these 
studies, better information on the resonance 
integrals of fission products will be needed. 

(10) Age measurements as a function of 
neutron source and detector energies in 
various materials or mixtures of materials, 
and a correlation of such results with basic 
properties of these materials. 

(11) Resonance capture in lattices with 
low density water, as might occur in high 
steam quality regions of boiling reactors. 

(12) Evaluation of errors and improve
ment of techniques for conducting single and 
multiple rod experiments such as are done at 
Chalk River and Savannah River. 

(13) .4 systematic program of measure
ment of control rod effectiveness, for varied 
reactors, rod shapes and arrangements, and 
rod contents, so that a theoretical under
standing may be developed. 
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(14) A study of means of calibrating con
trol rods, of rod shadowing effects, and of the 
applicability of rod drop experiments. 

(15) Resonance integrals in both homo
geneous and heterogeneous systems as a 
function of the temperature. 

(16) The measurement of resonance inte
grals of interesting reactor materials (such as 
Fe, Si, Mo, Nb) by integral methods. 

(17) Improvement of methods of correct
ing for absorption in uranium foil which 
simulates homogeneously distributed fuel in 
critical assemblies. 

(18) The extension of experimental studies 
of different ways of achieving power flatten
ing in reactors. 

(19) The comparison of experimental tech
niques used by different groups, with the 
intent of standardizing where this can lead 
to improvement or better comparison of 
results obtained at different places. 
e. Nuclear and Reactor Physics Data. Im

provements in theory, better understanding of 
the basic phenomena occurring in reactor cores, 
practical experience obtained from operating 
reactors, and an increased sophistication con
tribute to the requirement for more precise 
nuclear and reactor physics data and for exten
sions of the data over broad ranges of neutron 
energies, for all potential reactor materials and 
for all isotopes which enter a reactor or are 
created therein. 

This requirement places a heavy burden upon 
those making the measurements and requires 
extensive amounts of costly equipment. In 
some cases the equipment required does not 
exist and no one knows how to provide it, in 
others the measuring technique does not exist, 
and where techniques exist it is frequently 
difficult to find an individual who is sufficiently 
skilled and willing to undertake the measure
ments. .A.n outstanding example is the fission 
cross sections of the three low energy neutron 
fissionable isotopes, U 233, U 235, and Pu 239. 
Many measurements have been made in this 
country and abroad, but, for example, the 
fission cross section of U 235 measured by two 

different methods differ by 8 percent whereas 
the accuracy claimed by both experimenters is 
better than 1 percent. The reactor engineer 
wants this cross section to an accuracy greater 
than one-half percent. 

This area of reactor physics and nuclear data 
will require a large effort in both manpower and 
funds during the next 10 years, to provide data 
adequate for accurate reactor designs. 

To provide the industry with the reactor 
physics and nuclear data, a Reactor Physics 
Constants Center has been established at 
Argonne National Laboratory. This central
ized location coUects, assembles, and publishes 
data pertinent to the reactor industry. Plans 
are in progress to establish in fiscal year 1960 
a Neutron Cross Section Evaluation Center 
where nuclear data in this area will be evaluated 
and put in a form suitable for use by reactor 
engineers. 

/ . Testing Facilities. The objectives of this 
activity as they apply to civilian power re
actors are (1) the investigation of reactor sys
tems and concepts applicable to (a) engineering 
test and research reactors, (6) special purpose 
reactors such as those suitable for reactivity 
measurement, assaying and production quality 
control, and (c) new and novel reactor concepts, 
and (2) the development of specific reactor 
designs to meet the requirement for advanced 
engineering test and research reactors. 

Since test and research reactors are primarily 
tools to be used by people other than the 
designers and builders, it is not unexpected that 
only a few reactor design laboratories have done 
extensive work on these devices. The basic 
fact is, however, that the potential development 
capability is large and widespread. 

HistoricaUy, engineering test reactor design 
stems almost entirely from the Materials Test
ing Reactor. This is not an indication of lack 
of imagination or real effort, but rather reflects 
the basic philosophy that puts a high premium 
on reliability and proven performance in a test 
device. In other words, a test reactor should 
not be an experiment in itself. 

The conceptual basis for a development 
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program in engineering test reactors is the 
fundamental requirement for tools needed in 
overall reactor development. I t would be diffi
cult to design reactors without going through a 
component test stage, and this phase becomes 
even more important as reactors become more 
sophisticated. With the steady trend toward 
ever more severe operating conditions in re
actors, it is apparent that the test reactor 
program itself must be always leading in terms 
of flux and ambient test conditions if it is to 
fulffll its purpose. Testing components under 
more severe conditions than they normally ex
perience is the only sure way of measuring the 
mechanism and parameters of failure. 

The scope and pattern of future activity in 
this field is expected to follow stiU further the 
pattern already in evidence. Low and medium 
power test reactor development will be done 
primarily by a few very large companies already 
deeply committed to reactor development 
programs. Medium and high power research 
reactor development will need Atomic Energy 
Commission support, primarily at the National 
Laboratories. 

In order to provide a more stable basis on a 
wider foundation it is planned that Argonne 
National Laboratory, Brookhaven National 
Laboratory, and Oak Ridge National Labora
tory wiU receive a steady level of support for 

preliminary design work on research reactors, 
including critical experiments where needed. 

Results obtained in the use of so-caUed zero-
power reactors indicate the need for research 
and development on a class of reactors which 
might be more appropriately named "Reactors 
for Measurement Purposes." The class known 
as Reactor Measurement Facility requires 
further research and development to extend its 
application to measurements in fluxes having 
different energy distributions than existing 
reactivity measuring facilities, in order that 
integral measurements on reactor constants 
may be obtained in these neutron energy 
regions and their precision increased. 

This class of reactors should be further 
developed to perform nondestructive assays of 
flssionable materials in fuel elements. Another 
application is their use in production quality con
trol involving neutron absorbers in reactor 
materials. 

The development effort must also include 
evaluations of new and novel reactor concepts. 
These concepts need examination to determine 
their feasibility and the areas of technology or 
materials which hinder their development and 
then initiate research and development pro
grams to provide this needed information, 
assuming, of course, that the concept is a 
potentially worthy one. 
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Appendix I 

INDUSTRIAL PARTICIPATION 

Name 

John M. West, Frank Bevilacqua. 

The organizations and the key personnel who, under contract, prepared information on the 
potential areas of improvement, the recommended programs and the cost of the program are 
listed below. 

OrganizaHon 
General Nuclear Engineering Corporation—Com

bustion Engineering. 
Atomic Power Development Associates A. Amorosi, John Yevick 
Atomics International Robert Dickinson, Ray Beeley- _ 

William Parkins, Robert Wilson 
Westinghouse W. E. Shoupp, Ted Stern 
Oak Ridge National Laboratory Robert Charpie 

Beecher Briggs 
E. I. duPont de Nemours Co Dale Babcock 

Report Area 
Boiling Water. 

Fast Breeder. 
Sodium-Graphite. 
Organic. 
Pressurized Water. 
Gas Reactor. 
Thermal Breeders. 
D2O Reactor. 

The above personnel were ably assisted by 
many capable members of their own organiza
tions. The work performed by the above groups 
was used by the Division of Reactor Develop
ment to form the bases on which the develop
ment sequences for each reactor type were 
based. There were also many members of the 
Offices of Civilian Reactors and Nuclear Tech
nology who provided valuable assistance in 
developing this report. 

In addition to the above, the Division of Re
actor Development solicited opinions from the 
nuclear uidustry as to tlie potential worth of 
various reactor concepts, the development pro
grams required to realize that potential, and the 
suggested course of action which the Atomic 
Energy Commission should adopt in planning a 

10-year civilian power reactor development 
program. 

Comments were invited from 12 companies 
and 2 Atomic Energy Commission National 
Laboratories. (See attached letter, together 
with list of addresses.) A separate meeting for 
each of 8 reactor concepts was held between 
representatives of industry and the Division of 
Reactor Development, and oral as well as writ
ten comments were presented and discussed. 
Subsequently, these suggestions were given due 
consideration by the evaluation group during 
the study leading to the writing of the present 
report on Potential of Reactor Concepts. 

Comments and suggestions, which are on file 
in the Division of Reactor Development, were 
received from the following (listed alphabetically 
by company or organization): 

K. Kasschau Manager, Nuclear Power Engineering _ 
B. Reybold Washington Rep 
R. M. Casper General Manager, Atomic Energy Div. 
W. F. Banks 
J. Davidson 
W. F. Farmer 
D. H. Weiss 
W. L. Cisler President 
A, Amorosi 
J. G. Yevick 
J. Munn Babcock & Wilcox. 

Alco Products, Inc. 
Do. 

Allis-Chalmers Mfg. Co. 
Do. 
Do. 
Do. 
Do. 

Atomic Power Development Associates 
Do. 
Do. 
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W. H. Zinn Vice President Combustion Engineering. 
H. Worthington Director, Technical Div., Atomic En- E. I. duPont de Nemours and Company. 

ergy Division. 
C. A. Rolander, Jr Vice President, General Atomic General Dynamics Corp. 
P. Fortescue Do. 
C. Rickard Do. 
B. Smythe Do. 
K. Cohen Atomic Power Equipment Dept General Electric Co. 
D. Imhoff . ._^ Do. 
J. D. Rauth Vice President The Martin Company. 
H. Kling Do. 
F. Myers Do. 
J. R. Menke President Nuclear Development Corp. of America. 
J. deFelice Do. 
J. Hutton Do. 
J. Karp Do. 
W. Loeb Do. 
Messrs. Stoten and Veniti Sanderson and Porter. 
S. T. Robinson Do. 
W. E. Shoupp Technical Director, Atomic Power Westinghouse Electric Corporation. 

Dept. 
C. C. Christensen Do. 
T. Stern Do. 
C. BuUinger Argonne National Laboratory. 
L. Koch Do. 

J u n e 22, 1959 

G E N T L E M E N : 

The Division of Reactor Development is currently engaged in a comprehensive effort to establish 
a ten year program for civilian power reactor development. An outline of the scope of work is 
attached. 

In view of your experience in the field of nuclear reactor development, the Commission welcomes 
your views on the significant problem areas, the future potential and program requirement, that 
should be considered in the development of such a program. 

A meeting will be held in Washington for each reactor type, for the purpose of allowing interested 
parties to discuss their views to the Commission. A schedule for these meetings is attached. Indi
vidual interview type meetings will be arranged for each company desiring to present their views, 
with members of the Division of Reactor Development staff. Written comments are encouraged. 

If you desire to have representatives of your company express their views on the above subjects, 
please notify Division of Reactor Development of your intentions and the names of your repre
sentatives not later than June 29, 1959. 

Sincerely yours, 

FRANK K . PXTTMAN 

Director 
Division of Reactor Development 
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MAILING LIST 

Ten-Year Civilian Power Reactor Program 

Pressurized Water Concept Westinghouse. 
Babcock & Wilcox. 
Combustion Engineering. 
Alco. 
Martin. 

Boiling Water Concept Argonne N ational Laboratory. 
General Electric. 
Allis-Chalmers. 
Combustion Engineering. 

Fast Breeder Concept Argonne National Laboratory. 
Atomic Power Development Associates. 
General Electric. 

Thermal Breeder Concept Oak Ridge National Laboratory. 
Westinghouse. 

Sodium-Graphite Concept Atomics International. 
General Electric. 

Organic Concept Atomics International. 
Westinghouse. 

Heavy Water Concept duPont. 
Nuclear Development Corp. of America. 

Gas Cooled Concept Oak Ridge National Laboratory. 
Allis-Chalmers. 
General Atomics. 
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GROUND RULES AND PROCEDURE 

The ground rules and procedures used in 
determining: (1) the potential, (2) the time 
sequence for realization of the potential, and 
(3) the program are listed below. 

A. Ground Rules 

The analysis of the future performance char
acteristics and economic attractiveness of a 
reactor concept is based upon the following 
factors: 

1. The potential of a reactor concept will be 
projected only up to a point that can be cur
rently foreseen with realism. Hence the de
velopment times indicated in this report will, 
in general, be of different spans for different 
concepts. 

2. The developmental sequence for realizing 
economic and performance improvements will 
be based upon the following conditions: 

a. All reactor concepts wiU follow the same 
sequence of development unless there is some
thing unique about the concept that makes this 
unnecessary. However, not every concept will 
necessarily pass through every stage of the 
development program. 

b. The development program will be tele
scoped as much as possible. This means that 
developments will be undertaken in parallel, 
except where successive developments depend 
upon data obtained from earlier developments. 

c. All research, development, engineering and 
testing will be assumed to be successful. The 
probability of such success will be evaluated at 
a later date in order to evaluate the true poten
tial of the reactor concept. 

d. In this report the rate of development of 
the technology of a reactor concept is assumed 
independent of any budget considerations. An 
adequate, concise program is outlined with 

maximum telescoping of effort. Any reduction 
in the listed yearly budgets will lengthen the 
time required to achieve objectives. 

3. The potential economic savings for a re
actor concept, as defined in this report, is 
based upon application to a large-scale civilian 
power plant even though a prototype plant 
may have been used to demonstrate the im
provement. A large-scale plant is defined as 
one of 300-400 MWe capacity. The economics 
of all central station power reactors improve 
as plant size is increased. However, the 
economic improvement as a function of size 
is not the same for all reactor types. 

4. All economics are based on a single 
reactor-turbine unit per station basis. 

5. The capacity factor to be used for both 
fossil-fueled plants and nuclear plants is taken 
as 80 percent. 

Different reactors will probably have different 
availability factors. Presently there is in
sufficient data available to accurately assess 
this difference among reactor concepts. 

B. Procedure 

1. The first step undertaken in evaluating 
the potential of a reactor concept was to clearly 
outline the possible areas of improvement. 
These improvements can be expected to occur 
in the entire plant including the reactor fuel 
cycle. Technical improvements such as the 
following are listed as examples: 

a. Design simplification. 
b. Higher power density. 
c. Increased thermal efficiency. 
d. Improved plant layout and containment. 
e. Increased reliability. 
/ . Higher specific power and fuel exposure 

levels. 
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g. More efficient fuel fabrication and reproc
essing methods. 

A large number of specific technical improve
ments are unlikely to be achieved simul
taneously, since some will be achieved at the 
expense of other features or parameters. The 
best combination of improvements presently 
foreseen was selected as representative of the 
potential of each reactor concept. 

2. The second step was to attempt to deter
mine the economic worth of the potential im
provements in terms of power generating cost. 
This figure represents the net savings resulting 
from improvements affecting the plant capital, 
fuel, and operation and maintenance costs. 

3. The third step was to determine the 
steps necessary to realize the potential. The 
three basic steps were then integrated io an 
investment cost vs. time sequence. No effort 
was made to identify the development and 
construction costs of industry in any project 
that is not now under contract with the 
Government. 

DEVELOPMENT PROGRAM 

4. The development or program sequence 
was then presented in the following categories. 

a. Evaluation Studies. This part of the de
velopment sequence will determine the further 
directions that should be pursued. Such stud
ies will also evaluate both the areas that need 
improvement and their relative economic at
tractiveness. I t will also include the re-
evaluations at various stages of the development 
or construction sequence. 

b. Research, Development, Engineering and 
Testing. This phase of the development pro
gram implements or validates an area of im
provement found to have potential attractive
ness as a consequence of an evaluation study or 
by operational experience. 

c. Plant Construction and Operation. This 
phase of the program outlines the necessary 
construction and operation of reactor plants 
of the experimental, pilot, prototype or large 
variety in order to obtain operational experience 
needed for evaluating or demonstrating the 
worth of improvements. 



Appendix III 

COST ASSUMPTION AND VARIATION OF THESE ASSUMPTIONS 

The cost assumptions in this report were held 
consistent for estimating the current technical 
status and the potential cost. These assump
tions and the effects of variations in these 
assumptions are discussed in this appendix. 

A. Cost Data and Assumptions for Current, 
Status Nuclear Plants 

The cost data used for determining the cur
rent status is as follows: 

1. Capital Cost. To maintain as much con
sistency as possible, the following basic assump
tions were used in determining capital costs. 

a. The design parameters were based on cur
rent technology as defined in the status report. 

6. Uniform costs were used throughout, with 
appropriate differences for size, for those com
ponents of the power plants that had the same 
design specifications, such as turbine-generators, 
condensers, heat exchangers, buildings and 
structures, etc. 

c. Provision for service and auxiliary facilities 
were made on a common basis between reactor 
concepts. 

d. Uniform construction periods for each 
reactor size were established for the determina
tion of interest cost during construction. 

e. Cost estimates for all reactor types were 
prepared with the same estimating practices. 

Basic flow diagrams and general arrangement 
drawings were prepared for each reactor type, 
based on data in the status reports. Estimates 
were made based on this data,using normal esti
mating practices and using uniform costs, where 
applicable, in the different reactor type cost 
estimates. The details of these cost data used 
in developing the estimates is contained in 
Sargent and Lundy report SL-1674. The as-

542500 O—60 7 

sumption and indirects used in determining the 
cost are as follows: 

INDIRECT C O S T PERCENTAGES (BASED ON 325 M W E 

PLANT) 

General and administra- 12 .5% of direct cost. 
tive expenses. 

Engineering, design and 14.6%of direct cost plus 
inspection. G & A. 

Star tup cost 4J4 months of operating 
cost. 

Contingencies 1 0 % of direct and in
direct. 

Interest during construe- 8 . 1 % of to ta l costs, 
t ion.* 

All power generation cost (capital cost portion) were 
based on 1 4 % annual fixed charges and 8 0 % capacity 
factor. 

2. Fuel Cycle Cost {Nuclear Plants). Fuel 
cycle cost estimates were made for three 
different core sizes for each reactor type with 
the exception of the gas reactor where sufficient 
information was not available to justify an 
attempt to show cost over the size range. 

The component parts included in the fuel 
cycle costs are as follows: 

a. Purchase of fuel assemblies and control 
elements, including spares. The purchase 
price covers the cost of the following: 

(1) Conversion of the starting source and 
fissionable material (enriched UFe, depleted 
UFe, some form of natural uranium, thorium, 
U 233 or plutonium) into the desired chemi
cal, physical, and metallurgical form. 

(2) Fabrication of the material into the 
proper size and shape. 

(3) Cladding, sheathing, or otherwise 
housing fuel components, providing hardware 
and fittings, assembling parts into units 
ready for loading into the reactor. 

•Based on 6% simple interest rate on money and an estimated expen 
diture curve over the 36 months' construction period. 
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(4) Quality control analyses, inspection, 
handling and shipping between various points 
in fuel processing steps. 

(5) Material losses, cost of scrap recovery 
and rework. 

(6) Use charge for fissionable material 
during fabrication. 

(7) Purchase of the source material, if 
natural uranium, depleted uranium or 
thorium is used. 

b. Payment for burnup of leased fissionable 
material. 

c. Payment of the 4 percent per year use 
charge for special nuclear material. 

d. Payment of shipping charges for trans
porting irradiated fuel from reactor site to 
chemical reprocessing plant. 

e. Payment for reprocessing and chemical 
conversion which is required to convert 
irradiated fuel to decontaminated and pure 
forms of UFe, plutonium metal, uranyl nitrate 
solution of U 233, and thorium nitrate solution 
(if thorium is to be recovered). 

f. The above charges are reduced by the 
credit received for the net amount of plutonium 
or U 233 produced in the nuclear material and 
delivered to the reprocessing plant. 

g. The working capital necessary to keep 
the fuel cycle operating. The cost of working 
capital was assumed to be 6 percent of the 
amount of money in working capital. 

h. The average fuel burnup and fabrication 
costs used for estimating the current status 
cost are listed below. 

Type 

BWR 
PWR 
OCR 

SGR 
EBR 

FBR 

Fuel 

UO2 
UO2 
V-Z}i w/o MO-

0.1 Al. 
U-lOw/o Mo_-
U-10 w/o Mo__ 

Depleted U-

Clad 

Zr 
SS 
Al 

SS 
Zr 
(pins) 

SS 

Average 
exposure 
(mwdlmt) 

11, 000 
13, 000 
4,500 

11,000 
1/2% 

atom 
burnup 

Fab. cost 

140 
110 
60 

no 
480 

45 

D2O (Natural) U-Zr Zr 3, 850 50 
GCR (Natural) U . . . Magnox 3,000 15.20 

DEVELOPMENT PROGRAM 

The fixed cost data for the fuel cycle is as 
follows: 

(1) Reprocessing cost based on $15,300/day 
(8+MTU) . 

(2) AEC schedule for UFa cost. 
(3) Shipping cost (irradiated fuel) = 12.45 

$/kg. 
(4) Conversion of UNO3 to UF6= 5.60 $/kg. 
(5) Conversion of PuNOa to Pu meta l= 

1.50 $/gm. 
(6) Buyback of Pu (credit) = 12 $/gm. 

The inventory cycle was calculated for each 
reactor type. The use charge was based on 
fuel inventory not the fuel loading. The 
detailed fuel cycle costs are included in report 
81^1674. 

3. Operation, Maintenance and Insurance 
Cost (Nuclear Plants). 

a. Operation and Maintenance. Estimates of 
operation and maintenance cost were prepared 
for a 75, 200, and 300 MWe size for each reactor 
type. The estimates were based on informa
tion available from Shippingport, Yankee, 
Indian Point, Enrico Fermi, and Dresden, and 
an analysis of the operation requirements for 
the various reactor types. The ground rules 
used in establishing operating and maintenance 
costs were as follows: 

(1) At this stage of development, operating 
and maintenance cost for nuclear plants will 
be higher than conventional plants of cor
responding net kilowatt capacity. This is 
due essentially to the radiological and bio
logical aspects of nuclear plants with their 
attendant safety problems together with 
lack of any extended operating experience on 
which to base judgment to achieve operating 
economies. 

(2) In considering the items making up the 
total cost per kwh of a nuclear plant viz, 
plant investment charges, fuel costs, and 
operating and maintenance costs, the latter 
item of operating and maintenance represents 
a relatively small proportion of the total cost, 
being in the order of 10 percent. This cost 
relationship merits a somewhat simplified 
approach in normalizing operating and main
tenance costs. 
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(3) Operating and maintenance costs were 
broken down into: 

(a) Supervision and engineering labor. 
(6) Station labor. 
(c) Fringe benefits, applicable to payroll. 
(d) Operating supplies, maintenance ma

terials, and services. 
(e) Extraordinary items. These are items 

applicable to a particular type of reactor such 
as the makup of heavy water in a D2O 
moderated reactor, organic liquid in an 
organic cooled reactor plant, helium in a gas 
cooled reactor or special maintenance and 
operating techniques associated with radio
active sodium and other liquids. 
6. Insurance Cost {Nuclear Plants). Insur

ance costs for nuclear plants are substantially 
higher than for conventional plants. This is 
due essentially to lack of insurance experience 
and the liability potential, both on site and off 
site, to property, personnel, and the general 
public resulting from a nuclear incident which 
conceivably would release radioactive con
taminates. The insurance coverage falls into 
three categories: 

(1) An all risk nuclear property insurance 
for which the rate is in the order of 35̂ ^ per 
$100 of insurance coverage. 

(2) Nuclear liability insurance for which an 

Plant size—MWe net 
Pressure—psig 
Temperature initial/reheat-
Back pressure—HgA 
Heat ra te—BTU/kwh 
Capital cost $/kwe (net) 

insurance pool of $60,000,000 has been set up 
oy mutually owned and stock holder owned 
insurance companies. The reactor owner is 
required to take out $150,000 per megawatt 
01 thermal capacity of this type of insurance 
coverage before the plant is eligible for 
tiovernment indemnity insurance. The max-
uiium amount of insurance coverage is 
$60,000,000 at an annual premium of 
$260,000. The rates for this nuclear liability 
or so-called third party insurance are as 
follows: 

Amouvt 
First $1,000,000 
Next 4,000,000 
Next 5,000,000 
Next 10,000,000 
Next 20,000,000 
Next 20,000,000 

Total $60,000,000_ 

Bate million 
$40, 000 

20, 000 
8,000 
4,000 
2 ,000 
1,000 

Annual premium 
$40, 000 

80, 000 
40, 000 
40, 000 
40, 000 
20, 000 

$260, 000 

(3) Government indemnity insurance at 
the rate of $30 per Mw thermal with a maxi
mum coverage of $500,000,000. The details 
of the operation and maintenance and insur
ance cost is included in report SL-1674. 
4. Coal-fired Plant Costs. The coal-fired 

plant cost data included in the status and 
potential report were based on the following 
data. 

Fixed charges @ 14%___ 
Fuel cost—350/10' BTU_ 
O & M cost 

25 
850 
900 
1.5 

1,980 
296 

60 
1,250 

950 
1.5 

11,066 
221 

GENERATION COST 

5.91 
4. 19 
1.04 

4. 41 
3 .88 
0. 75 

1 

@ 

100 
1,450 

., 000/1, 000 
1.5 

10, 063 
199 

.8 L F 

3.97 
3. 52 
0. 67 

200 
2 ,000 

1, 050/1, 000 
1. 5 

9,550 
178 

3.57 
3. 34 
0 .50 

325 
2 ,000 

1, 050/1, 000 
1.5 

9,471 
166 

3 .31 
3 .32 
0. 36 

TOTAL P O W E R GENERATION COST MI/KW.HR. (80% CAPACITY FACTOR) 

@ 35jS/10« B T U (Fuel Cost) 11.14 9 .04 8.16 7 .41 
@ 25fS/10« BTU (Fuel Cost) 9.94 7.93 7 .15 6.46 

6 .99 
6.04 
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The details of the coal-fired plant cost are 
included in report SL-1674. 

B. Cost Data for Potent ia l 

The same basic assumption used in estimat
ing the cost associated with current technical 
status were used to determine the potential 
cost with the following exceptions: 

1. The exposure levels for the fuel were 
changed as indicated under the potential 
writeup. 

2. The fuel fabrication costs were changed as 
indicated under the potential writeup. 

3. No plant designs were made nor were 
detailed parameters established for the target 
plants. 

C. EiFects of Variations in Cost Assumptions 

1. The Effects of Changing the Buy Back Price 
oj Plutonium. The fuel value for plutonium 
used in estimating the cost data for this report 
was $12 per gram. The best available data for 
estimating the worth of plutonium indicates 
that the price will be greater than $6/gm and 
not more than $18/gm for a number of years in 
the future. A change in the market value for 
plutonium within these limits can affect the 
current fuel cycle cost by }i to % mills/kwh for 
the reactor types, in the Civilian Power Reactor 
Program. The net effect of changes in the price 
of plutonium for various reactor types is shown 
in the following table. 

E F I E C T OF PLUTONIUM ON F U E L COST 

(mills/kwh) 

Reactor type 

Pressurized water 
Boiling water _ 
Organic cooled.- _ 
Sodium graphite 
Gas cooled, enriched 
Fas t breeder 
DjO moderated 

Plutonium credit 

$12/g 

3.81 
3.47 
5.72 
4. 12 
3.59 
7. 10 
4.22 

$6/g 

4 .35 
3.87 
6.20 
4 .38 
4.07 
7.81 
4.99 

$18/g 

3.27 
3. 07 
5. 24 
3.86 
3. 11 
6. 39 
3. 45 

Although the magnitude of the change (in 
mills/kwh) is different for the listed reactors, 
this change does not have sufficient influence on 
the fuel cycle cost to change the relative rela
tionship of fuel cycle cost for the different con
cepts except in one case. At a credit of $18/g, 
the DjO Moderated Reactor fuel cycle cost be
comes less than the Sodium Graphite fuel cycle 
cost; at $6/g and $12/g, DjO Moderated Reactor 
fuel cycle cost is greater than Sodium Graphite. 

The effect of a change in U 233 price was not 
estimated at this time due to the lack of a de
tailed breakdown on fuel cj'cle costs for aqueous 
homogeneous reactors. 

2. Efect on Power Costs if Enriched Uranium 
Is Purchased Instead of Leased. If enriched 
uranium is purchased by the reactor operator 
instead of being leased from the Government, it 
will be necessary for the operator to show the 
fuel as an inventory item, and to capitalize this 
item at a fixed charge of approximately 12 per
cent per year, computed on the value of the 
inventory. The annual charge of 12 percent is 
necessary to allow for payment of State and 
Federal taxes on the capital invested in in
ventory, and payment of a return on the in
vestment. 

The use of 12 percent instead of 4 percent 
will increase the lease charge by a factor of 
three. The increase in power cost for different 
reactors is shown in the following table. 

E F F E C T S OF 12 P E R C E N T L E A S E CHARGE ON F U B I 

CYCLE COST 

Reactor type (300 Mwe, current 
status) 

Pressurized water 
Boiling water -
Organic cooled . _ 
Sodium graphite 
Gas cooled, enriched 
Fast breeder 
Aqueous homogeneous 

Power cost 
at 4% lease 

charge 
(mills/ 
kwh) 

9 .56 
9.61 

11.35 
11.26 
11.32 
13.25 
11.33 

Power cost 
If U"'ls 
purchased 

(mills/ 
kwh) 

10.70 
9.91 

12.47 
12.64 
12.72 
15.07 
n . 81 

Percentage 
increase 

11.9 
3. 1 
9.9 

12.3 
12.4 
13.7 
4 .2 

NOTE—The above changes are based on current status fuel cycle cost. NOTE—The cost or natural uranium fuel would not change. 
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3. Effect on Energy Cost if Heavy Water Is 
Leased at 4 Percent Per Year Instead of Being 
Purchased. The cost of D2O in this study 
(at $28 per pound) was shown as part of the 
initial capital investment, and a charge of 
12.5 percent per year was assessed on the value 
of the D2O inventory. If the D2O were to be 
leased by AEC to the reactor operator at 
4 percent per year, the D2O component of the 

, 4 
total energy generation cost would be only 

times the values shown in the status report. 
This would result in the following changes: 

Reactor type 

H e a v y w a t e r , n a t u r a l u r a n i u m -

A q u e o u s h o m o g e n e o u s 

Energy generation cost, 
mills/kwh 

DjC) purchased 

12.50 
11.33 

DiO leased at 
4% 

11. 55 
10.88 

4. Effects of Annual Charges on Capital In
vested in Plant. In this study, the annual fixed 
charge was taken as 14 percent of the plant 
investment. Some other percentage may be 
appropriate, if interest rates on money increase, 
or if the power station is owned and financed 
by a public utility district or the Rural Elec
trification Administration instead of a private 
investor. The change in power generation costs 
due to a change in the fixed annual charge can 
be readily calculated. Rather than show 
different values for the reactors' concept a list 
of different capitalization rates are shown 
below. 

Depreciation 
Interim replacements... 
Insurance -
Federal income taxes. _. 

Total . 

Type of financing 

Private 
company 

6.35% 
1.73 (0.83) ._.. 
0.36---
1.0 (0.26) 
3.67 
2.47 

16.5 (13.8).... 

Public Utility 
District 

4.5% 
2.24 (1.23).... 
0.36 
1.0 (0.26) 
0 
1.1 

9.2 (7.4) 

Rural elec
trification 

Administra
tion 

2.0%. 
3.1 (2.0). 
0.35. 
1.0 (0.25). 
0. 
0 6. 

7.0 (6.1). 

The above table is taken from a report by the 
Office of Operations Anatysis and Forecasting, 
"Costs of Nuclear Power," TID-8506, page 15. 
Where charges are different for a conventional 
thermal plant than for a nuclear plant, the first 
entry is for a nuclear plant and the one in 
parentheses is for a conventional plant. 

5. Effect of Capacity Factor on Power Cost. 
This study assumed a capacity factor of 80 
percent for nuclear stations and 80 percent for 
conventional power stations. The average 
annual plant factor for all of the electric utility 
industry's steam-electric plants in the United 
States in 1957 was 57 percent. This includes 
old and new units, large and small units. Plant 
factor data are also reported by the Federal 
Power Commission for the 11 largest steam-
electric plants in the United States, ranging 
from 675 electrical megawatts to 1,440 MWe 
per plant. Individual turbine generator units 
included in these 11 plants are as large as 217 
MWe, while the average unit size among this 
group (the 11 plants have a total of 84 units) 
is 128 MWe. 

The plant factors for these 11 largest steam 
electric plants for the year 1957 are as follows: 

Average 
annual 

plant factor 
(Wm 

Ca^or {Based on 
bility nameptttte 

Plant name Location (Mw) rating] 

Kingston Kingston, Tenn_- 1,440 93 
Shawnee Paducah, K y 1,350 95 
Clifty Creek. _ _ Madison, Ind 1,304 88 
Kyger C r e e k - . . Gallipolis, Oh io . _ 1,086 85 
Joppa Joppa, 111 938 96 
Hudson-Gold . . - New York, N . Y . . 920 42 
C. R. H u n t l e y - Tonawanda, N . Y - . 890 48 
East River New York, N . Y . . 757 50 
Colbert Colbert County, 720 85 

Ala. 
Johnsonville Johnsonville, 675 90 

Tenn. 
Widows Creek . . Stevenson, Ala 675 83 

The average plant factor for the combined 11 
plants is 

74,966X10« kw. hr. generated/yr^^. ,„„_,^„ ^ ^ 
10,755,000 kw.X 8760 hrs/yr ^ ^ " " ~ ' ^ ' ^ '^ 

The three plants with low plant factors in the 
above group are all old units (33 to 43 years 
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old), while all of the others have been in opera
tion only 8 years or less. 

In view of these figures, it is not unreasonable 
to assume an 80 percent plant factor for new, 
large, base-load nuclear plants. However, if 
some lower plant factor were used, the principal 
effect would be to increase the fixed cost com
ponent of the generating costs by a direct ratio 
of the capacity's factors. The fuel cycle, unit 
costs (mills/kwh) would be unaffected for all 
items except the 4 percent use charge. 

6. Effect of a Change in Indirect Construction 
Costs. Indirect construction costs included in 
the capital costs of nuclear stations amount to 
approximately 37 percent of direct construction 
costs, even when the cost of moderator and 
coolant is not included in indirect costs. Direct 
construction costs as used in this reference are 
defined as costs of direct labor and materials, 
construction contractor's field expense, over
head, tools, and fee or profit for the construction 
contractor. The indirect cost may be reduced 
with time as the nuclear industry becomes more 
experienced. Several ways in which the factors 
could be reduced are listed below. 

a. Engineering, design, and inspection, in
cluding architect-engineering services, now 
amount to about 9.5 percent of the direct con
struction costs. Normal cost estimating prac
tice would include approximately this amount 
for a conventional generating station. How
ever, it may be possible to reduce this factor 
to perhaps 7.5 percent after a number of 
similar nuclear plants have been designed and 
constructed. 

b. Contingencies have been shown as 10 
percent of the subtotal of costs before adding 
interest during construction. As more experi
ence is obtained in the construction of nuclear 

plants this figure might be reduced to 8 percent. 
c. The most likely area to reduce indirect 

costs is to shorten the construction period and 
thus reduce interest during construction. Con
struction of a large power station has been 
assumed to require 36 months, which leads to 
a lump sum charge for interest of 8.1 percent 
(based on 6%/year). If the construction 
period could be shortened to 24 months, the 
charge would be only 5.4 percent of the subtotal 
of direct plus indirect construction costs. A 
30-month period corresponds to a charge at 
6.72 percent. 

Realization of the above savings in indirect 
cost would reduce the percent of indirects 
from 37 to 28 percent. As an example, the 
power cost of the pressurized water reactor 
could be reduced by approximately 0.26 
mills/kwh by a change from 37 to 28 percent 
for indirect cost. It is not practical to express 
the indirect costs as a simple percentage of 
direct construction costs because startup costs 
(assumed fixed) are added to the subtotal 
before applying the contingency factor. How
ever, the above figures provide an indication 
of the potential savings involved in reducing 
indirect cost. 

7. Effects of Reductions in the Price of Ura
nium. It is quite likely that reductions in the 
base price for enriched uranium will be made 
within the next 5 to 10 years. A reduction in 
the cost of enriched uranium will primarily 
affect the use charge for the fuel and the 
depletion cost. A 25 percent reduction in the 
cost of enriched uranium would decrease the 
fuel cycle cost from approximately 0.35 to 0.65 
mills/kwh dependent upon the particular reactor 
concept. 

U.S. GOVERNMENT PRINTING OFFICE: 1960 O—542600 




