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REPROCESSING OF POWER REACTOR FUELS 

The Enrico Fermi Fast Breeder Reactor Fuel 
Progress Report No. 2 

INTRODUCTION 

This report is a summary of work done on the 
problems involved in reprocessing the core fuel 
from the Enrico Fermi Fast Breeder Reactor plant 
during the period July 1958 through January 
1959. These studies were done in support of the 
program of the Savannah River Plant (SRP), 
which, under the Interim Reprocessing Program 
of the AEC, has the primary responsibility of 
recovering uranium and plutonium from the fuel. 

The  previous report in this series, BNL 51 1,’ 
covers work done on this program during the 
period November 1957 to June 1958. 

DESCRIPTION OF FUEL 

During the period of this report, the composi- 
tion of the core fuel elements was fixed. Table 1 
gives the nominal composition of one core fuel 
element or “pin.”’ The  manufacturing tolerance 
on cladding thickness is i 1 mil. 

REPROCESSING PROBLEMS 

As described in the previous report, the problems 
associated with reprocessing this fuel were divided 
into five categories as follows: (1) dissolution agent 
and procedure, ( 2 )  materials of construction, (3) 
chemical and  nuclear hazards, (4) flow sheet 
design and chemistry, and  (5) waste handling. 
Work done during the report period on these 
problems is discussed in the following sections. 

( 1  ) Dissolution Agent and Procedure 

All dissolution data  were obtained with pins 
having a composition slightly different from that 
given in Table 1. The  pins used were originally 
designated as the type for the first core loading; 
however, the design and composition were changed 
before production started. The  most significant 
differences are in the cladding thickness, 4 i l  
mil, and the U content per pin, 136.6 g. 

Previous laboratory work’ on sections of the fuel 
pin had shown that use of 2.5 M HNO,+, 0.06 M 
HF would result in complete dissolution in ~5 hr. 
The  maximum time for a plant dissolver cycle 
was arbitrarily set a t  10 hr. T o  determine total 
dissolution time and a dissolver cycle for the com- 
plete pin, i t  was necessary to use larger scale 
equipment, since each whole pin would require 
11 liters of dissolving agent for a final U concen- 
tration in the dissolver solution of 12 g/l. 

For this purpose a small pilot plant dissolver of 
the column type ( H / D  =3/1)  was constructed, 
steam jacketed, and fitted to a down-draught con- 
denser. T h e  maximum operating level was 90 
liters, 25% free board. Usually 4 or 8 pins were 
used per run. When 4 pins were used, they were 
cut in half so that they were just covered by the 
dissolution agent. 

In  the dissolution runs made with the pins on 
hand, the F/Zr mole ratio was 5.5, which is equiv- 
alent to a HF concentration of 0.05 A4 at the final 
U concentration of 12  g/l. For 5-mil clad pins, 
the equivalent HF concentration would be 0.06 M 
because of the lower U content per pin, viz., 133.0 
versus 136.6. 

When the fuel pins were exposed for 10 hr 
under refluxing conditions in 2.5 M HN0,3, 0.06 
M HF to a final nominal U concentration of 12 
g/l, z 13% of the end caps charged remained un- 

Table 1 

Composition of Core Fuel Pin 
(5-mil clad) 

Material Weight per pin, g 

U (25.6% U”’) 133.02 
Mo 14.78 

Zr, anchor end cap 1.132 
Zr, fixed end cap 0.972 

Zr cladding 7.84 

Total 157.74 

1 
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dissolved. The  U-Mo alloy associated with the 
end caps remained, and the total undissolved 
metal amounted to slightly more than 1% ofthe 
total metal charged. 

T o  avoid increasing the H F  concentration 
and  consequently the corrosion rate of the dis- 
solver vessel, the possibility of operating the dis- 
solver with a metal heel was investigated. 

A series of 3 runs was made to determine the 
effect of undissolved end caps on subsequent dis- 
solutions. The results are summarized in Table 2. 
In  this series of runs the dissolver contents were 
kept a t  reflux conditions for 10 hr. The  undis- 
solved portion of the pins was removed, weighed, 
and returned to the dissolver vessel along with the 
next charge of pins. The  U-Mo alloy associated 
with the end caps was calculated with the alloy 
density assumed to be 17.1 g/cc. The  results 
indicate that the dissolver would operate with a 
constant metal heel of ~ 1 . 3 %  of the total metal 
charged. The end caps cannot be discarded with 
z 1% of the U charged remaining undissolved in 
them, and will probably require a clean-out cycle. 

As discussed in the previous report,' when the 
fuel pins are  dissolved in 2.5 M HNO,,  0.06 M 
HF, a light brown precipitate is found in the final 
dissolver solution. Samples of this precipitate 
collected from laboratory experiments were found 
to contain 50 wt % U and to comprise 0.6 wt % of 
the total U charged. The  total precipitate de- 
creased appreciably with increasing reflux time. 
These samples were collected from dissolutions 
done in Teflon vessels after 6 hr at  reflux. By the 
addition of chromium trioxide (CrO,) to the dis- 
solver solution and lh hr  of further heating, the 
precipitate could be solubilized; however, an ex- 
cessive amount of Cr  causes serious corrosion in 
the waste evaporator when the H A W  stream is 
concentrated. (The HAW is the waste stream 
from the first solvent extraction contactor and is 
essentially the final dissolver solution diluted with 
the scrub stream.) 

To  determine the U loss to the precipitate under 
conditions comparable to those in the plant, i.e., 
10 hr of refluxing, the solids were collected from 
the 3 runs described above. The  solids collected 
amounted to 4.44 g or 1.48 g/batch, representing 
0.36% of the total metal charged. Spectrographic 
analysis indicated 1 % and wet chemical analysis 
0.74% U content in the precipitated solids, amount- 
ing to a U loss of 0.032%. This is considered low 
enough not to warrant the use of CrO,. 

Table 2 

Total 
Run metal %Metal %Endcaps % U 
No. charged, g undissolved undissolved undissolved 

1 483.0 1.01 12.3 0.80 
2 483.8 1.39 21.6 1.07 
3 482.3 1.29 22.2 0.95 

Recent data (December 1958) obtained at SRL 
have indicated excessive weld metal corrosion of 
309SCb stainless steel with current welding tech- 
niques in boiling "0,-HF mixtures in the con- 
centration range under consideration for fuel pin 
dissolution. Since the intention is to use existing 
equipment to reprocess the P R D C  fuel a t  SR, a 
method of reducing the weld metal corrosion by 
limiting the contact time with H F  was investigated. 

In  this dissolution procedure, the fuel pins are 
first declad in 0.075 M H F  solution, and then 
sufficient concentrated HNO,  is added to adjust 
the solution to 2.5 M HNO, and sufficient alumi- 
num nitrate to complex the fluoride. Two moles 
A1 per mole F- are used. The final volume of the 
solution is such that the U concentration is 12 g/l. 

In one run made by this procedure, after a total 
of 10 hr at reflux conditions ( 3  hr dejacketing+7 
hr  core dissolution), 9.5% of the total metal 
charged remained undissolved. Approximately 
7.7% of the metal heel was U-Mo alloy between 
the end caps. Apparently when the fluoride is 
complexed with Al, its effect on the core dissolution 
rate is nullified. 

Previous laboratory data had indicated that by 
slightly increasing the HNO,  concentration, the 
core could be dissolved in the same time period. 
Therefore, for the second run, the HNO, concen- 
tration was increased to 3.0 M .  After a total of 10 
hr  (3  hr dejacketing + 7 hr  core dissolution), the 
only undissolved metal remaining was the end 
caps, amounting to 1.5% of the total metal charged. 

T o  determine what effect the remaining end 
caps would have on successive pin dissolutions, 
they were recharged along with another batch of 
pins, and the dissolver cycle was repeated with 
3.0 M "0,. After a total of 10 hr, several pieces 
of cladding and U-Mo alloy, in addition to all the 
end caps, were found undissolved. The cladding 
and U-Mo alloy associated with it amounted to 
0.7% of the total metal charged. The  pins used 
in this run were 2.2% greater in weight than those 



used in the second run. The  variation in pin 
weight was usually not so large. (Typical varia- 
tions in pin weight may be seen in Table 2). 

These runs indicate that the dissolver will not 
operate with a constant metal heel, in contrast to 
the case when no A1 was present during the dis- 
solving cycle. T h e  undissolved cladding was 
thought to be due to an increased cladding thick- 
ness on some of the pins used in the third run. This 
is suggested by the 2.2% greater weight. The time 
cycle chosen appears to be too tight and has no 
safety factor to take into account the 21-mil clad- 
ding thickness manufacturing tolerance. 

It is estimated that a decladding period of 5 hr 
will be required for 5-mil clad pins with an addi- 
tional 7 hr for core dissolution. This would neces- 
sitate a dissolver cycle per batch of 13 to 15 hr. 

It is anticipated that  the subassembly of fuel 
pins will not be disassembled, so that  the 347 
stainless steel “bird-cage” will remain in the dis- 
solver. Presumably, these will be mechanically 
removed from the dissolver vessel after a sufficient 
number have accumulated. 

Fuel pins of core 1 design and composition are 
now in production and will be used in future work 
on the problems involved in reprocessing. 

(2)  Materials of Construction 

As mentioned above, the addition of CrO, to 
the dissolver solution results in serious corrosion 
problems in the waste evaporator. The evaporator 
is constructed of 304 ELC stainless steel with 
309SCb stainless steel heating coils. Huey type 
corrosion tests were run with these two metals in 
a simulated waste solution consisting essentially 
of 6 M HNO, saturated with tributyl phosphate. 
The TBP is introduced into the waste stream dur- 

Table 3 

Average corrosion 
rate, in./yr 

Solution composition Liquid Interface Vapor 

309 SCb (sensitized) HAW +0.01 A4 CrO, 0.030 0.043 0 
+0.03 M CrO, ,066 .I1 0 
+0.06 M CrO, .23 .17 0 

304 ELC HAW +0.01 M C r O ,  ,019 ,019 0 
+0.03 M C r O ,  ,148 ,081 0 
+0.06 M C r 0 , 3  ,315 ,237 0 

3 

ing the first solvent extraction cycle. All corrosion 
test coupons were prepared in the manner de- 
scribed in BNL 51 1.2 

The results of these tests are summarized in 
Table 3. The tests were run for 144 hr. At the end 
of each 48-hr period the weight loss was measured 
and the test solution was changed. It is apparent 
that excessive corrosion occurs even at  a concen- 
tration of 0.01 M CrO, in the waste evaporator. 
Therefore, only trace amounts ( < O . O O l  M Cr) 
can safely be introduced into the head-end of the 
process if acid recovery and waste concentration 
are to be carried out. 

The  complete spectrographic analysis of the 
solids collected from the series of 3 runs described 
in the preceding section is as follows: 

COMPONENT WT % 

U 1 
Fe 3 
Si 0.5 
Cr 0.5 
Ni 0.3 
AI 0.1 
Zr-Mo remainder 

From this analysis it appears that a sizable fraction 
of the dissolver vessel goes into solution. Severe 
preferential corrosion of the weld metal was seen 
upon visual examination of the pilot plant dis- 
solver. Since this dissolver is of 347 stainless steel, 
these results indicate that columbium stabilized 
stainless steels have a common defect in the weld 
metal in boiling HF-HNO, mixtures unless special 
precautions are used during welding. T o  date the 
dissolver has been in use for ~ 3 0 0  hr, and no leaks 
have been detected. 

(3a) Hazards - Chemical 

In  the previous report data were given which 
indicated the existence of the E-Zr-U alloy phase. 
The  pyrophoric natur,e of this phase during dis- 
solution in HNO, in the absence of H F  is well 
known. 

plant dissolver, insufficient H F  was added to the 
HNO, and dissolution was incomplete. In  none 
of these runs were pyrophoric surfaces detected on 
the undissolved portions of the pins, and in no case 
was there any indication of an  overload on the 
condenser which would indicate a rapid reaction 
taking place in solution. In  runs in which fuel de- 

During a few of the dissolution runs in the pilot, 
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jacketing preceded core dissolution, no pyrophor- 
ic surfaces were found. 

(3b) Hazards - Nuclear 

Since the core fuel for the PRDC reactor is en- 
riched to 25.6% U'35, criticality must be taken into 
consideration in reprocessing. The  method to be 
used at SR to control criticality in solvent extrac- 
tion equipment is concentration control on process 
streams. Criticality in the dissolver vessel is geo- 
metrically controlled. In  the event of plant operat- 
ing errors, it would be possible to accumulate a 
critical mass in process equipment downstream 
from the dissolver. A geometrically safe solvent 
washer3 has been designed to eliminate one pos- 
sible error. Another operational error would be 
the introduction of a scrub stream containing no 
HNO, into the first solvent extraction bank so that 
the bank would be on total reflux. One run was 
made with midi scale mixer settlers to determine 
the rate of approach to steady-state total reflux 
conditions with a flow sheet corresponding to the 
conditions shown in Table 4. 

This scale mixer-settler has previously been de- 
scribed in the literature.4 The flow sheet conditions 
were determined by calculating the required flow 
rates from Pu(1V) distribution data found in the 
literature,' and assuming 60% stage efficiency and 
a maximum operating temperature of 46" C. 

T h e  run was made in the following manner: 
Three bank through-puts corresponding to the 
bank holdup were made with the flow conditions 
and compositions given in Table 4, and then the 
1AS flow was switched to a stream with essentially 
no HNO,, other stream compositions remaining 
the same. Samples of each phase in the scrub sec- 
tion of the bank were taken each hour until the 
1AX pump lost suction, and the entire bank was 
sampled at the end of the run. The  samples 
amounted to <0.8 vol 76 of the holdup in each 
stage, which was considered to have a negligible 
effect on bank hydraulics and U profile. The 1AS 
stream, after the switch to total reflux operation, 
actually contained 0.025 M HNO, due to residual 
acid in the piping and 1AS holdup tank. 

Figure 1 is a plot of the U inventory in the scrub 
section as a function of time on total reflux, equal 
volumes of organic and aqueous phases per stage 
being assumed. The greatest rate of increase in U 
inventory, 450 g/hr, took place between 2 and 4 
hr after the 1AS stream was switched. During this 
time.the U concentration in the product stream 

(1AP) remained constant a t  1.6 g/l; afterwards 
it dropped to 1.2 g/l. 

Figure 2 indicates the U profile over the entire 
bank after the end of the run. 

This run, although preliminary in nature, has 
indicated several points to consider in reprocessing 
enriched fuel in equipment that is not geometri- 
cally safe with respect to criticality. 

The 1AW stream composition remained essen- 
tially constant over the entire period of total re- 
flux, which indicates no product loss. After the first 
hour the 1 AP U content increased by only 0.3 g/1 
(from 1.65 to 2.0 g/l), and for the next 3 hr it was 
constant a t  1.65 g/l. The  increase after the first 
hour may be only an analytical error rather than 
a real increase. It is doubtful that analytical results 
on end  stream samples would indicate that  the 
bank was on total reflux. In addition, the sample 
must be taken and analyzed and corrective meas- 
ures must be taken within a time period of ~ 1 . 5  
hr in order to prevent the bank from going critical. 

I t  appears that the only method of detecting a 
potential nuclear reaction within a bank is to 
place neutron detectors above it. These should be 
located approximately over the center of the scrub 
section of the bank as indicated by Figure 2. 

(4) Flow Sheet Design and Chemistry 

The purification of U and Pu by solvent extrac- 
tion from nitrate solutions with tributyl phosphate 
is accomplished by the formation of UO,(NO,)?- 
2TBP and a similar complex of Pu(1V). The pres- 
ence of a more highly complexing anion, such as 
F-, in the aqueous solution interferes, probably by 
the formation of UO,F, and PuF,. To overcome 
this, a more highly charged cation with a small 
ionic radius, such as Al, can be added to the solu- 
tion. 

Table 4 

Relative Actual flow, 
Stream flow ml/rnin Composition 

1 AF (feed) 100 125 2.4 M HNO,, 0.075 M HF 
0.01 M NaNO,, 0.15 iz: 
Al(NO,),, 12.15 g/1 L 

IAS (scrub) 50 75 2.96 M HNO, 

1AX (extractant) 400 600 9.45 vol % TBP in Ultra 
sene 
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Figure 1. U inventory in scrub section of mixer-settler 
bank as a function of time on total reflux. 
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Figure 2. U profile of entire bank 5.5 hr after commence- 
ment 'of total reflux. (0 ,  Aqueous phase; 0, organic phase.) 

Figure 3. Depression of extraction coefficient of U by the 
presence of HF (0.01 M U ,  2.5 M HNO,, 10 vol '% TBP). 
At 0.0% HF, U E"/a=5.3. 
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Figure 4. Effect of H F  and AI(NO,), on the extraction 
coefficient of U. (Curve 1: 2.5 M HNO,, 0.01 M U ;  curve 
2 :  2.5 M HNO,, 0.01 M U ,  0.06 M HF.) 
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Figure 3 indicates the extent of the effect of H F  
concentration on the U distribution coefficient, 
E"/a (concentration in organic solution divided by 
concentration in aqueous solution). 

Figure 4 shows the effect of adding Al(NO,), to 
a solution containing HF. Approximately 2 moles 
A1 are  required per mole F- ion to obtain a dis- 
tribution coefficient equal to that in the case when 
no fluoride is present. The fluoride E " / a  over the 
concentration range 0.04 to 0.08 A4 was constant 
a t  0.4. 

The  flow sheet previously discussed is consid- 
ered to be only a starting point for experimental 
work and is not the final flow sheet recommended 
for recovery of U and Pu in the 1A bank. 

(5) Waste Handling 

Since the flow sheet for reprocessing this he1 
has not been defined, problems associated with 
waste handling have not yet been studied to any 
great extent. 

Preliminary data on the waste from midi mixer 
settler runs with the flow sheet previously dis- 
cussed have indicated that a 10% sludge is formed 
on neutralization without acid recovery or concen- 
tration. 

No corrosion problems are anticipated with the 
storage of this neutralized waste in 1020 mild steel 
tanks. 
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