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This report wos prepared as an account of Government sponsored work. 
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A. Makes ony worronty or representation, expressed or implied, wi th respect t o  the accuracy, 

completeness, or usefulness of the informotion contained i n  th is report, or that the use of  

any informotion, apparatus, method, or process disclosed in th is report may not infringe 

privately owned rights; or 

Assumes any l iabi l i t ies wi th respect t o  the use of, or for damages resulting from the use of 

any information, apparatus, method, or process disclosed in  th is  report. 

Neither the United States, 
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ABSTRACT 

Fuel element specimens from the Kiwi-B4A reactor, which were lined 
with NbC but which did not contain coated fuel particles, were burned for 
6 hr in oxygen at ambient temperatures ranging from TOO to 1400°C to deter- 
mine fission product volatility and dissolubility of the U 0 -Nb 0 ash 
in HF-HNO solution. Uranium, niobium, zirconium, cerium, and strontium 
were virtually nonvolatile during combustion. Ruthenium and cesium were 
volatilized to a considerable extent, especially at 1200 and 1400°C. 
amount of ruthenium volatilized increased from 35% to nearly 100$ as the 
ambient temperature increased from TOO to 1 b O " C .  Little cesium volati- 
lity was noted at 700°C, but, at l b O " C ,  as much as 4% volatilized. 
sentially none of the volatile activity passed through a 40-p porosity 
nickel filter maintained either at room temperature or at 200°C. 

3 8  2 5  

3 

The 

Es- 

In each experiment, the U 0 Nb 0 ash was very friable and dissolved 3 8 -  2 5  
completely in 7 hr in boiling 5 M HE'--5 M HNO (F/Nb mole ratios of 70 to - - 3  
80) 

The results of these experiments indicate that a Burn-Dissolve proc- 
ess for Rover fuels is chemically feasible if the combustion temperature 
is controlled to 1400°C or lower. 
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1. INTRODUCTION 

Oak Ridge National Laboratory i s  developing Aqueous, Fluoride 
4- 6 Volati l i ty,  and Chloride Volatility" processes f o r  recovering uranium 

from Rover fuel elements. Each method involves combustion of the  fuel, 

i n  oxygen or air-oxygen mixtures, at one stage of the  process. Obviously, 

the  f a t e  of f i ss ion  products during combustion i s  of vital concern t o  

each of t he  processes being considered. I n  t h i s  connection, several ir- 
radiated Rover fue l  specimens (actually, from the Kiwi-BbA t e s t )  were 
burned i n  oxygen a t  ambient temperatures of 700 t o  1400°C primarily t o  

determine f i ss ion  product v o l a t i l i t y  and a l so  t o  evaluate cursorily the 

dissolubi l i ty  of the U 0 -Nb 0 ash i n  HF-HNO solution. The fue l  

specimens, which were l ined with NbC but did not contain coated (or  

"beaded") fue l  par t ic les ,  were used f o r  these tests since no coated 

pa r t i c l e  fue l  w a s  available. 

reported i n  t h i s  memo. 

3 8  2 5  3 

The results of these experiments a re  

2. EQUIPMENT AND PROCEDURE 

2.1 Equipment 

Combustions were conducted i n  quartz reaction vessels which were 
heated by a special  platinum-wound furnace. 

en t i r e  combustion t r a i n  i s  shown as Fig. 1, and a photograph of the actual  

equipment i n  the  hot c e l l  i s  shown as Fig. 2. The combustion tube was a 
42-mm-OD, 68-cm-long quartz tube t o  which a s i z e  65/40 ba l l  j o in t  w a s  

connected at the  i n l e t  end. A size  18/9 b a l l  j o in t  w a s  sealed t o  the  
ex i t  end t o  allow f o r  connection t o  the f i l t e r  un i t  (Fig. 1). 

sample w a s  placed at one end of a section of 38-=-OD quartz tubing which 

had the ex i t  end p a r t i a l l y  sealed off.  
boat and w a s  j u s t  long enough t o  posit ion the sample at  the center of the  

furnace when it w a s  inserted in to  the combustion tube so that i t s  i n l e t  

end w a s  f lush with the  i n l e t  end of the combustion tube (Fig. 1). The 

large bal l  j o in t  on the  inlet end w a s  affixed with connections f o r  ad- 

mitting oxygen or  applying vacuum. 

A schematic diagram of the 

The fue l  

Th i s  tube served as the reaction 
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Fig. 1- Schematic D i a g r a m  of Combustion Train Used i n  Experiments w i t h  Irradiated Rover F’uel. 
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PHOTO 62178 

Fig. 2. Photograph of Equipment Used i n  the  Combustion of I r radiated Rover Fuel Samples. 
A: Oxygen i n l e t  tube; B: Reaction vessel; C: Pt-wound furnace; D: F i l t e r  unit ;  E: Suck- 
back trap; F: KOH scrubber; G: NaOH scrubber No. 1; H: NaOH scrubber No. 2. 
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The resistance furnace, w i t h  which temperatures of 1400°C were readily 
attained, consisted of an ungrooved l.5-in. dia alundum tube (Norton-Mix- 

ture  RA 98) wound with 70 f t  of #20 al loy wire (80% Pt-20$ Rh) which was 

held i n  place with Norton RA 1098 refractory cement and insulated with 

Carborundum Fiberfrax. 

cement adjacent t o  the alundum core and connected t o  a Barber-Colman 

Wheelco Model 4-02 Capacitrol k i t h  associated relays f o r  temperature control. 
The en t i re  furnace w a s  mounted on two bearings i n  l i n e  with the center and 

perpendicular t o  the furnace axis so tha t  it could be rotated by a 1-rpm 

reversible motor i n  e i ther  direction from the normal leve l  position. 

A P t - P t / l O $  R h  thermocouple w a s  imbedded i n  the 

The f i l t e r  unit  (OWL D r a w i n g  No. D-57500) contained both a porous 

nickel and Millipore paper disk f i l t e r  (Fig. 1). 

40-1.1 pores) disks  were machined out of grade E sheet stock obtained from 

Porous nickel (about 

the Micro Metallic Division of the Pa l l  Corporation, 30 Sea C l i f f  Avenue, 

Glen Cove, New York. 
of aluminum flanges which were machined t o  give a t i gh t  f i t .  

res in  used as cement w a s  applied t o  the edge of the nickel, thus ensuring 

that a l l  gaseous combustion products were f i l t e r e d  through the f u l l t h i c k -  

ness of the  f i l t e r .  

Fig. 3. 
Corporation, Bedford, Massachusetts) had an average porosity of 5 1.1 but 

had been shown by experience 'j1' t o  re ta in  almost a l l  pa r t i c l e s  with dia- 

meters greater than 1 w. The s ta inless  s t e e l  f i l t e r  uni t  consisted of 

three flanges hinged together at  one junction (Fig. 3); a wing nut diametri- 
ca l ly  opposite the hinge w a s  used t o  secure the f i l t e r s  between the flanges. 
Neoprene gaskets were used t o  hold the f i l t e r s  i n  place when the uni t  w a s  

maintained at  room temperature; Teflon O-rings were used as gaskets when 

the uni t  w a s  at  200°C. 
w a s  pa r t i a l ly  tightened i s  shown as Fig. 4. 

These nickel disks were then cemented into the center 

The epoxy 

A picture of a completed nickel f i l t e r  i s  shown i n  

The paper f i l t e r  disks (catalog No. SMWP 047 00, Millipore F i l t e r  

A photograph of the f i l t e r  uni t  after the wing nut 

The f i l t e r  uni t  w a s  connected t o  the first of a ser ies  of scrubber 
bo t t l e s  by a b a l l  jo in t .  

were a l so  connected t o  one another by b a l l  j o in t s  (Fig. 2). 

b o t t l e  was empty and served as a suck-back trap. 

500 ml of 5 - N KOH, while the  last two bo t t l e s  each contained 500 m l  of' 
5 N NaOH. 

The scrubber bot t les ,  each of 1 - l i t e r  capacity, 

The first 

The next bo t t l e  contained 

- 
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2.2 Procedure 

t 

i 

t 

A t  the beginning of each experiment, a 1-in. length of Rover fue l  
(weighing from 9 t o  13 g) w a s  placed i n  one end of the  reaction boat. 

The boat w a s  then s l i d  in to  the combustion tube t o  posit ion the fue l  

sample i n  the  center of t he  furnace. 

ponents of the combustion t ra in ,  oxygen w a s  admitted t o  the  system at a 

r a t e  of 960 cc/min, the  r a t e  being measured at 25'C. 

then brought slowly t o  the  desired ambient temperature (the temperature 

measured by the  thermocouple imbedded near the  heating element). 

t he  fue l  samples did not ign i te  u n t i l  an ambient temperature of about 

6 0 0 " ~  w a s  reached, most of the graphite matrix w a s  probably burned during 

the  heating period since at l ea s t  5 h r  of heating w a s  required t o  a t t a i n  
the  lowest ambient temperature, 700°C. Nevertheless, the  system w a s  

maintained at temperature f o r  6 h r  once it was reached. 

ing the  system at  the ambient temperature f o r  6 hr, the  furnace w a s  cooled 

t o  room temperature; then, the boat w a s  removed from the  combustion tube 

and i t s  contents ( the U 0 -Nb 0 

solver. 
The ash w a s  digested f o r  7 h r  i n  refluxing 5 M m--5 M HNO 

r a t i o  of 70 t o  80). 
were analyzed f o r  uranium, niobium, and f i ss ion  products. The reaction 

boat was washed with hot 6 M HNO --0.02 - M HF and the  resul t ing solution 

analysed. 
solution and washing the  boat were considered as nonvolatile f i ss ion  
products. 

A f t e r  connection of all the  com- 

The furnace was 

Although 

After maintain- 

ash) were transferred t o  a Teflon dis- 
3 3 8 .  2 5  

The construction of t h i s  dissolver has been described previously. 

(F/Nb mole - - 3  
The solutions obtained from the  ash dissolutions 

- 3  
Fission products found i n  the  solutions obtained from ash dis- 

, 

Fission products condensed on the  inner surface of the combustion 
tube were removed as two different samples. F i r s t ,  the  furnace w a s  

rotated so that the exit end of the combustion tube w a s  immersed i n  a 

beaker of hot 6 M HNO --0.02 - M HF. Vacuum w a s  applied fmm the  inlet  
end of the  tube, and 60 t o  80 m l  of the acid was  sucked in to  the  tube 

t i p .  

then, the  resul t ing solution w a s  removed f o r  analysis. After leaching 

of the  tube t ip ,  500 t o  TOO m l  of hot 6 M HNO --0.02 - M HF w a s  sucked 

in to  the  combustion tube t o  wash v i r tua l ly  the  en t i re  inner surface. 

- 3  

The acid w a s  agitated by vacuum f o r  about 15 min i n  the  tube t ip ;  

- 3  
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This solution was a lso  agi ta ted f o r  15 min; then, it w a s  analyzed separately. 
The f i ss ion  products found i n  the  solutions obtained by washing the  combus- 

t i o n  tube and those collected on the f i l ters  and i n  the  alkali scrubbers 

were considered t o  be vola t i le  f i ss ion  products. 

The metal. and paper filters were t ransferred d i rec t ly  t o  a "hot" 
analyt ical  laboratory f o r  analysis. 

were taken f o r  analysis. 

Aliquots of the scrubber solutions 

Virtually no radioactive species passed through t h e  combustion t r a i n  

in to  the  in t e r io r  of the  hot ce l l .  Excess oxygen, of course, t rans i ted  

the system and ultimately entered the c e l l  off-gas system. Preliminary 

t e s t s  shared tha t  i n  a typical  combustion experiment, about 90% of the 
C02 w a s  sorbed i n  the first scrubber (KOH) and prac t ica l ly  all the re- 

mainder w a s  sorbed by the  second scrubber (NaOH). 

Eight experiments were conducted between 700 and 1 4 0 0 ° C  with the  
f i l t e r  unit at room temperature. I n  addition, 700"- and 1400°-runs 
were made with the  f i l t e r  uni t  held at about 200°C. A paper f i l t e r  
could not be used when the f i l t e r  uni t  w a s  maintained at 200°C. 

3. RESULTS 

3.1 Fuel Burnup and Composition 

The burnup w a s  calculated from the  uranium and cesium analyses; 
the composition from the  uranium and niobium analyses. 
burnup, 1.4 Mwd/metric ton of uranium (Table l), i s  s l igh t ly  luwer than 
the  range of 2 t o  6 Mwd/metric ton calculated from data given by LASL. 
However, since the posit ion i n  t h e  reactor of the fue l  pieces used i n  

the  combustion studies w a s  not specified, the burnup data can be considered 

i n  general agreement. 

of 9.6s) contents (Table 1) of the  f ie1  a r e  about those expected from 

work with similar unirradiated f u e l  specimens.2' 

good agreement among actual  ash weights and those calculated from the  

uranium and niobium analyses w a s  obtained (Table 2). 

The average 

11 

The uranium (average of 15.5%) and niobium (average 

Furthermore, generally 
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Table 1. Burnup and Composition of KIWI-BbA Fuel Specimens 
Used in Combustion Experiments 

Run 
Fuel Composition ($) Burnup 

Uranium . Niobium (Mwd/metric ton 
Uranium) 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 

AVg 

14.2 
16.5 
13.2 
22.1 

16.3 
16.8 

16.9 
12.7 
12.1 
15.5 

14.0 

--- 
9.86 
8.98 
9-72 
10.1 
10.4 
9.25 
9.43 
9.76 
9.72 
9.69 

2.6 
1.9 
0.81 
0.88 
1.6 
1.8 
0.86 
1.1 
1.1 

- 1 . 3  
1.4 

Table 2. Comparison of Actual Ash Weights with Those Computed 
from Uranium and Niobium Analyses 

RlNl 
Wt of Ash (g) 

Found Calculated calc.) x 100 * 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 

12.8 
13.2 

12.3 

12.9 
12.6 

13.2 

14.5 

9.94 

' 12.3 
' 12.8 

4.39 
4.46 
5.0 
4.19 
4.44 
4.35 
3.42 
4.48 
3.94 
4.41 

-- 
4.43 

4.93 
4.34 
4.35 
2.96 
4.43 
3.56 
3.63 

4.11 

-- 
99 
82 
118 
98 
100 

86 
99 
90 
82 
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3.2 Fission Product Vola t i l i ty  

A s  expected, appreciable amounts of both ruthenium and cesium vola t i l -  
ized during the  combustion. Although the  data were not consistent at each 

temperature, especially those f o r  cesium, it w a s  shown t h a t  t he  amounts 

volat i l ized increased w i t h  increasing temperature. Specifically,  the  amount 

of ruthenium vola t i l i zed  increased from a low of 3546 t o  almost 100% as the  

temperature was increased from TOO t o  1400°C (Table 3 ) .  
cesium, although er ra t ic ,  indicated l i t t l e  v o l a t i l i t y  a t  700°C, with up t o  

40% vola t i l i za t ion  at  1400°C (Table 3 ) .  Virtually no zirconium, cerium, 

o r  strontium w a s  detected outside the  reaction boat. These resul ts ,  along 

with those f o r  uranium, niobium, and gross alpha act ivi ty ,  show t h a t  l i t t l e  

if any entrainment of t he  oxide ash occurred under the conditions used. 

The r e su l t s  f o r  

The d is t r ibu t ion  of cesium and ruthenium within the  combustion t r a i n  
varied from run t o  run (Table 4) .  
cesium vola t i l i zed  w a s  condensed on the  tube t i p .  Only at the  high t e m -  

peratures (1200 t o  1400°C) w a s  a s ignif icant  amount of a c t i v i t y  carr ied 
t o  the  f i l t e r  uni t .  

on the  40-w-porosity nickel f i l t e r .  

and cesium did pass through the  nickel f i l t e r  t o  be collected on t h e  paper 

f i l t e r .  Operation of t he  nickel f i l t e r  a t  200°C instead of room tempera- 

t u r e  caused no apparent decrease i n  i t s  efficiency. Gross beta  and gross 
gamma analyses of t h e  scrubber solutions were generally below the  l i m i t s  
of detection, showing t h a t  almost no a c t i v i t y  passed through t h e  f i l t e r  
un i t .  The decontamination fac tors  across the f i l t e r  uni t  calculated on 
t h e  bas i s  of gross beta  and gross gamma a c t i v i t i e s  were at least 10 . 

However, most of t h e  ruthenium and 

Furthermore, most of t h e  vo la t i l e  a c t i v i t y  w a s  caught 

I n  run 7, about 3% of the  ruthenium 

4 

3.3 Dissolubili ty of t he  Combustion Ash 

I n  each case t h e  U 0 -Nb 0 

i n  7 h r  i n  refluxing 5 M HF--5 M HNO 
and 80). 
i s  greater  than 60 w a s  expected from p r io r  work with unirradiated fue l  

 sample^.^ The ash i n  each case w a s  very f r i a b l e  and w a s  e a s i ly  poured 
from t h e  reaction boat in to  t h e  Teflon dissolver.  These r e su l t s  indicate 

the  chemical f e a s i b i l i t y  of a Burn-Dissolve process f o r  Rover f u e l  i f  t h e  

combustion temperature i s  kept between TOO and 1400°C. 

combustion ash w a s  completely dissolved 

(F/Nb mole r a t i o  varied between 70 
3 8  2 5  

- 3  - 
Complete dissolution i n  such a solution where t h e  F/N% mole r a t i o  

? 

i 
(2'.  

I 
1. 

I., 
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Table 3 .  Amounts of Fission Products Volatilized During 
Combustion of Kiwi-B4A Fuel Samples 

Temp. Amount of Fission Product Volatilized ($) 
Run ("c) Z r  Ce Sr cs Ru 

1 

3 
9 
2 

4 
5 
6 

7 
8 

10 

700 

700 

700 

900 

900 

1200 

1200 

1400 

1400 

1400 

0.003 

0.003 

0.13 

0.009 

0.005 

0.004 

0.005 

0.01 

0.02 

0.03 

0.008 

0.08 

0.007 

0.008 

0.03 

0.03 

0.05 

0.04 

0.01 

0.02 

0.09 

0.02 

0.09 

0.03 

0.08 

0.03 

0.09 

0.04 

0.02 

0.03 

0.21 
1.1 

0.59 

0*33 

2.0 

11.0 

1.6 

0.98 

39 

12 

35 
65 
57 
82 

89 
97 
93 
93 

100 

95 

4. DISCUSSION 

The results obtained i n  t h i s  study are  i n  general agreement with 
those of a previous similar investigation' i n  which Kiwi-A fue l  (burnup 

about O.OOlq&) specimens were burned i n  oxygen a t  about 900°C f o r  3 hr. 

The Kiwi-A specimens did not contain NbC, so the  ash w a s  essent ia l ly  

pure U 0 

volati l ized; however, no cesium volat i l izat ion w a s  detected. The non- 
v o l a t i l i t y  of cesium i n  the ea r l i e r  experiments cannot be explained on 
the  basis  of different  gas flow ra t e s  since the l inear  gas veloci t ies  
were about the same as those i n  the present study. The only apparent 

explanation i s  that the reaction periods were much shorter i n  the  ea r l i e r  
se r ies  of experiments. A s  i n  the present study, the previous work showed 

zirconium and cerium t o  be nonvolatile. 

In  the p r io r  study, between 40 and 95% of the  ruthenium w a s  3 8' 

The results of the  present study are  a l s o  i n  qual i ta t ive agreement 
with those obtained i n  the in-pile combustion of uranium carbide--graphite 

fue l  pieces. The fue l  pieces, which contained carbon-coated uranium di- 
carbide par t ic les ,  were burned i n  air  i n  the  Oak Ridge Research Reactor 

f o r  1 5  min; the  combustion temperature reached 1400°C. 

12 

L i t t l e  or  no 



Table 4. Distribution of Ruthenium and Cesium i n  the  Combustion Train 

Amount Found i n  Run ( 4 6 )  
4 5 6 7 8 

Ru C s  Ru C s  
1 2 3 

Sample Ru C s  Ru cs Ru CS Ru cs Ru cs Ru cs 

Ash 65 99.8 18 99.6 35 99 10.7 98.1 3.4 89 7.2 98.4 6.5 60.6 o 99.1 
Tube -- -- 7.8 -- 4.5 0.5 11.7 1.4 8.5 2.2 5.5 0.4 60.5 35.6 28 0.9 
Tube 35 0.2 7 1  0.2 60.4 0.5 71 0.6 71.7 7.1 68.6 0.3 19.2 1.2 72 0.1 

Metal -- -- 3.2 ta t -- 6.6 -- 14 1.8 18.6 0.9 10.8 -- 

Paper -- 

Tip 

F i l t e r  

F i l t e r  

-- -- 

-- -- -- -- -- -- -- 2.4 -- 0.05 -- 3.0 2.7 -- -- 

a Trace. 

C. 

i 
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strontium, zirconium, barium, cerium, o r  uranium were volati l ized; however, 
35-40$ of the cesium and 5-40s of the ruthenium were volat i le .  

The r e su l t s  of t h i s  study a l so  agree qual i ta t ively with those of a 

recent similar i n v e ~ t i g a t i o n ' ~  of the burning of HTGR fuel.  The HTGR 

f'uel, burnup about 10,000 Mwd/metric ton (Th + U), contained carbon- 

coated Th-U dicarbide par t ic les  (Th/U r a t i o  of about 2.5) dispersed i n  
a graphite matrix. 

i n  t he  same equipment used i n  t h i s  study. 

zirconium, or  rare ear ths  volati l ized. 

was vola t i le  at  8oo0c, while at 1200°C i t s  volat i l izat ion w a s  97 t o  9% 
complete. Cesium w a s  a l so  appreciably vola t i le  during combustion; 25-35$ 

vaporized at 800°C, 67-88$ at  1200°C. 

cesium v o l a t i l i t y  from the Tho -bearing ash is  not immediately obvious. 

Perhaps sintering of Nb 0 which melts at about 1450°C accounts pa r t i a l ly  

f o r  the retention of cesium by Rover ash; or, perhaps the  analyt ical  ac- 

curacy i s  enhanced w i t h  higher-burnup fuel .  

Samples were burned f o r  5 h r  at  8 0 0 ° C  and 1200°C 

Almost no uranium, thorium, 

Greater than 78$ of the ruthenium 

The reason fo r  the much higher 

2 

2 5  

Further studies of the 

e f fec t  of ash composition on the  retention of cesium would be highly 

desirable t o  resolve t h i s  point. 

Although the present investigation w a s  conducted w i t h  Rover fue l  
that did not contain coated particles,  the  general agreement w i t h  results 

of similar studies with coated-particle fue l  should allow use of the 

data presented here fo r  preliminary design of combustion f a c i l i t i e s  f o r  

the  newer type of Rover fuel.  
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