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LEGAL NOTICE 

0 

Th is  report wos prepored os  on account of Government sponsored work. 

nor the Commission, nor any person octing on beholf of the Commission: 

A. Makes any warranty or representation, expressed or implied, w i th  respect t o  the occuracy, 

completeness, or usefulness of the information contained i n  th i s  report, or that the use of 

ony information, apparatus, method, or process disclosed i n  th i s  report may not infringe 

pr ivately owned rights; or 

Neither the United States, 

8 .  Assumes any l i ob i l i t i es  w i th  respect to the use of, or for damages resul t ing from the use of 

any information. apparatus, method, or process disclosed i n  th i s  report. 

As used i n  the above, “person octing on beholf of the Commission” includes any employee or 

contractor of the Commission, or employee of such contractor, t o  the extent that such employee 

or contractor of the Commission, or employee of such contractor prepares, disseminates, or 

provides access to, any information pursuant t o  h i s  employment or contract w i th  the Commission, 

or h i s  employment w i th  such contractor. 
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1. INTRODUCTION 
. m. 
! 

2 
Over the  past  several years, ORNL has been studying the  problems as- 

sociated w i t h  the  processing of graphite-base reactor fue ls  .l 

examples of graphite-base fue ls  a r e  those proposed for the  Peach Bottom 

(HTGR) and AVR3 reactors. 

different i n  both composition and configuration, i s  essent ia l ly  a disper- 

sion of carbon-coated U-Th dicarbide pa r t i c l e s  i n  the  graphite matrix. 

Typical 
2 

The fue l  f o r  b9th of these reactors, although 

Based on p r io r  laboratory-scale studies,’ t he  most promising head-end 

method f o r  solvent extraction recovery of uranium and thorium from the  

coated-particle fue ls  i s  combustion i n  oxygen followed by dissolution of 

t he  ash i n  an aqueous reagent such as fluoride-catalyzed n i t r i c  acid. 

The purpose of t h i s  memo i s  t o  summarize the results of four experi- 

ments i n  which small samples of i r rad ia ted  prototype HTGR f u e l  were burned 

i n  oxygen at  high temperature t o  determine the f a t e  of f i ss ion  products 

during combustion and t o  obtain preliminary data on the  e f fec t  of combus- 

t i on  temperature on t h e  d isso lubi l i ty  of t he  Tho -U 0 

these experiments, although preliminary, do allow the  prediction of f is-  

sion product behavior and show tha t  the ash i s  readily dissolved even 

when the  combustion i s  conducted a t  an ambient temperature of 12OO0C. 

Furthermore, these experiments provide a background fo r  more extensive 
studies with la rger  and more highly i r radiated f u e l  specimens. 

ash. Data from 
2 3 8  

4 

The specimens were from the  GAIL-IIIA loop experiment and were pro- 
vided by General Atomic fo r  the  experiment^.^ 
specimens w a s  about 2.5,.which i s  lower than expected i n  actual  HTGR or , 

AVR fuel.  
ton (U + Th), about 1/7 t h a t  expected f o r  full-burnup, 75,000 Mwd/metric 

ton (335 + Th), HTGR fuel.2 

temperature of 8OO0C and two at  12OO0C, and the  extent of f i s s ion  product 

vo la t i l i za t ion  was determined. 

The Th/U atom r a t i o  i n  the  

The burnup of the  specimens w a s  quoted6 as about 9000 Mwd/metric 

Two of the specimens were burned a t  an ambient 
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2. EQUIPMEXL' AND PROCEDURE 

2.1 Equipment 

The combustion experiments were conducted i n  a quartz reaction vessel 

heated by a special  platinum-wound furnace. 

en t i re  combustion t r a i n  i s  s h m  as Fig. 1 and a photograph of the  actual  

equipment i n  the hot-cel l  i s  shown as Fig. 2. 

a 42-m-OD, 68-cm-long quartz tube t o  which a s ize  65/40 ba l l  jo in t  w a s  

connected at the  i n l e t  end. 

ex i t  end t o  allow f o r  connection t o  the  f i l t e r  uni t  (Fig. 1). 

sample w a s  placed at one end of a section of 38-m-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 a t  the center of the  

furnace when it was inserted i n t o  the  combustion tube so tha t  i t s  i n l e t  

end w a s  f lush w i t h  t he  i n l e t  end of the combustion tube (Fig. 1). The 
large b a l l  j o in t  on the  i n l e t  end w a s  affixed w i t h  connections f o r  ad- 

mitting oxygen o r  applying a vacuum. 

A schematic diagram of the  

The combustion tube was 

A s ize  18/9 bal l  j o in t  w a s  sealed t o  the 

The f u e l  

T h i s  tube served as the  reaction 

I' 

-f- 

c 

Q The resistance furnace, with which temperatures of 14OO0C were readily 

attained, consisted of an  ungrooved 1.5-in.-dia alundum tube (Norton Mix- 

tu re  FU 98) wound w i t h  70 f t  of #20 a l loy  wire (80% Pt-20$ Rh) which was 

held i n  place w i t h  Norton RA 1098 refractory cement and insulated w i t h  

Carbomndum Fiberfrax. 

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

Wheelco Model 402 Capacitrol w i t h  associated relays f o r  temperature control. 

The en t i re  furnace was mounted on two bearings i n  l i n e  w i t h  t he  center and 

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

reversible motor i n  e i ther .d i rec t ion  from t h e  normal leve l  position. 

' 

A Pt-Pt/loq'o Rh thermocouple w a s  imbedded i n  the 

The f i l t e r  uni t  (ORNL drawing D-57500) contained both a porous nickel 
and a millipore paper disk f i l t e r  (Fig. 1). 

disks were machined out of grade E sheet stock obtained from the  Micro 

Metallic Division of the Pa l l  Corporation, 

N e w  York. These nickel disks were then cemented in to  the  center of alum- 

inum flanges which were machined t o  give a tight f i t .  

applied t o  the  edge of the  nickel, thus ensuring t h a t  a l l  gaseous combus- 

Porous nickel (about 40 p) 

30 Sea C l i f f  Avenue, Glen Cove, 

Epoxy res in  was 

i 
.- 
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Fig. 1. Schematic Diagram of Combustion Train Used i n  Experiments 
with Ir radiated HTGR Fuel. 
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Fig. 2. Photograph of Equipanent Used i n  the Combustion of Irradi- 
ated HTGR Fuel Samples. 
C:  platinum-wound f’urnace; D: f i l t e r  unit;  E: suck-back trap; F: KOH 
scrubber; G: NaOH scrubber number 1; H: NaOH scrubber number 2. 

A: oxygen i n l e t  tube; B: reaction vessel; 
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t i on  products were f i l t e r e d  through the  f'ull thickness of the  porous 
nickel. A picture  of a completed nickel f i l t e r  i s  shown i n  Fig. 3.  The 

paper f i l t e r  disks (Catalog No. SIMP 047 00, Millipore F i l t e r  Corporation, 

Bedford, Mass.) had an average porosity of 5 p but had been shown by ex- 

perience" 

1 p. 

t o  re ta in  almost a l l  pa r t i c l e s  with diameters greater  than 

The s ta in less  s t e e l  f i l t e r  uni t  (which w a s  maintained at room tem- 

perature) consisted of three flanges hinged together ,at one junction 

(Fig. 3);  a 
the f i l t e r s  between the flanges. 

f i l t e r s  i n  place. 

p a r t i a l l y  tightened i s  shown as Fig. 4. 

wing nut diametrically opposite the hinge was used t o  secure 

Neoprene gaskets were used t o  hold the 

A photograph of the f i l t e r  un i t  a f t e r  the wing nut w a s  

The f i l t e r  u n i t  was connected t o  the  f i rs t  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). 

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

tained 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  con- 

- 
2.2 Procedure 

A t  t he  beginning of each experiment a piece of HTGR fue l  (containing 
about 1 g of U + Th) w a s  placed i n  one end of the  reaction boat. 

was then s l i d  in to  the combustion tube t o  posit ion the f u e l  sample i n  the  

center of the furnace. 

combustion t ra in ,  oxygen was admitted t o  the system a t  a r a t e  of 960 
cc/min, the rate being measured a t  25OC. The furnace was then brought 

slowly t o  the  desired ambient temperature ( the temperature measured by 

the  thermocouple imbedded near the heating element). 

samples did not ign i te  u n t i l  an  ambient temperature of about 600 C w a s  

reached, most of the graphite matrix was probably burned during the  heat- 

ing period since a t  leas t  6 hr  of heating w a s  required t o  a t t a i n  even 

the lowest ambient temperature, 800'~.  

maintained at temperature fo r  6 h r  once it w a s  reached. 

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

cooled t o  room temperature; then, the boat was removed from the  combustion 

The boat 

After connection of a l l  the  components of the  

Although the fue l  
0 

Nevertheless, the system w a s  

A f t e r  min ta in-  
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Fig. 3 .  Open View of F i l t e r  Unit and Component Parts. 



Fig. 4. F i l t e r  Unit A f t e r  Closure and Nearly Complete Tighte,,,-, 
of the Wing Nut. 
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tube and i t s  contents (the Tho -U 0 ash) were transferred t o  a dissolver. 
The ash was digested f o r  7 h r  i n  suff ic ient  refluxing 13 M HNO --0.04 - M HF-- 
0.04 M Al(N0 ) 
ash dissolved. 

tion, the residue w a s  refluxed f o r  7 more hr  i n  the same volume of fresh 

reagent. 

f o r  uranium, thorium, and f i ss ion  products. The reaction boat was washed 
w i t h  hot 6 M HNO --0.02 - M HF and the resul t ing solution analyzed. 

products found i n  the  solutions obtained from ash dissolution and washi,ng 

the boat were considered as nonvolatile f i s s ion  products. 

2 3 8  
- 3  

t o  produce a solution containing about 0.5 - M Th i f  a l l  the  

If the  ash w a s  not dissolved during the first 7-hr diges- 
3 3  - 

The solutions obtained from the ash dissolution were analyzed 

Fission - 3  

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 ex i t  end of the combustion tube was immersed i n  a 

beaker of hot 6 M HNO --0.02 - M HF. Vacuum w a s  applied from the  i n l e t  
end of the tube and 60 t o  80 ml of the  acid was sucked in to  the tube t i p .  

The acid was  agi ta ted by vacuum i n  the tube t i p  f o r  about 15  minutes. 

The result ing solution was then analyzed. After leaching of the  tube 

t i p ,  500 t o  TOO ml of hot 6 M HNO --0.02 - M HF was sucked in to  the com- 
bustion tube t o  wash v i r tua l ly  the  en t i re  inner surface. 

was a l so  agi ta ted f o r  about 1 5  min; it w a s  then analyzed separately. 

The f i ss ion  products found i n  the  solutions obtained by washing the  

combustion 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 s s ion  products. 

- 3  

- 3  
This solution 

The m e t a l  and paper f i l t e r s  w e r e  transferred d i r ec t ly  t o  a "hot" 

analyt ical  dbora tory  f o r  dissolution and analysis. 

caustic scrubber solutions were taken fo r  analysis. 

Aliquots of the  

Virtually no radioactive species passed through the combustion t r a i n  
in to  the  in t e r io r  of the hot cel 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 typ ica l  combustion experiment, about 90% of the 

CO w a s  sorbed i n  the first scrubber (KOH) and prac t ica l ly  a l l  the  re- 
mainder was sorbed by the  second scrubber (NaOH). 

2 

? 
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3. RESULTS AND DISCUSSION 

3.1 Fuel Burnup and Composition 

f 

I 
4 

The burnup and composition of the fue l  specimens were computed i n  

(1) using the  cesium analyses and the amounts of uranium and two ways: 

thorium determined by d i rec t  chemical analyses of the  various samples, 

and (2) using the  cesium analyses and the weight of combustion ash as- 

suming a Th/U weight r a t i o  of 2.5. 
by the f a c t  t ha t  the ash weights obtained were much greater than those 

expected from the amounts of uranium and thorium found (Table l), although 

the Th/U r a t i o  w a s  essent ia l ly  tha t  expected i n  the  The explana- 

t i on  fo r  t h i s  discrepancy may be d i f f i c u l t i e s  i n  the uranium and thorium 

analyses. 

t o  12,400 Mwd/metric ton ( U  + Th), but the  average value obtained by 

each method w a s  within 20% of the average burnup of 8850 Mwd/metric ton 

(U + Th) quoted by General Atomics5" (Table 2) .  

Use of t he  second method w a s  prompted 

The burnups calculated by the two methods varied from 4700 

Although the calculated burnups vary considerably, the  data on the 

v o l a t i l i t y  of the  f i s s ion  products should not be affected i n  a qual i ta t ive 

sense. 

Table 1. Comparison of Actual Ash Weights with Those Computed from 
Total Uranium and Thorium Found by Analysis 

Ash Weight (g) 
Calculated 

Th/U W t s  of Oxides Calc. From From Uranium 
Run W t .  U and Th Analyses(g) Actually and Thorium 
No. Ratio Found Analyses u o  Th02 3 8  
1 H  2.6 0.154 0.390 0.67 0.544 
2 H  2.7 0.118 0.310 0.78 0.428 
3H 2.4 0.200 0.458 0.90 0.658 
4H 2.3 0.229 0.508 0.99 0.737 



-10- 

Table 2. Comparison of Sample Burnups and Compositions Calculated 
From Actual Uranium and Thorium Analyses and From Weight of 

Combustion A s h  Assuming a Th/U Weight Ratio of 2.5 

Burnup [Mwd/metric ton 
(U + T h i  ' u i n  Sample ($) Th i n  Sample ($) 

From From From From From From 
R u n  Chemical A s h  Chemical A s h  Chem. A s h  
No. Analyses Weight Analyses Weight Analyses Weight 

IH 7.70 . 9.88 20.2 24.7 12300 9900 
2H 4.17 8.12 11.3 20.3 8600 4700 
3H 5.86 7.76 13.9 19.4 12400 ' 4800 
4H 5.70 7.29 13.1 18.2 8900 9200 

Avg : 5.86 8.26 14.6 20.6 10000 7150 
GA 6.8 
Spec. 
. ( re f .  5 )  

16 8850 

\ 

3.2 Fission Product Vola t i l i ty  

A s  expected, appreciable quant i t ies  of ruthenium and cesium were 
volat i l ized during the  combustion. Although the  data were not consistent 

a t  each temperature, perhaps due t o  incomplete washing of the tube and 

tube t i p ,  it w a s  shown that more than 78% of the ruthenium vola t i l i zed  

at  an ambient temperature of 8OO0C, w h i l e  at  1200°C i t s  vola t i l i za t ion  

w a s  97-99$ (Table 3). 
a t  8OO0C and 67-88$ volat i l ized at  12OO0C. 
ear ths  were found outside the  reaction boat (Table 3 ) .  
along w i t h  analyses f o r  uranium, thorium, and gross alpha act ivi ty ,  show 

also t ha t  l i t t l e  entrainment of ash pa r t i c l e s  occurred under the  condi- 

t ions  used. 

Ces ium w a s  somewhat l e s s  volat i le ;  25-35$ vaporized 

Very l i t t l e  zirconium or  ra re  

These resul ts ,  

Jus t  as the  t o t a l  amounts of ruthenium and cesium volat i l ized were 

different  i n  w h a t  should have been ident ica l  experiments, t h e i r  dis t r ibu-  

t i on  within the  combustion t r a i n  varied with each run (Table 4). For ex- 

ample, i n  the two runs at 1200OC (runs 3H and 4H), 80% of the  ruthenium 

w a s  found at the tube t i p  i n  one case but only 10% i n  t he  other. 

the  amounts of ruthenium and cesium reaching the  40-p-porosity f i l t e r  

Although 

? 

f 
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Table 3 .  Amounts of Fission Products Volati l ized During Combustion 

of IFTGR Fuel Samples 

Run Temp Amount of Fission Product Volatilized ($) 
NO (OC)  Ru cs Z r  TFE 

1 H  800 78 24 0.008 0.02 

2H 800 96 35 0.07 0.1 

3H 1200 97 67 0.04 ‘0.06 
4H 1200 99 88 0.02 0.01 

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

Amount Found i n  Run ($) 
lH 2H 3 H  4H -- - 

Sample Ru cs Ru cs Ru cs Ru cs 

Ash 22.3 75.9 3.6 64.7 2.9 32.9 0.6 12.2 

Tub e 58.2 14.0 23.6 0.4 10.4 1.6 2.1 2.0 

Tube t i p  6.6 9.4 46.4 17.5 79.2 60.2 10.1 59.5 
Metal f i l t e r  12.9 0.8 26.0 17.3 7.3 5.1 65.8 26.1 
Paper f i l t e r  0.01 0.008 0.007 0.003 0.04 0.14 21.5 0.19 

varied from run t o  run, generally very l i t t l e  passed through t o  the  paper 
f i l t e r .  Only i n  run 4H w a s  there a significant (22$) amount of ruthenium 

caught on the paper f i l t e r .  Gross beta and gross gamma analyses of the 

scrubber solutions were generally below the  l i m i t  of detection, showing 

t h a t  almost no ac t iv i ty  passed through the f i l t e r  uni t .  The decontamina- 

t i o n  factors  across the  f i l t e r  uni t  calculated on the  basis  of gross beta 

and gross gamma a c t i v i t i e s  were a t  least 10 . 4 

The r e su l t s  obtained i n  t h i s  study are i n  general agreement with those 

of a previous similar investigation’ i n  which low-burnup (about O.OOl$) 
graphite f u e l  specimens containing uranium dicarbide were burned i n  oxygen 

at  about gOO°C f o r  3 hr.  In  the  pr ior  study, between 40 and 95% of the 



, 

ruthenium w a s  volati l ized; however, no cesium vola t i l i za t ion  w a s  detected. 

The nonvolati l i ty of cesium i n  the  e a r l i e r  experiments cannot be explained 

on the basis  of different gas f l o w  ra tes  since the l i nea r  gas veloci t ies  

were about the  same as those i n  the  present study. The only apparent ex- 

planation i s  tha t  t he  reaction periods were much shorter i n  the  e a r l i e r  
se r ies  of experiments. 

zirconium and cerium t o  be nonvolatile. 

A s  i n  the  present study, the previous work showed 

The results of the present study a re  a l so  i n  qual i ta t ive agreement 
with those obtained i n  the  in-pi le  combustion of uranium carbide--graphite 

f u e l   piece^.^ 
carbide par t ic les ,  were burned i n  air  i n  the Oak Ridge Research Reactor 
f o r  15 min; the combustion temperature reached 140OoC. 

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

The fue l  pieces, which contained carbon-coated uranium di-  

L i t t l e  or  no 

3.3 Dissolubili ty of the Combustion Ash 

One of the  primary objectives of t h i s  study w a s  t o  determine, i n  a 

cursory manner, the  effect  of combustion temperature on the d isso lubi l i ty  

of the Tho -U 0 ash. In  each experiment, t he  ash w a s  a re la t ive ly  free- 

flowing powder, eas i ly  poured from the reaction boat. 

run was digested f o r  7 h r . i n  suff ic ient  boil ing 13 M HNO --0.04 - M HI?-- 

0.04 M Al(N0 ) 
dissolved. 
these conditions. 

the remainder dissolved during an additional 7-hr digestion with the  same 
volume of f resh  dissolvent. These r e su l t s  indicate that combustion at 

re la t ive ly  l o w  temperatures (less than 12OO0C) of graphite fue ls  contain- 

ing thorium would produce an ash that not only could be eas i ly  removed 

from the burner but a l s o  would dissolve readily i n  the  conventional dis-  

solvent f o r  thorium and Tho2. 

2 3 8  
The ash from each 

- 3  
t o  produce a solution that w a s  0.5 - M i n  Th if a l l  the ash 3 3  - 

Only the  ash from run 3H w a s  not completely dissolved under 

About 97% dissolved during the  first 7-hr digestion; 

4. RECOMMENDATIONS FOR FUTURE WORK 

The r e su l t s  of the  preliminary combustion experiments reported i n  
t h i s  memo lead t o  many suggestions fo r  fur ther  study, perhaps i n  connection 

'1 

t 

r' 

t 
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4 with the anticipated graphite-fuel campaign in high-level cells . These 
suggestions are itemized below: 

1. More development of the analytical methods used is indicated so 
that fuel compositions and burnups can be determined with a 
higher degree of confidence. 

Studies of the effect of combustion conditions on the volatility 
of fission products should be extended emphasizing the follow- 
ing factors: 

2. 

(a) Fuel composition - for example the effects of other 
potential fie1 components such as Sic and variations 
in the Th/U ratio on the retention of fission pro- 
ducts by the ash. 

(b) Fuel burnup. 
(c) Oxidizing-gas composition (e.g. N2-02 mixtures) and 

flow rate (actually, the effect of rate of combustion) 
should be studied. In connection with studies of this 
sort,  perhaps the fuel specimen should be heated to 
temperature in an inert gas before the oxidizing gas 
is admitted. 

(d) Reaction time. 
!The solubility of the combustion ash from very high burnup fuels 
has never been tested. 
solutions with high fission product contents need to be deter- 
mined. 

In connection with the dissolution of ash from high burnup fuel, 
studies of the solvent extraction behavior should be made. 

system and storing them should be considered. 

3 .  
Rates of dissolution and stability of 

4. 

5. Methods for removing the fission products from the combustion 
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