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HTGR FUEL AND FUEL CYCLE TECHNOLOGY 

A. L. L o t t s  and J. H. Coobs 

ABSTRACT 

The s t a t u s  of f u e l  and f u e l  c y c l e  technology f o r  high- 
temperature gas-cooled r e a c t o r s  (HTGRs) is  reviewed. The all-  
ceramic core  of t h e  HTGRs permits  high temperatures  compared 
wi th  o t h e r  r e a c t o r s .  Core o u t l e t  temperatures of 74OOC are 
now a v a i l a b l e  f o r  t h e  steam cycle .  For advanced HTGRs such 
as are requi red  f o r  d i r ec t - cyc le  power genera t ion  and f o r  high- 
temperature process  hea t ,  coolan t  temperatures  as h igh  as 
1000°C may be  expected. 
of HTGR f u e l  designs t h a t  m e e t  t h e  performance requirements 
and t h e  requirements of t h e  i so topes  t o  b e  used i n  t h e  f u e l  
cyc le .  Also d iscussed  are t h e  f u e l  cyc le  p o s s i b i l i t i e s ,  
which inc lude  t h e  low-enrichment cyc le ,  t h e  Th-2 3U cyc le  , 
and plutonium u t i l i z a t i o n  i n  e i t h e r  cyc le .  The s t a t u s  of 
f u e l  and f u e l  cyc le  development i s  summarized. 

This  paper d i scusses  t h e  v a r i a t i o n s  

INTRODUCTION 

The high-temperature gas-cooled r e a c t o r  (HTGR) provides  broad 
f l e x i b i l i t y  i n  a p p l i c a t i o n  and i n  t h e  u t i l i z a t i o n  of f u e l .  The a l l -  
ceramic co re  permits  high o u t l e t  coolan t  temperatures compared wi th  
o t h e r  r e a c t o r s ;  thus  t h e  HTGR can be  used wi th  e i t h e r  steam cyc le  o r  
gas t u r b i n e  genera t ing  equipment. Also, t h e  HTGR can b e  used as a 
source of high-temperature process  hea t .  Core o u t l e t  temperatures  up 
t o  740°C are now a v a i l a b l e  f o r  t h e  steam cycle .  For very  advanced 
HTGRs 1000°C may be  expected. There are two b a s i c  HTGR designs:  one 
uses  s p h e r i c a l  f u e l  e lements ,  and t h e  o t h e r  uses  a p r i sma t i c  f u e l .  
Within each f u e l  concept t h e  f u e l  designs have a number of v a r i a t i o n s  
of geometry, f u e l  composition, and nonnuclear s t r u c t u r a l  materials. 
Fuel  cyc le  g o s s i b i l i t i e s  f o r  HTGRs inc lude  t h e  low-enrichment cyc le  
and t h e  Th- 33U cycle ,  w i t h  plutonium u t i l i z a t i o n  i n  e i t h e r  cycle .  

I n  t h i s  r e p o r t  w e  s h a l l  examine t h e  a l t e r n a t i v e  f u e l  designs and 
t h e  alternative f u e l  cyc le s ,  e s p e c i a l l y  f o r  t h e  steam-cycle HTGR, and 
w e  s h a l l  p r o j e c t  what might be p o s s i b l e  on t h e  b a s i s  of f u e l  technology 
and f u e l  cyc le  technology f o r  f u t u r e  app l i ca t ions .  Since t h e  d e t a i l s  
of f u e l  cyc le  technology and f u e l  technology cannot be considered 
without  r e fe rence  t o  b a s i c  r e a c t o r  designs and t o  f u e l  cyc le  concepts 
t h a t  can be  used i n  t h e s e  des igns ,  t h e  r e p o r t  summarizes t h e  r e a c t o r  
designs and ope ra t ing  condi t ions  and a l t e r n a t i v e  f u e l  cyc le s  be fo re  t h e  
cons ide ra t ion  of d e t a i l e d  technology. 

1 
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REACTOR DESIGNS AND OPERATING CONDITIONS 

The two b a s i c  HTGR designs are t h e  pebble-bed HTGR based on t h e  use  
of s p h e r i c a l  f u e l  elements and t h e  pr ismatic-fueled HTGR, t h e  f u e l  
element f o r  which i s  a g r a p h i t e  b lock  wi th  i n t e g r a l  coolan t  and f u e l  
channels.  The p r i n c i p a l  d i f f e r e n c e s  i n  t h e  co re  design are i l l u s t r a t e d  
i n  Fig.  1. The s p h e r i c a l  f u e l  elements of t h e  pebble-bed r e a c t o r  a l low 
on-load r e f u e l i n g  by g r a v i t y .  I n  t h e  p r i sma t i c  concept,  off- load 
r e f u e l i n g  by a loading  machine i s  necessary.  
of t h e  s p h e r i c a l  f u e l  elements a l lows f u l l - s c a l e  t e s t i n g  of f u e l  elements 
i n  a number of r e a c t o r s .  By c o n t r a s t ,  t h e  l a r g e r  p r i sma t i c  f u e l  elements 
r e q u i r e  t h a t  most tests b e  done a t  p a r t i a l  scale. 

There are many similarities i n  t h e  des igns  of t h e  two b a s i c  systems. 
The common f e a t u r e s  are helium as coolant ,  t h e  primary cool ing  system, 
t h e  in-core material, t h e  type  and des ign  of t h e  p r e s t r e s s e d  concre te  
r e a c t o r  vessel (PCRV), most f u e l  components, b a s i c  s a f e t y  concept ,  t h e  
f u e l  cyc le ,  t h e  power conversion equipment, and independent a u x i l i a r y  
h e a t  removal system. Table 1 presen t s  r e l e v a n t  design d a t a  f o r  t h r e e  
HTGR concepts designed f o r  steam cyc le  a p p l i c a t i o n :  (1) a THTR-1000 
designed by Hochtemperatur-Reaktorbau (HRB); (2)  a n  HTGR-1160 designed 

Also, t h e  smaller s i z e  

PEBBLE BED REACTOR 

Y-125811 w 
P R I S M A T I C  FUELED RE - 

* 

IACTOR 

Fig. 1. Two Typical  HTGR Designs. (Ref: H.  Oehme, "Comparative 
HTGR Designs ,'I Gas-CooZed Reactors: 
May 7-10, 1974, COW-740501, pp. 72-91.) 

HTGR and GCFBR, GatZinburg, Tenn., 
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Table 1. Design Data for Three HTGRs for Steam Cycle Appl ica t ion  

THTR-1000 HTGR-1160 Low-Enriched 
HTR 

Overa l l  P l a n t  

Thermal power of r e a c t o r ,  MW 

N e t  electrical  power 

Fuel  cyc le  

Reheat ing of steam 

(cool ing  tower) ,  MW 

Primary System 

Dimensions of f u e l  e lements ,  c m  

Core d iameter ,  m 

Core h e i g h t ,  m 

Number of f u e l  e lements  

Power d e n s i t y  (mean), W / m 3  

H e l i u m  f low rate,  kg/s  

H e l i u m  tempera ture ,  O C  

Steam gene ra to r  o u t l e t  
Steam gene ra to r  i n l e t  

Mean ope ra t ing  p r e s s u r e  of 
hel ium, MF'a 

Number of shutdown and 
c o n t r o l  rods  

Number of main coo lan t  l oops  

Number of a u x i l i a r y  coo lan t  loops  

Fuel  l oad ing  and d i scha rge  tubes  

PCRV 

Design 

Tendons 

Outs ide  d iameter ,  m 

Ou t i s ide  h e i g h t ,  m 

T e s t  p r e s s u r e ,  MPa 

I n s u l a t i o n  

Fuel  Element \ 

Fuel  lifetime, full-power y e a r s  

M a x i m u m  f u e l  tempera ture ,  O C  

Mean f u e l  burnup, W/t 

M a x  f as t  ( > O i l  MeV) neut ron  f l u e n c e  
i n  nonreplaceable  ref l e c t o r ,  cm-2 

Fue l  p a r t i c l e s  

Fuel  coa t ings  

Max f a s t  (>0.1 MeV) neut ron  f l u e n c e  
i n  f u e l ,  cm-2 

2700 

1000 

UITh 
nuc 1 ear 

6 

8.9 

5.4 

1.8 x l o 6  
8 

1065 

275 
7 50 

5 .O 

120 

6 

3 

24 + 3 

pod-type 

wire-winding 

27.3 

26 

-5.5 

ceramic 

2.3 

1120 

83,000 

2.0 x 

U02 + Tho2 

PYC 
5 x 1021 

3000 

1150 

UITh 
nuc lea r  

36 x 79.3 

8.47 

6.34 

3944 

8.4 

1414 

310 
727 

5.0 

146 

6 

3 

73 

pod-type 
wire-winding 

30.6 

27.8 

5.45 

ceramic 

3.2 

1350 

98,000 

4 x l o z o  

uc2 + Tho2 

9 x lo2 '  
Sic-PyC 

3430 

1350 

low enr iched  

steam t o  steam 
. .  

42 x 75 

9.8 

6 

3768 

-8 

1460 

273 
724 

4.93 

141,  47 

4 

4 

54 

pod-type 

w i r  e-wind i n g  

34.5 

31 

ceramic 

2.25 

1150 

85,000 

uo 2 
sic 
-4 x 1 O 2 l  
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by General Atomic Company; and (3) a low-enriched HTR designed by 
B r i t i s h  Nuclear Design and Cons t ruc t ion  Company (BNDC) .' 
provide i n l e t  temperatures  t o  steam gene ra to r s  ranging from 724 t o  750°C 
wi th  maximum f u e l  temperatures  ranging from 1120 t o  1350°C. 

An arrangement of t h e  nuc lea r  steam supply system is  shown i n  
Fig.  2,  which i s  a n  1160-MW(e) des ign  by General Atomic Company. The 
system c o n s i s t s  of t h e  active co re  and r e f l e c t o r  reg ions ,  t h e  main 
helium c i r c u l a t o r s ,  the a u x i l i a r y  c i r c u l a t o r s ,  the as soc ia t ed  steam 
gene ra to r s  and h e a t  exchangers,  and t h e  helium p u r i f i c a t i o n  system, a l l  
of which are contained i n  t h e  PCRV. The primary coolan t  f lows from t h e  
c i r c u l a t o r s  through t h e  core ,  then  through t h e  steam gene ra to r s  and 
back through t h e  c i r c u l a t o r s ,  as depic ted  i n  Fig.  2.  

These designs 

'H. Oehme, "Comparative HTGR Designs ," Gas-Cooled Reactors: 
and GCFBR, Gatlinburg, Tenn., May 7-10, 1974, CONF-740501, pp. 72-91. 

HTGR 

ORNL-DWG 70-2920R 

I 

.REFUELING 
PENETRATION 
HOUSING 
CONTROL ROD 
MECHANISM 

' CIRCULATOR 

VERTICAL 
PRE,STRESS 
TENDONS 

STEAM 
GENERATOR 

- CIRCUMFEREI 
PRESTRESS 
WRAPPING 

YTIAL 

PCRV SUPPORT 
STRUCTURE 

Fig.  2. Arrangement of Nuclear Steam Supply System f o r  an  1160-MW(e) HTGR. 
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The high-temperature c a p a b i l i t y  o f f e red  by t h e  HTGR has  encouraged 
proposals  and development programs f o r  a p p l i c a t i o n  of t h e  HTGR t o  closed- 
cyc le  gas  t u r b i n e  f o r  power genera t ion  and t o  high-temperature process  
h e a t  app l i ca t ions .  
des igns  f o r  d i rec t -cyc le  HTGR systems. For tescue  a l s o  presented  a . 

d i scuss ion  of t h e  a p p l i c a t i o n  of HTGRs t o  i n d u s t r i a l  process  h e a t  requi re -  
ments. I n  a l l  cases, t h e  arrangements of t h e  primary systems are v e r y ,  
similar t o  those  f o r  t h e  steam cyc le  app l i ca t ion .  

For t h e  advanced a p p l i c a t i o n s ,  t h e  important cons idera t ions  are t h e  
m a x i m u m  a v a i l a b l e  gas  temperature  and t h e  maximum f u e l  temperatures t h a t  
w i l l  b e  experienced i n  t h e  advanced app l i ca t ions .  Obviously, d i r e c t -  
cyc le  gas  t u r b i n e  and process  h e a t  a p p l i c a t i o n s  can u t i l i z e  t h e  p r e s e n t l y  
a v a i l a b l e  maximum core  o u t l e t  temperature.  Table 2 summarizes f u e l  
performance requirements f o r  d i r e c t  cyc le  and process  h e a t  a p p l i c a t i o n s ,  
and f o r  comparison p resen t  temperatures  gene ra l ly  a v a i l a b l e  i n  t h e  steam 
cycle  are given. A l l  t h e  d a t a  presented  i n  Table 2 are f o r  p r i sma t i c  
f u e l  concept of t h e  General A t o m i c  Company. A s  noted i n  Table  2,  t h e  
f u e l  design of General Atomic Company can b e  rev ised  t o  lower t h e  temper- 
a t u r e ;  thus ,  t h e  t a r g e t  f u e l  temperatures  of i n t e r e s t  have a maximum of 
approximately 1500°C. A l l  o t h e r  parameters of i n t e r e s t  wi th  r e spec t  t o  
performance are s i m i l a r  t o  those  presented f o r  t h e  steam-cycle HTGRs i n  
Table 1 and t h e  f u e l  cyc le  a p p l i c a t i o n  i s  i d e n t i c a l .  

K r g m e r 2  and Fortescue and Quade3 have summarized t h e  

*H. 'Krker e t  a l . ,  "HTGR f o r  Direct Cycle and Process  Heat Applicat ions,"  
Gus-CooZed Reactors: HTGR and GCFBR, Ga t l inburg ,  Tenn., May 7-10, 1974, 

3P. For tescue  and R. N .  Quade, "Direct-Cycle and Process  Heat HTGR 

CONF-740501, pp. 378-96. 

Development , " Gas-Coo Zed Reactors : HTGR and GCFBR, Gut  Zinburg, Tenn., 
M a y  7-10, 1974, CONF-740501, pp. 397-417. 

Table 2. Fuel  Temperatures f o r  Present  and Advanced HTGRs 

Temperature ,  O C  

Loca t ion  Required 
P r e s e n t  

C a p a b i l i t y a  Near-Term Advanced 

Core i n l e t  310 515 515 

Core o u t l e t  7 30 815 980 
Presen t -des ign  f u e l  

Peak 1350 1500 1750 

Maximum nominal 1250 1400 1630 

Revised-design f u e l b  

Peak 1350 1500 

Maximum nominal 1250 1400 

%ased  on steam c y c l e  t echno logy .  

bVarious d e s i g n  a l t e r n a t i v e s  used t o  r educe  f u e l  t empera tu re .  
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ALTERNATIVE FUEL CYCLES 

HTGRs have g r e a t  f l e x i b i l i t y  w i th  r e s p e c t  t o  t h e  f u e l  cyc le  t h a t  can  
b e  employed. Indeed, t h i s  i s  f o r t u n a t e  s i n c e  opt imiza t ion  of t h e  f u e l  
cyc le  i s  very  complex, no t  on ly  because of t h e  technology involved,  b u t  
a l s o  because of t h e  l a r g e  u n c e r t a i n t i e s  of f u t u r e  f u e l  va lues ,  t h e  
condi t ion  of t h e  economy, t h e  a v a i l a b i l i t y  of f u e l  cyc le  technologies ,  
and t h e  makeup of t h e  r e a c t o r  power i n d u s t r y  i n  t h e  fu tu re .  The HTGR 
can very  e f f e c t i v e l y  use  va r ious  combinations of t h e  f i s s i l e  materials 
2 3 5 U ,  233U, and plutonium and t h e  f e r t i l e  materials 238U and thorium. 

Depicted i n  Fig.  3 are t h e  low-enrichment c y c l e  wi th  a plutonium 
op t ion ,  t h e  Th-2 33U f u e l  cyc le ,  and t h e  Th-2 3U c y c l e  u t i l i z i n g  plutonium. 
(It is  no t  clear t h a t  an  HTGR can e f f e c t i v e l y  u t i l i z e  plutonium a t  
s t a r t -up ,  b u t  plutonium c e r t a i n l y  can be  used as makeup f u e l . )  I n  t h e  
low-enrichment cyc le ,  op t ions  are a v a i l a b l e  t o  re t i re  t h e  spent  f u e l  
blocks wi thout  reprocess ing  o r  t o  reprocess .  The de termina t ion  of which 
op t ion  is  t o  be  pursued would depend on f u t u r e  va lue  of t h e  f u e l ,  f u e l  
b lock  s t o r a g e  c o s t s ,  and t h e  c o s t  of f u e l  recyc le .  
cyc le ,  i t  is p o s s i b l e  t o  r ecyc le  t h e  2 3 5 U ,  b u t  t h e  236U buildup w i l l  
a t  some p o i n t  r e q u i r e  t h a t  t h e  2 3 5 U  b e  r e t i r e d .  Thorium having passed 
through t h e  r e a c t o r  once is placed i n  i n t e r i m  s t o r a g e  t o  a l low t h e  228Th 
t o  decay t o  s u f f i c i e n t l y  low levels t o  a l low t h e  thorium t o  be  t r e a t e d  
e s s e n t i a l l y  as v i r g i n  thorium i n  t h e  f u e l  element f a b r i c a t i o n  process .  
Plutonium can b e  u t i l i z e d  i n  t h e  low-enrichment cyc le ;  as presented  i n  
Fig.  3(a), o r  it can be  used i n  combination wi th  thorium as a replacement 
f o r  2 3 5 ~  o r  2 3 3 ~ .  

I n  t h e  Th-233U f u e l  

ORNL-DWG 76-4186 

235U(cr w 2% 

mu 

23L I c (a) u ENRICHMENT 

ORNL-DW i5-4187 

23'U Th 

RECYCLE 

PI 

(Permanent " J L ( 1 i c r i m  ALTEF 
(b) Storage) Storage) (c )  (P:;, 

ORNL-DWG 76-4185 9 
RECYCLE 

e) Th 
(Interim Stwage) 

Fig.  3. Fuel  Cycles f o r  HTGRs. (a) Low enrichment. . (b) Th-233U. 
(c )  Plutonium u t i l i z a t i o n  i n  Th-2 3U. 
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V 

i 

To g ive  some i n d i c a t i o n  of t h e  competi t iveness  of the va r ious  f u e l  
cyc le s ,  we r e fe rence  a paper by Gutmann and Brogl i .4  
alternative f u e l  cyc le s  f o r  HTGRs from their paper are g iven  i n  Table 3; 
t h e  assumptions used i n  t h e  s tudy  are presented  i n  Table 4. 
showed t h a t  i f  r e c y c l e  technology i s  a v a i l a b l e  f o r  2 3 3 U ,  then  t h e  Th-233U 
cyc le  is  t h e  least c o s t l y .  I n  t h e  absence of a f a s t  b reeder  r e a c t o r ,  
t h e  market can be  expected t o  be  oversuppl ied wi th  plutonium, thus  
allowing t h e  HTGR t o  ope ra t e  e s s e n t i a l l y  as a plutonium burner;  then  
t h e  use  of plutonium has  clear advantages over  t h e  use  of t h e  Th-233U 
cycle .  The plutonium-thorium cyc le  would remain competi t ive wi th  t h e  
re ference  uranium-thorium cycle  up t o  a plutonium p a r i t y  va lue  of 0.67. 
The r e s u l t s  presented  h e r e  are by no means a n  exhaus t ive  t reatment  of 
op t imiza t ion  of f u e l  cyc le s  f o r  t h e  HTGR, b u t  do serve t o  i n d i c a t e  t h e  
f l e x i b i l i t y  provided by t h e  r e a c t o r .  
t h e  f u e l  cyc le  are a v a i l a b l e  through inc reas ing  t h e  conversion r a t i o  by 
adjustment of f e r t i l e  and f i s s i l e  i nven to r i e s  and o the r  f u e l  management 
schemes . 

Typical  c o s t s  of 

The s tudy  

Other oppor tun i t i e s  f o r  opt imizing 

4H. Gutmann and R. H. B rog l i ,  "Al te rna te  Fuel  Cycles f o r  HTGRs," 
paper presented a t  meeting on Gas-Cooled Reactors :  
Gat l inburg,  Tenn., May 7-10, 1974. 

HTGR and GCFBR, 

Table 3 .  Typical  Costs  of A l t e r n a t i v e  Fuel  
Cycles f o r  HTGRs 

Cycle Reload I n t e r v a l  Fuel  Cycle Cost 
(mills/kWhr) 

3U-Th Annual 1.87 

3U-Th Semiannual 1.80 

3U-Th On-line 1.75 

Pu-low Th 2.5 yea r s  1.58 

Low-enriched 2.87 yea r s  2.23 
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Table 4. Cost Assumptions f o r  Study of A l t e r n a t i v e  Fuel  Cyclesa 

Annual load  f a c t o r  

T o t a l  l e v e l i z e d  r e a c t o r  l i f e ,  yea r s  

I n t e r e s t  ra te ,  % 

Uranium o r e  c o s t ,  

$ / l b  u308 

$/kg u308 

$/kg U 

Conversion c o s t  U308-fUF6, 

T a i l  enrichment,  % 

Separa t ive  work c o s t ,  $/kg 

Thorium c o s t ,  $/kg 

Bred f u e l  p a r i t y :  c o s t  r a t i o  of bred f u e l  
t o  same mass of 2 3 5 U  ( i n  93.5%-enriched U) 

F i s s i l e  plutonium 
2 3 3 ~  

Fuel  c o s t s ,  $ / f u e l  element 

Fabr i ca t ion  of f r e s h  f u e l ,  inc luding  sh ipping ,  
block, coated p a r t i c l e s ,  assembly 

Th cyc le  

U cyc le  

Pu cyc le  

Fabr i ca t ion  of r e c y c l e  f u e l  

Shipping c o s t  of spent  f u e l  

Th + U f u e l  

Pu f u e l  

s epa ra t ion )  

Th Cycle 

U cyc le  

Reprocessing c o s t  (head-end and chemical 

0.8 

20 

10 

8 

17.6 

2.34 

0.25 

50 

1 0  

0.5 

1.25 

1800 

1350 

4000 

2700 

800 

1200 

1300 

1200 

Cost assbmptions are based on ear l ie r  (19731974)  d a t a ;  u n i t  c o s t s  a 

assumed are now s u b j e c t  t o  cons ide rab le  unce r t a in ty .  



9 

FUELS FOR STEAM-CYCLE HTGRs 

The f u e l s  developed f o r  steam-cycle HTGRs were designed f o r  u se  i n  
t h e  p r i sma t i c  f u e l  element adopted f o r  r e a c t o r  s t a t i o n s  i n  t h e  United 
S t a t e s  and i n  the pebble-bed design t h a t  i s  being independently developed. 
i n  West Germany. 
g r a p h i t e  as t h e  s t r u c t u r a l  material f o r  t h e  f u e l  element and t h e  core  
of t h e  r e a c t o r .  

These systems both  use  t h e  thorium cyc le  and use  

P r i sma t i c  Fuel  

n 

Steam-cycle HTGRs designed f o r  p r i sma t i c  co res  use  a f u e l  element 
i l l u s t r a t e d  i n  Fig.  4. The p r i sma t i c  g r a p h i t e  b lock  is  about  0.76 m 
(30 i n . )  long by 0.36 m (14 i n . )  ac ross  t h e  f l a t s  and has  a c e n t r a l  h o l e  
f o r  t h e  f u e l  l i f t i n g  device.  Standard f u e l  elements con ta in  72 cool ing 
channels and 132 f u e l  ho le s  t o  accommodate the f u e l  rods.  Spec ia l  f u e l  
elements may a l s o  have l a r g e r  ho le s  f o r  c o n t r o l  rods  and emergency 
shutdown systems. 

The f u e l  rods are f a b r i c a t e d  by blending t h e  proper  amount of 
coated f i s s i l e  and f e r t i l e  p a r t i c l e s  as they are added t o  t h e  metal mold. 
The blended bed of p a r t i c l e s  i s  then i n t r u s i o n  bonded i n t o  a continuous 
s t r u c t u r e  wi th  a carbonaceous m a t r i x  material a t  moderate temperatures  
( - 1 5 O O C ) .  The mold is  then  allowed t o  coo l ,  and t h e  f u e l  rods  are 
e j e c t e d ,  pu t  i n t o  t r a y s  o r  loaded i n t o  g r a p h i t e  b locks ,  and carbonized 
slowly t o  convert  the carbonaceous matrix material i n t o  a continuous 
s t r u c t u r e  t o  bond t h e  p a r t i c l e s  toge ther . '  I n  t h e  r e fe rence  process  now 
being developed, t h e  f u e l  rods are loaded d i r e c t l y  i n t o  t h e  f u e l  element 
block a f t e r  e j e c t i o n  from t h e  mold. 
ment a t  180OOC are done i n  s i tu .  
a f t e r  t he  carbonizing process  t o  confirm t h a t  no damage had occurred 
ex te rna l ly .  
i n  t h i s  process  a f t e r  carboniza t ion .  
rods are f i n a l l y  hea t - t rea ted  a t  1 8 O O 0 C  t o  s t a b i l i z e  t h e  s t r u c t u r e  and 
then  loaded i n t o  t h e  f u e l  elements.  This  f a b r i c a t i o n  sequence involves  
several s t e p s  of handl ing and i n s p e c t i o n  be fo re  t h e  f i n a l  loading.  The 
mat r ix  material used f o r  bonding t h e  f u e l  rods  has s p e c i a l  requirements.  
It must flow s u f f i c i e n t l y  w e l l  t o  bond t h e  p a r t i c l e s  t oge the r  completely 
i n t o  a f u e l  rod 50 t o  75 mm (Z+3 i n . )  long. The rods  must r e t a i n  t h e i r  
i n t e g r i t y  during e j e c t i o n  from t h e  mold and dur ing  any handl ing before  
loading,  and t h e  m a t r i x  material must wi ths tand  i r r a d i a t i o n  wi thout  
a f f e c t i n g  the  performance of t h e  p a r t i c l e  coa t ing  o r  without  l o s i n g  bond 
s t r e n g t h  s o  as t o  permit  l o s s  of p a r t i c l e s .  The materials used i n  t h e  
mat r ix  comprise p r imar i ly  coa l  tar p i t c h  and a n a t u r a l  f l a k e  g r a p h i t e  o r  
ground f i n e l y  d iv ided  a r t i f i c i a l  g raph i t e .  
p i t c h  provides  a s t a b l e ,  high-conduct ivi ty  material t h a t  w i l l  be  he ld  i n  ' 

p l a c e  by t h e  coke der ived  from ca rbon iza t ion  of t h e  p i t c h .  
having about 30% f i n e l y  divided g r a p h i t e  i n  t h e  p i t c h  has  a dens i ty  of 
about 0.7 g/cm3 and s u f f i c i e n t  s t r e n g t h  t o  r e t a i n  p a r t i c l e s .  

The ca rbon iza t ion  and h e a t  treat- 
The element r e q u i r e s  o v e r a l l  i n spec t ion  

Ind iv idua l  f u e l  rods  do not  r e q u i r e  in spec t ion  o r  handl ing 
I n  t h e  former process ,  t h e  f u e l  

The g r a p h i t e  mixed w i t h i n  t h e  

Such a matrix 

'R. A .  Bradley and J .  D. Sease,  "The Slug-Inject ion Process  f o r  
Fabr i ca t ing  HTGR Fuel  Rods," 21th Bienn. Conf. Carbon, Gatlinburg, Tenn., 
June 4-8, 1973, CONF-730601, pp. 239-40. 
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The procedures f o r  qua l i fy ing  and v e r i f y i n g  t h e  performance of t h e  
f u e l  rods  involve  c h a r a c t e r i z a t i o n  procedures such as measurement of 
dens i ty ,  the recovery of t h e  p a r t i c l e s  by d i s so lv ing  away ma t r ix  material 
from s e l e c t e d  samples, and t h e  a n a l y s i s  of completed f u e l  rods f o r  
exposed heavy metals by a gas leaching technique. The most important  
q u a l i f i c a t i o n  involves  i r r a d i a t i o n  t e s t i n g ,  which has been c a r r i e d  out  
bo th  i n  capsules  and i n  pro to type  r e a c t o r s . 6  The capsule  tests contained 
f u e l  rods supported i n  g r a p h i t e  blocks wi th  spacing s imilar  t o  t h e  r a d i a l  
gaps t h a t  would e x i s t  i n  g r a p h i t e  f u e l  elements.  A l l  capsule  experiments 
have been under acce le ra t ed  condi t ions ,  which achieve  f u l l  exposure i n  
8 t o  1 5  months. I n  c o n t r a s t ,  t e s t i n g  i n  pro to type  r e a c t o r s  such as 
Peach Bottom o r  t h e  Dragon Reactor has  been c a r r i e d  out  a t  h e a t  f l u x  
and burnup rates similar t o  o r  lower than  those  proposed f o r  l a r g e  power 
s t a t i o n s .  The range of test condi t ions  f o r  i r r a d i a t i o n  experiments is  
i l l u s t r a t e d  by t h e  d a t a  i n  Table  5. 

A f t e r  i r r a d i a t i o n ,  f u e l  rods are recovered from t h e  g r a p h i t e  f u e l  
b lock  o r  element and examined v i s u a l l y ,  by dimensional i n spec t ion ,  and 
f i n a l l y  by d e s t r u c t i v e  examination such as p repa ra t ion  of meta l lographic  
s e c t i o n s .  Experience has  shown t h a t  proper ly  formed and carbonized 
f u e l  rods t h a t  have t h e  ma t r ix  formulat ion g iven  above w i l l  su rv ive  
i r r a d i a t i o n  wi thout  severe l o s s  of bond s t r e n g t h .  A l l  f u e l  rods s h r i n k  
t o  some ex ten t  under i r r a d i a t i o n  u n t i l  a h igh  exposure is reached. Then 
t h e  matrix materials and coa t ings  begin t o  s w e l l  as i r r a d i a t i o n  creates 
voids .  This  i n i t i a l  shr inkage  is a func t ion  of t h e  rate a t  which t h e  
coa t ings  themselves change under i r r a d i a t i o n .  

%. P. Harmon and C. B.  S c o t t ,  Development and Irradiation Performance 
of LHTGR F u e l ,  GA-A13173 (October 1975).  

Table 5. C h a r a c t e r i s t i c s  of Avai lab le  I r r a d i a t i o n  F a c i l i t i e s  

T i m e  t o  F u l l  Fluence, yea r s  Avai lable  H e i g h t  Fue l  Holes Ins t ru -  
mented Reactor pe r  T e s t  

Element >0.18 MeV <0.414 MeV (m) ( i n . )  

H F I R ~  

Target No 0.2 0.2 0.38 15 1 

Removable B e  Y e s  0.5 0.5 0.38 15 1 

Removable Beb  Yes 4.5 0.9 0.38 15 1 

ORRC Yes 1.0 2.0 2.44 96 4 

For t  S t .  Vrain No 6 6 4.57 180 whole block 

Drag ond No 4 1.42 56 6 
Peach Bottom (RTE)d No 6 7.32 288 8 

aOne cyc le  is  about 23 days. 

bNever used f o r  f u l l  experiment. 

‘Oak Ridge Research Reactor,  E-7 pos t ion ,  cyc le s  are 55 days with 5 days down. 

%o longer  operat ing.  



1 2  

General ly  speaking,  f u e l  rods t h a t  con ta in  a l a r g e  f r a c t i o n  of 
Triso-coated p a r t i c l e s  ( i .e . ,  p a r t i c l e s  conta in ing  S i c  b a r r i e r  coa t ings)  
s h r i n k  ve ry  l i t t l e  under i r r a d i a t i o n  ( 1  t o  2%).  
between f u e l  rod and g r a p h i t e  element is  s u f f i c i e n t l y  cons tan t  t o  avoid 
a sharp  i n c r e a s e  i n  ope ra t ing  temperature .  

I n  such cases  t h e  gap 

Graphi te  Material Requirements 

Graphi te  f o r  t h e  f u e l  element b locks  and f o r  t h e  r e f l e c t o r  and 
support  s t r u c t u r e s  f o r  t h e  co re  a l s o  has  very  s p e c i a l  requirements .  
The g r a p h i t e  must have good dimensional s t a b i l i t y  t o  ensure  t h a t  t h e  
coolan t  w i l l  f low proper ly  through t h e  c o r e  and t h a t  o p e r a t i o n a l  and 
shutdown stresses w i l l  no t  exceed a l lowable  limits. The g r a p h i t e  should 
have good thermal p r o p e r t i e s  and good r e s i s t a n c e  t o  co r ros ive  a c t i o n  by 
coolan t  impur i t i e s .  F i n a l l y ,  t h e  g r a p h i t e  should have a reasonably h igh  
d e n s i t y  and good p u r i t y  t o  ensure  neut ron  economy w i t h i n  t h e  f u e l  cyc le  
opera t ion .  The s t r u c t u r a l  g r a p h i t e  developed and used f o r  t h e  f i r s t  
demonstration r e a c t o r ,  t h e  For t  S t .  Vrain,  w a s  an  i s o t r o p i c  extruded 
grade  conta in ing  needle  coke and des igna ted  H-327. 
w a s  very  ex tens ive ly  t e s t e d  and q u a l i f i e d  f o r  use  i n  t h e  F o r t  S t .  Vrain 
Reactor.  The F o r t  S t .  Vrain Reactor f u e l  element b lock  is  e s s e n t i a l l y  
t h e  same o v e r a l l  s i z e  as t h e  l a r g e  element f o r  t h e  power r e a c t o r  f u e l  
element b lock ,  b u t  i t  conta ins  somewhat more f u e l  and coolan t  h o l e s  
because of t h e  more conserva t ive  des ign  of t h e  system. 

F o r t  S t .  Vrain Reactor and loading  of t h e  r e a c t o r ,  improved grades  w e r e  
developed f o r  u se  i n  l a r g e r  s t a t i o n s .  These grades  of g r a p h i t e  c o n s i s t  
of H-451 developed by t h e  Great Lakes Carbon Company i n  t h e  United S t a t e s  
and grade  AS2 developed by S i g r i  i n  Germany. I n  a d d i t i o n ,  o t h e r  candida te  
g r a p h i t e s  developed by t h e  manufacturers are p r e s e n t l y  under t e s t i n g  
and q u a l i f i c a t i o n .  

changes of t h e  dimensions, modulus of e l a s t i c i t y ,  s t r e n g t h ,  thermal  
expansion, thermal conduct iv i ty ,  and f i n a l l y  t h e  c reep  c o e f f i c i e n t s  f o r  
t h e  g r a p h i t e  as func t ions  of temperature  and r a d i a t i o n  exposure. These 
experiments7 are be ing  c a r r i e d  out  i n  test r e a c t o r s  a t  a c c e l e r a t e d  rates 
and a t  temperatures  from 400 t o  1400°C. Exposures i n  t h e s e  experiments 
and t h e  f u e l  experiments are s i m i l a r  i n  t h a t  m a x i m u m  exposures w i l l  be 
about 9 X l o2 '  neutrons/cm2. A t  t h e  p re sen t  time, grade  H-451 is  w e l l  
q u a l i f i e d  t o  exposures up t o  about 70% of t h e  des ign  maximum exposure,  
and c e r t a i n  o t h e r  grades  are q u a l i f i e d  a t  lower exposures.  
every reason t o  b e l i e v e  t h a t  t h e  g r a p h i t e s  s e l e c t e d  w i l l  wi ths tand  
r a d i a t i o n  exposures even h igher  than  t h e  maximum levels p ro jec t ed  f o r  
t h e  HTGR. 

This  t ype  of g r a p h i t e  

Subsequent t o  t h e  product ion of t h e  g r a p h i t e  f u e l  f o r  t h e  

I r r a d i a t i o n  t e s t i n g  of t h e s e  g r a p h i t e s  c o n s i s t s  of measurement of 

There is 
I 

7G. B. Engle, M. R. Everett,  and W. P.  Ea ther ly ,  "Status  of Graphi te  
Technology and Requirements f o r  HTGRs ," Gas-Coo Zed Reactors: 
GCFBR, May 7-10, 1974, GatZinburg, Tenn., CONF-740501, pp. 288-305. 

HTGR and 
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Pebble-Bed Reactor Fuels  

. 

The second type  of r e a c t o r  system f o r  l a r g e  HTGRs u ses  pebble-type 
f u e l  elements. The protosttype system f o r  t h i s  r e a c t o r  is t h e  AVR, which 
has  been ope ra t ing  s u c c e s s f u l l y  a t  J c l i c h ,  West Germany, s i n c e  1967. 
Fuel  elements f o r  t h e  system are shown i n  Fig. 5. The element has  a 
diameter  of 6 cm and h a s - a n  o u t e r  fue l - f r ee  g r a p h i t e  s h e l l  and f u e l  
p a r t i c l e s  d i spersed  i n  a ma t r ix  of g r a p h i t e  i n  t h e  c e n t r a l  po r t ion .  
Recent ly ,  t h e  AVR has  been opera ted  a t  inc reas ing  temperatures  and has  
j u s t  completed more than  one yea r  of ope ra t ion  a t  an  o u t l e t  helium 
temperature  of 950°C. 
of the p o t e n t i a l  u s e  of t h i s  t ype  of r e a c t o r  f o r  high-temperature process  
h e a t  systems. The l a r g e r  demonstration r e a c t o r  now be ing  b u i l t  i n  
Germany, t he  300-MW THTR, employs similar f u e l  elements. This  s i m i l a r i t y  
is  one advantage of t h e  pebble-bed system. 

i n  t h e  United S t a t e s  under c o n t r a c t  w i th  Union Carbide Corporat ion.  A t  
t h e  t i m e  t h e  s p e c i f i c a t i o n  and q u a l i f i c a t i o n  t e s t i n g  f o r  t h e  f i r s t  co re  
w a s  done, molding opera t ions  f o r  f u e l  manufacture w e r e  n o t  w e l l  advanced. 
Consequently, i t  w a s  decided t o  manufacture t h e  f u e l  w i th  a machined 
s h e l l  of g raph i t e .*  
type  ATJ g r a p h i t e ,  which has  good r a d i a t i o n  s t a b i l i t y  and reasonable  
p u r i t y .  
r e s i n  b inde r ,  g r a p h i t e  f l o u r ,  and coated p a r t i c l e  f u e l .  The m i x  w a s  
pressed i n t o  p l a c e  by an  i n j e c t i o n  molding process  such t h a t  good con tac t  

This  i s  an exceedingly important  demonstrat ion 

The f u e l  elements f o r  t h e  f i r s t  c o r e  of t h e  AVR w e r e  manufactured 

The machined s h e l l  w a s  1 cm t h i c k  and made of 

These machined s h e l l s  w e r e  then  f i l l e d  wi th  a ma t r ix  conta in ing  

I 

'M. N. Burke t t ,  W. P. Ea the r ly ,  and W. 0. Harms, "Fueled Graphi te  
Elements f o r  t h e  German Pebble-Bed Reactor (AVR)," High Tempemture 
Nuclear Fuels (Symposium heZd i n  Delauan, Wisconsin, October 1966) 
Met. SOC. Conf. 4 2 ,  ed. by A. N .  Holden, Gordon & Breach, New York, 
1968, pp. 45-64. 

Photo-96235 

Fig. 5. Types and Numbers of Fuel  Elements P resen t ly  Used i n  t h e  
AVR. (a )  F i r s t  charge; (b) second charge; (c) t h i r d  charge and THTR. 
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w a s  maintained a f t e r  carbonizing and curing.  Performance of the f u e l  
elements from t h i s  f i r s t  loading has  been remarkably good. Design burnup 
and exposure of t h e s e  elements were 9% FIMA, whereas some of t h e s e  elements 
are s t i l l  undergoing i r r a d i a t i o n  i n  t h e  r e a c t o r  and have exceeded t h e  
des ign  burnup by almost 100%. A s  expected, a t  such h igh  burnup they  
produce very  l i t t l e  power b u t  on t h e  o t h e r  hand they  cont inue  t o  o p e r a t e  
without  p a r t i c l e  f a i l u r e .  

S ince  t h e  f i r s t  loading  of t h e  r e a c t o r ,  f a b r i c a t i o n  development 
and t e s t i n g  of molded f u e l  spheres  has  proceeded t o  t h e  e x t e n t  t h a t  
makeup loading  of t h e  r e a c t o r  i s  now c a r r i e d  ou t  r o u t i n e l y  wi th  molded 
spheres  produced i n  Germany. 
t h e  core  r eg ion  conta in ing  f u e l  is  premolded, and an  unfueled g r a p h i t e  
and r e s i n  mixture  is then  molded around t h e  f u e l  p o r t i o n  and f i n a l l y  
compacted t o  produce a dense g r a p h i t e  sphere.  A f t e r  carbonizing and 
cur ing ,  t h e s e  spheres  are machined t o  t h e  r equ i r ed  dimensional t o l e r a n c e .  

Tes t ing  and q u a l i f i c a t i o n  of t h e s e  f u e l  spheres  is  similar i n  
many r e s p e c t s  t o  t h a t  of t h e  f u e l  rods  f o r  t h e  l a r g e  steam-cycle r e a c t o r  
i n  t h e  United S t a t e s .  Machined s h e l l  and molded spheres  were t e s t e d  i n  
capsule  experiments bo th  a t  Oak Ridge and by t h e  German l a b o r a t o r i e s .  
I n  a d d i t i o n ,  columns of t h e  molded spheres  w e r e  t e s t e d  i n  t h e  Dragon 
Reactor a t  much lower exposure rates be fo re  test  loadings  were added t o  
t h e  AVR core .  

These spheres  are molded i n  two ope ra t ions :  

Coated P a r t i c l e  Fuel  f o r  Thorium Cycle Systems 

The f u e l  f o r  thorium-cycle HTGR s t a t i o n s  c o n s i s t s  of coated f i s s i l e  
and f e r t i l e  p a r t i c l e s .  S imi l a r  f i s s i l e  and f e r t i l e  p a r t i c l e s  are used 
i n  both t h e  p r i sma t i c  and pebble-bed systems a t  present .  
k e r n e l  is  about  500 pm i n  diameter  wi th  a two-layer carbon coa t ing ,  
wh i l e  t h e  f i s s i l e  p a r t i c l e  is somewhat smaller and has  a more complicated 
coa t ing  conta in ing  a s i l i c o n  ca rb ide  barr ier  layer. 

i n  23 3U o r  23 'U, and i ts  des ign  maximum burnup is  g r e a t e r  than  75% FIMA. 
The f e r t i l e  p a r t i c l e ,  on t h e  o t h e r  hand, conta ins  only thorium as Tho2 
and is exposed t o  a maximum burnup of about 8% FIMA. The much h ighe r  
concen t r a t ion  and a c t i v i t y  of f i s s i o n  products  i n  t h e  f i s s i l e  p a r t i c l e  
makes t h e  s i l i c o n  ca rb ide  l a y e r  necessary  as a b a r r i e r  t o  t h e  d i f f u s i o n  
of h igh ly  mobile s p e c i e s  of f i s s i o n  products ,  such as cesium, s t ront ium,  
and s i lver .  The development of technology f o r  t h e  coated p a r t i c l e  f u e l s  
is  r epor t ed  i n  d e t a i l  elsewhereg and is  summarized i n  t h e  fol lowing 
s e c t i o n s .  

The f e r t i l e  

The f i s s i l e  p a r t i c l e s  con ta in  only uranium t h a t  is  h igh ly  enriched 

1 0  ,ll 

'0. M. S t a n s f i e l d ,  HTGR Fuel Design and Performance, GA-A13072 

'General Atomic Company, HTGR Fuels and Core - Development Program 
( Ju ly  1974).  

- 
Quart. Progr. Rep. Feb. 29, 1976, GFfi3804. 

Jan. I ,  1974, through June 30, 1975, ORNL-5108 ( i n  p repa ra t ion ) .  
"P. R. Kasten and J. H. Coobs, HTGR Base Program Progr. Rep. 
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K e r n e l ,  Fab r i ca t ion  

. 

The ke rne l s  f o r  t h e  f e r t i l e  p a r t i c l e s  are prepared by one of several 
sol-gel  methods from t h o r i a  s o l .  
s t a b l e  t h o r i a  s o l s  w i t h  a concen t r a t ion  of 2.5 M are passed through a 
nozz le  t o  form a stream of d r o p l e t s .  The d r o p l e t s  are passed through ~ 

a column of hexanol f o r  e x t r a c t i o n  of w a t e r  t o  harden t h e  d r o p l e t  i n t o '  
g e l  spheres ,  which are then  d r i e d  and s i n t e r e d  a t  l l O O ° C .  An important  
f e a t u r e  of t he  process  i s  t h e  technique developed f o r  breakup of t h e  s o l  
streams using an imposed v i b r a t i o n  on t h e  s o l  i n  t h e  c a p i l l a r y  of t h e  
nozzle.  
frequency of t h e  v i b r a t o r  t o  t h e  n a t u r a l  frequency of drop formation a t  
t h e  o r i f i c e  of t h e  nozzle.  Thoria  microspheres produced by t h i s  tech- 
nique have average diameters  w i t h i n  1% of t h e  s p e c i f i e d  diameter ,  and 
t h e  s tandard  d e v i a t i o n  of t h e  s i z e  d i s t r i b u t i o n  is  gene ra l ly  no t  g r e a t e r  
than  5 t o  10 pm f o r  500-pm-dim p a r t i c l e s  as shown i n  Fig.  6 . 1 3  Produc- 
t i o n  of Tho2 g e l  microspheres us ing  nozz les  of t h i s  type  is  now a r o u t i n e  
ope ra t ion  by i n d u s t r i a l  p a r t i c i p a n t s  i n  the Gas-Cooled Reactor Program. 

I n  t h e  ORNL water -ex t rac t ion  method, l 2  

Droplets  very  uniform i n  s i z e  are produced by a d j u s t i n g  t h e  

12P. A. Haas, Process Requirements for Preparing Tho2 Spheres by the  

13P. A. Haas and W. J. Lackey, Improved Size  Uniformity o f  Sol-Gel 

ORNL SoZ-GeZ Process, ORNL-TM-3978 (December 1972). 

Spheres by Imposing a Vibration on the Sol in Dispersion NozzZes, 
ORNL-TM-4094 (May 1973). 
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P a r t i c l e s  f o r  the f i s s i l e  kernels of HTGR f u e l s  are prepared by 
loading  weak a c i d  res in  (WAR) microspheres  wi th  uranium.1' The reasons 
f o r  s e l e c t i n g  this p a r t i c l e  and the performance c r i te r ia  that  it must 
f u l f i l l  are expla ined  la te r  i n  t h e  r e p o r t  under "Performance Appl ica t ions ."  
P repa ra t ion  of t h e s e  p a r t i c l e s  begins  w i t h  the r e s i n  microspheres ,  which 
are a c r y l i c  a c i d  divinylbenzene copolymers. Microspheres of t h e s e  r e s i n s  
i n  t h e  Na+  form are upgraded by screening  and shape sepa ra t ing  t o  o b t a i n  
t h e  s i z e  f r a c t i o n  needed and t o  remove nonspher ica l  p a r t i c l e s .  
c a r e f u l l y  s i z e d  sphe res  are then  loaded by con tac t  wi th  a uranium s o l u t i o n .  
For f r e s h  f u e l ,  an ac id -de f i c i en t  s o l u t i o n  i s  obta ined  by r e a c t i o n  of 
HNO3 w i t h  Uos. For r e c y c l e  f u e l ,  t h e  flowsheet '  employed uses  u rany l  
n i t r a t e  s o l u t i o n  w i t h  an a c i d  de f i c i ency  produced by amine e x t r a c t i o n ,  
so  t h a t  r e a c t i o n  e q u i l i b r i a  are maintained as favorable  f o r  s u b s t i t u t i o n  
of uranyl  i o n s  f o r  hydrogen i o n  p a i r s  i n  t h e  r e s i n  material. By t h i s  
means t h e  resin spheres  are loaded t o  e s s e n t i a l l y  100% of capac i ty ,  
followed by washing and drying.  

bed t o  12OO0C t o  carbonize  t h e  r e s i n .  l 5  
the p a r t i c l e s  as UO2 very  f i n e l y  d ispersed  i n  g l a s s y  carbon. 
p a r t i c l e s  must b e  hea ted  s lowly dur ing  t h e  ca rbon iza t ion  cyc le  t o  r e t a i n  
s u f f i c i e n t  r e s i d u a l  carbon from t h e  r e s i n  t o  g i v e  good c o n t r o l  of d e n s i t y  
and p o r o s i t y  and t o  provide  s u f f i c i e n t  carbon f o r  the subsequent conver- 
s i o n  r eac t ion .  The carbonized p a r t i c l e s  are then  t r a n s f e r r e d  t o  another  
furnace  f o r  conversion i n  an  argon f l u i d i z e d  bed.' The r e s i d u a l  carbon 
der ived  from t h e  r e s i n  i s  more than  s u f f i c i e n t  f o r  complete r educ t ion  of 
t h e  uranium oxide  t o  carb ide ,  b u t  t h e  process  is con t ro l l ed  by hea t ing  
f o r  a l i m i t e d  t ime a t  in t e rmed ia t e  temperatures  t o  o b t a i n  only p a r t i a l  
conversion so  as t o  o b t a i n  t h e  b e s t  performance of t h e  r e s u l t i n g  ke rne l s .  
The cond i t ions  and rate of conversion i n  a f l u i d i z e d  bed furnace  are 
shown i n  Fig.  7. The conversion ope ra t ion  is  usua l ly  c a r r i e d  out  a t  
about 16OO0C; a t  t h i s  temperature  t h e  requi red  e x t e n t  of conversion is  
achieved i n  less than  1 h r .  The conversion s t e p  can produce ke rne l s  
having a c o n t r o l l e d  composition over  t h e  range from 1 5  t o  70% UC2,  wi th  
t h e  ba lance  of t h e  uranium as UO2.  The d e n s i t y  of converted ke rne l s  
ranges from 3 t o  3.5 g/cm3. 

The 

The d r i e d ,  loaded r e s i n  microspheres  are then  hea ted  i n  a f l u i d i z e d  
The uranium i s  then  p resen t  i n  

The 

I4P. A. Haas, BTQR Fuel DeveZopnent: Loading o f  Uranivm on CmboxyZic 
A c i d  Cation-Exchange Resins Using Solvent Extraction o f  Nitrate, 
ORNL-TM-4955 (September 1975).  

15R.  L. Bea t ty  and E. L. Long, Jr . ,  "Preparat ion and Performance of 
Coated P a r t i c l e  Nuclear Fuels  Having U.Cx.Oy Kernels," 12th Bienn. Conf. 
Carbon, Extended Abstracts and Program ( J u l y  28-August 1, 1975, P i t t s b u r g h ,  
Pennsylvania) .  Co-sponsored by t h e  American Carbon Soc ie ty  and t h e  
School of Engineer ing,  Un ive r s i ty  of P i t t sbu rgh ,  pp. 315-16. 

16D. R. Johnson, W. J .  Lackey, and J .  D. Sease,  The Ef fects  of 
Processing V a ~ a b  Zes on HTGR F u e l  Kernels Fabricated from Uranium-Loaded 
Cation-Exchange Resins, ORNL-TM-4989 (August 1975). 

8 

- *  I 



17 

0 1 2 3 4 5 6 7  
TIME (hr) 

Fig.  7. Fluid ized  Bed Conversion of Uranium-Loaded Weak-Acid 
Resin from Oxide t o  Carbide.  
UO:! + 3C + UC + 2CO. 
g of U.) 

(Assumed equi l ibr ium Pco f o r  r e a c t i o n  

ter Normalized t o  0.05 l i t e r / m i n  of sweep gas  
To convert  p re s su res  t o  pasca l s ,  mu l t ip ly  by 1.01 x 10  . 

Coating P repa ra t ion  

c 

The des ign  of coa t ings  f o r  p a r t i c l e s  w a s  shown previous ly  i n  
Fig.  4 .  
carbon s t r u c t u r e ,  whereas t h e  f i s s i l e  p a r t i c l e  h a s , a  more complicated 
coa t ing  conta in ing  a ba r r i e r - type  s i l i c o n  ca rb ide  l a y e r .  
must con ta in  t h e  f u e l  and t h e  gaseous f i s s i o n  products  throughout t h e  
exposure of t h e  f u e l  element. P a r t i c u l a r l y  i n  t h e  case of t h e  f i s s i l e  
p a r t i c l e s ,  t h e  coa t ings  must r e t a i n  those  f i s s i o n  products  t h a t  e a s i l y  
migra te  o r  d i f f u s e  through carbon coa t ings ,  such as cesium and s t ront ium. 
The carbon coa t ings  must f o r  t h i s  reason have h igh  d e n s i t y  and low 
permeabi l i ty ,  and must be  as nea r ly  i s o t r o p i c  i n  s t r u c t u r e  as p o s s i b l e  
t o  avoid f a i l u r e  by seve re  stresses induced by fas t -neut ron  damage. "9 
The S i c  l a y e r  must have high d e n s i t y  and b e  f r e e  of i nc lus ions  o r  
po ros i ty  t o  avoid permeation by f i s s i o n  products.  

The coa t ing  f o r  the f e r t i l e  p a r t i c l e s  is  a s imple two-layer 

These coa t ings  

~~~ 

"5. W. Prados and J. L.  S c o t t ,  "The Inf luence  of Pyrolytic-Carbon 

"J. L. Kaae, "A Mathematical Model f o r  Calcu la t ing  S t r e s s e s  i n  a 

Creep on Coated P a r t i c l e  Fuel  Performance," Nucz. AppZ. 3: 488-94 (1967). 

Four-Layer Carbon4i l icon-Carbide Coated Fuel  P a r t i c l e , "  J .  1vucz. Mater. 
32: 32>29 (1969). 
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The coa t ings  on t h e  p a r t i c l e s  are depos i ted  i n  a f l u i d i z e d  bed a t  
temperatures  ranging from 1100 up t o  1600°C. 
product ion ope ra t ions  range from 0.13 t o  0.23 m ( 5 4  i n . )  i n  diameter  
and w i l l  accommodate charges of from 3 t o  over  10 kg of ke rne l s .  l 9  
Much smaller labora tory- type  c o a t e r s  have been used f o r  research and 
development on t h e  depos i t i on  cond i t ions  and p r o p e r t i e s  of coa t ings .  
A f l u i d i z e d  bed, a s s o c i a t e d  gas  meter ing,  and off-gas t rea tment  system 
are shown i n  Fig.  8. 

ace ty l ene  a t  about  l l O O ° C ,  w i t h  a h igh  concen t r a t ion  of hydrocarbon used 
i n  t h e  f l u i d i z i n g  gas .20  
i s o t r o p i c  p y r o l y t i c  carbon) i s  usua l ly  depos i ted  a t  about 1300°C from 
a mixture  of propylene and ace ty l ene ,  o r  from propylene by i t s e l f  . 2 1  

The hydrocarbon is u s u a l l y  d i l u t e d  t o  some e x t e n t  wi th  an i n e r t  f l u i d i z i n g  
gas .  The in t e rmed ia t e  b a r r i e r  l a y e r  of S i c  may b e  deposi ted i n  t h e  
same opera t ion ,  w i t h  m e t h y l t r i c h l o r o s i l a n e  used as t h e  source  of t h e  
S ic .  This  ope ra t ion  i s  normally c a r r i e d  ou t  a t  about 1600°C.22 

t o  several c l a s s i f i c a t i o n  and c h a r a c t e r i z a t i o n  ope ra t ions  t o  q u a l i f y  
i t  f o r  f u r t h e r  u se  i n  i r r a d i a t i o n  t e s t i n g  o r  f u e l  element f a b r i c a t i o n .  
C l a s s i f i c a t i o n  ope ra t ions  involve  s e p a r a t i o n  of overs ized  o r  i r r e g u l a r  
p a r t i c l e s ,  followed by sampling t o  o b t a i n  specimens f o r  microradiography, 
f o r  meta l lographic  examination of s t r u c t u r e  and an i s t ropy ,  and f o r  t h e  
measurement of d e n s i t y  of t h e  va r ious  coa t ing  l a y e r s .  

F lu id i zed  beds f o r  p a r t i c l e  

The f i r s t  l a y e r  (low-density b u f f e r  coa t ing)  is  depos i ted  from 1 .  

The second l a y e r  of t h e  coa t ing  ( t h e  high-density 

A f t e r  t h e  coa t ing  ope ra t ion ,  t h e  ba tch  of p a r t i c l e s  is  sub jec t ed  

P a r t i c l e  Performance Experience 

Exce l l en t  performance of p a r t i c l e s  can b e  assured  i f  proper  a t t e n t i o n  
i s  g iven  t o  a l l  phases of des ign ,  q u a l i f i c a t i o n ,  and in spec t ion  be fo re  
i r r a d i a t i o n  of  t h e  f u e l s .  Exce l len t  performance has  been observed f o r  
t h e s e  types  of p a r t i c l e s  i n  numerous experiments,  inc luding  many accel- 
e r a t e d  tests i n  HFIR, ORR, and GETR capsu le s .23  Good experience has  

"W. 3. Lackey, W. H. Pechin,  and J. D. Sease,  "Measurement and 
Control  of Shape of Fuel  P a r t i c l e s  f o r  High-Temperature Gas-Cooled 
Reactors," Am. Cerm. Soc. B u z z .  54: 718-24 (1975). 

Carbon Coat ings f o r  Nuclear Fuel  P a r t i c l e s  ," Electrochem. TeehnoZ. 
5: 189-94 (1967). 

21R. L. Bea t ty ,  J. L. S c o t t ,  and D .  V. Kip l inger ,  Minimizing Thermal 
Ef fec ts  i n  Fluidized-Bed Deposition of Dense, Isotropic PyroZyt ic  Carbon, 
ORNL-4531 (Apr i l  1970).  

S i l i c o n  Carbide," J .  Am. Ceram. Soc. 51(8):  424-27 (1968). 

mance of LHTGR Fuel, GA-A13173 (October 1975).  

20H. Beut l e r ,  R. L. Bea t ty ,  and J. H. Coobs, "Low-Density Pyro ly t ic -  

22T. D. Gulden, "Deposit ion and Micros t ruc ture  of Vapor-Deposited 

23D.  P. Harmon and C. B. S c o t t ,  Development and Irradiation Perfor- 
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a l s o  been observed i n  so-cal led "real-time" t e s t i n g  i n  experimental  f u e l  
elements i n  the Peach Bottom and Dragon Reactors .  These test elements 
reached only  p a r t i a l  exposure be fo re  t h e  two test r e a c t o r s  were decom- 
missioned, so  f u r t h e r  "real-time" t e s t i n g  must a w a i t  s ta r t -up  of F o r t  
S t .  Vrain. 

b e  l i s t e d  as fo l lows:24  
The mechanisms by which coa t ings  on coated p a r t i c l e s  may f a i l  may 

1. 
2. 
3. 
4 .  
5. 
6 .  

The 
are 

p res su re  vessel f a i l u r e ,  
f a b r i c a t i o n  d e f e c t s ,  
radiation-induced stresses i n  t h e  coa t ings ,  
matrix-coating i n t e r a c t i o n ,  
f u e l  migra t ion  (so-called amoeba e f f e c t )  , and 
f i s s i o n  product i n t e r a c t i o n s  wi th  t h e  coa t ings ,  inc luding  chemical 
a t t a c k  and mechanical i n t e r a c t i o n .  
means by which t h e s e  f a i l u r e  mechanisms may b e  con t ro l l ed  and avoided 
explained i n  t h e  fol lowing paragraphs.  
1. F a i l u r e  by internal  p re s su res  may b e  avoided by c a r e f u l  a t t e n t i o n  

t o  t h e  design of t h e  coa t ings .  
f i s s i o n  gases ,  ox ida t ion  of carbon, and swel l ing  of t h e  f u e l  dur ing  
i r r a d i a t i o n ,  and such p res su re  bui ldup may be  avoided by s u i t a b l e  allow- 
ance of void volume w i t h i n  t h e  pressure- re ta in ing  l a y e r s  of t h e  coa t ings .  - 
This i s  normally accomplished by depos i t i on  of a f a i r l y  t h i c k  l a y e r  of 
low-density o r  buffer- type coa t ing  d i r e c t l y  on t h e  ke rne l .  For t h e  dense 
t h o r i a  microspheres used f o r  f e r t i l e  k e r n e l s ,  t h i s  i n i t i a l  l a y e r  is  about 
75 pm th i ck .  I n  t h e  case of t h e  f i s s i l e  p a r t i c l e s  t h e  low-density k e r n e l  
i t s e l f  is  q u i t e  porous so t h a t  a th inne r  low-density b u f f e r  coa t ing  may 
b e  used wi thout  a f f e c t i n g  t h e  performance of t h e  p a r t i c l e .  Buffer  
coa t ings  on WAR-derived p a r t i c l e s  may b e  30 t o  50 v m  th i ck .  

by c a r e f u l  a t t e n t i o n  t o  in spec t ion  and q u a l i t y  c o n t r o l  of t h e  coated 
ba tches .  Such d e f e c t s  as permeable coa t ings  o r  p a r t i a l l y  missing coa t ing  
l a y e r s  may contaminate the coated ba tches ,  and their frequency must b e  
minimized t o  achieve  success fu l  performance. 

3. Radiation-induced stresses i n  t h e  coa t ings  normally occur  
because of fast-neutron-induced d i s t o r t i o n s  of t h e  pyrocarbon coa t ings  
t h a t  may l e a d  t o  s i g n i f i c a n t  stress bui ldup i n  t h e  coa t ing  l a y e r s  and 
cause cracks t o  propagate  through the coa t ing .  This  phenomenon may b e  
avoided by c a r e f u l  a t t e n t i o n  t o  t h e  dens i ty  and an i s t ropy  of t h e  pyro- 
carbon l a y e r s .  The s t r u c t u r e  of t h e  pyrocarbon must be  as nea r ly  
i s o t r o p i c - a s  p o s s i b l e  t o  avoid f a i l u r e  due t o  f a s t  neutron damage. 

The i n t e r n a l  p re s su res  are der ived  from 

2. Fabr i ca t ion  d e f e c t s  as a f a i l u r e  mechanism must b e  con t ro l l ed  

2 5  

2 4 C .  L. Smith, FueZ Particle Behavior Under NomaZ and Transient 

25T. D. Gulden, J. L. S c o t t ,  and C .  Moreau, "Present Thorium-Cycle 

Conditions, GA-A12971 (October 1974). 

Concepts and Performance L imi t a t ions  ,'I Gas-CooZed Reactors: HTGR and 
GCLQR, GatZ<nburg, Tenn., M a y  7-10, 1974, CONF-740501, pp. 176-200. 



21 

4 .  F a i l u r e  of coa t ings  by i n t e r a c t i o n  w i t h  the m a t r i x  has a l s o  
been observed and may be con t ro l l ed  by c a r e f u l  a t t e n t i o n  t o  the coke 
conten t  and microporos i ty  of t h e  carbonized m a t r i x  and t o  t h e  s u r f a c e  
c h a r a c t e r i s t i c s  of t h e  o u t e r  coa t ings .  2 3  The coke material t h a t  is 
der ived  from t h e  p i t c h  i n  t h e  matrix w i l l  g e n e r a l l y  s h r i n k  seve re ly  
during i r r a d i a t i o n .  I f  the matrix has  very  l i t t l e  microporos i ty ,  i t  
may form a s t r o n g  bond t o  t h e  s u r f a c e  of t h e  o u t e r  coa t ing  l a y e r .  I n  
t h i s  case shr inkage  of t h e  matrix may i n i t i a t e  c racks  w i t h i n  t h e  o u t e r  
coa t ing  and even tua l ly  l ead  t o  complete f a i l u r e  of coa t ings .  This  
phenomenon may b e  avoided by c a r e f u l  c o n t r o l  of t h e  carboniz ing  
condi t ions  i n  f u e l  rod f a b r i c a t i o n  t o  produce a t  b e s t  30% microporos i ty  
i n  t h e  matrix o r  t o  reduce t h e  f r a c t i o n  of coke i n  t h e  matrix material. 
Heating t h e  f u e l  rods  i n  an  environment under which t h e  gaseous materials 
from t h e  matrix can escape r e a d i l y  w i l l  gene ra l ly  l ead  t o  lower f r a c t i o n s  
of coke i n  t h e  matrix. This  i s  d e s i r a b l e  t o  avoid i n t e r a c t i o n  wi th  
t h e  coa t ing ,  a l though such a matrix w i l l  have low d e n s i t y  and low thermal 
conduct iv i ty .  

5. Thermal migra t ion  of f u e l ,  o r  t h e  amoeba e f f e c t ,  has  been 
s tud ied  ex tens ive ly ,  and r e s u l t s  from many tests have been repor ted .  
The e a r l y  experiments showed t h a t  t h e  e f f e c t s  of f u e l  migra t ion  i n  
coated U 0 2  p a r t i c l e s  are r e l a t i v e l y  severe, and t h e s e  p a r t i c l e s  were 
t h e r e f o r e  given lower p r i o r i t y  f o r  u s e  as f i s s i l e  p a r t i c l e s .  
re la t ive s t a b i l i t y  of thorium oxide suggested t h a t  d i l u t i o n  of UO2 w i th  
t h o r i a  would s t a b i l i z e  t h e  oxide system. However, continued t e s t i n g  of 
mixed oxides  of var iuous  thorium-to-uranium r a t i o s  showed t h a t  t h e  
migra t ion  rate, al though reduced, w a s  s t i l l  h ighe r  than des i r ed .  This 
e f f e c t  is  i l l u s t r a t e d  i n  Fig.  9 .  The Tho2 ke rne l s  f o r  t h e  f e r t i l e  
p a r t i c l e s  and a l s o  t h e  UC2 p a r t i c l e s  t h a t  made up t h e  i n i t i a l  f i s s i l e  
loading f o r  such r e a c t o r s  have acceptab le  migra t ion  rates, as a l s o  shown 
i n  t h e  f i g u r e .  
type has  been observed i n  p a r t i a l l y  converted ke rne l s  der ived  from WAR. 
F i s s i l e  ke rne l s  of t h i s  t ype  gene ra l ly  react wi th  and consume t h e  b u f f e r  
l a y e r  of t h e  coa t ings ,  and a f t e r  i r r a d i a t i o n  are observed t o  b e  i n  con tac t  
wi th  t h e  inne r  carbon coa t ing  l a y e r .  However, t h e  d i r e c t i o n  of t h i s  
movement has  no r e l a t i o n  t o  t h e  thermal g rad ien t  w i t h i n  t h e  f u e l  rod. 

A n  important  f a i l u r e  mechanism w a s  discovered more r e c e n t l y  
during high-burnup t e s t i n g  of UC2 f iss i le  p a r t i c l e s .  This  involves  
f i s s i o n  product i n t e r a c t i o n  w i t h  t h e  coa t ing  l a y e r ;  t h e  phenomenon may 
t a k e  t h e  form of mechanical i n t e r a c t i o n  of f i s s i o n  products  wi th  a l l  
coa t ing  l a y e r s ,  o r  chemical a t t a c k  on t h e  S i c  l a y e r  by c e r t a i n  rare 

2 6 , 2 7  

The 

Of g r e a t  importance i s  t h e  f a c t  t h a t  no migra t ion  of t h i s  

6. 

26T.  B. Lindemer and R. L. Pearson, !l%ermaZ Migration for HTGR 

270. M. S t a n s f i e l d ,  C .  B. S c o t t ,  and J. Chin, "Kernel Migrat ion i n  

Fuels from the Th-U-0-C-N System, ORNLITM-5207 (Apr i l  1976).  

Coated Carbide Fuel  P a r t i c l e s , "  Nucz. TechnoZ. 25: 517 (1975). 

. 
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ORNL-OWG r 4 - 2 ~ 3  
TEMPERATURE ('C) 

5 6 7 8 9 
RECIPROCAL TEMPERATURE. 4041~ (OK) 

Fig .  9. Average Kernel  Migra t ion  C o e f f i c i e n t s  f o r  U C 2 ,  UO2,  and ThO2. 

e a r t h  f i s s i o n  products .  28*29 Rare e a r t h  f i s s i o n  products  - inc luding  
cerium, neodymium, praseodymium, and lanthanum - w e r e  concent ra ted  on 
t h e  cool  s i d e  of t h e  p a r t i c l e s  con ta in ing  UC2 k e r n e l s  t h a t  w e r e  
i r r a d i a t e d  i n  a temperature  g r a d i e n t ,  as shown i n  Fig.  10. The con- 
c e n t r a t i o n  of t h e s e  on t h e  i n n e r  s u r f a c e  of t h e  S i c  b a r r i e r  coa t ing  
l e d  t o  a t t a c k  and even complete p e n e t r a t i o n  of t h e  S i c  l a y e r .  I n  
o t h e r  cases, t h e  concen t r a t ion  of f i s s i o n  products  on t h e  coo l  s i d e  
produced d i s t o r t i o n  and mechanical stresses on t h e  coa t ings  t h a t  l e d  
t o  r u p t u r e  of a l l  coa t ing  l a y e r s .  An example of t h i s  is  shown f o r  t h e  
100%-converted W A R  p a r t i c l e s  i n  Fig.  11. 

A series of i r r a d i a t i o n  tests on va r ious  compositions of WAR p a r t i c l e s  
ranging from complete oxide t o  those  completely converted t o  ca rb ide  showed 
t h a t  i n t e rmed ia t e  compositions o r  compositions h igh  i n  oxide  d i d  n o t  show 
t h i s  type  of i n t e r a c t i o n  wi th  t h e  coa t ing ,  as i l l u s t r a t e d  i n  Fig.  11. This  
behavior  i s  c o n s i s t e n t  w i th  t h e  f a c t  t h a t  such coa t ing  i n t e r a c t i o n s  wi th  
f i s s i o n  products  w e r e  no t  observed i n  any case during high-burnup t e s t i n g  
of UO2 o r  mixed oxide p a r t i c l e s .  Apparently t h e  rare e a r t h  f i s s i o n  pro- 
duc t s  are s t a b i l i z e d  as oxides  so  t h a t  they are  found i n  conjunct ion  wi th  

28R. L. Bea t ty  and E. L. Long, Jr.,  "Prepara t ion  and Performance of 
Coated P a r t i c l e  Nuclear Fuels  Having U . C x . O ~  Kernels," 12th Bienn. Conf. 
Carbon, Extended Abstracts and Progrwn ( J u l y  2fkAugust 1, 1975, 
P i t t s b u r g h ,  Pennsylvania) . Co-sponsored by t h e  American Carbon Soc ie ty  
and t h e  School of Engineering, Un ive r s i ty  of P i t t s b u r g h ,  pp. 315-16. 

mance of LHTGR Fuel, GA-A13173 (October 1975).  
29D. P. Harmon and C.  B .  S c o t t ,  DeveZopment and Irradiation Perfor- 
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Fig. 10. Rare Earth F i s s i o n  Products Found on Cold S ide  of Triso- 
Coated Dense UC2 Kernel from RET-4. 
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Fig. 11. Relative Performance of W A R  Kernels Converted Within t h e  Range of UO2 t o  UC2.  
I r r a d i a t e d  i n  HRB-10. 
f l uence ,  4 . 3  t o  5.0 X 1021 n/cm2. 

Maximum design f u e l  temperature,  1500OC; burnup, 80% FIMA; f a s t  (>0.18 MeV) 
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u ran ia  i n  t h e  ke rne l  a f t e r  i r r a d i a t i o n .  A s tudy  of t h e  thermodynamic 
e q u i l i b r i a  i n  t h e  system during i r r a d i a t i o n  and a f t e r  exposure confirmed 
t h i s  behavior .  The r e s u l t s  of a series of c a l c u l a t i o n s  showed t h a t  
ke rne l s  having from 15 t o  70% ca rb ide  would have accep tab le  ptrformance. 
The r e s u l t s  of t h e  performance t e s t i n g  under i r r a d i a t i o n  are c o n s i s t e n t  

3 0  - w i t h  t h e s e  c a l c u l a t i o n s .  

ADVANCED HTGR APPLICATIONS 

Designs proposed f o r  advanced systems, such as the process  h e a t  o r  
d i rec t -cyc le  systems, '-' 
than  t h e  steam-cycle r e a c t o r  core .  Ind ica t ions  are t h a t  t h e  p re sen t  
r e fe rence  f u e l  f o r  t h e  steam-cycle system has  t h e  p o t e n t i a l  f o r  per for -  
mance a t  h ighe r  temperatures  and more extreme cond i t ions  than  are p resen t ly  
requi red .  This is  based on t h e  good performance of t h e  t h o r i a  and t h e  
WAR-derived p a r t i c l e s  i n  many experiments a t  temperatures  up t o  1500OC. 
The development of f u e l s  f o r  advanced systems then  should fo l low t h r e e  
s t e p s :  (1) The p resen t  f u e l  p a r t i c l e s  f o r  t h e  r e fe rence  steam-cycle 
system would b e  adopted and used f o r  modified elements designed f o r  
advanced r e a c t o r s .  (2) The r e fe rence  p a r t i c l e s  would b e  modified t o  
improve t h e i r  performance; such modi f ica t ions  would inc lude  add i t ions  
t o  t h e  ke rne l  t o  reduce f u e l  migra t ion  and s t a b i l i z e  f i s s i o n  products  
and modi f ica t ions  of coa t ing  des igns  t o  reduce th ickness  wh i l e  main- 
t a i n i n g  s t t e n g t h .  (3) The des ign  of t h e  f u e l  element could b e  modified 
so t h a t  new and more appropr i a t e  f a b r i c a t i o n  techniques could be  u t i l i z e d .  

performance. These tests w e r e  c a r r i e d  out  i n  t h r e e  instrumented capsules  
i n  HFIR, as p a r t  of t h e  series c a l l e d  t h e  HRB capsu le s .34 ,35  I n  capsules  
HRB-4 and -5, t h e  f u e l  rods  contained W A R  p a r t i c l e s  almost completely 

w i l l  r e q u i r e  h ighe r  average f u e l  temperatures  

Some pre l iminary  tests of extruded f u e l  rods  have shown very  good 

30F. J. Homan, E.  L. Long, Jr., R. L. Bea t ty ,  T. N. T iegs ,  and 
T. B. Lindemer, "Development of a Recycle Fuel  f o r  t h e  HTGR," paper t o  
b e  submit ted t o  Nuclear TechnoZogy. 

GA-A13158 (December 1974). 

GEM-14018 (September 1974). 

Reactor for Process Heat, A TechnicaZ and Economic Assessment, WANL-2445-1 
(September 1974). 

HFIR E x p e h e n t s  HRB-4 and -5, OW-5115 (June 1976). 

HFIR Experiment HRB-6, OWL-TM-5011 (December 1975).  

'General Atomic Company, High Temperature Nuclear Heat Source Study, 

32A. E. Kakretz,  P. M. Tschamper, The VHTR for Process Heat, 

3Westinghouse Astronuclear  Laboratory,  The Very High Temperature 

34F. J .  Homan ,e t  a l . ,  Irradiation Performance of HTGR Fuel Rods i n  

'F. J. Homan et  a l . ,  Irradiation Perfomance of HTGR FueZ Rods i n  



converted t o  UC2,  whereas i n  capsu le  HRB-6 t h e  extruded rod specimens 
contained mixed-oxide p a r t i c l e s .  Performance of t h e s e  f u e l  rods  w a s  
e x c e l l e n t ,  and the f i s s i l e  and f e r t i l e  p a r t i c l e s  i n  those  extruded rods 
performed b e t t e r  t han  p a r t i c l e s  from the s a m e  ba t ches  exposed i n  in t rus ion -  
bonded f u e l  rods  i n  t h e  same experiments.  I n  each case t h e  b e t t e r  
performance can b e  a t t r i b u t e d  d i r e c t l y  t o  t h e  h ighe r  conduct iv i ty  of 
t h e  extruded rods.  It is  evident  t h a t  f u r t h e r  development of extruded 
and molded f u e l  rods  would do much t o  enhance t h e  performance of t h e  
f u e l  p a r t i c l e s .  This  technique f o r  enhanced performance is  under 
f u r t h e r  development, and specimens are being t e s t e d  i n  HFIR experiments 
i n  c o l l a b o r a t i o n  wi th  LASL. 

could b e  obta ined  by modifying t h e  coa t ing  l a y e r s  of t h e  p a r t i c l e s  t o  
i n c l u d e  t h i c k e r  S i c  l a y e r s  o r  perhaps zirconium o r  s i l i c o n  mixed o r  
a l l o y e d  w i t h  t h e  dense pyrocarbon l a y e r .  
s t r e n g t h  and good i r r a d i a t i o n  r e s i s t a n c e ;  i n  p r i n c i p l e ,  then  one could 
have fewer coa t ing  l a y e r s  and a th inne r  o v e r a l l  coa t ing ,  and thereby 
i n c r e a s e  t h e  loading  of f u e l  i n  a f u e l  rod wi thout  i nc reas ing  t h e  volume 
f r a c t i o n  of coated p a r t i c l e s .  
and h igh-s t rength  coa t ings  has  been i n i t i a t e d  i n  va r ious  s m a l l  programs36 3 37 
and development w i l l  cont inue  as t h e  o b j e c t i v e s  of the advanced HTGR 
programs are more c l e a r l y  i d e n t i f i e d .  

i nc lude  a d i r e c t l y  cooled f u e l  rod w i t h i n  a coolan t  channel of t h e  
element. 
same o v e r a l l  s i z e  as t h e  p re sen t  g r a p h i t e  moderator block bu t  would have 
fewer holes .  The p r e f e r r e d  method f o r  f a b r i c a t i o n  i n  t h i s  i n s t a n c e  
would b e  by e x t r u s i o n  s i n c e  t h e  f u e l  rods would need t o  be  much longer  
and s t r o n g e r ,  and could b e  produced a t  a h igh  rate by t h i s  technique .33  

l a y e r  has  been demonstrated f o r  o t h e r  a p p l i c a t i o n s .  Such a f u e l  would 
i n  p r i n c i p l e  have much h igher  performance c a p a b i l i t y  than  t h e  s tandard  
steam-cycle f u e l .  

Other pre l iminary  experiments i n d i c a t e  t h a t  much b e t t e r  performance 

Such coa t ings  have much h igher  

Development and t e s t i n g  of such modified 

A l t e r n a t i v e l y ,  one could completely r edes ign  t h e  f u e l  elements t o  

I n  t h i s  case t h e  f u e l  element b lock  could be  e s s e n t i a l l y  t h e  

~ A coext rus ion  technique  f o r  prepar ing  such rods wi th  an i n e r t  s u r f a c e  

FUEL CYCLE DEVELOPMENT 

A s  prev ious ly  mentioned, t h e  most a t t ract ive f u e l  cyc le  f o r  t h e  
HTGR i s  t h e  Th-233U cycle .  
which s i g n i f i c a n t  development work has  been done. Therefore ,  t h i s  
s e c t i o n  of t h e  r e p o r t  w i l l  d e a l  p r imar i ly  wi th  developments of process  

Accordingly,  i t  is  t h e  only f u e l  cyc le  on 

36J. L. Kaae, "Microstructures  of Pyrolytic-Carbon/Silicon Carbide 
Mixtures Co-Deposited i n  a Bed of F lu id ized  P a r t i c l e s "  Carbon 13: 51-53 
(1975). 

37P. Wagner, C. M. Hollabaugh, and R. J. Bard, " Z r C ,  A Key Ing red ien t  
f o r  High Temperature Nuclear Fuels ,"  paper IAEA-SM-200/18 a t  I n t e r n a t i o n a l  
Symposium on Gas-Cooled Reactors  w i th  Emphasis on Advanced Systems, 
O c t .  1 3 1 7 ,  1976, JGl ich ,  West Germany ( t o  be  publ ished i n  Proceedings) .  
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technology and e u i  ment f o r  t h e  Th-233U f u e l  cyc le .  Concentrat ion 
i s  on U.S. work, "," bu t  s i g n i f i c a n t  work is  a l s o  being done by t h e  
Federa l  Republic of Germany, p a r t i c u l a r l y  i n  reprocess ing  and w a s t e  
t reatment  technology. 4 0  

Fue l  Cycle Operations 

Presented i n  Fig.  1 2  are t h e  p r i n c i p a l  ope ra t ions  and nuc lear  
material flow i n  the  Th-233U f u e l  cyc le  f o r  t h e  HTGR.4' 
t h e  f u e l  cyc le  a new r e a c t o r  is charged wi th  2 3 5 U  and thorium, p a r t  
of which w i l l  be  converted t o  233U by neut ron  capture .  
thorium t o  2 3 5 U  is about 10. 
whi le  t h e  thorium is  p resen t  i n  t h e  f e r t i l e  p a r t i c l e s .  
of t h e  planned burnup, which is  u s u a l l y  about 90% of the g35U p r e s e n t ,  
t h e  f u e l  is  discharged,  cooled f o r  r a d i o a c t i v e  decay up t o  six months, 
and then  shipped f o r  reprocess ing .  The va r ious  i so topes  and f i s s i o n  
products are sepa ra t ed  during reprocessing,  A s  previous ly  noted ,  t h e  
thorium goes t o  in t e r im  s t o r a g e  f o r  decay of t h e  228Th, t h e  2 3 5 U  may be 
r e t i r e d  o r  recyc led  through r e f a b r i c a t i o n ,  and t h e  2 3 3 U  is  s e n t  t o  t h e  
r e f a b r i c a t i o n  f a c i l i t y .  

t o  supply makeup f u e l ,  which is  a n t i c i p a t e d  t o  b e  i d e n t i c a l  f u e l  conta in ing  
235U.  However, makeup f u e l  can a l s o  b e  2 3 3 U  f r o n  another  r e a c t o r  o r  
poss ib ly  239Pu,  as h a s  been previous ly  noted.  

generated i n  HTGRs, and t h e  2 3 2 U  has  a r e l a t i v e l y  s h o r t  h a l f - l i f e ,  
decayin 
s t a b l e  'O'Pb. The most s i g n i f i c a n t  of t h e  in te rmedia tes  are 220Rn, which, 
being a gas ,  can be t r anspor t ed  through f i l t e r s ,  and 2 0 8 T 1  and 2 1 2 B i ,  
both of which e m i t  e n e r g e t i c  gammas. 
t hese  in te rmedia tes  must be  accommodated i n  t h e  r e f a b r i c a t i o n  f a c i l i t y ,  
s i n c e  i t  is  no t  p o s s i b l e  t o  s e p a r a t e  t h e  2 3 2 U  chemically from 233U.  
Although the decay cha in  can b e  broken by use  of an  i o n  exchange cleanup,  
the act ivi ty  does grow back s u f f i c i e n t l y  f a s t  that  sh i e lded  f a c i l i t i e s  
are requi red  f o r  r e f a b r i c a t i o n .  I n  reprocess ing  t h e  problems a s soc ia t ed  
wi th  2 3 2 U  decay product a c t i v i t y  are superceded by t h e  a c t i v i t y  of t h e  
f i s s i o n  products  t h a t  must be handled. 

I n  ope ra t ing  

The r a t i o  of 

U on completion 
The 2 3 5 U  is  contained i n  a f i s s i l e  p a r t i c l e ,  

Since t h e  conversion r a t i o  of HTGRs is  less than  1, i t  i s  necessary 

The Th-233U f u e l  cyc le  is  complicated by t h e  f a c t  t h a t  2 3 2 U  is  a l s o  

t o  228Th and, i n  a !series of shor t - l ived  in t e rmed ia t e s ,  t o  

The gamma a c t i v i t y  a s soc ia t ed  wi th  

38A. L. L o t t s  and P. R. Kasten, T h o r k ~  UtiZization Program Progr. 
Rep. Jan. 1, 1974, through June 30, 1975, OWL-5128. 

Rep. Feb. 29, 1976, GA-Al3833. 

Technology," Gas-Coo Zed Reactors:  HTGR and GCFBR, May 7-10, 1974, 
GatZinburg, Tenn., CONF-740501, pp. 268-87. 

(January 1976). 

General Atomic Company, Thorhm Utiz izat ion Program Quart. Progr .  

40E.  R. Merz, G. Kaiser, and E. Zimmer, "Progress i n  Th-233U Recycle 

41K. J. Notz, An Overvim of HTGR Fuel Recycle ,  ORNLITM-4747 
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Fig. 12. Operat ions and Materials Flows i n  the HTGR Th-233U Fuel  Cycle. 

Other ac t iv i t i e s  of key importance i n  the f u e l  cyc le  are sh ipping ,  
w a s t e  f i x a t i o n ,  and, f i n a l l y  w a s t e  i s o l a t i o n  i n  a r epos i to ry .  A f t e r  
f i x a t i o n  of t h e  w a s t e ,  t h e  problems i n  w a s t e  i s o l a t i o n  are very similar 
t o  those  encountered i n  t h e  f u e l  cyc le s  f o r  o t h e r  r e a c t o r s .  

Process  and F a c i l i t y  Requirements 

Although HTGRs have r e c e n t l y  experienced d i f f i c u l t y  i n  commercial 
acceptance,  any f u e l  cyc le  program must be  d i r e c t e d  toward so lv ing  t h e  
t echn ica l  problems a s soc ia t ed  w i t h  a commercial-size f u e l  r e c y c l e  
f a c i l i t y .  It appears  t h a t  t h e  advantages of scale can b e  r e a l i z e d  i n  
f a c i l i t i e s  having a range of capac i ty  from 20,000 f u e l  elements p e r  
year  t o  50,000 f u e l  elements p e r  y e a r ,  based on reprocess ing  load .  
F igure  1 3  summarizes t h e  p r i n c i p a l  f lows t o  and from such a c e n t r a l  
HTGR r e c y c l e  f a c i l i t y .  
needs f o r  approximately 20 GW(e) i n s t a l l e d  HTGR c a p a b i l i t y .  I n  F ig .  13 ,  
20,000 f u e l  elements p e r  yea r  are reprocessed and, inc luding  t h e  
assumption of once-through r e c y c l e  of 235U, 10,000 f u e l  elements p e r  
year  are r e f a b r i c a t e d .  Fur ther ,  as an a d d i t i o n a l  no te  on Fig.  13 ,  
f a c i l i t i e s  would need t o  be  provided f o r  conso l ida t ion  and i s o l a t i o n  
of t h e  va r ious  w a s t e  streams. 

Such a f a c i l i t y  could provide t h e  r e c y c l e  
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Fig. 13. 
Recycle F a c i l i t y .  

Nominal Annual Materials Flow f o r  a Cen t ra l  HTGR Fuel  

A more d e t a i l e d  schematic of the processes  requi red  f o r  a c e n t r a l  
HTGR f u e l  r e c y c l e  f a c i l i t y  is  given i n  Fig.  14 .  
schematic,  spent  f u e l  elements are removed from s t o r a g e  a t  t h e  f a c i l i t y  
and are first prepared f o r  burning by a crushing  ope ra t ion  (primary 
burning feed  p repa ra t ion ) .  Primary burning e l imina te s  most of t h e  
moderator and t h e  o u t e r  coa t ings  of p a r t i c l e s .  
f i e d  t o  s e p a r a t e  235U from t h e  thorium and 233U. P a r t i c l e s  having S i c  
coa t ings  and t o  b e  recyc led  are then crushed and burned i n  a secondary 
burner .  The uranium-thorium oxides  are then d isso lved  and processed by 
so lven t  ex t r ac t ion .  Large-scale ope ra t ions  are involved i n  t h e  repro- 
cess ing  flowsheet t o  handle t h e  off-gases and t h e  l i q u i d  and s o l i d  wastes. 

reprocessing s to rage ,  i t  is  decontaminated by i o n  exchange, i f  necessary,  
and t h e  s o l u t i o n  is  ad jus t ed  chemically f o r  loading onto ion  exchange 
r e s i n .  The loaded p a r t i c l e s  are carbonized,  converted t o  t h e  proper 
s to ich iometry ,  and then  coated wi th  va r ious  l a y e r s  of p y r o l y t i c  carbon 
and s i l i c o n  carb ide .  Following t h e  p a r t i c l e  coa t ing ,  t h e  f i s s i l e  
p a r t i c l e s  are combined wi th  coated f e r t i l e  p a r t i c l e s  prepared i n  o t h e r  
f a c i l i t i e s  and f e d  t o  t h e  f u e l  rod f a b r i c a t i o n  s t e p ,  where t h e  p a r t i c l e s  
are bonded toge the r  w i t h  a carbonaceous matrix. 
i n t o  a premachined g r a p h i t e  f u e l  block,  and t h e  complete assembly is  
then  cured i n  p l a c e  a t  h igh  temperature.  
r e f a b r i c a t i o n  f lowsheet  are involved wi th  s c r a p  t reatment  and w a s t e  
t reatment  f o r  off-gases ,  l i q u i d s ,  and s o l i d s .  

I n  t h e  reprocess ing  

P a r t i c l e s  are classi- 

In t h e  r e f a b r i c a t i o n  p a r t  of t h e  schematic,  233U is introduced from 

The f u e l  rods  are placed 

S u b s t a n t i a l  opera t ions  i n  t h e  



0 
cr) 



31 

. 

To i n d i c a t e  t h e  scale of t h e  u n i t  opera t ions  involved i n  t h e  
r ecyc le  f a c i l i t y  and t h e  number of components requi red  f o r  each u n i t  
opera t ion ,  Tables 6 through 8 g ive  t h e  u n i t  processing rate and t h e  
number of equipment items pe r  l i n e  of equipment f o r  reprocess ing ,  
r e f a b r i c a t i o n ,  and waste management ope ra t ions ,  r e spec t ive ly .  Equipment 
s i z e  l i m i t a t i o n s  are gene ra l ly  a t t r i b u t a b l e  t o  t h r e e  f a c t o r s :  
l i m i t a t i o n s ,  process  technology l i m i t a t i o n s ,  and r e l i a b i l i t y  cons idera t ions .  
I n  Tables 6 through 8, not  a l l  u n i t  opera t ions  are represented ,  bu t  t h e  
t a b l e s  do g ive  t h e  genera l  range of c a p a c i t i e s  f o r  t y p i c a l  major equip- 
ment. I n  Table 8, t h e  capac i ty  requi red  f o r  a r ecyc le  f a c i l i t y  repro- 
cess ing  20,000 f u e l  elements per  year  is given.  U n i t  p rocess ing  rates 
t h a t  are p o s s i b l e  are not  e s t ab l i shed  a t  t h i s  t ime; however, t h e  d a i l y  
u n i t  rates requi red  are judged t o  be w i t h i n  the  c a p a b i l i t i e s  of s i n g l e  
u n i t s .  

c r i t i c a l i t y  

Program Development Logic 

The Energy Research and Development Adminis t ra t ion is conducting 
a program i n  which t h e  o v e r a l l  o b j e c t i v e  is  t o  provide a technologica l  
base so  t h a t  commercial HTGR f u e l  r ecyc le  f a c i l i t i e s  can be  designed, 
b u i l t ,  l i censed ,  and operated wi th  an  acceptab le  private investment- 
r i s k .  The program i s  being c a r r i e d  out  under t h e  t echn ica l  l eade r sh ip  
of Oak Ridge Nat iona l  Laboratory wi th  major p a r t i c i p a t i o n  by General 
Atomic Company and Al l i ed  Chemical Corporation. The c u r r e n t  p lans  are 
t o  bu i ld  a government-supported demonstration p l a n t  as t h e  l as t  phase 
of t h e  program. Before design and cons t ruc t ion  of t h e  demonstration 
p l a n t ,  var ious  developments are being conducted and w i l l  be  conducted 
t o  ob ta in  t h e  necessary design information. The l o g i c  of t h e  program 
is  shown i n  Fig.  15.  I n  Fig.  15 ,  t h e  terms ho t  and cold r e f e r  t o  t h e  
absence o r  presence of s i g n i f i c a n t  amounts of r a d i o a c t i v i t y .  
o b j e c t i v e  of t h e  cold and h o t  l abora to ry  development is t o  prove process  
f e a s i b i l i t y .  The o b j e c t i v e  of cold and ho t  engineering development is  
t o  e s t a b l i s h  the  space envelope f o r  t h e  process  equipment and t o  a s su re  
process  f e a s i b i l i t y  a t  t h e  l a r g e r  scale. Cold pro to type  development 
e s t a b l i s h e s  i n - c e l l  equipment conf igu ra t ion ,  confirms process  f e a s i b i l i t y  
a t  f u l l  scale, and develops the  necessary opera t ing  and maintenance 
procedures f o r  s ta r t -up  of t h e  demonstration f a c i l i t y .  

Although t h e  foregoing is t h e  l o g i c  of t h e  conduct of t h e  program, 
no t  a l l  t h e  phases are appl ied  t o  each u n i t  opera t ion .  I n  some cases ,  
t h e r e  i s  s u f f i c i e n t  information t o  proceed d i r e c t l y  t o  t h e  l a r g e r  s c a l e  
development work. In  gene ra l ,  however, t h e  major t e c h n i c a l  areas of 
t h e  program- t h a t  is, reprocess ing ,  r e f a b r i c a t i o n ,  and waste t reatment  - 
are subjec ted  t o  t h e  d i s c i p l i n e  of t h e  program l o g i c .  

The 

S t a t u s  of Th-233U Fuel Cycle Development 

The s t a t u s  of t h e  development program w i l l  be summarized according 
t o  the  major func t iona l  areas: f u e l  handl ing,  reprocess ing ,  r e f a b r i c a t i o n ,  
and waste t reatment .  
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Table 6 .  P r i n c i p a l  Equipment Components Required 
i n  Reprocessing Operat ions 

Number Required 
Unit  Rate f o r  Each Capacitya 

' (Elements/Year) Component 

10,000 20,000 

Crushers 20,000 1 1 

. 
Primary burners  

Disso lvers  

5,000 

2,500 

2 

4 

4 

8 

Centr i fuges  5,000 2 4 

P a r t i c l e  Dryers 10,000 1 2 

Jet g r inde r s  10,000 1 2 

Secondary burners  10,000 1 2 

Solvent  e x t r a c t i o n  20,000 1 1 

Off-gas system 1 1 

Krypton Absorption Process  20,000 1 1 

a I n  number of spent  f u e l  elements processed per  year .  

Table  7. P r i n c i p a l  Equipment Components Required 
i n  Refab r i ca t ion  Operat ions 

~~~ ~~ ~ 

Number Required 
Capacity f o r  each Capacitya 
p e r  Day Component 

5,000 10,000 

Acid-deficient feed preparation 60 kg U 1 1 

Resin loader 20 kg U 2 4 

Resin dryer 16 kg U 2 4 

Resin Carbonizing furnace 10 kg U 3 6 

Pa r t i c l e  coating furnace 7 kg U 4 8 

Fuel rod molding equipment 40,000 rods 1 2 

Fuel element carbonizing furnace 16 f u e l  elements 2 4 

Quality control  system 1 1 

Par t i c l e  scrap recovery 10 kg U 1 2 

a I n  number of f u e l  elements produced. 
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Table 8. Capacities Required by Waste Treatment Operations 

Major Equipment Daily Capacity Required for 
20,000 Fuel Element/Year Facility 

~~ ~ ~~~ 

High-level waste calciner, m 3  (gal) 

High-level waste calcine to glass/ 0.85 (30) 

Intermediate-level waste calciner, 1.21 (320) 

Intermediate-level waste calcine 1.70 (60) 

Incinerator, m3 (gal) 0.568 (150) 
Solvent disposal, m3 (gal) 0.568 (150) 
Shredder, m3 (ft3) 11.33 (400)  

Filter compactor, number of filters 10 

0.606 (160) 

ceramic converter, m 3  (ft3) 

m3 (gal) 

to glass/ceramic converter, m3 (ft3) 

ORNL-DWG 76-3345 

HOT ENGINEERING 
DEVELOPMENT 

COLD AND HOT 
LABORATORY PROCEDURE 

DEVELOWENT- - 

DEVELOPMENT 

HRDF DESIGN AND OPERATION 
HRDF PRELIMINARY DESIGN CONSTRUCTION 

Fig. 15. Logic of Development Program Phases for the Design, 
Construction, and Operation of HRDF. 
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Fuel  Handling 

Fuel  handl ing encompasses shipping and s t o r a g e  of spent  and r e f a b r i -  
ca ted  f u e l  elements.  
p l a n t  s i n c e  t h e  p l a n t  must ope ra t e  on a sus t a ined  b a s i s .  

r e a c t o r  be fo re  shipment t o  t h e  r e c y c l e  p l a n t .  Because of long f u e l  
cool ing times and t h e  low power d e n s i t y  of HTGR co res ,  f u e l s  pose no 
severe problems of  f i s s i o n  product  decay h e a t  removal during shipment. 
The shipping casks  have been designed and cons t ruc ted  by General Atomic 
Company f o r  handl ing  f u l l y  i r r a d i a t e d  F o r t  S t .  Vrain HTGR f u e l .  

f a c i l i t y  t h a t  can: (1) handle  a low-level h e a t  l o a d ,  (2) r e t a i n  t h e  
i d e n t i t y  of i n d i v i d u a l  f u e l  elements, and (3) s t o r e  d i f f e r e n t  types of 
f u e l  elements f o r  purposes of campaigning t h e  f u e l  i n  ba tches .  The 
i d e n t i f i c a t i o n  of elements is  important  i n  t h e  f u e l  cyc le  - t h a t  i s ,  
t h e  type  of i s o t o p e s  contained i n  t h e  f u e l -  and i n  terms of ownership, 
s i n c e  several u t i l i t i e s  may be  sh ipping  f u e l  t o  a g iven  r ecyc le  p l a n t .  

Regarding r ece iv ing  and s t o r a g e  f a c i l i t i e s ,  a s m a l l  f a c i l i t y  of 
t h e  type  r equ i r ed  has  been b u i l t  a t  t h e  Idaho Chemical Processing P l a n t .  
It w i l l  handle  f u e l  from t h e  F o r t  S t .  Vrain HTGR and has  a s t o r a g e  v a u l t  
capac i ty  of about  2500 f u e l  elements.  A commercial-scale f a c i l i t y  might 
need a capac i ty  of 10,000 t o  20,000 f u e l  e lements ,  cover an  area of 
4000 t o  8000 m2 (1-2 acres), and provide a h e a t  dump capable  of absorbing 
4000 kW. 

A su rge  capac i ty  must be a v a i l a b l e  a t  t h e  r e c y c l e  

I n  gene ra l ,  HTGR f u e l s  w i l l  be  s t o r e d  f o r  up t o  s i x  months a t  t h e  

A t  t h e  r e c y c l e  f a c i l i t y  t h e  spen t  f u e l  w i l l  be  s t o r e d  i n  a sh ie lded  

Reprocessing 

The s t a t u s  of development of reprocess ing  technology f o r  HTGR f u e l s  
is  g iven  i n  Table 9 f o r  t h e  p r i n c i p a l  ope ra t ions .  A gene ra l  i n d i c a t i o n  
i s  g iven  of t h e  s t a t u s  of t h e  va r ious  ope ra t ions  wi th  r e fe rence  t o  t h e -  
p r i n c i p a l  program s t a g e s  presented  previous ly .  This  work42-44 has been 
done p r imar i ly  a t  General Atomic Company, ORNL, and by A l l i e d  Chemical 
Corporat ion a t  Idaho Nat iona l  Engineering Labora tor ies .  A s  can b e  seen  
i n  Table 9 ,  most of t h e  small-scale work i s  complete except i n  areas of 
off-gas t rea tment  and l i q u i d  w a s t e  t rea tment ,  where development work 
is  under way. Hot l a b o r a t o r y  work is  proceeding i n  areas where i t  is  
requi red ;  t h i s  work i s  on a very  s m a l l  scale t o  determine t h e  process  
e f f e c t s  on t h e  s m a l l  q u a n t i t i e s  0 f " i r r a d i a t e d  f u e l  t h a t  are a v a i l a b l e .  
The p r i n c i p a l  sou rce  of i r r a d i a t e d  f u e l  i s  t h e  Peach Bottom HTGR and 

'K. J. Notz , Selected Studies in HTGR Reprocessing Development, 
ORNL,/TM-5328 (March 1976). 

Fuels," Trans. Am. NucZ. Soc. 22: 336 (November 1975).  

Fuels, GA-A13279 (February 1975). 

43A. P.  Roeh and B. R. Wheeler, "Chemical Reprocessing of HTGR 

4 4 C .  A. Heath and M. E. Spaeth,  Reprocessing Development for HTGR 

. 

. 

.' I 



35 

Table 9. S t a t u s  of Reprocessing Development 

. 

Program Phasea 

Operation 
Demonstration Cold Hot Cold Hot 

Lab Lab Engr'g Engr'g Prototype 

Primary burner feed preparation C P C P P N 
Primary burning C P  C P P N 

Particle classification C P  C P P N 

Particle crushing C P  C P P N 

Secondary burning C P  C P P N 

Dissolution C P  C P P N 
Solvent extraction c -  P P N N 

Off-gas treatment P P  P P N . N  

a C = complete, P = progressing, N = needed, - = not required. 

capsule  tests. 
of t h e  f lowsheet  through d i s s o l u t i o n ,  and work i s  progress ing  i n  t h e  
o t h e r  areas. Curren t ly  under des ign  is  equipment f o r  h o t  engineer ing 
tests of t h e  p r i n c i p a l  opera t ions .  A f u t u r e  requirement i s  t o  commence 
an e f f o r t  r e l a t e d  t o  t h e  engineer ing tests of methods t o  be used f o r  
l i q u i d  waste t rea tment  and s o l i d  w a s t e  t reatment .  A t  t h e  General Atomic 
Company f u l l - s c a l e  equipment i s  now being i n s t a l l e d  f o r  commencing co ld  
pro to type  development work on a l l  p a r t s  of t h e  f lowsheet  through d isso-  
l u t i o n .  The las t  column i n  Table 9 denotes  t h e  need t o  conduct demon- 
s t r a t i o n  tests a p p l i c a b l e  t o  commercial-scale opera t ions .  A summary of 
t h e  s t a t u s  of processes  and equipment fol lows.  

The f eed  is  prepared by crushing 
i n  t h r e e  s t ages :  
blocks t o  p i eces  less than  4 . 8  mm (3/16 i n . )  i n  size. 
undes i r ab le  t o  have c rossover  of 235U t o  233U, and accord ingly ,  t h e  
appropr i a t e  p a r t i c l e s  must be  kept  s e p a r a t e ,  i t  is important  that coa t ing  
breakage dur ing  c rushing  and a l s o  during primary burning b e  kept  t o  a 
minimum. 
coa t ings  are broken during crushing.  

t h e  General Atomic Company has  opera ted  s u c c e s s f u l l y  a primary burner  
0.2 m i n  diameter.  
inc lude  unbalanced c o n t r o l  during s ta r t -up ,  formation of l o c a l i z e d  h o t  
s p o t s ,  d i f f i c u l t y  wi th  r e c y c l e  of carbon f i n e s  t h a t  are generated during 
combustion, and t h e  formation of c l i n k e r s .  Modif icat ions have been made 
i n  t h e  cold engineer ing  work and i n d i c a t e  t h a t  these problems can be 
con t ro l l ed  by proper  gas  d i s t r i b u t i o n  and dense-phase pneumatic r ecyc le  
of f i n e s .  
i n s t a l l e d  i n  p repa ra t ion  f o r  t h e  cold pro to type  work. 

Cold engineer ing work has been accomplished on a l l  p a r t s  

Primary Burner Feed Prepara t ion .  
two jaw c rushe r s  and a r o l l  crusher to reduce fuel 

Since i t  is  

T e s t s  t o  d a t e  i n d i c a t e  t h a t  only a few pe rcen t  of t h e  p a r t i c l e  

Primary Burning. Primary burning i s  done i n  a f l u i d i z e d  bed, and 

Some of t h e  problems t h a t  have been encountered 

A t  p re sen t  a 0.4-m-dim f l u i d i z e d  bed primary burner  is be ing  
Although 
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development work is  n o t  be ing  done on o t h e r  concepts ,  i t  i s  p o s s i b l e  t o  
develop several d i f f e r e n t  concepts of a l t e r n a t i v e  burning techniques,  
inc luding  a s h a f t  furnace  o r  a whole-block burner .  A s h a f t  furnace  
would burn crushed products  from t h e  f i r s t - s t a g e  j a w  c rusher ,  wh i l e  t h e  
whole-block burner  would bypass most c rush ing  s t e p s  and a l low d i r e c t  
i n t r o d u c t i o n  of whole spen t  f u e l  elements.  

g raph i t e ,  o u t e r  coa t ings  from Triso-coated f i s s i l e  p a r t i c l e s ,  and t h e  
e n t i r e  carbon coa t ing  from t h e  Biso-coated f e r t i l e  p a r t i c l e s .  These 
two types  of p a r t i c l e s  are sepa ra t ed  via  t h e i r  d e n s i t y  d i f f e r e n c e s .  The 
t h o r i a  k e r n e l s ,  which should su rv ive  primary burning i n t a c t ,  have a 
d e n s i t y  of about 10  g/m3, wh i l e  t h e  f i s s i l e  p a r t i c l e s  wi th  t h e i r  porous 
inne r  carbon l a y e r  and s i l i c o n  c a r b i d e  overcoa t ings  have a d e n s i t y  of 
about 3 g/cm3. G a s  e l u t r i a t i o n  has  been shown t o  be  ve ry  e f f e c t i v e  f o r  
s e p a r a t i o n  of t h e s e  p a r t i c l e s .  
and can b e  opera ted  wi th  c rossovers  of on ly  1% of t h e  f e r t i l e  p a r t i c l e s  
and 5% of t h e  f i s s i l e  p a r t i c l e s .  

p a r t i c l e s  may be  r e t i r e d  without  f u r t h e r  process ing .  However, o t h e r  
f u e l  p a r t i c l e s  w i th  s i l i c o n  ca rb ide  coa t ings  must be  f u r t h e r  processed 
through a s m a l l  r o l l  c rusher  o r  j e t  g r inde r  t o  break  t h e  s i l i c o n  ca rb ide  
coa t ings .  
a s i g n i f i c a n t  engineer ing  problem. 

secondary f l u i d i z e d  bed burner  t o  remove t h e  i n n e r  carbon coa t ings .  This 
burner ,  which is  0.2 m i n  d iameter ,  has  been s u c c e s s f u l l y  t e s t e d  i n  co ld  
engineer ing tests and w i l l  be  included i n  t h e  pro to type  tests. 

Disso lu t ion .  S ince  t h o r i a  resists d i s s o l u t i o n  i n  HNO3 un le s s  
ca ta lyzed  by f l u o r i d e  i o n ,  t h e  f e r t i l e  f u e l  p a r t i c l e s  are d i s so lved  i n  
Thorex r eagen t ,  which i s  concent ra ted  n i t r i c  a c i d  wi th  s m a l l  amounts of 
f l u o r i d e  and aluminum ion.  F i s s i l e  p a r t i c l e s  no t  conta in ing  thorium can  
b e  d isso lved  i n  n i t r i c  ac id .  I n  t h e  case of e i t h e r  type  of p a r t i c l e ,  t h e  
d i s s o l v e r  s o l u t i o n  i s  cen t r i fuged  t o  remove i n s o l u b l e  s o l i d s ,  such as 
s i l i c o n  ca rb ide  h u l l s ,  and t h e  r e s u l t a n t  l i q u o r  is  then ready f o r  so lven t  
extract ion. 

Solvent  Ex t rac t ion .  For p u r i f i c a t i o n  and sepa ra t ion  of t h e  products  
i n  the f e r t i l e -de r ived  l i q u o r  , which con ta ins  3U , thorium and f i s s i o n  
products ,  a modified a c i d  Thorex process  is  used. I n  t h e  modified a c i d  
Thorex process ,  t h e  h igh ly  a c i d i c  s o l u t i o n  from t h e  d i s s o l u t i o n  s t e p  is  
g iven  an  "acid adjustment" whereby most of t he  excess a c i d  i s  dr iven  o f f  
by hea t ing  o r  steam s t r i p p i n g .  The feed is then  taken through a series 
of l i qu id - l iqu id  e x t r a c t i o n s  i n  pulsed columns us ing  water-immersible 
s o l u t i o n s  of t r i b u t y l  phosphate (TBP) i n  n-dodecane (NDD). Although t h e  
Thorex process  has  been modified t o  accommodate t h e  p a r t i c u l a r  charac- 
ter is t ics  of the HTGR f u e l ,  i t  is not  expected t h a t  t h e  f u e l  w i l l  create 
any major problems i n  t h e  so lven t  e x t r a c t i o n  f lowsheet .  However, t h e  
equipment f o r  so lvent  e x t r a c t i o n  must b e  designed f o r  remote maintenance, 
and t h i s  w i l l  r e q u i r e  s i g n i f i c a n t  development dur ing  t h e  co ld  pro to type  
development phase.  

P a r t i c l e  C l a s s i f i c a t i o n .  Primary burning removes f u e l  element 

A zigzag column g ives  very  good e f f i c i e n c y  

P a r t i c l e  Crushing. A s  has  been previous ly  noted,  23 5U-bearing 

Both of t h e s e  work q u i t e  s a t i s f a c t o r i l y  and do not  p re sen t  

Secondary Burning. The crushed p a r t i c l e s  are then  burned i n  a 
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The Purex process  w i l l  b e  used f o r  t h e  f i s s i l e - d e r i v e d  Liquor, and 
t h i s  process  w i l l  b e  t h e  same as t h a t  used f o r  t h e  reprocess ing  of l i g h t -  
water r e a c t o r  f u e l s .  
t h e  much h igher  burnup (70 at .  % i n  t h e  f i s s i l e  p a r t i c l e s  compared wi th  
approximately 3 a t .  % burnup i n  LWR f u e l s )  w i l l  p r e sen t  a problem i n  t h e  
ope ra t ion  of t h e  process .  Hot engineer ing work is  requ i r ed  f o r  t h i s  
assessment.  

r a d i o a c t i v i t y  from a commercial r e c y c l e  p l a n t  t o  extremely low va lues .  
P a r t  of our  work is  aimed a t  determining what is  p o s s i b l e  wi th  r e s p e c t  t o  
decontamination f a c t o r s .  
a unique problem i n  comparison wi th  o t h e r  reprocess ing  f lowshee ts  i n  t h a t  
very l a r g e  volumes of C 0 2  must b e  processed t o  remove r a d i o a i t i v e  s p e c i e s ,  
and, i n  a d d i t i o n ,  it may be necessary t o  a l s o  conso l ida t e  and i s o l a t e  1 4 C .  
While t h e  major source  of off-gas is  t h e  primary burner ,  a l l  o t h e r  oper- 
a t i o n s  i n  t h e  process  c o n t r i b u t e  t o  t h e  off-gas stream. The o f f -  as 

and 3H, holdup of 220Rn t o  permit almost complete decay t o  s o l i d  products ,  
and concent ra t ion  of * 5Kr .  I od ine  w i l l  
probably b e  removed by s i lver  z e o l i t e ,  radon w i l l  b e  he ld  up on a molecular  
sieve, t r i t i a t e d  w a t e r  w i l l  be  taken ou t  wi th  a molecular sieve, and 
krypton w i l l  be  removed via  t h e  KALC (krypton absorp t ion  by l i q u i d  carbon 
dioxide)  process.  

provides  a b a s i s  f o r  s epa ra t ing  krypton from t h e  l i g h t  gases  ( 0 2 ,  N P ,  and 
C O ) ,  wh i l e  a subsequent f r a c t i o n a t i o n  s t e p  s e p a r a t e s  t h e  krypton from t h e  
l i q u i d  CO2 so lven t .  Cold engineer ing tests have demonstrated t h e  f e a s i -  
b i l i t y  of KALC opera t ions .  Addi t iona l  decontamination f o r  t r i t i a t e d  
water, i od ine ,  and p a r t i c u l a t e  m a t t e r  may be  p o s s i b l e  during t h e  va r ious  
scrubbing and f r a c t i o n a t i o n  s t e p s  involved i n  KALC. However, t h i s  
remains t o  be  proven i n  t h e  development program. 
be  removed by f i x a t i o n  i n  C a C 0 3 .  

The p r i n c i p a l  problem t o  b e  assessed  i s  whether 

Off-Gas Treatment. The program is  d i r e c t e d  a t  reducing releases of 

The HTGR f u e l  reprocess ing  f lowsheet  p re sen t s  

cleanup ope ra t ion  inc ludes  condensat ion of v o l a t i l e s ,  removal of H2g1 

It may inc lude  f i x a t i o n  of 1 4 C .  

The KALC process  u t i l i z e s  t h e  s o l u b i l i t y  of krypton i n  C o n .  This  

I f  necessary ,  1 4 C  would 

Ref a b r i c a t i o n  

The s t a t u s  of development f o r  r e f a b r i c a t i o n  technology f o r  HTGR f u e l s  
is  summarized i n  Table 10. Except f o r  processes  and equipment f o r  waste 
and sc rap  t rea tment ,  most of t h e  work is  i n  t h e  development phases of cold 
engineer ing and ho t  engineer ing tests. Actua l ly ,  ho t  engineer ing test 
equipment i s  i n  t h e  design phase; cold engineer ing equipment i s  a v a i l a b l e  
f o r  most of t h e  processes  involved. The s t a t u s  of development of va r ious  
p a r t s  of t h e  f lowsheet  fol lows.  

of p u r i f i e d  233U n i t r a t e  s o l u t i o n  from t h e  reprocess ing  f lowsheet .  
Decontamination by removing 232U decay products  may b e  requi red  so  t h a t  
t h e  age of decay products  t h a t  w i l l  b e  b u i l t  i n t o  the material dur ing  

4 5  

Uranium Feed Prepara t ion .  The process  starts wi th  t h e  in t roduc t ion  

45J. D. Sease,  R. A. Bradley, and E.  Z i m m e r ,  "Refabr ica t ion  Technology 
f o r  HTGR Fuels," Trans.  Am. Nuel. Soe. 22:  336-37 (November 1975).  
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Table 10. S t a t u s  of Re fab r i ca t ion  Development 

Operation 

Program Phasea 

Cold Hot Cold Hot 
Lab Lab Engr'g Engr'g P r ~ ~ ~ ~ y p e  Demonstration 

- - - Uranium feed preparat ion P N N 

Resin loading c c  P P N N 

Resin p a r t i c l e  carbonizat ion C - P P N N 

Resin conversion 

P a r t i c l e  coat ing 

Fuel rod f a b r i c a t i o n  

Fuel element assembly 
and treatment 

Sample inspect ion and 
q u a l i t y  assurance 

c -  P P N 

c -  C P 2 

c -  C P P 

c -  P - N 

c -  P P N N 

Waste and scrap t reatment  P -  P P N N 

aC = complete, P = progressing,  N = needed, - = not  required.  

r e f a b r i c a t i o n  i s  known p r e c i s e l y .  Resul t s  of t h e  ho t  engineer ing tests, 
p a r t i c u l a r l y  on t h e  nondes t ruc t ive  test methods t o  be  developed f o r  
a c c o u n t a b i l i t y ,  w i l l  i n d i c a t e  whether o r  no t  t h i s  ques t ion  i s  a c t u a l l y  
requi red  i n  a demonstrat ion p l a n t .  I f  i t  is  requi red ,  t h e  technology 
f o r  decontamination by i o n  exchange i s  w e l l  known. 

Although t h e r e  are many methods f o r  p repa ra t ion  of 
HTGR f u e l  k e r n e l s ,  t h e  r e fe rence  f lowsheet  f o r  f i s s i l e  ke rne l s  i s  based 
on loading uranium onto i o n  exchange r e s i n  spheres .  An inhe ren t  advantage 
of t h e  r e s i n  process  f o r  f a b r i c a t i o n  is  t h a t  t h e  r e s i n  is  suppl ied  i n  
t h e  form of microspheres;  t h e r e f o r e ,  a remote sphere-forming ope ra t ion  
i s  n o t  r equ i r ed .  I n  t h e  process ,  ac id -de f i c i en t  uranyl  n i t r a t e  is  
prepared by removal of n i t r a t e  by so lven t  e x t r a c t i o n ,  and t h e  s o l u t i o n  
is  then  pumped t o  a loading  column t o  con tac t  t h e  r e s i n .  The loaded 
r e s i n  is then  d r i e d  a t  about  l l O ° C .  Engineering-scale r e s i n  loading 
equipment capable  of loading  20 kg U/day i s  i n  r o u t i n e  opera t ion .  

Resin Loading. 

-~ 

Resin P a r t i c l e  Carbonizat ion.  The  loaded and d r i e d  r e s i n  ke rne l s  
are c l a s s i f i e d ,  and nonspher ica l  shapes are removed. The microspheres 
are then  carbonized i n  t h e  range from 800 t o  1200°C. This  ope ra t ion  is 
p r e s e n t l y  be ing  c a r r i e d  ou t  s u c c e s s f u l l y  i n  co ld  engineer ing equipment. 

Resin Conversion. For t h e  requi red  performance of t h e  f u e l ,  i t  i s  
d e s i r a b l e  t o  produce a con t ro l l ed  mixture  of uraniun oxide  and uranium 
ca rb ide  i n  t h e  microsphere.  
t o  1800°C using a con t ro l l ed  atmosphere t o  produce t h e  des i r ed  s t o i c h i o -  
metry,  which i s  a mixture  of UO2 and UC2 (p lus  some carbon).  Another 
advantage of t h e  r e s i n  process  is  t h a t  i t  l eads  d i r e c t l y  t o  such a 
mixture ,  w i th  t h e  exact s to ich iometry  a d j u s t a b l e  as des i r ed .  The 
conversion ope ra t ions  are a c t u a l l y  c a r r i e d  out  i n  t h e  same furnaces  
used f o r  coa t ing .  
i n  an engineer ing-scale  0.13-m-diam coa t ing  furnace .  
f a c i l i t y  a 0.25-m system i s  requ i r ed ,  and a co ld  pro to type  u n i t  f o r  
th is  development i s  being designed. 

This  conversion ope ra t ion  i s  done a t  1600 

The opera t ions  have been c a r r i e d  out  s u c c e s s f u l l y  
For a commercial 
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P a r t i c l e  Coating. Af t e r  conversion,  t h e  va r ious  coa t ing  l a y e r s  
are appl ied .  
i s o t r o p i c  coa t ing  l a y e r  a t  13OO0C, s i l i c o n  ca rb ide  coa t ing  l a y e r  a t  
16OO0C, and an o u t e r  low-temperature i s o t r o p i c  coa t ing  l a y e r  appl ied  a t  
1300°C. After t h e  coa t ing  ope ra t ions ,  t h e  material i s  c l a s s i f i e d ,  and 
coa t ing  ba tches  are blended and consol ida ted .  

remote app l i ca t ion .  
t h a t  must b e  handled, p r e c i s e  c o n t r o l  over t h e  number of process  parameters 
i s  requi red  and f requent  r o u t i n e  maintenance must be c a r r i e d  ou t  on t h e  
coa te r  i n t e r n a l s  because of t h e  bui ldup of soo t  and o t h e r  depos i t s .  The 
wastes produced during coa t ing  inc lude  hydrogen, HC1,  and a q u a n t i t y  of 
carbonaceous s o l i d  w a s t e  g r e a t e r  i n  volume than t h e  coa t ing  product .  
Coater e f f l u e n t  i s  handled by scrubbing systems us ing  perchloroe thylene  
f o r  t h e  carbon coa t ing  e f f l u e n t  and sodium hydroxide f o r  t h e  s i l i c o n  
carb ide  ' coa t ing  e f f l u e n t ,  which conta ins  hydrochlor ic  ac id .  A s  previous ly  
noted,  A 0.13-m coa t ing  furnace  has been operated s u c c e s s f u l l y ,  producing 
s a t i s f a c t o r y  product ,  and a 0.25-m furnace  i s  under design.  

Fuel  Rod Fabr i ca t ion .  I n  f u e l  rod f a b r i c a t i o n  and subsequent s t e p s ,  
coated microspheres are being handled, and, t h e r e f o r e ,  t h e  contamination 
l e v e l  should be very  low. However, because of t h e  unce r t a in ty  of cumu- 
la t ive  e f f e c t s  and upset  condi t ions  t h a t  may occur  dur ing  a 20-year p l a n t  
l i f e t i m e ,  w e  have determined t h a t  t h e  equipment should be  designed f o r  
remote maintenance. I n  t h e  f u e l  rod f a b r i c a t i o n  process ,  a preformed 
ma t r ix  s l u g  composed of a mixture  of g r a p h i t e  f l o u r  and petroleum p i t c h  
i s  i n j e c t e d  i n t o  a d i e  holding a bed of blended f i s s i l e  and f e r t i l e  
p a r t i c l e s .  
cooled and t h e  s o l i d  f u e l  rod i s  e j e c t e d .  
c a t i n g  4000 rods pe r  day has  been s u c c e s s f u l l y  demonstrated,  and a 
f u l l y  p r o t o t y p i c  machine f o r  remote ope ra t ion  i s  c u r r e n t l y  be ing  designed. 

These l a y e r s  inc lude  t h e  b u f f e r  and t h e  i n n e r  low-temperature 

The coa t ing  ope ra t ion  i s  one of t h e  more complex problems f o r  
Because t h e  equipment produces undes i r ab le  e f f l u e n t s  

The i n j e c t i o n  occurs  a t  18OoC, a f t e r  which t h e  molds are 
A device  capable  of f a b r i -  

Fuel  Element Assembly and Treatment. I n  f u e l  element assembly 
molded f u e l  rods  are placed i n t o  machined ho le s  i n  a g r a p h i t e  block.  
The block conta in ing  t h e  rods  and a l s o  end caps i s  heated t o  1800°C t o  
cure  t h e  matr ix .  Af t e r  cu r ing ,  t h e  element is  cleaned and packaged f o r  
shipment. 

For r e f a b r i c a t i o n ,  the p r i n c i p a l  problem concerns development of 
the furnace  t o  heat the l a r g e  f u e l  element t o  1800°C. 
r equ i r ed  t o  heat and cool  t h e  f u e l  element d i c t a t e s  t h a t  some type  of 
continuous furnace  b e  employed. We have s e l e c t e d  a ver t ical  furnace  
conf igu ra t ion  f o r  remote a p p l i c a t i o n ,  p r imar i ly  because of t h e  smaller 
f l o o r  space requirements and t h e  relative ease of ver t ical  assembly 
and disassembly. 
day and having dimensions of about 1.8 by 1.8 by 7.6 m high ( 6  by 6 by 
25 f t )  has  been designed. 
v e r t i c a l l y  s tacked u n i t .  
are cont inuously passed down through t h e  furnace.  
vided a t  each end t o  p r o t e c t  t h e  furnace  i n e r t  atmosphere during loading  
and unloading. 
engineer ing work. I f  t h e  cold engineer ing work is  success fu l ,  t h e  
furnace w i l l  then  be modified t o  accomplish t h e  o b j e c t i v e s  of t h e  cold 
pro to type  development, which r e q u i r e s  t h a t  more of t h e  remote f e a t u r e s  
be  included.  

Cycle time 

A furnace  capable  of producing 16  f u e l  elements pe r  

The furnace  is  designed as a three-module, 
The f u e l  elements are loaded a t  t h e  top and 

A i r  locks  are pro- 

This  furnace ,  a f t e r  cons t ruc t ion ,  w i l l  be  used f o r  co ld  
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Sample Inspec t ion  and Qual i ty  Assurance. The sample in spec t ion  
and q u a l i t y  assurance ope ra t ions  i n  t h e  r e f a b r i c a t i o n  f lowsheet  are 
very s i g n i f i c a n t  i n  terms of the  t o t a l  number of opera t ions  and t h e  
i n t e r a c t i o n  of t h e  ope ra t ions  w i t h  t h e  v a r i o u s  processes .  
ope ra t ions  and q u a l i t y  c o n t r o l  requirements f o r  t h e  f a b r i c a t i o n  of 
r ecyc le  HTGR f u e l  are given i n  Fig.  16. 
of t h e  ana lyses  can be done semiremotely behind s h i e l d  th icknesses  
equiva len t  t o  50 t o  100 mm (2-4 i n . )  of l ead .  Techniques f o r  most of 
t h e s e  in spec t ions  have been developed, and t h e  a p p l i c a t i o n  of any one 
of t h e s e  ana lyses  t o  r e f a b r i c a t i o n  does no t  appear  formidable .  
major problem is  t h e  i n t e g r a t i o n  of t h e  va r ious  ana lyses  i n t o  a n  
e f f i c i e n t  i n spec t ion  l i n e .  This  i n t e g r a t i o n  relies heav i ly  upon 
development of e f f i c i e n t  sampling and sample t r a n s f e r  techniques.  
Devices f o r  sampling and t r a n s f e r  of unencapsuled microspheres are 
being developed. Also, pneumatic t r a n s f e r  of capsules  conta in ing  
samples has  a l s o  been developed i n  cold engineer ing  opera t ions .  

The processing 

It i s  a n t i c i p a t e d  t h a t  most 

The 
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- Was 3 and Scrap Treatment. Waste and sc rap  t rea tment  w i l l  have a 
l a r g e  impact on des ign  of a conunercial r e c y c l e  f a c i l i t y  because of the 
l a r g e  volume of such materials. Because of t h e  rejects a n t i c i p a t e d ,  
f o r  every kilogram of uranium l eav ing  t h e  p l a n t  i n  a f u e l  element,  
approximately 0.4 kg U must be  processed as scrap .  The reject  rates are 
generously es t imated  t o  y i e l d  a conserva t ive  p l a n t  des ign;  hopefu l ly ,  
t h e  rates w i l l  be  somewhat less i n  a c t u a l  ope ra t ions .  I n  t h e  w a s t e  
and scrap  system, scrubbers ,  c rushe r s ,  burners ,  and l eache r s  w i l l  be  
employed t o  handle  coated p a r t i c l e s ,  green f u e l  s t i c k s ,  excess m a t r i x  
material, carbonaceous furnace  p a r t s ,  and o t h e r  carbon d e b r i s ,  pyrophoric  
f u e l  p a r t i c l e s ,  and contaminated perchloroe thylene  ( C 2 C 1 4 ) .  Other 
systems - t r e a t i n g  l i q u i d  wastes, nonburnable contaminated wastes, and 
off-gases  - are common t o  o t h e r  r ecyc le  p l a n t  systems d iscussed  elsewhere. 
I n  t h e  perchloroe thylene  recovery system, i t  is a n t i c i p a t e d  t h a t  t h e  
C 2 C l 4  t h a t  i s  used i n  t r e a t i n g  off-gases from t h e  ca rbon iza t ion ,  coa t ing ,  
and element ca rbon iza t ion  furnaces  w i l l  be  recovered by d i s t i l l a t i o n  and 
t h a t  t h e  s t i l l  bottoms w i l l  be  inc ine ra t ed .  For sc rap  recovery,  i t  is  
planned t h a t  reject f i s s i l e  material w i l l  b e  crushed, burned, leached 
wi th  HNo3 and r e tu rned  t o  t h e  reprocessing f lowsheet  as u rany l  n i t r a t e  
so lu t ion .  Development work i n  w a s t e  and sc rap  t rea tment  i s  c u r r e n t l y  
proceeding i n  t h e  cold l ab roa to ry  phase of development, and equipment 
i s  being designed f o r  cold engineer ing and h o t  engineer ing test work. 

Waste Treatment 

Although p a r t  of t h e  waste t rea tment  w a s  discussed under t h e  tech-. 
n i c a l  areas of reprocess ing  and r e f a b r i c a t i o n ,  po r t ions  of  t h e  requi red  
w a s t e  conso l ida t ion  and i s o l a t i o n  technology w e r e  not  covered. Table 11 
summarizes t h e  s t a t u s  of development f o r  t h e  conso l ida t ion  of wastes and 
f o r  t h e i r  i s o l a t i o n  f o r  permanent s to rage .  
a p p l i c a t i o n s  work is  progress ing  only i n  t h e  areas of labora tory-sca le  
work. The s t r a t e g y  of t h e  HTGR Fuel  Recycle Development Program is t o  
accomplish those  developments t h a t  are necessary because of t h e  p a r t i c u l a r  
requirements of t h e  HTGR r e c y c l e  f lowsheet  over  those  r equ i r ed  f o r  LWR 
fuel recycle and w a s t e  handling. Therefore ,  t h e  ERDA Waste Management 
Program inc ludes  developments, no t  summarized he re ,  t h a t  can be u t i l i z e d  
t o  f u l f i l l  t h e  requirements  of cold engineer ing,  h o t  engineer ing ,  and 
cold pro to type  work. 
program phases i s  no t  complete. 

m e n t ~ , ~ ~  and L in  has summarized HTGR f u e l  reprocess ing  w a s t e s  and the 
requi red  t rea tments .  47 The requirements are presented  g raph ica l ly  i n  

A s  can be  seen ,  f o r  HTGR 

Our assessment of t h e  requi red  work i n  those  

Pence r e c e n t l y  publ ished a survey of HTGR w a s t e  t reatment  requi re -  

I 6D.  T. Pence, HTGR Reprocessing Wastes and DeveZopment Needs, 
GA-A13919 (Apr i l  1976). 

i n  HTGR Fuel Repmcessing, ORNL/TM-5096 (January 1976).  
47K. H. Lin,  G%macteristics of Radioactive Waste S trems  Generated 
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Table 11. S t a t u s  of Development f o r  Waste 
Consol idat ion and I s o l a t i o n  

Program Phasea 

Operation 
Cold Hot Cold Hot Cold Demonstration Lab Lab Engr'g Engr'g Prototype 

High-Level Wastes 

Liquid solidification P P N N N 
Off-gas consolidation P P N N N 

Spent equipment P P 

Solvents and aqueous P P N N N 

Solids packaging P P N 

Incineration and recovery P P N N N 

Packaging N N - 

Intermediate-Level Wastes 
- N - 

L+ - - 

Low-Level Wastes 

- N 

N 

N 

N 

N 

N 

N 

N 
a P = progressing, N = needed, - = not required. 

i n  Fig.  17 .  
f lowsheet ,  and his summary is  presented  i n  F ig .  18 and Table 12 .  

d i f f e r e n t  from LWR f u e l  r ecyc le  w a s t e s ,  and thus  can be  processed and 
i s o l a t e d  s i m i l a r l y .  
wi th  LWR w a s t e s  i nc lude  s i l i c o n  ca rb ide  h u l l s ,  r e t i r e d  2 3 5 U  f i s s i l e  
p a r t i c l e s ,  f l u o r i d e  i n  t h e  so lven t  e x t r a c t i o n  w a s t e ,  and I 4 C  t h a t  i s  
g r e a t l y  d i l u t e d  by l a r g e  q u a n t i t i e s  of C 0 2 .  

A l s o ,  Judd4' has  summarized the wastes from the r e f a b r i c a t i o n  

A s  previous ly  noted,  some HTGR r e c y c l e  wastes are not  s i g n i f i c a n t l y  

HTGR r ecyc le  w a s t e s  t h a t  are unique and no t  encountered 

CONCLUSIONS 

Several f u e l s  and f u e l  element des igns  have been proven f o r  u se  i n  
HTGRs t h a t  provide o u t l e t  temperatures  of approximately 74OOC (of i n t e r e s t  
f o r  t h e  steam cyc le ) .  
performance and f u e l  c y c l e  economics, t h e  resin-der ived f i s s i l e  UO2-UC2 
ke rne l  and t h e  so l -ge l  der ived  f e r t i l e  ke rne l s  (Th02) have been s e l e c t e d  
as optimum f o r  t h e  steam cyc le  HTGR. With modi f ica t ions  of f u e l  element 
design,  they  o f f e r  e x c e l l e n t  p rospec t s  f o r  provid ing  h ighe r  temperatures  
of i n t e r e s t  i n  advanced HTGR systems. 

I n  the United S t a t e s ,  from t h e  s t andpo in t s  of 

.. 

. 

II 

I 

4 8 M .  S.  Judd, R. A .  Bradley, and A .  R. Olsen, f i a r a e t e ~ s t i c s  of 
Effluents from a High-Temperature Gas-Coo Zed Reactor Fue 1 Re fabrication 
Plant, ORNL-TM-5059 (December 1975).  
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Fig.  17 .  Overall Schematic Flow Diagram f o r  HTGR Fuel  Reprocessing 
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ORNL-DWG 1.5-9762R 

IO y 1 ,  12 H N 0 3  14 HN03 16 H20 

1 I 1 1 
BURNABLE NONBURNABLE 

CONTAMINATED 
CZC’, 

RECLAMATION 
SYSTEM WASTE TREATMENT 

* J I J  J IJJ 
Y 

REPROCESSING REPROCESSING RETRIEVABLE 
 PLANT^ STORAGE’ 

q%i SYSTEMS , I[ OFF-GAS 1 C E y  

CLEANUP SYSTEM 

ATMOSPHERE‘ 
STACK’ 

EFFLUENT STREAMS 
I U R A N Y L  NITRATE 
2 URANYL NITRATE 
3 SOLI0 WASTES 
4 HEAT, H20 

5 TREATED OFF-GAS 

Fig.  18. R e f a b r i c a t i o n  P l a n t  C e n t r a l  E f f l u e n t  Treatment System. 

Table 12 .  E f f l u e n t s  from Scrap Recovery 
p e r  Kilogram of Uranium Product 

i 

Eff luent  Sources from 

Treatment System s t ream Description 
2’3U Recycle 2’5u Recycle 

1 Waste hea t .  Btu 1.004 X 10’ 1.004 x 10’ Cooling systems 

2 CO2. s c f  ( s t d  l i t e r s )  43.03 (1226) 43.03 (1226) Off-gas cleanup system 

J 1.058 x 108 1.058 x 100 

P a r t i c u l a t e s .  kg 
U 1.64 x io-’ 1.64 x io-’ 
Sol ids  4.7 x io-’ 6.7 x lo-’ 

3 P a r t i c u l a t e s ,  kg Off-gas cleanup system 

U 1.64 x lo-’ 1.64 x lo-’ 

Sol ids  4.7 x io-’ 4.7 x io-’ 
4 “‘Rn. c i a  12.0 0 Off-gas cleanup system 

W2. s c f  ( s t d  l i t e r s )  ?4 (2100) 74 (2100) 

HIO. scf  ( s t d  l i t e r s )  2.4 ( 6 8 )  2.4 (68) 

P a r t i c u l a t e s ,  kg 

u 3.8 x io-’ 3.8 x io-’ 
Sol ids  7.0 x lo-’ 7.0 x lo-* 

5 ”‘Rn. c i a  12.0 0 Off-gas cleanup system 

NOz. s c f  ( s t d  l i t e r s )  0.026 (0.73) 0.026 (0.73) 

6 S i c ,  kg 0.23 0.23 Nonburnable contaminated 
waste treatment Entrapped U. kg 3.8 x 10-~ 3.8 x io-s 

H.0. kg 0.023 0.023 

7 Waste h e a t ,  BCU 
J 

1.42 X 10‘ 
1.50 x 10’ 

3.2 x 10’ 
3.4 x 106 

Cooling systems 

8 C&. sc f  ( s t d  l i t e r s )  0.24 (6.7) 0 .054  (1.54) Off-gas cleanup system 

9 C.‘4/. s c f  ( s td  l i t e r s )  0.081 (2.3) 0.0186 (0.53) CZC19  Reclamation system 

CZClr. s c f  ( s t d  l i t e r s )  0.0045 (0.13) 0.0010 (0.028) 

Reprocessing 0. kg 0.38 0.38 Solvent ex t rac t ion  

Reprocessing U, kg 0.031 0.031 Head-end 
p l a n t  

p lan t  
Th, kg 0.37 0.066 

ameverage re lease .  



45 

HTGRs can e f f e c t i v e l y  u t i l i z e  t h e  low-enrichment f u e l  cyc le ,  t h e  
Th-233U f u e l  cyc le ,  o r  plutonium i n  e i t h e r  cyc le .  
the most a t t ract ive economically un le s s  f a s t  b reede r s  cannot u t i l i z e  a l l  
plutonium produced by LWRs . 
program i s  under way, and most of t h e  process  equipment development i s  
proceeding s u c c e s s f u l l y  through t h e  s t a g e s  of co ld  engineer ing and proto- 
t y p i c a l  equipment development; des ign  of equipment f o r  h o t  engineer ing 
tests is  commencing. 

The Th-233U cyc le  is  

A comprehensive Th-2 3U f u e l  cyc le  development 
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