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REFABRICATION TECHN0Ix)GY FOR THE THORIUM-URANIUM-233 FUEL CYCLF 

A. L. Lotts and D. A. D o u g l a s ,  Jr. 

ABSTRACT 

9b achieve low power costs, various reactor systems tha t  
would use the thorium-uranium-233 fue l  cycle depend t o  a great 
extent upon the cost of fue l  cycle operations. 
fabrication of fuel is  a major contributor t o  the cost of any 
f i e 1  cycle, economical techniques of refabricating f u e l  must be 
developed. This paper discusses the factors which should be 
considered i n  the refabrication of bred fue l  and describes the 
approach of the Oak Ridge National Laboratory toward solution of 
the problems encountered. This i s  followed by a discussion of 
the types and features of fabrication plants tha t  should be 
employed fo r  various recycle schemes and isotopes. Methods of 
minimizing refabrication cost are included i n  an analysis of 
refabrication technology for two types of fue l  elements, t ha t  
f o r  high-temperature gas-cooled reactors and tha t  fo r  the 
Spectral Shift  Control Reactor (SSCR). The ORNL refabrication 
program and the Thorium-Uranium Recycle Fac i l i ty  (TURF), which 
i s  t o  be used f o r  pilot-scale demonstration of refabrication 
technology, are described. The paper i s  concluded by an 
analysis of the effect  of production rate and isotopic content 
of fue l  on refabrication cost. 

Since the 
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Various reactor systems tha t  would use the thorium-uranium-233 
cycle are under development because of t h e i r  potential  f o r  achieving 
low power costs and high fue l  ut i l izat ion.  

power costs depends t o  a great extent upon the economics, and consequently 

the technology, involved i n  the recycle of fuel from such reactors. 
Technical development i s  required f o r  shipping, chemical processing, f ie1  
preparation, and refabrication of bred fuel. 

cating fuel is a major contributor t o  the cost of any f u e l  cycle, it is  

essent ia l  that we consider the technology and economics of refabricating 

fuel elements of various reactor systems. 

The achievement of low 

Since the cost of fabri- 

There is  l i t t l e  experience tha t  can be used i n  the solutioniof the 

technical problems which ex is t  in the  refabrication of fuel. 
ment, a t  the present time, of the refabrication technology f o r  the' 

Th-23%J f u e l  cycle must be considered very preliminary fo r  several reasons. 

A n  assess- 

Current fuel element designs are based principally on processes optimized 
fo r  ini t ia l  and, therefore, contact fabrication. This could lead t o  
erroneous conclusions since heavy penalties might be applied to f i e 1  

element costs because certain contact steps used conventionally become 

extremely awkward and expensive when they are automated and performed 
under conditions imposed by recycle fuel. On the other hand, i f  we assume 

a design and a fabrication technique t o  be suitable for' refabrication, 
we may err  i n  estimating the extent t o  which a process can be extrapolated 
from meager data t o  a large-scale refabrication plant. 

experience w i t h  recycle f u e l  and none with certain types of fuel elements. 

There i s  no relevant eqer ience with large plant processing or  the 

economies to be realized i n  large plants fabricating fue l  elements f o r  

power reactors. 

There i s  l i t t l e  

Because of the uncertainties t ha t  currently shadow the technology 

and economics of refabricating f'uel, it is  necessary t h a t  development 

programs be carried aut t o  gain an understanding of the technology and t o  

seek me$bda for  eventual econamicalutl l ization of recycle f'uel in power 
1 

. 



3 . 
reactor systems. This necessity has led various investigators'-' 

and ourselves t o  programs f o r  detailed evaluation of the technical and 

economic f eas ib i l i t y  of refabrication. 

a number of factors which must be considered i f  one is t o  refabricate 
bred fue l  and sha l l  suggest methods of attacking problems encountered in 
refabrication technology. 

I n  t h i s  paper, we sha l l  present 

We sha l l  discuss our plans fo r  pilot-scale 

demonstration of the refabrication of two types of fue l  elements. 
paper w i l l  be concluded by an analysis of the effect  of production ra te  

and i6OtOpiC content of f u e l  on refabrication cost. 

The 

PROBLEMS IN FUEL REFABRICATJON 

Refabrication economics are influenced by a number of major factors 

which are readily recognized. 
design, the process used for  fabrication, the isotopic content of the 

fuel, and the refabrication plant and equipment design greatly affect  
fabrication costs. 

Among those factors are the fue l  element 

Effect of Fuel Isotopic Content and Recycle 

Scheme on Fabrication Plant Design 

For any proposed fabrication plant, one has the problem of selecting 

for the given isotope the type o r  mode of fabrication tha t  is  t o  be 

employed in the fabrication of e i ther  first cycle or recycle fuel. 
poss ib i l i t i es  are contact, hooded, glove box, semiremote, or remote 

operation. 
operations are those in which the operator has, direct  contact w i t h  the 

material. (2) Hooded operations are those which are contained i n  

ventilated enclosures that are not h e r m e t i c a y  sealed. (3) Glove box 
operations are those requiring hermetic sealink of the equipment. 

( 4 )  Semiremote operations are those requiring light shielding. ( 5 )  Remote 

operations are those requiring heavy shielding and to t a l ly  remote operation. 

The type and q m t i t y  of the isotope in the f u e l  and the quantity of the 

fue l  being processed dictate  the type of operation t o  'be selected. 

The 

We have chosen t o  define these terms as  follows: (1) Contact 
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Several recycle systems can often be used. For example, i n  the 

High-Temperature Gas-Cooled Reactor (EITCR) one may choose not t o  recycle 
the thorium, but t o  recycle only the 235. 
element design, one then has the choice of using e i ther  homogeneous 
(U-Th) C p  part ic les  or discrete par t ic les  of UC2 and ThCp.  

particles,  a l l  of the material must be handled i n  the refabrication plant, 

but when the discrete par t ic les  are used the par t ic les  containing virgin 
thorium can be prepared i n  a hooded operation. The other a l ternat ive i s  

t o  recycle the thorium and the 235. 
other fue l  element designs where it i s  feasible t o  mechanically/ separate 

23%J and thorium during some of the fabrication steps. 

With t h i s  par t icular  fue l  

With (U-Th) Cp 

Similar poss ib i l i t i es  a r i se  i n  

In  the fue l  cycle of interest ,  !l!h-23%, the mode of fabrication 

depends upon the 232U concentration of the fuel, i t s  age, and whether 

virgin or  recycle thorium, which contains 228”h, i s  being used. 
amount of fue l  being processed, i t s  concentration, and i t s  proximity t o  

the operator is also important. 

concentration on the type of f a c i l i t y  which should be employed i n  the 

fabrication of HTGR f u e l  and Spectral Shift Control Reactor (SSCR) fuel. 

The 

We have analyzed the effect  of 232U 

I n  the analysis f o r  the SSCR fuel, we used the flowsheet shown i n  

Fig. 1. 
(U-Th)O2 i n  an 8-in.-square array. 

i n  diameter and clad with 0.025-in.-wall Zircaloy-2 tubing. The fue l  
element i s  designed f o r  mechanical assembly. 
open cage assembly in to  which the fuel rods are simply in seded j  no 

welding o r  brazing of the structure after load- of f’uel rods i s  

required. 

of fabrication, the fuel element fabrication f a c i l i t y  was divided into 

three zones. 

Zone 1. 

The SSCR f ie1  element has approximately 200 f u e l  rods containing 

Each f i e 1  rod is  approximately 0.4-in. 

The basic structure i s  an 
I 

To perform the shielding calculations and determine the mode 

Bulk oxide is received *om the  fuel reconstitution f a c i l i t y  

and prepared for loading i n  the fue l  rods. 
/ Zone 2. 

Zone 3. 

Fuel rods are  loaded, end capped, and inspected. 

Fuel rods are autoclaved, placed into the preassembled 

fue l  element framework, and inspected. 
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Fig. 1. Flowsheet for Fabrication of SSCR Fuel Elements. 
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Typical material flow ra tes  fo r  fabrication of the SSCR f u e l  element are  
shown in Table 1. 

cause of the  necessity of storing f ie1  rods containing different  enrichments 

f o r  loading in to  a single f u e l  element. 
sham i n  Fig. 2 in the analysis for the  HTGR fue l  element. 

has a diameter of 4 1/2-in. and has ten equally spaced 3/4-in.-diam holes 
in the cross section between the outside diameter and the 3/4-in. inside 

diameter. These holes are f i l l e d  with fue l  bodies consisting of an 
aggregate of coated f u e l  par t ic les  held tQgether by a graphite matrix. 

It i s  notable that material holdup in Zone 3 1 6  h i@ be- 

We used the fue l  element design 
The element 

The f u e l  element is  20 f t  in overal l  length and has two ident ica l  

subassemblies, each having an active f u e l  length of 7 1/2 ft. 
assemblies can be fabricated separately, can be attached t o  e i the r  a 

re f lec tor  assembly, or  a fission-product t r ap  assembly, and can be joined 

by the central  coupling t o  form a complete fuel element. The flowsheet 

used is shown i n  Fig. 3. 

and ThC2 and par t ic les  of (U-Th)Cz. 
element, the f a c i l i t y  was divided into three zones. 

The f u e l  

We considered both discrete  par t ic les  of UCz 

For fabrication of the HTGR f u e l  

Zone 1. The oxide microspheres are received from the fuel 

reconstitution f a c i l i t y  and converted t o  carbide and inspected. 

Zone 2. The f u e l  par t ic les  are  coated with pyrolytic carbon and 

inspected. 

Zone 3. Compacts are prepared, inspected, and loaded in to  the 
graphite sleeves. Finally, two fue l  segments are assembled together with 

end pieces, inspected, and shipped t o  the -reactor s i te .  
Ty-pical material flowrates f o r  (U-Th)Cz par t ic les  are shown i n  

Table 2 j  those f o r  UC2 par t ic les  i n  Table 3. 

"he following assumptions were made in  calculating the shielding 

requirements f o r  a l l  of the plants. 

1. The time between solvent extraction and receipt  of material at  
the f u e l  element fabrication plant is  five days, 

2. A major cleanup of the equipment and enclosures i s  performed 

after five working days. 

3. 
1 ft  t o  the enclosure w a l l ,  

No substant ia l  quantity of the material I s  located closer than 

. 
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Table 1. SSCR Material Location, Quantity, and Age in Fabrication Plant 

Plant Capacity (kg heavy metal/day) 
60 230 930 3700 

-~ ~ - ~- - 

Zone 1 
(1) In-process material at a 20 20 50 . 175 

given time, kg 

from sol-gel plant, hr 

ment, kg 

received from sol-gel plant, 
days 

(2) Time since material received 3 3 3 3 

(3) Material held up in equip- 3 3 3 3 

( 4 )  Time since hold-up material. 5 5 5 5 

Zone 2 
(1) In-process material at a a 64 173 340 

time, kg 
(2) !Mme since material received 8 8 8 8 

from sol-gel plant, hr 

ment, kg 

received f r o m  sol-gel plant, 
days 

(3) Material held up in equip- 3 3 3 3 

( 4 )  'pime since hold-up material 5 5 5 5 

Zone 3 
(1) In-process material at a 475 475 900 1325 

given time, kg 

from sol-gel plant, days 

element, kg 

(2) Time since material received 12 4 2 1 

(3) Hold-up material in any 3 3 3 3 

( 4 )  Time since hold-up material 10 8 8 
received from sol-gel plant, 
days 

, 
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Table 2. Material Location, Quantity, and Age 
in  Fabrication Plant Processing ( U-Th) C2 

Plant Capacity (kg heavy metal/day) 
60 230 930 3700 

Zone 1 

Zone 2 

Zone 3 

In-process material a t  a 
given time, kg 
Time since in-process 
material received from 
sol-gel plant, hr 

Material held up in equip- 
ment, kg 
Time since hold-up material 
received from sol-gel plant, 
d W S  

In-process material a t  a 
given time, kg 

Time since in-process 
material received from sol- 
gel  plant, hr 

Material held up i n  equip- 
ment, kg 
Time since hold-up material 
received f r o m  sol-gel plant, 
dWs 

In-process material a t  a 
given time, kg 

22 

16 

3 

5.7 

20 

26 

3 

6 

15 

Time since in-process material 1.7 
received from sol-gel plant, 
days 
Hold-up material i n  any 3 
element, kg 

Time since hold-up material 6.7 
received from sol-gel plant,  
dW8 

88 

16 

3 

5.7 

80 

26 
I 

3 

6 

352 

16 

3 

5.7 

320 

26 

3 

6 

U08 

16 

3 

5.7 

I280 

26 

3 

6 

30 

1.3 

3 

6.4 

60 

1.3 

3 

6.3 

60 

1.2 

3 

6.3 

. 
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Table 3. IITCR Material Location, Quantity, and Age 

i n  Fabrication Plant Processing UC2 and ThC2 

Plant Capacity (kg heavy metal/day) 
60 230 930 3700 

Zone 1 ( U C ~  only) 
(1) In-process material a t  a 3 

(2) Time since in-process 16 
given time, kg 

material received from sol- 
ge l  plant, h r  

ment, kg 

received from sol-gel plantp 
days 

(3) Material held up in equip- 3 

5.7 (4) ‘Time since hold-up material 

Zone 2 ( U C ~  only) 
(1) In-process material a t  a 3 

(2) Time since in-process 26 
given time, kg 

material received from sol- 
gel  plant, h r  

ment, kg 

(4) Time since hold-up material 
received from sol-gel plant, 

(3) Material held up in equip- 3 

6 

d w s  

4 16 

16 16 

3 3 

,5.7 5.7 

6 24 

26 26 

3 3 

6 6 

64 

16 

3 

5.7 

96 

26 

. 3  

6 

Zone 3 ( U C ~  + ~hc2) 
(1) In-process material a t  a 15 30 60 60 

given time, kg 

material received from sol- 
ge l  plant, days 

element, kg 

material received from sol- 
ge l  plant, days 

(2) Time since in-process 1.7 1.3 1.3 1.2 

(3) Hold-up material in any 3 3 3 3 

” (4) Time since hold-up 6.7 6.4 6.3 6.2 

. 



4 .  The amount of material retained in the equipment (on the w a l l s ,  

i n  crevices, etc.) during processing i s  3 kg, but the material is  releaeed 

and continued i n  the process a t  five-day cleanup intervals. 
5. !&e plant 

internal  redection 

Sh i e  lding was 
ranging from 10 t o  

these calculations 

processes ll@ of the quantity shipped t o  allow f o r  
of product not meeting specifications. 

calculated fo r  plants having dai ly  processing capacities- 

3700 kg of heavy metal per day. 

are  summarized i n  Table 4. Unless otherwise indicated, 

Typical resu l t s  of 

the resu l t s  are f o r  combinations of virgin thorium and 23%J. A s  can be 

observed i n  the table, we have used approximately 3.5 in. of steel a s  a 

pract ical  l i m i t  fo r  semiremote fabrication because of the d i f f i cu l ty  of 
working through a greater distance with glove hands o r  tongs. Also, 

radiation from sources requiring greater than 3.5 in. of s t e e l  would 

prohibit, or  a t  least greatly inhibit ,  contact maintenance of equipment. 

In a l l  of the results,  the shielding i s  calculated t o  l i m i t  body exposure 
t o  1 mr/hr. The data in Table 4 show the l i m i t  of semiremote fabrication 

f o r  SSCR fue l  t o  be approximately 5 ppm 232U i n  heavy metal, tha t  f o r  

ID[y3R f u e l  containing (U-Th)C2 part ic les  2 t o  5 ppm depending upon the 

plant capacity, and tha t  fo r  discrete par t ic les  of UC2 + ThC2 only 1 ppm. 

It i s  notable tha t  the discrete par t ic les  of UC2 required greater 

shielding than (U-Th) C2 part ic les  because they are  not diluted w i t h  

thorium during the conversion and coating operations. 
In  f u e l  cycles where a l l  the h e 1  is  recycled, it is  probable tha t  

the concentration of 232U w i l l  exceed 5 ppm i n  heavy metal. 

conclude from our analyses tha t  a remote plant i s  required f o r  refabrica- 
W e ,  therefore, 

t ion of such fuel. 
This conclusion raises  two serious questions: (1) How does one 

approach a satisfactory technical and economical solution t o  the  

problem of remotely fabricating fue l  elements? (2) What are the cost 
penalties t ha t  one could expect f o r  fabrication under such rigorous 

conditions? To answer these questions, it is  appropriate t ha t  we 

consider the requirements and features of a remote fuel refabrication 

plant operating a t  a significant production rate. 

. 
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Table 4. Shielding Requirements i n  Plants fo r  Fabrication of 23%-Bearing Fuels 

SSCR Fuel HTCR Fuel - ( u - & ) c ~  Particlesb 

(PP) 230 930 3700 230 930 3700 230 930 3700 

HTGR Fuel - U C ~  + ~ h c 2  ParticlesC 
Plant Capacity (kg heavy metal per operating day) 2 3 2 ~  a 

1 

2 
5 
10 
20 
50 
100 
500 
1000 
U-Dld 

0.8 
1.7 
2.8 

12.2 
15.0 
18.9 
21.7 
28.4 
31.2 
36.0 

1.2 
2.1 
3.3 

u. 8 
16.7 
20.6 
23.5 
30.3 
33.9 
38.5 

1.4 
2.3 
3.5 

U.8 
17.8 
21.8 
24.8 
31.8 
34.8 
40.0 

Semiremote Fabrication ( in. steel)  

1.2 1.9 2.0 2.8 
2.0 2.7 2.9 
3.1 

Remote Fabrication in. concrete) 

13.2 
16.0 
19.6 
22.4 
28.8 
31.6 
36.0 

12.8 
15.6 . 

18.5 
22.2 
25.0 

31.6 
34.4 
39.0 

12.3 
13.9 15:9 
17.0 18.7 
20.0 21.4 
24.1 25.1 
27.2 27.9 
34.3 34.3 
37.4 37.0 
42.5 41.5 

2.8 .3.2 

12.3 
15.9 
18.7 
21.4 
25.1 
27.9 
34.3 
37.0 
41.5 

u. 5 
17.2 
20.0 
22.8 
26.5 
29.3 
35.8 
38.6 
43.0 

% a r t s  per million in heavy metal ( U r n ) .  

bEach par t ic le  containFng a mixture of 23%J and virgin thorium. 

‘ 2 3 3 ~ ~ 2  process alone in parts of the process. 

%-re cyc l e  thorium- a s smpt  ion s . 



Requirements and Features of the 

Remote Fuel Element Production Plant 

!Che plant should incorporate automatic processing equipment 
insofar as practicable fo r  several reasons. 

processing has reached a value a t  which it i s  economical t o  invest i n  
cap i ta l  plant and minimize operating manpower expense. (2) The 

(1) The r a t e  of un i t  

requirement f o r  remote processing makes manual control of processing 

equipment extremely d i f f icu l t .  ( 3) Reproducibility and qual i ty  control 

are  better assured by automatic systems. 

The plant must provide substantial  shielding frm gamma irradiat ion 

depending on the isotopes being fabricated. 

ing i s  not an important point since, i f  it is assumed tha t  the process 

w i U .  proceed automatically, msniplat ion w i l l  not be used f o r  normal 
operations. 

The actual  amount of shield- 

"he plant must of fe r  suitable containment f o r  the isotopes be% 

fabricated. Generally, fuel refabrication operations can be divided in to  
two categories according t o  the degree of contamination of the  environ- 

ment which can be expected from them: 
includes operations i n  which the fuel material is  not completely contained 

(1) contaminated fabrication tha t  

i n  cladding; and (2) clean fabrication 
the material is  contained. These two categories of operation require two 
different  types of shielded work areas. 
fabrication must be hermetically sealed and ventilated for control of 

par t iculate  contamination.. !he probability of spreading par t iculate  

contamination during clean fabrication operations i s  minimal; therefore, 
adequate vent i la t ion for cooling of the  equipment and f o r  a contingent 

contamination incident must be provided, but no other precautions are 

necessary. 

t ha t  includes operations in which 

Toe work area f o r  contaminated 

These categoSies of refabrication allow two general methods of 

equipment maintenance. 

would require completely remote maintenance, unless the  work area could 

be decontaminated t o  an extent t ha t  protected personnel could enter  the 

area. 

The e q u i p n t  used i n  contaminated fabrication 

The most likely possibility f o r  repair of equipment components 56 
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tha t  the components w i l l  be decontaminated and removed t o  a gloved 

maintenance area. 

equipment in a clean fabrication c e l l  a f t e r  remuval of gamma-radiation 
sources. 

Personnel can enter the c e l l  and di rec t ly  maintain 

Need f o r  Processing Equipment Simplicity 

It i s  desirable that  a l l  processes for  fabrication of nuclear / 

fuels  be simple. 

simple processes of equipment are not-only desired, but mandatory, for  
several reasons. 

magnified when tha t  operation is  done remotely. 

fabrication operations, many of which are performed by hand i n  conven- 

t i ona l  nuclear f a c i l i t i e s ,  are inherently d i f f i cu l t  i n  remote f ac i l i t i e s .  

(3) Repair of equipment in remote f a c i l i t i e s  i s  extremely d i f f icu l t .  

In the case of remote fabrication of fue l  elements, 

(1) The complexity of any operation tends t o  be 

(2) The performance of 

Requirements f o r  Simplicity in Fuel Element Design, 

The design of fue l  elements should be such tha t  (1) the nunher of 
remote operations required is  an absolu$e minimum and (2) the operations 

required are  reasonably straightforward and easi ly  accomplished. 

f u e l  element designs should be optimized for  min imum f i e 1  fabrication 

costs. 

which must be handled per kilogram of fue l  usually effects  economies i n  
f u e l  fabrication operations. 

Also, 

For example, the reduction of the number of pieces of hardware 

SEIEC!I?ION OF SsMpLlFlED PROCESSES 
AND OPmMuM FUEL lixnmNT DESIGNS 

Now tha t  certain requirements have been s e t  forth for  refabrication 

plants, we can discuss some approaches t o  the objectives of simplification 

and minimal Cost. 
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Importance of Fuel Flement Design 

The fue l  element design w i l l ,  of course, determine the process and 

the degree of inspection which is required f o r  the fue l  elements. 
designer must carefully consider the need f o r  cer ta in  specifications a s  

w e l l  a s  the geometry of the fue l  element. Two f u e l  elements’ as examples 

w i l l  i l l u s t r a t e  this point; the SSCR fue l  element designed by the Babcock 
and Wilcox Company and the advanced IEPCR element by General Atomic.” 

The 

The SSCFi f u e l  element was  designed for  vibratory compaction and f o r  

mechanical assembly of the fue l  rods in to  a fue l  bundle. 

assembly scheme consists of pushing loaded fue l  rods in to  a prepositioned 

and assembled l a t t i c e  which has been constructed outside the Fuel fabrica- 

t ion  plant. 

i n  the manufacture of a brazed fue l  element assembly. 

The f u e l  element 

This i s  a significant improvement over the operations involved 

I n  any rod-bundle design, there are a number of parameters which 

greatly affect  C O S t j  such as, type of fue l  material, fue l  diameter, fue l  
length, fue ldens i ty ,  type cladding, clad thickness, k d  number of fue l  

rods i n  an assembly.1° Figure 4 i l l u s t r a t e s  the  resu l t s  of independent 

variation of some of these parameters over an extensive range. 

curves r eh te  t o  an advanced PWR-type fue l  element of rod-bundle design 

fueled w i t h  low enrichment UO;! pellets.  
the  number of pieces which must be handled per kilogram of fuel during 

fabrication. Obviously, the f u e l  element designer can, by judicious 
selection of geometry and dimensions consistent w i t h  core thermal 

performance requirements, minimize costs. 

These 

AU. of these e f fec ts  are due t o  

One concept” f o r  an advanced HTCR f u e l  element i s  tha t  of loose 

par t ic les  contained i n  a graphite body. This, of course, considerably 

shortens the process in that the fabrication of graphite bodies containing 

dispersed f u e l  par t ic les  is  eliminated. The fue l  par t ic le  spheres i n  the 

KllGR element are coated with pyrolytic carbon. As shown in Fig. 5, costs 

are  affected substantially by the par t ic le  diameter and the coating 

thickness which is  selected f o r  a par t icular  Fuel element.l* Over the 

%ivision of General Dynamics. 
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range shown i n  the figure, the cost of fabrication increases with 

increasing par t ic le  size and i n i t i a l  par t ic le  diameter. In  the process, 

a fluidized bed is  used conventionally fo r  coating the  f u e l  particles.  

I n  such beds, fo r  larger par t ic les  a much increased gas velocity i s  

required t o  f luidize the particles; there i s  poor gas-solid contact; the 

par t ic le  motion characterist ics change; and there might be increased 

maintenance due t o  sooting. 

development of more e f f ic ien t  devices fo r  coating larger particles.  

explanation f o r  the effect  of coating thickness i s  straightforward; one 
simply has t o  apply more carbon, but a t  a specified rate of deposition. 

Another economy would be the use of coated-oxide microspheres 

This analysis could be negated by the 

The 

instead of carbide. 

element, the number of holes per fuel element, and the length of the fue l  

element, would also have a bearing on fabrication costs. 

Other factors, such a s  the amount of Fuel per fue l  

Simplified Processes 

Process steps selected should be short, easy t o  operate, and control; 

and they shauld have a high degree of u t i l i za t ion  of the material put in to  
the process. 

the process. 

That is, there should be l i t t l e  recycle of material within 

We shal l  use two examples t o  i l l u s t r a t e  several points. 

Process fo r  Metal-Clad Oxide Fuel Elements 

First, in fabricating metal-clad oxide f u e l  bundles there are 

several basic methods of consolidating fuel and introducing it t o  fuel 

tubes; these are  pelletizing, extrusion, swaging, and vibratory compaction. 
From the  standpoint of remote operation, pelletizing operations have two 

drawbacks. 

grinding of pellets is  s t i l l  required t o  meet the usual dimensional 

tolerances. ( 2) High-temperature sintering operations are  required f o r  

densification of pellets. 
creates a substantial  waste and recycle problem. 

(1) Although pelletizing has been extensively used, centerless 

The material from the grinding operation 

The pelletizing step 

does, however, have the advantage of mature technology and of adaptability 

t o  mass production. Extrusion techniques, although not fully developed, 
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have similar drawbacks; tha t  is, a necessity fo r  high-temperature 

sintering and for  grinding. 

higher production rates. 

extrusion require that the material be handled i n  several operations 
pr ior  t o  the formation of green fue l  bodie8. 

extensively investigated as a method for  consolidating powders but hasnot  
yet seen large-scale use because of d i f f i cu l t i e s  in determining whether 

cladding quality has been affected by the working tha t  occurs during 

swaging. 
substantially cheaper than pelletizing operations. 

The process is, however, adaptable t o  

We should also note tha t  both pel le t iz ing and 

Swaging has been 

Even without t h i s  effect ,  swaging has not proved t o  be 

Vibratory compaction i s  a method which has been under extensive 

investigation during the past few years. 

ll00 f i e 1  rods i n  a p i lo t  demonstration of the fabrication of 23%-Th 

oxide-bearing fue l  rods.13-lS Fuel rods were fabricated a t  a r a t e  of 

10 t o  15 per day using the bulk oxide-vibratory compaction route. 

Approximately 900 of the rods, 1/2-in. i n  diameter and 46-in. i n  length, 

and 200 shorter, 18-in. long, but otherwise identical ,  rods were fabri-  

cated in a semiremote, lightly shielded (4.5-in. s teel)  f ac i l i t y ,  lmam 

as  the Kilorod Facil i ty.  Dqing the production, an average density of 
90$ of theoretical  was obtained using Th-3 wt $ 23%J oxide. 
vibratory compaction process used has the advantage of u t i l i z ing  almost 
1004 of the material charged t o  the process. 

A t  ORM;, we have produced 

The 

It was specified tha t  (1) each rod have a f u e l  density of f-2% of 

the average density fo r  the ent i re  shipment and (2)  tha t  the density 
within a fue l  rod a t  any position be within *24 of the average f o r  t ha t  

f u e l  rod. 

powders consisting of 554 -6 +16 mesh and 454 unclassified f ines  were 

produced. 

determined by a gamma-scanning operation using a 1/8-in. x 3/8-in. gamma 

beam, which was done immediately a f t e r  vibratory compaction. During the 
early operations in the fac i l i ty ,  the recycle r a t e  between the compaction 

and gamma-scanning steps was quite highj nearly 20$. 
campaigns, the recycle between the two steps because of insuff ic ient  

homogeneity reached a low of less than 1%. 

To meet t h i s  specification, a mixture of coarse and f ine 

The density variation along the length of the f i e 1  rods was 

I n  the l a t e r  
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There were, however, mechanical d i f f i cu l t i e s  with the pneumatic 
vibratory compactor. 
of equipment i n  the process l ine,  largely due t o  the breakage of 

components of the compaction machine. 
rate controlling machine in  the processj the performance of the complete 

step f o r  a single rod required approximately 17 min.18 

are  developed for  simultaneous vibration of a number of fue l  rods, one 

faces the proposition of having a large number of vibratory compactors 
i n  a fue l  fabrication plant of large capacity. Because the sol-gel 

process produces dense oxide suitable fo r  vibratory compaction very 

cheaply and because the d i f f i cu l t i e s  with the vibratory compactor can 

probably be overcome, we believe it t o  be the most economical method of 

It required more maintenance than any other item 

The vibratory compactor was the 

Unless techniques 

consolidating material i n  oxide metal-clad fue l  bundles under remote 

conditions. 

It should be noted that we had l i t t l e  d i f f icu l ty  in  the Kilorod 

Fac i l i ty  with the remainder of the process steps after i n i t i a l  operation. 

Fueled-Graphite Process 

Two steps i n  the process require extensive consideration i f  the 
costs of fabricating fueled-graphite elements are t o  be reduced. 

is  the technology f o r  making spherical par t ic les  of. e i ther  oxide o r  

carbide. The second i s  the process fo r  pyrolytic-carbon coating of 
these microspheres. 

par t ic les  has consisted of various mechanical methods of consolidating 
combinations of the solid materials UOz, ThO2, and carbon and then 

One 

Heretofore, the technology fo r  making spherical 

t reat ing these a t  high temperature t o  complete the necessary reactions 
and t o  densify the material. These methods invariably involve tedious 
techniques which become more complicated when special  operating 

conditions are  imposed by recycle fuel. Therefore, an objective of 

ORM; has been t o  simplify the manufacture of spherical particles. 

We believe the sol-gel process1g meets this objective. Clinton2' 

a t  ORNL has demonstrated on a p i lo t  scale the preparation of thorium- 

uranium microspheres which can be used as  oxide or  converted t o  carbide. 

Following the flowsheet shown i n  Fig. 6 ,  the microspheres are prepared 

by dispersing the sol a t  room temperature i n  an immiscible organic 
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Fig. 6. Flowsheet for Preparation of Oxide Microspheres by the Sol- 
Gel Procesa. 
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l iquld which has some solubi l i ty  fo r  water. 

suspended i n  the organic phase u n t i l  enough water i s  extracted from the 

aqueous sol t o  cause gelation. 

calcined a t  1150°C t o  complete the preparation of dense ( 99.44 of 
theoret ical  i s  typical) oxide microspheres. Microspheres produced by 

t h i s  method can be d i rec t ly  converted t o  carbide (U-Th) C2 a t  215OOC. 21 

fabrication i n  a plant capacity of 60 &/day and 38% i n  plants a t  

3700 kg/day.12 

the efficiency of the coating step. 

of improving the efficiency of coating apparatus. 

theoretical  calculations of process conditions required in  fluidized 

beds and rotary-drum coaters, as well as model studies on such devices. 22# 23 

The sol droplets must be 

After drying, the ge l  microspheres are 

The coating operation accounts fo r  25% of the cost of fuel 

Therefore, t o  reduce costs, one should s t r ive  t o  increase 

At ORNL, we are investigating methods 

These studies involve 

We are now preparing a pilot-scale f a c i l i t y  fo r  demonstration of 
improved methods of spherical particle preparation, conversion of oxide 

par t ic les  t o  carbide, and of coating with pyrolytic carbon. 

t h i s  work is  directed toward the scaleup of these processes. 

p i lo t  fac i l i ty ,  we sha l l  accumulate data tha t  we hope will lead t o  

e f f ic ien t  remote fabrication processes and equipment. 

process nonrecycle material. 

Most of 

I n  the 

The f a c i l i t y  i s  t o  

OAK RIDGE NATIONAL LABORATORY PIIX)T-SW DEMONSTRA!I!ION 

The absence of accurate data on costs and Information on the technology 
f o r  remote fabrication of fue l  has led us  t o  the construction of a f a c i l i t y  

i n  which we sha l l  attempt the development of pract ical  and economic 

solutions t o  refabrication problems. 
U r a n i u m  Recycle Fac i l i ty  ( TURF). 24, 25 

The f a c i l i t y  is  known as the Thorium- 

. Thorium-Uranium Recycle Faci l i ty  

The TU" w i l l  furnish the necessary space and shielding t o  perform 

a l l  of the operations required fo r  the processing of a spent-fuel element 

through the various phases of the fue l  cycle. 

t o  accommodate integrated recycle processes with equipment scaled down from 

The f a c i l i t y  has been sized 
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production plant sizes so tha t  r e a l i s t i c  and re l iab le  bases fo r  technical 

and economical analyses will exist .  

t ha t  two fabrication processes can be accommodated in the f a c i l i t y  a t  one 
time. 

The design of the f a c i l i t y  i s  such 

The f a c i l i t y  w i l l  be an irregularly shaped three-story building 

approximately 162-f% long, 124-f% wide, with a pa r t i a l  basement. !l!he 

first floor, shown in  Fig. 7, provides space for  offices, change rooms, 
operating areas around the c e l l  enclosures, a fue l  storage basin, and a 

receiving area. The second floor provides space fo r  chemical makeup, 

sampling of in-cel l  processes, cask decontamination, a shop for  

contaminated equipment, a development laboratory, and the mechanical and 
e l ec t r i ca l  equipment fo r  the building. 

area which includes the c e l l  roof area and provides f a c i l i t i e s  f o r  entry 

of c e l l  services and c e l l  access. 

crane t o  handle casks large enough t o  accommodate fue l  elements up t o  

I2 f t  i n  length. 

equipment storage c e l l  and for  the vulnerable equipment associated with 

the chemical cell .  

the c e l l  complex. 

The th i rd  f loo r  i s  a high bay' 

The bay is  provided wikh a 50-ton 

The basement w i l l  provide space f o r  access t o  the 

The building acts  a s  a second l ine  of containment fo r  

The primary zone of containment f o r  the f a c i l i t y  consists of s i x  

shielded ce l l s  and associated glove maintenance room and a i r  lock, a l l  

of w h i c h  are  depicted in  Fig. 8. 
space fo r  the process equipment while two  provide supporting f i c t i o n s .  
The mechanical processing and chemical processing cells w i l l  be used for 

operations incidental t o  irradiated f i e 1  recovery and reconstitution of 

f i s s i l e  and f e r t i l e  materials into forms suitable fo r  use i n  fue l  element 
manufacture. "he contaminated fabrication c e l l  provides space f o r  

fabrication operations through the point where a l l  f i s s i l e  and f e r t i l e  

material is  contained and sealed in  f u e l  cladding. 

c e l l  will be used fo r  final assembly and inspection of f i e 1  elements. 

The two Large cel ls ,  mechanical processing and conteminated fabrication, 

are t o  be maintained remotely; the clean fabrication c e l l  w i l l  be maintained 

by a contact means. 

e i ther  method of maintenance. 

Four of the ce l l s  provide the operating 

The clean fabrication 

The chemical c e l l  has the f l ex ib i l i t y  of allowing 
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. 

All of the remote maintenance c e l l s  

lined with s ta in less  steel. The service 

and the decontamination c e l l  are  

penetrations.for a l l  c e l l s  are 

provided Kith seals  t o  confine radioactivity. 

f o r  future conversion t o  an iner t  atmosphere i n  the remote maintenance 
cel ls ,  the decontamination cel l ,  equipment atorage ce l l ,  and the glove 

maintenance room t o  permit processing of pyrophoric materials on a large 
scale . 

Provisions have been made 

The c e l l s  are capable of processing and refabricating fuel assemblies 

as long as I2 ft and containing a s  much as 35 kg of Th-U fue l  irradiated 

t o  25,000 Mwd/MT and decayed fo r  90 days. 

provided with the equivalent of 5 1/2 ft of normal concrete up t o  the  

electromechanical manipulator bridge level  and 4 1/2 f t  of concrete above 

t h i s  level. 

A l l  of the operating ce l l s  are  

Process and Equipment Design f o r  TURF 

We are now designing and constructing equipment f o r  demonstration of 

The two processes involved are remote fabrication processes i n  the TURF. 

those f o r  fabrication of metal-clad oxide fuel elements and fueled- 

graphite elements. 
the  equipment which we have designed, it w o u l d  be appropriate t o  consider 

some of the c r i t e r i a  on which the process and equipment design i s  

predicated. 

Before discussing these two processes i n  detail  and 

Criteria fo r  Process and Equipent Design 

A l l  of the general considerations which have been previously 

discussed were taken in to  account i n  the selection of processes and 

equipment designs. Therefore, we have t r i ed  t o  select  a simple f u e l  

element design, t o  select  a process tha t  i s  short as possible, and t o  

reduce t o  a minimum the number of operations tha t  must be done remotely. 

I n  addition t o  these general considerations, there are  a nuniber of de t a i l s  

t ha t  should be mentioned. 

The layout of the fabrication equipment was divided in to  contaminated 

and clean fabrication zones according t o  the degree of contamination t h a t  
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i s  expected from the operations. 

the type of equipment which should be designed f o r  operation in the 

particular area. 

contaminated fabrication c e l l  must be capable of being remotely installed,  
maintained, and removed by the c e l l  remote handling system. 

motor switches and complex mechanical components which are  susceptible t o  

wear, damage, o r  fa i lure  must be replaceable with a minimum of e f fo r t  and 
without removal of t he  complete equipment i t e m .  

be employed in  the clean fabrication cel l ;  therefore, provisions f o r  

These assignments greatly influence 

For example, each i t e m  of equipment located i n  the . 

Therefore, 

Contact maintenance can 

maintenance by manipulators in the c e l l  need not be extensive. 

In  the design of the equipment, we have used m i l d  s t e e l  o r  aluminum 
extensively. 

contact with the f u e l  o r  where corrosive l iquids or atmospheres dictate  

i t s  use. 
absolutely necessary3 and, when used, provisions have been made f o r  t h e i r  

easy replacement. 

Stainless steel has been used only f o r  parts i n  d i rec t  

Elastomers and organic materials have been used only where 

One of the principal problems involved i n  remote fabrication is  tha t  

of transfer of materials between operational steps i n  the process scheme. 

A t  the onset of design, it was recognized tha t  special handling systems 

would be required t o  precisely locate and t o  quickly t ransfer  the 

a r t i c l e  being fabricated from one operation t o  the next. Our analysis 

showed that i f  the general manipulation provided i n  the c e l l  complex were 
used for  transfer, the  percent u t i l i za t ion  of the process equipment would 
be extremely low; t h a t  is, the principal bottleneck i n  t h e  process would 

be the general purpose manipulators. Therefore, we concluded t h a t  

t ransfer  of bulk solid material from one step t o  the next should be done 
by gravity flow through pipes o r  by enclosed powder conveyors and tha t  

t ransfer  of fue l  rods o r  other large components between operational steps 

should be accomplished with special  transfer machines. 

We can best  i l l u s t r a t e  our approaches t o  these problems by discussing 

the processes tha t  w e  have designed and the concepts o f t h e  equipment f o r  

. 
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Fabrication of Oxide-Bearing Metal-Clad Fuel Bundles 

One objective of the TURF is  t o  demonstrate the f eas ib i l i t y  of 

remote fabrication and assembly of metal-clad oxide fue l  elements. 
equipment is t o  be capable of accommodating fuel rods from 2 t o  10-ft in 
length and 1/4 t o  3/4-in. i n  diameter. 

fabrication process i s  presented in Fig. 9; the layout of the equipment 

in Fig. 10. As can be seen i n  Fig. 10, fabrication and inspection equip- 

The 

The flowsheet fo r  the oxide 

ment w i l l  be constructed in the form of a multistation system. Wansfer 

of rods i n  the  m l t i s t a t i o n  system w i l l  be accomplished with two special  

f u e l  rod transfer machines. Versat i l i ty  t o  accommodate the  wide dimensional 

variation of the fue l  rods w i l l  be achieved when possible by minor 

adjustment of components. However, i n  most cases, the cost of constructing 

versat i le  units has dictated tha t  pa r t i a l  retooling o r  complete interchange 

of certain equipment items be done. 
The design of equipment for powder conditioning pr ior  t o  vibratory 

compaction has been relat ively straightforward. 

there was l i t t l e  mechanical d i f f icu l ty  with t h i s  equipment. 

we have simply extended those designs t o  remote conditions by adding 

appropriate control eystems and conveyors. 

In the Kilorod Facil i ty,  

Therefore, 

Particular attention w a s  given t o  the vibratory compaction step. In 
the Kilorod Facil i ty,  the principal problem w a s  the frequent maintenance 

required by the equipment. Also, as has been previously noted, the equip- 

ment had a low ra t e  of uni t  processing which could give scaleup problems. 
Therefore, we attempted to design components i n  which stress risers were 

eliminated; and we attempted t o  design a unit  which would vibrate two f u e l  

rods simultaneously. 
( 

Another piece of equipment which has given particular d i f f icu l ty  i n  

design is  the gamma manner. 
variation over a 3/8-in. interval of rod length. The scanner consists of 

a collimated gamma beam, a NaI detection crystal, and a means of moving 

the beam along the length of the rod. 

or cesium-I37 source, the scanning speed is  very slow; therefore, it was 
necessary t o  evolve a concept fo r  multiple rod scanning. 

It is  required t o  detect  a 2% density 

When using e i ther  cobalt-60 source 

The design of the equipment for  a l l  of the other operations has been 

relatively straightforward, and we envision no problem in scaling these 
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t o  higher production rates. 

which usually accompany design of such specialized equipment. 

at tention has been given t o  the problem of f u e l  element assembly because 
of the lack of a firm fue l  element design f o r  fabrication. The assembly 

equipment would, of cuurse, be greatly dependent upon the par t icular  

geometry and configuration of the fuel element t o  be assembled. 

Most of the problems have been the ones 

L i t t l e  

Fueled-Graphite Equipment 

We are now conceptually designing equipment t o  be used for 

demonstration of refabrication technology f o r  the fueled-graphite element 

depicted in Fig. 2. The f lmshee t  tha t  is  being used fo r  the conceptual 

design is  shown i n  Fig. 11. The equipment i s  t o  be a production type so 
tha t  information gained w i l l  be applicable both technically and 

economically t o  a full-scale production fac i l i ty .  The equipment i s  t o  

be sized for  the production of approximately 35 kg of heavy metal per day. 

The principal bar r ie r  t o  t h i s  goal as  f a r  as capacity i s  concerned is the 

coating process. We do not yet have a solution t o  the re la t ive ly  low 
processing ra te  which i s  inherent t o  the step. 

A preliminary layout of the fabrication equipment fo r  the fueled- 
graphite element i n  the TURF i s  shown i n  Fig. 12. This equipment w i l l  

occupy approximately one-half of the space in the contaminated fabrication 

and clean fabrication cells. 

the ce l l s  from the oxide fabrication equipment. 

sol-gel oxide microspheres are fed from the mechanical processing c e l l  by 

a t ransfer  conveyor; and then the material flows through various t ransfer  
conveyors from one step t o  another according t o  the sequence depicted on 
the flowsheet and i n  the equipment layout. 

It is t o  be located on the opposite side of 
In the process, dryed 

Because of the handling limitations imposed by the building clearances, 

a fue l  element longer than I 2  f't cannot be handled i n  the fac i l i ty .  

fore, it w i l l  be necessary t o  accomplish the assembly operations fo r  the,  

fueled-graphite element i n  another f a c i l i t y  or  a t  the reactor s i te .  This 

could be done by means of a central  f i t t i n g  of the threaded or bayonet 

type, and the jo in t  could be sealed by an inductively heated braze joint .  

There- 
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A l l  of the hardware which is  used i n  the fabrication of the fuel 
elements w i l l  be loaded in to  magazines and brought in to  the c e l l  by 

means of the  c e l l  manipulation and crane system. 

Present Status of the  Fac i l i ty  and Equipment 

The construction of the  %URF w a s  started i n  A p r i l  1965 and is  
I 

expected t o  be completed i n  ear ly  1967. 
equipment has been conceptually designed, and a substantial  portion of 
the detailed design of t h i s  equipment has been accomplished. 

of oxide fabrication equipment, the vibratory compaction machine and the  

fue l  t ransfer  machine, are  now nearing completion of construction. 

All of the oxide fabrication 

Two i t e m s  

We have j u s t  commenced the conceptual design of the equipment f o r  

fabrication of fieled-graphite elements. 

design of a great number of the items i n  t h i s  process l i ne  depends upon 

the  performance of equipment now being readied for p i lo t  operation and 
upon data obtained in other experimental programs which we have under way.  

The accomplishment of detailed 

FEFAJ3RICATION ECONOMICS 

From the experience gained i n  the operation of the p i lo t  

demonstration i n  the Kilorod Facil i ty,  t he  design of the TURF and i ts  

equipment and other studies we have conducted, we are  i n  a position t o  
estimate the cost of refabricating various fue l  elements. Certainly, our 
estimates represent an extrapolation of existing technology; and they must 
be confirmed by additional and more accurate experience. 

suffice t o  give an indication of the cost penalties which m i g h t  be 

incurred i n  the refabrication of fue l  under various processing schemes. 

Therefore, l e t  us consider two types of fue l  elements and assume tha t  

reasonable refinement and improvement of fabrication processes have been 

accomplished. 

But, they do 
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Method of Analysis 

In our economic analyses, one objective has been t o  do the complete 

analysis of the refabrication costs for any reactor f u e l  element. 
objective requires a tremendous number of calculations. 

during the past two years we have developed computer programs for the 
calculation of the cost of fabricating various types of fuel elements. 

The computer programs were written from data evolved in . the  following 

manner. 

This 

Therefore, 

The basic equipment required i n  the plant was selected and the 

uninstalled cost of t h i s  equipment was estimated. 

multiplied by various factors t o  determine the f i n a l  cap i ta l  cost of the 

fabrication plant. 

conducted jo in t ly  with construction engineers i n  which detailed plant 

layouts were examined for various sizes and types of fabrication plants. 
These studies yielded detailed breakdowns of such cost elements as  

building construction, equipment instal la t ion,  instrumentation, 

engineering, and preoperation charges. In the  computer programs, 
equations are  included f o r  each step i n  the process so that ,  upon 
description of the size and type of plant i n  which the fabrication i s  t o  

occur, proper capi ta l  costs of t ha t  s tep can be obtained. 

These costs were 

The multiplication factors were obtained from studies 

Operating costs were determined by s i m i l a r  methods. Material costs 
. i n  the manufacture of the product were obtained through consultation 

w i t h  industr ia l  manufacturers. 

Cost of Preparing Fuel Materials by the Sol-Gel Method 

As has been previously noted, we favor the use of sol-gel material 

a s  input f o r  vibratory compaction and f o r  the fueled-graphite process. 

The computer programs do not calculate the cost of preparing materials 

produced by the sol-gel technique, but the cost of producing such 

material has been estimated by Herrington and 

presented in Figs.  I3 and L4 for bulk oxide material and spherical oxide 
particles,  respectively. llhe cost of sol-gel material preparation is  not 

included, unless specifically noted, in the fabrication costs presented 
in  t h i s  paper. 

Their data are  
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Basis f o r  Calculation of Fabrication Costs 

fn calculating the fabrication costs which are presented i n  t h i s  

paper, we made the following assumptions: 

1. The fabrication plants would be single purposej t h a t  is, only 
one particular type of fuel element would be fabricated. 

2. The fabrication plants w o u l d  operate 260 days per year, three 
shifts per day. 

3. 
capi ta l  cost . 
cost of source or  fissionable material. 
included. 

The plants w o u l d  be amortized a t  an annual r a t e  of 228 of the 

The data do not include charges fo r  prof i t  and f o r  inventory o r  

Non-nuclear hardware costs are 

Cost of a Typical Metal-Clad Oxide Fuel Element 

The reference metal-clad oxide fue l  element was the SSCR element 

described previously, and the  flowsheet was tha t  presented i n  Fig. 1. 

It w a s  assumed tha t  the fue l  elements would be autoclaved. Figure 15 
shows the effect of mode of fabrication and production r a t e  on the cost 

of fabricating the SSCR-type fue l  element. 

production rate has a substantial effect  on t h e  cost of fabrication. 

This cost advantage cannot be realized unless sustained production of 

identical  f u e l  elements i s  allowed. If dimensions or  configurations 
are changed, then penalties would be incurred f o r  retooling of the 

fac i l i ty .  

penalties incurred because of 232U concentration i n  the fuel o r  because 

of 228!I!h i n  recycle thorium. 

concentration on the cost of fabrication of the SSCR f ie1  element i n  
four plants with different  capacities, 60, 230, 930, and 3700 kg/day. 

It should be noted t h a t  we do not know exactly the t ransi t ion point 

( t he  first break in  the curves) between semiremote and remote operation; 

but, as can be seen Awn the curves it is  not mandatory that these 

As can be seen, the 

One comparison of interest in recycling fuel i s  that of the  cost 

Figure 16 shows the effect  of 232U 
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points be determined precisely since the cost penalty incurred fo r  

remote fabrication over semiremote fabrication i s  not substantial. The 

recycle thorium case i s  depicted as  being equivalent t o  4000 ppm 232U 
i n  heavy metal. 

Cost of Fabrication of Fueled-Graphite Elements 

!L'he reference fue l  element f o r  calculation of fue l  fabrichtion 
costs for  the IITGR i s  shown in Fig. 23 the process used i n  Fig. 3. 

Figure 17 presents the effect  of mode of fabrication and plant capacity 

on fabrication costs of fuel  elements containing (U-Th) C2 particles.  

Figure 18 presents the effect  of 232U concentration on fabrication costs 
at  several different plant capacities. We should note tha t  the cost 

penalty f o r  recycling thorium as  discrete par t ic les  i s  quite high a t  

low production ra tes  because of the necessity of maintaining t w o  

remote production lines, one for  23% and one for  thorium. 

show that the cost relationships fo r  the H!'LGR fue l  element. behave i n  a 

manner similar t o  those of the SSCR. 

These curves 

Cost Penalties fo r  Remote Fabrication 

Detailed analysis of the data used In the curyes previously 

presented reveals the incremental cost factors which can be applied t o  
similar fabrication processes t o  obtain the refabrication cost i f  the 

cost of the fabricating non-recycle Fuel is  known. 

respectively, the ra t ios  of remote fabrication cost t o  hooded fabrication 
cost for  SSCR and fo r  the fueled-graphite element. 

Tables 5 and 6 present, 

It i s  clear tha t  the capi ta l  and operating factors decrease as  plant 

capacity increases. The decrease in  these factors with plant capacity 

i s  understandable because there are  certain costs which are  only first 

costs i n  remote operations. For example, health physics f a c i l i t i e s  are 

required in a 60 &/day plank as  well a s  a 3700 kg/day plant; and 

probably the f a c i l i t i e s  would be of the same type and very nearly the 

same size i n  both cases. 

e f f ic ien t  u t i l i za t ion  of certain senrice personnel and f a c i l i t i e s  in the 

larger plants. 

Thus, we are  observing the e f fec t  of more 
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Table 5. .Cost Ratios for Comparison of Remote 

and Hooded Plants Fabricating SSCR Fuel Elementsa 

Plant Capacity (kg heavy metal/day) 
60 230 930 3700 

Ratio of Remote t o  Hooded Cost 

Capital 1.23 1.21 1.18 1. u 
Operating 1.52 1.38 1.41 1.34 
Total (including hardware) 1.29 1.2i 1.15 1.10 

50 ppm 232U in heavy metal; virgin thorium. a 

Table 6. Cost Ratios fo r  Comparison of Remote and 

Hooded Plants  Fabricating ( U-Th) C2 Particlesa 

Plant Capacity (kg heavy metal/day) 

60 230 930 3700 
Ratio of Remote t o  Hooded Cost 

Capital 1.87 1.79 1.73 1.75 
Operating 1.47 1.43 1.37 1.37 
Total (including hardware) 1.53 1.42 1.34 1.35 

50 ppm 23%J i n  heavy metal; vlrgin thorium. a 
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The cost ra t ios  f o r  the SSCR f'uel elements and the H'IGR fue l  

"his i s  because a greater number of the elements are different. 

operations involved i n  tbe fabrication of SSCR fue l  elements are done 

external t o  the remotely operated f a c i l i t i e s  and do not incur the 
penalties fo r  remote fabrication. 

i l lus t ra ted  by Table 7, which presents the cost ra t ios  f o r  comparison 

This point can be further 

of remote and hooded plants fabricating f'ueled-graphite elements 
containing discrete par t ic les  of UC2 and ThC2. 

case, a great portion of the fabrication ( the  conversion and coating 

of virgin thorium oxide) i s  done i n  f a c i l i t i e s  which are  hooded. 

In t h i s  par t icular  

Therefore, the cost ra t ios  are considerably lower than those presented 

in F i g .  6 f o r  plants fabricating f'ueled-graphite elements containing 

(v-m) ~2 particles. 

Table 7. 
Hooded Plants Fabricating UC2 and ThC2 Particlesa 

Cost Ratios f o r  Comparison of Remote and 

Plant Capacity (Irg heavy metal/day) 

60 230 930 3700 
Ratio of Remote t o  Hooded Cost 

_ _ -  _ -  

Capital 1.29 1.20 1.18 1.09 

Total ( including hardware) 1.24 1.16 1. I 2  1.08 

Operating 1.26 1.22 1.18 1.16 

50 ppm 232U in heavy metalj virgin thorium. a 

The investigation of the technology f o r  refabrication of bred f'uel 

i s  just beginning. 

must go in to  systems required f o r  recycle of such fiel .  

encouraging that the cost penalties associated with &he refabrication of 
such fuel do not appear prohibitive. 

Much more evaluation needs t o  be done and much thought 

However, it i s  

I- 
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Recycle fue l  i n  the thorium-uranium-233 f u e l  cycle w i l l  very 

probably require remote fabrication. This probability d ic ta tes  that the 

fue l  element design be simple and be optimized f o r  m i n i m a l  cost and t h a t  

the processes be simple, easy t o  operate, short, and capable of being 
done remotely. Furthermore, we must take into account the f a c t  t ha t  

some operations which typify the fabrication of non-recycle fbe l  are not 
economically feasible i n  remote situations. 

I n  the cost analyses, we have been reasonably optimistic i n  t h a t  we 
have assumed the satisfactory solution of certain of the problems which 

have been previously mentioned. 7ki.s does not mean, however, tha t  present- 

day practices can be d i rec t ly  applied t o  remote fabrication technology. 

t. 

It is, therefore, c lear  t ha t  we must press development i n  a number of 

areas if  we are t o  a t t a in  econamical ~ h - 2 3 5  recycle technology f o r  any 

par t icular  type of reactor. 

We are conducting a comprehensive program a t  the O a k  Ridge National 

Laboratory aimed a t  meeting the objectives of economical recycle of fuel. 

With further development of the pilot-scale demonstration of methods fo r  

vibratory compaction and f o r  preparation of par t ic les  f o r  fueled-graphite 
elements, we should have a much be t te r  basis f o r  the design of equipment 

f o r  remote fabrication of fue l  in the TURF. Once we have designed and 
operated equipment i n  the !lXRF, we sha l l  have a much better basis  than 
we do now f o r  evaluation of the technical feasibility and cost of 
refabricating fuel elements of any particular type. 
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