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A EC F U E L  C Y C L E  P R O G R A M  
DESIGN AMD F A B R IC A T IO N  O F  S P E C IA L  ASSEM BLY 9 - L :

Irra d ia tio n  P erfo rm an c e  Test of UO -C e rm e t Fuel

S. Y. Ogawa

SUMMARY

A U O ^ - M o  c e r m e t  fu e l a s s e m b ly  w as f a b r ic a t e d  fo r  lo n g - t e r m  ir r a d ia t io n

p e r fo r m a n c e  te s tin g  in  the  V a l le c i to s  B o il in g  w a t e r  R e a c to r .  T h e  d e s ig n  and  

fa b r ic a t io n  h is to r ie s  of th is  a s s e m b ly  a r e  d e s c r ib e d  and p r e - i r r a d ia t i o n  data  

on each  in d iv id u a l  ro d  a r e  p r e s e n te d .

M olvlx ienum  was added to im p ro ve  the bulk th e rm a l conductivity of the fuel, so 

that fuel te m p e ra tu re s  would re m a in  com paratively  low during h igh-pow er level o p er

ation of the fu e l elem ent. The molybdenum  was incorporated  into the com pacts e ither  

as fille rs  o r as a thin coating on individual U J 9 p a r t ic le s . Fuel pe lle ts  w e re  produced 

from  these m a te r ia ls  by vacuum hot pressing. P e lle ts  having the fib e rs  contained 20 

vol '» (~ 2 0  w t 7 ) molylxlenum and had densities fro m  94 to 957 th e o re tic a l. The pellets  

made from  the coated UO p a rt ic le s  had a m etal content of about 16 vol 7  (~ 1 7  wt 7 )  

and had d e n s itie s  that ranged fro m  84 to 9(>7 of th e o re tic a l and averaged 8 9 7 .

The d is tr ib u tio n  of the m olybdenum  in both types o f cerm et fuels appeared favorable  

to good heat tra n s fe r. The f ib e rs  w ere  oriented predom inantly in the ra d ia l planes of 

the pellet as a resu lt of the u n i-d ire c tio n a l com paction during the h o t-p ress in g  opera

tion. In the p e lle ts  made fro m  the coated p a rtic le s , a continuous netw ork of molylxlenum  

occurred as a resu lt of the coating welding together du rin g  the h o t-p ress in g  operation.
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The te s t  assem bly  contains e ig h t fuel rods; th re e  contain the UO^-Mo fiber ce rm et, 

th ree  contain  the ce rm et produced from  the coated p a r tic le s , and two a re  for reference  

and contain th e  conventional s in te re d  UC>2 pellet fuel. The nominal ou tside  d iam eter of 

the fuel ro d s is  1.308 cm  (0.513 inch), and the clad w all th ickness is 0 .051  cm (0.020 

inch). The cladding  m a te ria l is  Type-304 s ta in le ss  s te e l .

The fuel p e lle ts  w ere all c e n te r le s s  ground to ach iev e  a uniform  o u tsid e  d iam eter 

and thereby co n tro l the p e lle t- to -c la d  d iam etra l c le a ra n c e  within a range of 0.076 to 

0. 102 mm (0. 003 to 0.004 inch).

O peration o f the fuel rods will be at high specific  pow er levels with su rfa c e  heat
2 2fluxes of about 157 W /cm ( ~  500, 000 B tu /h -ft ). T he assem bly  was designed  for a

20lifetim e of 4 .1  x 10 f iss io n /cc  (15, 000 MWD/T) ex p o su re .

I. INTRODUCTION

The o p era tio n  of bulk UO^ in a  fuel elem ent could b e  re s tr ic te d  from high levels

of specific pow er generation  by the low therm al conductivity  of the oxide. T he fuel

tem p era tu re s  reach ed  at th ese  high pow er levels can be objectionably high from  the

standpoint of fuel elem ent design . Two im portant tem pera tu re-dependen t o cc u rren ces

in th is re sp e c t a r e  fission  gas r e le a s e  from , and th e rm a l expansion of, the UO^. An

extrem e case  o f th e rm al expansion r e s u lts  from  the m e ltin g  of the U 0 9 in th e  cen tra l
( 1 )

region, w here a  volume in crease  of about 9. 6% can be expected F u e l r o d s  a r e  

n o rm a lly  d e s ig n e d  to  o p e ra te  a t  c o n s e r v a t iv e  s p e c i f ic  p o w er le v e ls  a t  w h ich  

th e  U O z

can  be a c c o m m o d a te d .

m e l t in g  p o in t is  a v o id e d  a n d  o th e r  t e m p e r a tu r e  e f fe c ts  a r e 's m a l l  and

2
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To operate a fuel elem ent in increased ra ting , or higher specific power density, 

without causing the melting point of the UO to be reached, one method is to improve 

the therm al conductivity of the bulk fuel. Substantial improvements in the bulk thermal 

conductivity can be made by additions to the bulk fuel. One such m eans involves the 

addition of a refractory m etal which is dispersed throughout the oxide matrix. By 

using such a metal-oxide m ixture which is made into dense cerm et fuel, improvements 

in the therm al conductivity of about 300% have been achieved over the pure U09 system.
A*

Molybdenum and niobium m etals have been successfully incorporated into urania and
(2 3)thoria-uran ia fuels. ’ ' The performance testing  of cerm et fuels containing these 

therm al conductivity im provers had not been conducted at high-power levels for long 

irradiation periods.

F u rther testing of this fuel concept was s ta rted  in a Vallecitos Boiling Water Re

actor (VBWR) test fuel assem bly. This fuel assem bly was fabricated tor the A EC Fiiel 

Cycle P rogram , Contract No. AT(04-3)-189, P ro jec t Agreement 11. In one phase of 

this program , fuel concepts that show potentials for improving fuel c>cle economy 

through increased perform ance or lower fabrication Costs are  being irradiation tested 

in 12 special assem blies in the VBWR. Perform ance capabilities of these fuel concepts

will be assessed  in relation to those from the basic fuel assem blies which represent
(41curren t fuel design and fabrication p ro cesses .'  ' The assembly for demonstrating the 

perform ance of the therm al conductivity im provers is  one of these 12 assem blies and is 

designated Special Assembly 9-L.

The objectives of the te s t were to operate the cerm et fuels at high specific power 

levels for extended periods and to compare and evaluate their perform ances with those 

from the conventional sin tered UO fuels. Periodic surveillance inspections of the fuel 

rods will be performed at convenient intervals during reactor shutdowns. Destructive 

examination of selected rods will be conducted at an intermediate exposure and the
3
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rem ain ing  rods continued to be irra d ia te d  to  high exposures up to the design lim it of 

204. 1 x 10“ fissions cc  (15,000 MWD/T) befo re  they are  a lso  destruc tive ly  exam ined. 

I rrad ia tio n  which w as s ta rted  in the VBWR in Septem ber 1962, w as p rem atu re ly  t e r 

m inated by shutdown of that facility in D ecem ber 1963. The re s u lts  of p o s t- ir ra d ia tio n  

exam inations will be  p resen ted  in a subsequen t report.

n. FUEL COMPACT DESIGN

A PREVIOUS WORK

Experim ental w o rk  on improving the bulk therm al conductiv ity  of u ran ia  and tb o r ia -  

u ra n ia  m a trices  by adding molybdenum o r  niobium m etals w e re  originally  conducted by 

P ap ro ck i, e t a l . , a t B atelle M em orial In stitu te  (BM1) and by Baskin et al. , a t 

A rgonne National L ab o ra to ry  (ANL). T he molybdenum and niobium  m etals used w e re  

in the form  of f ib e rs , fine powder, o r a s  a thin coating on individual fuel p a r tic le s . The 

am ount of m etal in the m ix tu res ranged fro m  10 to 30 vol %. O u t-o f-p ile  m easu rem en ts  

of the  therm al conductiv ity  of such co m p acts  dem onstrated th e  v as t im provem ents th a t 

could be achieved o v e r unadulterated , s in te re d  UO com pacts. T hese im provem ents 

w e re  in the o rd e r of 300% and g rea te r .

Subsequent ir ra d ia tio n  te s ts  conducted a t ANL showed th a t niobium reacted w ith  the

(51UOr a t elevated te m p e ra tu r e s . '  ' B ecause of th is reaction , the scope of the testin g  to be 

conducted in Special A ssem bly  9-L  included only the molybdenum additives to the U 0 9 fuel.

Tfte design and fab rica tio n  of the U 02 ~Mo ce rm ets  for th is  irrad ia tio n  experim en t 

w e re  conducted to take fu ll advantage of the re s u lts  obtained fro m  the work d escrib ed  

above. T his, in addition  to the experience on coated p a r tic le s  availab le  com m ercia lly , 

m in im ized  the se lec tion  and developm ent p ro ced u res  n ecessa ry  to obtain the c e rm e ts  

fo r  te s tin g  in th is p a r t ic u la r  application.

4
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B. MOLYBDENUM ADDITIONS

1. Metal Content

The molybdenum content of the UO^-Mo fuel compacts used in this program was 

chosen as 20 wt %. This amount is equivalent to 20 vol % in a compact with a density 

of 95% of theoretical. It is about the same amount of metal used in the cerm ets fab

ricated and tested by Paprocki, et al. ^

By this duplication, it was possible to use the thermal conductivity data available 

in estimating the temperature distributions in the fuel compacts for a range of operating 

powe^ generation levels. These estimates are useful in determining the optimum level 

at which the assembly should be operated to achieve the test conditions.

2. Form and Distribution of the Metal Phase

Two types of cermet compacts were made. In one type, the molybdenum was

added as libers, and in the other, as a thin coating on individual UO particles. Of
2

the three forms in which the molybdenum was added and tested previously,^1,2) the 

two forms chosen for performance testing in this experiment were considered to rep

resent the widest physical difference in the distribution of the metal phase.

In comparing the two forms of addition, it was seen that the molybdenum deposited 

originally as a coating on individual U02 particles was distributed more uniformly 

throughout the final matrix. But, for a given amount of metal, this distribution is 

achieved at the cost of losing the wider metal paths. In contrast, the fibers each have 

a larger cross-sectional area, but larger volumes of UO without the metal are left 

between them.

5
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It w as intended that the fibers be randomly oriented in the m ixture, as the cost of 

pre-orien ting  them in a radial direction before incorporating them into the matrix would 

have been prohibitive.

The use  of coated partic les  has a possible additional advantage in retaining fission 

gases in each of the cells form ed by the surrounding metal shell. However, this feature 

may be insignificant if the molybdenum additions in either form successfully keep the 

UO tem peratures at levels where the fission gas re lease  rates are  inherently low’.

3. Shape of the Fuel Compacts

The UO -Mo fuel com pacts were made into righ t cylindrical pellets so conventional 

rod-loading practices could be followed. The outside diameters of the pellets were 

specified to be centerless ground to give a d iam etral gap of 0. 051 to 0. 102 mm (0. 002 

to 0.004 inch). These clearances a re  within the nominal range used in curren t fuel 

rod design practices for cladding which is free standing.

4. Reference Fuels

Regular sintered U09 pelle ts fabricated by conventional fuel fabrication methods 

were included in this test. These pellets were also centerless ground to give gap c lea r

ances that w ere the same as those for the cerm et pellets. A direct com parison of their 

perform ances will be made on the basis of identical initial conditions.

In addition to these reference fuel rods in the assem bly, the fuel rods being irradiated 

in Special Assembly 1-L, ^  w ill also be used for comparison. Conventional sintered 

UC>2 pellets a re  being operated to high power levels in the 1-L assembly. Actually, rod 

outside d iam eters and the clad wall thickness w ere purposely made identical in both 

assem blies Id facilitate com paring the fuel perform ances.

6
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5. Fuel Temperature Profiles

Estimates ot the temperatures to be attained within each of the three types of 

fuels used in this experiment were made. Radial and axial temperature profiles were 

determined in each case. Three peak heat flux conditions were considered: 141.8,

157. 5, and 173.2 W/cm . A summary of the calculations is presented in the Appendix.

It should be noted that while the best available data were used in these calculations, 

there are still uncertainties present in them, and the temperatures calculated should 

be considered as approximations.

Figure 1 shows the axial temperature profiles. Their general shape conforms to
(

the power generation profile of fuel rods operated in the VBWR. A peak-to-average 

ratio of 1. 5 to 1 was assumed. The profiles for the cermet fuels are shown to terminate 

short of the total fuel column. In these rods, the cermet fuel sections constitute about 

two-thirds of the column. The balance is made up of regular sintered UO pellets of 

a lower U-235 enrichment. The temperatures in each fuel section were calculated 

independently. Thus, transition profiles across the interfaces between the different 

types of fuels are not shown.

Figure 2 shows the radial temperature profiles determined for the three peak heat 

flux conditions. It can be seen from these two figures that the improvement in the bulk 

thermal conductivity, if brought about by the molybdenum additions as anticipated, 

would cause significant differences in the temperature reached in the sintered U02 

and cerm et pellet fuels.

For the three peak heat flux conditions, the temperatures calculated to be reached
*

in the sintered UO. fuel should result in appreciable grain growth extending from the
&

center to about mid-radius. Melting can occur if the rods are operated at surface heat

7
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3000
*  peak: 157.5 W/cm 
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2000
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and 173.2 W/cm
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FIGURE 2. RADIAL TEMPERATURE PROFILES IN FUEL 
RODS OF SPECIAL ASSEMBLY 9-1
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fluxes greater than 157.5 W/cm (500,000 Btu/h-ft2). Under the same operating levels, 

ihe temperatures in the cermet fuels, even under the highest level of the three heat 

fluxes studied, are comparatively low, and little, if any, structural changes are 

expected in the UO phase.

The evaluation of the performance of the cermet fuels will be based for the most 

part upon the microstructural differences that exist in the UO .

IE. ASSEMBLY DESIGN

A. DESIGN C HA RAC TER 1ST CS

Figure 3 is an over-all view drawing of Special Assembly 9-L. The characteristics 

of this bundle are  as follows. There are eight fuel rods in a modified 3 by 3 array, in 

which the center location is taken up by an empty tube. This tube serves to improve 

the hydraulic characteristics of the bundle so that the fuel rods can be operated at high 

surface heat fluxes. This tube is also used as the main structural member to which 

components, such as the bottom tie plate and two spacer plates, are permanently at

tached. Both ends of the tube are vented to keep it filled with water during operation 

so that a favorable water-to-fuel ratio  is maintained.

The handle extension and top tie plate can be readily disconnected from the frame 

so that individual fuel rods can be easily removed for inspection or replacement. This 

feature is illustrated in Figure 4.

10
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B. FUEL BOD CHARACTERISTICS

Externally ,  all the fuel rods are  identical: internally, d if fe ren t  types of fuel p e l 

le ts  and ar rangem ents  of these  pellets a re  used .  Figure 5 i l lu s t r a te s  the a r ran g em en ts  

of the th ree  different types of fuels used in the rods.

The Type-1 rods a r e  the  re ference  rods.  The conventional s in te red  1*0 } pellets only 

a re  u sed .  In the Types-II  and -III rods,  the c e r m e t  fuels make up approximately tw o-  

th i rd s  of the total fuel column. The middle of the ce rm et  fuel s ec t io n s  v e re  placed in 

the reg ion  where the heat fluxes are  expected to peak.

To achieve this condition with the c e rm e ts  made from the M o-coated  l O , p a r t ic le s ,  

it w as  necessary  to use conventional pellets at the bottom to r a i s e  these  sections. In 

each of the rods, a gas plenum about 8.9 cm t ~ 3 - l  2 inches) was provided aliove the 

fuel column to accommodate the fission gases  genera ted and r e le a s e d  by the fuel

IV. MATERIALS

A. CLADDING

Type-304 s ta inless s te e l  tubing was used a s  the cladding. The chemical analyses 

and m echanica l  p roper t ies  data for this tubing a r e  given in Table 1.

B. MOLYBDENUM FIBERS

The f ibers  were made from pure molybdenum wire 0. <)7<» and 0 152 mm (0 003 and 

0.000 inch) in diameter and cut to 0.8 cm (5/16) in length. Equal amounts of each s i / e  

fiber w e re  randomly mixed. Chemical ana lyses  of the wires a re  shown in Table 2.
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I. Regular Pallet Rod - Series A

6.4% Enriched Pellets 91.4 cei (36 inches) ]

II. UOa A Mo Fiber Pellet Rod - Series B

C=f 8.0% Enriched UOjA Mo Fiber 61 cm 6.4%  Enriched UOa 30.5 cm
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. TABLE 1. Description of Tubing Material

Material: T y p e -304 s ta i r le s s  s te e l ,  welded and drawn.

Dimensions: 1 .308  cm (0. 515 inch) o .d ,
0 .5 0 8  mm (0.020 inch) wall.

Mechanical P ro p e r t i e s :  Tensile t e s t  results .

0. 2% Yield S trength
Results k g /c m 2 p s i

Vendor 5,857 83,200
5,794 82,300

APED 6,399 90,900
6,090 86,500
6, 174 87,700

•

4,632 65, 800

•

4,541 64,500

Chemical Analysis

C 0 . 0 5 6  %

Mn 1. 19

P 0 .0 1 6

S 0 .01

Si 0. 53

Ultimate T en s i le  Strength
k g /c m “ psi Elongation,

8,222 116,800 32 1 room
8,096 115,000 34 f  temperature

8,082
8,082
8,061

114.800
114.800 
114,500

32 ).yi Iroom
35 s j t em p e ra tu re

6,090 86, 500
\ l  s}650’ r

!

5,949 84,500

Ni 9 .  14 %

Cr 18.41

Cu 0. 15

Mo 0. 22

Co 0. 064

15
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*

TABLE 2. C hem ical A nalyses of Molybdenum F ib e rs

D iam eter, 
0. 07<i mm 

(0. 003 in . )

D iam eter, 
0. 152 mm 
(0. 006 in.)

A1 200 ppm 200 ppm

B 1.0 1.0

Cd 100 100

Ca 50 50

C r 500 500

Co 50 50

Cu 500 500

Fe 1000 1000

Pb 10 10

Mg 10 10

Mn 10 10

Mo M ajor M ajor

Si 200 200

Ag 10 10

Na 1000 1000

Sn 1000 1000

V 100 100

Zn 100 100

Ba 10 10

Ni 1000 500

W 500 500

Ti 10 10

*

Spectrographic A nalyses

lfi
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C. u o

C eram ic  g rade  UOQ w as u sed  for both the conventional sin tered  p e lle ts  and the
Smd

ce rm et p e lle ts . The UC>2 en rich m en ts  w ere t>.4 and 8 .0 r/{, respective ly . The higher 

enrichm ent com pensa tes for the p a ra s itic  neutron ab so rp tion  by the molybdenum  in the 

ce rm et fuels, so that about equal pow er generation  le v e ls  a re  achieved in both the pure 

U 09 and the c e rm e t fuel p e lle ts  d u rin g  irrad ia tio n . T he high levels of U -235 en rich 

ment w ere specified  to provide su ffic ien t reac tiv ity  so  that the d esired  pow er levels 

could be reac h ed  in the rods when the  bundle was p laced  in the outer reg io n s  of the 

VBWR c o re .

D. COATED PARTICLES

The sp ec ifica tio n s for the co a ted  p a rtic le s  w ere based  on an evaluation of data 

available in the  lite ra tu re . The p a r tic le  size range w as selected to be betw een 100 and 

140 m e s h e ,  to achieve about the sam e  degree of m e ta l d istribu tion  throughout the final 

cerm et com pact. Since much of the developm ent of coated  UOQ fuel p a r t ic le s  was in 

th is size  ra n g e , com m ercial cap ab ilitie s  to handle such  p a rtic le s  was p resu m ed  to be 

good so tha t p ro cu rem en t of th is  m a te r ia l would be fac ilita ted . It was decided  to use 

essen tia lly  one p a rtic le  size  in stead  of a w ider range of s iz es , so that b e t te r  control 

of the m etal con ten t and its d is trib u tio n  could be achieved.

The s iz e  range selected  w as a lso  acceptable from  the standpoint of the coating 

th ickness re q u ire d  to obtain the d e s ire d  m etal content of 20 wt ' /<. C alcu lations p e r 

form ed for e s tim a tin g  w ere based on the spherical configuration and showed that a 

coating th ick n ess  about 5 m ic ro n s  would be requ ired .

17
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The shape of the UO p a r t i c le s  was taken into consideration. E i the r  spherical 

or angular  par t ic les  could be used. While the depos i ts  on spherical  pa r t ic le s  tend to 

be m o re  uniform in th ickness  and their integrity much better,  a h igher  cost is associa ted  

with the manufacture of the spher ica l  par t ic les .  It was felt that the sm a l l  variation in 

the th ickness  of the coating on angular pa r t ic les  would not se r ious ly  affect the objective 

of d is t r ibu t ing  the metal phase  uniformly in the final ce rm et  compact .  Fu r therm ore  

it was believed that any discontinui t ies  present  in the deposit on the angular  partic le 

would weld shut during the hot pressing operat ion at elevated t e m p e ra tu re s .  Because 

it appeared  that the wse of the coated angular p a r t i c l e s  would be technically  acceptable, 

it was decided to use them and to take advantage of the ir  lower cost.

The coated par t ic les  w e re  prepared from the H’7, enriched c e ra m ic -g r a d e  t'O } 

powder. Nuclear M ate r ia ls  and Equipment Corpora t ion  (NUMEC) of Appollo. Pennsyl

vania, w as  contracted to agg lom era te  the UO into dense par t ic les  and to coat them 

with molybdenum.

F igure  (1 shows the appearance  of the individual coated p a r t ic le s .  The thickness 

of the fi lm was measured  to range  from 1 to 3 .3  m icrons ,  which was le s s  than the1 th ick

ness d e s i re d .  By chemical ana lysis ,  the metal content was de te rm ined  to be 16. T'k by 

weight. The substra te  UO had a density ranging from 95 to 97r̂  of theore t ica l .

V. FABRICATION PROCEDURE - FUEL COMPACTS 

A. METHOD OF COMPACTION

The UO -Mo m ix tures  w ere  compacted in a vacuum induction hot p ress .  It was
Ml

n ecessa ry  to use this method of compaction r a th e r  than the conventional sintering
( 2 i

p rocedure  on p ressed  green  compacts ,  because previous tes ts  by P aprock i .  et al. .

18
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Mounted and Soctionod 150X

Substrate particle size, 0.149 to 0.105 mm (100 to 140 mesh); 
Mo coating thickness, 1 to 3 microns UO2 density, 95 to 9 7 % 
of theoretical; UO2 enrichment, 8.0%

FIGURE 6. INDIVIDUAL MOLYBDENUM-COATED U 0 2 PARTICLES
19
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showed that a dynam ic com pression  on the m ixture held at an elevated te m p e ra tu re  was 

required  to ach iev e  the high bulk d e n s itie s .

A d e sc rip tio n  of the appara tus used  for this com paction  is p resen ted  by Hoyt. ^  

G raphite d ies w e re  used in which com pacts m easuring  12. 7 mm (0. b inch) in d iam eter
i

and from 2. 54 to  3. 81 cm (1 to 1 -1 /2  inches) long w ere  produced.

B . HOT-PRESSING

1 UO.. M olybdenum P elle ts

The fuel pellets containing the molybdenum f ib e rs  w ere fab rica ted  by weighing

and mixing re q u ire d  amounts of f ib e rs  and UOt) pow der for each charge (pellet) and

loading them into the die cav ity. The p ressing  was c a r r ie d  out at 1500° C (2732' F) at
-55.000 psi for 30 m inutes at te m p e ra tu re . The vacuum stab ilized  to 10 ' t o r r  during 

this operation .

Figure 7 show s the condition of the pellet su rfa c e s  in the a s -p re s s e d  a id c e n te rle ss  

ground conditions. The d istribu tion  of the exposed ends of the fibers on the ground s u r 

faces was un ifo rm  and indicates tha t the fiber d is trib u tio n  in the* m atrix  w as a lso  uniform .

C onfirm ation  of the favorab le d istribu tion  and o rien ta tio n  of the f ib e rs  was obtained 

when sam ple p e lle ts  w ere sectioned . Figure 8 shows a c ro s s  section and a longitudinal 

section from  a typical pellet. It can  lx* seen that the filx*rs a re  oriented predom inantly  

in the planes perpend icu lar to the p e lle t axis. The ex ce llen t contact betw een fibers and 

the UOi? should contribute favorably to good heat tr a n s fe r  (F igure 9).

The p e lle t s tru c tu re  was p e rm ea ted  with a network of fine c rack s, w hich a re  c learly
i

visib le in the p reced ing  photographs. The fibers se rv e d  to reinforce th is  s tru c tu re  and

20
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inches 0
n I ' l ' i ' i I ' l ' I T 11' 1111111

Contorloss Ground 4X

FIGURE 7. HOT-PRESSED PELLETS MADE FROM  A MIXTURE 
OF U O j POWDER AND MOLYBDENUM FIBERS

VAL 5 0 *2
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b. Longitudinal Soction of Pollot 20X

8% U O 2 containing 20 wt %  M o

FIGURE 8. SECTIONS THROUGH HOT PRESSED PELLETS 
SHO W IN G  FIBER ORIENTATION

VAL 5 0 2 3
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to  hold the in teg rity  of the pellet. T h e re  w ere no p rob lem s of the pellets d isin teg ra tin g  

during the c e n te r le s s  grinding o p era tio n . The density of th e se  pellets was a uniform  

94 to 95* of th e o re tic a l, co rrec ted  for the molybdenum con ten t.

2. C o a te d -P a r tid e  P e lle ts

The hot p re ss in g  of the coated  p a rtic le s  into com pacts proved to be som ew hat 

m ore  difficult. It w as found that high d en s itie s  could not be achieved in the com pacts 

p re sse d  at 1500 C. A s a co rrec tiv e  m e asu re , the te m p e ra tu re  was raised  to 2200" C 

(3992 F). This change in p rac tice  in c re ase d  the bulk density  to 9C>f̂  of th e o re tic a l. 

Howevei . at th is h ig h e r tem p era tu re , th e  pellet surface re a c te d  with the g rap h ite  d ies 

and made it im possib le  to rem ove the p e lle t except by b reak ing  the d ies. T h e re fo re , 

fu rth e r  com paction a t th is  tem p era tu re  w as stopped. A co m p ro m ise  te m p e ra tu re  of 

1700 'C (3092s F) w as chosen to perm it a h igher pellet yield p e r  set of d ies, although the 

bulk density of the p e lle ts  was lowered to  an average of 89',? of theo re tica l. The d ie  

p re s s u re  was 5000 p s i and the duration of the p ressing  o p era tio n  was 30 m inutes at
_5

te m p e ra tu re . A vacuum  of 10 ’ to r r  w as m aintained during th is  period.

Figure 10 shows the appearance of the pelle t su rface in th e  a s -p re ssed  and c e n te r 

le s s  gound conditions. The ground su r fa c e s  w ere smooth and the  UO exposed by the 

g rind ing  rem ained in tac t.

In ternally , the s tru c tu re  consisted  of continuous netw orks of m etal heat paths, as  

show n in Figure 11 and 12. The continuity in the heat paths w as enhanced by the m o lyb 

denum  coating welding together. The la rg e  voids p resen t in the  UOt) shown (F ig u res  

11 and 12) a rr  p u ll-o u ts  from  the mount p rep a ra tio n  and not vo ids in the orig inal U 0 9 

p a r tic le s . Voids betw'eer. the p a rtic le s  a re  a lso  p resen t and v a ried  in amount am ong

24
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FIGURE 10. HOT-PRESSED PELLETS MADE FROM 
M o-C O A T E D  U 0 2 PARTICLES
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Not*: Low density area near left edge.

FIGURE 11. LONGITUDINAL SECTION OF PELLET MADE 
FROM Mo-COATED U 0 2 PARTICLES
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2 5 0 X

^ '  •  *  • *

i *  -  a

* r *'.'•'• j|
5 0 0  X

FIGURE 12. REGION OF HIGH DENSITY IN PELLET MADE  
FROM HOT-PRESSED COATED U 0 2 PARTICLES
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the  pelle ts : these voids w ere  the chief re a s o n s  for the v a ria tio n  in the pellet d e n s itie s . 

F ig u re  13 shows an a r e a  w here the density  is low.

C . CONVENTIONAL SINTERED UP., PELLETS

The conventional s in te red  UO p e lle ts  w ere  fabricated by the standard p ro ced u re  in 

w hich green  com pacts w ere  sin tered  at 1650' C in a hydrogen a tm osphere . The d en sity  

of th e se  pellets was fro m  95 to 9 7 of th e o re tic a l. The ch em ica l analyses of th e se  p e l

le ts  a re  shown in T ab le  3.

TABLE 3. C hem ical A nalyses of 6 .4 f>' Enriched UO P elle ts

Isotopic Content: 6. 4 5 -r 0 .06':» 
O xygen-to-U ranium  Ratio 2.008

Ag 0. 1 ppm F" 15

A1 25 Mg 2

B v 0.2 Mo 4

Bi 1 Mn • 3

C 10 Na • 35

Ca 10 Ni 50

Cd 1 Pb < 1

Cl" 5 Sb 2

Co 2 Si 60

C r 50 Sn 1

Cu 1 V • 15

Fe 200 Zn 10

28
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150X

• • .•  m  W F
500X

FIGURE 13. REGION OF H IG H  VO ID CONTENT IN  LOW DENSITY 
HOT-PRESSED PELLET MADE FROM COATED PARTICLES
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D. GENERAL DESCRIPTION OF THE RODS

Each o f the  th ree  d ifferent types o*‘ fuel was kept separated  in individual rods. The 

arrangem en t of these fuels w ithin the rods was s lig h tly  d ifferent (F igu re  5). The reason 

for sho rten ing  the cerm et fuel co lum n was to co n se rv e  the high cost fuel containing the 

molybdenum. For the te s ts , it w as sufficient to p lace  a sho rt fuel colum n of th is tvpe 

fuel in the peak  heat flux region. In the following se c tio n s  the fabrication  procedure 

followed and the  data recorded  fo r each  of these fuel ro d s  a re  described .

1. R eference Fuel Rods

The two re fe ren ce  (S e rie s  A) fuel rods w ere filled  w ith conventional, s in tered , 

6 .4 (j en riched  UO(J pellets. Each fuel rod was identified  by metal stam ping a le tte r -  

numlier com bination  on the lxittom end plug stud (F ig u re  4a). The outside d ia m e te r  of 

the pelle ts  u sed  in these rods w as ground to within the to le ran ce  of 1. 194 to 1. 196 cm 

(0.470 to 0 .471  inch). Before loading the pellets into the  tubes for each ro d , they were 

placed in a V -tro u g h : the d iam ete r of the f irs t or bottom  pellet and of ev e ry  tenth pel

let was m easu red . Two m easu rem en ts , 90 degrees a p a r t ,  w ere made on each  of these 

pellets: the length  of the fuel colum n w as also m easu red . The m easu rem en ts  a re  given 

in Table 4.

TABLE 4. D iam ete r M easurem en ts of U 09 
P e lle ts  in S eries A R ods

P elle t Rod A -l Rod A-2

1 0.4705 0.4702
10 0.4705 0.4702
20 0.4705 0.4708
30 0.4705 0.4715
40 0.4698 0.4710
50 0.4698 0.4709
60 0.4705 0.4708
70 0.4712 0.4712

Fuel C olum n Length, inches
3 7 -7 /8 35-3 /4
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The inside d iam eter of the  tubing was ac tually  1.204 cm (0.474 inch). The d iam etra l 

c le a ra n c e  between the pellet su rfa c e  and the inside su rface  of the c lad  w as 0.076 to 

0.102 mm (0.003 to 0.004 inch). All the pellets u sed  w ere free from  c ra c k s  and chips. 

A dditional d e ta ils  on the ro d s  a re  given in a tabu la ted  sum m ary at the  end of th is r e p o r t .

2. Rods Containing the Fuel with the Fibers

T he th ree  S eries B ro d s  contain the p e lle ts  with the m olybdenum  fibers. Only 

tw o -th ird s  of the fuel colum n in each of these ro d s  is  filled with the UO.?-molybdenum 

pellets. The rem aining upper th ird  is filled with conventional, s in te re d  6. 4'2 enriched 

U 09 p e lle ts .

Each rod contains 16 m olybdenum -bearing p e lle ts  and 23 conventional pellets. Di

am eter m easu rem en ts  w ere taken  of each of the c e rm e t fuel pellets, and ot the firs t and 

then of e v e ry  tenth conventional pe lle t. The location o r elevation of the p e lle t in terfaces 

of the c e rm e t fuel w ith re sp e c t to the bottom of the fuel column was a lso  m easured . The 

re su lts  a r e  given in Table 5.

The d ia m e tra l c learan ce  betw een the pellet su r fa c e  and the inside su rface  of the 

cladding w as between 0.05 to 0 .0 7  mm (0.002 to 0 .0 0 3  inch) over the c e rm e t fuel 

column, and 0 .05  to 0. J02 m m  (0.002 to 0.004 inch) over the conventional fuel column. 

Additional d e ta ils  on these ro d s  a re  given in a tabu la ted  sum m ary at the end of this rep o rt.

3. Rods Containing the Coated Particle Fuel

T he th ree  Series C ro d s*  contain the p e lle ts  made from the co a ted  partic les . 

The fuel co lum n in each of th e se  rods also  con tains both the special and conventional

*
Rod C -3  was fabricated a s  a substitu te for Rod C -4 . which was not com pleted when 
the a ssem b ly  was in se rted  into the VBWR c o re . The C-3 was subsequently  replaced 
by C -4  in la te D ecem ber. 1962 afte r operation  a t a low power level fo r one VBWR 
cycle. Rod C-3 contained conventional s in te red  UO pellets of 5 46'7 enrichm ent. 
Since C -3  is not part of th e  te s t  program , it wil l  no t be described  fu rth e r.
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TABLE 5. D iam e te rs  and Locations of Fuel Pelle ts .  S e r i e s  B Rods 
(All m easurem en ts  a r e  given in inches.)

Rod B-1 Rod H1-2 Rod B -3
Pellet Interface* D iam eter Interface Diameter Interface Diameter

Bottom - 0 - 0 - 0

f  1 -  1-9/16 0.4713-0.4724 - 2 0.4712-0 4720 - 1-5/8 0.4715-0.4720
2 - 3 -1 /16 0 .4715-0 .4718 - 3 -7 /1 6 0.4700-0 .4715 - 3 -1 /8 0.4712-0.4720
3 -  4 -5 /8 0 .4715-0 .4715 - 4 -1 5 /1 6 0 .4721-0 .4728 - 4 -11 /1J 0.4712-0.4715
4 - 6 -3 /16 0.4715-0 .4721 - 6 -7 /1 6 0 .4711-0 .4715 - 6-1/4 0.4705-0.4710
5 -  7 -5 /8 0 .4719-0 .4719 - 8 0 .4710-0 .4710 - 7-3/4 0.4708-0.4720

i 6 -  9 -1 /8 0 .4715-0 .4719 -  9 -9 /1 6 0 .4715-0 .4718 - 9-5/16 0.4712-0.4715
UO -Mo 1 7 -1 0 -9 /1 6 0 .4711-0 .4718 -1 1 -1 /1 6 0 .4715-0 .4718 -10-13/16 0.4"12-0 .4712

/ 8 - 1 2 -1 /8 0 .4708-0 .4718 - 1 2 -1 /2 0.4712-0 .4715 -12 3/8 0 . 47C0-0. 4715
Fiber \̂ 9 - 1 3 -5 /8 0 .4700-0 .4715 -1 3 -1 5 /1 6 0 .4712-0 .4715 -13-7/8 0. *710-0. 4715 

0 .4709-0.4709Pel le ts 1 10 - 1 5 -1 /8 0 .4715-0 .4718 -1 5 -1 /2 0.4690-0 .4710 -15-7/16
f 11 -1 6 -5 /8 0.4700-0 .4712 -1 7 -1 /1 6 0.4715-0 .4718 -16-15/16 0.4712-0.4716

12 - 1 8 -1 /8 0 .4711-0 .4717 -1 8 -1 /2 0 .4715-0 .4718 -18-1/2 0.4703-0.4713
1 13 -1 9 -3 /4 0.4712-0 .4722 -20 0 *708-0.4716 -20-1/16 0 4705-0.4705
1 14 -2 1 -1 /4 0 .4712-0 .4715 -2 1 -1 /2 0.4712-0 .4722 -21-1/2 0.4711-0 .4715

15 -2 2 -7 /8 0.4712-0 .4717 -2 3 -1 /1 6 0.4712-0. *718 -23 0.4708-0.4710
\  16 -24 0.4712-0 .4712 -24 0.4712 -0.4718 -24 i

Regular J 
Pe l le ts  1

f 17 0.4702 0.4702
•

0. 4705
26 0.4708 0.4715 0.4706

1! 36 - 3 6 -1 /8 0.4705 -3 5 -5 /1 6 0.4708 -36-1 /8 0.4708

Pellet in terface location m e a su re d  from bottom of  fuel column.

coro
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fuels. As shown p rev iously  in F igure 5. the bottom 7. 8 cm  ( — 3 inches) is filled  with 

the conventional fuel to ra is e  the c e rm e t fuel column so th a t the midpoint of th is  section 

is in the peak heat flux region of the rod .

Since the ir d e n s itie s  w ere not u n ifo rm , the pelle ts m ade from  the coated p a r tic le s  

w ere  segregated  acco rd ing  to th e ir bulk d en sitie s  and then d is trib u ted  among the th ree  

ro d s  so that in each  of the th ree  c e rm e t fuel zones form ed, the pellets could be a rranged  

in a cosine-type d en s ity  d istribu tion . The m iddle of each zone had the highest density 

p e lle ts  and was p laced  in the peak heat flux region. The p e lle t  d iam eters  and in te rface  

locations w ere  m e asu red . These m e asu rem en ts  and the p e lle t densities  a re  p resen ted  

in Table 6.

The outside d ia m e te rs  of all the p e lle ts  in these th ree  ro d s  w ere within the to le ran ce  

of 0.470 to 0.471 inch leaving a p e lle t- to -c la d  d iam etra l c le a ra n c e  of 0.07 to 0. 102 mm 

(0.003 to 0.004 inch). T here w ere th re e  undersized  m olybdenum -bearing p e lle ts  which 

could not be ground uniform ly . The d im ensions of these p e l le ts  a re  referenced  in Table 

7 by an a s te risk . A dditional deta ils  on th e se  rods a re  given in the tabulated su m m ary .

4 . F inal End C lo su re

_3
All the loaded tubes w ere evacuated  in a weld ch am b er to le ss  than 10 lo r r  , 

and back-filled  with re a c to r  grade helium  to 1 atm . The top end plugs w ere then welded 

to  com plete the fab rica tio n . The com pleted  rods w ere te s ted  fo r leaks in a Lelium  m ass 

sp ec tro m e te r  leak d e te c to r  and x -rayed  a s  a final check b e fo re  they w ere assem b led  

into the fuel bundle. F igu re  14 shows the a rran g em en t of the fuel rods in the assem b ly .
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TABLE 6. D iam eters . Locations, and Densities of Fuel P e l le ts .  Series  C Rods 
(All measurements a r e  given in inches.)

Coated - 
Particle 
Pellets

v Regular 
Pellets

Rod C - l Rod C-2 Rod C -4
Pellet In terface D iam eter Density In terlace Diameter Density Interface Diameter Density

1 -  3-1/16 0.4705 >95 - 3 -1 /1 6 0.4705 >95 0 4701-0.4707 >95

/ 7 - 4 -1 /8 0 4700-0.4702 88. 7 - 4 0.4700-0.4702 88. 9 _ _

I ^ -  5-1/4 0 .4706-9 .4708 88 9 - 5 -3 /1 6 0.4700-0.4702 88. 9 - 4-1 /16
I 9 - 6-5/16 0.4702-0.4704 89. 1 - 6 -1 /4 0.4702-0.4706 89. 1 - 5-1/4 0.4701-0.4703 84. 8
1 10 - 7-3/S 0 .4700-0 .4705 89. 2 - 7 - 3 1 6 0.4702-0.4704 89.4 - 6-1/16 0.4703-0.4704 88.4

11 -  8-5/16 0 4706-0.4704 90. 0 - 8 -9/32* 0.4698-0.4702 90. 4 - 7-1 /2 0.4700-0.4702 88. 6
l 12 - 9-5  it; 0 .4702-0 4704 90. 5 - 9 - 7 / It; 0.4660-0.470 90. 8 - 8-1/2 0.4702 89. 1

1 13 -10-1 16 0.4 700-0.4705 90 7 -12 -1 /8 0 4700-0.4702 96. 5 - 9-9/16 0.4703 90. 1
1 14 -11-1/16 0.4702-0 4 705 91.8 - 13 -5 it; 0. 4700-0.4702 88. 6 ml0-9/16 0 4 704-0.4705 90 3
/ ! ’ -12-1 /16 0 4704 94 6 -14 -1 2 0.4700-0.4706 88. 3 ->2-3/16 0.4702-0.4704 90. 6

/  16 -12-7, 16 0.4 705 90.0 -15--5 /8 C.4700-0.4702 88. 2 -13-1/32 0.4704 94 5
1 17 -13-9 /16 0.4702 88. 5 -16--7*8 0.4700-0.4702 88. 1 -14-1/32 0.4705 90. 7
1 18 -14-3  4 0 4705 88.3 -18--1 8 0. 4700-0.4 704 88. 0 -15-1/4 0.4702-0.4703 90. 5

1  19 -15-1 16 0.4705 88. 2 -19--1/4 0.4700-0.4 704 87. 9 -17-7/16 0 4 703-0.4704 90. 1
1  20 -16-3  32 0.4705 88. 1 -20- 9/16* ' 455 87. 7 -19-1/4 0.4700 89. 2
1 21 -17 -7 /32 0.4704 88. 0 -21- i •> 0.4705 86. 9 -20-1/2 0.4702-0.4703 87. 7
I 22 -18-15, It. 0.4700 87. 7 -22- 3, 8 0.4702-0.4705 85. 8 -21-9/16 0.4702 86. 4
\  23 -20 -1 /8 0. 4702-0.4704 87.5 0. 4705 >95 -22-5/8 0 .4  704 64 6
\  24 -21 -5 /16 0.4705 86. 2 t -23-5/8 0.4702-0.4705 84.2
\  - 5 -22-1 /4 0 .4702-0 .4706 85. 7 1 1 -23-5 /8 0.4707 >95

2* -22-1 4 0.4 705 >95 00rciP
ITl1 0 4 70.5 > 95 -23-5/8 0. 4707 >95

52 -36 0 4705 >95 -36 -1 /16 0 4705 >95 -36-5/16 0.4707 >95

Note: Rod No. C-3 was a substitute rod later rep laced  by C-4.
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Sum m ary of Fuel Rod F abrica tion  Data 
(All m e asu re m en ts  are  given in in c h e s .)

Identification
I -  S e r ie s  A Rods 

R egular Pellet
II - S eries B Rod 

UO„ ♦ Mo F iber P e lle t
III -  S e r ie s  C Rod 
C oated  UO. Pellet

£ -1 A -2 B - l » -2  B-3 C - l C-2 C-4
Net Fuel W eight. gm

Regular P e lle ts , UO 1054.2 1051.4 350. 3 344.5 359 .2 493.9 4 9 2 .6 493.3
C erm et P e lle ts , in -

eluding molybdenum - - 683 .3 684.0 *72 .4 487.3 483. 9 465.2
(20 wt (l  Mo) ( 16. 7 wt J Mo)

Enrichm ent

C erm et P e lle ts 8 .0 Same for Rods in

Pellet Density

Regular P e lle ts
C erm et P e lle ts 94. 4 % V arious - See Table 5.

Fuel-Colum n Length, inches

Regular P e lle ts 35-7 /8 35-3/4 12 -1 /8 11-5/16 12-1 8 3-1 /16  fr 3 -1 /1 6  lr 4 -1 /16  t
13-3/4 13-11/16 12-11/16

C erm et P e lle ts - - 24-0 24-0 24 -0 19-3/16 19-5/16 19-9/16
Total 35-7 /8 35-3/4 3 6 -1 /8 35-5/16 3 6 -1 /8 36-0 36 -1 /16 36-5/16

No. of P e lle ts

Regular P e lle ts 70 70 23 23 23 6 & 27 6 ii 27 8 L 25
C erm et P e lle ts 16 16 16 19 16 16

0 . L. of P e lle ts

Regular P e lle ts 0 .470 -0 .471 Same in all g roups —
C erm et P e lle ts 0 .4 7 0 -0 . 472---------------------------- ► 0 .4 7 0 -0 .4 7 1 ----------------

Tube

I. D ., inch 0.474 cO. D. , inch 0. 514-0. .»15“
£

Plenum Length, inches 3 -5 /8 3 -7 /8 3 -5 /8 3 -7 /8  3 -3 /8 3-1/2 3 -1 /2 3-1/4 •o
i  •

O ver-All Length, inches 41-25/32 41-25/32 4 1 -2 5 /3 2 41-25/32 41 -13 /16 41-13/16 41 -25 /32 41-3/4 5*cn
(m easured from  shoulder 
of bottom end plug to tip 
of stud of top end plug)
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Series A Reference rods 
Series B Mo fiber & UO 2 

Series C Mo-cooted UO2

FIGURE 14. ARRANGEMENT OF FUEL RODS IN SPECIAL ASSEMBLY 9-L
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APPENDIX

CALCULATIONS PER FORMED TO ESTIMATE OPERATION 
TEMPERATURES OF CER M ET FUELS USED IN SPECIAL ASSEMBLY 9-L

E s t im a te s  of the operating te m p e ra tu re s  to be reached  in the UO ? anti the cerm et  

fuels used in Special Assembly 9 - L  were calculated. A summary of the calculations 

performed is presented.

The rad ia l  tem pera tu re  p ro f i les  at the peak heat flux 'egion ol the fuel rods and

the axial c en te r l in e  tem pera tu re  profi les  were ca lcu la ted  lor three peak heat flux
• )

conditions: 0 *141 ,8 .  157.5. and 173. 2 W /cm “ . The profiles were de te rm ined  for

the s in tered UO.? pellets in the r e f e re n c e  rods, the UO -molybdenum fiber mixture,  

and the pe l le ts  made from the UO par t ic les  coated with molylxlcnum.

The ca lcu la t ions  were p e r fo rm ed  in two parts .  In Par t  1 calculations for  estimating 

the thermal conductivity of the c e r m e t  fuels were made.  In Part  2 ca lculat ions were 

made of the te m p e ra tu re  d is t r ibu t ion .  Each part is sum m arized  in the following paragraphs.

THERMAL CONDUCTIYITY FOR THE UOQ-MO C ERM ET FUELS

Thermal conductivity values of 1'0.,-Mo ce rm et  fuels up through the tem pera tu re  of 

alnxit 1600 C w e re  not available A suitable theore t ica l  model for calculating the 

thermal conduc t iv i t /  values for such  mixtures  also was not available. In the absence 

of a model, and l»* cause of the dependence of the the rm al  conductivity upon the metal 

content and the s t ru c tu re  of the m ix tu re ,  accurate va lues  of thermal conductivity can 

be obtained only by actual m easu rem en t  of the m ix tures  in each par t icu lar  cose .
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T h e r m a l  c o n d u c t iv i ty  m e a s u r e m e n t s  of  t h e  c e r m e t  fuels u s e d  in th is  e x p e r 

i m e n t  w e r e  not in c lu d ed  in  th i s  p r o g r a m .  In l i e u  of t h e s e  m e a s u r e m e n t s ,  it w as
❖

p la n n e d  t o u s e t  he v a l u e s  r e p o r t e d  by P a p r o c k i , e t a l . ,  fo r  s i m i l a r  U O ^ - m o l y -  

b c e n u m  m i x t u r e s  . The  m o ly b d e n u m  c o n t e n t s  in the fuel c o m p a c t s  w e r e  thus  s p e c 

i f ied  to  be  the s a m e  a s  th e  BMI c o m p a c t s  , i . e . ,  20 vol % m o l y b d e n u m .

In actual practice, however,  this target amount of molybdenum was not achieved, 

p a r t ic u la r ly  in the com pacts  made from the coa ted  partic les ,  b e c a u s e  of this condition 

and the need to obtain conductivity values for t e m p e ra tu re s  beyond those reported, it 

was decided  tc calculate the  thermal conductivity based on a weighted average procedure .  

A homogeneous mixture of the UO and molybdenum components w as  assumed. In this
4m»

case ,  the effects of the two different forms in which the molvlxlenum was added, i .e .  , 

as f ib e r s  and as coating, w e re  not differentia ted.  Variations in the  metal content only 

were  then taken into account by this procedure .

The curves  obtained by plotting the r e su l t s  of calculation from th is  procedure w ere  

modified further to bring them into conformance with the reported values for the lower 

t e m p e ra tu re  range. In effect this adjustment w as  an a rb i t ra ry  m e an s  to compensate for 

deviat ions  from the ideal c a s e  of a perfectly homogeneous mixture.

The thermal conductivities were calculated by

^mixture = ^UO x vol UO - ^Mo x vol Mo.

Paprock i ,  S. J .  . et al . , ’’Preparation and P rope r t ie s  of UOt> C e rm et  Fuels ."  
BMI-1487, December 19. 19(50.
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T h e rm a l  conductivity values of pure molybdenum were obtained from the "R are  

M eta ls  Handbook." T h e rm a l  conductivity va lues  of 95^ T. D. s in te red  UO } were obtained 

from M. F. Lyons.

F igure  A - l  shows the the rm al  conductivity cu rves  for the S e r i e s  B and C fuel c o m 

pacts u sed  in this ex p e r i e m tn t .  The Ser ies  B compacts  contain 30 vol molybdenum, 

and the S e r ie s  C, 15.8 vol '{ molybdenum.

Two curves taken f ro m  Paproeki a re  shown in Figure A - l .  T h ese  curves were lo r  

co m p ac ts  having 20 vol vk molybdenum. The B * * and C* curves show the adjustments 

made: the  referenced c u r v e s  were used as guides.

A sh a rp  r i se  in the th e rm a l  conductivity at  the higher te m p e ra tu re s  is shown for 

one of the  reference c u rv e s .  A s im ila r  kind of trend, though not a s  pronounced, was
Tk *  *

r ep o r ted  by Baskin, et al . , for thoria-molybdenum fiber com pac ts .  A poss ible 

reason  given for this behav io r  was the closing of gaps between the meta l  and oxide phases  

and a l so  the closing of c r a c k s  in the UO to in c re ase  the heat t r a n s f e r  through the c o m -  

pact. T h is  behavior would probably rai^e the B* and c /  curves  f rom  1000 C. In the 

t r a c e s  shown, curves  B '  and C ' do not account for this trend and th e re fo re  are  believed 

to be conserva t ive  e s t im a te s  in this respect.  »

*
" R a r e  Metals Handbook." C. A. Hamper,  ed i tor .  2nd Ed.,  Reinhold Publishing 
Corpora t ion ,  1901. p. 291.

Lyons, M. F. , et al. , "UO., Thermal Conductivity at Elevated T e m p e ra tu re s . "  
p a p e r  presented at ANS Meeting. June 17, 1903, Salt Lake City. Utah.

*  * *
Baskin ,  Y. . Harada, Y. , and Handwerk, J .  H. , "Some Physica l  P ropert ies  of 
T h o r ia  Reinforced by M etal  F ib e r s ,"  J o u rn a l  of American C e ra m ic  Society, 
C e ra m ic  Abstracts ,  Vol. 43, pp. 489-492. September, 1900.
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1000

Temperature, °C

2000

U 0 2

FIGURE A-l. ESTIMATED THERMAL CONDUCTIVITIES OF U 0 2 - Mo CERMETS
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The F> '  and C '  curves were  replotted  on semilog p ape r  and exp ress ions  of the 

thermal conductivity were der ived  in te rm s  of te m p e ra tu re .  For simplif ication, a 

straight line function was fitted up to about 1(100' C. P re l im in a ry  ca lcu la t ions  snowed 

that ine m axim um  tem pera tu re  in th e se  cermet fuels would not exceed th is  tem pera tu re  

at the opera t ing  surface heat fluxes of the rods. The

f o r  f  = 0 t o  T = 1600 v a l u e s  w e r e  c a l c u l a t e d  u s i n g  t h e s e  e x p r e s s i o n s  a n d

p l o t t e d  a s  s h o w n  in  F i g u r e  A - 2 .  T h e  j k d T  c u r v e  f o r  p u r e  UO i s  p l o t t e d
*

a l s o .  T h e s e  w e r e  t h e  c u r v e s  u s e d  to c a l c u l a t e  t h e  t m p e r a t u r e  d i s t r i b u t i o n  
in the  f u e l s .

T EMPERATURE PROFILE CALCUIJ\TIONS 

Axial P rof i les

Gross  power distribution f rom the fuel rod was a s su m ed  to be as shown in Figure 

A-3. A peak -to-averago  ratio of 1 .5  to 1 was assumed. The axial profile was d e 

termined by ca lcu la t ing  the average center l ine  te m p e ra tu re  of 12 equal segm en ts  of the 

fuel rod. The av e rag e  heat flux in each  of these 12 seg m en ts  was determined by p ro 

portion using the g ro s s  power d is t r ibu t ion  assumed. T h is  procedure was repea ted  for 

each of the th re e  peak heat flux conditions investigated.

The fuel s u r f a c e  tem pera tu res  w e re  calculated using the following the rm al  r e s i s t 

ances. The ca lcu la t ions  were p e r fo rm ed  in English units ;  sample calculations shown 

here a re  shown in these same units .  The final resu l ts  w e re  converted into m e t r ic  units 

for plotting in g rap h s .

*Op. e i t .  L y o n s ,  e t  al .
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Mo fibers 
, & U02
Series B pellets

Mo-coated  
. U02

Series C pellets

0 1000 2000

Temperature, °C

FIGURE A -2 .  /  kdT VERSUS TEMPERATURE OF THREE
FUELS USED IN SPECIAL ASSEMBLY 9-L
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FIGURE A-3. GROSS POWER DISTRIBUTION ALONG ROD USED IN SPECIAL ASSEMBLY 9-L
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'film = 1/hA

- 7.42 x 1C'} Btu/h-ft2-* F

when* h is film conductance (10 Btu/h-ft") and A is fuel rod surface area (ft"/ft).

R clad = m (ro /r.) /2irk
'  •  VV

= 11.58 x 10'4 Btu/h-ft2-* F

where r is clad radius and k is thermal conductivity of stainless steel cxiual to 

11.1 Btu/h-ft2 -' F.

R gap m 1/hA.

= 80. 70 x 10~4 Btu/h-ft2-  F

2
where h is gap conductance equal to 1000 Btu/h-ft F.

fuel surface = 540 * A £ R 0

540 * 13.45 x 10-4

where 0 is heat flux (Btu/h-ft ) .
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Pow er  generation was a s s u m e d  to be the s a m e  in both the s in te red  UO., and ce rm et  

pellets.  A parabolic d is t r ibu t ion  within the fuel w as  considered. The cen ter l ine  te m 

p e ra tu re s  determined for each  incremental length w e re  plotted for each  of the three 

heat flux conditions. The axial tem pera tu res  a r e  shown in Figure 1.

Radial P r o f i l e s_

I
The rad ia l  profiles were  calculated for the t h r e e  peak heat flux conditions only in 

each type of fuel. A parabolic distribution of the power was considered .  The tem p era 

tures  a r e  plotted in Figure 2.


