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1.0 Fuel E lement Technology 

The Pebble Bed Reactor concept i s based on the use of a spher ica l 
graphite element containing f issi le and /o r fer t i le m a t e r i a l in the form of 
an oxide or carb ide , heat of f ission being removed by the c i rcula t ion of 
helium through the r eac to r c o r e . A r eac to r of this type was f i r s t p r o ­
posed by Dr . Fa r r ing ton Daniels (1_) in 1944 and is cur ren t ly being studied 
under the p re sen t contract as a heat source for a cen t r a l stat ion s team 
power plant . Other applications of the s ame r eac to r concept that a r e 
being invest igated a r e a p r o c e s s heat r eac to r by the U . S. Bureau of Mines 
and a cen t ra l stat ion power r eac to r in Germany by Brown-Bover i & Cie, 
A . G . , MaJinheim and F r i e d r . Krupp, 

Graphi te -uran ium fuel e lements have been invest igated in a random 
fashion over the pas t ten y e a r s , fuel being incorpora ted in the graphite 
ma t r i x by three genera l methods: (1) impregnat ion of a graphite shape 
with a u ran ium compound followed by a convers ion to the oxide or carbide 
form by heating; (2) admixture , or the mixing of a uran ium compound 
such a s the oxide with a graphite flour and a b inder , followed by forming 
and baking to carbonize or graphit ize the binder ; and (3) lumping, where 
a lump or p r e s s e d shape of uranium oxide or carbide is sealed within a 
p re formed graphi te body. Immediately following the proposal by D r . 
Daniels mentioned above, the Argonne National Labora to ry and the Oak 
Ridge National Labora tory made a study of the impregnat ion technique 
{Z) (3) (4). The next effort along these l ines was by North Amer ican 
Aviation (5) who had under considerat ion a low power r e s e a r c h r eac to r 
ajid a high t empera tu re power r eac to r based on impregnat ing blocks of 
graphite with f issi le m a t e r i a l . Battel le Memoria l Insti tute (6̂ J ini t ia ted 
studies of this fuel concept in 1950, concentrat ing on the addition of fuel 
to graphite by the admixture method. This work is st i l l being c a r r i e d 
on at an acce le ra t ed l eve l . During recent ye a r s both the Los Alamos 
Scientific Labora to ry (7̂ ) and the Univers i ty of California Radiation 
Labora to ry at L i v e r m o r e have done work on impregnat ion and work is 
s t i l l going on in these l abora to r i es on the fabrication of g raph i te -u ran ium 
fuel e lements by both impregnat ion and admix tu re . In 1957 the Com­
miss ion contracted with the Sylcor Corporat ion to invest igate the p r e ­
para t ion of graphite-uraniixm fuel e lements and while the g rea t e r p a r t 
of thei r work has been on graphite techniques, they have fabr icated s a m ­
ple lots of g raphi te -uran ium and /o r thor ium e l e m e n t s . Grea t Lakes 



Carbon Company a r e p resen t ly fabricating admixtured fuel e lements for 
TREAT, a pulsed r e s e a r c h r eac to r being built by Argoiuie National Lab­
ora to ry , and Battel le Memoria l Insti tute a r e having adjnixtured graphi te-
uranium fuel e lements developed by three graphite manufac tu re r s for 
the GCRE P r o g r a m . 

In the pr ivate field D r . Daniels has done l imi ted work at the Uni­
ve r s i ty of Wisconsin on admixture and lumping; National Carbon a r e 
doing woBk on admix tu res ; Minnesota Mining and Manufacturing a r e 
doing work on lumping and high t empera tu re coatings and The Engineer ing 
Sciences Division of Amer ican Metal P roduc t s Company a r e doing work 
on gaseous impregnat ion and diffusion coat ings . 

In the foreign field, Degussa of Frankfor t , Germany have p r o ­
vided lumped e lements for BBC-Krupp which have been i r r ad i a t ed at 
NRX in Chalk River , and the Br i t i sh have repor ted i r r ad ia t ion r e su l t s 
on graphi te -uran ium bodies . 

In general this work has been or i s being done in a randomi or un­
coordinated fashion and at a low level of effort. There is no question 
regarding the feasibili ty of fabricating fuel e lements of this type but 
per formance data is sca t t e red or completely m i s s i n g . This i s because 
of the shortage of tes t faci l i t ies , the lack of p r io r i t y to make test ing 
possible and the heretofore low level of in te res t in the high t e m p e r a t u r e , 
gas-cooled reac to r concept . 

In the following sect ion of this r epor t a s u m m a r y is p resen ted of 
work done in this field, as outlined above, as re la ted to the PBR con­
cept . Since this work originated in seve ra l different locat ions and was 
based on p r o g r a m s with different ainas, it is not neces sa r i l y a continuous 
p ic tu re , making it difficult to c o r r e l a t e the r e s u l t s . 
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1.1 Mater ia l s 

The t e m p e r a t u r e dependent physical and chemica l changes a s s a -
ciated with a var ie ty of m a t e r i a l s that may be used in the fabricat ion of 
graphi te fuel e lements for the pebble bed reac to r a r e indicated graphical ly 
in F igure 1-1 . Included on this char t a r e graphi te , f iss i le and fer t i le 
m a t e r i a l s , the contibination of graphite and f issi le m a t e r i a l s and some 
potential coating nna te r ia l s . 

1 .1 .1 Graphite 

In the pebble bed r eac to r graphi te s e r v e s a s the fuel e lement s t r u c ­
tura l ma te r i a l and a s the m o d e r a t o r . The graphite density will be de ­
pendent upon the method of fuel e lement fabr icat ion. Adding uran ium to 
the nnatrix by admixture or lumping p e r m i t s the fabricat ion of bodies of 
high graphite densi ty . Adding uran ium to the m a t r i x by impregnat ion 
necess i t a tes a body having interconnected p o r e s with the graphi te density 
being dictated by the weight percen t of fuel to be added. 

Graphite can be manufactured from a lmost any organic m a t e r i a l 
that leaves a high carbon res idue on hea t ing . Pe t ro l eum coke i s one of 
the mos t economical and widely used of the available raw m a t e r i a l s . The 
coke as rece ived from the ref inery is f ired or calcined at a t empe ra tu r e 
of about 1300®C to p resh r ink the coke so that the volume changes during 
subsequent p rocess ing will be cont ro l lab le . 

The calcined coke is c rushed and sc reened to yield var ious s i zes 
which a r e mixed to form an appropr ia te b lend. This blend i s then mixed 
with a pitch b inde r . The viscos i ty of the pitch is s t rongly t empe ra tu r e 
dependent and in o rde r to achieve a good mix, the mixing is c a r r i e d out 
at about 165**C, at which t empera tu re the pitch is quite fluid. The p r o ­
port ion of pitch to coke is se lec ted so as to yield a mix tu re that i s p las t ic 
enough for extrusion or molding. 

After forming, this "g reen" product i s cooled to harden the pi tch 
binder and make handling of the product pos s ib l e . The product i s f i red 
in a gas- f i red furnace at about 750*C to carbonize the b inder . During 
this p roces s the g reen product i s packed tightly in a coke or coke and 
sand mix ture so that it will not d is tor t when pass ing through the t e m p e r ­
a ture range at which the pitch is fluid. After gas firings the carbon 
product i s re impregna ted with pitch to i nc r ea se the density, if r equ i red , 
and finally graphit ized at 2600«'C to 2800*C. 
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Since the coke pa r t i c l e s tend to line up with their longest dimension 
pa ra l l e l to the axis in extrusion ajid perpendicular to the force in molding, 
the resul tan t products have different c h a r a c t e r i s t i c s , even when made 
from the same s tock. Cha rac t e r i s t i c s of graphite made by these two 
methods a r e given in Table 1 -1 . 

UNCLASSIFIED 
TABLE 1-1 

Effect of Molding v s . Ext rus ion on 
Phys ica l P r o p e r t i e s of F ine -Gra ined Stock (8) 

Extruded Molded 

Density - g r / cm" 1.64 

.-7 
Coeff. of Thermal Expansion (xlO l^C) 

With Grain 11 
Against Gra in 41 
Ratio 3.70 

6 2 
E las t ic Modulus (10 l b s / i n ) 

With Grain 
Against Gra in 
Ratio 

1,84 
0.78 
2.40 

1.75 

19 
32 
1,68 

1,39 
0,96 
1.45 

Modulus of Rupture (psi) 
With Gra in 
Against Gra in 
Ratio 

4520 
3010 
1.46 

4680 
3940 
1.25 

In fabricating graphi te -uranium fuel e lements by admixture it is 
des i rab le to be able to control the chemical form of the f issi le m a t e r i a l 
in the final p roduc t . F r o m inspection of F igu re 1-1, it is apparent that 
if the oxide, for exajnple, were mixed with calcined coke and a pitch 
binder and graphit ized, the oxide would convert to the ca rb ide . In o rde r 
to es tabl ish some degree of control over the final product , admixtured 
e lements a r e made by mixing a suitable form of graphite flour, u ran ium 
oxide and a pitch binder and carbonizing the b inder . This r e su l t s in a 
homogeneous mixture of graphi te , UO_ and ca rbon . This mix can a l so 
be fired at graphitizing t empera tu re which r e su l t s in a homogeneoxts 
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mixture of graphite and UC_ . Carbonizing or graphit izing the pitch binder 
resu l t s in a significant difference in physical p rope r t i e s , as shown in 
Table 1-2, 

UNCLASSIFIED 
TABLE 1-2 

P r o p e r t i e s of Molded Graphite Bodies (9) 

Final Baking 
Tempera tu re 

*C 

1450 
2800 

w 

Bulk 
Density 
g r / c m ^ 

1.72 
1,70 

- With G 

The rma l 
Conductivity 
Btu /Hr F f F 

12,8 
26 .0 

rain a - A 

Modulus 
of Rupture 

ps i 
w a 

6600 
6000 4680 

eainst the Gra in 

Compress ive 
Strength 

ps i 

15,800 
10,070 

There has been a des i re on the pa r t of ce r ta in fabr ica tors to produce 
a product at room tempera tu re and one that would not soften during baki,ng 
so that the bodies would have good dimensional stabil i ty during this p r o c e s s 
As a resu l t , var ious l abora to r i e s (6) (10) have developed a method of p r e ­
par ing a ma t r i x with a graphite flour and plas t ic binder which can be mixed 
and formed at room t empera tu re and then baked. High densi t ies a r e ob­
tained by this method without further impregnat ion with binder and the 
bodies have excellent high t empera tu re p r o p e r t i e s . 

The use of plast ic or r e s in b inders is of pa r t i cu la r in te res t where 
high density bodies a r e r equ i r ed , Battel le r epor t achieving bulk densi t ies 
of 1.82 g r / c m using phenol formaldehyde binder and LASL repor t achiev­
ing bulk densi t ies of approximately 1,80 g r / c m using a furfurol p las t ic 
binder , both without further impregnat ion with b inder . Commerc ia l pitch 
bonded bodies have a density of 1.7 to 1,8 gr/cnn , but only after i m p r e g ­
nation with pitch after the init ial baking. 

By varying the grain size of coke pa r t i c l e s or graphite f lours , the 
kind and amount of b inde r s , the method of forming and the final bake t ime 
and t e m p e r a t u r e , an a lmost infinite var ie ty of s tocks can be produced 
having widely different p r o p e r t i e s . Some of the major p rob lems in p r o ­
ducing reac to r grade graphite a r e achieving reproducibi l i ty , and a graphite 
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that will hold up under i r r ad i a t i on . On the bas i s of work done to date it 
appears that fabrication of the fuel e lement m a t r i x by binding of graphite 
flours will r esu l t in a product of mziximum reproducibi l i ty . F r o m the 
resu l t of i r rad ia t ion studies made by Bat te l le , it has been concluded that 
exper imental graphi tes made from a special l abora tory pe t ro leum coke, 
a sugar carbon or a phenolic r e s in carbon, showed the bes t s tabil i ty 
tuider low^ t empera tu re i r r ad i a t i on , 

1.1.2 F i s s i l e and F e r t i l e Mater ia l 

Reac to r s using graphi te -uranium fuel e lements that a r e under 
construct ion or planned have the f iss i le m a t e r i a l in the form of U _ 0 , 
UO_ and UC_, The choice of the form in which the f issi le m a t e r i a l 
will be used is dependent, to a grea t extent, upon the anticipated ope ra ­
ting t e m p e r a t u r e . 

Tempera tu re s at which the react ions occur , converting one forna 
of the oxide to another and to the carbide a r e var ious ly r e po r t e d . What 
i s usual ly lacking is a definition of par t ic le s ize , which dictates the 
ra te at which the react ion at a pa r t i cu la r t empera tu re will occu r . The 
react ions and t empe ra tu r e s quoted he re a r e as r epor ted by Johnson, 
Fa lke r son and Taylor (11), unless o therwise noted. 

Liquid impregnated e lements a r e usual ly made with uranyl n i t ra te 
hexahydrate , UO2 (N03)2t 6H2O. Uranyl n i t ra te i s decomposed by heat 
to UO- at 225"C. This powder i s then reduced at 800"C to UO^, The 
fine gra in oxide which re su l t s general ly has a par t i c le s ize of l e s s than 
one |jL, According to Mellor (12) the uranyl n i t ra te hexahydrate m e l t s 
at 60 ,2°C; gives up two molecules of water of c rys ta l iza t ion at lOO^C; 
2 m o r e at 118*C and the las t two at 170*C. The n i t ra te rad ica l b reaks 
down at 225*0, leaving the orange sal t , U O - , X - r a y defraction studies 
at Argonne (_3) indicate that heating at 800*0 causes the oxide to take 
the form of U - 0 _ , which on continued heating goes to UO_. 

3 o 2 

According to Johnson et al (J.1) U_0 is formed by a UO + O 
react ion at 200*C, Upon continued heating in the p re sence of oxygen, 
U-O is formed at 400"C. This i s stable until approximately 1200*C 
at which point the U _ O Q r e v e r t s to UO_, It i s general ly conceded that 
U_-OQ should not be used above about 5*00*0, the exact t e m p e r a t u r e 
being dependent upon par t i c le size . 
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UO2 i s available in many par t i c le s izes ranging from submicron 
to severa l hundred m i c r o n s . It can be fabricated in bulk shapes ranging 
from tiny pel le ts to rods an inch in d iameter and a foot long. The 
forms of in te res t in d i spe r sed fuel e lements a r e " c e r a m i c " and "high 
f ired" grade , the fo rmer being a powder and the la t te r a nodule. The 
"high-f ired" grade is p r e f e r r e d by some (10) in the fabrication of ad­
mixtured e lements due to i ts super ior blending qua l i t i es , 

UO2 converts to UC and UC2 in the p resence of carbon at 1750 to 
1800''C, If the fuel i s to be in the form of UO2 it i s n e c e s s a r y that 
t empe ra tu r e s of the o rde r of 1200 to 1400°C not be exceeded in the 
fabrication s t ep . In o rder to produce an admixtured element having 
fissile mate r ia l in the oxide form, it is mandatory that the m a t r i x be 
p repa red by mixing graphite flour, UO2 and a binder and baked at a 
t empera tu re below 1200" - 1400*C which will carbonize , but not graph­
it ize the b inder . 

If fuel is to be in the form of the carbide , it can be added as such, 
or added as an oxide, and then converted during graphit izat ion of the 
fuel e lement . The UO2 will convert to a mix ture of UC and UC2 at 
between 1750 and 1800°C. In genera l , UO2 is p r e f e r r e d for the initial 
s teps since the necess i ty of protect ing the uranium carbide against 
conversion to the oxide or ni t r ide is avoided. UC and UC2 mel t at 
about 2300 to 2400°C. In selecting a fuel for his high t empera tu re 
reac tor Daniels (13) chose the carbide form "because it can be heated 
to t e m p e r a t u r e s above 3600' 'F (2000°C) in contact with graphite and 
helium without appreciable react ion, vaporizat ion or formation of 
gaseous p roduc t s . The carbide oxidizes eas i ly m a i r above 500"C to 
yield an oxide which dissolves readi ly in ni t r ic acid to give uranyl 
n i t ra te without evolving g a s , " 

Uranium carbide has not rece ived too much attention as a fuel 
ma te r i a l , pr incipal ly because few, if any, r eac to r concepts involved 
the t empera tu re s that made the use of the carbide n e c e s s a r y . The 
objection to the carbide has been i ts ins tabi l i ty , BMI find that UO2 
going to UC + UC2 in situ does not introduce an objectionable gassing 
p rob lem. They also find that UC + UG2 in graphite is much more stable 
than the carbide a lone. They have exposed carb ide-graphi te samples in 
a i r for six months with no change in composit ion where UC2 would have 
converted to UO2 within this per iod . However, work at BMI has led them 
to conclude that uranium los ses from a carbide element would be of the 
o rder of 30 to 50 t imes g rea t e r than losses from an oxide element , point­
ing to the des i rabi l i ty of a protect ive coating on a carbide e lement . 



Degussa have p r e p a r e d and i r r ad i a t ed fuel e lements for the BBC-
Krupp r eac to r using uran ium carb ide , which is r epor ted a s being the 
monocarb ide . No information is available regarding the m a t e r i a l o r 
the r e su l t s of the i r r ad ia t ion work . 

1 ,1 .3 Coatings 

Coatings a r e of p r i m a r y in t e re s t for the fixed graphi te p a r t s of 
the P B R . Graphi te oxidizes in the p r e sence of high t e m p e r a t u r e s t eam 
and i s therefore suscept ible to damage in a sys tem when s team could 
be r e l eased to the r eac to r as the resu l t of an acc ident . The water gas 
reac t ion ra te i s a function of t e m p e r a t u r e and in addition, the effect of 
radiat ion is not known. Therefore coatings will be used on those fixed 
graphite p a r t s which would be difficult if not imposs ib le to rep lace in 
event of s team damage . 

If coatings can be developed for fuel e lements which would reduce 
fission product leakage by seve ra l o r d e r s of magnitude, or to the point 
where activity r e l e a s e in the p r i m a r y sys tem is inconsequential , then 
the i r .use should be considered for fuel and blanket e l emen t s . This i s , 
however, an economic considerat ion, taking into account the neut ronics , 
containment, maintenance , fabrication and r e p r o c e s s i n g . 

Several coatings for the protect ion of graphite a n d / o r the re tent ion 
of fission products a r e being developed by different m a n u f a c t u r e r s . 
Resul t s to date appear promis ing but the work has not been c a r r i e d to 
the point where i t i s conclus ive , 

Probably the bes t known of such m a t e r i a l s i s s i l icon carbide which 
oxidizes slowly in a i r at about 3400'*F, increas ing rapidly as the t e m p e r ­
a tu re is i nc reased to 4000*F at which point it decomposes . Due to the 
difference between the coefficient of expansion of s i l icon carbide atnd 
graphite it has been difficult to apply coatings which would not c rack 
although p r o g r e s s in the solution of this difficulty i s r epor ted by the 
Bureau of Mines (14), 

Silicon carbide i n c r e a s e s in weight upon oxidation in s t e a m . BMI 
(15) r epor t this weight i nc r ea se to be of the o rde r of 0,15% in 24 hours 
with s team at 1000*C. The significance of this weight i n c r e a s e with 
r e spec t to PBR operat ion i s not known at this t i m e , 

Minnesota Mining & Manufacturing Company have under develop­
ment a coating identified by them as 3M "Ceramic S" which we bel ieve 



to be a si l iconized sil icon ca rb ide . Tes t s pe r formed and repor ted by 
them (16) on coated graphite sample a r e as follows: 

Resul ts Reagent 

96%-H SO 
96%-H2SO + 

2% H "NO^ 
Aqua Regia 
900"C Steam 
goo 'c CO, 

Time-Hours 

100 

100 
100 
100 
150 

no weight loss 

no weight loss 
no weight loss 
no weight loss 
no w ^ h t l o s s 

Of these tes t s the one of p r i m a r y in t e re s t is 100 hours exposure 
to 900°C s team with no measurab le weight l o s s . If these resu l t s hold for 
production coatings and if such coatings can be obtained economically, it 
would el iminate any concern over oxidation of graphite in event of a steajn 
leak into the s y s t e m . 

The Engineering Science Division of Amer ican Metal P roduc t s 
Company of Ann Arbor , Michigan a r e developing a "diffusion res i s t an t 
coating" for graphite p a r t s (17), It is repor ted that they a r e able to 
diffuse pure carbides of hafnium, molybdenum, t i tanium and zirconium 
into the surface of a graphite pa r t to a control led depth and dis t r ibut ion. 
All of these coatings a re good to lOOO'C in a i r . It has been found that 
two coated p ieces will adhere to each other at 2600' 'C, They can with­
stand a the rmal shock tes t wherein they a r e heated and cooled in a ten 
minute cycle between 600 to 2800®C. Metal loadings equivalent to 
40 mg/c jn a r e requi red to produce a diffusion r e s i s t an t coat ing. The 
effects of this loading on nuclear c ha r a c t e r i s t i c s r ema in to be evaluated. 
They advise us that they a r e making coated graphite e lements for the 
Bureau of Mines t e s t p r o g r a m . 

BMI have not done any extensive work on coatings as such but have 
recognized the problems of retaining fuel and fission p roduc t s . Their 
f i r s t in t e res t was retaining fuel at t e m p e r a t u r e s of the o rder of SOOO'F. 
Based on some p re l imina ry work, which showed that a l o s s of fuel 
occur red at an insignificantly slow r a t e , they concluded: a) fuel loss was 
further reduced by placement of uranium compounds in a re la t ively 
mass ive form, well below the surface of the element; b) that surface 
coatings could dec rease fuel loss by a factor of 10 or more at 3000"F 
and c) fuel l o s se s from UC^ loadings were 30 to 50 t imes those from 
IJO loadings (18). 

1-iq ^^ 
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One of their f i rs t coating investigations was repor ted in (19) where 
a Cr3C2 coated graphite tube axially loaded with a UO2 rod showed no 
detectable uranium loss in six hours at 2500*F in a rgon . Subsequent 
reports (20) indicated a loss of 0. 5|jLg/cm2/hr in 25 hours and no loss in 
the next 75 h o u r s . An uncoated graphite tube containing a UC2 rod showed 
l o s se s of about ten t imes this value in the f i rs t 25 h o u r s . Fu r the r work 
(21) with a UO2 rod sheathed m graphite and exposed in a flowing ni trogen 
stream at 2000*F showed a loss of 0. 54p.g/cm^/hr in the f i rs t 24 hour 
period. Correlat ing these data indicates that e i ther the lo s ses were within 
the resolution of the measur ing equipment or that the Cr3C2 coating was 
of no value . 

This work was stopped in June, 1957 due to a change in emphas is 
in the cont rac t . P r e s e n t activity at BMI in this field concerns alumina 
urania fuel mixtures in graphite (22) (23). This work is based on the 
argximent that urania clad with alumina appears to be super ior to urania 
graphite with respect to fission product retention and at the same t ime, 
radiation damage to the graphite is reduced. Incorporat ion of d i sc re te 
UO2 par t ic les in a ma t r ix of dense AI2O3 and subsequent d ispers ion in 
graphite would take advantage of these cha rac t e r i s t i c s of alumina while 
maintaining the mechanical cha rac te r i s t i c s of graphi te . In sumnnary, 
sdumina-urania fuel mixtures in graphite offer the possibi l i ty of 
a)retaining fission products , b) preventing recoi l fission products from 
causing radiation damage in graphite and c)elinniinating cladding. 



1.2 Manufacturing Methods 

1,2.1 Impregnation 

The proposa l to incorpora te u ran ium in a graphite m a t r i x by i m ­
pregnation can be found in one of the ea r l i e s t d i sc losures made of a 
power reac tor (1). Following this proposal the Argonne National 
Laboratory invest igated the fabrication of fuel e lements by this method. 
Lack of high t empera tu re graphitizing facil i t ies at ANL and the relat ive 
ease with which pre formed graphite p ieces could be fueled by i m ­
pregnation led to an extensive exper imenta l p rog ram along these l ines 
which was c a r r i e d out by the Chemis t ry Division of ANL. Shortly 
thereafter s imi l a r work was done at the Aerophysics Labora tory of 
North Amer ican Aviation. More recent ly , i n t e re s t in this method of 
graphite fueling has developed at Los Alamios and at L i v e r m o r e . Since 
all the steps in an impregnat ion operat ion a r e easi ly adapted to remote 
processing techniques, it s eems reasonable at the p resen t t ime to r e -
exajnine this p r o c e s s in connection with the u s e of recycled fuel of low 
decontamination f ac to r s . 

Ear ly Argonne work (2̂ ) developed a p roces s for impregnating the 
pores of graphite with a solution of a uranium sal t which could then 
be converted to a form stable at r eac to r condit ions, Uranyl n i t ra te 
was chosen because of i ts high solubility and the fact that it is readily 
converted to uran ium oxide which is stable at r eac to r condit ions. The 
process consis ted of the following s teps : 

1. Machine graphite to des i red shape , 
2 . Boil graphite in water to remove surface dust introduced 

during machining, 
3 . Heat in helium a tmosphere at 800*'C to remove in ters t i t ia l 

and adsorbed w a t e r . 
4 . Evacuate sample and soak in aqueous uranyl ni t ra te solution. 
5. Dry slowly under equi l ibr ium condit ions. 
6. F i r e at 800"C to convert uranium f irs t to U_0 and then to 

U O , . « 

A modification of the p roces s at step 4 consis ts of soaking the graphite 
in a refluxing solution of uranyl n i t ra te in o rde r to el iminate the evacuation 
s tep . In general it was found that when aqueous solutions (1 molar) were 
used, only about 65% of the voids were filled as contras ted with about 90% 
of the voids being filled during evacuation impregnat ion. This condition 
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was found to hold for seve ra l different types of g raph i te . It was a lso 
de termined that reflux impregnat ion resu l ted in g rea t e r var iabi l i ty 
from piece to piece than did evacuation impregnat ion . It was recognized 
that reproducibi l i ty of r e su l t s depends chiefly on graphite density and 
pore s t ruc tu re c h a r a c t e r i s t i c s , i , e , p r e sence of interconnected p o r e s , 
e t c , , however no explanation has ever been p resen ted for the difference 
in reproducibi l i ty in the two methods of impregnat ion . An indication of 
the effect of graphite density and the degree of reproducibi l i ty can be 
seen in the data of F igure 1-2. 

F igure 1-2 
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ANL was concerned over the uniformity of the dis tr ibut ion of 
uranium within the graphite and concluded that the c r i t i ca l step was 
the drying opera t ion . They repor t that essent ia l ly uniform distr ibution 
was achieved when slow^ drying was used and that the uranium con­
centra ted in a skin near the surface when rapid drying was used . 

North Amer ican Aviation also exper imented with the impregnat ion 
of graphite with u r an ium. Apparently NAA had much m o r e trouble than 
ANL in obtaining uniform distr ibution of the uranium in graphite (25) 
(26). When impregnating with aqueous solutions, they found surface 
concentrat ions to be about 8 t imes the average concentrat ion and con­
cluded that the uraniunn migra t ion occur red during firing at 800"C. It 
was proposed to alleviate this problem by precipi ta t ion of the uranium 
as ammonium diuranate before drying the sample . This was done by 
soaking the impregnated pa r t in ammonia gas for 24 hours p r i o r to 
drying. The following react ions indicate the p r o c e s s : 

2 U02(N02)2? ^H^O + 6NH2 — > • (NH^)2U20.j, + NH^NO^ + 9H2O 

(NH^)2U20^ i l ^ ^ ZUO^ + 2 NH^ + SH^O 

This apparent ly reduced the rat io of surface to average concen­
t ra t ion from 8 to 2 , It would seem that careful control of the drying oper­
ation does more good and obviates the need for this additional s t ep . 

One of the ear ly impregnat ion p rocedures (27) developed by NAA 
resul ted in uniform impregnation,however the procedure was not 
amenable to production of any la rge number of fuel e lements since it 
involved sealing the graphite and uranyl ni t ra te hexahydrate c rys ta l s in 
an evacuated glass tube, firing at 800°C to convert the uranium to UO , 
followed by breaking the sealed glass capsule and machining off the 
excess UO_. 

The most uniform distr ibution of uranium resul t ing from impregna­
tion and repor ted to be as uniform as the porosi ty of the graphite will 
pe rmi t , has been repor ted by NAA (28), This was achieved by impregnating 
graphite with uranyl n i t ra te dihydrate in t e r t i a r y butyl alcohol, quick 
freezing of the impregnated block in liquid ni trogen, sublimation of the 
solvent below the melt ing point of the solution by a "freeze dry" p r o c e s s 
followed byhea t ing at 725®C to convert to UO.,. 

:n3 
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More recent ly LASL (7̂ ) has done work on the impregnat ion 
technique and has p r epa red graphite uran ium fuel elennents varying from 
13 m m dia, to 1-1/2" dia . using a p r o c e s s which is only a minor modifi­
cation of the ANL p r o c e s s descr ibed above . LASL repo r t s a r ea son­
ably uniform distr ibution of the uranium and has s ta ted in a pe r sona l 
communication that this is quite dependent on the detailed conditions 
used during the drying s t ep . 

Uniformity of fuel distr ibution is not as impor tant in the PBR 
element as it would be , for ins tance , in a uran ium graphite block 
having numerous coolant h o l e s . Actually, a spher ica l e lement having 
a fuel concentrat ion that var ied proport ionate ly with radius would opera te 
at a lower cent ra l t empera tu re than an element with a uniform fuel d i s ­
t r ibut ion. 

Los Alamos Scientific Labora tory has impregnated graphite spheres 
for Sanderson 8t P o r t e r as shown in F igure 1-3 with the r e su l t s in­
dicated in Table 1-3. LASL repor ted that samples AUC-1 ,2 , 3, & 4 
were not fully submerged during impregnat ion due to an equipment fault 
and therefore the var ia t ions in UO_ loading a r e not indicative of what 
might be expected during production opera t ions . The molded samples 
M-1 ,2 & 3 were thought to have a dense skin resul t ing from the molding 
operation and it was therefore expected that they would r e s i s t i m ­
pregnat ion . National Carbon Co. who had furnished the molded samples 
for other pu rposes , r epor ted that this was to be expected s ince the 
molded graphite was del iberately made to have a minimumi number Q£ 
interconnected pores since it was being used in the fabricat ion of e lements 
by admix tu re . The re su l t s a r e therefore not to be in te rp re ted as a 
skin effect but ra ther a r e cha rac t e r i s t i c of the type of graphite u s e d . 
The remaining r e su l t s show a range of + 10% around the mean which 
is a smal le r var ia t ion than indicated by ANL e xpe r ime n t s . 

The Engineering Sciences Division of Amer ican Metals P roduc t s 
Company of Ann Arbor , Michigan a r e developing impregnated fuel 
e lements by the gaseous diffusion of U F . into a graphite body with sub­
sequent conversion to the uranium carbide (17). This work is in i t s 
ear ly stage and no information regarding the mechanical c h a r a c t e r i s t i c s 
of the finished product is ava i lab le . By proper production technique it 
i s repor ted that the distr ibution of UC can be controlled within the final 
body. Due to the fact that the uran ium i s in the form of the carb ide i t 
i s n e c e s s a r y to apply a diffusion coating, as d iscussed in Section 1 .1 ,3 , 
to prevent the conversion of the carbide to other f o r m s . 
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TABLE 1-3 

Resul ts of Graphite Uranium Impregnat ions at LASL 

Type Sc 
Sample No. 

AGOT-1 

AGOT-2 

AGOT-3 

AGOT-4 

AGOT-5 

AUC-1 

AUG-2 

AUG-3 

AUC-4 

AUG-5 

AGOT-M-

AGOT-M-

AGOT-M-

• 1 

2 

-3 

Mfg. 
Method 

Machined 

II 

II 

II 

II 

II 

II 

II 

It 

II 

Molded 

II 

II 

Densil 
g r / c m 

1.70 

II 

II 

II 

II 

1,74 

II 

II 

n 

" 

1.66 

II 

II 

Wt % UO2 
impregnat ion 

10,6 

10,0 

9 

9 

10 

3 

4 

5 

7 

11 

0. 

3 . 

2 . 

.2 

.5 

.5 (12 

.2 

.0 (6. 

5 

0 

4 

55 

00 

90 

,3)* 

D* 

Radiographic 
Analysis 

edge-171 m g / c m , 
cen ter -140 mg /cm" 

edge-95 m g / c m 
c e n t e r - n e a r ze ro 

* Total after 2 impregnat ion . 
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1.2.2 Admixtures 

Exper imenta l work on the fabrication of fuel e lements by ad­
mixture was init iated at Battel le Memoria l Institute in 1950. The 
g rea t e r p a r t of their work has been on elements fabricated with the 
use of plast ic r e s in b inders although work has been done with pitch 
b i n d e r s . They have p r epa red amd i r r ad ia t ed bodies containing both 
UO- and UC_ by both m,ethods . 

The p r o c e s s developed by Battel le was f i rs t r epor ted in (29). 
It consis ted of p repar ing a mix of graphite flour, UO_ and phenol 
formaldehyde binder , molding under approximately Zb, 000 psi p r e s s u r e 
and baking at about 1400*C to carbonize the b inder . The advantage of 
this p roces s l ies in the use of a p las t ic r e s in as a binder which p e r m i t s 
the forming of the mix ture at room tennperature and obviates the necess i ty 
of supporting the molded body during the subsequent firing s t ep . 

The Battel le work is quite extensive and includes a study of UO_ 
par t ic le size by incorporat ing the m a t e r i a l by imtpregnation, a s UO_ 
powder which is mi l led and sieved to select different size agg lomera tes , 
and high-f i red UO_ where the pa r t i c l e s a r e spher ica l in shape . Artificial 
graphite flour of seve ra l types has been used as the ma t r ix m a t e r i a l and 
binders used have been the phenol formaldehyde r e s ins as well as pi tch. 
Shapes have been extruded and molded and final baking has been done at 
var ious t e m p e r a t u r e s in o rder to ei ther carbonize or graphit ize the 
b inder . 

Their work has indicated that the flexural s t rength or modulus 
of rupture is of about the same o rde r of magnitude as repor ted in Table 
1-2. References (30) and (31) d iscuss resu l t s of a p r o g r a m designed to 
improve graphite as a reac to r m a t e r i a l by varying the raw m a t e r i a l s 
and fabrication p rocedures and as a resu l t of this work Battel le a r e of 
the opinion that the physical p rope r t i e s can be ta i lored to fit specific 
r equ i rements with a fair degree of reproducibi l i ty . 

BMI have fabricated and i r r ad ia t ed graphi te -uranium samples of 
thei r own manufacture using reac to r grade graphite flour as fil ler and 
BV 1600 bakeli te r e s in as a binder , loaded with UO- and carbonized. 
They have also fabricated and i r r ad i a t ed samples made with pe t ro leum 
coke, pitch binder and UO where the samples were graphit ized and 

\ 
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therefore the uranium was finally in the form of UC . These samples 
were i r r ad ia t ed at the MTR and re tu rned to-BMI for examinat ion. 

Fo r the pas t few yea r s the National Carbon Company have been 
active in a r e s e a r c h and development p r o g r a m on the fabricat ion of 
uran ia and /o r thor ia bear ing graphite bodies by the admixture miethod. 
A wide var ie ty of shapes have been produced such as blocks, cy l inders 
and spheres and m a t e r i a l s containing from 3 to 60 weight pe rcen t of 
oxides have been produced. F igure 1-3 shows two 1-1/2" nominal 
d iameter spheres produced in connection with the PBR study containing 
in one instance 3 weight percent of UO_ and in the other 3 weight pe rcen t 
of UO_ plus 27 weight percent of ThO- . 

These samples were p r e p a r e d by hot molding a mix of AGOT grade 
graphite flour, a high-f i red oxide and pitch binder and then baking to 
carbonize the b inder . Table 1-4 p re sen t s comparat ive p rope r t i e s of 
s imi la r samples with different weight pe rcen t s of UO_ at two final 
baking t e m p e r a t u r e s . In those samples baked at 1450*0 the binder is 
in the form of carbon and the uran ium as an oxide. In those samples 
baked at 2800°G the binder is graphit ized and the uran ium is in the form 
of a ca rb ide . 

The Sylcor Corporat ion have been studying the p repara t ion of 
graphi te -uranium fuel e lements under AEC contract for the pas t y e a r . 
They have fabricated exper imenta l quantit ies of blanket and core bal ls 
for the 125 eMW-PBR by admix tu re . In genera l , their p r o c e s s has been 
to mold a mix of No. 38 Atcheson graphite flour, thor ia and /o r urania , 
and a bakeli te r e s in b inder . The mix is baked at about lOO^C to set the 
binder and then at about 750®C to carbonize the b inder . One inch blanket 
ba l l s , containing 50 weight percent of ThO-, a r e shown in F igure 1,4 
together with 100 X and 250 X photomicrographs . These bal ls have 
a density of 2.802 to 2.823 g rams per c c . 

Los Alamos Scientific Labora tory have also been developing a 
"room t e m p e r a t u r e " method of p repar ing a u ran ium-graph i t e mix for 
subsequent f i r ing. Their p rocedure consis ts of mixing 85 p a r t s of 
graphite flour (Great Lakes 1008) with 15 p a r t s of lamp black, plus the 
requ i red amount of high-f ired UO-, with P l a s p r e g (Furane P l a s t i c s 
product) . This is all done in a dry box and resu l t s in a m a s s of the con-
sis tancy of wet sand. It is renaoved from the dry box, p r e s s e d at 6000 psi 
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TABLE 1-4 

P r o p e r t i e s of Molded Uranium-Graphi te Bodies 

Baking T e m p e r a t u r e - 1450*C - Carbonized Binder 

Weight 
%U 

0 

3 . 8 

11,7 

19.9 

Bulk 
Density 
g r / c m ^ 

1.72 

1.75 

1.88 

1.93 

Thermal 
Conductivity 
B T U / H r - F t - » F 

12.7 

11.5 

9 . 8 

10.4 

Modulus of 
Rupture 

ps i 

6600 

5470 

5070 

4290 

Compress ive 
Strength 

ps i 

15,800 

18,600 

18,990 

14,100 

Baking T e m p e r a t u r e -2800'*C - Graphit ized Binder 

Weight 
%U 

0 

3.9 

11,7 

20 ,8 

23 .7 

30 .3 

Bulk 
Density 
g r / c m ^ 

1.70 

1.78 

1.89 

1.99 

2.09 

2,22 

Thermal 
Conductivity 
B T U / H r - F t - » F 

26.0 

26.0 

32.0 

33.0 

w 
6000 

5140 

4470 

3440 

Modulus of Compress ive 
Rupture Strength 

37.0 

p s i p s i 

4230 

4680 

3800 

3400 

2060 

2280 

_ 

10,070 

9,060 

8,300 

5,570 

5,520 

5,940 

w - ,wi th graii^ a - against grain 
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Figure 1-4 UNCLASSIFIED 
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Photomicrograph of Thoria- loaded Graphite 
100 X 250 X 
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Fueled Graphite Balls Fabr ica ted by Sylcor. 
Balls Are Approximately 1" Diameter and Contain 2 b 3 "̂  

• . 50 w/o ThO? in Graphite 



and fired to carbonize the b inder . The resul t ing graphite has a density 
of approximately 1.8 g r a m s / c m . They find that Mallinckrodt "high 
f ired" UO_ is super ior to the ce ramic grade as the l a t t e r agglomera tes 
while the "high-f i red" grade , consist ing of spher ica l pa r t i c l e s , mixes 
well with the graphite f lour, (10) 

The Grea t Lakes Carbon Company a r e p resen t ly manufacturing the 
fuel e lements for TREAT, a pulsed r e s e a r c h r eac to r being built by ANL. 
These elements a r e uraniunn graphite fabricated by admix tu re . They 
contain 0,24 w/o of 9 3 , 1 % enriched U-235 in the form of U . O , P a r t i c l e 
s ize is approximately 100 JJL . 

1,2.3 Lumping 

Work on the fabrication of lumped fuel e lements has not been as 
extensive as fabrication by impregnat ion or admix tu re , Dr , Fa r r ing ton 
Daniels has done some work in this field repor ted in (13), where UC_, 

• graphite and s tea r ic acid were pel le t ized and placed in a graphite tube 
which was plugged. Degussa have done s imi la r work along these l ines 
for BBC-Krupp who a r e fueling their r eac to r with lumped e l emen t s . 
These elements a r e made by dril l ing a hole in a 50 m m (2 inch) graphite 
ball , filling it with a UQ +'C mix, plugging the hole, and heating the 
ball to graphitizing t e m p e r a t u r e s . Fuel e lements of this type loaded 
with natura l uranium have been i r r ad ia t ed at NRX (Chalk River , Canada) 
for seven weeks i n a 5 x l 0 l 3 neutron flux. Boron was inse r t ed in the 
e lements in an at tempt to further s imulate fission fragment damage . 

Minnesota Mining & Manufacturing a r e investigating severa l ways 
of fabricating lumped elements coated with their 3M "Ceramic S" coating, 
designed to reduce the escape of gaseous fission p r o d u c t s . These methods 
a r e : 

a) encase a pellet of UO2 and /o r Th02 in a graphite she l l , 
b) encase a pel let of graphite , UO2 and /o r Th02 in a graphite she l l , 
c) encase a pellet of graphite and Th02 in a UO2 shell and then a 

graphite she l l . 
d) encase a pel let of UO2 in a g raph i te -Th02 shell and then a 

graphite she l l . 

They have fabricated fully enriched UC2 lumped fuel e lements for 
i r rad ia t ion in the MTR for a c u s t o m e r . These e lements , coated with 
3M "Ceramic S", were leaktight to helium at room t e m p e r a t u r e . They 
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a r e in the p r o c e s s of fabricating about 100 UO_ lumped fuel e lements , 
both coated and uncoated, for study and i r r ad ia t ion by the Solid State 
Phys i c s Group at Oak Ridge. Similar fuel e lements have been made 
for other cus tomers for i r rad ia t ion s tudy. 

Battel le have done a modes t amount of work on lumped fuel 
e lements made by two methods: a UO_-graphite ma t r i x clad with graphite 
and a UO- s in te red pel le t clad with g raph i te . Spheres were of 5/8 inch 
d iameter with a 0 ,4 inch d iameter c o r e . It was found that the UO_ 
s in te red pel le t e lements c racked while baking while those fabr icated with 
the UO- graphi te ma t r i x did not c r a c k , (32) 
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1 . 3 Fuel Element Stability 

The cha rac t e r i s t i c s of graphite uran ium fuel e lements of pr incipal 
i n t e re s t in the PBR design a r e the impact s t rength and tendency to self-
weld, which affect the loading and unloading of the r eac to r ; and the c r u s h ­
ing s t rength, tensi le s t rength, thermal conductivity, surface stabil i ty, 
fuel retent ion and fission product leakage, which affect r eac to r operat ion. 
Of p r ime importance is the effect of i r rad ia t ion on these c h a r a c t e r i s t i c s . 

The major i ty of these cha rac t e r i s t i c s have been investigated for 
var ious u ran ium-graph i te sys tems at one t ime or another . P o s t - i r r a d i ­
ation effects, a s a function of t empe ra tu r e and exposure , a r e e i ther 
sca t t e red or completely lacking. The substance of this past work is 
such that although final engineering design could not be per formed with 
confidence based on these data, it does however, prove the validity of the 
fuel concept and provide a foundation for specific exper imental work . 

1.3.1 Impact Strength 

The f i rs t question of fuel e lement stabili ty concerns impact s t rength, 
as the PBR is designed to be loaded and unloaded by gravi ty . As repor ted 
in Section 3.0 of P a r t I of this r epor t , we have run simple drop t es t s on 
machined and molded graphite bal ls both with and without UO , Resul ts 
indicate that free falls ranging from 98 to 238 feet a r e possible without 
f rac ture , depending upon the method of manufacture , fuel loading and 
whether the ul t imate f racture resu l ted from a drop with or against the 
gra in . 

1.3.2 Self-welding 

There has been some concern expressed over the possibi l i ty of 
adjacent fuel balls fusing together or "self-welding" to each o the r . It 
has been suggested that this could come about because of the t e m p e r a ­
tu re and p r e s s u r e to which the bal ls will be subjected in the core , o r 
through the possibi l i ty that uranium or thoriunn might migra te to the s u r ­
face and thereby provide the adhesive agent . It is highly unlikely that 
the balls would self-weld through a combination of t empera tu re and p r e s ­
sure that would exist in the PBR, as t empe ra tu r e s of 4000*C and p r e s s u r e s 
of 50, 000 ps i a r e requ i red to weld graphite under controlled condit ions. 
It i s equally unlikely that uranium would migra te to the surface in suffi­
cient quantity or form as to resu l t in "self-welding" of fuel b a l l s . 
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There is some concern over the possibi l i ty that a carbon t r anspor t 
phenomenon could provide a mechanism to promote fusing of adjacent b a l l s . 
This seems unlikely since the points of contact will operate at higher t em­
p e r a t u r e s than surrounding a r e a s and would therefore be expected to lose 
r a the r than gain carbon if m a s s t r anspor t did occur . 

^ •^ •3 Fuel Loss 

There is sonne evidence to indicate that the re might be a uranium 
loss from the surface of a fuel e lement , assumiing the surface contained 
fissi le m a t e r i a l , i . e . t he re was no cladding or non-fuel bear ing coating 
on the e lement . 

A number of exper iments have been per formed to determine the 
loss of uranium from uran ium-graph i te spec imens , much of which has 
been at t empera tu re s higher than those contemplated for the P B R . ANL 
(34) repor ted some work in 1948 which was done in the t empera tu re range 
of 1500 to 2600*F on graphite cyl inders of 3/4 inch d iameter by 1-1/2 
inches long and of 1.37 to 1.4^ density impregnated with U_0 , These 
cyl inders were induction heated and subject to a flowing helium s t r eam 
and the uranium loss de te rmined from filter ana lys i s . Examination of 
the. resu l t s indicates that the m e a s u r e d loss is probably within the 
resolut ion of the data and va r i e s from .00086 to .0026 |a.g/cm^/hr at 
1500 to 2000•F sample t e m p e r a t u r e . 

This work showed that the amount of uranium loss was strongly 
dependent upon the disposit ion of the fuel in the graphi te . At the t ime 
the work was done, the impregnat ion p roces s had not been developed to 
a point where uniform impregnat ions were being obtained which accounts 
for scat ter ing of the init ial da ta . It was only after the outer l ayer con­
taining the heavy uranii im loading was machined off that reasonably 
uniform loss data was obtained. It was a l so concluded that t r ace oxygen 
in the heliunn resu l ted in inc reased vaporizat ion r a t e s , due probably to 
a change in form of the uran ium oxide and loss of surface carbon, thereby 
leaving uranium exposed. 

BMI have conducted a var ie ty of exper iments on this subject . No 
loss of uran ium was observed during 2 hour graphitization t r ea tmen t s 
(4000* - 4500*F) of admixtured specimens using UO2 powder but rad io­
graphs did revea l significant coalescence of smal le r pa r t i c l e s into l a r g e r 
clrimps (6). Varying uran ium losses a r e repor ted (20) (21) (33) for UO2 
and UC2 rods co-ext ruded in unfueled graphite subjected to flowing n i t r o ­
gen or argon at t e m p e r a t u r e s of 2000°F to 2500*F. In the case of the 
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UC2 specimen, xrranium losses dropped from 6.2 to 0.5 |j.g/cm / h r , in 
a 100 hour t e s t . In the case of the UO^ specimen, initial uranium losses 
of 0, 5)1 g / c m ^ / h r . dropped to essential ly zero in a period of about 48 hour 
No significant difference was noted in the la t te r case when the specimen 
was coated with C r - C _ . It is not c lear why the BMI data gave higher 
losses than the ANL data which was obtained under conditions seemingly 
more favorable for uranium l o s s , 

1.3.4 Thermcd S t res s 

Fuel e lements in the PBR have been sized on the basis of thernnal 
s t r e s s , using as design c r i t e r i a present ly accepted data for tensi le 
strength, the rmal conductivity, e t c . National Carbon, among o thers , 
a re doing some work on the rmal s t r e s s and shock of graphite and have 
found it to be vir tual ly impossible to rupture a graphite pa r t by thermal 
s t ress ing alone since slowly induced thermal s t r e s s e s a r e re l ieved by 
plast ic deformation. However, rapidly induced thermal s t r e s s e s , i . e . 
thermal shock, can cause fa i lure . 

The Jet Propuls ion Laboratory of the California Institute of Tech­
nology studied the heat f lux-rupture l imits of severa l graphites with 
internal heat generat ion up to surface t empera tu res of 5000*F, i , e , 
to graphitizing t empera tu re (35). They concluded, based on a simplified 
calculational model , that the thermal s t r e s s in the specimens at failure 
was only half the known high tempera ture tensi le strength of the same 
graphite and acknowledge that the infinite flat plate model used in com­
puting the the rmal s t r e s s did not adequately descr ibe the s t r e s s e s in a 
flat plate with edge cooling. This fact has been borne out by an exten­
sion of this investigation by LASL who suggest designing to 1-1/2 t imes 
high t empera tu re tensi le s trength on the basis of work they have done. 

The significance of this work in the PBR design is that if the 
graphite fuel e lements plast ical ly deform under thermal s t r e s s , then 
the tensile s t rength l imitat ion can be removed and fuel elements can be 
sized on the bas is of economics . While it would appear to be impossible 
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to rup ture a graphite sphere as the resu l t of the rmal s t r e s s , a knowledge 
of therncial conductivity in the p r e r and pos t - i r r ad ia t ion per iod is des i rab le 
pa r t i cu la r ly with re ference to the t empera tu re gradient through the sphere 
and the resu l tan t core t e m p e r a t u r e . Work that has been done on the change 
of the rmal conductivity with i r rad ia t ion is d i scussed l a t e r in this sec t ion . 

1 .3 .5 Fuel Loading 

The 125 eMW PBR has been designed with a l imitat ion of 10 w/o 
of f issi le and fer t i le miaterial in the fuel e lements and 50 w/o of fer t i le 
m a t e r i a l in the blanket e l emen t s . While the re i s no question as to our 
ability to load graphite with these amounts of m a t e r i a l , as sample e lements 
of these loadings have been made for the PBR, the re is the question of 
the effect of these weight loadings on the s trength of the e lement . 

Bat tel le Memoria l Institute have fabricated a s e r i e s of fuel samples 
by admixture in which fuel quantit ies w e r e var ied from 1 to 50 v /o of 
oxide. They found no change in tensi le s t rength up to 18 v / o loading, 
which is the equivalent of 55 w/o in 1.7 density graphite (36) (37). 

NAA (38) invest igated the shor t t ime tensi le s t rength of impregnated 
graphite where the uran ium had been converted from UO- to UC by 
heat ing. National Carbon grade C-18 graphite impregnated with 0.234 g /cc 
and 0.424 g /cc of uranium showed an appreciable reduction in tensi le 
s t rength with t empera tu re as compared with an unimpregnated spec imen . 
National Carbon grades EGA and AUF impregnated with 0.147 g/cc and 
.009 g/cc of uranium respect ive ly showed no dec rease in s t rength as com­
pared with the unimpregnated spec imen . The dec rea se in s t rength of the 
C-18 grade with the higher loadings was a t t r ibuted to the lower density 
and l a r g e r pore size of the C-18 g r a d e . This , however, is not a com­
pletely sa t is factory answer because of the wide var ia t ion in loadings auid 
the different impregnat ing methods used . This is a question that should 
be evaluated at some t ime in a fuel development p r o g r a m . 

1.3.6 Surface Stability 

One of the questions pertaining to the stabil i ty of gra,phite-uranium 
fuel e lements i s that of surface s tabi l i ty . The Bureau of Mines a r e doing 
exper imenta l work for a high t e m p e r a t u r e , hel ium-cooled p r o c e s s heat 
r eac to r utilizing graphi te -uranium fuel e l emen t s . F o r the pas t year ex­
per imenta l work has been done on a s imulated r eac to r at a tmospher ic 
p r e s s u r e and 2500"F gas t e m p e r a t u r e . In connection with this work hel ium 
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veloci t ies up to 1640 feet per second were found to have no e ros ive effect 
on graphite e lements at 2500*F (14). In addition. North Amer ican Aviation 
conducted t e s t s on the eros ion of graphite with a high t e m p e r a t u r e , h i ^ 
velocity helium s t r e a m . Tes t s with helium flowing through a nozzle a t a 
throat velocity of 9000 f t / s e c . and at a t empera tu re of 2000*C, impinging 
on a graphite specimen heated to 2000*C, disclosed that for about 24 hours 
the machined graphite surface was subject to an init ial e ros ion process 
in which loosely held p a r t i c l e s , s m e a r e d into the surface during mach in­
ing, were blown f r ee . Once this p roces s was completed, no furtJier 
eros ion was apparent (39). 

In view of the fact that we a r e designing for actual hel ium veloci t ies 
through the core of the o rde r of 60 feet per second, and maximum gas and 
surface t empera tu re s a r e of the o rde r of 2000'*F, there is no r eason to 
believe we will be troubled by eros ion if the fuel e lements a r e p rope r ly 
cleaned before being placed in the co re , and the surface condition does not 
change during i r r ad i a t i on . 

1.3.7 Graphite Pe rmeab i l i t y 

In connection with the genera l p roblem of impregnat ion, fuel l o s s , 
fission product leakage and coat ings, we a r e in te res ted in the p e r m e a ­
bility of graphi te , BMI have invest igated the effect of graphi te composi ­
tion and t rea tment on permeabi l i ty and found that a body fabricated of 
skeleteil graphi te , having a density of 2 .1 g /cc had a permeabi l i ty two 
o rde r s of magnitude l e s s than a body fabricated of asphal t coke, having 
a density of 1,3 g / c c . Two bodies w«re fabricated of Korite coke and 
s tandard pi tch . One body, pitch impregnated five timies, had a p e r m e a ­
bility 1/20 of the non- impregnated body, Korite coke is of i n t e re s t 
because of i ts dimensional stabil i ty and smal l change in the rmal con­
ductivity under i r rad ia t ion (22). 

BMI have also invest igated the effect of final bake t empera tu re on 
the permeabi l i ty of fueled graphite bodies containing 2 ,7 w/o of enriched 
UO_. F r o m this work they have concluded that a body fabricated from a 
79L* r e s in coke with a 79L* r e s in binder in a ra t io of 100 to 15 had the 
lowest permeabi l i ty as m e a s u r e d with a rgon , A skeletal graphite f i l ler 
bonded with BV 1600 ** r e s in was equal, i . e . a it^inimunn detectable 

\ 
* I ronsides C o . , Colunnbus, Ohio 
** Bakelite Bonding Varnish , now identified as B H S - 2 6 0 0 
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_5 
gas flow corresponding to 0.028 x 10 Darcy, when both were baked at 
2000*F (40}. 

1,3,8 I r rad ia t ion His tory 

The success of the pebble bed r eac to r r e s t s upon the stabil i ty of 
the graphi te -uranium fuel e lements under i r r ad i a t i on . During the pas t 
twelve y e a r s the re have been a grea t number of exper imenta l i r r a d i a ­
tions of graphite specimens fueled with u r a n i u m . This work s t emmed 
from a var ie ty of p r o g r a m s having var ious object ives . The objectives 
of much of the work fall into two ca tegor ies : (1) fission fragment dam­
age effects, as shown by changes in t he rma l or e lec t r i ca l res i s t iv i ty , 
and (2) fission product diffusion studies under pos t - i r r ad ia t ion hea t ing . 

The ea r l i e s t repor ted i r rad ia t ions were by the ANL Chemis t ry 
Division from 1947 to 1949. This work originated as pa r t of the Clinton 
Power P i l e p r o g r a m . Some work was a lso done at ORNL under this 
p r o g r a m during the same pe r iod . Work was continued by the ORNL 
Phys ics Division from 1949 to 1951 using equipment s imi l a r to the 
e a r l i e r ORNL work . A joint p r o g r a m with BMI at ORNL on the v a r i a ­
tion of UO- par t ic le s ize was repor ted in 1954. North Amer ican 
Aviation repor ted on numerous i r rad ia t ions at LASL, HW and MTR 
during 1950 to 1954 as pa r t of their work on a homogeneous r e s e a r c h 
reac to r and a high t empera tu re power r e a c t o r . BMI worked under the 
Civilian Applications p r o g r a m from 1955 to 1957 after which t ime this 
work was continued as pa r t of the GCRE p r o g r a m . 

Table 1-5 has been p r epa red in an at tempt to consolidate the 
per t inent facts about ce r ta in of these i r r a d i a t i o n s . The design con­
ditions for the 125 eMW PBR a r e included as i tem 1 in this t ab le . The 
total exposure for each specimen has been given as f i s s ions /cc which 
is a common m e a s u r e of potential damage to the graphite m a t r i x . 

The basic questions pertaining to the effect of i r rad ia t ion on PBR 
fuel e lements a r e : 

(a) Will the graphite ma t r i x re ta in i ts s t ruc tu ra l s t rength and 
r e s i s t crushing forces during operat ion and impact forces 
during loading and unloading? 

(b) Will the fuel e lement surface continue to r e s i s t the e ros ive 
forces of the coolant? 
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TABLE 1-5 

SUMMARY OF IRRADIATIONS OF URANIUM GRAPHITE FUEL SPECIMENS 

Date Where U-235 
Item Reported by Reference Reported Irradiated Quant. Type m g / c c Enrich. Form Size 

Temp, of Expt . ( l ) 

2 Kierstead, Nagy ANL 4006, 1947 C P - 3 
ANL 4185 

3 Wohlberg 

Hxuiter 

BilUngton, 
Prlmak li 
Berggren 

Kernohan 

Smith and 
Yoting 

9 Doyle 

ANL 4427 

MonN 442 
TID 66 

ORNL 576. 
693 and 
1095; TID 
10042 , 

1949 HW 

1947 
1949 

X-10 

1949 to X-10 
1951 

ORNL 1722 1954 X-10 

NAA-SR-72 1951 LASL 

— — 13.7 Th/U=l l UO2 1 1/2"sphere 

23 impreg. up to 25 nat. ii 
30% 

6 impreg. 20 to 26 30% 

impreg. 

impreg. 

admix. 

300 

300 

300 

12 admix. 90 

1 impreg. 2. 1 

8 Cubiccioti NAA-SR-194 1952 LASL many impreg. 3.7 

NAA-SR-255 1953 LASL many impreg. 1.4 

93.6 

93.6 

93.6 

93.6 

nat. 

nat. 

nat. 

U3O8 

U3O8 

.4 cm d. 

.4 cm L. 

.156" d. 
10" L. 

UO2 

UO, 

2 cm d. 
5 cm L. 
2 cm d. 
5 cm L. 

UO2 2 cm d. 
5 cm L. 

UO2 l / 4 " - 5 / 1 6 " -
3.1 

UO2 

UC2 .84 cm d. 
. 064 to . 52 
cm t. 

UC2 5/8" Dia. 
- 1 /10" t. 

Irradiation 

2 4 0 0 ' F m a x . 

6 0 0 * F m i n . 

low 

lOO'C 

7 7 5 * 0 , 6 3 0 * 0 

630*C 

630*C 

high and 
low 

Info. 

a . b . c 

b , d . f 

a 

a 

a 

a 

F i s s i o n s / c c 

4 x l 0 ' 9 

5 x l 0 l « 

up to 2x10^^ 

up to 2x10^"^ 

7 x l 0 l 8 

3.5x10^^ 

5 x l 0 l 8 

? 

Comments 

Design Conditions for 
125 eMW-PBR 
(100 day; batch loaded) 

30* to 88*C a , b , c , e , 2x10 
' f 

17 

low 

low 

low 

1x10 12 

up to 1x10 15 

2x10 14 

Average UO2 particle s ize: 
586 ,334 ,94 ,20 

Item 

Note (1): 
Key for Experimental Information 

a. Thermal conductivity 
b. Electrical res is t iv i ty 
c . Modulus of e last ic i ty 
d. Dimensional change 
e . Weight change 
f. Post irradiation annealing 
g. F iss ion product diffusion (by post 

irradiation heating) 
h. Outgassing 
i . Crushing strength 

10 Young <c Smith NAA-SR-232 1953 LASL 

11 McCarty and NAA-SR-223 1953 HW 
Steele 

12 Hetrick, McCarty NAA-SR-217 1953 HW 
and Steele 

13 Durand, Klein, NAA-SR-836 1954 MTR 
and Nykiel 

14 Moody, Taylor, ORNL 1778 1955 X-10 
and Johnson 

15 BMI 1181 1957 

1 impreg. .7 nat. UO2 

2 impreg. 3 .3 93 .6 

2 impreg. 24 93 .6 

1 impreg. 35 9 3 .6 UO2 

1 impreg. 35 93 .6 UO2 

1 impreg. 35 93 .6 UOj 

many lumped 18 93 .6 UO2 

13 lumped — nat. UC, 

UO2 1.3" d. X 
4" L. 

UO2 1 5/16" d. X 
4 1/4" L. 

1/2" d. x 3 " 
3" L. 
1/2" d. x 3 " 
3" L. 
1/2" d. x 3 " 
3" L. 

1 cm d. x 
0.1 cm. 

low 

30*C 

25*-85*C surface a 
300*-350''C center 

1.5x10 
12 

8.4x10 17 

7x10 17 

1300*C 

1150*C 

lOOO'C 

low 

low 

a , b , d , i 1.1x10 
19 

a , b , d , i 4 .1x10 
18 

a , b , d , i 4 .7x10 18 

(3x10 nvt) Many cladding types 
used, incl . SiC, TiC 
and ZrC 

(2.4x10^^ nvt) .03" dia. UO2 rod 
coextruded with graphite 

10 

11 

12 

13 

14 

15 

16 

17 Cockroft 

BMI 1958 MTR 

Atomics and 1958 
Nuclear Energy 

18 Krupp-BBC 1958 NRX 

1 

1 

•> 

admix. 

admix. 

7 

40 

40 

•> 

93.6 

93 .6 

? 

UO2 

UO2 

? 

3/16x3/16x1" 

3/16x3/16x1" 

•> 

lescF 

1650*F 

600"C 

' lumped UC2 5 cm sphere low 

none to date 1x10 19 

none to date 5x10 18 

0.25% U burnup. 

(2x10^° nvt) 

16 

17 



(c) What is the net effect on the rma l s t r e s s within the fuel e lements 
and will the dec reased t he rma l conductivity affect stabil i ty by 
increas ing the cent ra l t e m p e r a t u r e ? 

(d) How does radiat ion stabil i ty affect the choice between an i m ­
pregnated elemient or the p roper s ize fuel pa r t i c l e s in an 
admixtured e lement? 

(e) To what extent will urajiium and fission products diffuse from 
the fuel e lements ? 

Unfortunately, the resu l t s of exper imenta l work to date do not yield 
conclusive answers to these ques t ions . Only a few of the i r rad ia t ions 
l i s ted in Table 1-5 approach the exposure in the P B R . However, t he re 
a r e some re su l t s of i n t e r e s t . Regarding s t ruc tu ra l stabil i ty, i t i s worthy 
of note that none of the inves t igators r epor ted the crumbling or d is in te­
grating of the fueled specimens under i r r ad i a t i on . In only one ins tance 
was the cheUige in crushing s t rength m e a s u r e d , Durand, et a l . (Table 1-5, 
i tem 13) and in this case the crushing s trength inc reased from about 
7000 ps i before i r rad ia t ion to about 8500 ps i after i r r ad i a t i on . 

No reference to impact test ing is made in any of the r e p o r t s . 

Since none of the specimens were i r r ad ia t ed in a high velocity gas 
s t r e a m , there i s no information on e ros ion . However, Durand, et a l . 
(Table 1-5, i tem 13) did observe a thin black powdery surface after 
i r rad ia t ion which was unlike the shiny appearance of vi rgin AUF g raph i te . 
They postulated that this could have been due to a i r leakage through m e t a l -
t o - c e r a m i c joints in the capsu le . However, s ince fuel dis tr ibut ion within 
the specimen is not repor ted , the likelihood of higher surface concent ra­
tions of fuel with resul t ing inc reased damage cannot be discounted. No 
other observat ions of surface condition a r e r epo r t ed . 

Many of the exper iments r epor ted the re la t ive chauige in t he rma l 
conductivity of the specimens during i r r ad ia t ion . Resul ts a r e r epor t ed 
as k /k (initial conductivity/conductivity) as a function of exposu re . F o r 
impregnated fuel e lements , Hetr ick et a l . (Table 1-5, i tem 12) r epor t ed 
k /k values ranging between 15 and 30 for low t empera tu re i r rad ia t ion . 
Hunter ' s extended i r rad ia t ion (Table 1-5, itenm 4 ) at 775*C gave k /k of 
39, while Durand et a l . (Table 1-5, i tem 13) showed k /k values of 2 ,1 
to 1.4 at higher t e m p e r a t u r e s . Thus, the tendency to anneal f ission 
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fragment damage at h igher t empera tu re is shown. F i s s ion fragment 
damage can also be reduced by using l a r g e r fuel pa r t i c l e s i zes in an 
admixtured element so that many of the fission fragments a r e absorbed 
in the fuel pa r t i c le ra ther than the graphite m a t r i x . Kernohan 's work 
(Table 1-5, i tem 6) showed an increas ing value of kg/k from 1,09 to 
1.50 a s a function of decreas ing par t i c le s ize in admixtured spec imens . 

Thermal conductivity dec rease can affect the the rmal rupture and 
cent ra l t empera tu re of the PBR fuel e l emen t s . However, the effect of 
i r rad ia t ion on the other factors which affect the rmal rupture ( i . e , ten­
sile s t rength, p las t ic deformation, e t c . ) r ema in to be evaluated before 
the significance of the l a r g e r the rmal conductivity dec rease s for i m ­
pregnated fuel e lements can be a s s e s s e d , 

1.3,9 F i s s ion Product Leakage 

The basic PBR concept a s s u m e s the use of unclad graphite elennents 
containing f issi le and /o r fert i le m a t e r i a l . Whether such a sys tem can be 
operated successfully with unclad fuel e lements , or to what extent clad­
ding will be neces sa ry , is not known and will have to be de termined during 
the course of fuel e lement and reac to r development. As a minimum, su r ­
face fuel can be leached from the e lement , A second step would be to 
apply a thin protect ive coating, such as achieved by an impregnat ion with 
subsequent carbonizing, A th i rd step would be a separa te layer of c lad­
ding applied in the form of a she l l . What will ul t imately be requ i red can 
only be determined through a development p r o g r a m . 

Unclad graphite,- uranium fuel e lements will pe rmi t the leakage of 
some fission products to the p r i m a r y coolant s t r e a m . Table 1-5 has 
l is ted severa l exper imenta l p r o g r a m s which were conducted in an attenapt 
to evaluate leakage r a t e s . 

Unfortunately, all of this w^ork has been based on low t empera tu re 
i r rad ia t ion followed by pos t - i r r ad ia t ion heating and does not reflect the 
effects of simultaneous i r rad ia t ion , isotope decay, and t e m p e r a t u r e . 
F u r t h e r m o r e , this work was done on re la t ively thin specimens of graphi te-
u ran ium. Consequently, the work to date will not pe rmi t a quantitative 
analysis of possible fission product leakage from elements of the PBR type, 
although they have provided a considerable broadening of knowledge in this 
field. 
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A qualitative p ic ture of the problem can be had by examining the 
fuel e lement on a microscopic b a s i s . The spacing between carbon a toms 
in a graphite c rys ta l l i t e is repor ted to be of the o rder of 50 A (5 x 10" \x). 
Uranium oxide in impregnated graphite has an average pa r t i c l e s ize which 
has been var ious ly repor ted as ,5M-and l|Ji, The average of fission fragments 
in u ran ium oxide is general ly given as 5|ji and in graphite as about ISji. 
Thus it seenas reasonable to expect that in fuel e lements fabr icated by 
impregnat ion, the bulk of the fission products will be found r a the r deep 
within the graphite c r y s t a l . Leakage of f ission products from the fuel 
element mus t involve some or all of the following p r o c e s s e s . 

1) Diffusion through po re s in the fuel e lement s t r u c t u r e . 
2) Diffusion along grain boundaries in the UO2. 
3) Diffusion through the UO2 c r y s t a l . 
4) Diffusion along grain boundar ies in the graphi te . 
5) Diffusion through graphite c r y s t a l . 

It i s not improbable to consider that as many as th ree of these 
p r o c e s s e s mus t take place in s e r i e s before a fission product is capable 
of circulat ing in the p r i m a r y coolant s t r e a m . F o r example, the fission 
fragment which imbeds itself deep within a graphite c rys ta l l i t e mus t 
diffuse through the c rys ta l to a grain boundary, then along a grain 
boundary to a pore in the s t ruc tu re and finally through the pore to the 
surface of the fuel element before it can join the main circulat ing s t r e a m . 
It i s general ly conceded that pore diffusion is quite rapid compared with 
i n t e r - or in t r a -c rys t a l l ine diffusion. 

Cubicciotti (Table 1-5, i tem 8) r epor t s that after i r rad ia t ing AUF 
graphite impregnated with 520 m g / c c of UC2» 17% of the xenon was found 
in the uran ium carbide and 83% was found in the g raph i te . Obviously 
therefore , the diffusion data repor ted by Cubicciotti is essent ia l ly that 
of xenon diffusing through graph i te . Fuel e lements made by the admix­
tu re method pe rmi t independent control of the fuel pa r t i c le s i z e . Use of 
100|j, pa r t i c l e s , for example, would resu l t in re la t ively fewer xenon 
pa r t i c l e s in the graphite and Cubicciot t i ' s r e su l t s would probably not 
apply. 

Doyle (Table 1-5, i tem 9) invest igated fission product diffusion from 
a graphite sample impregnated with UO2 by heating the pel le ts after sho r t ­
lived p r e c u r s o r s had decayed. The r e s u l t s of h is studies a r e indicated in 
the table below. 

1-33 



P e r c e n t of Activity Remaining in Uranium-Graphi te 
Samples Heated 2-3 Weeks After I r radia t ion 

Time 2 4 H r s . 1 2 H r s . 

Cesium 
Strontium 
Bar ium 
Iodine 
Tel lur ium 
P r - r a r e ear th group 
Yttr ium 
Cer ium 
Rutheniuili 
Molybdenum 
Zirconium 

4 , 5 
1 
6 , 5 
60 
57 
79 
100 
100 
100 
100 
100 

Element 1500°C 1700»C 1900*C 

1,4 
.07 .1 
1.5 .07 
15 ,7 
8 1 
17 5 
55 44 
76 30 
100 80 
100 100 
100 100 

It is somewhat surpr i s ing to note that iodine which has a normal 
boiling point of 363*F, seems to diffuse at a much slower ra te than does 
ces ium, s t ront ium, ba r ium, or te l lur ium, all of which have much higher 
boiling poin ts , 

Young (41) invest igated the diffusion products from smal l uranium 
impregnated graphite p la tes during actual crea t ion of these fission e lements 
and their p r e c u r s o r s . This was done by heating the graphite for 20 hours 
in the range of 1050°C to 1950''C while bombarding it with deuterons from 
a cyclotron. (This i r rad ia t ion is not l i s ted in Table 1-5.) 

When fission occurs at high t e m p e r a t u r e s , the diffusion characteir-
i s t ics of those m e m b e r s of the chain immediate ly formed in fission, suid 
their success ive daughters , can have a s trong bear ing on the "whereabouts" 
or position of the la t te r m e m b e r s of the chain. Taking the chain of m a s s 91 , 
for example, 

Kr -91 >- Rb-91 >- S r -91 >• Y-91 ^ - Z r - 9 1 
9s short 9.7 H r . 57 d 

Doyle found that y t t r ium did not diffuse when inapregnated graphite pel lets 
were heated to 1500*C for 24 h r s . after p r e c u r s o r s had decayed; whereas 
Young found that only 6% of the y t t r ium remained in his sample which had 
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been held at 1500*C during f iss ion. Young's conclusions were as follows: 

1. E lements which were unaffected by p r e c u r s o r diffusion were 
S r -90 , Mo-99, Ru-103, Ru-106, Cs-136, Cs-137 and Ba-140 . 

2 . E lements for which diffusion was apparent ly influenced by 
p r e c u r s o r diffusion were Y-91, Ce-141 and 1-131. 

3 . E lements which apparent ly diffused to a g rea t e r extent during 
i r rad ia t ion than would be expected but whose i nc reased dif­
fusion could not be explained by p r e c u r s o r diffusion a r e Z r - 9 5 , 
Nb-95, Te-127, Te-129, Ce-144 and the praseodymium group. 

Moody et al (Table 1-5, i tem 14) ran fission product leakage t e s t s 
on a number of body composit ions and concluded frona the r e su l t s of thei r 
work that claddings could reduce the volati le fission product leakage by 
a factor of the o rde r of 10 to lO^. Clad th icknesses invest igated were 
of the o rder of 0 .3 to 1 m m . This is the o rde r of thickness of the 3M 

Ceranaic S" coating descr ibed in Section 1 . 2 , 3 , M 

Resul ts of other coating invest igat ions a r e covered in Section 1 . 1 . 3 , 
In sunamary, it is known that gaseous fission products will diffuse from 
the fuel e lements but the quantity and species that will diffuse from the 
spher ica l e lements of the PBR a r e not known nor can they be deduced 
from the work that has been done to da te . 
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1.4 Reprocess ing 

The graphi te -uranium fuel element of the PBR is sufficiently 
different from conventional fuel e lements so as to make unnecessa ry 
severa l of the p rocess ing s teps of the p resen t s tandard p r o c e d u r e s . 
Our s e a r c h of the project l i t e ra tu re has not uncovered any re fe rences 
which deal specifically with r ep rocess ing fuel of the graphite uran ium 
type . Scat tered, unre la ted p r o g r a m s have been uncovered which shed 
light on one or another of the chemical s teps which would be pa r t of 
such a reprocess ing s c h e m e . 

Two bas ica l ly different r ep rocess ing s chemes , one resul t ing 
direct ly in uranyl n i t ra te and one in uranium hexafluoride a r e 
envisaged as being suitable for this fuel. The former consis ts of 
ei ther incinerat ion of the graphite followed by dissolution of the ash 
in n i t r ic acid, or crushing of the fuel element followed by leaching 
with ni t r ic acid to recover the uranium values ; the l a t t e r cons is t s of 
treatnaent with b romine tr if luoride followed by vapor iza t ion . In the 
former the resul t ing uranyl ni t ra te solution would be subjected to a 
miodified Thorex extract ion operat ion in o rde r to separa te U, Th and 
fission products whereas in the l a t t e r c a se , s imple dist i l lat ion should 
suffice. The re la t ive m e r i t s of these severa l a l t e rna tes have not been 
determined to the point where a preference can be exp re s sed . F u r t h e r ­
m o r e , since the fuel element specifications have not been finalized, 
reprocess ing specifications mus t be kept tenta t ive . 

The following pa rag raphs detail the extent to which work has been 
done which is applicable to this r ep rocess ing s cheme , 

1,4.1 Incineration 

It has been s tandard p rac t i ce in labora tory studies of graphite 
impregnat ion to incinera te the graphite and weigh the ash as a means 
of determining the amount of fuel added. This incinerat ion has taken 
place in a i r as well as in oxygen. 

To our knowledge, no one has studied the incinerat ion of uranium 
bearing graphite on a commerc i a l s ca l e . Thus the problems assoc ia ted 
w îth dusting, fly ash recovery , uranium accountability, e t c . , have not 
as yet been evaluated. 
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The dissolution of uran ium oxide has also been studied extensively 
and is believed to p re sen t no se r ious p r o b l e m s . The optimum solvent 
concentra t ions , t e m p e r a t u r e s , e t c . , mus t be determined, which fall 
in the category of routine p r o c e s s development . 

1.4.2 Crushing and Leaching 

If it should turn out that the dusting and fly ash p rob lems assoc ia ted 
with incinerat ion p re sen t ser ious p rob lems with uneconomic solut ions, 
then the separat ion of the uranium and graphite can be effected by 
crushing and leaching. This i s a s t ra ight forward operat ion about which 
the re is much general information. The specific information which 
should be obtained is the par t i c le s ize to which the fuel elenaent should 
be ground in o rde r to optimize the solution operat ion and the liquid 
retent ion assoc ia ted with the ground solid. This retent ion will de termine 
the wash conditions requ i red to recover the uranium values and will 
influence the concentrat ion of the final r ecovery l i q u o r s . Counter-
cu r ren t mul t is tage leaching would be used to hold the quantity of dilute 
l iquors to a m in imum. In any event economic considerat ions will 
influence the select ion of p r o c e s s conditions, once the liquid re tent ion 
is de te rmined , 

1.4.3 E lec t rochemica l Solution 

ORNL (5) conducted exper iments in 1948 in the electrochenaical 
solution of uran ium contained in graphi te . The graphi te -uran ium 
piece was made the anode in a cell employing concentrated n i t ra te acid 
as the e lec t ro ly te . AC full wave rectif icat ion was used, resul t ing in 
the graphite disintegrat ing and the uranium going into solution as uranyl 
n i t r a t e . This i s an in teres t ing operat ion, however it is not c lear that it 
offers any technical or economic advantages over crushing and leaching . 
The counte rcur ren t washing of the solid waste will be p re sen t in e i ther 
c a se , thereby giving r i s e to the l a rge columns of dilute l iquors which 
will r equ i re concentra t ion. 

1.4.4 Halide Volatility 

The previous discussion per ta ins to the r ecovery of uran ium 
as uranyl n i t ra te which is then separa ted from fission products by 
Thorex ext rac t ion . An in teres t ing a l te rna te involves the r ecovery of 
uranium as uranium hexafluoride which can be separa ted from fission 
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65"C 
38 'C 
4.5*^0 
35 'C 
64-C 
97"C 

> 200"C 

> 500"C 

products by simple dis t i l la t ion, Levenson (42) r epor t s that bromine 
tr if luoride at about 110*C is capable of dissolving the uraniuna from 
UO_, from U-Mo al loys, from U-Si alloys and frona Mo Si coated 
m a t e r i a l , NAA repor t s (5̂ ) the dissolution of uranium from uranium 
bear ing graph i te . The simplici ty of the subsequent fission product 
separat ion is apparent upon examination of the boiling points of 
severa l fission product f luor ides . 

I F4 
Mo F6 
U F 6 
I F 5 
Nb F5 , Ru F5 
Th, Z r , Cs , Sr , Ba, 
Ra re ear th fluorides 

Thus mos t fission product fluorides boil at t empera tu re s over 
200*C and there a r e no rea l ly per t inent compounds whose boiling 
point is c lose to that of U F / . Decontamination factors of 10 for 
both P and "y activity have been demonst ra ted for dist i l led U F ^ , 

A p re l imina ry study of the technical problenas assoc ia ted with 
car ry ing out this fluorination and dist i l lat ion in the p resence of the 
graphite ma t r ix ma te r i a l has been c a r r i e d out by Atomics International 
(43). The following conclusions can be drawn from this work: 

1) Essent ia l ly complete r ecovery of uranium is poss ib l e . 
2) UC2 reac t s much m o r e rapidly (violently) than does U 0 2 . 
3) P r e t r e a t m e n t with Br2 el iminates the violence assoc ia ted 

with the UC2 reac t ion . 
4) The res idual graphite is a potential haza rd since one or 

more of the carbon compounds C B r F (n ^ 1), (CF), or 
CF4 formed during the B r F t rea tment decomposes spontane­
ous ly . 

Additional developnaent work is requ i red on all the phases of this 
operat ion before it can be thought of as being a p rac t ica l industr ia l 
opera t ion . 

1-38 
' ! • " 



A significant advantage of the halide volati l i ty p r o c e s s , if fuel 
is to be re tu rned to the AEC, is that it is a l ready in the chemical 
forna requ i red and the costly conversion of UO^ (NOo)2 through UO_ 
to UF^ is e l iminated. On the other hand, if the fuel is to be r e ­
consti tuted direct ly r a the r than re tu rned to the AEC, then the advantage 
may be with the var ious ni t r ic acid p r o c e s s e s . 

In s u m m a r y then the technical feasibil i ty of all the bas ic operat ions 
involved in a reprocess ing plant to handle graphi te -uranium fuel e lements 
have been demonst ra ted on a labora tory s ca l e . The economic signifi­
cance of the severa l p roces s var iab les remain to be studied on a pilot 
plant s c a l e . 
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UNCLASSIFIED 

2 . 0 Resea rch & Development P r o g r a m 

The r e s e a r c h and development p r o g r a m for any nuclear r eac to r 
type is a continual p r o g r a m star t ing with the ea r ly work which es tab l i shes 
bas ic feasibil i ty and extending on through the operat ion of a number of 
full scale p lan t s . The logical r e s e a r c h axid development p r o g r a m p r o ­
ceeds through a number of s teps which s t a r t after a design study has 
shown the potential advantages of that r eac to r type . The init ial step 
cons is t s of a number of inexpensive, one-shot experi inents a imed at 
questions re la ted to the basic feasibi l i ty . This is followed by a number 
of screening t es t s re la ted to major problem a r e a s . Most often, two of 
these a r e a s involve fuel e lements and co r ros ion p r o b l e m s , In-pi le cap ­
sule- type t e s t s a r e amongst the tools used in the screening t e s t s . The 
next step involves the engineering development of components which may 
include i tems ranging adl the way from the complete development of new 
and novel devices through the per formance test ing of manufac tu re r s ' 
s tandard i t e m s . An out-of-pile engineering scale loop is often cons t ruc ted 
to tes t components . The next step is the construct ion of an in-pi le loop 
which can duplicate flow, p r e s s u r e , and the t empera tu re conditions and 
approach the flux level of the design s tudy. 

At this s tage, a r eac to r exper iment is usually cons idered . It will 
have a the rmal rat ing of between 1 and 10 MW and i ts p r i m a r y objective 
will be a g ross demonstra t ion of ce r ta in r eac to r problem a r e a s . These 
may include reac to r stabili ty, fuel e lement pe r fo rmance , co r ros ion and 
component per formance under i r r ad ia t ion . 

Once r eac to r feasibility has been es tabl ished by the reac to r exper i ­
ment , a r eac to r prototype can be bui l t . Its the rmal rat ing will be between 
5 and 50 MW and i ts p r i m a r y objective will be to obtain engineering in­
formation that will pe rmi t scale up to a full s ize nuclear power p lant . 
Often, the r eac to r prototype will generate modes t amounts of e lec t r ic i ty 
so that an in tegrated power plant can be t e s t ed . There a r e obviously 
var ia t ions in this p rocedure , depending on t ime , money, and the degree 
of success in the var ious s t e p s . 

P r o b l e m s assoc ia ted with a r eac to r concept fall into two broad 
ca tegor ies , namely (1) those p rob lems which re la te to the bas ic feas i ­
bility of the concept and the failure to find a solution would entail abandon-
nnent, and (2) those a r e a s that re la te to the confirmation or improvement 
of design in which the failure to find a solution can be readi ly c i r c u m ­
vented by other app roaches . 
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UNCLASSIFIED 

The two mos t significant questions for the Pebble Bed Reactor a r e 
the per formance of the spher ica l u ran ium-graph i te fuel e lements and the 
operat ion and maintenance of the p r i m a r y loop containing fission products 
which may leak from the fuel elements,. At this t ime, we believe that 
only the question of fuel element stabil i ty belongs in the category relat ing 
to bas ic feasibi l i ty . If the fuel e lements were to crumble or b reak in 
excess ive quantities due to the combined effects of handling, gas flow ,̂ 
t empera tu re and radiat ion then the Pebble Bed Reactor concept mus t be 
considered unfeasible . However, we do not bel ieve that the question of 
circulat ing radioact ivi ty in the p r i m a r y loop mus t also be put in the f i rs t 
ca tegory . Actually, mos t other r eac to r concepts have this problem in 
varying degrees , i . e . induced activity in coolant, induced activity in 
cor ros ion products , or c i rcula ted fission products , as in the HRT and 
LMFR. Development work on these other p romis ing reac to r concepts 
should be of d i rec t benefit to the P B R . 

The r e s e a r c h and development p r o g r a m for the Pebble Bed Reactor 
is affected by the choice of m a t e r i a l s for the s y s t e m . Fo r example, it 
is felt that the selection of graphi te , a good high t empera tu re m a t e r i a l , as 
the modera tor and fuel e lement ma t r i x and the select ion of hel ium, an 
iner t gas , as the coolant r e su l t s in a sys tem which inherent ly r equ i re s a 
smal le r r e s e a r c h and development p r o g r a m than any other combination 
of m a t e r i a l s . The costly co r ros ion r e s e a r c h p r o g r a m s of all other 
r eac to r concepts a r e l a rge ly avoided in this c a s e . 

The following sections outline the var ious efforts that would be 
pert inent to the R & D p r o g r a m for the PBR, A discuss ion of the cu r r en t 
Commiss ion-sponsored R & D p r o g r a m s on gas-cooled r e a c t o r s and 
the i r relat ionship to the PBR p r o g r a m is given. Finally, our p resen t 
recommendat ion of the optimum R & D p r o g r a m leading to the construct ion 
of a full scale Pebble Bed Reactor i s given. 

2-2 ; b 3 

: UNOLASSiFiEO* 
• •• 

• ••• • • • • • • •• • • • • 



UNCLASSIFIED 

2 .1 Fuel E lements 

As d i scussed in section 1.0 the re a r e th ree bas ic types of u ran ium-
graphite fuel e lements : impregnated, admixtured and lumped. Each of 
these types has i ts pa r t i cu la r advantage for the Pebble Bed Reac to r , F o r 
each type of fuel e lement the re a r e a number of poss ible var ia t ions in 
m a t e r i a l s and methods of manufac ture , A sys temat ic survey of these 
var iab les should be under taken in o rde r to supplement existing informa­
t ion. The f i r s t objective will be to produce a fuel e lement that will mee t 
the per formance requ i rements for the 125 eMW plant desc r ibed in P a r t s 
I and II . Fuel e lements of the var ious types can be readi ly obtained from 
a nvimber of m a n u f a c t u r e r s . A continual compar i son of these var ious 
types will be made with the emphasis shifting towards the mos t p romis ing 
type . As a further p a r t of this work, studies should be made of r e f ab r i -
cation methods for radioact ive fuel in o rde r to take advantage of the econ­
omies afforded by only par t ia l fuel r e p r o c e s s i n g . 

Fuel e lement specimens will be evaluated both with and without 
the p resence of radia t ion. 

2 . 1 . 1 Non-Radioactive Test P r o g r a m 

The per t inent physical p rope r t i e s of the var ious fuel e lement types 
should be de termined as a function of t e m p e r a t u r e . These would include 
tensi le and compress ive s trength and the rmal conductivity. It would be 
des i rable to duplicate the expected t empe ra tu r e gradients within the fuel 
elem.ents by induction heating although it i s known that plain graphite has 
the ability to plas t ical ly deform and thus re l ieve the s t r e s s e s caused by 
the rmal s t r a i n s , Methods of ei ther rapidly heating or cooling the spec i ­
mens should be invest igated in an at tempt to duplicate the the rma l shock 
that may be encountered in r eac to r opera t ion . 

Although uniformity of fuel d ispers ion is not an impor tant r e q u i r e ­
ment for the spher ica l u ran ium-graph i te fuel e lement , rad iographs should 
be taken to show the fuel disposit ion as a function of the var ious manufac­
turing techniques . Variat ion in loading for a number of s imi la r e lements 
should be noted. 

Specimens should be heated in a vacu\im furnace to var ious t e m p e r ­
a tu re s up to and beyond the maximum anticipated operating t empe ra tu r e of 
2500*F. The types and quantit ies of any off-gas should be noted. The 
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specimens caji a lso be analyzed for conversion of UO2 to UC2 and for 
migra t ion of u r a n i u m . A number of fuel e lements which a r e compres sed 
together can also be heated to determine if there is any tendency for the 
fuel element to self weld. 

Relative surface stabil i ty can be de termined by exposing the fuel 
e lements to a high velocity gas s t r e a m with a fil ter located downstream . 
This tes t can be per formed in the a s - r e c e i v e d condition, after machining 
dust has been removed and after the ball has been bounced or impacted 
a number of t imes . A further surface tes t i s to de termine the r a t e of 
w^eight loss as a function of t empera tu re and naoisture content in a helium 
s t rea jn , 

2 . 1 , 2 Radiation Testing 

There a r e three general types of in-pi le radiat ion tes t s that can be 
used to tes t PBR fuel e l e m e n t s . The f i rs t is a s tat ic capsule i r rad ia t ion 
where all information is gained from pos t - i r r ad ia t ion examinat ion. The 
second type is one wherein one or m o r e p rope r t i e s of the fuel e lement 
a re determined while it is under i r r ad ia t ion . An example of this type 
would be the passage of sweep gas over a fuel e lement specimen in o rder 
to study fission product l eakage . The th i rd type of tes t involves an in-
pile loop in which the coolant flow, t e m p e r a t u r e , and flux approximate 
the reac to r design condi t ions. 

The fission ra te in the re fe rence fuel element can be closely approx­
imated by capsule tes t s in any of a number of p resen t ly operating r e s e a r c h 
r e a c t o r s . By replacing the Th02 with fully enr iched UO2, the fissionable 
ma te r i a l content of a specimen fuel element can be inc reased by a factor 
of 10 while at the same t ime maintaining the g raphi te -meta l oxide p ropor ­
t ions . Another factor -which tends to i nc rease the fission ra te in the 
specimen relat ive to the reference design is the higher fission c r o s s -
sections due to the lower modera to r t empe ra tu r e s in r e s e a r c h r e a c t o r s . 
For example, a 1-1/2" d iameter specimen containing 10 w/o enriched UO2 
w^ould generate approximately 2 KW in a 10 the rmal flux. This heat can 
be dissipated from a static capsule in a water -cooled r e s e a r c h r eac to r 
with fuel specimen t empe ra tu r e below 2000*F. Screening tes t s of one 
week at this condition would produce about 4 x 10^° fissions in the speci ­
m e n . This i s about 4% of the fissions which occur in a fuel element ex­
posed to the maximum flux during the re ference core l i fe . It should be 
noted that the mos t promis ing fuel e lement specimens need only be i r r a d ­
iated in 10-^^ flux for about six months to fully duplicate the reference design. 
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Many significant t e s t s can be economically pe r fo rmed on the cap­
sule i r r ad i a t ed screening s p e c i m e n s . A number of the non-radioact ive 
t e s t s can be repeated such as compress ive s trength and impact s t r eng th . 
In addition, weight loss and dimension change can be noted and a qual i­
tat ive analysis of fission products and uran ium that may leak into the 
capsule can be m a d e . Since the fission ra te in the capsule closely dup­
l ica tes the reference design, this is the bes t method of duplicating in­
te rna l heat generat ion and therefore the bes t method for determining 
the effects of the rma l s t r e s s . 

The types and quantit ies of fission products that may diffuse from 
the fuel e lements will affect the operat ion and maintenance of the p r i m ­
a r y loop and fundamental knowledge of this information is d e s i r a b l e . 
This type of information can be obtained ei ther by i r rad ia t ing the spec ­
imens with subsequent analys is of the heated specimen in a hot cell o r 
by pass ing sweep gas over a specimen during i r rad ia t ion and performing 
a s imultaneous analysis of the sweep g a s , The former technique has 
been used to provide qualitative r e su l t s but significant differences have 
been found when going to the la t t e r technique. The la t t e r technique is 
recommended for the PBR p r o g r a m because it will give r e su l t s under 
the s imultaneous conditions of t e m p e r a t u r e , neutron flux and fission 
product decay . 

An additional benefit of the la t te r technique i s that it can be used 
to get some information on the deposition and removal of fission products 
in the p r i m a r y loop. The sweep gas can be brought out through m a t e r i a l s 
s imi l a r to those in the PBR and in which the 1200*F to 500'^F t e m p e r a ­
tu re gradient i s mainta ined. Alter operat ion of the exper iment , the pip­
ing can be sectioned in a hot cell and analyzed to de termine the na ture of 
any preferent ia l deposition of fission p r o d u c t s . The specimens can also 
be used to de termine the efficiency of var ious decontaminating liquids in­
cluding a s imple water r inse up to and including acid etching. 

The ul t imate in in-pi le test ing would be the simultaneous i r r a d i a ­
tion of a significant number of fuel e lements in an in-pi le loop. The out-
of-pile port ion of the loop would contain a blower to rec i r cu la t e hel ium at 
reference design veloci t ies and a heat exchanger to diss ipate the heat 
generated in the fuel e l emen t s . The objectives of such a loop, as ide 
from furnishing i r r ad i a t ed fuel e lements for further ana lys i s , would be 
a dynamic tes t of fuel e lement pe r fo rma nc e . The circulat ing gas s t r e a m 
would be per iodical ly sampled and analyzed for the p re sence of fission 
products , uranium and dust , A t r ap for removing chemical ly active 

2-5 

ii :•* :'• i litCLisi^iJ* !': 

ib3 



UNCLASSIFIED 

fission products (see P a r t I, Section 4 , 3 . 6 ) would be tes ted in the loop. 
Information could be obtained concerning fission product deposition 
throughout the loop and i ts subsequent decontamination. The minimum 
size of the in-pi le port ion of the loop would be a 3" pipe containing about 
10 fuel e lements , which could fit into mos t r e s e a r c h reac to r ho le s , 
A l a r g e r section of about 12" d iameter and containing about 1000 fuel 
e lements could be r igged up in a swimming-pool- type r eac to r with 
sufficient conventional fuel e lements surrounding the 12" container to 
make a c r i t i ca l a s s e m b l y . 

2 . 1 . 3 Fuel Reprocess ing 

The uncer ta in t ies assoc ia ted with r ep rocess ing have been d i scussed 
in Section 1.4. It is proposed that a sys temat ic study be made of the 
r ep rocess ing cha rac t e r i s t i c s of the severa l a l te rna te fuel types coupled 
with the al ternat ing r ep rocess ing s c h e m e s . It is intended that this study 
be a imed at uncovering and solving those p rob lems assoc ia ted with r e ­
process ing on a commerc ia l scale r a the r than the labora tory scale work 
that has been done he re to fo re . 
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2.2 Core Studies 

There are a number of items relating to the mechanical design 
of the Pebble Bed Reactor core which must be confirmed or optimized 
before operating the reactor . These relate to gas flow, ball flow, and 
core components. 

As discussed in Section 2, 0 of Par t II, there are variations of the 
order of +̂  25% in the data reported on the friction factor, f, ajid the heat 
trauxsfer factor, j , for flow through randomly packed beds of spherical 
par t ic les . The bulk of this data has been obtained on spheres below 1/2" 
dia, and in a Reynold's number range below 5000. Since we are con­
cerned with 1 1/2" dia. spheres and Reynold's numbers up to 25,000 it 
is important to verify f and j in this range, A variation in f is perhaps 
more significant than in j because core pumping power is directly pro­
portional with f while a 25% decrease in j would only increase fuel 
element temperatures by about 100*F. P ressure loss data can be 
readily obtained by circulating room temperature air through a bed of 
dummy fuel elements. Heat transfer data would have to be obtained 
by mounting special heating elements and thermocouples within a 
dummy fuel element. 

The non-uniform velocity distribution in the core channels (see 
Pa r t II, Sect. 2.1.3) is caused by the relatively higher bed voidage 
adjacent to the graphite channel walls. Fortunately, this results in 
higher gas velocities in the region where the effect of flux peaking in the 
graphite walls causes the highest power density. It is difficult to extra­
polate existing experimental work on velocity distribution in finite granular 
beds to the present core because of the large number of variables such 
as particle size and shape, bed diameter, and radial temperature dis­
tribution. A reactor core channel mockup can be tested by a number 
of methods such as velocity probes or transient temperature measure­
ments in a preheated ball bed in order to determine the velocity distribution. 

Fuel is loaded and unloaded in the Pebble Bed Reactor in a "random" 
method as contrasted with the precise fuel handling mechanisms of all 
other fixed fuel reactors which accurately locate the fuel. Therefore a 
core mockup should be constructed which can be repeatedly loaded with 
dummy fuel elements in order to study fuel handling. This mockup can be 
used to determine the average packing fraction and its deviation. Ball 
flow patterns through the core can be studied and the minimium practical 
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angle of the bottom gra tes can be de te rmined . Graphite g ra tes can be 
insta l led and wear tes ted by repea ted ball loadings . The ball unloading 
valve can be proof t e s ted . Loading and unloading ball me te r ing chambers 
can be ca l ibra ted , pa r t i cu la r ly if a full sca le mockup is u sed . If further 
studies indicate that a continuously loaded pebble bed core shows p r o m i s e , 
the co re mockup can also be used to study ball flow pa t te rns for this c a s e . 

In o rde r to es tabl ish appropr ia te specifications for hel ium pur i ty 
and the graphite mode ra to r , a tes t facility should be set up to c i rcula te 
hot hel ium over g raph i te . The maximum allowable helium impur i t i e s 
can be es tab l i shed . Impur i t ies coming from graphite outgassing can be 
detected by sampling the helium s t r e a m . 

The control rods and their dr ives a r e d iscussed in Section 4 . 2 . 2 
of Part I . The control rod m a t e r i a l is Haynes-25 alloy which contains 
approximately 50 w/o Cobalt , Radiation t e s t s should be per formed on 
this ma te r i a l to de termine i ts physical p roper t i e s as a function of radiat ion 
damage . A typical control rod dr ive mechamism should be proof tes ted 
in a mockup consist ing of a control rod channel, a control rod, and 
mounting provis ions at the top for the drive m e c h a n i s m . The mockup 
would be ins t rumented to pe rmi t m e a s u r e m e n t s of acce lera t ion , rod 
velocity, and dece le ra t ion . 

2-8 * t r j 

• i?^q^^6iF ip:p 



UNCLASSIFIED 

2 . 3 P r i m a r y Loop Equipment 

2 . 3 . 1 Main Compres so r 

Although 20, 000 cfm c o m p r e s s o r s for hel ium requ i red for the 
125 eMW-PBR have not yet been built, t he re is ample exper ience 
in the design, construct ion, and operat ion of c o m p r e s s o r s for other 
g a s e s . Natural gas pipeline c o m p r e s s o r s have been built to handle 
25, 000 cfm at 940 ps i d ischarge p r e s s u r e . Other applications involve 
gas mix tu res containing up to 85% hydrogen at 700 ps i d ischarge 
p r e s s u r e . There is sufficient knowledge and exper ience in this field 
to pe rmi t the aerodynamic design of this hel ium c o m p r e s s o r and at ta in 
efficiencies of 80%, Many existing c o m p r e s s o r s use a carbon ring 
face seal to prevent leakage along the dr ive shaft. This seal i s s imi l a r 
to the one suggested for the PBR, They have been used to seal hydrogen 
and a number of hydrocarbon gases but to our knowledge have not yet 
been used on he l ium. Based on p r e sen t exper ience , it appears that 
back diffusion of the gas through the oil lubr ica ted face sea l is p r e ­
vented but there is a question of the ra te of inward lubr icant leakage 
and the solubility of hel ium in the lubr ican t . These l a t t e r i t ems affect 
the s ize of the gas- lubr icant s e p a r a t o r , 

A typical seal should be built and tes ted which would tes t for back 
diffusion, lubricant leak r a t e , hel ium solubility in the lubr icant , the 
effect of lubricant vapor on loop per fo rmance , and the efficiency of a 
gas- lubr icant s e p a r a t o r . The proper r a t e of c lean sweep helium will 
be es tabl i shed. 

One other question regarding the c o m p r e s s o r is the effect of 
radiat ion on the motor windings and the sea l and bear ing lubricant . 
Shielding can be insta l led between the c o m p r e s s o r and the motor 
to min imize radiat ion damage to the motor windings, A l imi ted 
amount of in ternal s teel shielding can be built into the c o m p r e s s o r to 
pro tec t the lubricant in the seal and b e a r i n g s . 

2 . 3 . 2 Steam Genera tor 

There i s essent ia l ly no R & D work that can be reconcimended for 
the s team genera tor shor t of building and operat ing a prototype unit , 
Such a prototype unit could be tes ted at one of two s tages in the p r o g r a m . 
If a la rge non-radioact ive equipment t es t were to be built , a prototype 
s team genera tor could be included. At this timie, the capital expenditure 
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for such a facility would appear unwar ran ted . The other stage at which 
a s team genera tor could be tes ted would be during instal la t ion of a 
Prototype R e a c t o r . In this ca se , a separa te fossil fuel heat source 
could be ins ta l led in o rde r to tes t the s team genera tor before using 
nuclear hea t . Both steady state and t rans ien t t e s t s could be run in 
o rde r to point up any trouble spots in the des ign. The prototype unit 
can be designed based on p re sen t engineering knowledge, and p roper 
specifications for welding, c leanl iness , and leaktightness wotdd have 
been developed from p r io r loop p r o g r a m s , 

Based on the 125 eMW study, it appears that a once-through s team 
genera tor is a potentially be t te r design than a control led c i rcula t ion 
s team genera tor in that it has fewer shell pene t ra t ions , s implif ies ex­
te rna l piping, and mininnizes water volume within the containment 
v e s s e l . The major question on a once-through design is one of water 
flow distr ibut ion at the lower s team p r e s s u r e of approximately 1450 ps i 
in the 125 eMW-PBR. It is recommended that boi ler manufac turers be .--̂  
reques ted to study and develop once-through s team genera tors s imi la r to 
this applicat ion. 

2 . 3 . 3 Miscellaneous Hardware 

The misce l laneous hardware p r o g r a m for the PBR will cover 
equipment for handling helium containing radioact iv i ty . Of in t e re s t in 
this category a r e the p r i m a r y loop block va lves , piping connectors , 
t ransfe r c o m p r e s s o r , mo i s tu r e detector and dust s epa ra to r s if r equ i red . 
In genera l , there i s no basic question of feasibili ty of helium sys tem 
equipment for the P B R . Instead, this p r o g r a m would involve the 
manufacture of equipment to mee t specifications followed by an evaluation 
at PBR conditions to de termine their operat ing c h a r a c t e r i s t i c s . 

The 16" and 24" p r i m a r y loop butterfly valves mus t have a hermet ica l ly 
sealed actuator and non- lubr ica ted l inkages operating in a hel ium a t m o s ­
p h e r e . Since they a r e not r equ i red to be leaktight a c r o s s the seat , leak 
r a t e s should be de te rmined . Although an all welded p r i m a r y sys tem, which 
involves cutting and rewelding in o rde r to rep lace equipment, has 
been recommended for the PBR, the use of meta l gasketed quick disconnects 
should be invest igated to de termine their leakt ightness and economic ad - ' 
vantage . Transfer c o m p r e s s o r s for la rge volume helium sys t ems should 
be capable of high volume flow r a t e s . This will r equ i re developing a 
machine consisting of an initial centrifugal s tage followed by severa l r e -
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ciprocating s t a g e s . The problem of shaft leakage on the rec iproca t ing 
c o m p r e s s o r shoiild be studied. In the case of the mo i s tu r e de t ec to r s , 
the influence of radiat ion on their pe r formance should be t e s t ed . If the 
resxilts from flow test ing on graphite fuel e lements show that graphite 
dust will exceed to lerable concentra t ions , some form of dust s epa ra to r 
will be r equ i r ed . This would take the form of e i ther a f i l ter , a cyclone 
s epa ra to r , or an e lec t ros ta t ic p r ec ip i t a t o r . The re is a question of 
bas ic feasibil i ty regarding the e lec t ros ta t ic prec ip i ta tor for this 
application, however it offers a unique method of both dust and f ission 
product removal which should be invest igated. 
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2 .4 Refinement Studies 

The reference design of the Pebble Bed Reactor is a 125 eMW plant 
operating on the Th-U 233 cyc le . The ent i re core is batch- loaded on a 
100 day cyc l e . There a r e a number of investigations that can be made 
to determine if this re ference design can be improved . 

The Pebble Bed Reactor concept is amenable to continuous refuel­
ing. In this case , no excess react iv i ty is r equ i red at s tar tup and hence 
there will be essent ia l ly no neutrons lost to the control r o d s . This will 
resu l t in an improved breeding r a t i o . Since fresh fuel mus t be loaded 
onto the top face of the core and spent fuel d ischarged fronn the bottom 
of the core , there will be an axial fuel concentrat ion gradient . However, 
since the highest fuel concentrat ion will be at the coolant inlet end, peak 
fuel e lement t empe ra tu r e s should be lower than in the case of the r e fe r ­
ence des ign. Sufficient work should be done to es tabl ish the fuel loading, 
breeding ra t io , and the effect on fuel cycle c o s t s . 

As d i scussed in P a r t I, Section 1.0, there i s lack of good informa­
tion on the non-fission capture c r o s s - s e c t i o n s for U233 ( i . e . the value 
of a, the ra t io of non^fission capture to fission capture) in the epi thermal 
r ange . Values of a used for the reference design were es t imated from 
existing da ta . These es t imated values were higher than other cur ren t ly 
accepted va lues . This sp read was of sufficient magnitude to cause the 
reference design to be a t rue "b r eede r " r eac to r when the cur ren t ly 
accepted a values were used and to make the reference design be m e r e l y 
a "conver te r" when the new es t imated values were u sed . Since all other 
power reac to r types employing the U233-Th cycle can be affected by 
this uncer ta inty, it is recommended that the Commiss ion undertake bas ic 
r e s e a r c h to c lear up this m a t t e r . 

The per formance of the PBR using par t ia l ly enriched uraniunn should 
also be es tabl i shed. Studies would include the degree of enr ichment r e ­
quired for the p re sen t reference design using a depleted uranium blanket, 
core size for a low enr ichment fueled r eac to r , and the application of the 
seed-blanket concept to the P B R . The effect on cost of e lec t r ica l power 
would be determined re la t ive to the p resen t re ference design. 
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2 .5 Relation to Other Gas-Cooled Reactor R & D P r o g r a m s 

There a r e at leas t two p r o g r a m s that a r e cur ren t ly being supported 
by Commiss ion funds that could furnish information relevant to the Pebble 
Bed Reactor p r o g r a m . One is the Gas-Cooled Power Reactor P r o j e c t at 
the Oak Ridge National Labora to ry and the other is the P r o c e s s Heat 
Reactor P r o g r a m being pe r fo rmed under a cooperat ive p r o g r a m by the 
Commiss ion and the Branch of Coal Gasification of the U, S. Bureau of 
Mine s . 

The Bureau of Mines P r o g r a m is concerned with the development 
of a r eac to r using spher ica l u ran ium-graph i te fuel e l e m e n t s . Helium is 
heated from a reac to r inlet t empera tu re of 1000°F to a r eac to r outlet 
t empera tu re of 2500*F, This p r o g r a m is s imi l a r to the PBR in many 
r e s p e c t s . The major difference is the higher operating t e m p e r a t u r e s 
of the P r o c e s s Heat Reac to r . Their p re sen t work involves the develop­
ment of the p r i m a r y loop equipment and non-nuclear test ing of compon­
ents , including fuel e l e m e n t s . An a tmospher ic p r e s s u r e helium loop 
has been in operat ion for near ly a y e a r . Induction heating has been used 
to heat a var ie ty of graphite and c lad-graphi te s p h e r e s . A 250 psi loop 
i s cur ren t ly under const ruct ion . Per t inen t a r e a s of i n t e re s t to the PBR 
include: 

1 . E ros ion and contaminant co r ros ion in a heliuna graphite 
sys tem at 2500*F, 

2 . Heat t ransfe r and friction factors for helium flow through 
ball b e d s , 

3 . Evaluation of clad graphite s p h e r e s , 

4 . Developnaent of dust removal equipment . 

5. Pe r fo rmance of equipment handling high pressure , , high 
t empera tu re he l ium. 

The ORNL Gas-Cooled Reactor P r o g r a m is based on the use of 
slightly enr iched UO2 pel le ts encased in s ta in less s teel as the fuel e lem­
ent . The r eac to r is graphite modera ted and uses helium as the coolant. 
Reactor inlet and outlet t e m p e r a t u r e s a r e 460*F and 1000®F. E x p e r i ­
mental work is cur ren t ly under way at ORNL and Tit le II design on a 
40, 000 KW Prototype is being per formed by Kaiser Engineers - A C F , 
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The a r e a s of common in t e re s t with the PBR p r o g r a m involve the 
effect of contaminants in the helium graphite sys tem and the test ing of 
p r i m a r y loop equipment . Work is under way on the r a t e s of adsorpt ion 
and evolution of gases by graphite and on the react ions of graphite with 
contaminants . Three facil i t ies a r e being used in this work . These in­
clude a stat ic m a t e r i a l s tes t , a the rmal convection loop to tes t the 
effects of a t empera tu re gradient , and a forced convection loop to de te r ­
mine if there a r e any eros ion effects , This work will be followed by 
an in-pi le loop to t es t the effect of rad ia t ion . ORNL has a lso proposed 
to study the radiat ion damage to p r e s s u r e ves se l m a t e r i a l s . Exper ience 
gained in the manufacture and test ing of p r i m a r y loop components such 
as the helium compres so r and s team genera tor would also be per t inent 
to the PBR P r o g r a m , 
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2. 6 Recommended P r o g r a m 

The objective of the r e s e a r c h and development p r o g r a m r e ­
commended for the Pebble Bed Reactor is to br ing it to a s tate of 
development which will pe rmi t the design, construct ion and operat ion 
of the r eac to r sys tem for cen t ra l stat ion u s e . Since any R & D 
p r o g r a m will continually shift in emphas is as it p roceeds , our r e ­
commendations h e r e a r e confined to a P h a s e I, covering fuel e lement 
technology and Title I work on an exper imenta l r e a c t o r . 

One of the pr incipal questions r a i s ed in pas t proposa ls of this 
r eac to r concept has been that of fuel e lement stabil i ty under i r r ad ia t ion 
and a "quick and d i r ty" r eac to r exper iment has been proposed as a means 
of demonstra t ing this fuel e lement c h a r a c t e r i s t i c , We a r e now of the 
opinion that the exper imental r eac to r should be used to answer p rob lems 
relat ing to the operat ion and maintenance of a hot p r i m a r y loop as well 
as fuel and fuel handling. Its constructioii should be p receeded by an 
o rder ly p r o g r a m of fuel element development in o rde r to reduce un­
cer ta in t ies regarding the fuel e lement . Subsequent development work 
on such i t ems as fuel handling and component test ing would be done 
within the es tabl ished framework of the exper imenta l r e a c t o r . It i s felt 
that this p r o g r a m can bes t provide the information requ i red to pe rmi t 
the construct ion of a la rge power r e a c t o r . 

Continuing engineering analysis of the power plant sys tem can and 
should proceed concurrent ly with the init ial R & D p rog ra m, since such 
analysis will place individual pa r t s of the R & D p r o g r a m in p roper p e r ­
spective with re la t ion to the overal l object ive. Also, other Commiss ion 
p r o g r a m s should be continually moni tored to avoid duplication of effort . 

Following is an outline of the recommended r e s e a r c h and develop­
ment p r o g r a m for the f i rs t p h a s e . A t ime Schedule is not es tabl ished 
h e r e as it will depend on the r a t e of p r o g r e s s of work under the p r e s e n t 
contract , under re la ted Commiss ion sponsored p r o g r a m s and the degree 
of acceptance of this r eac to r concept by the Commiss ion and the Power 
Indus t ry . 

A, Fuel Element Development 

The objective of the fuel e lement development p r o g r a m is to se lec t 
the mos t promis ing fuel e lement from among the many possible types 
and subject it to sufficient t es t s that will minimize the probabil i ty of i ts 
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failure in an exper imenta l r e a c t o r . 

1. Screening t es t s 

A s e r i e s of p r e - i r r a d i a t i o n tes t s would f i rs t be per formed 
on a l a rge number of spec imens in which the method of adding 
fuel to graphite , fuel loading, fuel par t ic le s ize , graphite type, 
e t c . a r e v a r i e d . Tes ts would include tens i le , compress ive , and 
impact s t rength, t he rma l conductivity, abras ion r e s i s t ance , 
moi s tu re and oxidation r e s i s t ance , and fuel pa r t i c l e s tabi l i ty . 

Following these t e s t s , a s e r i e s of short t ime, high t empera tu re 
i r rad ia t ion exposures would be made followed by longer exposures 
on the m o r e promis ing types . Static exposures in a re la t ive ly 
simple capsule would be emiployed. Many of the p r e - i r r a d i a t i o n 
tes t s would be repea ted after exposure . Additional t es t s would 
include dimensional change, weight l o s s , and analysis of capsule 
gas space and walls of capsule for type and quantity of fission 
products and f issi le m a t e r i a l . 

2, F i ss ion product technology 

A re la t ively s imple in-pi le t e s t would be pe r fo rmed using 
sweep helium over a fuel e lement . This loop would be used to 
study the ra te of fission product leakage, the nature of fission 
product deposition, and methods of decontamination. This sys tem 
could also be used to study continuous fission product removal 
equipment for both the chemical ly active and the noble gas fission 
p roduc t s , 

3 . In-pile loop tes t s 

A rec i rcula t ing in-pi le loop will be used to duplicate t emper ­
a tu re , velocity, and heat flux of a full sca le r e a c t o r . Only the 
mos t promis ing fuel e lements would be tes ted under these condit ions. 
This loop would r ep re sen t the final t es t of fuel e lements p r io r to 
their use in an exper imental r e a c t o r , 

4 , Manufacturing and reprocess ing 

Since the methods and costs assoc ia ted with fuel element 
manufacturing and reprocess ing a r e involved in the select ion of 
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the optimum fuel e lement , work in these a r e a s would proceed 
concurrent ly with fuel e lement tes t ing . As re su l t s of fuel 
e lement test ing a r e obtained, emphas is on manufacturing methods 
will shift towards the m o r e promis ing t y p e s . An evaluation of 
poss ib le methods of refabricat ing radioact ive fuel e lements will 
a lso be m a d e . As presen t ly seen, r ep rocess ing methods will be 
essent ia l ly independent of the ul t imate fuel elennent except for 
the poss ib le effect of coa t ings . Reprocess ing methods which 
would be invest igated include incinerat ion, crushing and leaching, 
and B r F volat i l i ty . 

B . Exper imenta l Reactor 

In o rde r to es tabl ish the f ramework for component development and 
test ing, the Title I design of an exper imenta l r eac to r should be scheduled 
to proceed in paredlel with the fuel e lement development p r o g r a m . At 
this t ime it appears that Title I work can commence at the completion of 
the initial fuel element screening p r o g r a m . Based on the r e su l t s of this 
work, which would es tabl ish the s ize and scope of the exper imenta l 
r eac to r , component development and test ing wovdd be under taken. This 
work would include gas flow thru ball beds , ball handling techniques, 
test ing of r eac to r components such as the unloading valve and control rod 
drive and p r i m a r y loop components such as b lowers and va lves . 
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