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SUMMARY 

Turboinachinery considera t ions indicate that it would be des i rable to 

reduce the cycle p r e s s u r e from 1, 000 ps ia to 800 psia. Although this change 

does not affect the ove r -a l l efficiency, it necess i ta tes the revis ion of cer ta in 

cycle conditions. P r e l i m i n a r y design calculations based on these new con­

ditions have been made . 

The prob lem of de termining the te inpera ture distr ibution and the 

resu l t ing t h e r m a l - s t r e s s pa t t e rn within the graphite has been considered. 

An analyt ical solution was found for the case in which the the rma l conduc­

tivity throughout the fuel e lement is constant, i. e. , assuming there is no 

discontinuity between the fuel body and the cladding or between the cladding 

and the graphi te . A code is being developed to pe rmi t calculation of the 

t e m p e r a t u r e pa t t e rn for the case in which the conductivity is not constant. 

P r e l i m i n a r y designs for a he terogeneous fuel e lement and a s emi -

homogeneous fuel e lement were developed. At the p resen t t ime , al l 

p rob lems assoc ia ted with the design of a sat isfactory semihomogeneous 

fuel e lement appear to be solvable . The tentative design of an e lec t r ica l ly 

heated, h i g h - t e m p e r a t u r e , h i g h - p r e s s u r e helixim tes t loop for test ing fuel-

e lement pe r fo rmance is being developed for cost es t imat ion. Since such a 

loop would be a major i tem in r e g a r d to both cost and effort, other methods 

of tes t ing a r e also being considered. 

A decis ion has been r eached to ut i l ize the Hanford in-pi le gas loop 

as soon as poss ib le . Although the loop will opera te at a hel ium p r e s s u r e 

somewhat l e s s than the MGCR operat ing conditions, it is anticipated that 

the t e s t s amples will at tain the power dens i t ies and t e m p e r a t u r e s predic ted 

for the MGCR; f i r s t t e s t s a r e scheduled for August, 1959. Extensive 

test ing was c a r r i e d out during the qua r t e r to f i rm up the design of the t e s t 

model . In this connection, a nuclear mockup of the t e s t e lement was 

fabr icated and sent to Hanford for p r e l i m i n a r y t e s t s in the Hanford tes t pi le. 
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Two-group PDQ calculat ions were run to es t imate con t ro l - rod worth 

for the p r e l im ina ry design core under cold, clean conditions. Calculations 

were run in the XY-geometry with the rods in the form of thermal ly black 

c ruc i forms; axial bucklings for the cases were der ived from axial flux 

dis t r ibut ions obtained in PDQ calculat ions of the unrodded core in R Z -

geometry . The r e su l t s of these calculat ions a r e included in this r epor t . 

Curves of rod worth v e r s u s posit ion were developed for the hot, clean 

and the cold, clean p r e l im ina ry design core . Normal ized curves of the 

fraction of rod worth ve r sus fraction of rod- length inse r t ed a re given. 

These curves demons t ra te the higher inc rementa l worth of the rods in the 

cold core as compared to that in the hot co re . 

Revision of the es t imated core life was made by introducing cor rec t ions 

to the equivalent resonance escape probabi l i ty and t he rma l nonleakage p roba ­

bility for a r e a c t o r in the analyt ical burnup model . Fo r the p r e l im ina ry 

design core , the l ifetime at full power was reduced from 603 to 57 2 days. 

A detai led l i fet ime calculat ion was made for the p r e l im ina ry design 

heterogeneous core ; for pu rposes of this calculat ion, 428 g of na tura l boron 

was cons idered to be uniformly dis t r ibuted throughout the fuel e lements . 

Var ia t ions in K v e r s u s days at full power for a core with and without 

boron for hot and cold conditions a r e p resen ted . 

Fue l - cyc l e costs were e s t ima ted on the bas i s of the effect of boron 

in the fuel e lements . In all c a s e s , the fuel-cycle costs va ry l e s s than 10% 

for the l i fet ime and loading r anges considered. 

It is p re sen t ly planned to locate the c r i t i ca l facility in the buildings 

or iginal ly cons t ruc ted for Genera l A tomic ' s CIRGA expe r imen t s . The 

schedule for the c r i t i ca l expe r imen t s is based on es tabl ishing the p r e s s u r e -

vesse l r e q u i r e m e n t s in the spr ing of I960. To achieve this a im, the c r i t i ca l 

facility should be ready for opera t ion by la te 1959, and the expe r imen t s a r e 

expected to be completed six months l a t e r . The design of the facility i s 

50% comple te , and the p r o c u r e m e n t of m a t e r i a l s and equipment h a s been 

s ta r ted . Work has begun on the p r e p a r a t i o n of the safeguards r e p o r t . 
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and a vendor has been selected to fabricate the fuel. 

To augment the p resen t exper imenta l p rogram, it is proposed that a 

s e r i e s of exper iments be pe r fo rmed in the Lawrence Radiation Labora tory 
238 

"hot box" facility. Specifically, the use of e lements containing U and 

r a r e ea r th s i s proposed. These e lements would be in groups of var ious 

s izes and composi t ions , so that the influence of both "lumping" and t emper ­

a tu re could be evaluated. 

The speed of the main turbine shaft has been tentatively set at approx­

imately 12, 200 r p m - - a factor of 2. 75 t imes the f i r s t c r i t i ca l speed. 

Although a higher factor could be to lera ted , it is felt that other considerat ions 

prec lude the use of c r i t i ca l speed ra t ios as high as those that a r e used in 

open-cycle p rac t i ce . 

The design and fabricat ion of a t es t stand to evaluate shaft seals and 

seal sys t ems has been completed and t r i a l runs have been made. F i r s t t es t s 

will be made on bushings and face sea l s . Later t e s t s will involve other sea l s , 

including the f loat ing-r ing and f loat ing-labyrinth types of seal . 

The effects of minor heat t r ans fe r due to heat leakage, fluid flow, and 

thermodynamic phenomena on MGCR full-load cycle per formance were 

studied. The var iab les and r ea i l t s a r e p resen ted in Section IV of this 

repor t . 

The hea t -exchanger t es t facility was assembled and p r epa red for 

operat ion, despi te ser ious delays encountered by the la te a r r i v a l and 

fabricat ion deficiencies of the model heat exchanger. Some of the operating 

c h a r a c t e r i s t i c s of the facili ty a r e descr ibed , 

A c r i t i ca l review was conducted on the des i rabi l i ty of using concentr ic 

ducts and valves . The prototype design is based on the use of concentr ic 

ducts and concentr ic valves between the reac to r and the propulsion system. 

P r e s s u r e - l o s s studies have been conducted for var ious configurations of 

ducting. The p r e l i m i n a r y design for the heat b a r r i e r in s t ra ight -duct 

sect ions is now essent ia l ly complete . 

Work is continuing on var ious control sys t ems . Block d iagrams 
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outlining r eac to r power level, r eac to r outlet t e m p e r a t u r e , and plant 

inventory control a r e presented . 

Differential equations which p e r m i t the dynamic analysis of a c losed-

cycle gas - tu rb ine plant were p rog ra me d for numer ica l solution on a 

digital computer . Response to d i s turbances resul t ing froxn. changes in 

reac to r power and changes in plant load has been obtained. Equations have 

been de te rmined for the t r ans ien t behavior of the r egene ra to r . 

Descr ip t ions have been p r e p a r e d for each f luid-mechanical sys tem. 

P r e l i m i n a r y sizing of all p r inc ipa l sys t em components has been completed, 

and a p r e l i m i n a r y a r r angemen t study has been made . 

Severa l methods of purifying hel ium in both the s torage bank and the 

main loop have been invest igated. Of these , l o w - t e m p e r a t u r e adsorpt ion 

and h i g h - t e m p e r a t u r e get ter ing have been se lected for l abora to ry study. 

Task descr ip t ions have been drafted for all 18 propuls ion-plant 

e lec t r i ca l s y s t e m s , and block d i ag rams have been p repa red . Investigations 

into the m a x i m u m operat ing t e m p e r a t u r e s of the var ious e l ec t r i ca l equip­

ment indicate that ambient t e m p e r a t u r e s up to 140 F can be to lera ted . 

A r r a n g e m e n t s tudies of plant s t ruc tu re and shielding a r e continuing. 

The ma in effort has been d i rec ted toward the el iminat ion or minimiz ing of 

the re la t ive t h e r m a l expansion of the var ious components . 

The emergency cooling sys tem is under study. P r e l i m i n a r y design 

work has been c a r r i e d out on a cool-down s y s t e m which u s e s a s to red 

iner t coolant, such as ni t rogen, CO_, or s team. 

Work on the i r r ad ia t ion stabil i ty of fuel m a t e r i a l s is continuing at 

Battelle M e m o r i a l Inst i tute . Resu l t s indicate that convers ion from the 

monocarb ide to the d icarb ide can take place at t e m p e r a t u r e s as low as 

2, 350 F in graphi te bodies which contain u ran ium monocarb ide . 

A p r o g r a m has been ini t ia ted to study the s in ter ing p r o p e r t i e s of 

a lumina in a hydrogen a tmosphe re . S in te red-pe l l e t dens i t i es as high as 

96. 6% of theo re t i ca l values have been produced. 

Appara tus has been put into opera t ion to m e a s u r e the f i ss ion-product 
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xenon r e l eased from i r r ad ia t ed UO granules of controlled par t ic le s ize. 

Resul t s a r e given for a wide range of par t ic le size. 

The hot cel ls under construct ion at General Atomic will be completed 

approximately on schedule; however, a s t r ike at the vendor ' s plant that is 

supplying the manipu la tors will l imit the use of the cells for an unknown 

length of t ime. 

P rog re s s has been made in the development of h igh- t empera tu re 

x - r a y diffraction techniques. A c a m e r a has been developed for use in 
o 

studying u ran ium oxide c e r a m i c sys tems at t empe ra tu r e s up to 2, 000 C. 

The cladding of graphi te is under study. So far, niobixim, nickel, 

n icke l -copper , Monel, and s ta in less s tee ls have been considered, with 

nickel and alloys of nickel and copper showing the 3Xiost p romise . 

Cor ros ion and m a s s - t r a n s p o r t t e s t s in hel ium have begun. Apparatus 

for this work is desc r ibed and some p re l im ina ry r e su l t s a r e presented. 

Explora tory t e s t s were conducted to invest igate the effects of coolant 

and impur i t i es in the coolant on plant m a t e r i a l s and the effects of get ter ing 

on inhibiting reac t ions . Tes t s w e r e run for 1, 000 hr with graphite at 

t e m p e r a t u r e s of 810 C. Significant changes in the ha rdness of niobium and 

niobi i im-zirconiuin alloys were observed. No carbur iza t ion was observed 

in the s ta in less s tee l samples . 

Economic studies a r e continuing w t h the objective of determining 

the opt imum size and power r anges for both nuclear and conventionally 

powered ships. Total costs for a ton of cargo c a r r i e d a r e shown for the 

New York- to-Kuwait round t r ip . P r e s e n t es t imated costs for the f i rs t 

seagoing nuc lear t ankers a r e somewhat higher than those for conventional 

ships . 





MGCR DESIGN DATA 

Power 
At p rope l le r . . . . . . . . . . . . . 
Reac tor t he rma l output . . . . . . 
Auxi l iar ies . . . . . . . . . . . . . . 
Net shaft efficiency . . . . . . . . 
Cycle efficiency . . . . . . . . . . 

Reac tor 
Modera tor and ref lec tor . . , , . 
Core dimensions (active lat t ice) 

Diaraeter . . . . . . . . . . . . . . 
Height . . . . . . . . . . . . . . . . 

Reflector th ickness . . . . . . . . 
Vessel 

Outside d iameter . . . . . . . . . 
Heig^ t . . . . . . . . . . . . . . . . 
Wall thickness , . . , . . . , . . 

Fuel . . . . . . . . . . . . . . . . . . 
Fuel e lement 

Heterogeneous . . . . . . . . . . 

Semihomogeneous . . . . . . . . 

Fue l loading . . . . . . . . . . 
Number of control rods . . 
Core life at full power . . . 
Coolant . . . . . . . . . . . . . 
Coolant p r e s s u r e . . . . . . 

Reac tor inlet t e m p e r a t u r e . 
Reac tor outlet t e m p e r a t u r e 

Turbomach ine ry 
T u r b o c o m p r e s s o r speed . . 
Power - t u rb ine speed . . . . 
Turbomachinery s tages 

H i g h - p r e s s u r e turb ines 
L o w - p r e s s u r e (power) turb ines . . 
L o w - p r e s s u r e c o m p r e s s o r s . . . . 
H i g h - p r e s s u r e c o m p r e s s o r s . . . . 
Ove r - a l l length . . . . . . . . . . . . . 

22, 000 shp (max) 
54 Mw (max) 
750 kw 
30% 
32% 

Graphite 

6.4 ft 
6 .4 ft 
1 ft 

10.4 ft 
25. 5 ft 
5. 75 in. 
Enr iched uranium, 128 kg U^^^ 

19-rod bundle, l / 4 - in . rods of 
UO-, in BeO or AI2O3, s ta inless 
steel clad 

Graphite flat p la tes 1 in. thick, 
6 in. wide, 6. 4 ft long, con­
taining m e t a l - c l a d rods of UC 
in graphite or of UO2 in BeO 

Uniform 
16 
500 days (approx) 
Heli^lm 
800 psia from h i g h - p r e s s u r e 

compresso r ; 308 ps ia into low-
p r e s s u r e c o m p r e s s o r 

7 30OF 
1, 300°F 

13, 450 rpm 
8, 000 rpm 

7 
6 
15 
19 
30 ft 

V l l 



V l l l 

Shielding 
P r i m a r y . . . . . . . . . . . . . . . . . 
Secondary ( integral with 

containment) . . . . . . . . . . . . . 

Power -p lan t weight, including 
containment and auxi l ia r ies . . . 

40 in. of lead, iron, and water 

3.0 in. of i ron, 24.0 in. of fuel oil 
(for emergency diesel plant) 

2, 020 long tons 
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I . REACTOR DEVELOPMENT 

THERMAL AND HYDRODYNAMIC ANALYSIS OF REACTOR CORE 
(S, A. B e r n s e n and R. Katz) 

During this quar te r ly per iod , turbomachinery considerat ions 

indicated a d e c r e a s e in cycle p r e s s u r e level from 1,000 to 800 ps ia . 

This brought about a revis ion of cycle conditions to those l is ted belowt 

Core p r e s s u r e . . . . . . . . . . 760 psia 

Inlet t e m p e r a t u r e . . . . . . . . 730 F 

Outlet t e m p e r a t u r e . . . . . . . 1,300 F 

Maximum surface 
t e m p e r a t u r e . . . . . . . . . . 1,500 F 

Coolant flow . . . . . . . . . . . 72.78 l b / s e c 

Power level . 54.2 Mw 

P r e l i m i n a r y design calculat ions based on these new conditions have been 

made for c o r e s using semihomogeneous and heterogeneous fuel e l emen t s . 

Tables 1. 1 and 1.2 l i s t some c h a r a c t e r i s t i c s for severa l possible 

p a r a m e t e r s for these c o r e s . 

F U E L - E L E M E N T DESIGN (R. Katz) 

Semihomogeneous E l emen t 

Since the ex te rna l su r faces of the semihomogeneous fuel e lement 

a r e flat p la tes which a r e pa ra l l e l to the direct ion of flow of the working 

fluid, the ex te r io r h e a t - t r a n s f e r and hydrodynamic per formance is easi ly 

ca lcu lab le . The in te r io r geomet ry cons i s t s of m e t a l - c l a d cyl indr ical 

fuel rods imbedded in flat graphi te s l abs , with different degrees of the rmal 

bond between the fuel body and the cladding and between the cladding and 

1 



Table 1. 1 

TYPICAL SEMIHOMOGENEOUS CORE PARAMETERS 

Number of a s s e m b l i e s in core 
Fue l - e l emen t size (in. ) 
P la t e s per a s sembly 
Fuel pel le ts per plate 
Pla te th ickness (in. ) 
Fue l -pe l l e t d iamete r (in. ) 
Coolant gap (in. ) 
Core void fract ion 
Hea t - t r ans fe r a r e a (ft ) 
Average flux (Btu/(ft2)(hr)) 
P r e s s u r e drop (psia) 

A 

120 
6 x 6 
5 
6 
0.687 
0.442 
0. 113 
0.0591 
2,650 
69,800 
28 .3 

Core Des3 

B 

120 
6 x 6 
6 
7 
0.550 
0.354 
0, 117 
0,0733 
2,970 
62,200 

1 17.9 

C 

68 
8 x 8 
6 
7 
0.887 
0.571 
0 .113 
0.0601 
2,720 

1 68,000 
28 .5 

gn 

D 

68 
8 x 8 
7 
8 
0.741 
0.476 
0.116 
0.0721 
3,030 

1 61,000 
1 18.1 

E 

68 
8 x 8 
8 
9 
0.632 
0,407 
0. 118 
0.0842 
3,320 
55,700 
13.1 

Table 1.2 

TYPICAL HETEROGENEOUS CORE PARAMETERS 

Number of a s s e m b l i e s in core 
Fue l rods per a s s e m b l y 
F u e l - r o d d iame te r (in. ) 
Minimum spacing between 

rods (in. ) 
Core void fract ion 
Hea t - t r ans f e r a r e a (ft^) 
Average flux (Btu/(ft2)(hr)) 
P r e s s u r e drop (psia) 

A 

400 
19 
0.250 

0.049 
0.0611 
3,160 
58,500 
4 6 . 4 

Core D 
— 1 

B 
450 
19 
0.250 

0.051 
0.0706 
3,560 
52,000 
33 .7 

esign 

C 

500 
19 
0.250 

0.052 
0.0798 
3,950 
46,800 
2 7 . 4 

D 

550 
19 
0.250 

0 .053 
0.0899 
4 ,350 
42 ,500 
2 1 . 6 
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the graphi te . This poses a difficult problem in determining the t empera tu re 

dis tr ibut ion and the resul t ing t h e r m a l - s t r e s s pa t tern within the graphite . 

If a sa t i s fac tory fuel e lement is to be obtained, it is n e c e s s a r y to know 

these quanti t ies in o rde r to stay within the l imits imposed by strength 

and carbur iza t ion p rope r t i e s of the cladding and the graphi te . 

An analyt ical solution to this problem has been found for the special 

case in which the t h e r m a l conductivity throughout the ent i re fuel e l emen t - -

both fuel body and g r a p h i t e - - i s a constant; i . e . , where no discontinuity 

exis ts between the fuel body and the cladding or between the cladding and 

the graphi te . Under this condition, any combination of fuel-body d iameter 

and spacing and graphite slab th ickness can be calculated. F igure 1. 1 

shows the r e su l t s of one such calculat ion where the d imensionless 

i s o t h e r m s , T , have been plotted in one quadrant of a semihomogeneous 

fuel e lement in which the spacing of fuel bodies is equal to the graphite 

slab th ickness and the fuel-body d iame te r i s equal to one half the 

slab th i ckness . 

Calculat ions based on the constant-conductivi ty model a r e useful 

for re la t ive compar i son of fuel e l emen t s , but a inore refined approach 

is needed to accura t e ly evaluate the t e m p e r a t u r e and t he rma l s t r e s s in 

a given fuel e lement . A code is being developed to pe rmi t calculation 

of the t e m p e r a t u r e pa t t e rn for c a s e s where conductivity is not constant, 

and a second code i s under study which will enable t he rma l s t r e s s e s to 

be calcula ted. 

At the p r e s e n t t ime , a l l p rob lems assoc ia ted with the design of a 

sa t i s fac tory semihomogeneous fuel e lement appear to be soluble. It is 

obvious that t h e r m a l s t r e s s e s will impose l imi t s on power densi ty , and 

the m a x i m u m allowable power density i s to be de te rmined . 

Heterogeneous E lement 

The developmental work on this type of fuel e lement is descr ibed 

under " F u e l - dlement T h e r m a l P e r f o r m a n c e Expe r imen t s , " 



1.25 T * = 0,35 0 
2 

qR /2k 

= DIMENSIONLESS TEMPERATURE 

T = TEMPERATURE (^F) 
3 

q = POWER DENSITY (BTU/(FT )(HR)) 

R ^ FUEL - PELLET RADIUS (FT) 

k = THERMAL CONDUCTIVITY (BTU/(FT) (HR)(OF)> 

h = HEAT-TRANSFER COEFFICIENT ( BTU/(FT^)(HR) (°F )j 

1. 1 - - T e m p e r a t u r e d is t r ibu t ion in sejoaihomogeneous fuel e l ement 



5 

FUEL-ELEMENT THERMAL PERFORMANCE EXPERIMENTS 
(H. C, Hopkins, J r . ) 

The construct ion of an a i r - f low t e s t stand for determining heat 

t r ans fe r and fluid-flow per fo rmance of fuel e lements proceeded rapidly 

during the quar t e r . A blower was rece ived and when tested, was found 

to opera te sa t is factor i ly over the r equ i red range of flow. The instal lat ion 

of the e l ec t r i c power supply for heating the s imulated fuel e lements and 

thei r a ssoc ia ted ins t rumenta t ion was near ing completion at the end of the 

qua r t e r . 

The t e m p e r a t u r e ins t rumenta t ion , which is designed especial ly for 

m e a s u r e m e n t of t e m p e r a t u r e dif ferences , consis ts of a p rec i s ion poten­

t iometer and an automat ical ly balancing potent iometer with a var iable 

range and zero point. Different p a r t s of the t e s t stand a r e shown in 

F igs . L 2 through 1. 4. 

The f i r s t fuel e lement to be tes ted will be a mockup of the 19-rod 

bundle e lement desc r ibed in the previous quar te r ly r epo r t (GA~744). 

Design of a modification of the 19-rod bundle and purchase of equipment 

that would p e r m i t a probe to scan for axial and c i rcumferent ia l t empera tu re 

var ia t ion was begun. One or m o r e rods would consis t of hollow thin-wall 

tubes which a r e r e s i s t a n c e heated and equipped with an in ternal movable 

t e m p e r a t u r e p robe . 

Although this t e s t facility was designed to t es t the rod-bundle , 

he terogeneous type of fuel e lement , it is not n e c e s s a r i l y l imi ted to this 

type. The facility could be modified to t es t the sem.ihomogeneous type of 

fuel e l emen t s . In ei ther case , it would be m o s t valuable as a ineans of 

quick compar i son of hydrodynamic pe r fo rmance and, to a l e s s e r extent, 

of hea t t r ans fe r between different fuel e l ements . It is pa r t i cu la r ly 

l imi ted in test ing the g raph i t e - encased semihomogeneous e lements since 

it u se s a i r . With such e l emen t s , t e m p e r a t u r e s and hea t fluxes inust be 

l imi ted to prevent burning of the graphi te in the a i r s t r e a m . 

The in-pi le loop at Hanford produces approximately design heat fluxes in 



pu-B̂-s zsa^. As.oxj-j;xv--z • I '^Ta 



F i g . 1. 3-~Test section a s s e m b l e d in air-f low tes t stand 
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Fig. 1 .4- -Heater rods assembled in a i r - f low tes t section 
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a hel ium a t m o s p h e r e , but size of the tes t specimen is l imited to a smal l 

pa r t of a fuel element . 

One method of test ing per formance of fuel e lements with respec t to 

fluid flow, heat t r ans fe r , and s t ruc tu ra l integri ty at r eac to r operating 

conditions would be to cons t ruc t a h i g h - p r e s s u r e helium tes t loop equipped 

to handle a fu l l - s ize , e lec t r ica l ly heated fuel element. The tentative 

design of such a loop is being developed for cos t -es t imat ion purposes . 

Since such a facil i ty would be a major i tem with r ega rd to both cost and 

effort, a l te rna t ive methods of developing fuel e lements a r e also being 

studied. 

HANFORD-LOOP EXPERIMENT (R. C. Howard and R, Katz) 

E a r l y in this qua r t e r l y per iod, a decis ion was reached to uti l ize as 

soon as poss ible the Hanford DR reac to r gas loop for the MGCR p r o g r a m . 

The loop, which will opera te with hel ium at 200 psi , will f i r s t be enaployed 

to t e s t a port ion of a semihomogeneous fuel plate 1-1/2 in. wide, 3/4 in. 

thick, and 18 in. long. It will be poss ib le to opera te this plate at the 

maximxim power dens i t ies and t e m p e r a t u r e s anticipated in the MGCR. 

It is expected that the loop will be ready for operat ion in July, 1959, 

and that the f i r s t t e s t will begin on schedule ear ly in August. 

P rev ious ly , the major i ty of the effort on the semihomogeneous 

e lement had been concentra ted on design and theore t ica l analys is . In 

o rde r to prove the feasibi l i ty of an in-pi le semihomogeneous tes t element , 

an acce l e r a t ed exper imenta l p r o g r a m has been undertaken. This p r o g r a m 

includes the developinent of fabricat ion techniques and t e s t s of components 

under s imula ted in-pi le loop conditions. F igure 1, 5 shows some of the 

deta i ls of the m.odel to be tes ted and F ig . 1. 6 shows the expected in-pi le 

pe r fo rmance of the t e s t model at varying loop conditions. 

Extensive test ing was c a r r i e d out during the qxiarter to f i rm up 

the design of the t e s t model and study techniques of fabricat ion and 
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ins t rumentat ion. The following data were derived: 

If 100% of the fission gases a r e r e l eased from the in-pi le loop t e s t 

element , it is conceivable that the p r e s s u r e could build up as high as 

150 psi . Graphite p la tes tes ted thus far have not failed until the p r e s s u r e 

has exceeded 350 ps i , and some have not failed as high as 450 psi . 

F igure 1, 7 shows a typical plate fai lure which occu r r ed at 430 psi , 

A nuclear mockup of the tes t e lement (see Fig. 1. 8) was fabricated 

at Genera l Atomic and shipped to Hanford for exper iments in the Hanford 

tes t pi le. These t e s t s will de te rmine the fuel loading requ i red to obtain 

the de s i r ed t he rma l pe r fo rmance . 

Autoclaves for per forming thernaal cycling and p r e s s u r e cycling 

were designed. One is a l ready in operat ion and a second will be in 

operat ion in I960, These t e s t s have been s tar ted . 

F u r n a c e s have been set up to de te rmine an acceptable type of 

p i s ton- r ing seal to employ between the tes t e lement and the in-pi le tube. 

These t e s t s a r e e s sen t i a l for determining w^hether any welding between 

the ring and the in-p i le tube will occur during operat ion as a r e su l t of 

the nonoxidizing envi ronment of the loop. 

Var ious types of thermocouples have been se lec ted for t e s t and 

del ivery is expected soon. These t e s t s a r e e s sen t i a l to de te rmine 

whether ca rbur i za t ion w^ill have de le te r ious effects on m e t a l - c l a d 

the rmocouples . 

Seven se ts of nonfueled p a r t s w^ere fabr ica ted for use in the 

in-pi le expe r imen t s and p r e l i m i n a r y t e s t s . 

C e r a m i c fuel bodies w e r e p r e p a r e d for use in in-p i le t e s t s to 

de te rmine the phys ics constants and fuel loading for the t e s t model . 

The nominal fuel loadings for these t e s t s w e r e 5, 10, 20, and 30 g of 
235 

U pe r foot of pe l l e t - co lumn length. These loadings co r r e spond to 

6. 1, 12. 2, 24. 4 , and 36. 6 g of fully enr iched UO , respec t ive ly . The 

p r o c e s s used in fabr icat ing these bodies is de sc r ibed in Section IV of 

this r epo r t . In addition, an a s s o r t m e n t of nonfueled alumina bodies was 



Fig, 1 .7--Typical plate failure in graphite s trength tes t 
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p r e p a r e d to s imulate fuel-bearing pel le ts in thermal -expans ion and 

the rmal -cyc l i ig t e s t s . 

Four lots of fuel bodies were p r epa red from graphite containing 

enr iched UO . Each lot consis ted of 3 In ft of pel lets with equivalent 
235 

loadings of 5, 10, 20, and 30 g of U per foot of column length. 

Analytical r e su l t s supplied by the General Atomic chemis t ry depar tment 

for two of the lots indicate that a uniform distr ibution of oxide was obtained. 

A dimensional mockup, shown in F igs . 1. 9 through 1. 11, is being 

fabr icated to allow the Hanford people to check their method of handling 

and cutting the tes t modeL Another mockup of the tes t model is to be 

built for t he rma l -cyc l ing t e s t s . 

Vendors have been selected for fabricat ion of the fuel bodies to be 

used in the final t e s t xnodeL Two o r d e r s for fuel-bearing beryl l ia bodies 

and two o r d e r s for fuel -bear ing graphi te bodies have been placed. Fue l -

bear ing alumina bodies will be fabr ica ted at General Atomic. 

MECHANICAL DESIGN OF REACTOR GORE (S. A. Bernsen) 

P r e l i m i n a r y des igns for a he terogeneous fuel e lement and a 

semihomogeneous fuel e lement w e r e developed (see F igs . 1. 12 and 1. 13). 

The he terogeneous fuel e lement would fit into mode ra to r blocks which 

a r e dimensional ly ident ical to those in the semihomogeneous fuel assembly . 

End fittings would be identical to p e r m i t ut i l izat ion of the same fuel-element 

loading tool. In F i g s . 1. 12 and 1. 1 3̂  a removable orifice plate is shown 

held in p lace in the top end fitting by an in ternal snap ring. The s emi -

homogeneous fuel e lement or the m o d e r a t o r block for the heterogeneous 

core would seat and seal in the lower support s t ruc tu re . The heterogeneous 

fuel e lement would be contained in holes w^ithin the mode ra to r block. 

PRESSURE-VESSEL DESIGN (S. A. Bernsen and H. C. Hopkins, J r . ) 

Work was s t a r t ed on es tabl ishing the design requirenaents for the 

p r e s s u r e vesse l . Severa l concepts -were sketched in an effort to be t ter 
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Fig, 1, 10--Dimensional mockup assembly 
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evaluate the magnitude of some of the p rob lems . Specific p rocedures a r e 

being evolved which will p e r m i t a re l iab le and order ly investigation into 

each problem. Both a concentr ic and a nonconcentric duct sys tem for the 

p r i m a r y loop a r e being considered. 

Since work has jus t begun in this a r ea , the nximber and magnitude of 

the p rob lems assoc ia ted with the p r e s s u r e - v e s s e l design a r e not fully 

known. It may prove des i r ab le to employ an in ternal insulation to the 

r eac to r vesse l wall in o rde r to reduce the operating wall tem.perature 

to a level where adequate s t rength can be obtained without excess ive wall 

th ickness . 

The conductivity of insulating r aa t e r i a l s is usually given in an a i r 

a tmosphere . The re is indication that conductivity is inc reased if the 

a tmosphere is hel ium. Since insufficient data a re available on the 

conductivity of insulating m a t e r i a l s in hel ium, a s e r i e s of t es t s is being 

set up to obtain the n e c e s s a r y information to a s s e s s the suitabili ty of 

different types of in te rna l insulat ion. 

Tes t s will be run on a l a rge sca le in an autoclave approximately 

12 in. OD and 6 ft long. These t e s t s will also provide genera l information 

on the ease of fabr icat ion and dimensional stabili ty of a clad insulation 

blanket. The f i r s t t e s t s will be run on Refras i l , a r a the r pure s i l ica-wool 

product . Subsequently, s ta in less s tee l wool and other types will be tested. 

The design for the t e s t stand is v i r tua l ly com.plete, and the major i ty of 

the m a t e r i a l s have been o rde red . 

Other s chemes to keep the v e s s e l cool, such as direct ing the inlet 

coolant around the v e s s e l surface p r i o r to pass ing it through the core , 

a r e under cons idera t ion . 

Analytical effort is being devoted to design p rob lems assoc ia ted with 

supporting the r e a c t o r co re . However, before much p r o g r e s s can be made 

in this a r e a , many fea tures of the des ign of the ves se l and i ts in ternal 

components m u s t be m o r e f i rmly es tabl ished. 



CONTROL-ROD DRIVES (F. Liederbach) 

P r e l i m i n a r y tes t s were made with a s imple pneumatic dashpot to 

survey the possibi l i ty of using this kind of technique to a r r e s t the motion 

of the s c r a m rod. These r a the r s imple t e s t s indicated that a pneumatic 

sys tem m a y be feasible. A m o r e sophis t icated s e r i e s of exper iments 

will be developed and conducted. At the same t ime, other snubbing schemes 

will be invest igated. The p rob lem of design is complicated by the fact 

that the snubber m u s t be capable of functioning over a wide range of 

p r e s s u r e s and of t e m p e r a t u r e s . For example , the snubber mus t be effective 

at zero p r e s s u r e , as well as at the predic ted operating p r e s s u r e of 

800 ps i . It a lso m u s t be effective at cold s t a r t - up conditions, as well 
o 

as at the predic ted operat ing t e m p e r a t u r e of 1, 200 F . 



II . FLUID SYSTEMS AND PLANT ARRANGEMENT 

P r e l i m i n a r y r e su l t s f rom a detai led study of rotating machinery by 

Westinghouse E l e c t r i c Corpora t ion showed a c r i t i ca l condition in the high-

p r e s s u r e c o m p r e s s o r which could be al leviated by dropping the ove r -a l l 

sys t em p r e s s u r e . Since reduced p r e s s u r e operat ion would inc rease the 

hea t - t r ans f e r a r e a r equ i red in the r eac to r co re , and consequently the 

cost of the nuclear fuelj fur ther studies a r e in p r o g r e s s to see whether 

the p r e s s u r e can be i n c r e a s e d by inc reas ing the prototype power l eve l . 

This study is of bas ic impor tance because the r e su l t s will have a strong 

bear ing on the feasible power level for a c losed-cycle gas- turb ine power 

plant . 

Pending the completion of these studiess the reference design m a x i -

inum p r e s s u r e level has been set a t 800 psi and the design power level has 

been kept at 20,000 shp. 

TURBOMACHINERY (A. C, McClu re , H. E . Ho lmes , F . E . McDonald, 
T . M. Si lks , a n d D , F . Putnam) 

Analyt ical and p r e l i m i n a r y design work by personnel of the machinery 

subcontrac tor has p r o g r e s s e d to the point where decis ions regarding bas ic 

design of the s eve ra l major com.ponents a r e rapidly being "firmed up. " 

A design r e p o r t was i s sued by Westinghouse E l e c t r i c Corporat ion on 

M a r c h 3 1. 

Mechanical Defeigns 

As a r e s u l t of the va r ious s tudies c a r r i e d out to da te , the speed of 

the main shaft will be held to approximate ly 12j200rpms which allows a 

factor of approximate ly 2 .75 t imes f i r s t c r i t i ca l speed. Although a higher 

"Westinghouse E l e c t r i c Corporat ions Steam Division, Engineer ing 
Repor t No . GTM-55 , M a r c h 31 , 1959. 
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factor could be to lera ted , it was felt that other design cons idera t ions , 

such as min imum hub d iamete r , stage work, number of s tages , shaft 

stiffness, made optimization at the foregoing speed highly des i r ab l e . 

In addition, the requ i red seal welding of casing joints and the general ly 

linaited a c c e s s to the shaft, after operat ion of the machinery , preclude 

any fine "field balancing"; therefore , i t i s bel ieved advisable to keep the 

ra t io of operat ing speed to c r i t i ca l speed within the l imi ts of exper ience . 

C o m p r e s s o r s 

Subsequent to ana lys is of var ious possible stage types , the symmet r i ca l -

staging, cons tan t -ax ia l -ve loc i ty , f r ee -vor tex design appears to be bes t 

for the applicat ion. 

With this stage type, one or , at the m o s t , tw ô m a s t e r blade pa t te rns 

will be sufficient for blading each c o m p r e s s o r . Design of both c o m p r e s s o r s 

is proceeding rapidly . 

Turbines 

As was done with the co inpresso r s s decis ions favoring the f r ee -vor t ex , 

symmetr ica l -s tag ing design having constant axial velocity, with slight 

divergence along the tip d i a m e t e r , have been made for the h i g h - p r e s s u r e 

mach ine . 

F u r t h e r study is being made on the l o w - p r e s s u r e , or power, turbine 

because of additional p r o b l e m s . Because the power turbine mus t be capable 

of var iable speed, it is des i r ed to hold max imum design speed below the 

f i r s t c r i t i ca l speed. However, as design speed is reduced the requ i red 

number of s tages i s i nc reased , thus increas ing the shaft length and lower ­

ing the f i r s t c r i t i ca l speed. Simultaneously, however , the speed ra t io 

and size of the reduction gear a r e reduced . Since the reduction gear i s 

a major power-p lan t i t em from the standpoint of both cost and weight, 

this tends to offset the i nc reased number of turbine s t ages . Optimization 

studies of the l o w - p r e s s u r e turbine design a r e continuing. 
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The design concepts will p e r m i t each turbine to be bladed with one 

or two m a s t e r b l ades , and this will lower the cost and shorten the p r o ­

cu remen t t i m e . 

Power Absorber 

The prototype power plant will not have a m a r i n e reduction gear 

and p rope l l e r ; t he re fo re , some other m e a n s mus t be provided to absorb 

the output power . Power abso rbe r devices which a r e cur rent ly being 

cons idered include an a i r t u r b o c o m p r e s s o r , an e lec t r ic sys tem, and a 

wa te r b r a k e . 

B e a r i n g s , Sea l s , and Lubr ican ts for Rotating Machinery 

The design and fabr icat ion of a t e s t stand to evaluate shaft seals 

and sea l sys t ems has been completed, and t r i a l r u n s , using commerc i a l 

bushing s e a l s , we re made in M a r c h to check the t e s t - s t and operat ion. 

General ly sa t i s fac tory per formance of the t e s t stand was obtained, although 

some a l t e ra t ions w e r e r equ i red before s tar t ing the tes t p r o g r a m . The 

bushing sea l s pe r fo rmed well during the checkout r u n s . 

F a c e - t y p e and c o m m e r c i a l sea ls a r e being insta l led and t e s t s to 

evaluate the bushing and face sea ls a r e scheduled for the week of Apri l 6, 

1959. 

The .test stand cons i s t s of a h i g h - p r e s s u r e housing, containing 

a d a p t e r s to hold the sea l s in posi t ion, and a shafts with requ i red co l la r s 

and s l eeves , dr iven by a 5jl g e a r - s p e e d i n c r e a s e r through a flexible 

coupling. A 200~hp dc naotor d r ives the t e s t shaft a t speeds from 0 to 

20,000 r p m . Complete lubricat ing oil , seal gas , and cooling-water sys tems 

a r e provided. Maximum, operat ing p r e s s u r e is l.OOOpsi, which is well 

above expected sea l p r e s s u r e s , A gauge board contains two 24-channel 

thermocouple r e c o r d e r s ^ gas and oil p r e s s u r e gauges , differential p r e s ­

su re gauges , and g a s , oi l , and water f l o w m e t e r s * P r e s s u r e regu la to r s 

main ta in the d e s i r e d gas and oil p r e s s u r e s and provide a means for studying 
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the effect of p r e s s u r e t rans ien t s on the sealing s y s t e m s . All of the sys tems 

have been operated sat isfactor i ly after adjustment and minor a l t e ra t ions . 

Other types of seals a r e being invest igated for la ter t e s t s , including 

floating ring and floating labyrinth s e a l s . The la t ter sea l s can be designed 

with c loser c lea rance and potentially lower leakage than stat ionary labyr in ths , 

with longer life and gr^^hr dependkbSitffthan tkft face^kypeVseals, 

Detai led des igns a r e near ly complete on sealing sys t ems incorporat ing 

a double floating labyrinth to separa te oil and gas at smal l differential 

p r e s s u r e , with a s leeve- type oil sea l for the main p r e s s u r e breakdown. 

Several m a t e r i a l s appear promis ing for the floating labyrinth, including 

carbon, b ronze , and cas t i r on . Vendors have been invited to submit sea ls 

of this type for test ing to supplement those to be made by E lec t r i c Boat . 

These will be the subject of future t e s t s . 

Lubr ica t ing-o i l Selection 

An o i l -gas sepa ra to r was designed to handle the lubr icat ion oil after 

i t l eaves the h i g h - p r e s s u r e r e g i o n s . This unit was designed to remove gas 

bubbles from the oil s t r e a m and to remove oil en t ra inment and oil vapor 

from the hel ium s t r e a m . This equipment can be operated in conjunction 

with the seal t e s t s tand. 

A number of suggested lubr icat ing o i l s , both na tu ra l and synthet ic , 

were coinpared on the b a s i s of v iscos i ty , vapor p r e s s u r e , coraposition 

of ba se oil , na ture of addi t ives , radia t ion stabi l i ty, and p r i c e . Based 

on these data, a lubr ica t ion-o i l t e s t p r o g r a m was planned for the following 

th ree na tu ra l oils and two synthetic oilsj 

Teijesso 43 paraffin b a s e , 

Mobil Oil DTE 797 paraffin b a s e . 

Gulf C r e s t 44 paraffin b a s e , 

E s s o Turbo 35 synthet ic , 

Union Carbide UCON DLB-200 ex-syn the t i c . 
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Other oi ls may be added a t a l a t e r da te . 

The t e s t s proposed a r e 

1. Solubility of hel ium in oil , 

2 . Effect of dissolved hel ium on viscosi ty of oi l , 

3 . Foaming c h a r a c t e r i s t i c s after decompress ion , 

4 . Vapor p r e s s u r e , 

A rol l ing-bal l v i scos ime te r has been designed and construct ion is 

almiost comple te . This is a siiaiple device designed to demonst ra te possible 

g r o s s changes in v iscos i ty due to hel ium ent ra inment . Equipment for the 

other t e s t s is being studied. In a l l c a s e s , emphasis will be placed on 

obtaining r e su l t s of sufficient accuracy for engineering design. 

Cycle Analys is (A. C. McClu re , T . M . Silks, D, R. Olding, and 
J . J . K e a r n s , J r . ) 

The effects of miinor heat t r a n s f e r , fluid flow, and thermodynamic 

phenomena on MGCR full-load cycle per formance were studied. Among 

the va r i ab le s cons idered were 

1. Fluid leak in regenera tor^ 

2 . F luid leak in concentr ic duct, 

3 . Heat leak in concentr ic duct, 

4 . F luid l eaks f rom the plant , 

5. Change in turbine inlet t e m p e r a t u r e , 

6. Bleed flows from c o m p r e s s o r d ischarge to c o m p r e s s o r 
suction and turbine in le t . 

The r e s u l t s a r e p resen ted in Figs. 2 , 1 and 2 . 2 . 

All new information genera ted in the l a s t th ree months was consid­

e r ed in an opt imizat ion of the power plant , which included optimizing heat 

exchangers with r e g a r d to the capital r ecovery fac tor . This optimization 

verif ied the p a r a m e t e r select ion made in the previous quar t e r to init ially 

es tab l i sh the working cyc le . 
_ 

Heat leakage from one s t r e a m to another within the sys t em. 
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The p a r a m e t e r s of the working cycle a r e as follows: 

Shaft horsepower , ra ted . . . . . . . 20, 000 

Reactor outlet t empe ra tu r e . . . . . 1, 300 F 

Cycle re f r igera t ion t empe ra tu r e . . 85 F 

Peak cycle p r e s s u r e . . . . . . . . . . 800 psia 

P r e s s u r e ra t io . . . . . . . . . . . . . 2. 6 

Compres so r split , PT P C ^ P R P C ' ' ^' ^ 

Regenerat ion . . . . . . . . . . . . . . 85% 

Flow ra te . . . . . . . . . . . . . . . . . 72. 8 lb/ sec 

Bleed flow, approximate total . . . 2% 

Total fraction p r e s s u r e drop , . . . 0. 12 

C o m p r e s s o r blade path efficiency . 86% 

Turbine blade path efficiency . . . . 90% 

Auxil iary power generat ion (20% 
efficient s team cycle) . . . . . . . 600 kw 

Over -a l l cycle efficiency . . . . . . 30. 3% '0 

The extent of inventory control w^as se lec ted as a compromise be­

tween the maximuin cycle efficiency at the half- load condition and the 

n e c e s s a r y range of high-efficiency operat ion based on an analys is of 

tanker application. The cu r r en t sys tem would requ i re an accumula tor 
3 

with a volume of 750 ft . This accumulator will provide inventory control 

in the prototype plant down to about 64% load; this would give essent ia l ly 

full-load efficiency fromi 64% load to full load, and thereby give the 

MGCR plant an advantage in applications requi r ing a high pa r t - l oad 

efficiency (see Fig. 2. 3). 

A new set of curves descr ibing the off-design pe r fo rmance of the 

plant has been drawn based on the m o s t r ecen t a r r angemen t and working 

cycle. No apprec iable difference was noted between these curves and 

e a r l i e r ve r s ions , except in the low po-wer range . 



31 

The equations used to compute off-design heat ba lances were expanded 

to include two bleed flows, a power turbine bypass , and a s team genera to r . 

50 64 
LOAD (%) 

F i g . 2,3--Cycle v e r s u s load efficiency 

In addition, flow through the turb ines i s being approximated in a slightly 

different m a n n e r f rom that which was used previously . Studies in p r o g r e s s 

uti l izing the equations include de terminat ion of t empera tu re fluctuations 

during maneuver ing and es tabl ishing c o n t r o l - s y s t e m accuracy requ i rement s , 

HEAT-EXCHANGER TEST PROGRAM (B. Lund, H. C. Pau l sen , II, 
F . B . Anderson , and L . Casel l ini ) 

During this q u a r t e r , the hea t -exchanger t es t facility was assembled 

completely and placed in r ead ines s for t es t opera t ions . Activi t ies con­

s is ted of the final a s sembly and operat ional checkout of the blower and i t s 

appur t enances , ins ta l la t ion of the heat exchanger in the loop, final in­

s ta l la t ion of i n s t r u m e n t pane l s , ca l ibra t ion of i n s t r u m e n t s , and the 

ins ta l la t ion and checkout of p r e s s u r e and t empe ra tu r e p r o b e s . Means for 

m e a s u r e m e n t and control of impur i t i e s were a lso developed. 
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Serious p r o g r a m delays occu r r ed when the model heat exchanger 

a r r i ved at E l e c t r i c Boat Division behind schedule and there were so many 

fabrication deficiencies that major reworking became neces sa ry to make 

it suitable for exper imenta l t es t work. It was n e c e s s a r y to rebuild the 

tube shrouds , remachine the main flanges of the shell , and re locate 

some of the ins t rument connect ions. A special cleaning solution had to 

be devised to remove r u s t from the tube su r faces . 

By employing a dummy loop, it was possible to per form mechanica l 

and init ial aerodynamic per formance t e s t s on the blower and i ts assoc ia ted 

s y s t e m s . This unit v/as tes ted at speeds up to l 6 , 000 rpm with ni t rogen 

at p r e s s u r e s up to 600 ps ig . Pe r fo rmance exceeded expectat ions, and 

the sea l -o i l and bea r ing-o i l sys t ems operated sa t i s fac tor i ly . 

The gas in the hea t -exchanger t es t loop can become contaminated 

from oil used in the blower or from water leaks in the heat exchangers . 

Contamination from ei ther of these sources i s undes i rab le , since this 

would r e su l t in the deposition of a film on the tubes of the model heat ex­

changer , which would introduce an e r r o r in "the hea t - t ransfer m e a s u r e m e n t s . 

Specifications were set for the maximum allowable contamination 

levels a t 10 ppm for oil and 1,000 pprn for wa te r . An oil removal bypass 

loop was designed which consis ted of the following units in s e r i e s : (a) a 

wate r -coo led heat exchanger , (b) an en t ra inment s epa ra to r , and (c) an 

act ivated carbon adsorpt ion bed . This sys tem was given p re l imina ry 

operat ional and flow t e s t s . 

Severa l naethods were cons idered for water r emova l , but all of the 

designs cons idered resu l ted in equipment cos ts higher than des i r ab l e . 

It was therefore decided that a w a t e r - r e m o v a l systein would not be built 

until a need for i t was c lear ly demons t r a t ed . A magnet ic par t ic le t r ap 

was insta l led in the loop to remove i ron oxide dust without introducing an 

unnecessa ry p r e s s u r e d rop . A combination a i r purif ier and d r i e r was 

insta l led to supply h i g h - p r e s s u r e a i r of acceptable puri ty to the tes t loop 

for the initial s e r i e s of t e s t s which a r e scheduled with a i r . 
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A number of methods were cons idered for the measu remen t of oil 

and wate r in the t es t - loop s t r e a m . An infrared method was selected for 

the ana lys is of oil. This method u t i l izes the following steps; (a) a la rge 

hel ium sample is bubbled through analy t ica l -grade carbon te t rachlor ide 

to col lect the oil, (b) the carbon te t rach lor ide is evaporated to d ryness , 

(C) the oil res idue i s dissolved in a known smal l volume of carbon t e t r a ­

chlor ide , and (d) the quantity of oil is de termined by infrared spectroscopy. 

An inexpensive dew-point indicator was instal led for m e a s u r e m e n t of 

mo i s tu r e in the loop. 

CONCENTRIC-DUCT DESIGN DEVELOPMENT AND TEST (H. Cur t i s and 
and B . Lund) 

A c r i t i ca l review was conducted on the des i rabi l i ty of the concentric 

valve and ducts and on the p r e sen t design and technological s ta tus . The 

prototype design will be based on the use of concentr ic ducts and a con­

cen t r ic valve between the r eac to r and the propulsion sys tem, pending 

further s tudies of the feasibil i ty of this sys tem and of an a l ternat ive 

in ternal ly insulated sys t em. The la t t e r would avoid a hot p r e s s u r e - v e s s e l 

wal l , and the resul t ing t r a n s i e n t s , during emergency operat ion. 

P r e s s u r e - l o s s s tudies for s t ra ight concentr ic ducting have been 

conducted in o rde r to de te rmine the opt imum ra t io of inner to outer duct 

d i a m e t e r . F o r an outer duct d ia ineter of 28 in. and an inner duct wall 

th ickness of 0 .7 in. , including insulat ion, the optimum rat io of d i amete r s 

i s 0. 658. With this size of ducting, the total power loss due to friction 

in the main coolant concent r ic ducting is about 1.48 hp/ft of pipe. 

P r e s s u r e - l o s s studies for the bends or elbows in the concentr ic 

ducting have been completed . Var ious configurations of long radius and 

shor t rad ius elbows and m i t e r e d bends were considered with vanes and 

without v a n e s . The p r e s s u r e l o s s e s for each of the configurations con­

s idered a r e so smal l that the effect on bas i c cycle efficiency is negligible. 

Consequently, it was concluded that the bend configuration used should be 
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that of the s imples t and l ea s t expensive construct ion. 

Calculat ions which pred ic t the probable hea t - t r ans fe r per formance 

of the hea t b a r r i e r inside the inner duct have been completed. Two bas ic 

configurations of radiat ion baffling were considered, one incorporat ing a 

single radia t ion shield and the other featuring two radiat ion shields in 

s e r i e s . The r e su l t s of the calculat ions indicate that , although the t e m ­

pe ra tu r e of the inner duct p r e s s u r e wall is approximately the same for 

both of the bas ic configurat ions, the hea t loss i s about 40% g rea t e r for 

the single baffle than for the double baffle a r r a n g e m e n t . 

Based on the r e s u l t s of the hea t - t r ans fe r calculat ions , design studies 

a r e being conducted on var ious a r r a n g e m e n t s of double or mult iple radiat ion 

baffles. The re fe rence design for the hea t b a r r i e r in s t ra ight -duct sect ions 

is now essent ia l ly complete , but further studies a r e n e c e s s a r y to perfect 

the design of the baffling in elbows and tees and in those a r e a s where 

ins t rumenta t ion connections m u s t penet ra te the heat b a r r i e r . 

CONTROL SYSTEM ANALYSIS (A. C. McClure , T. M, Si lks , and 
J . J , K e a r n s , J r . ) 

Power Turbine Bypass Control 

The g r e a t e r p a r t of the cont ro l work during the per iod January 1, 

1959, through Apri l 1, 1959, was devoted to the development of a control 

for the cycle gas flow in the vicinity of the l o w - p r e s s u r e tu rb ine . The 

philosophy of control in this a r e a was rev i sed somewhat to accommodate 

a s team genera tor which would continuously supply s team for generat ion 

of e lec t r i c pow^er. F o r m e r l y a genera tor coupled to the turbomachinery 

shaft provided the e l ec t r i c power . How^ever, i t w^as found that available 

va r i ab le - speed couplings were very inefficient or did not have proven 

re l iabi l i ty . The use of a s team genera to r for supplying power to turbine 

Evaluat ion of Coolant and Modera tor for the MGCR, Genera l Atomic 
Repor t GA-570, Chapter 9. 
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genera tor se ts has an advantage in that the bypass cooler i s used both as 

a heat sink for maneuver ing and as a s team generator and is kept hot and 

in operating condition, ready for emergency use without penalty. 

The s team genera tor i s mounted between the low-pres su re turbine 

and the r e g e n e r a t o r , with the l o w - p r e s s u r e turbine exhaust gas furnishing 

the hea t . A fract ional p a r t of the exhaust helium is drawn off and passed 

through the s team gene ra to r , where the gas gives up i t s heat to the s team. 

After it l eaves the s team genera to r , the gas rejoins the main exhaust 

s t r e a m and mixes with it jus t p r io r to entry into the regenera to r shel l . 

A means for dumping heat when the l ow-p re s su re turbine is by­

passed is st i l l r equ i red . The possibi l i ty existed for utilizing the s team 

genera tor as this heat sink, and such a sys tem was devised and examined 

in some de ta i l . 

A conceptual design of the s team genera tor was made in o rder that 

a computer study could be made of the proposed sys tem to de te rmine i ts 

c h a r a c t e r i s t i c s under both s teady-s ta te and maneuvering operating condi­

t ions . The steain genera to r is a ve r t i ca l rec i rcu la t ion unit, with the 

hel ium flowing through a U-tube bundle and with the water boiling on the 

outside of the tubes . 

Computer runs were made on a digital computer for a number of 

cycle gas inventor ies and at varying d e g r e s s of l o w - p r e s s u r e turbine 

bypas s . It was indicated that the con t ro l l e r s for some of the valves were 

r a the r complex, though not n e c e s s a r i l y imprac t i ca l . Accordingly, 

a l te rna t ive sys t ems which might simplify valve control a r e being inves t i ­

gated. These s y s t e m s , in genera l , ut i l ize separa te tubes for the s team 

genera tor and bypass coo le r , and they appear to offer an improvement 

over the sys tem previous ly studied. 

The r equ i r emen t for m a x i m u m plant efficiency makes i t e ssen t ia l 

that p r e s s u r e loss around the loop be kept to the economic min imum. The 

allowable p r e s s u r e drop between the l o w - p r e s s u r e turbine exhaust flange 

and the r egene ra to r shell inlet i s a fract ion of a pound per square inch. 
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The s team genera tor i s naounted between these two points , and inves t i ­

gation showed that the p r e s s u r e drop through the s team genera tor and 

assoc ia ted valves might be as g r ea t as 3 p s i . However, a ventur i , or 

jet pump, inse r t ed in the exhaust line to supply the requ i red 3-psi pumping 

head to force the flow through the s team genera tor and va lves , with an 

efficient diffuser ins ta l led between the venturi throa t and the r egene ra to r , 

r ecovered pa r t of this p r e s s u r e drop; this seemed to be a sat isfactory 

solution. 

Reactor Outlet T e m p e r a t u r e and P lan t Inventory Control Sys tem 

The r e a c t o r power- leve l control sys tem and the r eac to r outlet t em­

pe ra tu re and hel ium inventory control sys te in a re shown in the block d iagrams 

of F i g s . 2 . 4 and 2 . 5. 

It is proposed that each of the th ree operat ions function independently 

of each o ther . Power level i s de te rmined by measur ing flow ra te and 

coolant t e m p e r a t u r e r i s e a c r o s s the r e a c t o r . Power level i s control led 

by automatical ly moving control rods when ^he m e a s u r e d power level 

differs from the o rde red power leve l . Reac tor outlet t empe ra tu r e is 

continuously moni to red , and whenever i t v a r i e s f rom i ts o rde red value, 

gas is admit ted to or withdrawn from the cycle in o rder to r e tu rn the 

t empe ra tu r e to i t s o r d e r e d va lue . 

P r o p e r plant inventory is mainta ined by comparing actual with 

design accumula tor p r e s s u r e and by manual valve operat ion, el iminating 

any difference by gas t r ans fe r to or f rom the s torage and handling sys t em. 

Work is cu r ren t ly in p r o g r e s s to specify the r equ i r emen t s for the 

components of this sy s t em. 

System Trans i en t Studies 

Differential equations which p e r m i t the dynamic ana lys is of a c losed-

cycle gas - tu rb ine plant were p r o g r a m m e d for numer i ca l solution on a 

digital compute r . 
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Response to two types of sys tem dis turbances have been obtainedt 

(a) changes in r e a c t o r power and (b) changes in plant load. The mos t 

impor tan t findings a r e ; 

1. Increas ing the r eac to r power from 100% to 120% in 2 sec at 

constant inventory r e su l t s in no plant instabil i ty. 

2. An ins tantaneous reduction in shaft load from 20,000 shp to 

ze ro r e s u l t s in the l o w - p r e s s u r e turbine exceeding 106% of 

design speed in l e s s than 1 sec and 120% of design speed in 

l e s s than 2 sec , Current lys 106% of design speed has been 

designated the overspeed l imi t and 120% of design speed is 

approximate ly the overspeed l imi t of the turb ine . 

The f i r s t r e su l t indicates that the power port ion of the sys tem will 

not contribute to plant instabi l i ty in the range of anticipated d i s tu rbances . 

The second result^ which r e p r e s e n t s the change of load in the event of 

fai lure of the shaft or coupling between the l o w - p r e s s u r e turbine and the 

reduct ion g e a r , indicates that a fast l o w - p r e s s u r e turbine bypass sys tem 

m u s t be designed. 

The r e s u l t s r epo r t ed above a r e those which will occur with no control 

sy s t em opera t ing . La t e r s tudies will incorpora te the equations of the 

control sys tem in the plant dynamic equat ions . 

Effect of Heat Exchanger s on Sys tem Control 

F a m i l i e s of heat exchange r s , which mee t p re l imina ry cycle design 

conditions of p r e s s u r e drop and heat t ransfers were designed during this 

qua r t e r in support of t r ans i en t ana lys i s , es tab l i shment of the working 

cycle , and a r r a n g e m e n t s tud ies . The in terna l geometry , the external 

d imens ions , and the weight of the p recoo le r , in te rcoo le r , and r egene ra to r 

have been developed for use in c u r r e n t plant a r r a n g e m e n t s , 

A var ie ty of exchanger in te rna l geomet r i e s was invest igated, including 

finned-tube exchange r s . It was de te rmined that those finned-tube exchangers 

which appear theore t ica l ly advantageous requ i re fin-tube geomet r i e s which 
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a re not commerc ia l ly avai lable . The development of new fin-tube geom­

e t r i e s i s a long and expensive process. . Many that appear to be 

theoret ical ly des i rab le a re not economically feasible . As a consequence, 

all p r e l imina ry design exchangers employ b a r e tubes . 

A study of the p recoole r and in te rcooler has been m a d e , w^hich 

shows the effects of an i nc r ea se in the cooling-water t empera tu re in the 

precooler and in te rcooler above i ts c u r r e n t 15 F value. Such an inc rease 

may p e r m i t a reduct ion in c i rculat ing water pump capacity at the cost of 

inc reased length and d iameter of the heat exchanger . 

Equat ions have been wr i t t en for the t r ans ien t behavior of the r egen ­

e r a t o r . They a r e sufficiently genera l to be applied to the precooler and 

in tercooler with only slight modification. The par t i a l differential equa­

tions descr ib ing the heat exchangers have been wri t ten a s difference 

equations for numer i ca l solution, 

FLUID-MECHANICAL SYSTEMS (B. Lund, J . H. Pi l l iod, M. R. Fishkind, 
and J . W. Justussoti) 

A descr ip t ion has been p r epa red for each f luid-mechanical sys tem 

which outlines the functions of the s y s t e m s . Schedules were es tabl ished 

which indicate significant commitment da t e s . In accordance with these 

scheduled commitment da tes , p re l imina ry engineering specifications have 

been es tabl ished for the following sys temsl (1) naain coolant, (2) e m e r ­

gency and shutdown cooling, (3) s t eam generat ing, (4) coolant purification, 

(5) coolant s torage handling, (6) coolant charging and m a k e - u p , and 

(7) condensate . 

Cost e s t ima tes of these sys t ems were p repa red for the rev i sed 

prototype plant cost e s t i m a t e . This r equ i red p repara t ion of conceptual 

engineering sketches and p re l imina ry condensed design descr ip t ions 

for approximately 40 f lu id-mechanical s y s t e m s . The p r i m a r y objective 

of the sketches i s to furnish a design re fe rence datum on which to base 

the cost e s t i m a t e . Although p r epa red for th is purpose^ the sketches a lso 
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form a bas i s for future detai led sys tems development. The p r i m a r y ob­

ject ive of the descr ip t ions i s to outline sys tem functional r equ i r emen t s 

and briefly desc r ibe how each sys tem is designed to accomplish i t s 

function(s). Off-haul sys t ems requ i red for prototype site facil i t ies were 

a lso outlined for cos t -es t ima t ing pu rpose s . 

Pre l ina inary sizing (and ra t ing , if possible) of al l pr incipal sys tem 

components has been completed on a "rough approximation b a s i s . " This 

information was used to suppor t the rev i sed prototype plant cost estinaate 

and a lso to develop ini t ial power plant a r range inen t s tudies , A pre l iminary 

a r r a n g e m e n t study has been completed, and plans have been p repared for 

both the containment a r e a and auxi l iary machinery spaces . The plans 

show a shipboard type of a r r a n g e m e n t . However, "shipboard only" and 

"prototype only" equipment i s identif ied. More detai led machinery a r r a n g e ­

men t plans will be developed, using the init ial a r r angemen t plans as a b a s i s . 

Design and development of long l ead- t ime equipment has been init iated 

and i s cu r r en t ly in p r o g r e s s . Such equip3XLent includes the bypass s t eam 

gene ra to r , m a i n coolant heat exchange r s , coolant purification equipment, 

and specia l coolant v a l v e s . A prograjxi for prepar ing specif icat ions, 

tes t ing, evaluat ing, and procur ing smal l valves (4 in, and under) for 

coolant (helium) se rv i ce was ini t iated and i s in p r o g r e s s . This p r o g r a m 

includes es tabl ishing valve r e q u i r e m e n t s , surveying industry for com­

m e r c i a l avai labi l i ty , tes t ing and evaluating severa l types and makes of 

va lves , and es tabl ishing hel ium valve s tandards for al l applications in 

the s izes noted. A p r e l i m i n a r y f lu id-mechanical components l i s t was 

p r e p a r e d and this will fo rm the b a s i s for a more detailed and complete 

component l i s t cu r ren t ly in p r o g r e s s . 

COOLANT PURIFICATION AND ANALYSIS 

A p r e l i m i n a r y study "was made of var ious means of purifying hel ium 

in both the s torage tank and the main loop. Severa l inethods of purification 
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were cons idered , including the foUowingt 
o 

1. Low-tempera ture (-320 F) adsorpt ion: 

a. Molecular s ieves , 

b . Activated carbon. 

2. Chemical r eac t an t s : 

a. High- tempera ture g e t t e r s , 

b . Liquid baths (sodium or NaK). 

3 . Diffusion through a porous med ium. 

Of the var ious methods cons idered , two were selected and r e c o m ­

mended for a l abora to ry study p r o g r a m . These a r e l ow- t empera tu re 

adsorpt ion using a molecu la r sieve m a t e r i a l and h igh - t empera tu re get ter ing 

using t i tanium. The major equipment i t ems in the low- tempera tu re ad­

sorption sys tem a re 
1. A room- tempera tu re adsorpt ion bed for remova l of water and 

oil (two in pa ra l l e l ) , 
2. A low- t empera tu r e (-320 F) adsorpt ion bed (two in pa ra l l e l ) , 

3 . A heat exchanger to cool the incoming hel ium w^ith the outgoing 
hel ium, 

4 . A liquid ni t rogen r e c o n d e n s e r . 

The major equipment i t ems in the h igh - t empera tu re get ter ing sys tem a re 

1. A h igh - t empera tu r e (1,800 F) t i tanium get ter bed (nonregenerat ive) , 

2. A low- t empera tu r e (750 F) t i tanium bed for hydrogen remova l 
( regenera t ive ) , 

3 . Suitable heat exchangers for heating the incoming hel ium with 
the outgoing he l ium. 

The low- t empera tu re adsorpt ion sys tem will remove ine r t contaminants , 

e . g . , a rgon and krypton, and i t i s r e g e n e r a t i v e . However , i t may give a 

radioact ive gaseous was te on r egene ra t ion . The h i g h - t e m p e r a t u r e get ter ing 

sys tem has no moving p a r t s and has a lower ini t ial cos t . However , it i s 

not r egenera t ive and does not r emove the r a r e g a s e s . 

Analyt ical ins t rumenta t ion is avai lable commerc ia l ly for continuous 

monitoring of m o s t of the impur i t i e s down to 1 ppm. The analyt ical 
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methods that can be used a r e as follows^ 

Impur i ty Method 

O T r a c e oxygen analyzer (Baker or Beckman) 

N and A Concent ra t ion-chromatography combination 

CO, CO J and oil IR ana lyze r s 

H Deoxo indicator (Baker) 

H O Elec t ro ly t ic hygrometer 

It may not be n e c e s s a r y to analyze for a l l of the impur i t i es l i s ted 

above when moni tor ing the shipboard plant , but it may be sufficient to 

analyze for ce r ta in key components , e . g . , oil , CO, and H O , 

PROPULSION PLANT ELECTRICAL SYSTEMS (W. V. Datkiw, B . Lund, 
and T, J . Gerken) 

Task desc r ip t ions have been wr i t ten for each of the eighteen p r o ­

pulsion plant e l ec t r i c a l s y s t e m s , and a schedule for completion of d iagrams 

was p r e p a r e d . 

A block d i ag ram for each sys tem shows the hardware present ly 

ant ic ipated. A descr ip t ion has been p repa red for each sys tem to supple­

ment the block d i a g r a m s . These descr ip t ions and d iag rams define the 

sys tem configurations used for th is cos t es t imate and form a datum plane 

for future cos t e s t i m a t e s and sy s t em engineering and design. E l e c t r i c a l 

sys t em components were then sized and p re l iminary ship a r r angemen t 

plans were developed. I t i s ant icipated that a shipboard a r r angemen t 

will be ut i l ized for the pro to type . Shipboard-only or prototype-only i t ems 

a r e defined on the a r r a n g e m e n t p l ans . 

A l imi ted amount of planning for prototype location of e l ec t r i ca l 

sy s t ems was accompl i shed . This included analys is of such "off-hull" 

r equ i r emen t s as the design of the bas ic e lec t r i c power dis tr ibut ion sys tem, 

s tand-by d iese l genera tor capaci ty , s i zes of var ious load center d i s t r i ­

bution pane ls , and va r ious shop, l abora to ry , and recording ins t rumenta t ion 

r e q u i r e m e n t s . 



44 

The e lec t r i ca l load analys is was rev i sed during this repor t ing period, 

and is p resen t ly undergoing another revis ion to include additional operating 

conditions and changes resul t ing from the prototype cost es t imate work. 

It appears that i t may be n e c e s s a r y to inc rease the tentative size of the 

ship g e n e r a t o r s . However , this will be d i scussed in the next repor t ing 

period when the analys is i s complete . The off-hull emergency diesel 

genera tor instal la t ion r equ i r emen t s will be included. The ship gene ra to r s 

a r e presen t ly sized a s follows; (1) 750-kw turbine genera tor set , (2) 750-kw 

main d iese l gene ra to r , (3) 100-kw emergency diesel genera to r . 

Engineer ing of the e l ec t r i c power dis tr ibut ion sys tem has produced 

a p re l imina ry sys tem descr ip t ion and a l i s t of i t ems that r equ i re descr ip t ion. 

Engineer ing of the e l ec t r i c plant control sys tem was begun. 

A p re l imina ry invest igat ion was conducted to de te rmine the operating 

t empera tu re lijiaits and the max imum pe rmiss ib l e ambient t empera tu re 

for var ious types of e l ec t r i c a l equipment which will be located in the con­

tainment a r e a . Resul t s of this invest igat ion indicate that a norm.al maximum 

operating containment a r e a ambient t empe ra tu r e of 140 F can be considered 

safe for e l ec t r i ca l equipment which has no special cooling p rov i s ions . 

PLANT ARRANGEMENT STUDIES OF STRUCTURE AND SHIELDING 
(A. C. McClure and I . H. Kablei") 

Drawings have been developed which show the machinery a r r a n g e ­

ment , including the containnlent a r e a and auxi l iary mach ine ry s p a c e s . 

The p r i m a r y effort in a r r a n g e m e n t studies has been d i rec ted toward 

el iminating or minimizing re la t ive t h e r m a l expansion by logical p lacement 

of components to fit the sys t em r^equirements and then grouping them in 

r igid-body a s s e m b l i e s . 

The r eac to r i s located forward of the center l ine of the ship. The 

rotat ing mach ine ry is in - l ine ; i . e . , the power turbine i s located aft 

adjacent to and coaxial with the conapressors and h i g h - p r e s s u r e tu rb ine . 

The genera tor cons i s t s of two p a r a l l e l U- she l l s in terconnected by inlet 
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and outlet headers located di rect ly below the rotating machinery , with the 

shell side inlet below the power turb ine . This allows a discharge direct ly 

f rom the power turbine to the r egene ra to r shell with a minimum of con­

necting piping. The p recoo le r and in te rcooler a re ver t ical ly mounted 

b a r e - t u b e heat exchangers with the precooler connected direct ly to the 

upper r egene ra to r h e a d e r . All other components a r e located in the mos t 

convenient posit ions re la t ive to thei r respec t ive piping connect ions. 

A c c e s s for retubing the two sea -wa te r heat exchangers (precooler 

and in te rcooler ) is through openings in the top of the containment a r e a , 

or secondary shield. Ver t i ca l mounting faci l i tates tube r emova l . Access 

to the wa te r boxes for cleaning heads and tubes , or for tube plugging, may 

be accompl ished fro33a within the containment a r e a . 

In conjunction with the containment a r e a a r rangement , plans have 

been made of the engine room and auxi l iary machinery spaces showing 

al l shipboard components in thei r p roper pos i t ions . Some of these com­

ponents a r e for shipboard ins ta l la t ion only and will not appear in the 

pro to type . Others will be rep laced by an equivalent component, e . g . , 

the.ship 's reduct ion gear will be placed by a high-speed power a b s o r b e r . 

A study has been made of ways to support the r eac to r so as to allow 

fore and aft movement during t h e r m a l expansion of the h i g h - p r e s s u r e 

t u r b i n e - r e ac tor duct, and thus to min imize reac t ions on the tu rb ine . 

Poss ib l e methods a r e to use sliding suppor t s , ba r l inkage, or f lex-p la tes ; 

the f lex-pla tes a r e cu r ren t ly p r e f e r r e d . 

Main t u r b i n e - c o m p r e s s o r and r egene ra to r foundation r equ i remen t s 

a r e being invest igated. The ma in t u r b i n e - c o m p r e s s o r foundation i s cu r ­

rent ly conceived as a deep fore -and-af t br idge- type s t ruc ture supported 

at the after end by the containment s t ruc tu re and near the forward end by 

co lumns . Additional work i s in p r o g r e s s to de te rmine the bes t type of 

support for other components . 
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EMERGENCY COOLING SYSTEM (B. Lund, J . H. Pil l iod, and M. R. Fishkind) 

An auxi l iary c i rculat ing loop, using helium under high p r e s s u r e or 

a i r at low p r e s s u r e , will accompl ish the emergency cooling. The gas 

pumping for both h i g h - p r e s s u r e hel ium and l o w - p r e s s u r e a i r can be done 

by a single blower having a two-speed d r ive . Accordingly, the design 

cal ls for two identical b lower s , each equipped to handle ei ther high-

p r e s s u r e or l o w - p r e s s u r e g a s . 

The use of a i r a s a coolant i s contemplated for the emergency cooling 

sys tem when i t i s not poss ible to hold high p r e s s u r e in the loop. Because 

a i r would r e a c t with hot g raph i te , i t wil l be n e c e s s a r y to precool the r e a c ­

tor core with some ine r t med ium before introducing a i r . P r e l i m i n a r y 

design work was c a r r i e d out on a cool-down sys tem in which a s tored 

ine r t coolant, such as n i t rogen, carbon dioxide, or s team, is introduced 

into the core at low t e m p e r a t u r e and high flow r a t e . It may be n e c e s s a r y 

to introduce this coolant through a separa te connection at the top of the 

r eac to r v e s s e l in o rde r to avoid rapid cooling and high t h e r m a l s t r e s s in 

the r eac to r p r e s s u r e v e s s e l . I t i s e s t imated that a n i t rogen cool-down 

sys tem would r equ i re s torage of about 50,000 lb of n i t rogen . 



III. REACTOR PHYSICS 

CONTROL RODS (J. Stein, H. Vieweg, and J. Seibold) 

Two-group PDQ calculat ions were run to obtain es t imates of control-

rod worth for the p re l imina ry design core under cold, clean conditions. 

These calculat ions were run in XY-geometry with the rods in the form of 

the rmal ly black cruc i forms; axial bucklings for the cases were derived 

from axial flux dis t r ibut ions obtained in PDQ calculations of the unrodded 

core in RZ-geomet ry . The r e su l t s a r e given in Table 3. 1. 

Table 3. 1 

RESULTS OF PDQ CALCULATIONS FOR THERMALLY 

BLACK CONTROL RODS 

Rod span (in. ) 
Rod c e n t e r - t o - c e n t e r 

spacing (in. ) 
Rod-blade tip 

separa t ion fin, ) 
Kgff (cold, clean) 

^K/K^ods in 

Number of Cruciform Rods 
Fully Inser ted 

0 

1. 173 

25 

6. 50 

12. 64 

6. 14 
0. 872 
0. 344 

16 

7. 22 

14.44 

7, 22 
0. 943 
0. 244 

Rough e s t ima te s obtained during the evaluation p r o g r a m indicated 

that twenty-five 6. 5-in. - span rods were requi red to yield a 2% shutdown 

marg in ; however, this es t imate was based on crude extrapolation of core 

p a r a m e t e r s to cold conditions, which resu l ted in a la rge overes t imate of 

the total absorpt ion c r o s s section in the core . 

The AK/K . . worth of the rods in the cases considered is 
rods m 

propor t ional to the rod span; on this b a s i s , sixteen 6. 5-in. -span rods 
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would have a AK/K . worth of 0^220, yielding an adequate shutdown 
rods m 

marg in of 3. 8% (K rods in=- 0. 962). 

Curves of rod worth v e r s u s posit ion were obtained for the hot, clean 

and the cold, clean p re l imina ry design core . PDQ calculat ions in XY-geometry 

with sixteen 6. 5-in, - span the rmal ly black rods were run to obtain the 

equivalent uniform poison c r o s s section for the rods under cold and hot 

conditions. The c r o s s sect ions were then used in PDQ calculat ions in 

R Z - g e o m e t r y to r e p r e s e n t the rods as a poison blanket with different 

inser t ions in the core . Cr i t ica l rod posi t ions obtained were 26. 6 in. from 

the bottom of the 76. 4-in. core under hot, clean conditions and 15.4 in. 

from the bottom under cold, clean conditions. 

Normal ized curves of the fract ion of rod worth inse r t ed v e r s u s fraction 

of rod length inse r t ed a r e given in Fig. 3. 1. The curves demons t ra te the 

higher inc rementa l worth of the rods in the cold core as compared to that in 

the hot core . 

POWER DISTRIBUTION 

Calculat ions a r e unde rway to es tab l i sh a synthesized th ree -d imens iona l 

power dis t r ibut ion for the p r e l i m i n a r y design core under hot, clean condition 

Radial d is t r ibut ions for the rodded and unrodded por t ions of the core will be 

obtained from PDQ calculat ions in XY-geometry . These r e su l t s will be 

combined with the axial d is t r ibut ions from the RZ calculation of the core 

with the rod blanket in the c r i t i ca l posit ion. 

F igure 3. 2 shows the center l ine axial power-dens i ty dis t r ibut ion in the 

hot, clean core with the rods banked in thei r c r i t i ca l posit ion, i. e. , 26. 6 in. 

from the bottom of the core . The m a x i m u m - t o - a v e r age power-dens i ty ra t io 

of 3. 32 occu r s at the bottom co re - r e f l e c to r in terface . Modifications of the 

composit ion and s t ruc tu re of the lower ref lec tor might be n e c e s s a r y if this 

peak is unacceptable . 

Although the rods a r e i n se r t ed nea r ly two- th i rds of the way into the 

core under hot, clean conditions, the rodded region genera tes 39. 7% of the 
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total power. This is a consequence of the rod spacing being l a rge r than 

the rod span. 

CORE LIFE AND REACTIVITY REQUIREMENTS 

Revision of the es t imated core life was made by introducing cor rec t ions 

to the equivalent resonance escape probabil i ty and t he rma l nonleakage p rob ­

ability for a r eac to r in the analyt ical burnup model . These co r rec t ions , 

desc r ibed in GAMD-610, incorpora te the effectiveness of the ref lec tor in 

bypassing resonance absorpt ion in the core . For the p r e l i m i n a r y design 

core , the l ifet ime at full power was reduced by these co r r ec t ions from 

603 to 572 days. 

BURNABLE-POISON STUDY 

Analytical hand calculat ions of c r i t ica l i ty and burnup were employed 
235 

in studies of the var ia t ion of U loading with natura l boron content. 

P r i o r to the survey ca lcula t ions , a detai led l i fet ime calculat ion was 
235 

made for the p r e l i m i n a r y design he terogeneous core (128, 3 kg of U and 
238 

500 kg of U ); 428 g of na tu ra l boron was considered to be uniformly d i s ­

t r ibuted in the fuel e l emen t s , reducing K (initial, hot, poisoned), from 

1. 097 to 1. 009. The core l i fet ime at full power was consequently reduced 

from 572 to 533 days. 

F igure 3. 3 shows the var ia t ion in K ,, with days of full-power operat ion 
eff 

for the core with and without boron for cold and hot conditions. In ca lcu­

lating the cold K during life, a conservat ive approach was used by ignoring 

all equilibrit im and pe rmanen t f i ss ion-product absorpt ion. The max imum 
K ., is seen to occur l a t e r in life in the cold sys tem than in the r eac to r at 

eff 

operat ing t e m p e r a t u r e ; this is a r e s u l t of omitting f i ss ion-product poisoning 

in the cold r eac to r . 
J. M. Stein and H. A. Vieweg, Effect of Ref lec tors on Resonance Escape 

Probabi l i ty , Genera l Atomic Repor t GAMD-610, December 5, 1958 ( internal 
document). 
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Fig . 3. 3--MGCR p r e l i m i n a r y design core react iv i ty (lifetime curves) 
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The max imum K (cold) of L 1 05 in the bera ted core (compared with 

1. 17 3 in the core without boron) would pe rmi t a reduct ion from sixteen to 

ten and four- tenths 6. 5-in. -spa.n rods . Choosing the next lowest number of 

rods in a symmet r i ca l a r r a y yields nine 7. 5-in. - span rods . 

The advantages of the reduction in number of rpds will be appra i sed in 

the light of me ta l lu rg ica l complicat ions introduced by the use of burnable 

poison. Another advantage which will be weighed in reaching a decision on 

the use of burnable poison is the reduct ion in the fract ion of the core which 

mus t be blanketed with control rods during hot operat ion. 
235 

The survey calculat ions cojxipleted thus far r e la te the boron and U 

loadings for full-power core l i fe t imes of 572 days (pre l iminary design), 

2 y e a r s , and 2 -1 /2 y e a r s . The end-of-l ife K was made to be unity; an 

upper l imi t to boron content was es tabl i shed by setting a low^r l imi t of 

1, 01 for K (initial , hot, poisoned). F igure 3.4 gives the r e s u l t s for a 
238 

heterogeneous core with a fixed U loading of 500 kg; Fig . 3. 5 gives the 

comparable r e s u l t s for a fully enr iched core . Sta inless s teel , void, and 

m.oderator volumes were main ta ined at their values in the p r e l im ina ry 

design. 

In es t imat ing the fuel-cycle cos t s , no additional fabricat ing cost was 

considered for the homogeneous dis t r ibut ion of boron in the fuel e l ements . 

For the range of lifetim.es covered in these s tudies , the maximum p e r -
235 

mis s ib l e bo ron - to -U a tom ra t io i s about 0. 1 in the pa r t ly enr iched core 

and about 0. 07 5 in the highly enr iched core . 

Fue l - cyc le cos t s a r e somewhat higher in the par t ly enr iched core for 

the 572-day and 2 -year l i fe t imes because of the higher inventory charge for 
235 

the l a r g e r U content; at a lifetim.e of 2 -1 /2 y e a r s , the fuel-cycle cost is 

slightly lower in the par t ly enr iched core^ because the plutonium cred i t 

and reduced burnup cos ts overcome the higher inventory charge . However, 

in all c a s e s , the fuel-cycle cos ts vary l e s s than 10% for the l i fe t ime and 

loading r anges considered. 

Calculat ions will probably be completed during Apr i l , 1959, which 
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will add curves of constant number of control rods to the r e su l t s given in 

F igs . 3. 4 and 3. 5. A decision on the use of burnable poison is expected to 

be made by the end of the next qua r t e r ly per iod. 

MGCR CRITICAL EXPERIMENTAL PROGRAM 

Cri t ica l Exper iments at Genera l Atomic 

During the p r e sen t repor t ing periods funds w^ere made available 

and work was r e s u m e d on an MGCR cr i t i ca l exper iment at Genera l Atomic, 

The faci l i t ies will be located in the buildings fo rmer ly used for the 

CIRGA expe r imen t s . These include a r eac to r building, a control building, 

and a fue l - s to rage faci l i ty, all of which will have to be modified to some 

extent. 

The or iginal c r i t i ca l exper iments p r o g r a m i s being r e - eva lua t ed and 

modifications a r e being made to accommodate our cu r r en t schedule r e ­

qu i r emen t s . The e a r l i e s t t i e - in of this p r o g r a m with the design p r o g r a m 

was found to be the es tab l i shment of p r e s s u r e - v e s s e l r e q u i r e m e n t s by 

spr ing, I960, To mee t these condit ions, a s e r i e s of exper imen t s requir ing 

six months for completion is n e c e s s a r y . The exper imenta l p r o g r a m should 

s t a r t in October , 1959. It i s e s t ima ted that an additional six months of ex­

per imenta l work will be n e c e s s a r y to complete the en t i re p r o g r a m of 

c r i t ica l expe r imen t s . 

The design of the exper imenta l faci l i t ies has p r o g r e s s e d to a 50% 

completion point during the p r e sen t repor t ing per iod . The exper imenta l 

setup is shown in F ig , 3, 6. The p r o c u r e m e n t of m a t e r i a l s and equipment 

has been s t a r t ed on long- lead i t e m s . 

Work has been ini t ia ted on the p r epa ra t i on of a safeguards r e p o r t , 

and pro jec t pe r sonne l have me t with Genera l Atomic ' s Cr i t ica l i ty Safeguard 

Comnaittee for p r e l i m i n a r y review of the concept, A number of suggested 

changes in design and ana lys is a r e being incorpora t ed in the MGCR cr i t i ca l 

exper iments p r o g r a m . 
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Fig. 3. 6 - -P roposed c r i t i ca l facility 
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To expedite p rocurement , the facility components have been grouped 

into the following packages : 

1. General Con t rac to r s ' Package: modifications to the r eac to r build­

ing doors and windows, the pouring of a heavy concrete pad for 

c r i t i ca l -assenably support , the instal lat ion of heating and venti­

lating equipment, a l t e ra t ions in lighting and wiring, and the 

surfacing of outside approaches to the buildings. 

2. S t ruc tu ra l - s t ee l Package: (a) overhead steel for the support of 

rod d r ives , shock a b s o r b e r s , and control cables ; (b) the ins ta l la ­

tion of r a i l s for the movable loading platform; (c) modifications 

to the pit, which consis t of s teel covering and supports ; and(d) 

the ladder r equ i r ed at the r e a r of the r e a c t o r building. 

3. Outside Fabr ica t ion Package : the loading pla t form and the loading 

bench, both of which will be fabr ica ted outside General Atomic. 

All other fabricat ion, except specific stock components p r o c u r e d 

outside, will be done in General Atomic ' s shop. 

In addition to the th ree major packages l i s ted above, p r o c u r e m e n t of 

enr iched u ran ium-a luminum foils is unde rway . Bids were rece ived from 

a number of m a n u f a c t u r e r s , and Babcock and Wilcox has been selected to 

fabr icate the fuel. 

MGCR Expe r imen t s in Lawrence Radiation Labora to ry "Hot Box" 

Although the LRL exper imen t s provide data on t e m p e r a t u r e dependence 

of reac t iv i ty a s soc ia t ed with the rmal iza t ion , leakage , and t h e r m a l - n e u t r o n 

absorpt ion, the l imi ta t ion to highly enr iched sys t ems r e s u l t s in a lack of 

data for t e m p e r a t u r e dependence of s t rong a b s o r b e r s in the resonance 
238 

range. Since c u r r e n t plans for the MGCR involve (1) the use of U m 

the fuel e lements to obtain a p rompt negative t e m p e r a t u r e coefficient, and 

(2) the use of r a r e e a r t h s for control r o d s , such information would be of 

g rea t value. 
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To augment the p r e sen t exper imenta l p rog ram, it is proposed that a 

s e r i e s of exper iments be pe r fo rmed in the hot box, which would provide 

these data for the MGCR p r o g r a m . Specifically, it is proposed that we p r e p a r e 
238 

e lements containing U and r a r e ea r th s in the form of rods which can be 

in se r t ed into the assembly . These rods will be in groups of var ious s izes 

and composi t ions , so that the influence of both " lumping" and t empera tu re 

can be evaluated. The nuclear m a t e r i a l s used for these exper iments will be 

the same as those being o r d e r e d for the MGCR cr i t i ca l exper iments . 

The f i r s t phase of these expe r imen t s , involving highly enriched graph­

ite a s s e m b l i e s , has been completed. The tes t data a r e in the p r o c e s s of 

reduct ion, and a compar i son with analys is will be completed during the 

next qua r t e r . These data should afford an excellent check on our analyt ical 

methods for calculat ing neutron thermal iza t ion , since the t empera tu re over 

the range f rom room t e m p e r a t u r e (at ^ h i c h crys ta l l ine effects a re important) 

to 1, 200 F , where the heavy-gas model is also being used, should be 

appl icable . 

In addition to providing these data , the experinaents will provide a 

check on our methods of calculat ing self-shielding and flux depress ion of 

var ious a r r a y s of m a t e r i a l s . 

During the next q u a r t e r , work will continue on other graphite a s s e m ­

blies with r e f l e c t o r s , and poss ib ly some of the f i r s t work on beryl l ium oxide 

sy s t ems will be under taken. 



IV, MATERIALS DEVELOPMENT 

FUEL MATERIALS (W. P . Wallace) 

I r rad ia t ion Stability of MGCR Fuel Mate r ia l s (D. E. Johnson) 

Work on this port ion of the MGCR fuels p r o g r a m was conducted at 

Bat tel le Memor ia l Inst i tute during this q u a r t e r . The fabricat ion of fuel-

bear ing spec imens (UO + BeO, UC + graphi te , UC^ + graphite) for 

i r r ad ia t ion test ing was completed. The design and fabricat ion of the f i r s t 

i r r ad ia t ion capsule was completed , and i r r ad ia t ion in the BRR began on 

Apri l 8, 1959. 

Some of the r e s u l t s obtained during the fuel fabricat ion studies 

indicate that for graphi te bodies containing u ran ium monocarb ide , the 

conversion of the monocarb ide to the dicarbide can be obse rved beginning 

at a t e m p e r a t u r e of 2,350 F , 

Fuel bodies consis t ing of a d i spers ion of UO^ pa r t i c l e s in BeO w e r e 

successfully fabr ica ted . Two techniques for incorporat ing the UO^ gra ins 

were used: in one, p r e s i n t e r e d and c rushed UO_ was incorpora ted into the 

ma t r i x ; in the second, uns in te red UO agg lomera t e s w e r e incorpora ted into 

the bodies . The dens i t ies obtained w e r e e s t ima ted to be 94, 8% and 96, 8% of 

theore t ica l densi ty , r espec t ive ly . Some "dust ing" of the uns in te red UO^ 

agg lomera te s o c c u r r e d during the blending with the BeO powder. The 

extent and consequences of such dusting have not been de te rmined . 

Fuels Development (D. E. Johnson, F . H. Lofftus, A. R. Mi l l e r , 4 '^4 
B. A. Czech, and R. J . La Por t e ) 

The ini t iat ion of a sys t ema t i c p r o g r a m at Genera l Atomic on the 

study of the s in ter ing behavior of a lumina in hydrogen a t m o s p h e r e s was 

noted in the prev ious q u a r t e r l y r e p o r t , GA-744. This study was continued 

during this q u a r t e r . The data obtained a r e being evaluated and will be 

p re sen ted in a s epa ra t e r e p o r t . Some of the naore genera l conclusions 
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reached during the course of the study a r e summar ized h e r e . 

The study of grinding efficiency during bal l -mi l l ing as a function of 

solution pH did not yield conclusive r e s u l t s . The data tend to indicate 

that the highest s in te red densi t ies a r e obtained with alumina that i s ba l l -

mi l led for 8 hr in an aqueous hydrochlor ic acid solution. The optimum 

pH of the grinding solution (before adding the alumina powder) appears 

to be about 2 . 5 , 

As expected, the s in tered density of the alumina pel le ts inc reased 

with inc reas ing compacting p r e s s u r e up to 60,000 p s i . However, pel le ts 

compacted at 120,000 ps i c rumbled and could not be conveniently handled. 

The r eason for this behavior i s not known, although it i s suspected that 

the type or amount of binder may have been a contributing factor . 

The densi ty of s in te red pel le ts i nc reased with sintering t ime up to 
o 

8 h r . The average density for ten pel le ts s in tered 8 hr at 1,700 C was 

about 96,6% of theore t i ca l densi ty . The lowest density value observed 

for this lot was 95. 7% of theore t i ca l . 

The densi ty of s in te red pel le ts a lso inc reased with a s intering 

t e m p e r a t u r e up to 1,750 C, 

As a r e s u l t of the exper ience gained in these expe r imen t s , it i s 

felt that h igh-dens i ty a lumina pel le ts can be produced by the following 

procedure? 

1. Bal l m i l l a lumina powder in a wa te r -hydroch lo r i c -acid 

solution (pH = 2 .5 before adding alumina) for 8 h r . 

2. D r y , g ranu la te , and add b inder (1 wt-% of polyethylene glycol 

was added for the binder in this s e r i e s of exper imen t s ) . 

3 . Dry and compact a t 40, 000 p s i . 

4 . Sinter for 6 h r at 1,700 C in a hydrogen a tmosphe re . 

The pel le t dens i t i es obtained with this p rocedure should be approximately 

95% to 96% of theore t ica l densi ty. 

The continuation of this work wil l be d i rec ted toward the development 

of techniques for placing a d i spe r s ion of UO_ pa r t i c l e s in the alumina m a t r i x . 
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The effect of ce r ta in addit ives on the sintering ra te of the alumina will 

a lso be studied. As fuel-bearing pel le ts a r e produced, they will be tes ted 

to de te rmine their f ission-product re tent ion behavior by the act ivation and 

pos t - i r r ad ia t ion annealing techniques which a re a l ready in u s e . 

F i s s ion -p roduc t Retention by Fue l Bodies (A.R, Mil ler and D, E . Johnson) 

The r e l e a s e of f ission products f rom fuel m a t e r i a l s has been studied 

by numerous w o r k e r s . However , m o s t of these studies have been 

conducted on bulk s in te red UO.,, Since the fuel being cons idered for use 
2 '^ 

in the MGCR cons i s t s of a d i spe r s ion of fair ly la rge pa r t i c l e s in a c e r a m i c 

m a t r i x , an unders tanding of the f i s s ion-product r e l e a s e behavior of this 

type of sys tem and of each of i t s components i s r e qu i r e d . 

An appara tus was a s sembled during this quar te r for the study of 

f i ss ion-product r e l e a s e f rom fuel m a t e r i a l s . This appara tus cons i s t s of 

a hel ium gas purif icat ion t r a in , a furnace capable of operat ing at 1,400 C, 

a trapping sys tem for the collect ion of the evolved f ission p roduc t s , and 

a single-channel ana lyzer for use in moni tor ing the f i s s ion-product gamma 

activity in the t r a p s . Numerous t e s t s were made to check out the equipment . 

The p rocedure used in the study of f i ss ion-product r e l e a s e behavior 

of r eac to r fuels i s a s foUowsi UO pel le t s a r e compacted and s in te red 

to obtain h igh-dens i ty fuel m a t e r i a l . The pel le ts a r e then c rushed and 

sc reened to obtain the de s i r ed p a r t i c l e - s i z e f ract ions for the e x p e r i m e n t s . 

O n e - g r a m samples of the de s i r ed p a r t i c l e - s i z e f rac t ions a r e i r r a d i a t e d 

in the TRIGA r e a c t o r for 1 hr a t a r e a c t o r power level of 100 kw. The 

i r r ad i a t ed spec imens a r e "cooled" for a per iod of about two weeks to 

allow the sho r t - l i ved f iss ion produc ts to decay. The samples a r e then 

heated to a t e m p e r a t u r e of about 1,400 C, for se lec ted t ime p e r i o d s , and 

the iodine evolved during heating i s col lected in a w a r m copper t r a p . The 

xenon is adsorbed on the ac t iva ted cha rcoa l a t l iqu id-n i t rogen t e m p e r a t u r e 

and is subsequently moni to red by a scint i l la t ion c r y s t a l and counting equipment . 

Re fe rences a r e l i s t ed at the end of this sect ion. 
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At the p r e sen t t ime , ana lys is i s being made only for xenon, and the 

r e su l t s obtained during the qua r t e r a r e noted below in tabular form. They 

a r e a lso p re sen ted graphical ly in F ig . 4. 1. 

Table 4. 1 

FISSION-PRODUCT XENON RELEASED FROM UO^ PARTICLES 

Screen Size 
(mesh) 

-28 to +35 
-60 to +80 
-60 to +100 
-100 to +2D0 

P a r t i c l e Size 
(M) 

588 to 417 
250 to 180 
250 to 150 
150 to 75 

Xenon Collected 
in Trap 

(%) 

0. 12 
0. 14 
0. 14 
0.66 

The xenon col lected was that which was r e l e a s e d during an 18-hr 

annealing t r e a tmen t of the UO at 1,400 C. The pel le ts that w e r e c rushed 

for this study exhibited dens i t ies of about 95% to 96% of theore t ica l density. 

It i s planned that this study will be continued and will include exper i ­

men t s on the f i s s ion-product r e l e a s e behavior of fused UO^, of s in tered 

UO^ of va r ious dens i t i e s , of UO^ d i s p e r s e d in other c e r a m i c m a t e r i a l s 

such as a lumina , and of the u ran ium ca rb ides . A special h igh - t empera tu re 

furnace i s a l so being designed which will make possible exper imenta t ion 
o 

at t e m p e r a t u r e s up to about 2,000 C. 

Uran ium Oxide C h e m i s t r y ( U . M e r t e n , L . Dyks t ra , P . Winchell , and 
J. Dixon) 

Some of the difficulties encountered in cohducting exper imen t s on 

u r an ium oxide c e r a m i c sy s t ems have been concerned with the development 

of sui table techniques for p repa r ing samples aiid thei r examination by 

X - r a y techniques at high t e m p e r a t u r e s . Considerable p r o g r e s s has been 

made toward solving these p r o b l e m s . Samples a r e being p r e p a r e d as 

smal l t ab l e t s , approxinaately 1/4 in , d iamete r by 1/16 in. thick, by cold 

p r e s s i n g and s in te r ing . The s in ter ing is c a r r i e d out in a tungsten-wound 
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Fig , 4 . l - - F i s s i o n - p r o d u c t xenon r e l e a s e d f rom s in te red UO, 
a s a function of the r ec ip roca l of p a r t i c l e d i ame te r 
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furnace enclosed in a vacuum chamber and the sintering can be done at 

any t empera tu re up to approximately 2,000 C. 

The X- ray c a m e r a has now been completed and is being tes ted . In 

i t , the specimen "tablet" is placed between two alumina d i sc s , 3/4 in. 

a c r o s s , in which plat inum windings a r e imbedded. The use of the two 

re la t ive ly large d i scs facing each o ther , with only a na r row gap between 

them, allows the specimen in this gap to be brought to a very near ly 

uniform t e m p e r a t u r e , which can be m e a s u r e d by an optical pyrometer or 

a P t - P t R h thermocouple . With the plat inum windings it should be possible 

to work up to approximate ly 1,400 C. (In the future, more re f rac tory 

meta l windings will be t r i ed in an effort to inc rease this l imi t . ) The 

c a m e r a is so designed that a wel l -co l l imated X - r a y beam s t r ikes the 

specimen at a grazing angle, and the diffraction pa t te rn is recorded on 

film in a conventional m a n n e r . The ent i re furnace assembly is enclosed 

in a wa te r -coo led , vacuum-t igh t container so that the oxygen p r e s s u r e 

over the samples can be control led . The film, which is separa ted from 

the vacuum space by a be ry l l ium window, is mounted in a film casse t te 

which allows four exposures on a single s t r ip of f i lm. 

P r e l i m i n a r y expe r imen t s made with the c a m e r a indicate that it 

ope ra te s sa t is factor i ly at 800 C. T e s t s at higher t empe ra tu r e s a r e in 

p r o g r e s s . 

F u e l - e l e m e n t Manufacture and Evaluat ion (D. E . Johnson, A. Mi l le r , 
F . Lofftus, B . Czech, and R. La Por te ) 

A pro jec t covering the development and production of fuel-bearing 

graphi te pe l le ts was conducted during this q u a r t e r . These pel le ts were 

used in the fabricat ion of a nuclear mockup of a tes t e lement for the 

Hanford in-pi le loop. Test ing this mockup in the Hanford tes t pile will 

provide information to de te rmine the fuel loading requi red to obtain the 

des i r ed t h e r m a l p e r f o r m a n c e . The pel le t size was approximately 1/2 in. 

in length and d iamete r . 
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The protreBB used for fabricating the pel lets was a s followst graphite 

flour and UO^ powder were blended in appropr ia te propor t ions to obtain 

a uniform m i x t u r e . P i t ch binder was added to th is mix ture as a solution 

in benzene and mixed thoroughly. The benzene was then volat i l ized. 

During the volat i l izat ion, the mix tu re was s t i r r e d occasionally to prevent 

the pitch binder from concentrat ing at the top. The resul t ing cake was 

granula ted and then w a r m compacted a t a p r e s s u r e of 10,000 ps i and a 

t empe ra tu r e of about 80 C. Enough pel le ts were fabr icated to provide 

3 In ft of fueled graphi te for each fuel loading. Out of each lot of approxi ­

mate ly forty pelletSj t h r ee were selected for chemical ana lys is to d e t e r ­

mine the uniforinity of the fuel loading. The r e s u l t s of the chemica l 

analys is a r e p r e sen t ed in Table 4 . 2 . 

Table 4 .2 

CHEMICAL ANALYSIS OF FUEL-BEARING P E L L E T S 

Sample 
N o . 

l A 
IB 
IC 

2A 
2B 
2C 

3A 
3B 
3C 

4A 
4B 
4C 

Nominal Loading 

fg U02/f t ) 

24 .4 

36 .6 

12.2 

6 . 1 

Loading Analys is 
fg UOz/ft) 

26.0 
26 .4 
26 .2 

41 .0 
41 .9 
40 .7 

12.5 
12.6 
12.4 

6 . 2 
6.65 
6 . 2 

After the fue l -bear ing compacts were m e a s u r e d and weighed, the 

pe l le t s were sp rayed with a thin coat of a luminum paint to aniniinize the 
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loss of fuel and the assoc ia ted spread of contamination that might occur 

as the pel le ts were rubbed agains t other sur faces . 

Hot -ce l l Faci l i ty ( F . Brown, B . Turovl in , G. Torgison, and L. Bailey) 

The construct ion of the Genera l Atomic Hot Cell is continuing on 

schedule . A s t r ike at the supp l i e r ' s plant will delay the instal lat ion of 

the in -ce l l c rane manipula tor in the high- and low-level ce l l s . The 

length of the delay i s unknown at this t i m e . Operation without these i t ems 

will be hampered , but not ent i re ly prevented . Operation that would tend 

to contaminate the ce l l s will be avoided, a s the manipulator and crane 

instal la t ion m u s t be made in a c lean ce l l . This r equ i remen t will l imi t 

opera t ions to s imple manipula t ions , viewing, and macrophotography. 

Operat ion will a lso be l imi ted to re la t ively small samples which requ i re 

a m i n i m u m of i n -ce l l handling. 

Some difficulty was exper ienced at the Corning Glass Works ; a m e l t 

of nonbrowning g l a s s for the viewing windows did not m e e t specifications 

and was sc rapped . The complet ion of the cell will probably not be delayed 

because of the lack of windows un les s complicat ions a r i s e in the second me 

Effort has been d i r ec t ed toward the acquisi t ion of remote operating 

equipment . Thus far the equipm.ent i s p r i m a r i l y intended for meta l lu rg ica l 

examina t ions . A mockup of one sect ion of the cel l s t ruc tu re has been 

cons t ruc ted to aid in the equipment development . 

Supporting equipment a lso has been o rde red for the machine shop 

and the health physics l abo ra to ry . 

Cladding M a t e r i a l s {J. C, B o k r o s , D . G. Guggisberg, and W. H. El l is ) 

A new s e r i e s of graphi te-aneta l compatibi l i ty exper iments has been 
o o 

ini t ia ted a t 1,700 and 1,850 F . E x p e r i m e n t s a r e being run in impure and 

ge t te red he l ium. M a t e r i a l s being evaluated in these t e s t s include nickel , 

n icke l -copper a l loys , niobium a l loys , and molybdenum a l loys . 

The effect of ca rbur i za t ion on the r o o m - t e m p e r a t u r e tensi le p rop ­

e r t i e s was de te rmined on r ep re sen t a t i ve alloys selected froan each alloy 



group (except the niobium al loys) . Tensi le specimens were machined 

from 0.031 in. sheet with a 1-1/2 in. gauge length and a 1/4 in. gauge 

width. Two- th i rds of these specimens were pack ca rbur ized in a mix ture 

of 5% BaCO + 95% graphi te at 1, 600° to 1, 700°F for 500 h r . The c a r b u r i ­

zation was done in a s ta in less s teel capsule which had been evacuated and 

filled with hel ium p r io r to heating to the carbur iza t ion t e m p e r a t u r e . The 

resul t ing a tmosphere at equi l ibr ium at the carbur iza t ion t empera tu re was 

carbon monoxide and hel ium at a gauge p r e s s u r e of about 5 cm of Hg. 

Carbon analys is of the tensi le spec imens was made before and after 

ca rbur iza t ion . The balance of the specimens were used as controls and 

given the same t h e r m a l t r ea tmen t as the ca rbur i zed specimens in vacuum. 

The spec imens -were tensi le tes ted in an Ins t ron test ing machine at room 

t e m p e r a t u r e . 

The ca rbu r i zed nickel specimen showed an i nc r ea se from 0. 064% to 

0.300% carbon, and the Monel specimen showed an i nc r ea se f rom 0.069% 

to 0. 170% carbon. In each case the s t rength was inc reased , whe reas the 

ductility was unaffected. The ca rbur i zed nickel specimen gave a s e r r a t e d 

s t r e s s - s t r a i n curve , probably a t t r ibutable to a very fine prec ip i ta te in 

the gra in-boundary region . 

Duranicke l (95. 5 N i - 4 . 5 Al) was completely embr i t t l ed by the 

ca rbur iza t ion . The m i c r o s t r u c t u r e indicated that the a luminum had been 

internal ly oxidized. 

Type 314 s t a in less s teel was s t rengthened during the ca rbur iza t ion 

and slightly embr i t t l ed . The ductility of Types 430 and 3l6 s ta in less steel 

•was significantly reduced by the ca rbur i za t ion . 

Carbur i za t ion i n c r e a s e d the s t rength and d e c r e a s e d the ductili ty of 

Inconel and d e c r e a s e d both the s t rength and ductili ty of Inconel X. The 

m i c r o s t r u c t u r e of Inconel showed about 10% ca rb ide , w h e r e a s the m i c r o -

s t ruc tu re of Inconel X showed only a slight g ra in-boundary ca rbur i za t ion . 

Ca rbu r i za t ion of molybdenum re su l t ed in a 0 .0003- in . ca rb ide coa t ­

ing which c racked severe ly during tes t ing . The ca rbu r i zed spec imen 
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showed an i nc r ea se in s t rength and a dec rease in ductil i ty. The yield 

point evident in the s t r e s s - s t r a i n curve for the control sample did not 

appear in the curve for the ca rbur ized specimen. 

Nickel and alloys of nickel and copper appear to be the bes t choice 

for a graphi te cladding m a t e r i a l . Nei ther nickel nor copper forms stable 

ca rb ides and both a r e in equi l ibr ium with graphite to their melt ing t em­

p e r a t u r e s . Carbur iza t ion r e s u l t s only in solid-solution strengthening 

with no sacr i f ice in ducti l i ty. (A descr ip t ion of al l of the g raphi te -meta l 

r e su l t s i s given in Ref. 12, ) 

Four n iobium-clad graphi te capsules enclosed in an outer graphite 

can were t he rma l - cyc l ed 15 t imes from 200 F to 1,600 F in 500 to 1,050 

psi he l ium. Two of the capsules were l / 2 in. in d iameter and two were 

3/8 in . in d i a m e t e r . Both were 2 in. long and had a cladding thickness 

of O.OlO in. The capsules were held for 92 hr at 1,600 F . The graphite 

was not outgassed and the hel ium was taken direct ly from a tank without 

purif icat ion. Two of the four capsules failed in a b r i t t l e manne r . One 

end of each of the two capsules which failed was broken off in the hea t -

affected zone of the weld and one of the capsules split longitudinally. 

F i g u r e s 4 .2 and 4 . 3 a r e photographs of the d i sassembled tes t fuel e lements 

which failed during t e s t . Each of the two capsules which did not fail de ­

c r e a s e d in d iamete r by 0. 001 in. and d e c r e a s e d in length by 0. 006 in. in 

one case and 0,012 in. in the o the r . The chemical analys is of the helium 

after the tes t i s given in Table 4. 3 . 

A t e s t fuel e l ement clad with 0. 005 in. of Monel was cycled 19 t imes 

f rom 200 to 1,600 F and held for 264 hr at 1, 600 F . The p r e s s u r e 
o o 

var ied f rom 800 to 1,400 F during cycling. The cladding m a t e r i a l was 

very ductile after cycling. Pho tomic rographs of the Monel cladding and 

the nickel end cap , taken so the g raph i t e -me ta l interface is v is ib le , a r e 

shown in F i g s . 4 . 4 and 4 . 5. The famil iar fine precipi ta te which forms 

in the g ra in-boundary region of nickel and nickel -copper alloys when they 

a r e expbsed to graphi te is evident and appea r s to be m o r e extensive in the 
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Fig. 4. 2- -Niobium-clad graphite cycled 15 t imes from 200 to 
1600°F in 1200-psi hel ium. End cap failure 
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Fig. 4. 3--Niobium-clad graphite cycled 15 t imes 200 to 1600 F 
in 1200-psi hel ium. End cap and longitudinal failure 
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F i g . 4. 4 - - P h o t o m i c r o g r a p h of 0. 005 m . Monel 
c l add ing f r o m a g r a p h i t e fuel a s s e m b l y c y c l e d 
19 t i m e s f r o m 200° to l 6 0 0 ° F m 1200-ps i h e l i u m . 
F i n e g r a m - b o u n d a r y p r e c i p i t a t e ex tending to 

1. 0 m i l (500X) 
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F i g . 4. 5 - - P h o t o m i c r o g r a p h of n i c k e l end cap f rom a 
M o n e l - c l a d fuel a s s e m b l y c y c l e d 19 t i m e s f r o m 200° 
to 1 6 0 0 ° F m 1 2 0 0 - p s i h e l i u m . F i n e g r a m - b o u n d a r y 

p r e c i p i t a t e ex t end ing to 2. 0 m i l s (500X) 
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nickel . The clad graphi te pin was original ly 1/4 in. in d iameter and did 

not d e c r e a s e during cycling. The lengthy however , dec reased by 0.012 in. 

(in 2 in, ), Chemical ana lys i s of the hel ium after cycling i s shown in 

Table 4 . 4 , 

Table 4, 3 

CHEMICAL ANALYSIS OF HELIUM USED IN CYCLING 

THE NIOBIUM-CLAD TEST FUEL ASSEMBLIES 

Impur i ty Mol-% 

Hydrogen , , . , , . . . . . . . . < , . . . . 0 ,16 
Oxygen , , , . . . , . . , . . . , . , , . , 0.0082 
Nitrogen . . . . . . . . . . . . . . . . . . 0.023 
Methane . . , . , . . . . . , , . . . . . . . 0. 0008 
Carbon monoxide . . . . . . . . . . . . . 0 .23 
Carbon dioxide . . . . . . . . . . . . . . - - - - - -

Table 4. 4 

CHEMICAL ANALYSIS OF HELIUM USED IN CYCLING 

TYPE 348 AND 430 STAINLESS STEEL AND 

MONEL-CLAD TEST FUEL ASSEMBLIES 

Impur i ty Mol-% 

Hydrogen . . . , . , . . . . , . . . . . , . 0. 22 
Oxygen. . . . . . . . . . . . . . . . . . . . O.OOU 
Nitrogen . . . , . . . . , . . . , , . . . . 0. 0105 
Methane . . . . . . . . . . . . . , , . . , , 0. 0026 
Carbon monoxide . . . . . . . . . . . . . 0. 0648 
Carbon dioxide , . , . . . , , . . , , . . 0. 019 

The t e s t fuel e lement clad with 0.010 in. of Type 348 s ta in less s teel 

was cycled 19 t i m e s f rom 200° to 1 ,600°F and held for 264 hr at 1 ,600°F, 

The p r e s s u r e va r i ed during cycling f rom 800 to 1,400 ps i . The capsule 

did not fail during cycl ing, but was c a r b u r i z e d ve ry badly. F i g u r e 4, 6 (p.72) 

shows a pho tomic rograph of the g r a p h i t e - m e t a l in te r face , A carb ide 
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layer has developed between the graphite and the me ta l . The cladding is 

badly ca rbur ized throughout and failed in a br i t t le manner when it was 

s t r ipped from the graphi te c o r e . The 1/4-in. capsule decreased in 

d iamete r by 0.0€3 in. and dec reased in length by 0.025 in, (in 2 i n . ) . 

Chemical ana lys i s of the hel ium after the tes t i s shown in Table 4 . 4 . 

Three tes t fuel e lements clad with 0.010 in. of Type 430 s ta inless 

s teel were cycled 31 t imes f rom 2 00 to 1,600 F and held for 454 hr at 

1,600 F , The capsules did not fail during cycling, but were ca rbur ized . 

F igure 4 .7 shows the g raph i t e -me ta l in te r face . Similar to the Type 348 

s ta in less s teel , this alloy reac ted with the graphite to form a carbide layer 

between the me ta l and the graphi te . Mass ive carbides a r e evident in the 

m i c r o s t r u c t u r e , but have not as yet completely embri t t led the alloy, i . e . , 

the cladding was ductile enough to be s t r ipped from the graphite core 

without f r ac tu re . The d iameter of the capsules decreased from 0.002 in, 

to 0.003 in. during cycling. 

A hexagonal graphi te block containing six 4-in.-long, l /4 - in . -d iameter 

graphi te pin clad with Type 304 s ta in less steel was cycled 12 t imes from 
o o 

200 to 1,600 F without fa i lu re . Metal lographic r e su l t s a r e not yet 

avai lable . 

Two hexagonal a s s e m b l i e s , each containing six 4-in.-long, 1/4-in.-

d iamete r n icke l -c lad s imulated fuel bodies , a r e now being cycled from 
o o 

100 to 1,700 F in from 500- to 1,000-psihelium at the ra te of one cycle 

per 10 h r . One of these contains graphi te as the simulated fuel and the 

other contains l /2- in . - long A L O pe l l e t s . 
MODERATOR-COOLANT COMPATIBILITY (W. L . Kosiba and C. R. Mungle) 

A sys tem for the study of g raph i t e -gas reac t ions was designed and 

cons t ruc ted during this q u a r t e r . This i s a once-through sys tem in which 

hel ium, with known amounts of impur i t i e s , will be passed over hot graphitei 

the graphi te will be weighed at in te rva l s and the changes in weight recorded . 



Fig. 4. 6 - -Photomicrographof Type 348 s ta in less -s tee l 
cladding s t r ipped from a fuel assembly cycled 19 t imes 
from 200° to 1600°F in 1200-psihelium. Carbide layer 
formed between graphite and cladding. Cladding was 

completely ca rbur ized and very br i t t le (500X) 

Fig . 4. 7 - -Pho tomic rograph of 0. 010 in. Type 430 
s t a i n l e s s - s t e e l cladding s t r ipped from a fuel a ssembly 
cycled 31 t imes from 200° to 1600°F in 1200-psi hel ium 
Carbide layer formed between graphite and s tee l and 
mass ive carbides formed in the i n i c ros t ruc tu re (500X) 
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The f i r s t exper iments with 0 .3% impur i t i es in hel ium have been initiated 

and the r e su l t s will be r epor t ed subsequently. 

CONTROL-ROD MATERIALS (B, Turovlin and J . R. Lindgren, J r . ) 

Con t ro l - rod development work has been c a r r i e d out utilizing two 

different approaches , 

1, F l a m e - s p r a y i n g of samar ium-gado l in ium oxide on a s ta in less 

s teel tube, previously sprayed with Nichrome, has been done successfully. 

An inner graphi te core was used to prevent rapid cooling of the s ta in less 

s tee l and i t i s bel ieved to have been a contributing factor in securing the 

des i r ed r e s u l t s . The in tegr i ty of the sprayed surface was spot checked 

by measu r ing the continuity with an o h m m e t e r . 

2. A compact of 5% samar ium-gado l in ium oxide powder (the remainder 

of Type 304 s ta in less s tee l powder) was p repa red and s in tered for 3-1/2 hr 

in hydrogen at 2, 300 F . A por t ion of the compact was canned in a s ta in less 

s tee l "picture f r a m e , " evacuated, sealed, and then rolled at 2,000 F to 

a 4j 1 reduct ion in t h i ckness . B r e a k s occur red in the s ta in less cladding. 

It i s bel ieved that thicker cladding would remedy the condition. Gadolinium 

oxide, a lone, was f l a m e - s p r a y e d on s ta in less steel using the same techniques 

a s -with the s amar ium-gado l in ium oxides . The gadolinium oxide was sprayed 
2 

on the s t a in le s s s tee l to 1/2 g / i n . of surface a r e a . 

STRUCTURAL-MATERIALS PROBLEMS RELATED TO THE WORKING FLUID 
(B. Lund, R. Shepheard, and J . Ba lass ) 

This p r o g r a m , concerning m a t e r i a l s for the nonreac tor portion of 

the MGCR plant , has been devoted to 

1. A study of the effects of commerc ia l ly pure hel ium on the p rop ­

e r t i e s of ducting and turbine m a t e r i a l s a t elevated t e m p e r a t u r e s . 

2, The p repa ra t ion for test ing the ability of ducting m a t e r i a l s to 

contain hel ium at operat ing t e m p e r a t u r e s and p r e s s u r e s . 
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3 . A proposed p r o g r a m for evaluating effects of varying levels 

of impur i t i e s on s t r e s s - r u p t u r e p rope r t i e s of ducting a l loys , depending 

on the r e su l t s obtained f rom completion of t e s t s under I tem 1. 

4 . A proposed p r o g r a m of study on the mode of f rac ture and dependence 

of s t r e s s - r u p t u r e life on s t r e s s s tempera ture^ and a tmosphere of a 

chromium-molybdenum s tee l and Type 316 s ta in less s t ee l . 

5. The p repa ra t ion of a s u m m a r y r e p o r t of the co r ros ion t e s t work 

pe r fo rmed in 1958. 

In o rde r to l e a r n the effects of commerc i a l l y pure hel ium on the 

p r o p e r t i e s of ducting and turbine m a t e r i a l s at e levated t e m p e r a t u r e s , the 

New England M a t e r i a l s Labora to ry has been awarded a subcontract to 

p e r f o r m p r e l i m i n a r y s t r e s s - r u p t u r e t e s t s in a i r of the tentative ducting 

alloys (1 -1 /4 C r - 1 / 2 Mo and 2 - 1 / 4 C r - 1 Mo s tee l s and Type 316 s ta in less 

steel) and they will shor t ly begin t e s t s in he l ium. The u l t imate objective 

of these t e s t s i s to produce a log s t r e s s v e r s u s log r u p t u r e - t i m e cu rve , 

in a i r and in he l ium, for each of these a l loys a t ant ic ipated m a x i m u m 

operat ing t e m p e r a t u r e s , in o rde r to es tab l i sh the exis tence of an env i ro -

inental effect, i t s magnitude^ and i t s s t r e s s dependence. Resu l t s thus 

far obtained and t e s t s in p r o g r e s s at the New England M a t e r i a l s Labora to ry 

a r e p r e sen t ed in Tables 4 . 5 through 4 . 7 . Based on these r e s u l t s , the 

b e s t hea t t r e a t m e n t will be chosen to obtain s t r e s s v e r s u s rup ture - l i fe 

curves in a i r and in he l ium a t 1,000 F^ uti l izing seven s t r e s s leve ls to 

obtain cu rves extending to 1,000 h r . 

The data in Table 4 .7 indicate no appa ren t effect of solution hea t 

t r e a t m e n t . The second plate (Table 4 . 7 ) , although i t rup tu red in s imi l a r 

t ime to the f i r s t , a p p e a r s to have lower duct i l i ty . However , the m i c r o -

s t ruc tu re i s m o r e homogeneous , and i t i s planned to u s e th is second plate 

for obtaining a i r and he l ium log s t r e s s v e r s u s log rup tu re c u r v e s . 

P r e l i r a i n a r y h i g h - s t r e s s rup tu re t e s t s with a s - r e c e i v e d vendor 

h e a t - t r e a t e d m a t e r i a l for the t e s t s in a i r indicated an apparen t d i sc repancy 

in the rup tu re life of the above m a t e r i a l s . Thus , a need for knowledge of 



T a b l e 4 . 5 

S T R E S S - R U P T U R E T E S T S IN AIR O F 1 - 1 / 4 C r - 1 / 2 M o S T E E L 

A T A T E M P E R A T U R E O F 1 , 0 0 0 ° F 

S t r e s s 
(ps i ) 

4 0 , 0 0 0 

4 0 , 0 0 0 

3 5 , 0 0 0 

3 0 , 0 0 0 

2 7 , 0 0 0 

2 5 , 0 0 0 

3 0 . 0 0 0 

3 0 , 0 0 0 

3 0 , 0 0 0 

3 0 , 0 0 0 

3 0 , 0 0 0 

3 0 , 0 0 0 

3 0 , 0 0 0 

R u p t u r e T i m e I 
(hr ) 

0 . 4 

0 . 4 

0 . 9 

2 7 . 0 

9 8 . 4 

. 97 . 1 

^ 

) 

\ B e i n g r u n 

Run s c h e d u l e d 

Elong. 1 
(%) 

2 8 . 8 

3 9 . 8 j 

3 2 . 4 

4 8 . 5 

4 0 . 0 

4 0 . 1 

RA ' 

(%) > 

7 2 . 0 

7 9 . 0 

7 7 . 4 

7 4 . 7 

82.4 1 

7 1 . 0 

\ 

\ l / 2 - i n . 

/ 

1 /2 - in . 

1 /2 - in . 

1 /2 - in . 

1 / 2 - i j i . 

1/2- in . 

1 /2 - in . 

1 /2 - in . 

R e m a r k s 

p l a t e , a s r e c e i v e d 

p l a t e , n o r m 1750 F 

p l a t e , n o r m 1550 F 

p l a t e , n o r m 1750 F j 

p l a t e , n o r m 17 50 F , 

p l a t e , n o r m 1550 F , 

p l a t e , n o r m 1550 F , 

p l a t e , a n n e a l e d lb50 

D 

D 

D 

D 

^'F 

1 , 3 5 0 ° F 

1 . 1 5 0 ° F 

1 , 3 5 0 ° F 

1 , 1 5 0 ° F 



Table 4 . 6 

STRESS-RUPTURE TESTS IN AIR OF 2 - 1 / 4 C r - 1 / 2 Mo STEEL 

AT A TEMPERATURE OF 1, 000°F 

S t r e s s 1 
(psi) 

25,000 

25,000 

25,000 

28,000 1 

30,000 

30,000 

30^000 

30,000 

30,000 1 

30,000 ' 

30,000 

30,000 

Rupture Time | 
(hr) 

306.7 

206.2 1 

160.5 

88.3 

35 .9 

\ 

V Being run 

/ 

Run scheduled 

Elong. 
(%) 

64.0 

66.0 

49 .0 

56.2 

37 .4 

RA ] 
{%} 1 

87.0 1 

78 .7 i 

81.3 1 

82,0 j 

83 .6 1 

! 

\ 

i 
^ l /2 - in . 

) 

1/2-in. 

l / 2 . i n . 

1/2-in. 

1/2-in. 

1/2-in. 

1/2-in. 

Anneal 

Reraa rks 

p l a t e , as rece ived 

p l a t e , no rm 1750 F 

p l a t e , no rm 1550 F 

p la te , n o r m I'̂ SO F , D 

plates n o r m 1750 F , D 

p l a t e , norm. 1550 Fs D 

p l a t e , n o r m 1550°F, D 

ed I 6 5 0 ° r 

1,350°F 

1,150°F 

1,350°F 

1,_150°F 



Table 4 .7 

STRESS-RUPTURE TESTS IN AIR OF TYPE 316 STAINLESS STEEL 

AT A TEMPERATURE OF 1,300°F 

S t r e s s 
(psi) 

20,000 

20,000 

20,000 

18,000 

20,000 

20,000 

Rupture Time 
(hr) 

29 .0 

4 8 . 4 

42 .5 

50.6 

49. 1 

37,5 

Elong. 
(%) 

42.0 

54.0 

54.0 

41 .2 

49 ,2 

17.8 

RA 
(%) 

44 .8 

52.9 

57.0 

44 .9 

51,4 

27 ,0 

Remiarks 
\ 

V 1/2-in. p la te , as rece ived 

/ 

Same pla te , solution heat t r e a t 2, 100 F , W 

Second pla te , solution heat t r e a t 2, 100 F , 

W . Q , , different chemis t ry 

Q . 
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the effects of hea t t r e a t m e n t and m i c r o s t r u c t u r e on these pa r t i cu la r alloy 

heats appeared n e c e s s a r y , and t es t s of the chromiuin-molybdenum s tee ls 

with var ious heat t r e a tmen t s a r e now being run . F r o m these tes t s in a i r 

and in hel ium, an indicated optimum heat t r ea tmen t will be de termined to 

obtain log s t r e s s v e r s u s log rupture- l i fe c u r v e s . 

The Westinghouse Indus t r ia l Gas Turbine Depar tment i s performing 

comparat ive a i r and hel ium s t r e s s - r u p t u r e t e s t s of turbine blade and disc 

m a t e r i a l s . 

The he l ium-conta inment t e s t sys t em has been completed and the 

exper iments will begin after sys tem checkouts . 

A s e r i e s of t e s t s with control led leve ls of oxygen, ni t rogen, water 

vapor , carbon monoxide, and oil vapor in hel ium a r e scheduled for the 

near future in o rde r to r evea l any g r o s s effects of these impur i t i e s and 

their concentra t ions on the s t r e s s - r u p t u r e life of m a t e r i a l s . 

MODERATOR DEVELOPMENT (W. L . Kosiba) 

During d i scuss ions with graphi te supp l i e r s , i t was l ea rned that one 

of them has had some degree of s u c c e s s in cementing l a rge p ieces of 

g raph i te . Jo in ts which a r e a s s t rong as the pa ren t graphi te body can 

be obtained if g r ea t c a r e i s used in the p r o c e s s . Equally s t rong joints 

have been obtained by mechanica l ly in ter locking the p i ece s , and this i s 

p r e f e r r e d . Cementing is r ecommended only a s a l a s t r e s o r t because 

the cement layer i s about 15 jn i l s thick and con t rac t s 4 to 6 m i l s when 

f i red, which m a k e s i t difficult to main ta in c lose t o l e r a n c e s . The machining 

c h a r a c t e r i s t i c s of the cement bond a r e the same a s those for the b a s e 

m a t e r i a l . 

The a rch - type support s t ruc tu re that has been suggested as one core 

design i s feasible and can be made in the s ize that i s r e qu i r e d . This could 

be made out of sec t ions cemented toge ther . One graphi te supplier has had 

exper ience in making s i m i l a r s t r u c t u r e s . H igh- s t r eng th graphi tes a r e not 
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made by any special p r o c e s s by National Carbon, but a r e selected p ieces 

from s tandard g rades . Small p ieces a r e readily available; l a rge pieces 

a r e a l so avai lablej but an added cost is incur red because of m o r e involved 

select ion and inspect ion. Another supplier makes h igh-s t rength graphite 

by a special p r o c e s s and some of our crude tes t s show that they have 

achieved a 5 ,000-ps i tensi le s t rength; this value, however , is quest ionable. 

Tensi le s t rengths of 2, 000 to 2, 500 psi have been achieved by graphitizing 

at lower t empera tu res„ The cost of h igh-s t rength graphite is unknown at 

presents The t he rma l expansion coefficient of h igh-s t rength graphite is 

about twice that of n o r m a l - g r a d e graphi tes , 

CORROSION AND MASS TRANSPORT TESTS IN HELIUM (J„ C. Bokros 
and H. E„ Shoemaker) 

The major reac t ion which might cause m a s s t r anspor t in the reac tor 

is oxidation of carbon in the r eac to r co re . This would form carbon monoxide 

which m a y par t i a l ly d ispropor t ionate in the cooler regions of the r eac to r to 

deposi t free carbon and thus leave carbon dioxide, which may further 

oxidize the c o r e . 

The f i rs t exper imen t s were therefore designed to study these reac t ions , 

together with the co r ros ion of var ious m e t a l s which may be p re sen t in the 

r e a c t o r . 

The appara tus cons t ruc ted for this investigation is shown in F ig . 4 , 8 . 

With this sys t em, it is poss ible to pass hel ium tes t gas through a t i tanium 

and a uran ium t r a p to remove the oxidizing impur i t i e s , A t r ace impur i ty 

m a y then be added to the pure he l ium through the controlled leak. The 

exhaust gas bubbles out through a m e r c u r y bubble t rap and thus a positive 

p r e s s u r e of 1 to 2 ps i is main ta ined in the sys tem. Each quar tz chamber 

is heated in a r e s i s t ance furnace with the t empera tu re mainta ined by a 

con t ro l l e r . Two r e c o r d e r s a r e used to m e a s u r e the t empera tu re at 

numerous points in the tubes . 
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Fig . 4 . 8 - -Schemat ic d i ag ram of appara tus for tes t ing he l ium impur i ty 
reac t ions with graphi te and meta l 
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The me ta l s tes ted were those of i n t e r e s t for such applications as fuel 

cladding, turbine b l ades , e t c . , and included niobium and niobium al loys , 

nickel and nickel a l loys , an austeni t ic s ta in less s teel , and a fe r r i t i c s ta in­

l e s s s tee l . The samples were p r epa red by rolling the meta l into sheets 

l e s s than 30 mi l s thick. 

The graphite used in these t e s t s was all machined from AGOT 

graphi te ; the he l ium used was Bureau of Mines grade A (99.995% pure 

p r io r to the h o t - t r a p purification); and the carbon dioxide used as a 

contaminant was welding g rade , 99.9% p u r e . 

The chemica l ana lyses were conducted with a B u r r e l l Model K-2 

Kromotog gas ch roma tograph . The inlet hel ium was found to contain 

t r a c e s of neon and hydrogen, 200 tlOO ppm of oxygen, and 200 tlOO ppm 

of n i t rogen . After pass ing the hel ium through the hot t r a p s , it was 

imposs ib le to detect , with any degree of accuracy , the remaining impuri t ie 

The total oxidizing impur i ty was only a few p a r t s per mi l l ion . The major 

difficulty in the ana lys i s was that the argon comes out with the oxygen, so 

that the effect of the two i s r e co rded s imultaneously, and thus it was 

imposs ib le to achieve any high degree of accuracy for oxygen analys is in 

the low ppm r a n g e . 

The chemica l ana lyses of the g a s e s were not p r e c i s e enough to 

p e r m i t a m a t e r i a l ba l ance . They did show, however , that the exhaust 

carbon monoxide concentra t ion was approximately twice the inlet carbon 

dioxide concentra t ion, which was 80 i 2 0 ppm, indicating that any loss of 

oxygen due to reac t ion with the m e t a l s was not g rea t enough to a l te r the 

impur i ty level in the g a s . No carbon dioxide was detected in the exhaust 

g a s . The absence of carbon dioxide indicated that the quench of the ex­

haus t g a s e s was too rapid to p e r m i t the disproport ionat ion of the carbon 

monoxide to deposi t carbon in detectable quant i t ies . An inlet and exhaust 

concentra t ion of 5 i'2 ppm N was observed with no apparent change in 

concent ra t ion . 
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The weight changes of the m a t e r i a l s a r e the most significant r e su l t s 

at this t ime . Since the surface a r e a calculated from the graphi te dimensions 

would not be the actual avai lable surface a r e a of the graphi te , the weight 

loss was deternained in mi l l i g r ams per g r a m r a the r than m i l l i g r a m s per 

square cen t imete r . The sample - tes t ing space was divided into four a r e a s 

with Zone 1 at the gas inlet and Zone 4 at the exhaust. The weight l o s se s 

of the samples w^ere then plotted to show the difference in co r ros ion re la t ive 

to the p lacement of the sample in the chamber . 

At 1,700 F , the weight l o s s of the graphi te discs was fa i r ly uniform 

throughout the tubes . This l o s s amounted to approximate ly 0. 2 m g / g in 

500 h r . At 1,500 F , the weight l o s s of the graphite was high at the inlet 

and approached equi l ibr ium at the end of Zone 2. This was the middle of 

the reac t ion chamber , so the a t m o s p h e r e would have been somewhat 

oxidizing in the f i r s t two zones . The weight l o s s e s a r e plotted in F ig . 4. 9 

for the chamber containing the niobium samples and in Fig . 4. 10 for the 

chamber containing the nickel s amp le s . At 1,700 F , the per fora ted 

graphi te plugs at the inlet to the graphi te cyl inders accounted for near ly 

75% of the weight l o s s of the graphi te in the sys tem. These plugs had an 

ave rage weight loss of 2 m g / g in 500 h r . The oxidation of carbon was 

obviously much slower at 1,500 F , a s these porous plugs accounted for 

l e s s than 25% of the total graphi te weight l o s s . These plugs had an ave rage 

weight l o s s of only 0. 3 m g / g in 500 h r . Disproport ion of carbon monoxide 

to carbon dioxide plus carbon was not obse rved at the exhaust of any of the 

c h a m b e r s . This was in a g r e e m e n t with the gas ana lys i s and indicated that 

the quench was too rapid to pe rmi t a detectable amount of the reac t ion . 

The weight gains of the meta l s amples a r e plotted in F i g s . 4. 11 

through 4. 24. Each line indicates the zone in which the sample was tes ted . 

Zone i was at the gas inlet end of the reac t ion chamber and the zones run 

consecutively to the exhaust . Each figure contains two unconnected points . 

One of these points indicates the weight gain of a sample at 100 h r , at 

•which t ime it was removed for ana lys i s and meta l lography , and the 400-hr 

point i s for the sample which r ep laced it in the reac t ion chamber . 
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Fig . 4 . 9—Graphite weight l o s s at 1,500 F in hel ium and 
carbon oxides (average of 12 points) . Niobium cladding 



84 

m 
o 

X 

5 

2 3 
SAMPLE PLACEMENT (ZONE) 

Fig . 4 . 10- -Graph i te weight l o s s at 1,500 F in he l ium and 
carbon oxides (average of 24 points) . Nickel cladding 
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Fig , 4. 19--Weight gain v e r s u s t ime F ig . 4, 20--Weight gain v e r s u s t ime 
for Inconel X in hel ium -f 2 x 10""* a tm for niobium in hel ium -f 2 x 10" a tm 

P c o + 2 Pcoz^* ^'^0° ^ PcO + 2 PcOz^t 1»^°^ ^ 

Fig , 4 . 21--.Weight gain v e r s u s t ime 
for Inconel X in hel ium + 2 x 10" a t m 

Pr^r^ + 2 P c 0 2 ^* IjTOO^F CO 

Fig . 4 .22- -Weigh t gain v e r s u s tim.e 
for Inconel in hel ium + 2 x lO"'* a tm 

'C02 PcO + 2 ^r.n. at 1,700 F 
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TIME (Htll 

ZONE 4-»c 
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Fig . 4 . 23--Weight gain v e r s u s t ime F ig . 4. 24--Weight gain v e r s u s t ime 
for Type 316 s ta in less s tee l in he l ium for " A " n i c k e l i n h e l i u m + 2 x 10" a t m 

+ 2 x l O - * a t m P c o + 2 ^002^*^*'^°° ^ PCO + 2 PCOo at 1,700 F 

Samples of Duranickel and Monel w e r e added to the tubes containing 

the nickel s a m p l e s . The weight changes of these samples a r e given in 

Table 4 . 8 . 

Table 4 . 8 

WEIGHT GAINS IN HELIUM PLUS 200 P P M CO FOR 400-HR TEST 

(In m i l l i g r a m s per square cen t imete r ) 

Sample 

Monel J 

Duran icke l i 

Test ing 

1,700 
1,500 

1,700 
1,500 

. . . 

Zone 1 

-0 .213 
- 0 . 0 4 5 

0. 153 
0.585 

Zone 2 

-0 .177 
- 0 , 120 

0. 120 
0.336 

Zone 3 

-0 .179 
- 0 . 2 1 6 

0 .455 
0.177 

Zone 4 

-0 .164 
-0 .069 

0.242 
0.112 
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No detectable dimensional changes were observed for any of the 

m a t e r i a l s . The chemical ana lyses of the meta l samples have not been 

completed. X - r a y analyses of the niobium samples indicated the formation 

of NbCs and meta l lographic examination has been s ta r ted . 

Expe r imen t s will be conducted in which the exhaust gas will be cooled 

slowly a t carbon monoxide levels of 1% and 100% to de termine both the 

catalyt ic effect of var ious m e t a l s on the carbon monoxide disproport ionat ion 

and the optimum t e m p e r a t u r e a t which this react ion o c c u r s . 

E F F E C T S OF IRRADIATION ON CORROSION BY COOLANT OR COOLANT-
CARRIED IMPURITIES (W. L . Kosiba and C, R. Mungle) 

P r e l i m i n a r y work was pe r fo rmed to de te rmine the mos t feasible 

exper imenta l a r r a n g e m e n t for the g raph i t e -me ta l -he l ium sys tem. Two 

exper imenta l a r r a n g e m e n t s were considered; (1) a s t ra ight tube and (2) 

a c i r cu l a r t h e r m a l convection h a r p (a to rus ) . After some analyt ical 

cons ide ra t ions , the convection h a r p appeared to have the mos t advantages . 

Severa l fea tures of the tes t capsule requi re some discuss ion. The 

thermocouples do not " s e e " the in te rna l to rus t e m p e r a t u r e s . ThuSj, it 

was decided not to pene t ra te the quar tz wal ls with the rmocouples . This 

would avoid complicat ing the to rus geomet ry . The space r s used to 

separa te the me ta l spec imens in the to rus will be qua r t z . The four tor i 

a r e loosely supported on the heat b a r r i e r and will be removed in one piece 

from the outer shel l for the ho t -ce l l examinat ion. 

As p a r t of a br ief bench study of graphi te outgassing in p repara t ion 

for the i r r ad i a t i on exper iments it was found, in ag reemen t with the expe r i ­

ence at Genera l Atomic , that he l ium will fi l ter through fused quar tz . At 

1, 500 F , a quar tz tube having a l / l 6 - i n . -thick wall and approximately 

0 .4 in. ID allowed 35% of the init ial he l ium at 1 a tm to escape in 64 h r . 

In the same quar tz tube at 800 F , 3% of the hel ium escaped in 32 h r . 
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Some information has been obtained at BMI on the outgassing of 

graphite spec imens 3/4 in. OD by 4 in, long cut from ba r stock. After 

the specimen in the quartz tube was vacuum-outgassed for 48 hr at 1,000 F , 

the specimen was heated to 1, 500 F in 1 a tm of tank helium and samples of 

the hel ium were analyzed with a m a s s s p e c t r o m e t e r . When very dilute 

ni t rogen and carbon raonoxide impur i t i e s a r e p resen t , each impur i ty is 

not readi ly dist inguishable in the BMI m a s s s p e c t r o m e t e r . The re fo re , 

all n i t rogen concentra t ions repor ted include a smal l (relat ive to n i t rogen) , 

but unknown, carbon monoxide contr ibut ion. The l a rge s t impur i ty in the 

tank supply was 0.06 vol-% ni t rogen, together with 0 .02 , 0 .02 , 0 .003 , and 

0 .01 vol-% of H , CO , O , CO, and H O , respec t ive ly , which a r e the 

l imi ts of sensi t ivi ty in our routine m a s s spec t rome t ry . After a 24-hr 

exposure of the graphi te , the ni t rogen content i nc reased to 0.26 vol-% 

and did not change after an addit ional exposure of 62 h r . During these 

two hea t t r e a t m e n t s , concentra t ions of the other impur i t i e s did not exceed 

the l imi t s of sensi t ivi ty l i s ted above. If a plateau concentrat ion of n i t rogen 

i s verif ied in the next i nc remen ta l exposure (100 h r ) , i t i s planned to stop 

this exper iment and repea t i t with a f resh graphi te specimen and a z i rconium 

foil in the quartz tube. The r e s u l t s obtained so far in this phase of the 

p r o g r a m indicate that in-pi le r e l e a s e of gases f rom vacuum-outgassed 

graphite will make a significant contribution to the capsule i m p u r i t i e s . 

To m e a s u r e the in tegra ted fas t -neu t ron exposure in the i r r ad ia t ion 

exper iment , nickel w i r e s will be located on the hea t b a r r i e r . To supplement 

this information, fas t -neu t ron and g a m m a - r a y intensi ty in the empty core 

posit ion will be m e a s u r e d before the capsule i s i r r a d i a t e d . The total 

radia t ion rece ived by the graphi te can be e s t ima ted with adequate p rec i s ion 

by using these dos imet ry p r o c e d u r e s . 

Graphi te spec imens wil l be machined from the graphite b a r supplied 

by Genera l Atomic . The m e t a l spec imens will be nickel , Monel , niobium 

+ 1% Z r , and Types 316 and 446 s t a in less s t ee l . 
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A crude m e a s u r e m e n t of the t ime requi red for the helium to make 

one complete cycle around the to rus was made by investigating convective 

gas flow in a s imple g lass mockup of the t o r u s . The BMI es t imate for 

the loaded to rus is 2 min . 

Severa l to r i and spec imen p a r a m e t e r s which a r e of i n t e r e s t a r e 

l i s ted in Table 4 . 9 . A to rus volume has been selected which is one-tenth 
3 

the volume (25.9 in, ) of the s t ra ight - tube capsules previously used. 

Reductions by this factor w e r e made in the weights and volumes of the 

graphi te and in the a r e a s of the me ta l spec imens , but not in the weights 

and volumes of the me ta l spec imens . 

Table 4 , 9 

TORUS AND SPECIMEN PARAMETERS 

3 
Volume of empty t o ru s , in . . . . . . . 2 .58 
Inside surface a r e a of 

empty t o r u s , in . . . . . . . . . . . . . 20 
Torus (OD), in. . . . . . . . . . . . . . . 0 .5 
To rus wall th ickness , m m . . . . , , . 1.5 
Volume of graphi te spec imen, in. ^ . . 0.2 
Surface a r e a of graphi te spec imen 

(minus center l ine hole) , in.'^ , , . , , 2 .27 
Weight of graphi te spec imen, g . . . . 5.5 
Graphi te dim.ensions (nominal) , in . . 1/4 OD x 0.078 ID x 4 long 
A r e a of m e t a l spec imen 

(both s ides ) , i n . ^ . . . . . . . . . . . . 0 ,06 
Hel ium p r e s s u r e at t e m p e r a t u r e , a tm 1 

The four tor i have been completed at BMI and a r e scheduled to be 

placed in the r e a c t o r during the f i r s t p a r t of Apr i l . 

The graphi te spec imens w e r e vacuurr^-outgassed at 1,000 F for 

48 h r . Whenever poss ib le , both before and during to rus loading, the 

outgassed graphi te spec imens a r e s to red and handled in he l ium. The 

m e t a l spec imens were cut f rom a s - r e c e i v e d sheet s tock. P r i o r to torus 

loading, the spec imens w e r e deg reased with carbon t e t r ach lo r ide . 
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A few changes have been made in the capsule to improve t he rma l 

pe r fo rmance . Two semicyl indr ica l h e a t e r s a re separa ted from the outer 

capsule shell by a hel ium gap. A l / l 6 - i n , plate has been placed in the 

gap adjacent to one of the h e a t e r s to reduce this gap from 1/8 in, to I / I 6 in. 

The gap (5/32 in . ) adjacent to the other hea te r r ema ins the s a m e . 

The heat b a r r i e r on which the tor i a r e loosely supported i s a l/l6-in. -

thick n ickel -p la ted s t a in l e s s - s t ee l plate that was polished to a m i r r o r 

finish. Two pla tes have been added on both s ides of this heat b a r r i e r to 

further reduce heat t r ans fe r between the two c o m p a r t m e n t s . These p la tes 

a r e 10 m i l s thick. One is polished s ta in less s teel and the other i s polished 

n icke l . The two pla tes a r e I / I 6 in. apa r t , and the one n e a r e s t the heat 

b a r r i e r i s I / I 6 in. f rom this b a r r i e r . 

The t he rma l mockup data indicate that the 700 F t e m p e r a t u r e differ­

ence can be achieved in the to rus a r m s . Helium circulat ion in the capsule 

body, which would tend to smooth out this t empe ra tu r e gradient , i s avoided 

by packing the a r e a s at the ends of the heat b a r r i e r with quartz wool. The 

capsule i s loaded with 15-psia he l ium at rooixi t e m p e r a t u r e , 

A duplicate se t of tor i a r e being cons t ruc ted at Genera l Atomic to 

s imulate the in-pi le exper iment . S imi la r conditions of t e m p e r a t u r e , 

i m p u r i t i e s , and m a t e r i a l s will be used . 

E F F E C T OF COOLANT AND IMPURITIES IN COOLANT ON MATERIALS 
(J . C. Bokros a n d D . G. Guggisberg) 

Exp lo ra to ry t h e r m a l convection t e s t s were run to de te rmine if 

carbon t r a n s p o r t or ca rbur iza t ion of plant s t ruc tu ra l m a t e r i a l s occurs in 

impure he l ium-graph i t e s y s t e m s , and if they do, how effective get ter ing 

might be for inhibiting these r e a c t i o n s . 

The exper imen t was conducted with appara tus desc r ibed in the 

prev ious qua r t e r ly r e p o r t , GA-744. Quar tz tubes , 80 cm long and 30 m m 

ID, w e r e used to contain the s p e c i m e n s . They were loaded a s follows^ 
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Tube 1 

a. Graphite at 775° to 810°C, 

b . Graphite at 365° to 590°C, 

c . Helium at 1/2 a tm . 

Tube 2 

a. Graphite at 775° to 810°C, 

b . Graphite at 365° to 590°C, 

c . Zirconium, ge t te r a t 305 to 335 C, 

d. Z i rcon ium get ter a t 775 to 795 C, 

e . Hel ium a t 1/2 a t m . 

Tube 3 

a. Graphi te at 775° to 810°C, 

b . Graphi te at 365° to 590°C, 

c . Meta l (430 and 316 SS, Inconel , Nb, and Nb + 1% Zr) at 810°C, 

d. Meta l (430 and 3 l6 SS, Inconel , Nb, and Nb + 1% Zr ) a t 560° to 63 5°C, 

e . Hel ium a t 1/2 a t m . 

Tube 4 

a. Graphi te at 77 5° to 810°C, 

b . Graphite at 365° to 590°C, 

c . Meta l (430 and 3 l6 SS, Inconel , Nb, and Nb + 1% Zr ) at 560° to 635°C, 

d. Meta l (430 and 3 l6 SS, Inconel , Nb, and Nb + 1% Zr) at 810°C, 

e . Z i r con ium ge t te r a t 305 to 335 C, 

f. Z i rconiura ge t te r a t 775 to 795 C, 

g. Hel ium a t 1/2 a t m . 

The durat ion of the exper imen t was 1,000 h r . The re was no evidence 

of carbon depos i t s in the q u a r t z . The weight changes of the graphi te spec i -

inens in each tube a r e shown in Table 4 . 10. There were no dimensional 

changes in the g raph i t e . F i g u r e 4 .25 shows the tube after re inoval from 

the furnace , and F i g . 4 .26 shows a photograph of the me ta l and graphi te 

samples and the z i r con ium ge t te r after r emova l from the quar tz tubes . 
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Fig, 4. 25 - -Qua r t z tube after r emova l f rom furnace 



Fig. 4. 26--Meta l and graphi te samples and zirconixom get ter 
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Table 4 . 10 

WEIGHT CHANGES OF GRAPHITE AND GETTER 

(In mi l l i g r ams) 

Tube No. 

1 
2 
3 
4 

Graphite 
Specimen 

775O-8IOOC 

-15 .6 
-15 .1 
-17 ,0 
-11 .7 

Graphite 
Specimen 

365°-590OC 

- 7 . 2 
- 4 . 5 
- 7 . 6 
- 2 . 5 

Ziirconium 
Getter at 

305°-335°C 

„ „ _ 

Los t 

+0.5 

Zi rconium 
Get ter at 

775°-795°C 

. _ _ 
Los t 

- 1 0 . 4 

The ana lys is of the he l ium from each tube after the t e s t i s shown 

in Table 4 . 11. A m a s s spec t rograph sensi t ive to impur i t i e s in excess 

of 0. 005 mol -% was u sed . 

Table 4 . U 

HELIUM ANALYSIS FROM EACH TUBE 

(In mol-%) 

Tube No. 

1 
2 (get ter) 
3 
4 (get ter) 

Tank ana lys i s 

Hz 
6.77 

2 .65 

T r a c e 

He 

89.10 
100.00 

97.29 
100,00 

99.99+ 

N2 

0. 12 

C O 

4 .01 

0.0004 

CO or N2 

0. 05 

0 .0004 

The weight changes of the m e t a l samples a r e shown in Table 4 . 12. 

A p r e l i m i n a r y me ta l l u rg i ca l examinat ion of the m e t a l s amples exposed 

in the four s tat ic c a r b o n - t r a n s p o r t expe r imen t s indica tes that the impur i t i e s 

p r e s e n t in he l ium (CO and H2) in equi l ibr ium with graphi te ca rbu r i zed 

Inconel , niobium, and niobium + 1% Z r in the unge t te red capsu le , but did 

not c a rbu r i ze these a l loys in the ge t t e red capsu le . H a r d n e s s data ob­

tained on these s amples a r e given in Table 4 . 13. 
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Table 4 . 12 

WEIGHT CHANGES OF METAL SAMPLES 

(In mi l l i g rams) 

Tube No. 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

Mate r i a l 

Niobium 
Nb + 1% Zr 
Inconel 
318 SS 
430 SS 
Niobium 
Nb + 1% Zr 
Inconel 
318 SS 
430 SS 
Niobium 
Nb + 1% Zr 
Inconel 
318 SS 
430 SS 
Niobium 
Nb + 1% Zr 
Inconel 
318 SS 
430 SS 

Area 
(cm^) 

3 . 9 
3 . 8 
3 . 9 
3 . 8 
3 . 7 
3 . 9 
3 . 8 
3 . 9 
3 . 8 
3 . 7 
3 . 9 
3 . 8 
3 , 9 
3 . 8 
3 . 7 
3 . 9 
3 . 8 
3 . 9 
3 . 8 
3 . 7 

Tempera tu re 
_ (°C) 
810 
810 
810 
810 
810 
560 to 635 
560 to 63 5 
560 to 635 
560 to 635 
560 to 635 
810 
810 
810 
810 
810 
560 to 635 
560 to 635 
560 to 635 
560 to 635 
560 to 635 

Total 
Weight 
Change 

+2,6 
+4.7 
+2.3 
+ 1.2 
+0.6 
+ 1.3 
+3.0 
+2.2 
+0»3 
+0.4 
+ 1.3 
+ 1.6 
+0.6 
+2.0 
+0.5 
+0.8 
+0.2 
+0. 1 
+0.2 
+0.5 

M g / c m 

+0.67 
+ 1.24 
+0.59 
+0.32 
+ 1.6 
+0.33 
+0.79 
+0.56 
+0.08 
+0. 11 
+0.33 
+0.42 
+0. 15 
+0.53 
+0. 14 

0.21 
0.05 
0.03 
0.05 
0. 14 

These data show a significant difference in the ha rdnes s of niobium 

and of niobiurn + 1% Zr in the unget tered capsule compared with the get tered 

capsu le . This change is a t t r ibuted to carbur iza t ion and /o r solution of 

impur i t i e s in these metdls . ' The smal l amount of carbur iza t ion observed 

meta l lographiea l ly in Inconel did not affect the ha rdnes s significantly. 

No ca rbur iza t ion was observed in the s ta in less steel exper imen t s . 

After the exper iment , the tubes contained 0. 57 a tm of hel ium (at 

300 C). Ma te r i a l ba lance for each tube, calculated from the gas ana lys i s , 

and the weight change a r e shown in Table 4. 14. 
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The g r a p h i t e s a m p l e s w e i g h e d a b o u t 54 g . T h e w e i g h t c h a n g e s 

u n a c c o u n t e d for a m o u n t to a b o u t 0, 0 1 % and a r e b e l i e v e d to b e i n s i g n i f i c a n t . 

No c a r b o n t r a n s p o r t w a s o b s e r v e d . 

T a b l e 4 . 1 3 

D P H O F S P E C I M E N S E X P O S E D 1, 000 HR 

IN GARB O N - T R A N S P O R T C A P S U L E S 

M a t e r i a l 

Nb 
Nb + 1% Z r 
I n c o n e l 
318 SS 
430 SS 

G e t t e r e d H e l i u m 

H o t Z o n e 
C e n t e r 

165 
189 
189 
213 
183 

E d g e 

162 
277 
203 
197 
192 

C o l d Z o n e 
C e n t e r 

139 
173 
193 
227 
170 

E d g e 

132 
142 
195 
245 
168 

U n g e t t e r e d H e l i u m 

Hot Z o n e 
C e n t e r 

213 
374 
166 
194 
166 

E d g e 

218 
298 
189 
219 
147 

Co ld Zone 
C e n t e r 

171 
165 
177 
188 
228 

E d g e 

153 
182 
188 
205 
192 

T a b l e 4 . 14 

M A T E R I A L B A L A N C E 

(In m i l l i g r a m s ) 

Tube 
N o . 

I 
III 
IV 

M a t e r i a l L o s s 
of G r a p h i t e 

- 2 1 
- 2 5 
- 1 4 

W e i g h t I n c r e a s e 
of I m p u r i t i e s 

i n G a s 

+ 13 
+ 1 

W e i g h t Ga in 
of M e t a l s 

„ „ _ 

+ 19 
+ 8 

W e i g h t G a i n 
of G e t t e r 

— — — 

+ 11 

U n a c c o u n t e c 
F o r 

- 8 
- 6 
+5 
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V. ECONOMIC ANALYSIS 

With the aid of convent ional- tanker cos ts furnished by the Mar i t ime 

Administrat ions a r ev i sed cost compar i son was inade between conventional 

t ankers and nuclear t anker s in the th ree s izes and power ranges suggested 

by the Atomic Energy Coramiss ion and M a r i t i m e Administrat ion* The new 

compar i son showed a slight re la t ive improvement for nuc lear t a n k e r s , 

pa r t i cu la r ly for the l a rge and high-powered ships. Total costs per ton of 

cargo c a r r i e d a r e shown in Table 5, 1 for the New York- to-Kuwai t round 

t r ip . In this compar i son , the capital cha rges a r e taken at 8. 5% of init ial 

cost. P r e s e n t e s t ima ted cos t s for nuclear t anker s a r e somewhat higher 

than cos ts for conventional ships . Also, these costs do not include profit , 

and al lowance for th is factor would tend to penal ize nuc lear sh ips , s ince 

they r e p r e s e n t a h igher init ial inves tment . 

Economic s tudies a r e continuing with the objective of de termining 

the opt imum size and power r anges for both nuclear and conventional ships. 

Table 5. 1 

COST OF SHIPPING" 

($/ ton cargo) 

Type 

Conventional ship 
Nuclear ship, p r e s e n t design 
Nuclear ship, advanced design 

38, 000 dwt 

20, 000 shp 

13. 39 
14.45 
12. 85 

60, 000 dwt 

27,500 shp 

10. 82 
11. 24 
10. 00 

100,000 dwt 

55 ,000 shp 

9 .40 
9 .63 
8. 35 

New York to Kuwait and r e t u r n , via Suez in ba l las t , via Cape of 
Good Hope loaded (20, 000 naut ical m i l e s round t r ip) . 

100 



VI. ADVANCED-DESIGN POWER PLANTS 

A study of bery l l ium ox ide -modera t ed r eac to r s was init iated during 

the qua r t e r as an advance-planning effort. 

The use of bery l l ium oxide as a modera to r in a homogeneous or 

semihomogeneous design affords g r e a t e r safety in the event of a coolant 

p r e s s u r e loss than is afforded by the use of a graphi te mode ra to r , because 

(1) bery l l ium oxide has a higher volumetr ic heat capacity than graphi te , 

(2) it does not burn when exposed to a i r , and (3) it r e t a ins fission products . 

Also, because i ts slowing-down power is super ior to that of graphi te , the 

use of be ry l l ium oxide m a k e s it poss ib le to design t he rma l or ep i thermal 

r e a c t o r s of sma l l e r dianaeter than the presen t ly anticipated graphi te -

m o d e r a t e d MGCR. 

The f i r s t of these potent ial advantages is of i n t e re s t for a second-

genera t ion co re design for the MGCR. The second advantage is of i n t e r e s t 

for other applicat ions that r e q u i r e sma l l e r and l ighter r e a c t o r s . Work 

during the qua r t e r was confined to the investigation of bery l l ium oxide for 

second-genera t ion MGCR c o r e s , but work on sma l l e r co res is planned for 

the future. 

REVIEW AND INTERPRETATION OF LITERATURE ON BERYLLIA 
PROPERTIES 

A survey of the unclass i f ied l i t e r a t u r e on bery l l ium oxide and on 

UO_-fueled bery l l ium oxide was made . Data were found on t h e r m a l 

conductivity, t he rma l - expans ion coefficient, tensi le s t rength, and c reep 

s t rength as functions of t e m p e r a t u r e . A l imi ted amount of data was also 

found on the effect of radia t ion on t h e r m a l conductivity, d imensional 

s tabil i ty, and compres s ive s t rength. One re fe rence was found which gave 

informat ion on the abil i ty of fueled berylli-um oxide to r e t a in f ission g a s e s . 

The data on t h e r m a l conductivity and i t s d e c r e a s e under radia t ion have 

101 
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par t i cu la r significance for the design of a bery l l ium oxide-modera ted and 

uran ia -bery l l i a - fue led r eac to r . Some of this information is p resen ted in 

Tables 6. 1 and 6, 2. In terpre ta t ion of these data for design usage is 

Table 6. 1 

THERMAL CONDUCTIVITY OF PURE BeO 

AS A FUNCTION OF TEMPERATURE" 

T e m p e r a t u r e Conductivity 

(°C) [Cal / ( °C)(cm )(sec)] 

400 . . . . . . . . . . . . . . . . . . . 0. 166 
600 . . . . . . . . . . . . . . . . . . . 0. 091 
800 . . . . . . . . . . . . . . . . . . . 0. 070 

1,000 . . . . . . . . . . . . . . . . . . . 0. 046 
1,200 . . . . . . . . . . . . . . . . . . . 0. 040 

Data taken from Berna rd Schwartz, 
Beryl l ia , Its Phys ica l P r o p e r t i e s at Elevated 
T e m p e r a t u r e s , Repor t MIT-1083 , Massachuse t t s 
Insti tute of Technology, F e b r u a r y 27, 1952. 

difficult, because the i r r ad ia t ions w e r e c a r r i e d out at lower t e m p e r a t u r e s 

than those which would exist in the hot ter reg ions of the r eac to r . The 

following observa t ions concerning the data w e r e used as a bas i s for e s t i ­

mating conductivit ies in the r e a c t o r ; 

1. T h e r m a l r e s i s t a n c e tends to i n c r e a s e rapidly with r e s p e c t to 

in tegra ted flux to a level of five or six t i m e s the un i r r ad ia t ed 

value and tends to i n c r e a s e at a slow r a t e thereaf te r . 

2. P a r t of the i n c r e a s e d t h e r m a l r e s i s t a n c e of the be ry l l ium oxide 

can be "annealed out" after i r r ad i a t i on by a few hours exposure 

to t e m p e r a t u r e s of 600 C or above. 

3. The maximuin d e c r e a s e in t h e r m a l r e s i s t a n c e i s achieved by a 

7 -hr exposure at 1^000 C. Longer t i m e s and higher t e m p e r a t u r e s 

do not fur ther r educe the t h e r m a l r e s i s t a n c e below 2. 5 t imes i t s 

un i r r ad i a t ed value. 



Table 6. 2 

E F F E C T OF RADIATION EXPOSURE ON CONDUCTIVITY OF F U E L E D BeO ' 

Wt-% 
UO2 in BeO 

0 
2 
10 
0 
2 
10 
10 
0 
2 
10 
10 

Densi ty 

2 .9 
2 .85 
2. 85 
2. 9 
2. 85 
3. 01 
2. 85 
2 .9 
2 .85 
3. 01 
2. 85 

I r r a d i a t i o n 
T e m p e r a t u r e 

(°C) 
40 
40 
40 
40 
250 
250 
250 
40 
650 to 700 
650 to 700 
650 to 700 

E x p o s u r e 
(MWD/aT) 

54 .4 
5 4 . 4 
54 .4 
109 
i09 
109 
109 
219 
219 
219 
219 

In t eg ra t ed 
F lux 
(nvt) 

3. 2 X 10^*^ 
3 . 2 x l 0 l 9 

.__ 
7 . 8 X 10^^ 
6 .6 X 10^^ 
6. 6 X 10^*^ 

1 . 3 1 x l 0 f 
1. 15 X 1 0 ^ 
1. 15 X 10^° 

^235 

Burnup 
(%) 

1.75 
1. 77 

4. 23 
3 .6 
3 .6 

7 . 2 
6 .2 
6 .2 

Tota l 
Atoms 

F i s s i o n e d 
(%) 

0. 0005 
0. 00027 

0. 00122 
0. 0056 
0. 0056 

0. 00204 
0. 00962 
0. 00962 

Rat io of 
T h e r m a l 

R e s i s t i v i t y , 

RA/RB+ 
1 'i'i 

5 
4 
1 
4 
6 
4 
1 

6 
6 
5 

74 
14 
46 
65 
04 
65 
62 
56 
16 
66 

Note: Effects on P o s t - I r r a d i a t i o n Annealing on P u r e and Fue l ed BeO T h e r m a l Conductivi ty 
1. Annealing of lO-wt-% UO2 s p e c i m e n s exposed for 219 M W D / a T for 7 h r at 1,000 C r e d u c e d the r a t io of 
t h e r m a l r e s i s t i v i t y after i r r a d i a t i o n to t h e r m a l r e s i s t i v i t y before i r r a d i a t i o n f rom 6. 75 to 2. 5. 
2. Annealing for longer p e r i o d s than 7 hr or at h igher t e m p e r a t u r e s p roduced no signif icant fu r ther 
d e c r e a s e in t h e r m a l r e s i s t a n c e . 
3. Anneal ing of pu re BeO s p e c i m e n s for 1. 5 h r at 900°C r e s t o r e d p r e - i r r a d i a t i o n t h e r m a l r e s i s t a n c e . 
4. T h r e s h o l d t e m p e r a t u r e for anneal ing effects was app rox ima te ly 600°C. 

' 'Data taken f rom J. R. Gi lbrea th and O. C. Simpson, "The Effect of R e a c t o r I r r a d i a t i o n on the 
P h y s i c a l P r o p e r t i e s of Be ry l l i um, " R e p o r t P / 6 2 1 , Second United Nat ions Conference on the Peacefu l 
Uses of Atomic E n e r g y , United Na t ions , Geneva, 1958. 

'RJV is t h e r m a l r e s i s t i v i t y after i r r ad i a t i on ; R g is t h e r m a l r e s i s t i v i t y before i r r a d i a t i o n . 
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It was a s sumed that at 1,000 C, the annealing was sufficiently rapid to r e su l t 

in a t he rma l r e s i s t a n c e of 2, 5 tiaxies the un i r rad ia ted value. At 600 C and 

at lower t e m p e r a t u r e s , it was a s sumed that no annealing occu r r ed and that 

the t h e r m a l r e s i s t a n c e was 6. 0 t imes the un i r rad ia ted value. A curve was 

faired between 1/6 the un i r rad ia ted conductivity at 600 C and 1/2. 5 the 

un i r rad ia ted conductivity at 1,000 C. The conductivity i s approximately 

constant at 3. 3 Btu/(hr)(ft)( F | along this curve. Fo r unfueled bery l l ium 

oxide, a conductivity of 60% of the un i r r ad ia t ed value was a s sumed below 

600 Cs a value equal to the un i r r ad ia t ed value above 900 C, and a faired 

t rans i t ion was a s s u m e d between 600 and 900 C. 

It should be noted that the data given in Table 6, 2 a r e for u ran ium 

oxide pa r t i c l e s izes of Zji or l e s s . It is ent i re ly poss ib le that much sma l l e r 

effects of radia t ion would be encountered if u ran ium oxide p a r t i c l e s having 

a size of the o rde r of 100 /i we re used. In that event, the l igaments of 

bery l l ium oxide between p a r t i c l e s of u ran ium oxide would be too thick to 

be pene t ra ted by f ission f ragments . 

The data on f i s s ion-gas re ten t ion that a r e s u m m a r i z e d in Table 6. 3 

have an impor tan t bear ing on the feasibi l i ty of a r e a c t o r employing a l a rge 

volume of clad bery l l ium ox ide -u ran ium oxide as fuel. The r e fe rence on 

which Table 6, 3 is based de r ive s the diffusion coefficients tabulated f rom 

m e a s u r e m e n t s of f i s s ion-gas r e l e a s e . To extend these data to the t e m p e r ­

a tu re s that would ex is t in the r e a c t o r , the Eyr ing r a t e equation was fitted 

to the data, as indicated in Table 6. 3. 

The data given in Table 6. 3 a r e for fueled be ry l l ium oxide compacts 

fabr ica ted in 1947. With new techniques , dense r be ry l l ium oxide compacts 

that w^ould contain fewer flaw^s and a m o r e uniform fuel d is t r ibut ion can be 

fabr icated. T h e r e is every r e a s o n to bel ieve that be t t e r compac t s would 

reduce the lo s s of f i ss ion gas . 
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Table 6. 3 

FISSION-GAS RETENTION CAPABILITY OF FUELED BERYLLIUM O X I D E " 

(90% BeO - 10% UO2) 

Density 
(g /cm^) 

3. 1 
3. 1 
3. 1 
3. 1 
3. 1 
0. 5 
2 .7 
2 .9 

Annealing 
T e m p e r a t u r e 

(°C) 
1,000 
1,100 
1,200 
1,325 
1'. 450 

100 
1,000 
1,000 

Xe Diffused Out 
in 3 h r 

(%) 

0. 1 
0.4 
0.4 
0. 5 
1.4 
0.8 
0.9 
0.8 

Log Diffusion 
Coefficient 

-10. 00 
- 8. 52 
- 8,70 
- 8.48 
- 7 .70 

Log Diffusion Co­
efficient P red ic ted by 
0. 136 e [ ( - 2 6 , 5 0 0 ) / T 

-9 .92 
-9 . 24 
-8 .70 
- 8 . 95 
-7 . 52 

J. E. Wilson, Diffusion of F i s s ion Produc t s frora Beryl l ia 
Fuel Rod M a t e r i a l , Argonne National Labora tory , Repor t CT-3765, 
January 17, 1947, 

CONCEPTUAL DESIGN 

The conceptual design was l a rge ly de te rmined (1) by the necess i ty 

for l imit ing the volume of s ta in less s tee l in the core to about 2% in o rde r 

to r e t a in the nuc lea r advantages of be ry l l ium oxide a s a modera to r and 

(2) by the necess i ty for l imit ing the t e m p e r a t u r e of the cladding to 2,000 F 

following los s of coolant p r e s s u r e . Other f ac to r s , such a s the min imum 

volume of fuel r e q u i r e d to give an adequate negative t e m p e r a t u r e coefficient 

at the end of core life and the maxi raum pe rmi s s ib l e t he rma l s t r e s s e s in 

be ry l l i um oxide, could not be cons idered owing to lack of information. A 

t ime of 2,000 sec af ter shutdown was se lec ted as being adequate to s t a r t 

emergency cooling. Thus , a sur face t e m p e r a t u r e of 2,000 F or l e s s at 

2 ,000 sec was d e s i r e d . The volume fract ion of s t a in less steel was 

de te rmined for given h e a t - t r a n s f e r conditions by specifying a cladding 

th ickness of 0 .010 in . As shown in F ig . 6. 1, the surface t e m p e r a t u r e 

for a given volume fract ion of s t a in le s s s teel i s a t a min imum when the 
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Fig. 6. 1 - - P a r a m e t r i c study of cladding t e m p e r a t u r e s after loss of coolant in 
BeO-moderated r e a c t o r s 
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fueled volume fract ion is between one half and one th i rd . The minimum 

point exceeds 2,000 F when the volume fraction of s ta in less steel i s l e s s 

than 2%. Two per cent s ta in less s teel and one- th i rd fueled volume were 

se lec ted for the conceptual design. An a r r angemen t of 151 hollow hexagonal 

modera to r b locks , each containing 19 fueled beryl l ium oxide rods , 0.8 in. 

OD, was specified for the co re . This a r r angemen t fits into the same space 

a s the proposed MGCR graphi te c o r e s . A conceptual layout study i s in 

p repa ra t ion . 

FUEL-CYCLE COSTS 

A p r o g r a m of calculat ions of neu t ron ics , designed to de te rmine the 

fuel inventor ies and l i fe t imes of comparable bery l l ium oxide-modera ted 

and g raph i t e -mode ra t ed r e a c t o r s , i s in p r o g r e s s . These calculations 

will be used to a r r i v e at compara t ive fuel-cycle c o s t s . F r o m par t ia l 

r e s u l t s , it i s apparen t that the use of berylliunn oxide reduces the amount 

of neu t rons los t by fast l eakage . This advantage may be exploited (1) by 
238 235 

introducing m o r e U into the core for a given m a s s of U , thus r educ ­
ing the enr ichment and inc reas ing the conversion ration and (2) by reducing 

235 
the U inventory. It i s not known whether reduced inventory or reduced 

enr ichment and longer life wil l corapensate for the cost of the be ry l l ium 

oxide r equ i r ed in the fueled region . 

STRUCTURAL PROBLEMS 

St ruc tura l p rob lems a s soc ia t ed with thin cladding affect the feasibil i ty 

of the semihomogeneous be ry l l i um oxide r e a c t o r . The most ser ious problem.s 

a r e cons idered to be (1) rup tu re of the cladding due to f i ss ion-gas p r e s s u r e 

following loss of coolant p r e s s u r e , (2) fai lure of the cladding as a r esu l t 

of the s t ra in cycling caused by the d ispar i ty in the rmal -expans ion coeffi­

cients of the fueled be ry l l i um oxide and the claddings and (3) local buckling 

of the cladding at the end of the fuel rod . 
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An analys is of the f i r s t p rob lem has been made by uti l izing the 

diffusion data p re sen ted in Table 6,3„ In o rde r for a void volume of 1% 

of the core to collect f ission gas j the r equ i red p r e s s u r e a t the hot test 

point i s computed to be only 1 a t m . However , a hel ium p r e s s u r e severa l 

t imes a s g rea t is probably n e c e s s a r y to p r e s e r v e a reasonable t h e r m a l 

bond between the fuel and the cladding. Assuming 4 a t m absolute p r e s s u r e , 

a s t r e s s of 1,800 ps i i s p red ic ted . This s t r e s s i s l e s s than both the shor t -

t ime tens i le and the 1-hr rup tu re s t rengths of AISI Type 310 s ta in less 

s teel j which indica tes that this type of s ta in less s teel probably could be 

used . It i s about equal to the s h o r t - t i m e tens i le s t rength of AISI Type 446 

s ta in less s t ee l , which indicates that th is la t te r type m a t e r i a l probably 

could not be used . 

Analyses of p rob l ems (2) and (3) a r e in p r o g r e s s . 


