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I R R A D I A T I O N - C A P S U L E STUDY O F URANIUM M O N O C A R B I D E 

R o b e r t B . P r i c e ^ Dav id S t a h l , J ulm H. S t a n g , 

and Euge t i e M. S i m o n s 

'^mall c\lindriral spcimenn of enriched uranium carbide were irradiated in 
the MTR Ui, part of a program to evaluate for Itomics International the usefulness of 
manium carbide as a high-temperature fuel for stationary pouer reactors. Detailed 
thermal and nuclear analyses ivere made to arrive at an appropriate capsule design 
on the 6a*!\s of target specimen center-line temperature (-1500 F), specimen surface 
temperature (1100 F), specimen composition (uranium -J w o carbon), and a capsule 
OD of 1.125 in. 

Temperature data from thermocouples inside the capsules indicated that 
five of the six capsules irradiated had operated at close to the design conditions. 
The sixth gave temperatures louer than anticipated, presumably because the 
irradiation ivus conducted ivhere the unperturbed neutron flux was lower than the 
design value of I x 10 nv. Irradiation periods for individual capsules were varied 
to give burnups ranging from 1,000 to 20.000 mv'd't of uranium. Preliminary evi­
dence indicates that this range of burnups uas achieved, even though a detailed 
analysis of uncertainties shows that sizable prediction errors are possible. 

By using temperature and heat-flux data from the actual irradiations to 
estimate effective in-pile specimen thermal conductivities, it teas found that the 
conductivilx did not appear to vary duiing the exposures. 

I N T R O D U C T I O N 

A r a d i a t i o n - e f f e c t s p r o g r a m on u n c l a d , e n r i c h e d , u r a n i u m - c a r b o n a l l o y s a t and 
n e a r the m u n o c a r b i d e (4. 8 w / o c a r b o n ) c o m p o s i t i o n i s b e i n g c o n d u c t e d a t B a t t e l l e 
M e m o r i a l I n s t i t u t e for A t o m i c s I n t e r n a t i o n a l (AI). A s - c a s t u r a n i u n a - c a r b o n s p e c i m e n s ^ 
p r e p a r e d a t B a t t e l l e a s u n c l a d c y l i n d r i c a l s l u g s _, w e r e e n c a p s u l a t e d a n d a r e b e i n g i r ­
r a d i a t e d in the M a t e r i a l s T e s t i n g R e a c t o r ( M T R ) . T h e b u r n u p s d e s i r e d a r e 1^000 to 
2 0 , 0 0 0 M W D / T (2000 lb) of u r a n i u m . C a p s u l e s a r e iden t i f i ed a n d the s p e c i m e n s and 
i r r a d i a t i o n p r o g r a m a r e d e s c r i b e d Curtlier in T a b l e ] . 

T A B L E 1. SUMMARY O F UC I R R A D I A T I O N P R O G R A M 

C a p s u l e 

N o m i n a l C a r b o n 

C o n t e n t of 

S p e c i m e n , w / o 

D e s i r e d B u r n u p , 

M W D / T of u r a n i u m 
M T R 

P o s i t i o n 

A 2 8 N E 

A 2 8 N E 

AZ8SE 

A 2 7 S E 
A 3 ONE 

A 1 3 N E 

M T R C y c l e s 
of 

I r r a d i a t i o n ' ^ / 

1 

6 
12 
24 

6 
6 

BMI-23-1 
BMI-23-2 
BMI-23-3 
BMI-23-4 
BMI-23-5 
BMI-23-6 

5. 0 

5.0 

5.0 

5.0 

4.6 

4.8 

1,000 

5,000 

10,000 

20,000 

5,000 

5,000 

(a) Number of cycles is based on an unperturbed thermal-neutron flux deasiiy of 1,0 x 10-̂  neuTrons/(ciii-)(sec), 
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In designing the c a p s u l e , t e m p e r a t u r e s were a s s u m e d to be 1100 F and 1500 F at 
the spec imen surface and spec imen cen t ra l core_, respec t ive ly . Thermocouples were 
incorpora ted into each capsule to provide data for estinaating these t e m p e r a t u r e s , 
f i s s ion-hea t generat ion r a t e s , and spec imen t h e r m a l conductivity under i r r ad i t i on con­
dit ions. By puncturing the c a p s u l e , the total f i s s ion-gas r e l ea sed can be col lected and 
m e a s u r e d after i r r ad ia t ion . Dos ime t ry is provided to de te rmine the in tegra ted t h e r m a l -
neutron flux rece ived during i r r ad ia t ion . 

This r epo r t p r e s e n t s va r ious deta i l s of the p r o g r a m f rom capsule design to i n t e r ­
pre ta t ion of capsule da t a , including in-pi le theri i ial pe r fo rmance moni tored by t h e r m o ­
couples and in tegra ted spec imen dosage as e s t ima ted f rom reac to r -quo ted flux inforraa-
tion and dos ime t ry . The purpose of ca r ry ing out the var ious data ana lyses is to provide 
a background of information to e s t a b l i s h , with as much p rec i s ion as p o s s i b l e , the sev­
e ra l in-pi le conditions that m u s t be cons idered in the final evaluation of i r r ad i a t i on 
damage to the spec imens . 

PRINCIPAL CAPSULE-DESIGN INFORAiATION 

The capsule design is shown in F igure I. F igure 2 is a view of one capsule p a r ­
t ia l ly a s sembled . As can be s e e n , the capsule design provides for a s ingle-wal l s t r u c ­
tu re with N a K - i m m e r s e d t e s t spec imens s tacked along the capsule ax i s . As d i scussed 
in the ensuing p a r a g r a p h s , the fac tors governing design a r e compatibi l i ty of m a t e r i a l s , 
h e a t - t r a n s f e r and nuc lear c o n s i d e r a t i o n s , f i rm posit ioning of the unclad s p e c i m e n s , 
adequate use of thermocouples and d o s i m e t e r s , and ease of d i s a s s e m b l y in the hot ce l l . 

P r e i r r a d i a t i o n Expe r imen t s 

At the outset of the capsu le -des ign p h a s e , a number of potential difficulties were 
recognized. If the UC spec imens were unusual ly b r i t t l e , they might eas i ly f rac tu re as a 
r e su l t of t he rma l or i-nechanical shock. NaK could not be used with confidence as the 
h e a t - t r a n s f e r medium until t he re was some a s s u r a n c e that t h e r e would be no in terac t ion 
with the UC and the s t ruc tu ra l m e t a l s . The re was a l so the quest ion of whether or not 
common so lven t s , like acetone and carbon t e t r a c h l o r i d e , would r eac t with the UC during 
p r e - and pos t i r r ad ia t ion spec imen cleaning. 

Since l i t t le author i ta t ive information could be found on these i t e m s , s imple expe r i -
nients were conducted. In de termining compat ib i l i ty , UC spec imens were placed in 
niolybdenum and in Type 304 s ta in less s tee l b a s k e t s , sea led into NaK-loaded s ta in less 
s tee l capsules under a hel ium a t m o s p h e r e , and heated in an e l ec t r i c furnace . Tes t con­
ditions and findings a r e s u m m a r i z e d in Table 2. 

Specii-nens exposed in these exper iments re inained intact but showed slight d i s ­
colorat ion at points of contact with the baske t s . They exper ienced smal l weight l o s se s 
(a few mg in 10-g s a m p l e s ) , a s shown in Table 2. However , no m e a s u r a b l e change in 
spec imen densi ty was obse rved , and the re was no evidence of NaK penet ra t ion into the 
spec imen su r faces . 



Section A-A 

Lead tube 

Nakjeygl-

Molybdenum spring-

• Center thermocoupie ploted 
with molybdenum 

UC end block 

UC specimen^, 

^;—Dosimeter wire '""Cut mark 

•jT-n—n-ir-rirM—TT—rr—n—g—>i r> n ,i ii D n i, ,i h>—w 

'i--
All dimensions in inches 

C-33)66 

Al I materials of construction to be 
stainless steel unless otherwise specified 

FIGURE 1. BASIC DESIGN OF CAPSULE FOR THE IRRADIATION 
OF URANIUM MONOCARBIDE 
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Double-sea l thermocouple cap 

I -— Outer capsule body 

— Hanging rods 

Thermocouple pos i t ioner 

__< Molybdenum spring 

— Expanded s ta in less s tee l basket 

Specimens 

Spr ing- loaded c lamshe l l 

Molybdenum spring 

Basket pos i t ioner 
""**"" Bottom center ing spider 

Molybdenum spring 

Bottom end plug 

N56865 

FIGURE 2. VIEW OF PARTIALLY ASSEMBLED CAPSULE 



TABLE 2. UC-NaK COMPATIBILITY TESTS 

Test 

1 

2 

3 

4 

5 

6 

Baske t Mate r ia l 

Type 304 s ta in less s tee l 

Molybdenum 

Molybdenum 

Molybdenum 

Type 304 s ta in less s teel 

Molybdenum 

E x p o s u r e , 
weeks 

2 

2 

2 

6 

12 

12 

T e m p e r a t u r e , 
F 

1100 

1100 

1300 

1300 

1100 

1100 

Weight 
Baske t 

- 0 . 4 

- 0 . 3 

+0 .3 

0 . 0 

(a) 

- 2 . 0 

Change, mg 
Specimen 

- 3 . 6 

- 4 . 5 

- 5 . 5 

- 5 . 6 

-13 .6 

- 2 2 . 4 

(a) Stainless steel baskets became brittle and fragments were lost so that weight changes could not be assessed. Except for 
embrittlemem, the baskets appeared to be unchanged. 

Specimen baske ts were essen t i a l ly unchanged except for the embr i t t l emen t of the 
Type 304 s ta in less s teel baske ts during the 12-week exposure at 1100 F . To explore 
this e m b r i t t l e m e n t , meta l lographic examinat ions were made of the UC spec imens from 
the 12-week exper iments and of samples from the s tee l basket . Resul t s indicated that 
the embr i t t l emen t of the s tee l was probably caused by a carbide prec ip i ta te (Cr4C) at 
the g ra in boundar ies and poss ibly by the formation of an unknown phase at these bound­
a r i e s and along s t r a in l ines within the g r a i n s . It is poss ible that the unknown phase may 
have been s igma or some other embr i t t l ing phase resul t ing f rom diffusion of one of the 
e lements f rom the test ing environment . However , the poss ib i l i ty that the UC contr ibuted 
to the si tuation is t empe red somewhat by the fact that the m i c r o s t r u c t u r e of the surface 
of the UC spec imen examined appeared to be n o r m a l . 

In g e n e r a l , such embr i t t l emen t of unstabi l ized s ta in less s tee l is not su rp r i s ing 
since the t e s t t e m p e r a t u r e , 1100 F , is in the middle of a sensi t iz ing (carbide p rec ip i t a ­
tion) r a n g e , 900 to 1400 F . The use of a s tabi l ized s ta in less s tee l such as Type 347 and 
the el iminat ion of cold working would, of c o u r s e , min imize such a tendency; howeve r . 
Type 304 was used throughout the p r o g r a m . 

In addition to the exper iments with NaK, the compatibi l i ty of UC with var ious l iq­
uids was exaiiiined to de te rmine those suitable for use in p r e i r r a d i a t i o n and p o s t i r r a d i a ­
tion examinat ion. Connpatibility was de te rmined by observing UC spec imens b e f o r e , 
du r ing , and after exposure and by compar ing p r e t e s t and pos t tes t spec imen weights . 
Tes t s were run a t room t e m p e r a t u r e for pe r iods of 1, 3 , and 5 hours with w a t e r , a c e ­
tone , methyl a lcoho l , ethyl a lcoho l , butyl a lcoho l , b e n z e n e , xy lene , k e r o s e n e , CCI4, 
and Zyglo. 

React ions were observed only with wa te r . During the 1-hour exposure gas bubbles 
were evolved f rom the s p e c i m e n , and during the 3-hour exposure some flaking occu r r ed . 
The s p e c i m e n s ' change in weight with l iquids other than wate r was insignificant ( less 
than 1 mg in 10-g samples ) . A l s o , weight changes were insignificant after allowing 
sotTie UC spec imens to stand in a D r i e r i t e des i cca to r for 2 d a y s , for 2 m o n t h s , and a lso 
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after heating for 2 hours and 17 hours in a vacuurn oven at 180 F and 550 mic rons of 
p r e s s u r e . 

In drop t e s t s and t h e r m a l - s h o c k t e s t s , UC spec imens were spr ing loaded in a 
s ta in less s tee l expanded meta l b a s k e t , i m m e r s e d in a liquid m e d i u m , and contained in a 
s ta in less s teel c a p s u l e , as they would be during i r r ad i a t i on in the MTR. Acetone at 
room t e m p e r a t u r e was the liquid medium in the drop t e s t because i ts densi ty and v i s ­
cosi ty a r e sinailar to those of NaK at 1100 F . The capsule was dropped with i ts axis 
hor izonta l onto a concre te floor from heights of 1, 2 , and 3 feet. Then the capsule was 
dropped with the axis ve r t i c a l . The spec imens did not f rac ture during any of these 
mechanica l shocks . 

In the t h e r m a l - s h o c k t e s t , good spec imen shock r e s i s t a n c e was a lso demons t ra ted . 
Two capsules with spec imens i m r a e r s e d in NaK were heated in an e l ec t r i c furnace to 
1300 F and then plunged into r o o m - t e m p e r a t u r e water . This c y c l e , during which the 
capsules cooled to room t e m p e r a t u r e in about 2 m i n u t e s , was repea ted ten t i m e s . 
Radiographs taken after the f i r s t , fifth, and tenth cycle indicated that the spec imens did 
not f r ac tu re . 

T h e r m a l and Nuclear Design 

These nominal values of capsule p a r a m e t e r s were regarding as fixed for t he rma l 
and nuc lea r design: 

Specimen surface tet iaperature — 1100 F 

Specimen composi t ion — u r a n i u m - 5 , 0 w/o carbon* 

Exper imenta l density of u r a n i u m - 5 . 0 w/o carbon — 13. 4 g / cc** 

Capsule she l l , OD (water-contact ing side) — 1. 125 in. 

Capsule s h e l l , ID - 0. 938 in. 

In addition to these fixed spec i f ica t ions , it was des i r ed to main ta in the spec imen 
cen te r - l i ne t e m p e r a t u r e near 1500 F during i r r ad ia t ion . 

The following pa rag raphs desc r ibe the ana lyses made to a r r i v e at capsule specif i­
cations satisfying these var ious init ial s t ipula t ions . A s u m m a r y of design constants 
finally adopted is as follows: 

Specinien d iamete r — 0. 375 in. 

Specimen uranium-235 content — 8. 3 w/o 

Average fuel loading - 1 . 9 g / in . 

Effective neutron flux - 0 .23x10- '^^ nv 

® Specimen compositions of uraiuuui-J.S w/o carbon and inaiiiiuii-4. 8 w/o carbon were also employed. 
**The theoretical dt.nsity of uiani'im-5, *"• w/o carbon is 13, r;3 g/cc. 
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F i s s i o n - h e a t genera t ion ra te -• 6. 4 x 10^ B t u / h r pe r in. of spec imen 

Speciimen cen te r - l i ne t e m p e r a t u r e — 1530 F . 

F i s s i on -Hea t Product ion 

Initial t r i a l h e a t - t r a n s f e r calculat ions and other cons idera t ions including feasibility 
of spec imen fabr ica t ion , indicated that a spec imen 3/8 in. in d i ame te r would provide an 
acceptable s tar t ing point for the t h e r m a l design. With spec imen-su r face t e m p e r a t u r e 
(1100 F) and spec imen d i ame te r (3/8 in. ) f ixed, and an assumed sink t e m p e r a t u r e of 
120 F , a nominal f i s s ion-hea t product ion was found by use of the s tandard equation for 
radia l heat flow in cyl indr ica l geomet ry . 

where 

T = te-mperature level at boundary of i n t e r e s t 

Q = ra t e of radia l heat flow 

r = boundary radius 

k = thernaal conductivity a c r o s s path A - B . 

In using this genera l equat ion, ce r t a in ref inements were de s i r ab l e . These a r e essen­
t ia l ly as follows: 

(1) The capsule c r o s s sect ion was divided into four annular regions 
( spec imen surface to re fe rence thermocouple located adjacent to 
the s p e c i m e n s , r e fe rence therniocouple to inner wall of capsule 
s h e l l , shell wa l l , and outer shell surface to coolant). See F ig ­
u r e 3. Hea t - t r ans f e r calculat ions for each region were based on 
mean constants for that region. 

(2) The poss ible effects of nonradia l hea t flow were cons idered in a 
simplified way by ass igning an a r b i t r a r y value to " e " , which is 
the ra t io of pure rad ia l heat flow through the NaK (from r e f e r ­
ence therniocouple to the thermocouple nea r the inner capsule 

4 

wall) to f i s s ion-hea t genera t ion r a t e , i . e . , T2 - T4 

e Qf,v.„. In ,, i i ss ion •" 2 

27r k2„4 

The ass ignment of nominal values for e posed a vexing ques t ion , 
s ince the complexity of the heat-f low si tuat ion prec luded r igorous 
t r ea tmen t . After appra i sa l of s eve ra l f a c t o r s , including (1) pos ­
s ibi l i t ies for axial heat loss by both conduction and convect ion, 
(2) the fact that the ma in exper imenta l spec imens had a fa i r ly high 
L / D r a t i o , and (3) the p r e s e n c e of pa r t i a l spec imens above and 
.jelow the main spec imens to inhibit axial heat flow, a nominal value 
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T.C. 2 (reference) 

T.C. 4 

Top-specimen 
section 

NoK 

Bottom-specimen 
section 

T.C. 3 (reference) 

Capsule wall 

A-33167 

FIGURE 3. SCHEMATIC DIAGRAM OF CAPSULE SECTIONS AT TOP 
AND BOTTOM SPECIMEN LOCATIONS 
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of 0, 9 w a s s e l e c t e d fo r d e s i g n p u r p o s e s . A s t he i r r a d i a t i o n s h a v e 
p r o g r e s s e d a n d p e r f o r m a n c e d a t a h a v e b e c o m e a v a i l a b l e , i t h a s 
a p p e a r e d t h a t t he v a l u e of 0. 9 m a y h a v e b e e n too h igh . A c t u a l 
v a l u e s d u r i n g i r r a d i a t i o n , h o w e v e r , h a v e b e e n e x t r e m e l y d i f f icul t 
to e v a l u a t e . T h i s s i t u a t i o n i s d e s c r i b e d l a t e r a s a p a r t of the 
i n t e r p r e t a t i o n of i r r a d i a t i o n d a t a . 

A p p l y i n g the r a d i a l - h e a t - f l o w e q u a t i o n w i t h a p p r o p r i a t e c o n s t a n t s fo r t he a p p r o x i ­
m a t e l y a n n u l a r r e g i o n s , t he r e l a t i o n s h i p s h o w n in F i g u r e 4 b e t w e e n n o m i n a l f i s s i o n - h e a t 
g e n e r a t i o n a n d the t e m p e r a t u r e s e n s e d b y the r e f e r e n c e t h e r m o c o u p l e l o c a t e d n e a r the 
s p e c i m e n s u r f a c e w a s e s t a b l i s h e d . S i m i l a r l y , t he r e l a t i o n s h i p b e t w e e n the n o m i n a l 
s p e c i n a e n - s u r f a c e t e m p e r a t u r e (Tg) a n d r e f e r e n c e t h e r m o c o u p l e r e a d i n g w a s o b t a i n e d ; 
i t i s p l o t t e d in F i g u r e 4 a l s o . 

S p e c i n a e n C e n t e r - L i n e T e m p e r a t u r e 

In d e s i g n i n g the c a p s u l e , i n t . r a spec imien t e m p e r a t u r e s w e r e e s t i m a t e d on the b a s i s 
of a t h e r m a l c o n d u c t i v i t y of 14 B t u / ( f t ) ( h r ) ( F ) fo r u r a n i u m - 5 w / o c a r b o n . T h i s i s a n o u t -
o f - p i l e e x p e r i m e n t a l v a l u e * found for a s p e c i m e n m a i n t a i n e d a t 1000 to 1500 F . F o r 
t he d e s i g n f i s s i o n - h e a t g e n e r a t i o n r a t e of 6400 B t u / ( h r ) ( i n . ) , 1100 F s p e c i m e n - s u r f a c e 
t e m p e r a t u r e , a n d a c o n d u c t i v i t y of 14 B t u / ( h r ) ( f t ) ( F ) , t he h e a t - t r a n s f e r e q u a t i o n (Q = 
47rkA T) for i n t e r n a l - h e a t - g e n e r a t i n g c y l i n d e r s y i e l d e d a s p e c i m e n c e n t e r - l i n e t e m p e r a ­
t u r e of 1530 F . T h i s t e m p e r a t u r e w a s r e g a r d e d a s fulf i l l ing t he o r i g i n a l s p e c i f i c a t i o n s . 
F i g u r e 4 a l s o i n c l u d e s the r e f e r e n c e t e m p e r a t u r e - n o m i n a l s p e c i m e n c e n t e r - l i n e t e m ­
p e r a t u r e (T ) r e l a t i o n s h i p d e v e l o p e d on the b a s i s d e s c r i b e d . 

S p e c i n a e n U r a n i u m - 2 3 5 C o n t e n t a n d E f f e c t i v e F l u x 
in the S p e c i m e n 

W i t h t he f i s s i o n - h e a t g e n e r a t i o n r a t e of 6400 B t u / ( h r ) ( i n . ) e s t a b l i s h e d , t he r e m a i n ­
ing p a r a n a e t r i c a d j u s t m e n t w a s t h a t b e t w e e n t h e s p e c i m e n ' s u r a n i u m - 2 3 5 c o n t e n t a n d 
e f f ec t ive f lux in t he s p e c i n a e n . E s s e n t i a l l y , t h e g o v e r n i n g r e l a t i o n s h i p i s 

Q£ = 0g x E X A , 
w h e r e 

Q£ = f i s s i o n - h e a t g e n e r a t i o n r a t e 

<p = s p e c i m e n e f f ec t ive f lux 

E = u r a n i u m - 2 3 5 c o n t e n t 

A = c o n s t a n t i n c o r p o r a t i n g s p e c i m e n w e i g h t , 
u r a n i u n a - U C n a o l e c u l a r - w e i g h t r a t i o , 
A v o g a d r o ' s N u m b e r , f i s s i o n c r o s s s e c ­
t i on of u r a n i u m - 2 3 5 (592 b a r n s p e r a t o m ) , 
a n d h e a t g e n e r a t i o n p e r f i s s i o n (2 . 67 x 
JO" 14 g^^ pgj . f i s s i o n o r 175 M e v / f i s s i o n ) . 

•Secrest, A. C., Jr., Foster, E. L., and Dickerson, R. F., "Preparation and Properties of Uranium Monocarbide Castings", 
BMI-1309, January 2, 1959. 
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Severa l fac tors led to the se lect ion of specific design values for (p^ and E from this 
re la t ionship . The pr inc ipal requirenaent was that the effective flux in the specimen be 
acceptable frona the viewpoint of the avai labi l i ty of high-flux r eac to r space . This led to 
the select ion of a specinaen flux level of 0. 23 x 10^"* nv; the cor responding uraniuna-235 
content was 8. 3 w / o , giving a nominal fuel loading of 1. 9 g of u ran ium-235 pe r inch of 
spec imen. 

Unper turbed Flux Required 

14 A requ i red maperturbed flux sl ightly g r e a t e r than 1. 0 x 10 nv was obtained frona 
the se lec ted effective flux, 0. 23 x 10-^^ n v , through use of the following combination of 
pe r tu rba t ion fac tors : 

where 

- i g X 
<pQ ta (}>^ X £ X. e X 0 . 7 , 

0„ = e f f ec t ive f lux 

<p = u n p e r t u r b e d f lux 

f = B r a d L e w i s p e r t u r b a t i o n f a c t o r * (0. 33 fo r t he 
spec i i i aens c h o s e n ) 

c = c a p s u l e a t t e n u a t i o n f a c t o r b a s e d on s l a b t h e o r y 
(0 . 95 for t he c a p s u l e c o n d i t i o n s c h o s e n ) 

0. 7 = c o r r e c t i o n f a c t o r b a s e d on B a t t e l l e e x p e r i e n c e 
wi th c a p s u l e s i r r a d i a t e d a t the M T R . 

M e c h a n i c a l D e s i g n a n d A s s e m b l y 

S p e c i m e n A s s e m b l y 

A s s h o w n in F i g u r e 1 , t h e fuel s t a c k i n e a c h c a p s u l e c o n s i s t s of f ive u n c l a d UC 
s p e c i n a e n s . Two of t h e s e , t he m a i n e x p e r i m e n t a l s a m p l e s , a r e 2 in . long and a r e 
l o c a t e d in t h e c e n t r a l zone of t h e c a p s u l e . A s p e c i n a e n 1/4 in . long i s p l a c e d a t e a c h 
e n d of t h e s t a c k to n a i n i m i z e t h e r n a a l a n d n u c l e a r end e f f ec t s a n d a s p e c i m e n 1/2 in . long 
s e p a r a t e s t he two f u l l - l e n g t h p i e c e s . T h e 1 / 2 - i n . s p e c i m e n i s h o l l o w e d out to a c c o m ­
m o d a t e a co i l of 1 8 - n a i l - d i a n a e t e r d o s i n a e t e r w i r e . T h e u p p e r 1 /4 - i n . s p e c i m e n p i e c e 
and t he u p p e r f u l l - l e n g t h s p e c i m e n a r e a l s o h o l l o w e d out t o a c c o m m o d a t e a l / l 6 - i n . - O D 
t h e r n a o c o u p l e fo r m e a s u r i n g t h e s p e c i m e n c e n t r a l - c o r e t e i a i p e r a t u r e . T h e h o l e s w e r e 
d r i l l e d u l t r a s o n i c a l l y . 

A n e x p a n d e d - s t a i n l e s s s t e e l b a s k e t i s e ixiployed to r e t a i n t he s p e c i m e n s t a c k . T h e 
b a s k e t a s s e n a b l y i s p o s i t i o n e d r a d i a l l y in t h e c a p s u l e b y a s y s t e m of h a n g i n g r o d s , c e n ­
t e r i n g s p i d e r s , a n d t w o , t h i n , h a l f - c y l i n d e r b a s k e t s h r o u d s , a s shown in F i g u r e 2. A d e ­
q u a t e c l e a r a n c e i s p r o v i d e d b e t w e e n t he b a s k e t a n d the s p e c i m e n s to a l l o w u n r e s t r a i n e d 

*Lewis, W. B. , "Flux Perturbations by Material Under Irradiation", Nucleonics (October, 1955). 
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radial growth of the specinaen during i r r ad ia t ion . As indicated in F igure 1, the spec i ­
men s tack is spring loaded (molybdenum spr ings) at the ends for f i rm posi t ioning, yet 
growth in the axial d i rec t ion can be accommodated . 

The basketed a r r a y a lso provides cushioning agains t physical damage; however , 
the stack is not d is rupted if one or m o r e of the spec imens happens to f r ac tu re . Also of 
impor tance is the easy a c c e s s to the spec imens during disassenably of the capsule after 
i r r ad ia t ion . 

Theri-nocouples 

Six thernaocouples a r e provided in each capsule to moni tor t e m p e r a t u r e s at v a r y ­
ing d is tances f rom the cen te r l ine of the spec imens . The thermocouples a r e l / l 6 - i n . 
OD, a r e sheathed with s ta in less s t e e l , and a r e insula ted with MgO between the 10-mil 
sheath and the 10-mil Chromel and Alumel w i r e s . The thermocouple junctions a r e p r e ­
pa red by fusing the wi res into the sheath in a manne r which fornas a sealed t ip as well 
as a grounded junction. 

As shown by the scheinat ic drawing in F igure 3 , the thernaocouple locat ions a r e as 
follows: 

T . C . 1 - In the hollow of the upper full- length s p e c i m e n , giving an indica­
tion of specinaen c e n t r a l - c o r e t e m p e r a t u r e ( r e f e r r e d to through­
out the r e p o r t as T | ) . Because fuel was removed to accomodate 
this thernaocouple , this t e m p e r a t u r e is sl ightly lower than the 
analytical ly der ived spec imen cen t e r - l i ne t e m p e r a t u r e r e f e r r e d 
to as T^. 

T . C . 2 — In the NaK bath as c lose as poss ib le to the surface of the upper 
full-length s p e c i m e n , about halfway along i t s length. 

T. C. 3 - S imi la r to but 180 deg froiai T. C. 2. During the i r r a d i a t i o n s , the 
readings of T. C. 2 and T. C. 3 were substant ia l ly the s a m e . 

T. C. 4 — In the NaK bath adjacent to T. C. 2 bxit agains t the capsule wall . 

T . C . 5 — Simi la r to T. C. 2 but facing the lower full- length spec imen. 

T . C . 6 - S imi la r to T. C. 4 but adjacent to T. C. 5. 

As indicated p rev ious ly , T. C. 's 2 , 3 , and 5 a r e r ega rded as the re fe rence t h e r m o ­
coup les , and the t e m p e r a t u r e s they naonitored a r e used in the var ious ana lyses of c a p ­
sule t he rma l perfornaance. 

Dos ime t ry 

Smal l -d ianaeter (16 to 25-mil) dos ime te r w i r e s a r e incorpora ted into the capsule 
assenabl ies in th ree locat ions: 
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(1) Axially along the water -contac t ing surface of the capsule body 

(2) Wound sp i ra l ly around the expanded meta l basket 

(3) Coiled into the hollow of the 1/2-in. -long center specinaen. 

Dosinaeter composi t ions were t i t an ium-0 . 58 w/o coba l t , n icke l -0 . 55 w/o coba l t , 
and aluminuna-0. 63 w/o cobalt . 

Loading and A s s e m b l y 

The capsule t o p , with the basketed specinaen a s s e m b l y hanging from i t , was low­
e r e d into the capsule body. The bottona of the capsule body sect ion contained a th readed 
plug provided for NaK loading in a drybox which had been p re -evacua t ed to about 1 m i ­
cron and then filled with hel ium. 

Main c losu re s were He l i a rc welded. The thermocouple sheaths were b razed into 
the heade r s with a n ickel -a l loy b raze having a melt ing tenapera ture in the 1800 F range . 
Leak checks were carefully made of al l welds and b r a z e s by using a heliuna m a s s -
s p e c t r o m e t e r leak de tec tor . 

PLAN OF PRESENTATION OF CAPSULE DATA 

The information der ived froi-n the capsu l e - i r r ad i a t i on data is p resen ted as follows: 

(1) Pe r t inen t p r i m a r y data a r e given. These include c e n t r a l - c o r e t e m p e r a ­
t u r e s (Tj) and r eac to r -quo ted flux levels during individual i r r ad ia t ion 
cycles and avai lable dos inae te r -der ived in t racapsu le fluxes. 

It should be noted that the naass of data frona the re fe rence thernao­
couples (T^ and T5) a r e not p r e sen t ed h e r e i n , s ince these data do not 
r e p r e s e n t actual speci inen t e m p e r a t u r e s of i n t e r e s t but a r e useful only 
as s ta r t ing points in the var ious ana lyses . 

(2) Rcference- thernaocouple data a r e used to es t ima te f i ss ion-hea t g e n e r a ­
tion r a t e s (Qf) and , as a s eque l , Einal spec imen-burnup l eve l s . This 
involves radia l heat t r ans fe r in the capsule regions between the 
reference- thernaocouple locat ions and the r e a c t o r - c o o l a n t - w a t e r heat 
sink. Fitaal spccinaen-burnup levels a r c a l so estii-nated on the bas i s of 
r eac to r -quo ted fluxes and dosinaeter data. 

(3) Using (a) estinaatcd hea t -gene ra t ion r a t e s (frona Itena 2 ) , (b) the r e f e r ­
ence thermocouple da t a , and (c) the h e a t - t r a n s f e r c h a r a c t e r i s t i c s of the 
n a r r o w annulus of NaK separa t ing the re fe rence couple and the specinaen 
s u r f a c e , est inaates a r e made of specinaen-surface t enapera tu rcs . 

(4) By using (a) the es t imated specinaen-surface t e m p e r a t u r e s (Item 3) and 
(b) the t e m p e r a t u r e (T-.) naonitored by the c e n t r a l - c o r e thernaocouple 
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located in the top spec imen in each c a p s u l e , the top - spec imen t e m ­
p e r a t u r e gradients a r e estinaated. T h i s , along with the estinaated 
fi ' i<»i-heat genera t ion r a t e , p e r m i t s an e s t ima te of effective t h e r m a l 
conductivity (for top spec imens only). 

(5) Bottona-specinaen cen te r - l i ne tenapera tures a r e e s t ima ted on the bas i s 
of (a) heat genera t ion r a t e , (b) spec imen- su r f ace t e m p e r a t u r e and 
(c) effective specinaen t h e r m a l conductivity. Since the bottom spec i ­
mens did not contain a c e n t r a l - c o r e theri-nocouple, the value for effec­
tive t he rma l conductivity used is that calcula ted as outlined in I t em 4 
for the top spec imen in the capsu le . 

Included in the d i scuss ion of Itenas 2 , 3 , 4 , and 5 above a r e e s t i m a t e s of the effects of 
var ious uncer ta in t ies that can be assoc ia ted with the governing p a r a m e t e r s . 

CAPSULE-IRRADIATION DATA 

The i r rad ia t ions of Capsules BMI-23-1 and -23-2 were completed ea r l y in 1959, 
those of Capsules BMI-23-3 and -23-5 were completed in S e p t e m b e r , and Capsule BMI-
23-6 was d i scharged in D e c e m b e r , 1959. Capsule BMI-23-4 is scheduled for d i scharge 
in J u n e , I960. 

C a p s u l e - I r r a d i a t i o n - T e m p e r a t u r e His to ry 

Capsule BMI-23-1 

Capsule BMI-23-1 was loaded with 3 /8- in . - d i a m e t e r uraniuna-5 . 0 w/o carbon 
specinaens , as Indicated in Table 3. The capsule was i n se r t ed into MTR Posi t ion A28NE 
during the shutdown for Cycle 107, the cycle last ing 22 days . The capsule was located 
below the rnidplane of the r eac to r c o r e , with the capsule bottona 29 in. frona the top of 
the l a t t i ce . 

T.«LE 3. SPECIMEN DATA FOR CAPSULE BMI-23-1 

Spi.cimem''^) 

Position in Capiiik Fioin the l o p 

SpeciiiRn 1 tngtli in. 

File! Loading, g' l i i . 

Dcitbit} b^ Im'iii-rsioii. g o . 

(a) Atomici Imtrnatioiia! di.agnation. 

Nominal in-pi le tenapera ture levels for this c a p s u l e , as der ived frona r e f e r e n c e -
thermocouple da t a , a r c given in Table 4. Since the r eco rded t e m p e r a t u r e levels fluctu­
ated t o g e t h e r , the genera l t e m p e r a t u r e h i s to ry during the cycle can be desc r ibed by 
t rac ing the tenapera tures indicated by the thernaocouple i n se r t ed into the top spec imen 

!A 

1 

I. 2=.! 

1.8(1 

] 3. ix 

3 (Top) 

9 

1. Suo 

1. S3 

I J . lo 

IB 

3 

U. iiii) 

1,76 

13.36 

2 (Bottom) 

4 

2. 000 

1.J2 

J3 . 37 

0 

5 

0.251 

J. 92 

13. 36 
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( T C 1) . A t t h e s t a r t uf t h e c y c l e , t h i s t e m p e r a t u r e w a s 1 3 9 0 F b u t d e c r e a s e d s t e a d i l y t o 

a b o u t 1 1 0 0 F a t m i d c y c l c s h u t d o w n . D u r i n g t h i s s h u t d o w n , t h e c a p s u l e w a s r a i s e d 

3 i n c h e s t o i n c r e a s e o p e r a t i o n a l t e i - n p e r a t u r e . A t s t a r t u p , t h e m o n i t o r e d c e n t r a l - c o r e 

t e m p e r a t u r e w a s 1 6 0 0 F , b u t t h i s h a d s t e a d i l y d r o p p e d t o 1 1 0 0 F b y t h e e n d of t h e c y c l e . 

TABLE 4. SUMMARIZED NOMINAL TEKiPERAlURE LEVELS FOR CAPSULE BMI-23-1 DURING CYCLE 107 

Deiived Surface 
Temperature of Top 

Specimei/^^, F 

Derived Surface 
Teniperature of Bottom 

Specimen^'•''^ F 

Measured Central-Core 
Temperature of Top 

Specimen^^^ F 

Derived Center-Line 
Teniperature of Bottom 

Specimem'^^ F 

K!ax Mm Mean Max Mm Klean Max Min Mean Max Min Mean 

b'8U 72U 770 620 ,70 540 1600 1100 1300 1200 800 980 

(a) As indicated in the text, Tj (nominal) is derived from T2 (or T5 in the case of the bottom specimen) and the T5-T2 relation 
m Fi gute 4. 

(b) Measured by T.C. 1. 
(c) As indicated in the text, T,, (nominal) is derived from Tg, estimated heat generation rate, and an effective thermal con­

ductivity calculated from the thermal performance of the top specimen. 

C a p s u l e B M I - 2 3 - 2 

S p e c i m e n d a t a f o r C a p s u l e B M I - 2 3 - 2 a r e l i s t e d i n T a b l e 5 . T h i s c a p s u l e w a s i n ­
s e r t e d i n t o t h e A 2 8 N E p o s i t i o n d u r i n g t h e s h u t d o w n f o r C y c l e 110 a n d l o c a t e d j u s t a b o v e 
t h e r n i d p l a n e of t h e r e a c t o r c o r e . T h e c a p s u l e b o t t o m w a s 18 i n . f r o m t h e t o p of t h e 
r e f l e c t o r . 

TABLE 5. SPECIMEN DATA FOR CAPSULE BMI-23-2 

Specimen 

Position in Capsule From the Top 

Specimen Length, in. 

Fuel Loading, g / ia . 

Dci!Mt\ b) Iimnersion, g <-<• 

31 A 

1 

0. 249 

1.76 

13.36 

26 (Top) 

2 

1, 996 

1.81 

13. 34 

31 B 

3 

0.479 

1.74 

13.39 

37 (Bottom) 

4 

1.897 

1. 92 

13. 43 

36 A 

5 

0.254 

1.96 

13.52 

N o m i n a l t e n a p e r a t u r e d a t a fo r t h i s c a p s u l e a r e p r e s e n t e d i n T a b l e 6. A g a i n , t he 
g e n e r a l t e n a p e r a t u r e h i s t o r y naay b e t r a c e d b y r e f e r r i n g to t h e r e c o r d e d c e n t r a l - c o r e 
l e v e l s . A t t he b e g i n n i n g of C y c l e 110 the c o r e t e m p e r a t u r e w a s a p p r o x i n a a t e l y 1550 F ; 
a s the c y c l e p r o g r e s s e d , t h i s t e m p e r a t u r e r o s e u n t i l a t t he e n d of t he c y c l e i t r e a c h e d 
18 30 I''. To l o w e r t he c o r e t e n a p e r a t u r e , t he capsxi le w a s r a i s e d 1 in . a t s h u t d o w n for 
C y c l e 1 1 1 . D u r i n g C y c l e 1 1 1 , the c e n t r a l - c o r e t e m p e r a t u r e i n c r e a s e d s t e a d i l y f r o m a n 
i n i t i a l 1160 F to a f ina l 1540 F . S u b s e q u e n t l y , t he c a p s u l e p o s i t i o n w a s s l i g h t l y m o d i f i e d 
( r a i s e d a b o u t 1/2 i n . ) , a n d d u r i n g C y c l e 112 the c e n t r a l - c o r e t e m p e r a t u r e r a n g e d froi-n 
1150 to 1580 F . T h e r e w a s no c h a n g e in p o s i t i o n fo r C y c l e 1 1 3 , a n d d u r i n g t h i s c y c l e 
t he c e n t r a l - c o r e t e n a p e r a t u r e i n c r e a s e d s l o w l y f r o m 920 F a t t he s t a r t to 1490 F a t t he 
end . D u r i n g C y c l e 114 s h u t d o w n , t h e c a p s u l e w a s l o w e r e d 1 in . ; c e n t r a l - c o r e t e m p e r a ­
t u r e s w e r e 1260 to 1540 F d u r i n g t h e c y c l e . T h e c a p s u l e r e m a i n e d in t h i s p o s i t i o n d u r i n g 
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C y c l e 1 1 5 , t h e s i x t h a n d l a s t c y c l e . T h e c e n t r a l - c o r e - t e m p e r a t u r e r a n g e of 1 2 7 0 t o 
1 4 5 0 F d u r i n g t h e f i n a l c y c l e w a s s l i g h t l y l o w e r t h a n t h a t d u r i n g t h e p r e v i o u s c y c l e . 

TABLE 6. SUMMAKtZED NOMINAL TEMPERATURE LEVELS FOR CAPSULE BMI-23-2(a) 

Cycle 

110 

111 

112 

113 

114 

115 

Derived Surface 
Temperature of Top 

Specimen, F 
Max 

1070 

970 

910 

950 

980 

890 

Min 

920 

790 

760 

630 

810 

830 

Mean 

1010 

890 

830 

830 

910 

880 

Derived Surface 
Temperature of Bottom 

Specimen, F 
Max 

900 

770 

710 

730 

780 

710 

Min 

650 

640 

600 

500 

650 

640 

Mean 

790 

720 

660 

650 

710 

680 

Measured Central-Core 

Temperature of Top 

Specimen, F 

Max 

1830 

1540 

1380 

1490 

1540 

1450 

Min 

1400 

1160 

1150 

920 

1260 

1270 

Mean 

1600 

1360 

1260 

1280 

1420 

1340 

Derived Center-Lme 

Temperature of Bottom 

Specimen, F 
Max 

1620 

1250 

1120 

1130 

1210 

1100 

Min 

930 

940 

960 

760 

990 

960 

Mean 

1340 

980 

1060 

1050 

1150 

1090 

(a) Refer to footnotes for Table 4. 

C a p s u l e B M I - 2 3 - 3 

T a b l e 7 p r e s e n t s s p e c i m e n d a t a f o r C a p s u l e B M I - 2 3 - 3 , w h i c h w a s i n s e r t e d i n t o 

P o s i t i o n A 2 8 S E of t h e M T R a t t h e s h u t d o w n f o r C y c l e 1 1 6 f o r a t o t a l i r r a d i a t i o n of 

12 c y c l e s . T h e c a p s u l e w a s l o c a t e d j u s t a b o v e t h e r n i d p l a n e of t h e c o r e w i t h t h e c a p s u l e 

b o t t o n a b e i n g 18 i n . f r o m t h e t o p of t h e r e f l e c t o r . 

TABLE 7. SPECIMEN DATA FOR CAPSULE BMI-23-3 

Specimen 47 28 (Top) 33A 29 (Bottom) 366 

Location in Capsule 1 2 3 4 5 
From the Top 

Specimen Length, in. 0. 244 1. 991 0. 494 

Fuel Loading, g/in. 1.79 1.88 1.80 

Density by Immersion, 13. 50 13. 45 13. 50 
g/cc 

C o r e t e m p e r a t u r e s , a s i n d i c a t e d b y t h e t h e r m o c o u p l e l o c a t e d i n t h e c e n t e r of t h e 
t o p 2 - i n . s p e c i m e n , w e r e b e l o w t h e d e s i g n t e m p e r a t u r e of 1 5 0 0 F d u r i n g C y c l e 1 1 6 , 
r a n g i n g f r o m 9 0 0 t o 1 3 6 0 F . T h e c a p s u l e w a s l o w e r e d 2 - 1 / 2 i n . a t t h e e n d of t h e c y c l e , 
a n d c o r e t e n a p e r a t u r e s f o r t h e n e x t c y c l e r a n g e d f r o m 1 4 0 0 t o 1 5 5 0 F . T o a l l o w f o r a 
s h i f t i n t h e r e g u l a t i n g r o d s , t h e c a p s u l e w a s l o w e r e d a n o t h e r i n c h a t t h e e n d of C y c l e 117 

1.999 

1.94 

13.46 

0.253 

1.94 

13.48 
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aad remained in that posi t ion for the r e m a i n d e r of the i r r ad ia t ion . C e n t r a l - c o r e t e m -
pera t t i res for Cycle 118 were again in the 1120 to 1350 F r a n g e , but they ranged from 
1160 to 1430 F during Cycle 119. Core t e m p e r a t u r e s for the remaining cycles were low 
and were nea r 1100 F . The thermocouple located in the cen te r of the top spec imen 
failed during Cycle 121 , and t h e r e a f t e r , co re tenapera tures were es t ima ted froiai the 
readings of the rmocouples s t i l l opera t ing. Maxirnum, m i n i m u m , and mean core and 
surface t e m p e r a t u r e s (where available) for the top and bottom 2-in. -specinaens for each 
cycle a r e given in Table 8. 

TABLE 8. SUMMARIZED NOMINAL TEMPERATURE LEVELS FOR CAPSULE BMI-23-3(^) 

Derived Surface Deiivod Surface Measured Central-Core Derived Center-Line 
Temperature of Top Temperature of Bottom Temperature of Top Temperature of Bottom 

Specimen, F Specimen, F Specimen, F Specimen, F 
Cycle 

lib 

117 

118 

119 

120 

12lCb) 

122 

PisC'^) 

124C^) 

125 

12(i 

127 

Max 

800 

890 

840 

870 

820 

880 

7«0 

800 

780 

--

— 

_ „ 

Min 

650 

840 

720 

760 

160 

830 

780 

600 

G80 

--

--

__ 

Mean 

720 

860 

790 

820 

760 

860 

750 

720 

700 

--

--

_ „ 

Max 

710 

680 

640 

660 

660 

620 

640 

--

--

--

--

„ _ 

Min 

520 

660 

570 

610 

410 

670 

550 

--

--

--

--

Mean 

580 

670 

620 

640 

010 

680 

620 

--

--

--

--

-» 

Max 

1360 

1550 

1360 

1430 

1300 

1420 

— 

--

--

--

--

M m 

900 

1400 

1120 

1160 

610 

1300 

.. 

--

--

--

--

Mean 

1190 

1460 

1220 

1270 

1170 

1340 

1150 

1100 

1100 

1100 

1100 

1100 

Max 

1640 

1440 

1090 

1210 

1120 

1150 

1110 

--

— 

--

--

„ _ 

M m 

870 

1240 

920 

1020 

570 

1000 

960 

--

— 

--

--

Mean 

1000 

1310 

1010 

1100 

1030 

1120 

1070 

--

--

--

--

.. 

(d) Reler to footnotes for Table 4. 
(b) Thermocouple located in center of top 2-m. specimen tailed during the cycle. Mean values for following cycles are 

Citimates from readings ol the other operating thermocouples, 
(c) rhermocouple near burface of bottom specimen failed. 
(d) Thermocouple near surface of top specimen failed. 

C a p s u l e B M I - 2 3 - 5 

C a p s u l e B M I - 2 3 - 5 w a s l o a d e d wi th 3 / 8 - i n . - d i a m e t e r u r a n i u n a - 4 . 6 w / o c a r b o n 
s p e c i n a e n s , a s i n d i c a t e d i n T a b l e 9. T h e c a p s u l e w a s i n s e r t e d i n to P o s i t i o n A3ONE of 
the M T R a t t h e s h u t d o w n fo r C y c l e 1 2 2 , fo r a t o t a l i r r a d i a t i o n of 12 c y c l e s . T h e c a p ­
s u l e w a s l o c a t e d a t a b o u t t he rnidplane of t h e c o r e w i t h t he c a p s u l e b o t t o m b e i n g 24 in . 
f r o m the top of t h e r e f l e c t o r . T h e c a p s u l e r e m a i n e d in t h i s l o c a t i o n for t h e e n t i r e i r r a ­
d i a t i o n of s i x c y c l e s . 
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TABLE 9. SPECIMEN DATA FOR CAPSULE BMl-23-5 

Specimen 

Location m Capsule From the Top 

Specimen Length, in. 

Fuel Loading, g / m . 

Density by Immersion, g / cc 

49 B 

1 

0.252 

1. 93 

13. .>̂  1 

42 (Top) 

9 

1.996 

J .92 

13.74 

44 A 

3 

0.619 

1.94 

13.83 

50 B (Bottom) 

4 

1. 866 

1. 96 

13.83 

5(1 A 

.̂  

0. 250 

1. 94 

13. s2 

The core t enape ra tu re , as indicated by the thermocouple located in the cen te r of 
the top 2-in. s p e c i m e n , was about 1380 F for the en t i re Cycle 122. Core t e m p e r a t u r e 
during the f i r s t pa r t of Cycle 123 was a lso about 1380 F , reaching a m a x i m u m at 1420 F . 
However , at this point , the theriaaocouple failed. The core tenapera ture for the r e m a i n ­
de r of the cycle appeared to be about 1400 F , as e s t ima ted f rom the thernaocouples nea r 
the sxxrface of the top specinaen. Core te iaiperatures for Cycle 124 were estinaated to be 
in the 1250 to 1360 F ra i age , which was lower than previous t e m p e r a t u r e s . However , core 
tenapera tures during Cycle 125 rose from a low of 1270 F to a high of about 1370 F . 
Core tei-nperatures dropped in Cycle 126 with a naaximum of about 1360 F . The core 
t e m p e r a t u r e was fa i r ly constant during Cycle 127 with a shor t peak to about 1400 F at 
naidcycle. Maxinaum, nainimuna, and naean core and surface t e m p e r a t u r e s for the top 
and bottom 2-in. specirnens for each cycle a r e given in Table 10. 

TABLE 10. SUMMARIZED NOMINAL TEMPERATURE LEVELS FOR CAPSULE BMI-23-5C^) 

Derived Center-Lme 

Temperature oi Bottom 

Specimen, F 
Cycle 

122 

!23C'̂ ) 

124 

125 

126 

127 

Derived Surface 
Temperature ot Top 

Specimen. F 

Max 

900 

990 

880 

980 

910 

930 

Mm 

860 

940 

820 

930 

760 

820 

Mean 

890 

980 

860 

840 

840 

880 

Derived Surface 

Temperature of Bottom 

Specimen, F 
Max 

820 

850 

740 

830 

780 

790 

Min 

700 

820 

720 

740 

660 

690 

Mean 

800 

860 

730 

800 

730 

730 

Measured Central-Core 

Temperature oi Top 

Specimen, F 
Max 

1380 

1420 

1360 

1370 

1360 

1400 

Min 

1330 

1370 

1250 

1270 

1200 

1200 

Mean 

1360 

1400 

1300 

1300 

1300 

1300 

Max Mm Mean 

1440 1240 1330 

1260 1220 1250 

1230 1170 1200 

1380 1130 1270 

1230 1110 1180 

1340 1210 1260 

(a) Reier to lootnoies tor Table 4. 

(b) Thermocouple located in the center oi the top specimen failed. Values reported for core temperatures are estimated 
on the basis oi readings ot surrounding thermocouples. 

Capsules BMI-23-4 and -6 

The i r r ad ia t ion of Capsules BMI-23-4 and -6 was c a r r i e d out in the MTR in P o s i ­
tions A27SE and A13NE, respec t ive ly . M a x i m u m , nainimuna, and naean core and surface 
temx>eratures for the top and bottom spec imens a r e given in Table 11. 
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l A B L E 11. SUMMARIZED NOMINx\L TEMPERATURE LEVELS FOR 
CAPSULES BMI-Z3-4 , BMI-23-6(a) 

Cycle 

115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 

126 
1Z7 

Der Lved Su 
Tei-nperatu 

rface 

re of 

Top Specimen, F 

Max M m Mean 

790 
740 
750 
630 
710 
710 
750 
720 
6')0 

660 
700 
670 
680 

10 30 

930 

750 
690 
710 
570 
6b0 
390 
730 
670 
660 
630 
610 
blO 

660 

890 
850 

760 
7Z0 
430 
610 
690 
670 

740 
6^0 

680 
650 
670 
630 
ti70 

•̂ 180 

900 

Derived Sui-face 

Te mx3erat lire 

of Bottom 

Spi 

Max 

620 
670 
580 
460 

540 
530 
560 
550 

5 20 

500 
530 
5 20 

540 

810 
690 

acinien 

M m 

, F 

Mean 

Capsule B M ] 

570 
"̂ 10 
510 
410 

500 
$00 
SiO 
50(1 

490 
4«0 

480 
4<!0 

hlO 

CapsiL 

620 
600 

590 
590 
530 
450 

5 20 

4'!0 

540 
510 

510 
490 
510 
500 
530 

e BMI-

700 
670 

Measured Central-
Core Tempe rature 
of Top Specimen, 

Max 

-23-4 

1320 
1280 
1260 
1030 

1170 
1200 

1280 
1210 
1120 
1020 
1120 
1030 
1110 

F 

M m 

1190 
1120 
1200 
940 
1100 
600 

1230 
1110 
1040 
1080 
970 
990 
1060 

• 23~~b(b) 

^^ 

"= ™" 

^ ™ 

°" — 

Mean 

1250 
1190 
1230 
1000 
1160 
1120 
1250 
1140 
1100 
970 
1070 
1010 
1080 

™ ^ 

- -

Derived Center-
L m e Temperature 

of Bottom 

Sp 
Max 

1110 
1410 
1170 
860 
990 
980 
1120 
960 
910 
820 
930 
900 
950 

«. ™ 

— 

ecimen 

M m 

980 
840 
9 20 
770 

910 
450 

1030 

860 
830 
780 
810 
820 
910 

™ «, 

™ ~ 

, F 

Mean 

1040 
1090 
980 
820 

940 
900 

1070 
880 
870 
810 
870 
840 
930 

„ „ 

~ - ° 

(a) Ri l«.i to fooiiiuu b ior T ibk 1. 
(b) Theiiiiocouple loiJUd m liollim ni jop spiBimai ku!t.>i U Mdrtup. 
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Flux His to ry for Discharged Capsules 

Exposure in t e r m s of MWD aiad r eac to r -quo ted maperturbed t he rma l fluxes for 
Capsules B M I - 2 3 - 1 , - 2 3 - 2 , - 2 3 - 3 , and -23 -5 a r e given in Table 12. 

TABLE 12. FLUX HISTORY FOR CAPSULES B M I - 2 3 - 2 , B M I - 2 3 - 3 , AND BMI-23-5 

Cycle 
Reac to r 

MWD Days 

Reac to r -Quoted Unper turbed F l u x , 
nv X 10 14 

Top 2-In. Specimen Bottom 2-In. Specimen 

Capsule BMI-23-1 

107a 
107b 

110 
HI 
112 
113 
114 
115 

116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 

122 
123 
124 
125 
126 
127 

499 
371 

585 
608 
554 
572 
568 
585 

673 
624 
557 
587 
633 
631 
640 
599 
666 
566 
552 
560 

640 
599 
666 
566 
552 
560 

12.6 
9.3 

14.6 
15. 2 
13,8 
14.3 
14.2 
14,6 

17.4 

15.9 
14.7 
15.5 
16.8 
16,5 

16.8 
16.2 
17.2 
15.7 
14.1 
15.5 

16.8 
16.2 
17.2 
14.1 
14.1 
15,5 

Capsule 

Capsule 

Capsule 

0.89 
0.96 

BMI-23-2 

0.85 
0,77 

0.77 

0.69 
0.77 
0.77 

BMI-23-3 

0,70 
0.95 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1,00 
1.00 
1.00 
1.00 

BMI-23-5 

0.75 
0,75 
0.75 
0.75 
0,75 
0.75 

0 , 7 6 
0 . 8 9 

0.97 
0.93 
0.93 
0.93 
0.93 
0.93 

0.85 
.05 
, 10 
. 10 
. 10 
. 10 
. 10 
. 10 
. 10 
. 10 
.10 
. 10 

0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
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Available Dosinaetry Resul t s 

P o s t i r r a d i a t i o n dos ime t ry has been completed for Capsules BMI-23-1 and 
DMI-23-2, and r e su l t s a r e given in Table 13. 

TABLE 13. DOSIMETRY DATA FOR CAPSULES BMI-23-1 AND BMI-23-2 

Wire Composit ion Wire Locat ion 

Indicated Average 
T h e r m a l - N e u t r o n F l u x , 

lav X 10l3 

Nicke l -0 . 62 w / o cobalt 

T i t an ium-0 . 58 w/o 
cobalt 

T i t an ium-0 . 58 w/o 
cobaJt 

T i t an ium-0 . 58 w / o 
cobalt 

Capsule BMI-23-1 

In hollow of cen te r p iece 

At surface of spec imen stack-A^^^ 

-B 

-C 

-D 

Capsule BMI-23-2 

In hollow of cetiter p iece 

At sux-face of spec imen s tack^° ' 

Surface of upper spec imen 

Surface of cen te r p iece 

Surface of bottom speciiaten 

1.95 

3 .71 

3 .48 

4, 23 

5.89 

2. 26 

4 .34 

3 .68 

3.45 

T i t an ium-0 . 58 w/o 
cobalt 

Aluminui-n-0. 63 w / o 
cobalt 

N icke l -0 . 55 w / o 
cobalt 

N icke l -0 . 55 w / o 
cobalt 

At surface of capsule shell 

At surface of capsule shell 

At surface of capsule shel l 

At surface of capsule shell 

6 .02 

3.65 

4 .67 

4. 99 

(a) The wire spiraled around the specimen slack was cut into foui equal sections. The value of the flux at the surface of the 
center piece, 3.85 x i0l3 nv, is the average of the fluxes of wires B and C 

(b) The wire spiraled around the specimen stack, in this case, was cut into three sections. Each section was cut approximately 
from the wire opposite the two specimens and the center piece. 
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ANALYSIS OF SPECLVIEN BURNUP 

Nominal Levels 

The in-pi le capsule t e m p e r a t u r e s ^ repor ted flux h is tory^ and pos t i r r ad ia t ion dos i ­
m e t r y r e su l t s provide the bas ic information for estiiTiating nominal spec imen-burnup 
levels by seve ra l analyt ical methods . Five methods were employed: 

Method I. F i s s i o n - h e a t genera t ion ra te obtained from the design r e l a ­
tion between r e fe rence - the rmocoup le reading and heatflux^ 
shown in F igu re 4. 

Method II, Effective flux der ived f rom reac to r -quo ted unper tu rbed 
fluxes by the combination of pe r tu rba t ion fac tors (Brad 
Lewis factor_, Bat te l le exper ience factor^ and the capsu le -
attenuation factor) p r e sen ted previous ly . 

Method III. Effective flux der ived f rom the in tegra ted flux level at the 
spec imen s u r f a c e , provided by dosimetry_, in combination 
with the Brad Lewis spec imen-a t tenua t ion factor Y only. C )̂ 

Method IV. Effective flux der ived f rom the spec imen- su r f ace dos ime te r 
flux in combination with a spec imen-a t tenua t ion factor p r o ­
vided by IBM-650 calculat ion with the P - 3 code. (^) 

Method V. Effective flux der ived from spec imen- su r f ace dos ime te r 
fluxes in combination with a spec imen-pe r tu rba t ion factor 
calculated from the d o s i m e t r y at the spec imen surface and 
in the core of the cen t ra l I / 2 - i n . -long spec imen. An a p ­
proximat ion to the diffusion equation was used to obtain the 
spec imen-pe r tu rba t ion factor , l^) 

(a) The Brad Lewis attenuation factor, f, is a product of F (a ratio which represents the fiiK de­
pression fiom the unperturbed level to the level at the specimen surface) and Y (a ratio repre­
senting the depression from the specimen surface inward). Y can be obtained directly from 
the geometric and nuclear characteristics of the specimen, using the Brad Lewis curve. Multi­
plying the surface-dosimeter flux by Y gives the mean specimen flux. (.-S,. 

(b) "The P-3 Program for the IBM 65U Computer", DC 56-7-30. May 31, 1956. 
(c) Gladstone, S., and Edlund, M. G., "The Elements of Nuclear Reactor Theory", D. Van 

Nostrand Coiripany. Inc. (1962). 

T a b l e 14 p r e s e n t s n o m i n a l b u r n u p r e s u l t s fo r s p e c i m e n s f r o m C a p s u l e s B M I - 2 3 - 1 
a n d B M I - 2 3 - 2 a s d e r i v e d by the m e t h o d s o u t l i n e d a b o v e . P r e l i m i n a r y d a t a o b t a i n e d by 
M e t h o d II fo r r e c e n t l y o p e n e d C a p s u l e s B M I - 2 3 - 3 a n d B M I - 2 3 - 5 a r e a l s o g i v e n . I t m a y 
be s e e n t h a t t h e r e i s s o m e d i s a g r e e m e n t a m o n g t h e b u r n u p l e v e l s y i e l d e d b y the v a r i o u s 
m e t h o d s . To o b t a i n s o m e i n s i g h t in to t he d i s c r e p a n c i e s ^ v a r i o u s s o u r c e s of u n c e r t a i n t y 
w e r e a n a l y z e d . In e s s e n c e ^ the u n c e r t a i n t i e s in t h e n o m i n a l r e l a t i o n e s t a b l i s h e d for 
f i s s i o n - h e a t g e n e r a t i o n r a t e a n d r e f e r e n c e t e m p e r a t u r e ( M e t h o d I) w e r e e x a m i n e d by a 
s t a t i s t i c a l a p p r o a c h . A l s o , u n c e r t a i n t y l i m i t s w e r e a s s i g n e d to t h e m a j o r i n d e p e n d e n t 
p a r a m e t e r s in M e t h o d s II t h r o u g h V_, a n d the n e t u n c e r t a i n t i e s w e r e e s t i m a t e d . In t h e s e 
l a t t e r c a s e s , a n a t t e m p t w a s m a d e to i n c l u d e in t he a n a l y s i s c o m m o n l y a c c e p t e d s o u r c e s 
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of e r r o r and uncer ta in t ies that would r e p r e s e n t a typical r a t h e r than an a l l - inc lus ive 
s i iual ion. Last ly^ the burnup leveLs with the es t ima ted uncer ta in ty ranges were 
compared . 

TABLE 14. ESTIMATED NOMINAL BURNUP LEVELS DERIVED BY VARIOUS METHODS 

— ^ . ™ ^ . 

Klethod of Detetmliiing 

Effective Flux 

Metiiod I 

KleOlod II 

Metliod III 

Metliod IV 

Kletliod V 

Method I 

Method II 

Method III 

Method IV 

Method V 

Effective Flux, 
nv X 1013 

1.52 

2 .12 

1,93 

2.00 

3 .12 

1.61 

1.67 

1.50 

2.26 

2,48 

__To£^£ecimen 

Buraup(a) 

a / o Uranium 

(Fission Only) 

MWD/T of 

Uranium 

Capsule BMI-23-1 

0.153 

0 .213 

0.19.5 

0.290 

0.315 

Capsule 

0 .59 

0 .61 

0 .55 

0 .82 

0.90 

Ca£sule_ 

1,150 

1,590 

1,460 

2,170 

2,360 

BMI-23-2 

4 .400 

4 .600 

4 .100 

6.100 

6,800 

BMI-23-3 

Effective Flux, 
uv X 10^3 

1,15 

1.89 

1.54 

2 .31 

2.48 

1.40 

2 .01 

2 .15 

3.19 

3.49 

Bottom Specimen 
Burnup(a) 

a /o Uranium 

(Fission Only) 

0.116 

0.190 

0.156 

0.232 

0.249 

0.52 

0 .74 

0 .81 

1.10 

1.28 

MWD/T of 

Uranium 

870 

1,420 

1,160 

1,740 

1.870 

3,900 

5,500 

6.100 

8,300 

9,600 

Metliod IlC') 

Method Il(b) 

2.17 

1.63 

1.75 13,000 2.39 

Capsule BMI-23-5 

0.66 4.900 1.74 

1.93 

0,70 

14.300 

5,300 

(a) Basi-d on 175 Mev/fission. 
(b) OpLiimg ol capsules BMI-23-3 and -23-5 was completed too recently for inclusion of dosimeter residls in this report. 

Method U was used as an expedient way of obtaining preliminary burnup data for this table. 

The following p a r a g r a p h s involve a d i scuss ion of the var ious s teps and r e su l t s 
yielded by this approach . 
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Uncer ta in t ies 

I" n ce r ta int ie s in Method I 

F igu re 5 is essen t ia l ly a reproduct ion of the curve in F igu re 4 , with the addition 
of a der ived uncer ta in ty band. * The individual uncer ta in ty l imi t s a r e l i s ted in Table 15 
below. Of these l i m i t s , that a s soc ia t ed with thermocouple locat ion is the mos t im,-
p o r t a n t , not only because it is re la t ive ly l a rge but a l so because it is applicable in a high-
t e m p e r a t u r e - g r a d i e n t zone. 

TABLE 15. ASSUMED UNCERTAINTY LIMITS FOR METHOD I 

P a r a m e t e r Nominal Value 
Assumed Uncer ta in ty 

L i m i t s , p e r cent 

Distance of T^, T 3 , and T5 from 
spec imen center line 

0.219 in. ±14 (equivalent to 
± 1/32 in . ) 

Radius of outer shel l 0 .563 in. ±0.4 

R a d i u s of s p e c i m e n 0, 188 i n . ±1 

T h e r m a l c o n d u c t i v i t y of NaK 15 . 1 B t u / ( h r ) ( f t ) ( F ) ±5 

T t i e r m a l c o n d u c t i v i t y of s t a i n l e s s s t e e l 9 . 4 B t u / ( h r ) ( f t ) ( F ) ±5 

T h e a p p l i c a t i o n of t h e s e i n d i v i d u a l u n c e r t a i n t i e s l e a d s to a n e s t i m a t e d u n c e r t a i n t y 
of + 2 5 , - 1 5 p e r c e n t i n t he f i s s i o n - h e a t g e n e r a t i o n r a t e , a n d h e n c e in t h e e s t i m a t e d 
b u r n u p . T h e a s y m m e t r y of t he u n c e r t a i n t y s t e m s f r o m t h e l o g a r i t h m i c t e r r n in t he 
r a d i a l h e a t - f l o w e q u a t i o n . 

U n c e r t a i n t i e s in M e t h o d 11 

A n e t u n c e r t a i n t y of ±28 p e r c e n t i s e s t i m a t e d for t h i s m e t h o d . T h i s r e p r e s e n t s a 
c o m b i n a t i o n of ±20 p e r c e n t i n r e a c t o r - q u o t e d f lux a n d ±20 p e r c e n t i n c a p s u l e -
p e r t u r b a t i o n f a c t o r . T h e f a i r l y s t a n d a r d l i m i t of ±20 p e r c e n t for r e a c t o r - q u o t e d f luxes 
i s g e n e r a l l y s a t i s f a c t o r y , to a c c o u n t for f a c t o r s s u c h a s fuel d e p l e t i o n , t h e e x p e r i m e n t a l 
l o a d , a n d c o n t r o l r o d p r o g r a m m i n g . 

T h e c o n s t a n t 0. 7 i s e m p l o y e d in M e t h o d II a s p a r t of t he a r r a y of f a c t o r s u s e d to 
e s t i m a t e e f fec t ive f luxes f r o m r e a c t o r - q u o t e d f l u x e s . T h i s c o n s t a n t i s b a s e d on a 

*The individual tolerances were combined by the following equation based on a Taylor series: 

'yiJk^^^ 
where P and P _ are independent fractional deviations, and y and x are nominal values. 
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var ie ty of Battel le i r r ad ia t ion data f rom MTR which indicate that the applicat ion of a 
factor of 0. 7 is justified. However , it s e ems safe to say that the uncer ta in ty in the total 
factor is st i l l ±20 p e r cent and in some c a s e s probably h igher . 

At this t i m e , adequate information is not avai lable to pinpoint the factor or com­
bination of factors which this constant is a imed at co r r ec t ing . It is be l i eved , however , 
f rom a l imi ted number of compar i sons with net pe r tu rba t ions der ived by machine ca l ­
cu la t ions , that the co r r ec t ion may be p r i i n a r i l y to account for a component of the p e r -

turbat ion offered by the capsule body i tself which is not accounted for by the e s l ab -
theory at tenuation factor . 

Uncer ta in t ies in Methods I I I , I V , and V 

These methods a r e based on a common d o s i m e t e r - d e r i v e d in tegra ted flux at the 
spec imen sur face . Nominal ly , ±15 pe r cent is a s soc ia t ed with the ana lys is of dos ime te r 
wi re s to obtain in tegra ted fluxes. However , these l imi t s p r e s u m e no e r r o r s temming 
from sources such as dos ime te r composi t ion and d o s i m e t e r sampling technique. During 
ho t -ce l l o p e r a t i o n s , p r e c i s e sampling usual ly p roves to be a p rob lem. While dos ime t ry 
data can usual ly be viewed with confidence, they can a lso introduce vexing quest ions . 
F o r e x a m p l e , the capsu le - she l l dosiixieters f rom Capsule BMI-23-1 indicate flux v a r i a ­
tions of nea r ly 100 pe r cent at the same level around the capsule pe r iphe ry . Such a 
d i sc repancy cannot be ra t ional ized eas i ly . 

While the uncer ta in ty a s soc ia t ed with d o s i m e t e r - d e r i v e d in tegra ted flux can be 
readi ly e s t i m a t e d , the uncer ta in t ies a s soc ia t ed with the nominal spec imen-a t tenua t ion 
fac to rs* employed in Methods I I I , IV , and V a r e difficult to a p p r a i s e . Fo r the purpose 
of this a n a l y s i s , each of these is ass igned a l imi t of ±15 pe r cent. When combined with 
the ±15 pe r cent for d o s i m e t r y , net uncer ta in ty is about ±20 pe r cent in each c a s e . 

In the case of the Brad Lewis Method, the a s s ignment of an uncer ta in ty l imi t to the 
Y component depends in pa r t on the l imi t ass igned to the total spec imen-capsu le p e r ­
turbat ion factor . Unfortunately, t he re is no acceptable bas i s to judge the appor t ionment 
of e r r o r s among the var ious components . If, howeve r , ±20 p e r cent is ass igned to the 
t o t a l , as was done in connection with Method III , it is not unreasonable to a s s ign ±15 per 
cent to the Y component a lone. 

The machine calculat ions used for Method IV can be expected to yield fa i r ly valid 
information about the net pe r tu rba t ion through a given g e o m e t r y , and the a s s ignment of 
±15 pe r cent to the calculat ions would appear to be safe. The chief l imi ta t ion with this 
type of machine calculat ion is the difficulty of predic t ing quanti tat ive neutron-f lux levels 
without complete knowledge of source l e v e l s . 

The uncer ta in ty a s soc i a t ed with the spec imen-a t tenua t ion factor as der ived in 
Method V is pa r t i cu l a r ly difficult to a s s e s s , even though the underlying data a r e fur­
nished en t i re ly by m e a s u r e d dos ime te r ac t iv i t i e s . The technique employed to t r ans l a t e 
spec imen-boundary in tegra ted flux to a specinaen-at tenuat ion factor is based on the a s ­
sumption that the flux dis t r ibut ion through the spec imen will follow a diffusion-type func­
t ion , amenable to a Besse l solution. In e s s e n c e , an effective neut ron diffusion length 

*As a matter of interest, these factors are 0.45 (Brad Lewis Y factor for Method III), 0.67 (obtained from machine calculation, 
Method IV), and 0. 74 (derived from surface and central-core dosimeters, from Capsule BMI-23-2, Method V). 



27 

was calcula ted from boundary flux levels r a t h e r than es t ima ted on the bas i s of physical-
prope'- ty data . It seenas apparen t that these manipulat ions can be subject to an unce r ­
tainty of ±15 per cent and probably h igher . 

Compar i son of Es t ima t ed Burnups 
Consider ing Uncer ta in t ies 

The b a r cha r t s in F igu re s 6 and 7 p r e s e n t compar i sons of burnup levels resul t ing 
when the foregoing uncer ta in ty l imi t s a r e factored into the nominal burnup data given in 
Table 14. In g e n e r a l , the burnup ranges thus es tab l i shed do not consis tent ly o v e r l a p , 
thus itidicating that the uncer ta in ty fac tors cons idered a r e not of sufficient magnitude or 
that unknown s o u r c e s of e r r o r a r e significant. 

The re is probably enough evidence to be fair ly ce r t a in that the burnup levels 
yielded by Method I a r e somewhat low. In examining t h i s , it is apparen t that a value of 
the noiiradial component of the heat fLow l a r g e r than the 10 pe r cent (e = 0. 9) employed 
fur design and calculat ional purposes would br ing the Method I r e su l t s into c lo se r a g r e e ­
ment with the o t h e r s . However , the data do not p e r m i t the se lec t ion of a specific value 
for e because (1) the re is no bas i s for choosing which of Methods II through V should be 
the s tandard of conipar ison and (2) nonradia l heat flow effects appear to have been dif-
fe-cnt in Capsules BMI-23-1 a n d - 2 3 - 2 , even though the capsules were s i m i l a r in design 
and cons t ruc t ion . 

Qual i ta t ively , this l a t t e r point can be i l l u s t r a t ed by the information in the following 
compilat ion: 

Capsule 

BMI-23-1 

BMI-23-2 (as 
well as -2^/-
lud -23-5) 

A\ial Location 
m Irradiation 

Position 

Below peak-

flux plane 

Above peak-
flux plane 

Ratio of Top- to 
Bottom -Specimen 

Flux According 
to Position 

>1 

Ratio of Top- to 
Bottom -Specimen 

Burnup Based on 

Flux Considerations 
(and Confirmed 

by Dosimetry) 

>1 

Ratio of Top- to 

Bottom -Specimen 

Burnup as 
Calculated b) 

Method I 

>1 

>1 

As ind ica ted . Capsule BMI-23-2 was located in the r e a c t o r above the repor ted 
peak-flux plane. The re i s , t h e r e f o r e , good r ea son to bel ieve that the ra te of heat gen­
era t ion m the bottom spec imen was g r e a t e r than in the top spec imen. However , the 
bo t tom-spec imen t e m p e r a t u r e (and hence the burnup based on Method I) was lower . Un­
like t h i s . Capsule BMI-23-1 was located below the peak-flux plane. In this c a s e , as 
might be expected , the t e m p e r a t u r e of the upper spec imen was higher than that of the 
lower . 

The apparen t incons is tency for Capsule BMI-23-2 m u s t be re la ted to the fact that 
the opportunity for heat escape from the bottom zone of the capsule is somewhat g r e a t e r 
than from the top zone; the la.tter is insulated by the blanket gas above the NaK. Even so, 
this explanation i s not total ly s a t i s f ac to ry , consider ing the t h e r m a l pe r fo rmance of Cap­
sule BMI-23 -1 . In this c a s e , the bottom specim.en might be expected to have res ided at 
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a lower t e m p e r a t u r e than was actual ly the c a s e , if, in this c a p s u l e , a top zone-bot tom 
zone hea t - l o s s inequality had exis ted in the sanae propor t ion as indicated for 
Capsule BMI-23-2 . 

While the analys is in the above p a r a g r a p h s leaves much to be d e s i r e d , the r e a s o n ­
ing on which it is based would point to the conclusion that a factor of e = 0. 9 for Method I 
yields a l e s s e r e r r o r in computing top - spec imen burnup than in computing bot tom-
spec imen burnup. Unfortunately, as s ta ted b e f o r e , t he re appea r s to be no acceptable 
way to ass ign specific values to e which fit the var ious c a s e s . 

E s t i m a t e s of Mean Burnup Levels 

It is bel ieved that the foregoing d i scuss ion dem ons t r a t e s some of the difficulties 
assoc ia ted with the in te rpre ta t ion of capsule data in t e r m s of spec imen-burnup l eve l s . 
This ent i re a r e a , of c o u r s e , needs cons iderab le intensive study before the s ta te of the 
a r t is sufficiently advanced to mee t the needs of r e a c t o r fuel technology. 

In the case of al l i r r ad i a t i on exper imen t s involving fueled m a t e r i a l , a d e s i r e d end 
product of an analys is of capsule data is the bes t poss ib le pred ic t ion of spec imen-burnup 
l eve l s . The mean levels indicated in F i g u r e s 6 and 7 a r e included to fulfill this r e q u i r e ­
ment . The calculat ion of these levels was based on the following express ion : 

S(R./3m.) 

'wm 2R 
1 

where 

Ri = the range of burnup (based on uncer ta in t ies ) 
for the i th method. 

j6m- = the ave rage burnup given by the ith method 

^ = the weighted m e a n burnup for i me thods . 

In the case of the top s p e c i m e n s , al l five burnup-es t ima t ing methods a r e included in the 
weighting; however , for r easons outlined in the previotis s ec t ion . Method I values a r e 
omitted in weighting the bo t tom-spec imen l eve l s . 

ANALYSIS OF SPECIMEN THERMAL PERFORMANCE BASED 
ON METHOD I HEAT-GENERATION RATES 

As indicated p rev ious ly , f i ss ion-hea t genera t ion r a t e s can be esmployed in the e s t i ­
mat ion of spec imen-su r face t e m p e r a t u r e s , effective spec imen t h e r m a l conductivity in 
p i l e , and specinaen cen te r - l ine t e m p e r a t u r e s . These fac tors a r e d i scussed in the fol­
lowing sect ions on the bas i s of hea t -gene ra t ion r a t e s der ived by Method I. Since i t would 
appear that these hea t -gene ra t ion r a t e s m a y be somewhat lower than actual ly exis ted 
during the i r r a d i a t i o n s , the ca lcula ted va lues which appea r in va r ious tables and plots 
c a r r y the following qualifications: 
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(1) The spec imen- su r f ace t e m p e r a t u r e s m.ay be sl ightly low by v i r tue 
of the d i r ec t influence of Q£ in the calculat ion of t e m p e r a t u r e 
grad ien t between the re fe rence thermocouple and the spec imen 
surface (Tg - T2 or Tg). 

(2) In s i m i l a r fashion, the effective specinaen thern ia l conductivi t ies 
may be low since they a r e calcula ted essen t i a l ly on the bas i s of 
the ra t io Qf/(T2 - Tg). Since the denominator is only sl ightly af­
fected by Q£ , it follows that a shift in Q^ will produce a co r r e spond ­
ing shift in kg£f. 

(3) Where k ff's a r c calcula ted a s indicated above , the spec imen 
cen t e r - l i ne t e m p e r a t u r e s (T^,) a r e affected only by the smal l 
e r r o r which exis ts in Tg as a r e su l t of a va r i ance in Q£. 

Specimen-Surface T e m p e r a t u r e 

Nominal spec imen- su r f ace t e m p e r a t u r e s a r e l i s ted in Tables 4 , 6 , 8 , 10, and 11. 
F igu re 8 p r e s e n t s the nominal T^ - Tg re la t ion with an es t ima ted uncer ta in ty band d e ­
rived on the bas i s of uncer ta in t i es in Qf shown in F igure 5. Note that an e r r o r in the 
neighborhood of ±100 F is applicable over the t e m p e r a t u r e range of i n t e r e s t . 

Specimen Effective T h e r m a l Conductivity 

An in ipor tant aspec t of this prograna is the evaluation of the thermal -conduc t iv i ty 
behavior of UC during i r r ad ia t ion . F o r t h i s , use was made of the bas ic heat-f low equa­
tion rela t ing t h e r m a l conduct ivi ty , difference between the t e m p e r a t u r e m e a s u r e d by the 
c e n t r a l - c o r e thermocouple and the re fe rence thermocouple in each c a p s u l e , and ra te of 
f i s s ion-hea t generat ion: 

l n ( r 2 / r g ) 
T i - T7 = Qr + Qf 

1 - f 27ik i 
NaK 

7 

1 1 
In 

ZTTk „ I 2 2 2 r 

whe re 

eff V r s - r i 

( T e r m I) ( T e r m II) ( T e r m III) 

T e r m I = the net t e m p e r a t u r e difference ment ioned above 

T e r m II = the difference between the t e m p e r a t u r e at the 
re fe rence couple and at the spec imen surface 

T e r m III = the t e m p e r a t u r e drop a c r o s s the spec imen . 
The deviat ion in this t e r m f rom the s tandard 

e x p r e s s i o n , AT = -T^^T- s t ems f rom the fact 
that a cen t ra l hole is p r e s e n t to accommodate 
the the rmocoup le . 
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Solving this equation for kg££ and making ce r t a in subst i tut ions yields 

0. 50 
^eff 

T2 - 120 
0. 12 

The subst i tut ions a r e : 

(1) F o r Q|., the l inea r re la t ion (from F igu re 4 ) , 7. 27 (T2 - 120) where 
120 F is an a s s u m e d r eac to r water t e m p e r a t u r e 

(2) F o r Q£ 
1^ "̂2 ^^'s 

2^1^NaK 
, the t e m p e r a t u r e drop Tg - T2 

(3) F o r Tg - T 2 , the l inea r re la t ion (from F igure 4 ) , 0. 12 (T2 - 120). 

Table 16 gives e s t ima ted nominal effective t h e r m a l conductivi t ies of the top spec i ­
mens in Capsules BMI-23-1 through BMI-23-6 for each i r r ad i a t i on cycle . These values 
were calcula ted by substi tuting into the above equation for kg££ the averaged in-pi le t e m ­
p e r a t u r e data p resen ted in Tables 4 , 6 , 8 , 10, and 11. It m a y be noted from the e s t i ­
ma ted conductivi t ies l i s t ed in Table 16 that va r ia t ions during an i r r ad ia t ion do not appear 
to be significant. The conductivity at the s t a r t of an i r r ad ia t ion did not differ a p p r e c i ­
ably from that during the i r r ad ia t ion . As indicated p rev ious ly , the fact that the ca l ­
culated in-pi le values a r e consis tent ly lower than the m e a s u r e d out-of-pi le value may 
stem, from the fact that the calculat ions a r e based on Method I heat generat ion r a t e s , 
which a r e suspected of being somewhat low. 

To complete this a n a l y s i s , the uncer ta in t i es a s soc ia ted with the nominal values 
were appra i sed by using the s t a t i s t i ca l approach prev ious ly outlined. The net unce r ­
tainty s t ems from the es t i ina ted uncer ta in ty in f i s s ion-hea t genera t ion ra te (Figure 5) 
and the resul t ing uncer ta in ty in spec imen- su r f ace t e m p e r a t u r e (Figure 8). 

Over the range of i n t e r e s t F igure 9 shows (a) the nominal re la t ion between kg££ 
and the p a r a m e t e r involving thermocouple readings T j and T2 and (b) the e s t ima ted un­
cer ta in ty band. It might be noted that an uncer ta in ty in the neighborhood of ±25 pe r cent 
ex is t s h e r e , even p resuming that the input nominal Q£ data a r e en t i re ly c o r r e c t . 

Specimen Cen t e r -L ine T e m p e r a t u r e 

To round out the study of i r r ad i a t i on d a t a , new cen t e r - l i ne t e m p e r a t u r e - r e f e r e n c e 
t e m p e r a t u r e curves were calculated on the bas i s of conductivity values in the range indi­
cated in Table 16. F igure 10 shows the new nominal re la t ions for the two l imit ing ca l ­
culated values of k ££. Included in the plots a r e e r r o r bands e s t ima ted from the u n c e r ­
ta in t ies a s soc ia ted with f i ss ion-hea t gene ra t i on , r e fe rence t he rmocoup le - t o - spec imen 
surface A T , and specinien conductivity (F igures 5 , 8 , and 9 , respec t ive ly) . 

These curves can be used to e s t ima te uncer ta in ty l imi t s for the nominal c e n t e r -
l ine t en ipe ra tu r e s l i s ted in Tables 4 , 6 , 8 , 10, and 11. As a whole , the e r r o r in T,, 
over the range of i n t e r e s t appea r s to be ±100 to ±200 F . 
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TABLE 16. E F F E C T I V E IN-PILE THERMAL CONDUCTIVITIES OF 
IRRADIATED UC SPECIMENS CALCULATED FROM 
THERMAL DATA 

Values P e r t a i n to Top Specimens in Capsules 

MTR Cycle Ca rbon , w/o Nominal k^ff, Btu/(hr)(ft)(F)(a) 

Capsule BMI-23-1 

107 5.0 6.2 

Capsule BMI-23-2 

110 5.0 7.4 

111 5.0 8.4 
112 5.0 8.7 
113 5.0 8.7 
114 5.0 8.0 
115 5.0 8.2 

Capsule BMI-23-3 

116 5.0 6.9 
117 5.0 6.5 
118 5.0 8.0 
119 5.0 8.1 
120 5.0 7.6 
121 5.0 8.1 
122 5.0 8.2 
123 5.0 8.4 
124 5.0 7.8 
125(̂ ) 5.0 
126 5.0 
127 5.0 

Capsule BMI-23-4 

115 5.0 6.9 
116 5.0 6.9 
117 5.0 6.6 
118 5.0 6.5 
119 5.0 6.5 
120 5.0 6.5 
121 5.0 6.5 
122 5.0 6.8 
123 5.0 7.0 
124 5.0 7.1 
125 5.0 7.2 
126 5.0 7.3 

127 5.0 7.0 
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T A B L E 16. (Cont inued) 

M T R C y c l e C a r b o n , w / o N o m i n a l kg££, Btu / (hr ) ( f t ) (F) (a- ) 

C a p s u l e B M I - 2 3 - 5 

122 4 . 6 8 . 7 
123 4 . 6 1 0 . 2 
124 4 . 6 8 . 9 
125 4 . 6 8 . 5 
126 4 . 6 8 . 5 
127 4 . 6 9 . 7 

C a p s u l e B M I - 2 3 - 6 

126^^) 4 . 8 
127 4 . 8 

(a) The measured out-of-pile conductivity in the 1000 to 1500 F range is approximately 
14 Btu/(hr)(ft)(F). 

(b) The thermocouple adjacent to the bottom specimen failed. 
(c) The thermocouple located in the hollow of the top specimen failed at startup. 
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FIGURE 9. EFFECTIVE THERMAL CONDUCTIVITY OF UC VERSUS THE 
(T i -T2) / (T2-120) RATIO WITH UNCERTAINTY BAND 

Because T j is a pa ram.e te r , the plot is s t r ic t ly applicable 
only to top spec imens in the capsu le . 
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CONCLUSIONS 

Capsules were designed and cons t ruc ted for the i r r ad ia t ion at the MTR of smal l 
cy l indr ica l spec imens of enr iched UC. The capsule design conditions included a 
spec imen-su r face t e m p e r a t u r e of 1100 F and a spec imen c e n t e r - l i n e t e m p e r a t u r e of 
1500 F . T e m p e r a t u r e data obtained f rom thermocouples incorpora ted in the capsule 
sy s t ems indicated that of the s ix capsules involved in the p r o g r a m , five opera ted at 
t e m p e r a t u r e s c lose to the design condit ions. The t e m p e r a t u r e s in the sixth c a p s u l e , 
B M I - 2 3 - 4 , were somewhat lower than an t ic ipa ted , p r e s u m a b l y because the i r r ad i a t i on 
was conducted where the neut ron flux was lower than the des ign va lue . 

In o r d e r to obtain an evaluat ion of the radia t ion s tabi l i ty of U C , a wide range of 
f i s s ionab le -mate r ia l burnups (1,000 to 20,000 MWD/T of uranium) was specified for 
these i r r a d i a t i o n s . To provide this r a n g e , the va r ious capsu les were i r r a d i a t e d for ap­
prec iab ly different per iods of t ime . While a fair ly detai led evaluation of uncer ta in t ies 
involved in predic t ing burnup levels has been used to dem.onstrate the potential for s i z ­
able e r r o r s , the re is good evidence that the t a r g e t range of burnup des i r ed was achieved 

The i r r ad ia t ions provided information that could be em.ployed in the predic t ion of 
effective in-pi le specimen t h e r m a l conductivity. Findings along this l ine indicated that 
the conductivity did not va ry apprec iab ly during the va r ious i r r ad i a t i on exposures . 

RBP/DS/JHS/EMS:pa 




