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CRITICAL EXPERIMENTS FOR THE PRELIMINARY DESIGN 
OF THE ARGONNE HIGH FLUX REACTOR 

Edited by J. W. L. deVil l iers 

ABSTRACT 

Cr i t ica l exper iments were per formed with two assembl ie s 
s imulat ing a cold clean, and an end-of-cycle , AHFR core . Data 
were obtained for flux d is t r ibu t ions ; cadmium ra t ios ; t empera tu re 
and void coefficients; and control rod, beam hole, and reflector 
wor ths . The data obtained furnished confirmation of theore t ica l 
p red ic t ions . The peak 2 2 0 0 - m / s e c flux per unit power was m e a s ­
ured as 3 X 10^ n/(cm^)(sec)(watt) for both c o r e s . 

The two co res had in te rna l H2O the rma l columns, 12.7 cm x 
12.7 cm X 50.8 cm. These were enclosed by 100-li ter fuel zones. 
The rad ia l ref lector was 90% bery l l ium containing 10% H2O plus 
Plexiglas by volume. The top and bottom ref lec tors were H2O. The 
c r i t i ca l m a s s was 3.58 kg U^̂ ^ with a 1.16 me ta l - to -wa te r rat io 
in tfie fuel zone. The c r i t i ca l m a s s with a 1.60 me ta l - t o -wa te r 
ra t io , taking into account 34.3 kg Type 304 s ta in less s teel , was 
7.15 kg U 235 

1. SUMMARY 

Cr i t ica l exper iments were c a r r i e d out in support of the p r e l im ina ry 
design study for the Argonne High Flux Reactor (AHFR). The major i tems 
of in te res t we re : the flux level produced in the in ternal t he rma l column 
pe r unit of r eac to r power; the flux and power dis t r ibut ions in the fuel zone; 
and the effects of var ia t ions in composi t ions and d imensions . 

The m e a s u r e d flux peaks for co re s of approximately cold clean 
init ial (C-2) and end-of-l ife (C-1) composi t ions , were 3.1 x 10^ and 2.8 x 
10^n / (cm )(sec)(watt), r e spec t ive ly . Each core included a 100-li ter annu­
lar fuel zone, 50.8 cm in height, enclosing a 12.7-cm x 12.7-cm x 50.8-cm 
in te rna l t h e r m a l column (iTC) filled with H2O. The ^external rad ia l r e f l ec ­
tor consis ted of bery l l ium blocks s tacked on Plexiglas space r s to yield 
approximate ly 90% beryl l ium and 10% (H2O and Plexiglas) . The top and bottom 
re f lec to rs were effectively infinitely thick H2O. The fuel contents of the 
co re s were 7.25 kg (C-2) and 3,64 kg (C-1) U^̂ ^ (highly enriched uranium) 
contained in 40 fuel c l u s t e r s . Core C-2 included 34.34 kg of Type 304 s ta in­
l e s s s tee l evenly d is t r ibuted to s imulate burnable poison. The remaining 
rnetal was a luminum. The m e t a l - t o - w a t e r volume ra t ios were 1.60 (for 
C-2) and I . I6 (for C-1) in the fuel region. 



The ra t ios of max imum- to -ave rage radial power distr ibutions in the 
midplane of the fuel region were 2.42 (for C-2) and 2,05 (for C-1); however, 
var ia t ions in these values were noted when l iners and thimbles were present 
in the ITC. The ra t ios of max imum- to -ave rage power along the axis of in­
dividual c lus te r s ranged from 1,25 to 1.46, 

The measu red effects of physical variat ions included, among o thers , 
the dis t r ibuted void coefficient (displacement of H2O) and fuel and poison 
wor ths . The t empera tu re coefficient, cadmium ra t ios of severa l m a t e r i a l s , 
pronnpt neutron l i fe t imes, control rod cal ibra t ions , and various other m e a s ­
u remen t s were made . Table 1 gives a summary of the more important 
r e s u l t s . 

Table 1 

SUMMARY OF PERTINENT RESULTS 

Item 

Cr i t i ca l Mass 

P rompt Neutron Lifet ime 

Safety Rod Worth 

Fine Rod Worth 

Peak 2 2 0 0 - m / s e c flux pe r watt 

Overa l l Void Coefficient 

T e m p e r a t u r e Coefficient 

Core 

C - 1 
C - 1 * 
C - 2 

C - 1 
C - 2 
C - 1 
C - 2 
C - 2 

C - 1 
C - 1 
c-2 

C - 1 
c-1 
C - 2 

C - 1 
C - 2 

C - 1 
C - 2 

C - 1 
C - 2 

Resul t 

3.58 kg 
2.5 kg 
7.15 kg 

140 jusec 
71 idsec 
4 3 + 3 / isec 
3 3 + 2 jusec 
7 3 + 7 /isec 

1.5% Ak/k 
1.56% Ak/k 
2.0% Ak/k 

0.8% Ak/k 
0.7% Ak/k 
1.0% Ak/k 

2.8 X 10^n/{cm^)(sec) 
3.1 X 10^ n/(cm^)(sec) 

-0.37% Ak/k % void 
-0.34% Ak/k % void 

~ -0.024% Ak/k/°C 
~ -0.024% Ak/k/°C 

How Obtained 

Exper imenta l 
Calculated 
Exper imenta l 

Calculated 
Calculated 
Pi le Noise 
Pi le Noise 
Ross i a 

Calculated 
Measured 
Measured 

Calculated 
Measured 
Measured 

Measured 
Measured 

Measured 
Measured 

Measured 
Measured 

*No H2O in re f l ec to r . 



2. INTRODUCTION 

The proposed Argonne High Flux Resea rch Reactor (AHFR) is 
descr ibed e l sewhere , (^ '^ ) It was designed to provide a peak t he rma l neu­
t ron flux of about 4 x 10^^ n/(cm^)(sec) at 100 Mw in an Internal Thermal 
Column (iTC) for the production of t r ansu ran ium isotopes and the study of 
fundamental p a r t i c l e s . In addition to the ITC, a number of ver t ica l and 
hor izonta l exper imenta l faci l i t ies a r e to be provided. 

The p r i m a r y purpose of this r epor t is to record the exper imenta l 
data obtained in some c r i t i ca l exper iments ca r r i ed out to aid in the p r e ­
l iminary design of AHFR and to se rve as a guide to further exper imenta l 
and theore t ica l s tudies , 

3. DESCRIPTION OF THE AHFR CRITICAL ASSEMBLIES 

The genera l descr ip t ion applies to the two c r i t i ca l a s sembl ies used, 
which will be r e f e r r e d to as C-1 and C-2, respec t ive ly . They differed only 
in the fuel loadings, me ta l and water contents , and s izes of the fine control 
r o d s . The a s s e m b l y C-1 r ep resen ted a burned-out co re , whereas C-2 was 
a mockup of a new co re , loaded with burnable poison. These co res were 
accommodated in the exist ing ZPR-VII facility(2) with modifications!•^) as 
shown in F i g s , 1, 2, and 3, 

A, Fuel 

The fuel consis ted of a 93.5% U^^^-aluminum alloy, clad with 
aluminum and rol led and cut to the dimensions given in Table 2, 

Table 2 

F U E L PLATE SPECIFICATIONS 

Length, cm 

Width, cm 

Thickness , cm 

Weight, gm 
(a) U"5 
(b) Aluminum 

C - 1 

+0.95 
50.8 ^ ^ , 

-0.32 

6,2 

0,043 

4,1 + 0,1 
33,9 

C-2* 

50.8 nominal 

6.2 

0.094 

7.95 
70.25 

These values a r e for 206 double-weight 
p la tes - see text . 



The fuel p la tes were clamped in alumiinum backup plates to form 
an element , as shown in F ig . 4, Since the fuel was exposed at the ends by 
a shear ing operat ion, it was sealed with a coating of carnauba wax. Two-
hundred-and-s ix of the p la tes for the C-2 core were of double th ickness , 
as given in Table 1; the r e s t of the C-2 e lements were made up by c l amp­
ing two C-1 pla tes in the same backup pla te . The dimensions of the backup 
plates a r e given in Table 3. 

Table 3 

SPECIFICATIONS OF ALUMINUM BACKUP PLATES 

Length 56.44 cm 

Thickness 0.099 cm 

Width 6.985 cm 

Volume 37.5 cm^ 

Weight 101,3 gm 

The fuel c l u s t e r s shown in F ig , 4 held 22 fuel e l emen t s , with the 
exception of the four c l u s t e r s adjacent to the flat s ides of the fine control 
rods . These c l u s t e r s had room for only 20 e lements , the remaining space 
being taken up by the aluminum rod guides. 

The C-2 c l u s t e r s each contained an additional 17 s ta in less s tee l 
s t r i p s , of d imensions given in Table 4, to s imulate burnable poison, A 
third loading, containing the same amount of U^̂ ^ as in C-2, but with only 
12 s ta in less s teel s t r ips pe r c lus t e r , will be r e f e r r e d to as C - 2 ' . A few 
runs , to de te rmine the worth of the bery l l ium ref lec tor , were also made 
with no s ta in less s t ee l . 

Table 4 

DIMENSIONS OF STAINLESS STEEL POISON STRIPS 

Length 56,44 cm 

Width 6,985 cm 

Thickness 0.0184 cm 

Volume 6.53 cm'' 

Weight 50.6 gm 

Density 7,75 g m / c m 



B . C o r e C o n f i g u r a t i o n 

F o r t y fuel c l u s t e r s w e r e a s s e m b l e d wi th in a 0 , l 6 - c m - t h i c k 
a l u m i n u m s h r o u d in an a n n u l a r c o n f i g u r a t i o n , a s shown in F i g . 2, with 
d i m e n s i o n s g iven in F i g , 3, The c o r e c o m p o s i t i o n s a r e g iven in Tab le 5, 
The i n t e r n a l t h e r m a l c o l u m n , 13,97 c m x 13.97 c m , con ta ined l ight w a t e r ; 
t he m o d e r a t o r a l s o w a s l ight w a t e r . The ax ia l l ight w a t e r r e f l e c t o r s w e r e 
e s s e n t i a l l y i n f i n i t e . 

T a b l e 5 

C O R E COMPOSITIONS 

Item 

Volume of Fue l Zone, l i t e r s 
Volume of ITC, l i t e r s 
Weight of U^^^ kg 
Weight of Stainless Steel, kg 

U^̂ ^ Density, g m / c c * 
Stainless Steel Density, gm/cc 

Aluminum Density, g m / c c 
H2O Density, gm/cc 
Meta l /Water Volume Ratio 
H/U^^^ Atomic Ratio 

Excess Reactivity, % Ak/k 

C-1 

100.862 
8.193 
3,641 

" 

0.0316 

" 

1.44 
0.45 
1,16 

323 

- 1 . 2 % 

C-2 

100.862 
8,193 
7,251 

0-2:34,335 
C-2':24,236 

0,0719 
C-2:0,341 
C-2':0.240 

1,495 
0.384 
1.60 

138,3 

C-2:~0,4 
C-2':2.6 

* N u m b e r s fol lowing t h i s p e r t a i n on ly to fueled r e g i o n 
and do not i nc lude the I T C , 

The r a d i a l r e f l e c t o r w a s b e r y l l i u m of d i m e n s i o n s shown in F i g , 3. 
It c o n s i s t e d of about 3500 p i e c e s of b e r y l l i u m , none l a r g e r than 5 c m x 
5 c m X 10 c m , s t a c k e d on P l e x i g l a s s p a c e r s a s shown in F i g . 1. The 
P l e x i g l a s and w a t e r v o l u m e in the b e r y l l i u m r e f l e c t o r a m o u n t e d to about 
10% of i t s v o l u m e . The r e f l e c t o r w a s conf ined by an a l u m i n u m s h r o u d a s 
in F i g . 2. 
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C. Control 

Control was achieved by means of four c ros s - shaped control rods 
and two blade- type, a luminum-clad , cadmium rods of dimensions given 
below. The locations of these rods a r e evident from Fig . 2 and Fig . 3. 

Safety Rods 

Square c ro s s 
Length 
Thickness 

24,5 cm a c r o s s 
152 cm 
0,0508-cm cadmium clad in 

0,159-cm thick aluminum 

Fine Rods 

Length of Cadmium Por t ion 

Width 
Thickness 

61 cm for C-2 and 30 cm 
for C-1 

5,08 cm 
0,0508-cm cadmium sand­

wiched between aluminum 
pla tes , 0,127 cm thick 

D. Beam Tubes 

Two beam tubes w^ere provided in C - 1 . One, the west beam tube, 
was situated at tne midplane of the core and butted up against the aluminum 
shroud around the core (see F ig . 2). The south beam tube, which was d i s ­
pensed with in C-2, was located with i ts center l ine 5.1 cm below the top of 
the fuel c l u s t e r s , and extended to within 5 cm of the fuel-beryl l ium interface. 
The tubes were of 10 . l6 -cm-ID aluminum tubing, 0.295-cm wall th ickness , 
and were closed off with 0 ,3-cm aluminum d i scs , 

E, Startup Source 

The s tar tup source consisted of an activated antimony pellet which 
could be inser ted by means of a pneumatic dr ive into the beryl l ium ref lec­
tor to provide photoneutrons, The location is shown in F igs , 1 and 2. 

4. CORE LOADINGS AND EXCESS REACTIVITY MEASUREMENTS 

The f i rs t AHFR Cr i t ica l Exper iment , C - 1 , attained c r i t i ca l i ty on 
F e b r u a r y 1, I960, Cr i t ica l i ty was achieved by p rogress ive ly loading fuel 
into the core descr ibed in Section 3, Inverse mult ipl icat ion m e a s u r e m e n t s 
(see F ig . 6) indicated a clean c r i t i ca l m a s s of approximately 3.6 kg of U ^̂ , 
As the core was designed to hold only 872 fuel e lements (3575 g U^^^), it 
was n e c e s s a r y to reduce the ITC to 12,7 cm x 12,7 cm by adding 16 ex t ra 



fuel p la tes . This brought the total number of plates to 888, or 3640.8 g of 
U^^^. Cri t ical i ty was achieved with safety rod No. 5 withdrawn 15.2 cm, 
corresponding to an excess react ivi ty of about 1,2% Ak/k (see Section 6, 
"Control Rod Cal ibra t ions") . 

The second core loading, C-2, achieved cr i t ical i ty on June 24, I960, 
by loading the C-2 fuel as descr ibed in Section 3 in the same manner as 
descr ibed above. The c r i t i ca l m a s s was approximately 7.15 kg U^^ ,̂ 
Corros ion effects, d i scussed in the following subsection, caused a gradual 
loss of react iv i ty . It was therefore again necessa ry to reduce the size of 
the ITC to 12.7 cm by 12.7 cm by adding 16 thick plates (containing 
7.95 gm U^̂ ^ each), giving a total of 206 thick and 1338 thin plates , or 
7,251 kg U^^ .̂ This yielded an excess react ivi ty of 1.54 Ak/k. This excess 
react ivi ty was reduced by further cor ros ion . By adding about 5 ppm of 
potass ium and sodium dichromates the corros ion was near ly completely 
prohibited and the excess react ivi ty during most of the operation of C-2 
remained at approximately 0,4% Ak/k, 

The available excess react ivi ty in the C-2 ' loading was about 
2.6% Ak/k. 

Table 5 (see Section 3) l i s t s the component densi t ies of the two 
AHFR cr i t i ca l a s sembly c o r e s . The quoted numbers pertain to the 
50.8-cm fuel zone only, and do not include the end fittings of the c l u s t e r s . 

A. Corros ion Effects 

The react ivi ty drift in C-2 mentioned in the preceding paragraphs 
was at tr ibuted to the formation of hydrogen bubbles caused by the corros ion 
of the aluminum in the core . This cor ros ion ra te was enhanced by the 
"couple" or galvanic cell effect formed by the H2O, s ta inless steel, and 
aluminum components . (v 

Two c o r r o s i o n - r e s i s t a n t l acquers were t r ied on the s ta in less s tee l . 
One was a phenolic "200" lacquer used by Continental Can Company. The 
lacquer was rol led on to a thickness of 0.0025 cm (l mil) and then baked in 
a 200°C oven for 10 to 12 min. The other lacquer was Paladin (vinyl 
lacquer - In terchemical Corporat ion) . The s ta inless steel s t r ips were 
hand dipped in the Paladin and a i r dr ied for 72 hr . The phenolic coating 
withstood 8-hr i m m e r s i o n in boiling water , whereas the Paladin peeled 
badly after a one-day tes t period in 24°C wate r . 

The cor ros ion ra te was m e a s u r e d with the water in a highly purified 
s ta te , and also with an oxidizing agent added to it. When an oxidizing agent 
like dichromate (Na2Cr207 or K2Cr207) is added to the corroding solution, 
it helps to repa i r b reaks in the protect ive oxide film, thereby stopping 
further react ion at the local anode on the meta l surface . 



The cor ros ion ra t e s were m e a s u r e d as follows: one fuel c lus ter 
was i m m e r s e d in reac to r water in a plast ic box. An M-S-A Explosimeter 
was used to m e a s u r e the amount of hydrogen evolved, a ful l -scale reading 
of 100% corresponding to an explosive air mixture containing 4,1% hydrogen. 

The cor ros ion ra tes l isted in Table 6 were calculated by means of 
the data presented in accordance with react ion: 2 Al + 6 H2O-•-2 Al(OH)3 
+ 3 H2. The exposed a r e a of aluminum per c luster was 15,710 cm . 

Table 6 

CORROSION RATES 

Stainless Steel Sample 

I. Uncoated 

Tr i a l 1 

Tr i a l 2 

Tr i a l 3 

II. Coated (Paladin) 

. III. Coated (Phenolic "200") 

T r i a l 1 

Tr i a l 2 

Tr i a l 3 

Tr i a l 4 

H2O Puri ty , 
megohm 

0.8 

0.4 

1% 
dichromate 

<0.1 

0.8 

0.4 

5 ppm 
dichromate 

5 ppm 
dichromate 

Test 
Time, 

hr 

5 

27 

42 

16 

8 

24 

9 

24 

Reading, 
%/hr 

0.8 

1.296 

0.357 

2.5 

-0.0 

0.417 

0.444 

0.875 

Corrosion Rate, 
mg/(cm^)(day) 

(x 10-^) 

11.2 

18.1 

4.9 

35 

-0.0 

5.8 

6.2 

12.3 

The cor ros ion ra t e s given in Table 6 a re of the same magnitude as 
could be inferred from published data,(4) Using the cor ros ion ra te of the 
Paladin tes t as the worst condition, it is noted that gas evolution was r e ­
duced to one- third to one-s ixth of the uninhibited value using ei ther d ichro­
mate in the modera tor or applying phenolic lacquer to the s ta in less s teel 
s t r i p s . As there were about 700 s ta in less s teel s t r ips in C-2, it was more 
convenient to add dichromate to the water . Previously, the hydrogen 
evolution for a full core was about 1 l i t e r / h r , with approximately one-
fourth of this amount retained in the core , producing a steady react iv i ty 
loss of 1/3% Ak/k/hr , Upon adding d ichromate , the steady negative drift 
was near ly el iminated. 



5, MEASUREMENT OF THE PROMPT NEUTRON LIFETIME, 
DELAYED AND PHOTONEUTRON EFFECTIVENESS 

A, Prompt Neutron Lifetime 

Two methods were employed in the measurement of 4 the prompt 
neutron lifetime, viz. , the Pile Noise(5) method and the Rossi-Ct(6) method. 
The Rossi-Ct is the rat io of the effective delayed neutron fraction to the 
prompt neutron l ifet ime, i .e . , /Sgff/-̂  at delayed cr i t i ca l . The resu l t s are 
given in Table 7, The prompt neutron lifetime was calculated by the 
l / v poison method, ( ' ) using the PDQ code,(8) 

Table 7 

PROMPT, DELAYED AND PHOTONEUTRON PARAMETERS 

Item 

a = p^ff/i 

* = ('3eff - P)A 

^ = V^D 

^D 

| 3 D ( U " ^ ) 

Pp(D20) 

^eff (total) 

-2 (neutron lifetime) 

i 

i 

Method 

Pile noise: Run 1 
Run 2 

Rossi-Ct experiment 

Cohnv") (experimental) 

Calculated 

ANL-5800(10) 

Berns te in et a l . ( l l ) 

/3eff = eD(ePp + ^ D ) 

Pile noise 

Ross i - a 

Calculated 

C - 1 

182.5 + 21 s e c - ' 
180.9 + 7 s e c - ' 

-

0.12 

1.19 

0.0065 

0.001 

0.0079 

43 + 10-^ sec 

140 X 10-^ sec 

C-2 

250.5 + 25 s e c " ' 
228.9 + 13 s e c - ' 

308 + 30 s e c - ' 

0.159 + 0.005 

1.19 

0.0065 

0.001 

0.0079 

33 + 2 X 10-^ sec 

73 + 7 X 10"^ sec 

71 X 10-^ sec 

B. Delayed Neutron and Photoneutron Effectiveness 

The re la t ive photoneutron effectiveness was measured in both 
co res by a method devised by Cohn.(9) If e^ and £13 a re the photoneutron-
and delayed-neutron effectivenesses (as compared to fission neutrons) , the 
re la t ive photoneutron effectiveness is defined as £ = G p / e p . The value 
for the delayed neutron fraction jSx̂  was taken as 0,0065(^0) and the 
photoneutron fraction was taken from the D2O data of Berns te in et al.(^ •*•) 
as |3 = 0.001. The D2O data was assumed to be applicable to the 



AHFR system without introducing any significant e r r o r s . ' ^ ^ ) The resu l t s 
o± these m e a s u r e m e n t s a r e p resen ted in Table 7. The delayed neutron 
effectiveness ^D was calculated by using age theory and distinguishing the 
prompt and delayed neutrons by means of thei r different ages.vl-^) 

The Rossi-oc de terminat ion was done with safety rod No. 1 fully 
inser ted from a c r i t i ca l posit ion of 36.06 cm, i .e . , 1.48% p {P = Ak/k) sub-
c r i t i ca l . There was also an observed loss of react iv i ty during this and a 
subsequent Ross i -d exper iment which puts this m e a s u r e m e n t somewhat in 
doubt. It should be noted, however, that a loss of react ivi ty during the ex­
per iment , which is not cons idered in the calculation of i from ot, would 
yield a minimum value for i. The d i sc repancy between the calculated 
.^-values and the p i le -noise r e su l t s is as yet not fully understood. Although 
a one-group ba re r eac to r model was used in analyzing the exper imenta l 
data, it was thought!^^'•'•5) that this assumpt ion would not introduce any 
significant e r r o r s in the range of the exper imen t s . Work at other ins ta l la ­
t ions, (1 DJ 1'̂ ) however , indicate that this may not be the case . 

6, CONTROL ROD CALIBRATIONS 

Apart from the neces s i t y to know how much excess react iv i ty could 
be held down by the control rods , a ca l ibra ted rod was needed as a r e f e r ­
ence to de te rmine the reac t iv i ty worths of var ious core components and 
samples introduced in the exper imenta l th imbles . 

Safety rods No. 5 and No, 1 (also r e f e r r e d to as coa r se control rods) 
as well as the (fine) control rods No, 1 and No, 2 were ca l ibra ted for C - 1 , 
C-2, and C-2 ' by observing the r is ing per iods resul t ing from an incrementa l 
withdrawal (in approximately 3.5-cm steps) of the respec t ive rods frorii a 
c r i t i ca l posit ion. After each withdrawal , c r i t ica l i ty was r e s to r ed by i n s e r t ­
ing a conrlpensating rod. The reac t iv i ty worth of each step was obtained 
from period ve r sus reac t iv i ty curves computed from the in-hour equation, 
using the^data given in Table 8. These reac t iv i ty inc rements were then 
summed to give the in tegra l worth of the rod, or used to find the differential 
worth as a function of rod posit ion (see F i g s . 7, 9, 13, and 14). 

Table 8 

DATA FOR C-1 AND C-2 INHOUR CURVES 

Core 

C-1 

C-2 

2/3. 

0.0065 

0.0065 

^ 

1.19 

1.19 

V^D 
0.12 

0.16 

£ 

140 X 10"^ sec 

60 X 10'^ sec 



In the computation of the per iod ve r sus react ivi ty curves for C-2, 
the value of 60 /isec was used for £, because the calculated value was not 
yet avai lable . This does not influence the rod cal ibra t ions , as it is only at 
ve ry short per iods that the l ifetime t e r m in the inhour equation becomes 
significant. The delayed neutron data a r e those of Keepin and Wimett,(18) 
whereas the photoneutron data was obtained from Berns te in et al.(-'-l) as 
explained in Section 5. 

In the C-2 core , control rod cal ibrat ions were also made by the 
"Ramp Inser t ion" method, where the dec rease in neutron flux is noted 
while a rod is inser ted at a s teady r a t e . The react ivi ty as a function of 
rod position was then computed by means of the IBM-704 Code RE-138.(19) 
Comparable r e su l t s were obtained as can be seen in F igs . 11, 12, and 13. 

The effect of t e m p e r a t u r e on rod worth was also determined for 
safety rod No, 1, This is p resen ted in Fig , 12, 

The data obtained by these var ious methods a re presented in F igs . 7, 
8, 9, and 10 for C - 1 ; and in F i g s . 11, 12, 13, and 14 for C-2 and C-2 ' . The 
"four ex t ra p l a t e s " loading r e f e r r e d to in F igs . 7 and 8 consisted of the 
no rma l loading of 888 fuel plates with four extra plates inser ted at Pos i ­
t ions 32, 33, 34, and 35 (see F ig . 5). This loading change did not seem to 
affect the differential worth of safety rod No. 5, but an apparent inc rease 
in total worth from 1,56% Ak/k to 1.66% Ak/k can be noted, as shown in 
Fig . 8. 

F r o m the slopes of the worth curve (Fig. 12) at different t e m p e r a ­
t u r e s , it can be es t imated that the No. 1 safety rod worth in C-2 ' decreased 
by 0.5 to 1.0% of i ts worth at 27°C per degree r i se in t e m p e r a t u r e . 

A smal l i nc rease in total worth of the safety (or coarse) control 
rods from 1.97% Ak/k to 2.03% Ak/k could be noted in comparing the C-2 
worths with C-2 ' wor ths . 

As no effort was made to do a l e a s t - s q u a r e s fit for the data on the 
rod wor ths , the e r r o r s involved cannot be accura te ly stated. It is believed, 
however, that the data p resen ted in Table 9, for comparison with calculated 
data, is reproducible to within 3%. 

The agreement between the theore t ica l and exper imental data is 
sa t i s fac tory . 



Table 9 

COMPARISON OF MEASURED AND CALCULATED 
CONTROL ROD WORTHS 

Core 

C-1 m e a s u r e d 

C-1 calculated(3) 

C-2 m e a s u r e d 

C-2 ' m e a s u r e d 

Total Worth 
per Safety Rod, 

% Ak/k 

1,56 

1.5 

1.97 

2.03 

Total Worth 
per Fine Rod, 

% Ak/k 

0.7 

0.8 

~1 (not measured) 

1.1 

Total Rod 
Worth in Core , 

% Ak/k 

7.64 

7.6 

-10 

10.32 

7. ABSOLUTE FLUX AND POWER MEASUREMENTS 

One of the main purposes of the AHFR design is to provide fluxes 
of magnitude not previous ly available for exper imenta l pu rposes . It was 
therefore important to know the maximum available flux as a function of 
r eac to r power. This was m e a s u r e d as descr ibed below. 

A. Relative F i s s ion Rate Measurements 

A flux map, with and without a 3 .81-cm-OD, 0 .056-cm-wal l , Type 304 
s ta in less s tee l thimble in the ITC, was obtained over a quadrant of both 
co res C-1 and C-2 by i r rad ia t ing u ran ium-a luminum foils in a hor izontal 
plane at the position of the axial flux max imum. The locations of the foils 
a r e given in F ig . 15 for C-1 and in F igs , 16 and 17 for C-2, Axial plots , 
from m e a s u r e m e n t s with manganese foils for C-1 and uran ium-a luminum 
foils for C-2, were also obtained at point 32, F ig . 5. 

The foils were counted in an automatic counting setup,V^^) with 
cor rec t ions applied for decay by using a re fe rence foil. The usual back­
ground and resolving t ime co r rec t ions w^ere automatical ly applied. 

During the foil i r r ad ia t ions , the control rods were completely 
withdrawn, and cr i t ica l i ty was maintained by adjusting the water (top 
ref lector) height. The v i r tua l absence of the top ref lector does not in­
fluence the re la t ive flux values significantly, but the peak f lux-to-power 
rat io is inc reased since the effect of a ref lector is genera l ly to lower 
the peak - to -ave rage flux. 



The cor rec ted and normal ized foil activations a re presented in 
F igs , 15, 16, and 17, The subcadmium flux map (Fig, 17) for C-2 was ob­
tained from Fig. 16 with the aid of the cadmium rat ios as given in Fig . 17. 
These were obtained from radia l cadmium ratio measurement s (see 
Section 8). These data were integrated numerical ly , using a five-point 
quadrature formula'^•'^z for each c lus ter to yield the "average activation" 
to the "activation at point 32" ra t ios as presented in Table 10. 

Table 10 

AVERAGE ACTIVATION" TO "ACTIVATION AT POINT 32 
RATIOS WITH AND WITHOUT STAINLESS 

S T E E L THIMBLES 

Item 

Inner r ing of fuel p la tes 

Outer r ing of fuel p la tes 

Fue l c l u s t e r s 

Total Activat ion Ratio 

With 
SS Thimble 

C - 1 

1.708 

1.628 

1.067 

C - 2 

2.126 

1.838 

0.951 

Without 
SS Thimble 

C - 1 

1.780 

1.530 

1.030 

C - 2 

2.203 

1.905 

0.954 

Subcadmium Activation 
Ratio for C-2 

With SS Thimble 

2.486 

2.112 

1.009 

Without SS Thimble 

2.569 

2.184 

1.012 

The e r r o r s involved in this nnethod of integration cannot be computed 
without fitting a two-var iable polynomial to the data. However, the e r r o r s 
computed!^•'^z for a surface of g r ea t e r curvature than presented by the foil 
activations were less than 1% for the same relative mesh spacing. 

The axial plots , p resented in Fig , 48 for C-1 and Fig, 36 for C-2, 
yielded max imum- to -ave rage values of 1,238 for C-1 and 1,158 for C-2, 
The counting s ta t i s t ics for al l these foils had a standard deviation of less 
than 1%. 

B. Determinat ion of Absolute Flux and F iss ion Rates 

Absolute flux and fission ra te measuremen t s by means of gold and 
U^̂ ^ foils were made at re ference points along a radial t r a v e r s e through 
the c o r e s . The gold foils were counted in standard counters and cor rec ted 
for decay, background, counter efficiency, and dead t ime. The U^̂ ^ foils 
were analyzed radiochemical ly for the M o ' ' fission product activity, from 
which the total number of f issions could be determined. 

The data thus obtained a r e presented in Table 11. The absolute 
flux and fission r a t e s were computed from this data, using c ross sections 
and applying cor rec t ions as descr ibed in the following pa rag raphs . The 
foils in the fuel zone were located at position 32 in Fig . 5 (at midplane of 
the core) , whereas the foils in the ITC were located in the center of the 
r eac to r , Channel V is a " log-power" r e c o r d e r . 



Table I I 

ABSOLUTE FLUX AND FISSION RATES IN CORES C-1 AND C-2 

Foil Dimensions, cm 

Gold 
0.00254 X 1 X 1 

U235 
2.223 X 1 27 X 0.00254 
3.175x1.27x0 00254 
2.54 X 2 54 X 0.00254 
2.54 X 2.54 X 0.00254 

Gold 
0.00254 X 1 X 1 

U235 

0.0127 X 1 27 X 1.27 

Core 

C-1 

C-1 

C-2 

C-2 

Location 

Fuel 
Fuel 
ITC 
ITC 
Fuel 
ITC 

ITC 
Fuel 
ITC 
Fuel 

Fuel 
ITC 

Fuel 
ITC 

Conditions 

with SS Thimble 
with SS Thimble 
with SS Thimble 
with SS Thimble 
without SS Thimble 
without SS Thimble 

with SS Thimble 
with SS Thimble 
without SS Thimble 
without SS Thimble 

without SS Thimble 
without SS Thimble 

without SS Thimble 
without SS Thimble 

Reading on 
^Time(min) 

55 8/10 
55.8/10 
55.8/10 
55.8/10 
76/20 
76/20 

55.8/10 
55.8/10 
76/25 
76/25 

57/8 5 
57/8 5 

57/8 5 
57/8.5 

Bare Saturated Activity 
or Fission Rate per gm 

1.2283 xlo 'd is/ lgmHmml 
1 2384 X 109 
2.9752 X 10' 
3 0363 X 10' 
2.809 X lOlO 
6 9628 X lOlO 

1353xlo8fiss/(gml(sec) 
4.01 X 10? 
2.64 X 10' 
7.57 X 108 

2 216xlo'dis/(gmHmin) 
9 607 X 10' 

4.186 X lO' fiss/(gm)(sec) 
2.882 X 108 

C. C r o s s Sec t i ons Used in C o m p u t i n g A b s o l u t e F l u x and C o r r e c t i o n 
F a c t o r s 

A s s u m i n g a c a d m i u m cutoff of 0.4 ev, the t h e r m a l c r o s s s e c t i o n s 
for the fuel zone and the ITC w e r e c o m p u t e d by m e a n s of the Sofocate 
code . (22) The foil c r o s s s e c t i o n s w e r e a l s o a v e r a g e d o v e r the fuel and 
ITC s p e c t r a b y the s a m e code . 

The 2 2 0 0 - m / s e c c r o s s s e c t i o n s w e r e c o m p u t e d by m e a n s of 
W e s t c o t t ' s p r e s c r i p t i o n , ( 2 3 ) ^̂ ^ wh ich 

A 
O = ' 2200 (g + i-s) 

and r i s ob ta ined f r o m : 

/ g -1 r s 
C a d m i u m r a t i o for a t h in l / v a b s o r b e r = s + 

The c a d m i u m r a t i o s w e r e d e t e r m i n e d for gold fo i l s , wi th 0 . 0 5 0 8 - c m 
c a d m i u m c o v e r s , a s s u m i n g gold to be l / v be low 0.4 ev, g and s as g iven 
by W e s t c o t t , and K = 2.0728 for a 0 . 0 5 0 8 - c m c a d m i u m c o v e r . ( 2 4 ) The neu­
t r o n t e m p e r a t u r e T was found a p p r o x i m a t e l y f r o m the c r o s s s e c t i o n of a 
uni t l / v a b s o r b e r in the Sofocate c o m p u t e d s p e c t r u m for the r e l e v a n t 
r e g i o n . The n e u t r o n t e m p e r a t u r e s w e r e a p p r o x i m a t e l y 87°C and 340°C 
for the C-1 and C - 2 fuel r e g i o n s , r e s p e c t i v e l y , and T = TQ = 20°C in the 
ITC in bo th c o r e s . 

The v a l u e s of the " e p i t h e r m a l i n d e x " r t hus c o m p u t e d a r e p r e s e n t e d 
in T a b l e 12. 



Table 12 

EPITHERMAL INDEX r 

Region 

Fuel Zone 

ITC 

Average 
Gold-Cadmium 

Ratio 

C-1 

2.112 

9.837 

C - 2 

1.764 ' 

9.531 

r 

C-1 

0.0494 

0.0064 

C-2 

0.0696 

0.0066 

The computed c r o s s sections a re given in Table 13. The gold 
t h e r m a l c ro s s sect ions were found by multiplying the 0.0253-ev value of 
98.8 b by the c r o s s section for a unit l / v absorber as found by the Sofocate 
computat ions, 

Table 13 

THERMAL AND 2200-m/ sec CROSS SECTIONS FOR C-1 AND C-2 

Item 

2^ [cm"^] t h e r m a l 

\j- [cm] t h e r m a l 

^"^ [cm-^] t h e r m a l 

2^35 [cm-^] t h e r m a l 

SAu [cm-^] t h e r m a l 

2^35 [cm-^] Westcott 

2^5 [ c m - ' ] Westcott 

2Au [cm- ' ] Westcott 

(7g^(unit l /v) [barns] t h e r m a l 

C-

Fue l Zone 

0.04839 

0.7136 

32.03 

27.17 

10,86 

0.7785 

-1 

ITC 

0.01902 

0.4361 

32.50 

27,23 

6,51 

0.8862 

C-

Fuel Zone 

0.08567 

1.4199 

16.179 

13.60 

3.377 

27.861 

23.151 

12.896 

0.5783 

2 

ITC 

0.01859 

0.4956 

23.807 

20.07 

4.878 

28,614 

24,043 

6,534 

0.8354 

The U^̂ ^ foil c r o s s sect ions given in Table 13 were also co r rec ted 
for spec t ra l hardening in the foils.(25) 



D. Cor rec t ions to Foil Data 

The U^̂ ^ foil data were co r rec t ed for self-shielding and flux 
depress ion by means of T i t t l e ' s procedure.(26) The cor rec t ions for the 
gold and u ran ium-a luminum foils were found to be of the o rde r of 1% but 
were not applied. 

The cor rec t ion factors for the U '̂'̂  foils a r e l is ted in Table 14, 

Table 14 

FOILS USED AND CORRECTION FACTORS APPLIED 

F o i l S i ze , c m 

2.223 X 1.27 X 0 .00254 

3.175 X 1.27 X 0 .00254 

2.54 X 2.54 X 0,00254 

2,54 X 2.54 X 0 .00254 

1.27 X 1.27 X 0,0127 

1,27 X 1,27 X 0,0127 

1.27 X 1.27 X 0,0127 

1,27 X 1,27 X 0,0127 

L o c a t i o n 

ITC 

F u e l zone 

ITC 

F u e l zone 

ITC 

F u e l zone 

ITC 

F u e l zone 

C o r e 

C - 1 

C - 1 

C - 1 

C - 1 

C - 2 

C - 2 

C - 2 

C - 2 

C r o s s 
S e c t i o n s 

Used 

W e s t c o t t 

W e s t c o t t 

W e s t c o t t 

W e s t c o t t 

W e s t c o t t 

W e s t c o t t 

T h e r m a l 

T h e r m a l 

U n p e r t u r b e d F l u x 

A c t i v a t i o n F l u x 

1,25 

1,17 

1,29 

1.18 

1,89 

1,65 

1.75 

1.40 

Applying the above cor rec t ion factors to the observed fission r a t e s , the 
total f ission r a t e s for the respec t ive measurennents were connputed and 
from this the f lux-to-power ra t ios were found as given in Table 15, 

Considering the magnitude of the cor rec t ions applied to the U 
data, the agreement between the gold and U '̂'̂  foil m e a s u r e m e n t s in C-2 is 
sa t i s fac tory . 

The predic ted peak flux at 100 Mw is 3.5 x lO'^ n / (cm)(sec) for C-1 
as computed by the PDQ code,(°) in fair agreement with the m e a s u r e m e n t s . 
The flux per unit power for C-2 was not calculated. 



Table 15 

MEASURED PEAK FLUX PER UNIT POWER 

Foi ls Used and Flux Specified 

Gold, 2200 m / s e c (with)* 

U " ^ 2200 m / s e c (with) 

Gold, 2200 m / s e c (without) 

U^^ ,̂ 2200 m / s e c (without) 

Gold, t h e r m a l (without) 

U^^*, t h e r m a l (without) 

Gold, 2200 m / s e c (without) 

U"^, 2200 m / s e c (without) 

U " ^ t h e r m a l (with) 

U"=, 2200 m / s e c (with) 

Core 

C-1 

C-1 

C-1 

C-1 

C-2 

C-2 

C-2 

C-2 

C-2 

C-2 

Axial Maximum 
Flux at 32 

(Fig. 5), 
n / (cm^)(sec) 

3.66 X lO'' 

3.22 X 10^ 

8.35 X 10« 

6.17 X 108 

0.855 X 10^ 

0.582 X 10« 

0.565 X 10* 

0.557 X 10^ 

0.582 X 10^ 

0.557 X 10« 

Cent ra l 
Peak Flux, 

n/(cm^)(sec) 

1.49 X 10^ 

1.16 X 10* 

3.45 X 10' 

2.33 X 10' 

5.68 X 10* 

4.55 X 10* 

4.74 X 10* 

4.23 X 10* 

4.23 X 10* 

3.93 X 10* 

Cent ra l Flux 

Flux at 32 
(Fig. 5) 

4.07 

3.60 

4.13 

3.80 

6.64 

7.82 

8.39 

7.59 

7.27 

7.06 

Power , 
watts 

5.41 

4.6 

115 

87 

15 

12.2 

15.2 

13.47 

12.15 

13.47 

Cent ra l Peak 
Flux per Watt, 

n/(cm^)(sec)(watt) 

2.8 X 10^ 

2.5 X 10^ 

3.0 X 10^ 

2.7 X 10^ 

3.8 X 10^ 

3.7 X 10^ 

3.1 X 10^ 

3.1 X 10'' 

3.5 X 1 0 ' 

2.9 X lO'' 

*(with) or (without) r e f e r s to s t a in less s tee l th imble . 
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8. FLUX DISTRIBUTIONS AND CADMIUM RATIOS 

In o rde r to anticipate cooling r equ i remen t s and also to place the 
exper imental facil i t ies in the mos t advantageous posit ions regarding maxi ­
mum available flux, detailed knowledge of the flux and power dis tr ibut ions 
in the r eac to r is n e c e s s a r y . The flux distr ibut ions were m e a s u r e d exper i ­
mental ly. Cadmium ra t io m e a s u r e m e n t s were also made to provide an 
es t imate of the ra t io of the the rma l to the fast neutron flux. 

Bare and cadmium-covered foils (0.0508-cm cadmium) of dysprosium 
manganese , gold, and uranium-aluminumi were used in radial and axial flux 
t r a v e r s e s in both co res at posi t ions indicated in Fig. 5. The foil dimensions 
and composit ions a r e given in Table 16. The foils were counted and the 
data p r o c e s s e d as desc r ibed in Section 7. 

Table 16 

FOIL DIMENSIONS AND COMPOSITIONS 

Foil 

Mn 
In 
Dy 
U-Al 
Au 

Thickness , 
cm 

0.0102 
0.0127 
0.0203 
0.0660 
0.00254 

Diameter , cm 

0.559 
0.559 
0.559 
0.559 

1 cm X 1 cm sq 

Composition 

Mn with 20 wt-% Cu 
P u r e In 
Dy with 95 wt-% Al 
U(93.5% U"^) with 82 wt-
P u r e Au 

-% Al 

During the i r r ad ia t ion of the foils, except in the study of the effects 
of the fine control rods on the flux distr ibut ion, all the control rods were 
withdrawn and the r eac to r control led by adjusting the water (top ref lector) 
height. The water height in mos t ca ses was between 56.6 cm and 57.8 cm 
above the bottom of the fuel c l u s t e r s . This meant that the re was vir tual ly 
no top ref lec tor during these m e a s u r e m e n t s . The radial flux m e a s u r e ­
ments were made at 28 cm above the base plate (i .e. , the bottom of the fuel 
c lus t e r s ) , at the maximum of the axial flux distr ibution. Several axial 
and radial t r a v e r s e s were made with a Type 304 s ta in less s teel tube 
(length 6l cm, OD 3.81 cm, and wall th ickness 0.056 cm) in the center of 
the ITC in o rde r to de termine i ts effect on the flux distr ibution. This 
s ta in less steel tube s imula tes a centra l ly located i r rad ia t ion thimble in 
the reac tor p roper . Two radial t r a v e r s e s were also made in C-2 with a 
0.635-cm aluminum l iner in the I T C 

A. Axial Flux Distr ibutions 

The re la t ive ba re and cadmium-covered foil ac t iv i t ies , co r r ec t ed 
for background and decay, a re p resen ted for C-1 in Figs. 18, 19. 20, 21, 
and 22 for gold, dyspros ium, indium, manganese , and U^^ ,̂ respect ive ly . 



The s ta in less s teel thimble caused an overal l reduction of the axial 
flux, but did not change the shape of the flux distribution. This is shown in 
F i g s . 19, 21, and 22. 

Due to the reduced th ickness of the top ref lector , in most cases 
only 3.5 cm, the axial maximum does not occur at the center of the fuel 
region, i .e . , at 28.9 cm as shown in F ig . 18, but at about 28 cm above the 
base pla te . This shift in cent ra l maximium is l e s s marked for C-2. All 
the above m e a s u r e m e n t s were made at the center of the ITC. F igure 36 
is an ax ia l -d i rec t ion plot obtained with U^^^-aluminum foils at point 32 
(Fig. 5) in the fuel region. The max imum- to -ave rage ra t ios for the U^̂ ^ 
foil t r a v e r s e s , cons idered to be proport ional to the power, were computed 
and are p re sen ted in Table 17. 

B. Radial Flux Measuremen t s 

The radia l foil act ivat ions a re p resen ted in F igs . 23, 24, 25, 26, 27, 
and 28 for C-1 and in F i g s . 37, 38, 39, 40, 41, 42, and 43 for C-2. 

The effect of the s ta in less steel thimble can be noted in F igs . 24, 
26, and 27 for C-1 and in Fig. 41 for C-2. The maximum in the ITC is 
reduced by approximately 11% in C-1 and 7% in C-2. The flux in the fuel 
region is not affected by the p r e sence of the thimble in the I T C 

The dotted line in Fig. 27 is the calculated U^̂ ^ activation in C - 1 . 
Although the exper imenta l values in the fuel region agree quite well with 
the calculated values , some d iscrepancy may be noted in the ITC. This 
might be due to the fact that the neutron t empera tu re was considered 
constant in each region for calculat ion pu rposes . This is not the case , as 
can be noted from the cadmium ra t ios d iscussed in a following section. 

In Fig. 28 the subcadmium activations for the various foils in C-1 
a r e p resen ted . The solid curve is the calculated activation for a l / v 
detector below 0.4 ev. The foil data have not been co r r ec t ed for flux de­
p r e s s i o n and self-shielding. The cadmium cutoff energy for a 0.0508-cm 
cadmium cover will also be somewhat higher than 0.4 ev. The exper i ­
mental points agree with the calculated curve as far as the general shape 
is concerned. 

The r aax imum- to -ave rage ra t ios for the u ran ium-a luminum foils 
under var ious conditions a re given in Table 17. 



Table 17 

MAXIMUM-TO-AVERAGE POWER RATIOS IN C-1 AND C-2 
USING URANIUM-ALUMINUM FOILS 

A. Axial Direct ion - Max imum- to -ave r age Power 

Posi t ion 

In center of ITC 
In center of ITC 
At posit ion 1 (Fig. 5) 
At posit ion 2 (Fig. 5) 
At posit ion 3 (Fig. 5) 
At posi t ion 32 (Fig. 5) 

Core Maximum/Average 

C-1 
c-2 
C-1 
C-1 
C-1 
C-2 

1.27 
1.25 
1.24 
1.34 
1.46 
1.16 

B. Radial Max imum- to -ave rage Power Ratios 

Conditions 

Clean, no l iner , no thimble 
Clean, no l iner , no thimble 
With cen t ra l s ta in less steel 

thimble 
With cen t ra l s ta in less s teel 

thimble 
With aluminum l iner , no 

thimble 

Max imum/ 
Average Maximum in ITC* 

Core 

C-1 
C-2 

C-1 

C-2 

C-2 

Fuel Zone 

2.05 
2.42 

1.94 

2.18 

2.18 

A verage in Fuel 

3.32 
6.19 

3.07 

5.77 

6.87 

*Fiss ion ra te ra t io with sample of U in ITC 

1. Effect of a 0 .635-cm Aluminum Liner around the ITC 

The effect of placing a 0.635-cm aluminum l iner around the 
ITC in C-2 was studied. The curve in Fig . 41 was obtained with the l iner 
around a 12.7-cm x 12.7-cm I T C As can be noted, the max imum in the 
ITC is considerably i nc reased (11%) by the l iner , whereas the peak in the 
fuel next to the ITC is somewhat reduced. -The same effect is noted in 
Fig. 42 for the C-2 ' core (12 s ta in less s teel p la tes pe r c lus te r , 
13.97 X 13.97-cm^ ITC). In th is case the i n c r e a s e in the cen t ra l max imum 
flux was only about 7%, whereas the reduct ion in the fuel peak flux was 
accentuated. All this indicates that the ITC was l a r g e r than the optimum 
size for maximum peak flux. The aluminum has a sma l l e r slowing down 



power than water and thus allows the fast neutrons to penet ra te deeper 
into the ITC before being thermal ized . This reduces the neutron capture 
ra te in the water and yields an inc rease in the thermal flux. 

2. Effect of a Simulated Void in the ITC 

The effect of placing evenly distr ibuted Teflon sheets 
(38% Teflon, 62% H2O) in the ITC, simulating a void, is shown in Fig. 43. 
No la rge difference in flux distr ibution was achieved. 

These m e a s u r e m e n t s seem to indicate that the ITC is some­
what overs ized as far as optimum peak flux per unit power is concerned. 

C Beam Tube Flux Distr ibutions 

Radial activation m e a s u r e m e n t s were made through the beam 
tubes in both C-1 and C-2. Indium and dysprosium foils were used in 
C-1 and indium and u ran ium-a luminum foils were used in C-2. The data 
a r e p resen ted in F i g s . 46a and 47, respect ively , for C-1 and C-2. 

In Fig. 46a the indium curve was obtained in the south beam tube 
of C - 1 . This tube center l ine was 5.1 cm below the top of the fuel c l u s t e r s , 
while the other t r a v e r s e s were taken along the axis of the west beam port 
in both c o r e s , 28 cm above the basepla te . The 10 . l6 -cm-ID west beam 
tube extended up to the fuel face and was plugged with 10 .1-cm-diameter 
bery l l ium discs for a distance of 15.24 cm from the fuel boundary, i .e . , 
to a distance of 43 cm from the center of the r eac to r . The r e s t of the way 
the tubes were empty, but surrounded by beryl l ium to a radial distance of 
58.5 cm and from there on by water . The approximate cadmium rat ios 
for indium a re p resen ted in the same f igures . The continued inc rease in 
the indium-cadmium ra t io can be at t r ibuted to further thermal izat ion and 
"diffusion cooling." 

1. Neu t ronEnergy Spectrum in West Beam Hole of C-1 

The neutron energy spec t rum between 1.1 Mev and 2.9 Mev 
was m e a s u r e d for C-1 by placing nuclear emulsions (llford L2) at five 
posi t ions in the west beam tube. The emulsions were p roces sed and 
scanned by J. H. Rober ts of Nor thwestern University, l̂ "̂ ) The emulsion 
pla tes were s tacked in the following o rde r , s tar t ing from the fuel face: 

0.0508-cm Cd, plate 2-316, 0.0254-cm Cd, 2.286-cmBe, 
0.0254-cm Cd, plate 4-316, 0.0254-cm Cd, 2.43 -cm Be, 
0.0254-cm Cd, plate 6-316, 0.0254-cm Cd, 4.712-cmBe, 
0.0254-cm Cd, plate 8-316, 0.0254-cm Cd, 4.826-cmBe, 
0.0254-cm Cd, plate 10-316, 0.0254-cm Cd, 



The d iamete r s of the cadmium discs and the beryl l ium plugs 
were the same as the inside d iameter of the beam tube. 

P la tes 2-316, 4-316, 6-316, 8-316, and 10-316 were 0.3, 3.0, 
6.1, 11.5, and 16.9 cm respec t ive ly from the fuel boundary. Between 2000 
and 3500 t r acks were m e a s u r e d for each of the f i rs t four posi t ions , and 
about 700 t r acks for the fifth. P ro ton t r a cks in all d i rect ions were m e a s ­
ured in the 400-micron emuls ions . The volume of emulsion scanned was 
recorded so that the t r ack density could be calculated. No t r acks were 
mieasured which did not have at leas t one end 80 mic rons from either 
emulsion surface, so that no co r rec t ion for escape of t r a cks through the 
emulsion surface was requi red . The neutron spec t ra were calculated 
from 

P/EN - E dM(E) 
^^^' npa(E) dE 

where F(E) is the neutron spec t rum in neutrons/(cm^)(Mev) at energy E, 
np is the hydrogen density in the emulsion in atoms/cm'^, o(E) is the 
neut ron-pro ton sca t te r ing c r o s s sect ion at energy E in cm^, and M(E) is 
the number of proton t r a cks per Mev/cm^ of emulsion at energy E. 

The re su l t s for the neutron spec t r a a r e shown in Fig. 46b. 
The r e su l t s a r e in t e r m s of the absolute fluxes. The values for posit ion 
10-316 were es t imated by assuming the same shape as for posi t ion 8-316 
and by taking the ra t io of the t r ack density for posi t ions 8-316 and 10-316. 
The b a r s in Fig. 46b give the s tandard deviation for dM(E)/dE over a 
broad range in energy. F o r example, the b a r s at 1.55 Mev for posi t ions 
2-316 and 4-316 give the s tandard deviation for the energy range from 
1.1 Mev to 2 Mev. Similar ly , the b a r s at 2.05 Mev give the cor responding 
quantity for the energy range 1.6 to 2.5 Mev. 

Pe rhaps the mos t significant quantit ies that can be expres sed 
for the r e su l t s a r e / F ( E ) d E for the var ious energy r anges . Table 18 gives 
these values for four spec t ra . The values for posit ion 10-316 were ob­
tained from the corresponding values for 8-316 by multiplying the l a t t e r 
by 0.484, the rat io of the t r ack densi t ies for the two posi t ions . These 
values have not been calculated for 6-316, which appears to have incon­
sis tent r e s u l t s . 



Table 18 

o 2 . 0 / > 2 . 9 

/ F(E)dE and / F(E)dE 
Ji.i Jz.o 

FOR NEUTRON SPECTRUM IN WEST BEAM TUBE OF C-1 

Posi t ion 

2-316 
2-316 
4-316 
4-316 
8-316 
8-316 

10-316 
10-316 

Energy Range, Mev 

1.1 to 2.0 
2.0 to 2.9 
1.1 to 2.0 
2.0 to 2.9 
1.1 to 2.0 
2.0 to 2.9 
1.1 to 2.0 
2.0 to 2.9 

/ F ( E ) d E X 10-^ [ n / c m 2 ] 

32.0 ± 2.4 
17.9 ± 2.8 
25.3 ± 2.0 
11.0 ± 2.4 

7.4 ± 0.6 
1.97 ± 0.39 

3.6 
0.95 

D. Cadmium Ratios 

The cadmium ra t ios for the var ious foils used were obtained from 
the ra t io of the ba re sa tura ted act ivi t ies to the cadmium-covered sa tura ted 
ac t iv i t ies . This is r ep re sen t ed in F igs . 29 and 30 for C-1 and in F igs . 44 
and 45 for C-2. These curves were obtained from the smoothed plots of 
the ba re and cadmium-covered act ivi t ies and a re therefore also fairly 
smooth. In the radia l cadmium- ra t io cu rves . F igs . 30 and 45, the ra t ios 
in the center of the ITC were obtained from the axial measu remen t s . The 
values of the cadmium ra t ios for the var ious foils in the center of the ITC 
and the center of the fuel zone (17 cm from the center of the ITC), along 
with the calculated^ °^ values , a r e given in Table 19. 

As can be seen from the values l is ted, dysprosium is p r ima r i l y 
a t he rma l neutron detector . The change in the uranium-aluminum foil 
cadmium ra t io from 72 in the ITC for C-1 to 31 for C-2 is not understood. 
The re is very little change in the average neutron t empera tu re in the 
ITC due to the heavier loading of C-2, borne out by the cadmiumi ra t ios 
for the other foils, so that this change in the U^^^-cadmium rat io is diffi­
cult to explain. The e r r o r s l i s ted in Table 19 a re the s tandard deviations 
computed from the foil-counting data only. Good cor re la t ion between 
the axial determinat ions and the radia l determinat ions were found, so 
that the exper imenta l e r r o r s cannot account for the discrepancy in the 
u ran ium-a luminum cadmium ra t ios . 
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Table 19 

AVERAGE CADMIUM RATIOS IN THE FUEL REGION AND ITC 

Foi ls 

Au 
Dy 
In 
Mn 
U-Al 

Au 

Dy 
In 
Mn 
U-Al 

ITC 

Calculated 

3.6 
-

7.24 
45.6 

82 ± 4 

3.6 

-
7.24 

45.6 
82 ± 4 

Exper imenta l 

Cadmium Ratio 

10.5 ± 0.2 
312 ± 80 

14.7 ± 0.6 
55 ± 2 
72 ± 14 

Cadmium Ratio 

9.4 ± 0.1 

290 ± 30 
13.5 ± 0.2 

55 ± 2 
31 ± 1 

Fuel 

Calculated 

for C-1 

1.6 
-

2.44 
11.6 

19.0 ± 0.7 

for C-2 

Not 
Calculated 

Exper imenta l 

2.15 ± 0.05 
64 ± 4 

3.5 ± 0.1 
9.1 ± 0.2 

16.1 ± 2 

1.65 ± 0.02 

- 1 7 ± 2 
2.05 ± 0.02 

4.8 ± 0.05 
3.6 ± 0.04 

E. Effect of the Control Rods on the Flux Distr ibution 

Since it is impor tant in burnup calculat ions to know the flux 
distr ibution in the fuel c lu s t e r s at different control rod posi t ions , two 
such m e a s u r e m e n t s were made with manganese foils . The r e su l t s for 
C-1 a r e depicted in Fig . 48. The curve numbers refer to posi t ions given 
in Fig . 5. The re su l t s from symmet r i ca l ly located c lus t e r s were com­
bined in the construct ion of these cu rves . In F ig . 48(2), safety rods No. 1 
and No. 5 were inse r t ed 5.41 cm below the top of the fuel c l u s t e r s , i .e . , 
they extended 1.92 cm into the fuel region. Control rods No. 1 and No. 2 
were fully inser ted , i .e . , the cadmium port ion extended to the center of the 
core in the axial direct ion. This difference in rod posi t ions explains the 
shift in the cent ra l maxima. 

In Fig. 48(3), the safety rods No. 1 and No. 5 were inse r t ed to 
24.5 cm below the top of the fuel c lu s t e r s while control rods No. 1 and 
No. 2 were fully withdrawn. 

The flux distr ibution at posit ion 1, Fig. 48(1) , was not affected 
significantly by these two rod posi t ions , and it was obtained by combining 
the m e a s u r e m e n t s obtained at each of the rod configurations. The 



maximum- to -ave r age rat io of the flux distr ibutions for posit ions 2 and 3 
a r e given in the figure. The cen t ra l maximum is shifted away from the 
rod posit ion and flattened on the control rod side of the maximum. 

Detailed determinat ions of the flux distr ibution around control rods 
No. 1 and No. 2 were made with u ran ium-a luminum foils for C-1 in two 
perpendicular direct ions a-b and c-d in Fig. 5. Two conditions were com­
pared in the same run, assuming symmet ry of control rods No. 1 and No. 2 
and neglecting the effect of rod No. 1 on the flux shape at rod No. 2. Control 
rod No. 1 was inser ted with foils at tached to its surface and located axially 
at var ious dis tances from rod No. 1. At the same t ime a plas t ic rule with 
attached foils was inse r t ed into the rod No. 2 guide. 

The resu l t s a re shown in F igs . 49 and 50. Marked peaking in the 
control rod slot is evident from Fig. 49-A. The flux is considerably d is ­
tor ted by the p resence of the control rod in the upper pa r t of the core , as 
shown in F i g s . 49-B ajid 50-B. The peaking in the control rod slot is masked 
by the high peak in the ITC, as is evident from Fig. 50-A. 

In C-2 , horizontal flux plots were obtained with u ran ium-a luminum 
foils at the midplane of the r e a c t o r along the same two direct ions as for 
C - 1 . These r e su l t s a re p re sen ted in F igs . 51-A and 52. Although there 
is considerable sca t te r in the foil data, the same effects can be noted in 
C-2 as in C- 1. 

9. GAMMA DOSE RATE IN C-2 

The gamma dose r a t e s l i s ted in Table 20 have been m e a s u r e d for 
C-2 using duPont 's film packet Type 544, completely surrounded by wa te r ­
proof tape, 0.476-cm Lucite p la tes (one on each side but none along the 
edges), 0 .127-mm cadmium sheet , and 0.318-cm boral p la tes , in that o rde r . 
The dinnensions of the const ructed packs were : length 6.7 cm, width 5.7 cm, 
and thickness 2.3 cm. The purposes of the Lucite, cadmium, and boral 
were to achieve e lect ronic equi l ibr ium, g a m m a - r a y energy independent 
response , and neutron f i l t rat ion without intense gamma production, 
respect ively , l^/) 

Control f i lms were exposed to a s tandard r ad ium-gamma source . 
These films were developed with the exper imental f i lms. The film den­
si t ies were de termined with an extended range densi tometer in o rde r to 
obtain a cal ibrat ion curve for reading the experimental f i lms. The coordi ­
nate sys tem was chosen so that the or igin was at the center of the r eac to r . 
The X-axis was along the E-W direct ion, the y-axis along the N-S, and the 
z-axis along the ver t i ca l . 



T a b l e 20 

GAMMA DOSE R A T E S IN C - 2 

L o c a t i o n ( x , y , z ) , c m 

0, 0, 0 
4 . 1 , 5 .8 , 0 
- 5 . 8 , - 4 . 1 , 0 
- 3 . 0 , - 5 . 8 , 3.5 
3.0, - 5 . 8 , 3.5 
0, 0, 25 .4 
4 . 1 , - 1 4 . 0 , 30.1 
9.9, - 1 4 . 0 , 30.1 
14.6, 3 .5 , 30.1 
20 .4 . 3 .5 , 30.1 
2 9 . 1 , 0, - 0 . 9 
9.9, 2 4 . 1 , 17.8 
2 9 . 1 , 2 .9 , 17.8 
2 9 . 1 , - 2 . 9 , 17.8 
- 2 9 . 1 , 2 .9 , 28.5 
- 2 9 . 1 , - 2 . 9 , 28.5 
- 4 1 . 8 , 0, - 0 . 9 
59 .6 , 2 .9 , 0 
59 .6 , - 2 . 9 , 0 
3.9, - 8 2 . 2 , 0 
- 3 . 9 , - 8 2 . 2 , 0 
2 .9 , - 1 0 1 . 7 , 0 
- 2 . 9 , 101 .7 , 0 
69 .6 , - 7 5 . 8 , 0 
75 .8 , - 6 9 . 6 , 0 
- 1 0 2 . 9 , 0, - 0 . 9 

- , - , 50 .8 
- , - , 76.2 
- , - , 101.6 
- 6 6 . 7 , 2 .9 , 101.6 
- 6 6 . 7 , - 2 . 9 , 101.6 

Dose R a t e , 
r / ( h r ) ( w a t t ) 

89,77 
82 
80 
68 
63 
28 
29 
31 
31 
28 
44 
41 
34 
35 
18 
20 

8.3 
3.1 
2.9 
0.76 
0.79 
0.3 
0.3 
0 .27 
0.26 
0.68 

4 .9 " | 
2.5 [ 

I.4J 
0.93 
0.83 

Remarks 

In west beam hole p receded by 
15.2 cm of bery l l ium. 

Staggered around a Lucite rod, 
4.1 cm from center of co re . 

These exper iments were repea ted at t h ree different power l eve l s . 
A gold foil at re fe rence point 32 was exposed at the s ame t ime in o rde r to 
compute the power for each run. The computed power levels for the th ree 
runs were 0.774 watt, 0.873 watt, and 34.14 wat ts . 

The dose r a t e s were mult ipl ied by co r rec t ion fac tors in o rde r to 
satisfy the condition of equi l ibr ium fission product activity.(3^'-^^) The 
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cor rec t ion factor is defined as the rat io of the theore t ica l equil ibrium 
fission product power in tegrated over the core operat ing t ime during the 
run to the theore t ica l f ission product power integrated over the film ex­
posure t ime including core shutdown t ime. Such a cor rec t ion factor does 
not account for the difference in the fission product gamma energy spect rum 
(upon which spatial dose depends) of the relat ively short experimental 
operat ing t ime as compared with long operat ing t imes where equil ibrium 
fission product concentrat ions effectively exist. 

10. REACTIVITY EFFECTS 

A. Sample Reactivi ty Worths in the Core 

1. U"^ Worths 

The inc rease in react iv i ty associa ted with the introduction of 
a 1.7-gm sample of U^̂ ^ (5.71 cm x 1.77 cm x 0.0127 cm) at var ious heights 
in the center of the ITC was m e a s u r e d in both C-1 and C-2. The sample 
was attached to one of the fine rod dr ives and the position of either of the 
two equivalent safety rods No. 1 and No. 2 noted for steady operat ion at 
each of the sample posi t ions. The worth of the sample at the center of the 
r eac to r was also de termined for C-2 by observing the r is ing per iod on 
introduction of the sample . The re su l t s of these measu remen t s are p r e ­
sented in Fig. 53. 

The inc rease in worth of C-2 was due to the higher fission 
ra te in the ITC compared to the average fission ra te in the fuel, as can be 
noted f rom resu l t s with the radia l u ran ium-a luminum foil repor ted in 
Section 9. The shift in the maximum towards the bottom of the core can 
be explained by the difference in the average position of safety rods No. 1 
or No. 5 during these measuremients , as noted in Fig. 53. The grea tes t 
shift in the maximum could be expected for the rod posit ion neares t the 
midplane of the r eac to r , which was the case for the C-2 m e a s u r e m e n t s . 
No cor rec t ion to the U^̂ ^ worths was made for flux depress ion. 

The average worth found by integrat ion of the curve in Fig. 5 3 
for C-1 was 2.28 x 10"^ A k / k / g m U " ^ A determinat ion of the U^̂ ^ worth 
was also made in C-1 by inser t ing a 54.6-cm x 0.033-cm x 2.24-cm s t r ip 
of polyethylene in which 3.25 gm of U^̂ ^ were d ispersed . The U^̂ ^ density 
in this s t r ip was 0.806 g m / c c and the disadvantage factor close to unity. 
This measu remen t should be compared with the average U^ worth, and 
yielded a value of 6.07 x 10"'* Ak/k /gm as compared with 2.28 x lO""* Ak/k/gm. 

The reac t iv i ty worths assoc ia ted with the inser t ion of extra 
fuel p la tes in var ious locations in the core for C-1 and C-2, as shown in 
Fig. 5, a r e given in Table 21. These values should also be compared with 



the average values in the ITC given above. The values for C-2 were obtained 
by success ive ly withdrawing the fuel s t r ips while the reac tor was still in 
operat ion, as cont ras ted with shutting down the reac to r for addition or r e ­
moval of the p la tes in C - 1 . This p rocedure was n e c e s s a r y due to the drift 
observed after success ive shutdowns in C-2. 

Table 21 

U^̂ ^ WORTHS IN C-1 AND C-2 

Location (see Fig. 5) 

Center of ITC 
34 

35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

Around ITC pe r iphe ry 
16 fuel p la tes , 
8.2 gm U"^ each 

Reactivity Worth /gm 
93.5% Enr iched U " ^ 

10-^ Ak/k 

C-1 

2.28 
1.18 
1.35 
0.92 
0.99 
0.96 
0.89 
0.81 
0.78 
1.28 
0.77 
0.96 
0.31 

C-2 

3.32 
0.26 

0.13 
0.19 

1.34 

2. Cadmium Worths 

The dec rease in react iv i ty caused by placing a cadmium sample 
at var ious locations in the core was de termined in the sanne way as were 
the U '̂'̂  react iv i ty wor ths . The reac t iv i ty worth in the axial di rect ion in 
the No. 2 control rod posi t ion in C-1 and in the center of the ITC in C-2 
was m e a s u r e d by attaching a 0.053-cm x 2.54-cm x 5-cm cadmium sheet 
to the control rod No. 2 dr ive , as for the U^̂ ^ worth. The re su l t s a r e given 
in Fig . 54. The average react iv i ty worth for cadmium in the control rod 
slot of C-1 was found to be -1.3 x 1*0"̂ % Ak/k/cm^ for the center 45 -cm 
port ion, and -1.7 x 10"^% Ak/k/cm^ for C-2 in the center of the ITC over 
the same ver t ica l dis tance. These values have not been co r r ec t ed for flux 
depress ion . 



The react ivi ty worth of cadmium at other locations in the core 
was found by inser t ing ei ther a cadmium st r ip P (5 3.34 cm x 1.27 cm x 0.053 cm 
or a cadmium tube T (50.8 cm long x 0.343 cm OD x 0.241 cm ID) in C-1 at 
these locat ions. In C-2, a cadmiumi tubeR (5 7.79 cm long x 0.0889 cm ID x 
0.1905 cm OD) was used. These tubes were considered as black rods of 
geometr ic a r e a of 2 TTrX, i .e . , 54.75 cm^ for C-1 and 34.6 cm^ for C-2. The 
resu l t s a re p re sen ted in Table 22. The locations a r e noted in Fig. 5. 

Table 22 

CADMIUM WORTHS IN C-1 AND C-2 

Location 
(Fig. 4) 

Center 
Center 

B 
C 
1 
E 
F 
G 
H 
I 
J 
34 
35 
36 

Cadmium 
Used 

T 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
R 
R 
R 

Remarks 

Inside SS thimble 
Without thimble 
Without thimble 
Without thimble 
Without thimble 
Without thimble 
Without thimble 
Without thimble 
Without thimble 
Without thimble 
Without thimble 
Pe r iod measu remen t 
Pe r iod measu remen t 
Pe r iod measu remen t 

(-10'^ Ak/k)/cm^ 
Cadmium* 

C-1 

1.3 
1.4 
3.6 
3.1 
2.7 
2.2 
3.0 
2.6 
2.4 
1.8 
2.2 

C - 2 

2.5 
2.0 
1.0 

*The a r e a s cons idered were the geometr ica l a r ea s only, i .e . , 
2 X length x width for flat p la t e s , and 77 x diameter x length for 
the rods . 

The values found with the 53.34-cm long s t r ip in C-1 were 
consis tent ly higher than those found with the 2.54 x 5-cm^ sheet. This may 
be at t r ibuted to the difference in flux depress ion due ,to the different geo­
me t r i ca l s izes . The neut ron-absorb ing a reas per unit height we te about 
5 c m y c m , 2.5 c m y c m , and 1.1 cmLycm for the sheet, s t r ip , and tube, 
respect ively . 

3. Stainless'lSteel Centra l Thimble Worth 

The react ivi ty worth of the cent ra l s ta inless steel thimble 
(Type 304 s ta in less s teel , 3.81 cmi OD, 61 cm long, 0.056-cm wall thick­
ness) was m e a s u r e d when voided and when filled with water . The resu l t s 
a r e as follows: 
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C-1 C - 2 

Voided - +0.2 % Ak/k 
H2O f i l l ed - 0 . 1 % Ak /k -0 .14% A k / k 

4. W o r t h s of the S t a i n l e s s S tee l P o i s o n S t r i p s in C - 2 

In m e a s u r i n g the r e a c t i v i t y w o r t h s of the s t a i n l e s s s t e e l s t r i p s , 
s i m u l a t i n g b u r n a b l e p o i s o n , in the fuel zone , it w a s n e c e s s a r y to r e d u c e the 
e x c e s s r e a c t i v i t y in the c o r e b e f o r e r e m o v i n g the s t e e l . T h i s w a s a c c o m ­
p l i s h e d by r e m o v i n g the 16 e x t r a fuel p l a t e s a long t h e p e r i p h e r y of the I T C 
T h e i r a v e r a g e w o r t h w a s 0.1 x 10"^ A k / k / p l a t e , o r 1.34 x 10"^ Ak/k gm, a s 
r e p o r t e d in T a b l e 2 1 . 

T h e 680 s t a i n l e s s s t e e l s t r i p s w e r e r e m o v e d in t h r e e i n c r e m e n t s , 
one of 24, one of 174, and the l a s t of 480. In r e m o v i n g p l a t e s , the r e m a i n d e r 
w a s r e l o c a t e d in o r d e r to k e e p a u n i f o r m d i s t r i b u t i o n . 

F o r the f i r s t m e a s u r e m e n t , two p l a t e s w e r e r e m o v e d f r o m each 
of the twe lve b o x e s f o r m i n g the o u t e r r i n g of fuel . T h i s p r o v i d e d a m e a n s 
of e s t i m a t i n g the t o t a l a m o u n t to r e m o v e in o r d e r to o b t a i n the r e q u i r e d 
e x c e s s r e a c t i v i t y for t e m p e r a t u r e - c o e f f i c i e n t m e a s u r e m e n t s . In the s e c o n d 
i n c r e m e n t a t o t a l of 198 p l a t e s w a s r e m o v e d to l e a v e 12 p l a t e s p e r c l u s t e r 
even ly d i s t r i b u t e d . T h i s c o n s t i t u t e s the C - 2 ' l oad ing . Af te r s o m e e x p e r i ­
m e n t s ( con t ro l r o d c a l i b r a t i o n s , t e m p e r a t u r e coef f ic ien t m e a s u r e m e n t s , 
e tc . ) w e r e p e r f o r m e d wi th t h i s l o a d i n g , t he r e s t (480) of the s t a i n l e s s s t e e l 
w a s r e m o v e d . T h e s e t h r e e d e t e r m i n a t i o n s y i e l d e d an a v e r a g e w o r t h of 
- 0 . 3 8 X 10"^ A k / k / g m of T y p e 304 s t a i n l e s s s t e e l . T h i s i s a r e a c t i v i t y 
w o r t h of - 1 3 . 3 % Ak/k , wh ich a l s o would be a p p r o x i m a t e l y equa l to the r e ­
ac t i v i t y w o r t h of the C - 2 m i n u s C-1 U"^ con ten t , v i z . , 3480 gm of U^^^ 

A c c o r d i n g to the a b o v e , C - 2 u n p o i s o n e d had 13.3% m o r e e x c e s s 
r e a c t i v i t y t h a n C - 1 , y i e ld ing a w o r t h of 0.38 x 1 0 ' * ( A k / k ) / g m U " ^ . T h i s 
c o m p a r e s f a v o r a b l y wi th the v a l u e s l i s t e d in T a b l e 2 1 , if it i s kep t in m i n d 
tha t the w o r t h p e r g r a m d e c r e a s e s a s the t o t a l m a s s of U • i n c r e a s e s , 
s t a r t i n g f r o m about 0.9 x 10~* Ak/k a s for C-1 and end ing at about 
0.2 X 10"* A k / k as for C - 2 . 

B. R e a c t i v i t y Ef fec t s A s s o c i a t e d wi th F u e l D i s p l a c e m e n t 

As it m i g h t be n e c e s s a r y t o ' a s s e m b l e a new c o r e for an o p e r a t i n g 
r e a c t o r u n d e r w a t e r , t he r e a c t i v i t y e f fec t s a s s o c i a t e d wi th c l u s t e r d i s p l a c e ­
m e n t w e r e i n v e s t i g a t e d . 



1. C o m p a r i s o n of F u e l Box R e a c t i v i t i e s in C - 1 

Since s o m e q u e s t i o n e x i s t e d about the v a r i a t i o n s in fuel and 
w a t e r c o n t e n t s of fuel b o x e s , an a r b i t r a r i l y s e l e c t e d box w a s i n t e r c h a n g e d 
s y s t e m a t i c a l l y wi th twe lve o t h e r s . The d i f f e r e n c e s a p p e a r e d to be too 
s m a l l to d e t e r m i n e a c c u r a t e l y wi th in the r e p r o d u c i b i l i t y of the m e a s u r e ­
m e n t s . The s t a n d a r d d e v i a t i o n f r o m the a v e r a g e for twe lve boxes was 
2 X 10"^% A k / k . C o m p a r i s o n of r e f e r e n c e r u n s gave a s t a n d a r d dev ia t ion 
3 X 10"^% A k / k , so tha t no c o n c l u s i o n s can be d r a w n f r o m t h e s e 
m e a s u r e m e n t s . 

2. V e r t i c a l D i s p l a c e m e n t of a F u e l C l u s t e r in C - 2 

The r e a c t i v i t y effect of r a i s i n g a fuel c l u s t e r v e r t i c a l l y out of 
the c o r e is shown in F i g . 55. E x c e p t for the four c l u s t e r s next to the I T C , 
w h e r e the a x i a l f lux p e a k i n g in the top r e f l e c t o r is l e s s m a r k e d , a s m a l l 
i n c r e a s e in r e a c t i v i t y (not o v e r 0.05% p ) w a s found for the f i r s t 14 c m to 
20 c m of d i s p l a c e m e n t , a l though a d e c r e a s e i s o b s e r v e d for e a c h c l u s t e r 
e n t i r e l y r e m o v e d f r o m the c o r e . 

3. T i l t i ng a F u e l C l u s t e r into the ITC in C - 2 

F i g u r e 56 shows t h e effect on r e a c t i v i t y o b t a i n e d by t i l t i ng one 
of the s u r r o u n d i n g fuel c l u s t e r s into the ITC a s m e a s u r e d by c o m p e n s a t i o n 
with a c a l i b r a t e d c o n t r o l r od . 

A c c o r d i n g to t h i s g r a p h , about 1 do l l a r of r e a c t i v i t y is ga ined 
by t i l t i ng the c l u s t e r fully o v e r into the ITC (at about 13.6° as shown). Th i s 
cou ld c o n c e i v a b l y o c c u r wi th two c l u s t e r s mov ing s i m u l t a n e o u s l y ; c o n s e ­
quen t ly the effect m i g h t be qu i te l a r g e if p e r m i t t e d in the d e s i g n of a r e a c t o r . 

4. R e a c t i v i t y E f fec t s of Moving F o u r of the Eight P e r i p h e r a l 
C l u s t e r s into the ITC 

T h e r e a c t i v i t y ga ined by m o v i n g a c l u s t e r f r o m the p e r i p h e r a l 
zone (e .g . , c l u s t e r s 18 and 24, F i g . 5) in to the ITC of the C - 2 c o r e wi th al l 
the s t a i n l e s s s t e e l r e m o v e d w^as m e a s u r e d by r o d subs t i t u t i on . 

Moving a c l u s t e r into the c o r n e r of the ITC (13.97x13.97 cm^) 
adds 4.8% A k / k . Moving a n o t h e r c l u s t e r to a p o s i t i o n ad jacen t to the f i r s t 
adds a n o t h e r 3.7% A k / k . P l a c i n g it into the ITC d iagona l ly o p p o s i t e to the 
f i r s t r e s u l t s in an i n c r e a s e of 4.4% Ak/k . C l o s i n g up the ITC c o m p l e t e l y 
by add ing two nnore p e r i p h e r a l c l u s t e r s d i agona l ly r e s u l t s in a f u r t h e r r e ­
ac t i v i t y i n c r e a s e of 1.2% Ak/k . 

T h i s m e a n s tha t the c l e a n u n p o i s o n e d C - 2 c o r e , wi th the four 
e a s t - w e s t p e r i p h e r a l c l u s t e r s m o v e d into the ITC h a s a p p r o x i m a t e l y 
10.8% Ak m o r e r e a c t i v i t y t h a n the r e g u l a r u n p o i s o n e d C - 2 c o r e . 
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C Reactivity Worths of Various Mater ia l s in the Beam Tubes 

Measurements were made of the react iv i ty effects of Luci te , 
beryl l ium, and cadmium in the west hor izonta l beam por t of the r eac to r 
(see Section 2 and Fig. 4). This 10.14-cm-ID tube faces against the a lumi­
num separa to r between the fuel and the beryl l ium ref lector . The worths of 
the various samples were de termined in the second core , C-2, by inser t ing 
them in the beam tube while the r eac to r was cr i t ica l and compensating with 
coa r se control rod No. 1. In C - 1 , c r i t ica l i ty was obtained without the 
sample , the rod position noted, the r eac to r s c r ammed , and after inser t ion 
of the sample the r eac to r was again made c r i t i ca l and the new rod posit ion 
noted. The worths of the samples obtained for the second core , C-2, a l ­
though they cannot be compared with the values for C-1 because of different 
loadings, a r e therefore m o r e re l iab le , as these m e a s u r e m e n t s were influ­
enced by the react iv i ty drift encountered between runs in both c o r e s . 

The bery l l ium sample consis ted of four cyl indr ical plugs (each of 
10.13-cm diamieter) s tacked to a total length of 14.27 cm. The Lucite plug 
was 31.24 cm long and about 10.13 cm in d iameter . The Luc i te -cadmium 
col l imator consis ted of a s imi la r cylinder bored to a 2 .54-cm ID and lined 
with a 0 .058-cm-thick cadmium sleeve. The cadmium disc was 0.053 cm 
thick and 10.109 cm in d iameter . This disc was inse r ted into the beam 
tube by placing it ahead of the Lucite plug. The react ivi ty worths of each 
configuration for both co res C-1 and C-2 a r e given in Table 23. 

Table 23 

REACTIVITY WORTHS OF SAMPLES IN THE 
HORIZONTAL BEAM TUBE 

Sample 

Beryl l ium 
Lucite 
Luc i te -Cadmium Coll imator 
Cadmium Disc 

Change in 
Reactivi ty, % 

C-1 

+0.274 
+0.099 
+0.013 
-0.013 

C - 2 

+0.316 
+0.078 
-0.0005 
-0.170 

D. Reflector Worths 

The react iv i ty worth of the top ref lector (H2O) has been de termined 
for both co re s of the AHFR cr i t i ca l assembly . This was done by two tech­
niques, by the ramp input react iv i ty method, '"/ and by rod substitution. In the rod 
substitution method, safety rod No. 1 was used in C-2 and safety rod No. 5 
in C - 1 . These r e su l t s a r e plotted in F igs . 57 and 58. In the r amp input 



m e t h o d ( see F i g . 58), the d e t e c t o r u s e d for o b s e r v i n g the flux dec l ine w a s 
l o c a t e d be low the r e a c t o r v e s s e l on the c o r e c e n t e r l i n e . The r e f l e c t o r w a s 
a l l owed to d rop s lowly at a f a i r l y c o n s t a n t r a t e f r o m 134 c m to 53 c m . In 
s tudy ing the c u r v e s in F i g s . 57 and 58, it should be kept in m i n d tha t the 
fuel zone ex t ends to 54 .3 c m , and tha t the a l u m i n u m tops of the c l u s t e r s 
ex tend a n o t h e r 3.5 c m to 57.8 c m . 

S e v e r a l d e t a i l s shou ld be no ted . F o r the s e c o n d c o r e , the to t a l 
w o r t h by the r a m p input t e c h n i q u e d i f fe r s f r o m the r o d s u b s t i t u t i o n va lue 
by a f a c t o r of 3. The r a m p input c u r v e i s a l s o not m o n o t o n i c , but is c h a r ­
a c t e r i z e d by a h u m p at 64 c m . T e s t s in a t r a n s p a r e n t c o n t a i n e r showed 
t h a t if w a t e r w a s a l l owed to s t a n d a t a he igh t of about 130 c m above the 
b o t t o m of the fuel c l u s t e r s for s o m e t i m e , and then l e t out s lowly , f a i r l y 
l a r g e b u b b l e s e s c a p e f r o m the c l u s t e r s b e t w e e n about a w a t e r he igh t of 
60-70 c m . Th i s m i g h t exp la in the s h a p e of the " r a m p input" c u r v e . 

F o r the f i r s t c o r e , C - 1 , the t o t a l w o r t h c u r v e l e v e l s off at a w a t e r 
l e v e l of about 64 c m , i . e . , 10.7 c m above the fuel . F o r C-2 t h e r e i s only 
a c h a n g e in s lope at t h i s po in t . T h i s r e s u l t i s a t t r i b u t e d to c o m p r e s s i o n of 
b u b b l e s in the fuel zone . 

E . B e r y l l i u m R e f l e c t o r W o r t h and the R e a c t i v i t y of the Unpo i soned C - 2 
C o r e in W a t e r 

The b e r y l l i u m r e f l e c t o r c o n s i s t e d of s m a l l a s s o r t e d b l o c k s in 
1 0. 2 - c m - t h i c k l a y e r s , s e p a r a t e d by 0. 64-cmL-thick L u c i t e p l a t e s . T h e r e 
w e r e five l a y e r s of e ach , L u c i t e be ing the b o t t o m l a y e r . 

The c o m p a r a t i v e w o r t h of t h i s r e f l e c t o r v e r s u s w a t e r a s r e f l e c t o r 
w a s d e t e r m i n e d by s u c c e s s i v e l y r e m o v i n g the top l a y e r s of b e r y l l i u m . 
Af te r the f i r s t l a y e r w a s r e m o v e d , it w a s n e c e s s a r y to r e m o v e a l l the s t a i n ­
l e s s s t e e l to m a i n t a i n c r i t i c a l i t y . The f i r s t l a y e r y i e lded a w o r t h of 
2 .13 X 10" A k / k w h e n r e p l a c e d by w a t e r . The s e c o n d l a y e r was w o r t h 
3.63 X 10"^ A k / k , and the t h i r d 3.94 x 10"^ Ak /k . F r o m the s y m m e t r y of 
the c o r e , the l a s t two of the five l a y e r s w e r e c o n s i d e r e d of equal w o r t h to 
the f i r s t two. F r o m t h i s the to t a l w o r t h of the b e r y l l i u m a s r e f l e c t o r 
r a t h e r t h a n w a t e r a s r e f l e c t o r was found to be of the o r d e r of 15.5% A k / k . 

It was f u r t h e r found t h a t a 6 - b y - 6 a r r a y of c l e a n C - 2 fuel c l u s t e r s 
(no I T C , no s t a i n l e s s s t e e l ) y i e l d e d an e x c e s s r e a c t i v i t y of a p p r o x i m a t e l y 
3.6% w h e n t o t a l l y w a t e r r e f l e c t e d . T a b l e 24 l i s t s t h e s e da ta for c o m p a r i s o n . 
The n u m b e r s give the o r d e r of m a g n i t u d e only . 

It would thus s e e m tha t t he p o i s o n e d c o r e m a y sa fe ly be a s s e m b l e d 
and s t o r e d u n d e r w a t e r , a s f i l l ing the ITC a c c i d e n t a l l y with fuel would not 
y i e ld a c r i t i c a l c o n f i g u r a t i o n . The 1 8 0 - g m U^''^ p e r c l u s t e r u n p o i s o n e d fuel 
cou ld , h o w e v e r , not be h a n d l e d in t h i s m a n n e r , a s the p r e s e n c e of only one 
c l u s t e r in the ITC would m a k e it c r i t i c a l . 



T a b l e 24 

E X C E S S R E A C T I V I T I E S AND R E A C T I V I T Y WORTHS ASSOCIATED 
WITH VARIOUS C O R E CONFIGURATIONS 

D e s c r i p t i o n R e a c t i v i t y , % A k / k 

C l e a n C - 1 c o r e , 12.7 x 12.7 cm^ I T C , 3.64 kg U"^, ~ 1 . 2 ( e x c e s s ) * 
b e r y l l i u m r e f l e c t o r . 

C l e a n C - 2 c o r e , 17 s t a i n l e s s s t e e l p l a t e s p e r c l u s t e r , - 0 . 4 ( e x c e s s ) * 
1 2 . 7 x 1 2 . 7 cm^ I T C , 7.25 kg U " ^ b e r y l l i u m r e f l e c t o r . 

C - 2 c o r e , 1 3 . 9 7 x 1 3 . 9 7 cm^ I T C , 7.12 kg U^^^, 17 s t a i n - 1.2 ( s u b c r i t i c a l ) 
l e s s s t e e l p l a t e s p e r c l u s t e r , b e r y l l i u m r e f l e c t o r . 

C - 2 ' c o r e , 1 3 . 9 7 x 1 3 . 9 7 cm^ I T C , 7.12 kg U^^^ 12 s t a i n - 2.6 ( e x c e s s ) * 
l e s s s t e e l p l a t e s p e r c l u s t e r , b e r y l l i u m r e f l e c t o r . 

C - 2 c o r e , 1 3 . 9 7 x 1 3 . 9 7 cm^ I T C , no s t a i n l e s s s t e e l , 12.1 ( e x c e s s ) 
7.12 kg U^^^, be ry l l i una r e f l e c t o r . 

W o r t h of 34 .34 kg of s t a i n l e s s s t e e l = 3 . 4 8 kg U " ^ 13.3% A k / k 
(This i s t he d i f f e r e n c e b e t w e e n C - 1 a n d C - 2 . ) 

C - 2 c o r e , no s t a i n l e s s s t e e l , 7.12 kg U^^^ wi th e a s t 22.5% ( e x c e s s ) 
and w e s t p e r i p h e r a l c l u s t e r s m o v e d into I T C , 
b e r y l l i u m r e f l e c t o r . 

C - 2 r e g u l a r c o r e , t o t a l l y w a t e r r e f l e c t e d , 7. 25 kg U^^^ 15.1 ( s u b c r i t i c a l ) 
1 2 . 7 x 1 2 . 7 cm^ I T C , 17 s t a i n l e s s s t e e l p l a t e s p e r 
c l u s t e r . 

C - 2 c o r e , 7.12 kg U^^^ 13.97 x 13.97 cm^ I T C , 16.7 ( s u b c r i t i c a l ) 
17 s t a i n l e s s s t e e l p l a t e s p e r c l u s t e r , w a t e r 
r e f l e c t e d . 

C - 2 ' c o r e , 7.12 kg U " ^ 13.97 x 13.97 cm^ I T C , 12.9 ( s u b c r i t i c a l ) 
12 s t a i n l e s s s t e e l p l a t e s p e r c l u s t e r , w a t e r r e f l e c t e d . 

C - 2 c o r e , 7.12 kg U^^^ 13.97 x 13.97 cm^ I T C , no 3.4 ( s u b c r i t i c a l ) 
s t a i n l e s s s t e e l , w a t e r r e f l e c t e d . 

C - 2 c o r e , 7.12 kg U^^^, four e a s t - w e s t p e r i p h e r a l ~7 ( e x c e s s ) 
c l u s t e r s into I T C , no s t a i n l e s s s t e e l , w a t e r r e f l e c t e d . 

6 x 6 a r r a y of c l e a n C - 2 fuel c l u s t e r s in w a t e r , no ~3 .6 ( e x c e s s ) 
s t a i n l e s s s t e e l . 

W o r t h of b e r y l l i u m r e f l e c t o r r a t h e r t h a n w a t e r 15 5% A k / k 
r e f l e c t o r in C - 2 . 

* T h e s e n u m b e r s w e r e found by c a l i b r a t e d c o n t r o l r o d s u b s t i t u t i o n . 



The w a t e r - r e f l e c t e d C-1 c o r e , con ta in ing 90 gm of U^^^per c l u s t e r 
and no s t a i n l e s s s t e e l , w a s s l i gh t ly s u b c r i t i c a l a f t e r the ITC w a s f i l led by 
m o v i n g p e r i p h e r a l c l u s t e r s into the I T C . The s u b c r i t i c a l i t y w a s l e s s than 
1% A k / k , a s i n d i c a t e d by m u l t i p l i c a t i o n m e a s u r e m e n t s . C o r e C-1 would 
t h u s be s u b c r i t i c a l by a p p r o x i m a t e l y 15% if t o t a l l y w a t e r r e f l e c t e d , and even 
the add i t i on of u n p o i s o n e d C - 2 c l u s t e r s in the ITC would not m a k e it c r i t i c a l 
in w a t e r wi thout the b e r y l l i u m r e f l e c t o r . 

11 . R E A C T I V I T Y C O E F F I C I E N T S 

A. Void Coef f i c i en t s 

M e a s u r e m e n t s of vo id coe f f i c i en t s w e r e m a d e in v a r i o u s l o c a t i o n s 
of both C - 1 and C - 2 . T h e s e da ta a r e p r e s e n t e d in F i g s . 59 to 64 and in 
T a b l e 25. 

T a b l e 25 

VOID C O E F F I C I E N T S AT VARIOUS POSITIONS IN CORE C-1 

S t r i p P o s i t i o n s 
(F ig . 5) 

C e n t e r l i n e 
55 
50 
53 
53 
60 
60 
54 
53 
51 

52 and 75 
46 and 34 

46 
46 and 58 
47 and 57 

48 , 56, and 59 
61 

45 and 49 

Tef lon V o l u m e 
U s e d , cm'* 

27.1 
-

1022 
150.6 

76.7 
75.3 
99.1 
75.51 
75.51 
75.51 
75.3 

113 
75.3 

150.6 
150.6 
150.6 
113 
212.6 

D i s t a n c e f r o m 
C e n t e r , c m 

0.0 
3.5 
4-9 
6.4 
6.4 
6.6 
6.6 
6.8 
6.9 
7.1 
7.2 

11.9 
12.6 
13.6 
18.1 
23.4 
23.57 
28.0 

Void Coeff ic ient 
% p / % Void 

+0.46 
+0.58 
+0.73 
+0.18 
+0.47 
+0.73 
+0.54 
+0.62 
+0.47 
+0.64 
+0.19 
- 0 . 9 0 
- 1 . 0 2 
- 0 . 6 5 
- 0 . 6 1 
- 0 . 0 6 
+0 .36** 
+0 .24** 

* 

* C a l c u l a t e d a s % void of t o t a l fuel zone and ITC v o l u m e , exc lud ing 
b e r y l l i u m and top and b o t t o m r e f l e c t o r s (108.3 l i t e r s ) . 

**Be tween fuel zone and b e r y l l i u m r e f l e c t o r . 
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Tef lon w a s u s e d in m o s t of t h e s e m e a s u r e m e n t s b e c a u s e of i t s 
n e a r e q u i v a l e n c e to a i r in s m a l l v o l u m e s . The s m a l l s p a c e s a v a i l a b l e for 
void i n s e r t i o n in the fuel r e g i o n r e q u i r e d th in d e v i c e s , which w e r e r e a d i l y 
m a d e f r o m Teflon. It is r e a d i l y s e e n f r o m F i g . 63 tha t up to about 10% of 
t h e ITC v o l u m e , i . e . , 800 cm^ even ly d i s t r i b u t e d . Tef lon and a i r a r e n e a r l y 
equ iva l en t . T e s t s for s m a l l s t r i p s of Tef lon showed no m e a s u r a b l e d i f fe r ­
ence b e t w e e n a i r and Tef lon . F i g u r e 60 d e p i c t s the da t a o b t a i n e d by 
t r a v e r s i n g with an 8 0 0 - c m ' ' Tef lon p lug i n s i d e a vo ided tube in the ITC of 
C - 2 . It a c t s m o s t l y a s an a b s o r b e r in the c e n t e r of the r e a c t o r , but h a s 
s o m e s c a t t e r i n g p r o p e r t i e s w h e n u s e d a s an u p p e r r e f l e c t o r . The da ta 
in F i g s . 61 to 64 w e r e o b t a i n e d by i n s e r t i n g s t r i p s of Tef lon of l e s s than 
8 0 - c m ^ v o l u m e , ex t end ing a l l t h e way t h r o u g h the c o r e . In t h i s m a n n e r , 
t he w o r t h a s p r e s e n t e d in F i g . 60 w a s a v e r a g e d out . T h e c h a n g e in r e ­
ac t i v i t y due to the "vo id" w a s o b s e r v e d e i t h e r by r o d s u b s t i t u t i o n o r by 
o b s e r v i n g the r i s i n g p e r i o d due to void r e m o v a l (fuel r e g i o n in C - 2 ) . T h e 
shift in the m a x i m a in F i g . 59 m a y be due to the d i f fe ren t c o n t r o l r o d p o s i ­
t i ons d u r i n g the m e a s u r e m e n t s . 

F r o m T a b l e 25 and F i g . 6 1 , it i s ev iden t t ha t the void coef f ic ien t is 
p o s i t i v e in the I T C T h i s p o s i t i v e r e g i o n e x t e n d s about 1 c m f u r t h e r into 
the fuel r e g i o n . The s c a t t e r in the da ta at t he b o u n d a r y i s due to the 
diff icul ty in l o c a t i n g the s t r i p s in the c o r e a c c u r a t e l y and the fac t tha t t he 
g r a d i e n t i s f a i r l y s t e e p in t ha t r e g i o n . T h e r e is an a p p r o x i m a t e 2 - c m 
annu lus a r o u n d the fuel r e g i o n in C - 1 , ex t end ing into the b e r y l l i u m r e f l e c t o r , 
w h e r e the void coef f i c i en t is a l s o p o s i t i v e . The o v e r a l l vo id coef f i c i en t 
h o w e v e r i s n e g a t i v e . 

The da t a in T a b l e 25 and F i g . 61 a r e p r e s e n t e d a s % - r e a c t i v i t y / 
vo id-% of the t o t a l c o r e v o l u m e exc lud ing the b e r y l l i u m and top and 
b o t t o m H2O r e f l e c t o r s . T h i s w a s done in o r d e r to o b t a i n c o n t i n u i t y going 
f r o m the ITC to the fuel r e g i o n . All the o t h e r vo id coef f i c i en t d a t a a r e 
e x p r e s s e d as % - v o i d of the ITC only . T h e v o l u m e s w e r e a s fo l l ows : 

V o l u m e of the ITC = 8.1 9 l i t e r s (1 2. 7 x 1 2. 7 x 50. 8 cm^) 

Vo lume of t h e fuel r e g i o n = 100.1 l i t e r s (6.985 x 6.985 x 5 0 . 8 x 4 0 cm*) 

T o t a l V o l u m e = 108.29 l i t e r s 

The a v e r a g e void c o e f f i c i e n t s , e x p r e s s e d a s % - r e a c t i v i t y / % - v o i d 
of t o t a l c o r e v o l u m e (108.3 l i t e r s ) , a r e g iven in T a b l e 26. 



T a b l e 26 

A V E R A G E VOID C O E F F I C I E N T S F O R 
C-1 AND C-2 

R e g i o n 

ITC 
F u e l R e g i o n 
C o r e and ITC 

Void Coeff ic ient 
% Ak/% Void 

C - 1 

+0 68 
- 0 45 
- 0 37 

C - 2 

+1 1 
-0 45 
- 0 34 

T h e s e v a l u e s w e r e o b t a i n e d by n u m e r i c a l i n t e g r a t i o n of F i g 6 1 , w h e r e 

A v e r a g e void coef f ic ien t = 

(void coeff ic ient ) r d r 

r d r 

Although the void coef f ic ien t i s p o s i t i v e m the I T C , the o v e r a l l 
coef f i c ien t i s s t i l l n e g a t i v e A s it w a s thought p o s s i b l e to m a k e the c e n t r a l 
v e r t i c a l t h i m b l e l a r g e enough so t h a t t h e void coef f ic ien t , wi th the t h i m b l e 
m p l a c e , would be n e g a t i v e , m e a s u r e m e n t s of the void coe f f i c i en t s w e r e 
m a d e with d i f fe ren t f ixed void v o l u m e s m the ITC Tef lon s t r i p s w e r e u s e d 
m a l l t h e s e m e a s u r e m e n t s 

F i g u r e 62 p r e s e n t s the da ta o b t a i n e d for v a r i o u s f ixed volunnes of 
a i r (Luc i t e b o x e s ) . Tef lon (thin d i s t r i b u t e d s t r i p s ) and a l u m i n u m (thin 
d i s t r i b u t e d p l a t e s ) The v o l u m e of the f ixed "void" is p r e s e n t e d as p e r 
cen t of the ITC v o l u m e (8 2 l i t e r s ) It is ev iden t tha t the void coef f ic ien t 
t u r n s n e g a t i v e at about 70% t o t a l v o l u m e of a i r o r a l u m i n u m T h i s i s a l s o 
b o r n out by the i n t e g r a l w o r t h s as p r e s e n t e d m F i g 63 A 40% fixed void 
m the ITC m i g h t be c o n s i d e r e d a s a " s a f e " cond i t ion , as i n c r e a s i n g the 
vo id f r a c t i o n f r o m t h i s to 70% void would add l e s s t han one d o l l a r m 
r e a c t i v i t y 

The effect of r e m o v i n g the c e n t r a l s a m p l e o r t h i m b l e whi le the 
r e a c t o r is o p e r a t i n g w a s a l so s t u d i e d The c u r v e s shown m F i g 64 w e r e 
o b t a i n e d by w i t h d r a w i n g the "vo id" ( a l u m i n u m o r Teflon s t r i p s , o r a L u c i t e 
box) f r o m the ITC wh i l e c o m p e n s a t i n g wi th a c a l i b r a t e d c o n t r o l r o d B e ­
c a u s e the void coef f ic ien t t u r n s n e g a t i v e at a p p r o x i m a t e l y 70% to ta l void, 
the t o t a l w o r t h of 8 1 % void m the ITC is n e a r l y equal to the r e a c t i v i t y 
w o r t h of the 56 25% void 
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B. T e m p e r a t u r e Coef f ic ien t of R e a c t i v i t y 

The t e m p e r a t u r e coe f f i c i en t s for C - 1 and C - 2 w e r e m e a s u r e d by 
h e a t i n g t h e w a t e r m o d e r a t o r in the s t o r a g e t a n k and t h e n c i r c u l a t i n g i t 
t h r o u g h the r e a c t o r . The r e a c t i v i t y dr i f t wi th t e m p e r a t u r e w a s t hen m e a s ­
u r e d by a l lowing the r e a c t o r to cool off wh i l e c o m p e n s a t i n g with a c a l i b r a t e d 
c o n t r o l r od . 

In C - 1 , only two t h e r m o c o u p l e s w e r e u s e d , one be tween^ the c o n t r o l 
r o d c h a n n e l and the b e r y l l i u m , and the o t h e r about 5 c m away f r o m the t ank 
wal l in the w a t e r . In C - 2 , e l e v e n t h e r m o c o u p l e s w e r e i n s t a l l e d at v a r i o u s 
l o c a t i o n s in t h e c o r e and r e f l e c t o r . R e a d i n g s w e r e only r e c o r d e d a f t e r 
e q u i l i b r i u m t e m p e r a t u r e s w e r e r e a c h e d . A s t i r r e r w a s a l s o added in the 
r e a c t o r t ank to e n s u r e t h o r o u g h m i x i n g of t h e w a t e r and to f a c i l i t a t e the 
r e a c h i n g of e q u i l i b r i u m c o n d i t i o n s . 

The d a t a o b t a i n e d a r e p r e s e n t e d in F i g . 65 for C - 1 and in F i g . 66 
for C - 2 . The r e a c t i v i t y t e m p e r a t u r e coef f i c i en t m e a s u r e m e n t s for C - 1 
w e r e f i t t ed to the e m p i r i c a l equa t i on 

p = 0 .013 [1 - exp ( -0 ,00742 Tj* - 0 .04306 T^)] 

w h e r e T * = (61.0 - T)°C and c o v e r s the r a n g e f r o m 16 to 58°C. The t e m ­
p e r a t u r e Tj i s tha t of the H2O, w h e r e a s T2 i s a s s u m e d to r e p r e s e n t the 
m e a n b e r y l l i u m t e m p e r a t u r e . It shou ld be n o t e d t h a t t he b e r y l l i u m r e ­
f l e c t o r c o n t a i n e d about 10 vo l -% H2O and L u c i t e . 

The s e l e c t i o n of t h e f o r m of the e q u a t i o n w a s g o v e r n e d by the 
p r o b l e m at hand . T h i s equa t ion w a s f i t t ed for l e a s t - s q u a r e d e r r o r s by 
m u l t i p l e c o r r e l a t i o n of r e a c t i v i t y wi th two v a r i a b l e s , Tj and T2. The e q u a ­
t ion does not p r o v i d e for c h a n g e s in s i gn of a coef f ic ien t in the r a n g e of the 
da t a f i t ted , but p r o v i d e s for v a r i a t i o n s in m a g n i t u d e in both c o e f f i c i e n t s . 

The d e r i v a t i v e wi th r e s p e c t to t e m p e r a t u r e (Tj = T2) i n d i c a t e s an 
i n c r e a s i n g m a g n i t u d e of the t e m p e r a t u r e coef f ic ien t a s t h e t e m p e r a t u r e in ­
c r e a s e s . The s lope of the f i t t ed c u r v e (F ig . 65) y i e l d s a v a l u e of 
- 0 . 0 5 5 % ( A k / k ) / ° C at 59°C and - 0 . 0 1 % ( A k / k ) / ° C at 20°C. E f f o r t s to fit 
for l i n e a r coe f f i c i en t s o v e r s h o r t s e g m e n t s of t h e da t a c o n s i s t e n t l y gave 
p o s i t i v e coe f f i c i en t s for t h e b e r y l l i u m (con ta in ing 10% H2O and L u c i t e ) 
r e f l e c t o r n e a r ' r o o m t e m p e r a t u r e s . It shou ld a l s o be k e p t in m i n d tha t for 
C - 1 , p o s i t i v e void coe f f i c i en t s w e r e found a t the f u e l - b e r y l l i u m i n t e r f a c e . 
T h u s , a c h a n g e in s ign of the b e r y l l i u m t e m p e r a t u r e coef f i c i en t s e e m s to 
be i n d i c a t e d a t h i g h e r t e m p e r a t u r e s . 

The f i t t ed c u r v e d i s c u s s e d above i s p r e s e n t e d a l s o in F i g . 66 for 
c o m p a r i s o n . The da ta for C - 2 b e t w e e n 55°C and 62°C w e r e o b t a i n e d for 
a s ing le con t inuous r u n , fo l lowing the t e m p e r a t u r e o v e r a s e v e n - h o u r 
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per iod. The dotted line through these points (see Fig . 66) yields a t e m p e r a ­
tu re coefficient of -0.01 Ak/°C. The data near room t e m p e r a t u r e , taken as 
l inear with t e m p e r a t u r e , indicate a t empera tu re coefficient in this range of 
-0.008% (Ak/k)/°C. The points marked with an a s t e r i sk (*) in Fig . 66 were 
obtained during a run in which some instabi l i t ies were induced by the s t i r r e r 
in the core tank, and no significance can be attached to the apparent posit ive 
coefficient as measu red . 

The following should be noted regarding the t empera tu re coefficient 
m e a s u r e m e n t s in C-2. The r eac to r was subject to l ong- t e rm losses of 
react iv i ty as d iscussed in Section 4. The losses had been negligible during 
the week preceding the tempera ture-coef f ic ien t measu remen t , but a total 
of 0.3% react iv i ty was lost during the nine days it took to complete these 
m e a s u r e m e n t s . No known adjustment fully explains the shallow slope of 
the curve during cooling while operat ing in view of the 1.3% react ivi ty dif­
ference between the 60°C data and the room t empera tu re data. The l inear 
data at the higher t e m p e r a t u r e s may have been influenced by a steady loss 
of react iv i ty during this run, although a five-hour run at constant room 
t e m p e r a t u r e did not exhibit any r e m a r k a b l e drift in react ivi ty . R e m e m b e r ­
ing that the reac t iv i ty loss is l a rge ly due to bubble formation in the fuel 
region, inc reased t e m p e r a t u r e s might have a marked effect on this loss . 

Taking into account the 0.3% react iv i ty lost between the f i rs t and 
las t m e a s u r e m e n t s , the " g r o s s " t e m p e r a t u r e coefficient between 20°C and 
62°C is —0.024% p/°C, which is the same as for C-1 (i .e. , dividing the 
total reac t iv i ty change by the t e m p e r a t u r e change from 20°C —^62°C). 

The overa l l t e m p e r a t u r e coefficient is negative for both C-1 and 
C-2 over the t e m p e r a t u r e ranges invest igated, and it does seem to in­
c r e a s e marked ly with t e m p e r a t u r e . 

12. CONCLUSIONS 

The data obtained in the c r i t i ca l exper iments descr ibed agree 
reasonably with the design specif icat ions. The peak flux in the ITC for 
C - 1 , r ep resen t ing the end-of-cycle c o r e , and for C-2, represent ing the 
new core , r ema ins fair ly constant at 3 x lO'' n/(cm^)(sec)(watt). Consider­
ing that the na ture of the fuel available and other factors caused these 
co re s to depar t considerably f rom opt imum, the r e su l t s indicate that some­
what higher peak fluxes might be obtained. 

It is evident from Fig. 43 that a 38% "Teflon void" has no significant 
effect on the peak flux in the ITC. It might therefore be poss ible to con­
s t ruc t a sample for i r rad ia t ion in such a way as to occupy 40% of the ITC, 
providing a "safe" condition without losing too much in available flux. 
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The flux m e a s u r e m e n t s with the aluminum l iner in the ITC indicates 
that the size of the ITC may be dec reased with some gain in peak flux. 
This would, however , also dec rea se the space available for i r r ad ia t ions . 

Measuremen t s made with the C-1 and the C-2 co res i m m e r s e d in 
water , without bery l l ium ref lec tor , indicated that it should be feasible to 
load and unload the cores as uni ts . Ca re should be exerc i sed in assembl ing 
the co re s under water , as an accidental inser t ion of a fuel c lus te r into the 
ITC might approach or exceed a c r i t i ca l configuration in the event that fuel 
e lements should have an unusual amount of fuel or no burnable poison. 
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