
UN^^SIFIED Ltf, 

ANL-5050 
Reac to r s - Product ion 
This document cons is t s of 26*̂  pages 

ARGONNE NATIONAL LABORATORY 
P . O, Box 299 

Lennont, Ill inois 

RESULTS OF THE THERMAL 
ZERO POWER REACTOR-II PROGRAM 
THE SAVANNAH REACTOR PROTOTYPE 

Exper imen ta l work done by: 

D. H. Lennox''' - Group Leader 
J. W. A r m s t r o n g 
J. C. C a r t e r 
L, A. Heinr ich 
E . O. Kiger 
G. F . O'Neil l* 
W. M. Olliff* 
K. E . P lumlee 

J. D. Richards 
D. P . Satkus 
Saul Strauch* 
J. S. Stutheit 
T. R. Thomas* 
O. A. Towler* 
R. H. VoUmer* 

Theore t i ca l ana lys i s by: 

B. I. Spinrad* - Group Leade r 
H. D. Brown* 
F . E . Dr igge r s 
H. C l a r k 

^•'Report compiled by 

J. C. Engl i sh 
Phi l ip Hayward' 
D. S. St. John* 

fiSION 

July 1953 

% ^L 

»erated by The Univers i ty of Chicago 
under 

Cont rac t W-31-109-eng-38 

"^S 
% ^ 

^^i> 

0 I dU 

0^59 qoi 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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UNCUASSIFIEO 

ABSTRACT 

This report covers the experinnental work performed 
on ZPR-II fronn its start-up in March, 1952, to January, 
1963. The building, reactor, and experimental facilities 
are described; the experimental techniques and data are 
presented;.""and the results are analyzed for correlation »» 
with the CP-6 Savannah River neutron producer program. < 
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RESULTS OF THE THERMAL 

ZERO POWER REACTOR-II PROGRAM 
THE SAVANNAH REACTOR PROTOTYPE 

SUMMARY 

The The rma l Ze ro Power Reactor Assembly - II (ZPR-II) is an in­
t e rmed ia t e exper iment between init ial design studies and the final operation 
of the Savannah River neutron producer (CP-6) . The objectives of the ZPR-II 
p r o g r a m were to study: (l) the technique of achieving a flattened zone and 
the pecu l i a r i t i e s of such a zone; (2) the effectiveness and design l imits of the 
control sys tem to be used in C P - 6 ; (3) the power variat ion within the fuel 
e lements ; (4) the bas ic la t t ice constants and detailed flux pa t t e rns ; and (5) the 
opera t ional c h a r a c t e r i s t i c s of this type of r eac to r . 

The analys is of the ZPR-I I r e su l t s also s e r v e s to check the a s s u m p ­
tions and calculat ional methods used in determining the design for C P - 6 . 

ZPR-I I i s in the sanne building as the ZPR-I facility at Argonne Na­
tional Labora to ry . The two can be operated simultaneously. 

The r e a c t o r core is ten feet in d iameter and nine feet high. The lattice 
is s imi la r to that to be used in C P - 6 , Control of the r eac to r i s accomplished 
by seven CP-6 type control bundles or by adjusting the D2O level . 

Some genera l conclusions f rom this work a r e : (a) the physics of this 
kind of r e a c t o r i s now quite well unders tood, so that theore t ica l evaluations 
can be made with a s s u r a n c e , aided by snnall-scale exper imenta l t e s t s ; (b) the 
flattened zone of the r e a c t o r is very s table , and large local per turba t ions can 
be introduced to take ca re of any local situations without affecting the over ­
al l operat ion of the r e a c t o r ; and (c) mechanica l deviations in dimensions or 
quality of r eac to r conaponents will not se r ious ly affect the flux pa t t e rn . 

1 INTRODUCTION 

The CP-6 r eac to r is a na tu ra l uranium, heavy water cooled and modera ted 
r eac to r , designed for plutonium and excess neutron production at Savannah 
River . Its design has evolved from ini t ial theore t ica l s tudies , exponential 
exper iments , and other in tegra l r eac to r exper iments to a bas ic lat t ice design 
of u ran ium rod c lu s t e r s spaced seven inches in a t r iangular pa t te rn with con­
t ro l c l u s t e r s located in hexagonal c e n t e r s . The fuel element that was adopted 
is a four rod clump, or quatrefoil , of 1-inch diameter a luminum-clad u r a n i ­
um r o d s . The control e lement is a septafoil containing seven 0.8-inch d iam­
eter l i th ium-aluminum or cadmium r o d s . 
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Upon select ion of the bas ic design, additional exper imenta l information 
was needed for efficient and ear ly s t a r t - u p of production sca le r e a c t o r s . To 
mee t these r equ i r emen t s a ze ro power r eac to r projec t was initiated. This 
r epor t covers the subsequent exper imenta l p r o g r a m and design of the c r i t i ca l 
assembly as well as an analysis of the data obtained during nine months of 
operat ion. 

1-1 Hi s to r i ca l Background 

1-1.1 Exponential T e s t s : 

The significant advantage of the exponential exper iment for 
p re l imina ry s tudies of la t t ice constants is the g rea t flexibility of the lat t ice 
s t r u c t u r e . By a few changes of the grid configuration, it was poss ible to in ­
vest igate many connibinations of spacing and clumping. 

The exponential a s sembly consisted of a 5-foot dianneter, 
5-foot high tank, mounted on top of the CP-2 graphi te t h e r m a l column. Fue l 
elennents w e r e 1-inch d iamete r u ran ium rods 5, feet long, that w e r e spaced 
by top and bot tom aluminum g r i d s . Approximately 7000 pounds of D2O m o d ­
e ra to r could be blown with helitim from a s to rage tank into the exponential 
tank p r i o r to nneasurements . Indium foils w e r e used in spec ia l foil holders 
to make axia l and r ad ia l flux t r a v e r s e s . 

The mult ipl icat ion constants for var ious lat t ice configura­
tions w e r e de te rmined to refine production e s t ima t e s . Axial and rad ia l flux 
t r a v e r s e s w e r e taken to de te rmine the buckling of proposed l a t t i ces . The 
diffusion a r e a was found from detailed cel l t r a v e r s e m e a s u r e m e n t s . F r o m 
independently obtained values of the age and diffusion constant, K̂^̂^ for the 
lat t ice was calculated fronn the t h r ee -g roup equation. P r e l i m i n a r y control 
s tudies w e r e made f rom buckling nneasurements taken for var ious pa t t e rns 
of l i thium and cadmium control r o d s . Efforts w e r e made to deternnine the 
diffusion constant of neutrons in heavy wa te r . The exponential technique was 
used to nneasure 1 / L ^ in heavy water before and after the addition of a nneas-
ured quantity of a s t rong a b s o r b e r , e i ther homogeneously ( B solution) or 
heterogeneously by means of loading the lat t ice with Pb-Hg rods . 

1-1.2 CP-2 T e s t s : 

In o r d e r to place heat flux es t imates on a f i rmer bas i s , the 
flux gradients throughout a fuel s l u g - s p a c e r combination w e r e measured from 
i r rad ia t ions made in a C P - 2 graphi te s t r i n g e r . Control s y s t e m s were e s t i ­
mated by comparing the effects of var ious control configurations on the r e ­
activity of CP-2 
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1-1.3 Need for ZPR-I I : 

F r o m the r e su l t s of the exponential exper iments it was p o s ­
s ible to f reeze the bas ic la t t ice s t r u c t u r e and obtain p re l iminary control rod 
infornnation; but it was imposs ib le to fix design specifications for the control 
systenn. In addition, it was not poss ib le to obtain information pert inent to 
the kinet ics of the s y s t e m . The limited s ize and neutron flux of the exponen­
t ia l prevented m e a s u r e m e n t s of the power var ia t ions within a fuel a s sembly . 
Smal l reac t iv i ty per turba t ions could not be measured by the convenient danger 
coefficient technique. To obtain the addit ional information, a c r i t i ca l assennbly 
was n e c e s s a r y . 

1-2 Outline of Work Covered by ZPR-I I 

1-2.1 Objectives of the ZPR-II P r o g r a m 
/ 

The bas ic purpose of the c r i t i ca l a s sembly p r o g r a m was to 
/ obtain the p r e p a r a t o r y information n e c e s s a r y for efficient and ear ly production 
I by the CP-6 r e a c t o r s . Specifically, experinnental data was needed to de t e rmine : 

(1) the technique for achieving a flattened zone, and the 
pecul ia r i t i es of such a zone, 

(2) the effectiveness and design l imits for the control systenn, 

(3) the power var ia t ion within a fuel e lement , 

(4) la t t ice constants aAd detailed flux pa t t e rns , and 

(5) the opera t iona l cha rac t e r i s t i c s of the r eac to r . 

In view of a t ight t i m e schedule and the l imited qxiantity of heavy water a v a i l ­
ab le , the c r i t i ca l a s s e m b l y was to provide a regional mock-up only of the 
C P - 6 co re . Exper imen ta l r e s u l t s not d i rec t ly applicable were to be projected 
by theore t ica l sca le factors of svifficient accuracy to provide the information 
needed for design pu rposes . A compar i son of the c r i t i ca l assembly dinnensions 
with those of the production r e a c t o r i s m a d e in Table 1-2 .1 . 

1-2.2 Work Covered by the ZPR-I I P r o j e c t 

F o r the mos t p a r t , the ul t imate uti l ization of the experinnental 
res"ults obtained during the c r i t i ca l a s sembly p r o g r a m was to answer a n u m ­
b e r of specific defeign ques t ions . An outl ine of the topics that se rved to o r i g ­
inate the individuAl exper iments per formed bes t i l lus t ra tes the scope of c r i t i ca l 
a s s e m b l y progrann. La te r sect ions of this r epo r t will desc r ibe the experinnental 
p r o c e d u r e s used and ana lys is of the data obtained. 
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Table 1-2.1 

ZPR-II AND CP-6 COMPARISON CHART 

Tank Size 

Inside Diameter 
Height 

D2O Necessary to Fill Tank 

Q-foils 

Number of Positions Possible 
Number Used in Lattice 
Length of Foil 
Diameter (maximum) 
Finned tube length 

Control Positions 

Number of Positions Possible 

Number in Lattice 
Comiposition 
Length 
S-foil length 
S-foil outside Diameter 

Fuel Rod Spacing, c. to c. 

Control Rod Spacing, c. to c. 

Fuel Slug 

Length 
Diameter 
Spacer Length 

Control Slug 

Length 
Diameter 
Spacer Length 

Safety Rod Core 

Length 
Width 
Diameter 
Cadmium Thickness 
Number of Positions 

ZPR-II 

1 0 ' 1 " 
10 '9" 

25 tons 

253 
234 
111-11/16" 
3-23/64" 
112" 

13 (plus 6 
open positions) 
7 
3-1/2 % Li-Al 
102-1/4" 
113-13/16" 

3 - 1 / 2 " 

1.37" 

1.12" 

8.1" 
1.00" 
0.370" 

10.26" 
0.808" 
0.240" 

102-1/2" 
4-15/16" 

0.040" 
12 

CP-6 

16*2-3/4" 
1 5 ' 2 " 

100 tons 

673 
606 
168" 
3-23/64" 
none 

61 (plus 6 
gas tubes) 
61 
3-1/2 % Li-Al 
168" 
168" 
3-1 /2" 

1.37" (center off­
set 0.025" toward 
center of Q-foil) 

1.12" 

8.4" (canned) 
1.00" 
none 

10.50" 
0.808" 
none 

168" 

0.750" 
0.040" 
66 
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A . E s t a b l i s h m e n t of a f l a t t ened z o n e 

1) T h e n e c e s s a r y c o n t r o l r o d c o n f i g u r a t i o n 
2) S i z e , f l a t n e s s , and b o u n d a r y e f fec t s 
3) S t ab i l i t y w i t h r e s p e c t to c o n t r o l r o d p e r t u r b a t i o n s 

B . C o n t r o l Rod s y s t e m d e s i g n 

1) C o n t r o l r o d e f f e c t i v e n e s s 
2) F e a s i b i l i t y of a u t o m a t i c r e a c t o r c o n t r o l w i t h t h e 

c e n t r a l c o n t r o l p o s i t i o n 
3) Nunnber and d i s t r i b u t i o n of r o d s n e c e s s a r y for 

a u t o m a t i c c o n t r o l 
4) Need f o r and e f f e c t i v e n e s s o i t r i m c o n t r o l 
5) E f f ec t of l i t h i u m c o n c e n t r a t i o n v a r i a t i o n 
6) M a g n i t u d e of h o t s p o t s n e a r t h e e n d s of h a l f - l e n g t h 

r o d s 
7) Ef fec t of g a n g e d c o n t r o l s ge t t i ng o u t of p h a s e 
8). E f fec t of u n e q u a l c o n t r o l r o d i n s e r t i o n s 
9) Ef fec t of c o n t r o l r o d w i t h d r a w a l o r d e r 

C. P o w e r d i s t r i b u t i o n in t h e fue l e l e m e n t 

1) M a g n i t u d e of Wilkirfs effect 
2) E f fec t of s l u g a l i g n m e n t w i th in a Q - t u b e 
3) O r i e n t a t i o n s of Q - t u b e w i t h r e s p e c t to c o n t r o l 

p o s i t i o n s 
4) E f fec t of Q - T u b e bowing o r d i s p l a c e m e n t 
5) F e a s i b i l i t y of "hot s p o t " c o r r e c t i o n by c o n t r o l 

D . E v a l u a t i o n of l a t t i c e c o n s t a n t s 

1) C o m p a r i s o n , w i t h e x p o n e n t i a l r e s u l t s 
2) F l u x p a t t e r n s t h r o u g h b u c k l e d , t r a n s i t i o n , and 

f l a t t ened z o n e s 

E . O p e r a t i o n a l i n f o r m a t i o n 

1) K i n e t i c s of r e a c t o r 
2) E f f e c t i v e n e s s of C P - 6 type s a f e t y r o d s 
3) G a m m a flux l e v e l s 

T h e o r i g i n a l o b j e c t i v e s of t h e p r o g r a m w e r e sa. 
t h e e x c e p t i o n of a d e t e r m i n a t i o n of t h e " r o o f t o p p i n g " e f f e c t s . I: 
a t r u e m o c k - u p w a s i m p o s s i b l e b e c a u s e of t h e he igh t l i m i t a t i o n 
c a l a s s e m b l y c o r e . 
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In addition, original plans allowed for several other types 
of experiment: 

Measurement of catching efficiency of blanket designs 

Danger coefficient studies on Pu, fission products, or poison 

Measurement of -y-fl^x and intensity 

Testing of alternate control rod designs 

These experiments were deleted from the program becaxise higher priority 
was assigned, after starting the experiment, to certain detailed investigations 
which were not Initially anticipated. 

Finally, Interpretation of the results of the ZPR-II program 
has led, occasionally In an unexpected fashion, to Improvement of reactor 
theory or of the lattice parameters of U - D2O systems. This Interpretation 
Is presented In Chapter 4 of this report. 
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2 DESCRIPTION OF FACILITY 

2-1 Building Layout 

The building floor plan (Figure 2-1) is a r ranged for s imultaneous 
operat ion of two c r i t i ca l a s semb l i e s - ZPR- I and ZPR-I I . Shielding b e ­
tween a s semb l i e s is effected by a three-foot wall made of concrete block 
and lead sheet in a sandwich a r r angemen t . The ZPR-I I c r i t i ca l a s sembly 
is separa ted f rom its control room by a three-foot monolithic concrete 
wall . Visual a cces s between rooms is provided by a s tandard zinc b r o ­
mide window. 

Space is provided in the west wing for s to rage of reac tor compo­
nents and misce l laneous equipment. In addition, two 6000-gallon D2O s t o r ­
age tanks a r e located in a double-wall waterproof pit underneath the west 
wing. F o r t r an s f e r of fuel e l emen t s , a t h ree - ton and a l /Z-ton hoist a r e 
mounted on a common br idge running the length of the r eac to r room. Ven­
t i la t ion is furnished by a 2000-CFM fan that can operate only when the 
r e a c t o r is shut down. This fea ture is e ssen t i a l in o rde r to localize 
contaminat ion in the-event of a runaway. 

2-2 Reactor Assembly Components 

Ar rangement of the major components of the sys tem is shown in 
flow diagrann fo rm in F i g u r e 2 -2 . The reac to r and s torage tanks form a 
s y s t e m closed to a t m o s p h e r i c m o i s t u r e . Fac i l i t i e s a r e provided for pump­
ing the D2O at a controlled r a t e into the r eac to r tank and for rapidly dumping 
the wate r back into the s to rage t anks . A breathing manifold is provided to 
equalize the p r e s s u r e within the r e a c t o r sy s t em with that of the a tmosphere . 
The following sect ions de sc r i be the individual components of the sys t em. 

2-2.1 Reac to r Tank 

The r e a c t o r tank is a carbon s tee l cylinder 129 inches high 
and 121 inches in d i ame te r (Figure 2 -2 . la ) . When fully loaded it contains 
approximate ly 25 tons of heavy water and a s i m i l a r weight of uranium. In­
side sur faces of the tank a r e coated with Heres i te to el iminate co r ros ion and 
prevent contamination of the heavy wa te r . On top, the tank is sealed with 
removable cover plates made of Almag-35 . All cover plates and var ious 
other a c c e s s por t s in the tank a r e sealed so that the tank is gastight to a 
uniformly dis t r ibuted load equivalent to 6 inches of H2O. 

The tank contains aluminum gr ids at top and bottom to space 
a max imum of 253 fuel e lements on a 7-inch t r i angu la r la t t ice . The weight 
of the fuel e lements is c a r r i e d on the bottom locating grid, while the upper 
ends of the e lements a r e c lamped to a s e r i e s of para l led I -beams at the top 
of the tank. Const ruct ional deta i ls of the g r i d s , I - b e a m s , and cover plates 
may be seen in F i g u r e s 2 -2 . lb , 2 -2 . Ic , and 2-2 . Id. A d iag ram of the r e ­
ac tor lat t ice is given in F i g u r e 2-2 , le . 
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2-2.2 Fue l Assembly 

„ - A nuc lea r mock-up of the Savannah r eac to r fuel a s sembly is \ 
used in ZPR-I I . Twelve no rma l uran ium s lugs , 1,0-inch d iame te r by 8,1-inch 
long, sepa ra ted by 0,3 70-inch thick a luminum s p a c e r s a r e staked in a 9 foot 
4- inch length of finned a luminum tubing. The finned tube has a wall th ickness 
that gives the same neutron absorpt ion c r o s s sect ion as the a luminum cans 
plus Al-Si bonding of the Savannah s lugs . Four of the fuel tubes a r e loaded 
into a quatrefoil to complete the fuel a s sembly . The quatrefoil Is an e x t r u ­
sion f r o m 63 - S a luminum. F i g u r e s 2-2,2a and 2-2.2b show the fuel rod 
and quatrefoi l . 

2-2.3 Control Rod System 

The ZPR-I I la t t ice can accomodate seven control a s s e m ­
blies (septafdils) containing seven rods each. In each as sembly , two rods 
a r e control led remote ly , and the r ema inde r adjusted manual ly. The rods 
contain e i ther cadmium or L i -Al alloy in concentrat ions of 3.5% or 7%. 
The effective d i a m e t e r s of the control rods have been made equal to those 
of the Savannah R e a c t o r s , and the slug length and spacing have been m a i n ­
tained except for odd lengths at the upper ends . The total active length of 
each control rod is 8 ft 5 -1 /2 inches m e a s u r e d f rom the top to the bottom 
of the a c t i v e m a t e r i a l . 

The L i rods contain ten s lugs , nine of them 0.808 inch in 
d i ame te r x 10.26 inch long, and the o ther , 0,808 inch d iamete r x 7.00 inch 
long, sepa ra ted by Al s p a c e r s 0.24 inch thick. The slugs a r e sheathed in 
an Al tube with ends welded c losed . The Cd rods were made by forming a 
piece of Cd 0.040 inch thick around an Al tube with an 0 ,D. of 0.750 inch. 
Another Al tube is drawn over the Cd, forming a rod 0,830 inch in d i ame te r . 

The remote control dr ive mechan i sm cons is t s of a D.C. 
shunt-wound motor whose speed can be var ied by a r m a t u r e voltage control . 
Coupling to the c.ontrol rods is through a s ta in less s tee l tape perfora ted at 
2,5 inch in t e rva l s , A pa i r of synchros for t ransmi t t ing position information 
to a remote indicator is dr iven by a sprocket id ler pulley which engages the 
tape ho les . This dr ive unit is shown in F i g u r e 2-2.3a. The manua l dr ive 
unit (Figure 2-2.3b) u t i l izes a ca l ibra ted s ta in less s t ee l tape dr iven by a 
worm and worm gea r pulley assembly . 

Because of the l imited headroom space and heavy wate r 
sealing p rob lems , the cont ro l rod dr ives were mounted on a modified in ­
ver ted septafoil a s sembly . Sealing was accomplished by an 0 - r i n g sea l 
for the septafoil a s sembly and a split Teflon bushing for the cont ro l rod 
tapes (F igure 2-2.3c) . 
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The cont ro l rod stat ion at the console is nrxade up of the 
following components : 

1. An individual control rod indicator assembly for each 
remote ly control led rod (Figure 2-2.3d), Each ind i ­
ca to r a s sembly conta ins : 

a. Two synchro m o t o r s which receive position infor­
mat ion f rom the t r a n s m i t t e r on the control rod d r ives . 

b . A con t ro l switch on each vinit used to actuate the dr ive . 

c . A pilot light on each unit which indicates i ts select ion 
for ganged operat ion. 

The indicator sys t em is unambiguous in a l l posi t ions . 
The cont ro l rod position f rom 0 to 120 inches is indicated 
to an accu racy of 1 0.1 inch. 

2. A va r i ac control led D.C. power supply is used to control 
the mo to r speed by a r m a t u r e voltage control . A separa te 
fixed voltage D.C. power supply is used for the motor 
field vol tage . The maximum speed of an individual rod 
is l imited by the power supply to approxinaately H f t / m i n . 

3 . A switchboard at the control stat ion allows from one to 
s ix rods to be selected for ganged operation. 

4. An indication board is provided showing the re la t ive 
posi t ions of a l l cont ro l rods . Rods se lec ted for ganged 
opera t ions a r e shown on this board . 

5. Misce l laneous power and t r ans fe r switches a r e provided. 

2-2.4 Safety Rod Sys tem 

The safety rods cont ro l about 12% K and provide sufficient 
negative react iv i ty to ki l l the r e a c t o r , i r r e s p e c t i v e of control rod position 
or wa te r level . Twelve safety rods made of cadmium five inches wide, 
40 mi l s thick, and 8 feet 6 inches long a r e used . 

Six rod d r ive uni ts a r e placed in the penthouse above the r e ­
ac to r . Two safety rods a r e connected to each safety rod drive unit by means 
of l / 8 inch d i a m e t e r s t a in le s s s t ee l cab l e s . The rods fall into Al thimbles 
shown in F igure 2 - 2 . l b . The cables f rom the safety rods pass over pulleys 
to a d r u m powered by a g e a r mo to r coupled to an e lec t romagnet ic clutch. 
The d rum is mounted on ba l l bea r ings and is f ree to rota te on a shaft when 
the clutch is de -ene rg ized , e i ther automatical ly at s c r a m and power fa i lure , 
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or at will by the ope ra to r . When the clutch is de-energ ized , the safety rods 
fall with an acce lera t ion of approximately 0.75 g. The rods a r e dece le ra ted 
smoothly when ve ry near the bottom position by two Houdi type shock a b s o r b ­
e r s coupled to the cable d r u m . The rods come to r e s t fully inse r t ed . Mechani­
cal s tops prevent the rods f rom being inse r ted too far or f rom being completely 
withdrawn. The motor dr ive is a l / zO-HP va r i ab le - speed D,C. motor operated 
f rom a 90V power supply. The gear mo to r allows a max imum rod withdrawal 
r a t e of 4 f t /min . Only 2 dr ive units or 4 rods can be withdrawn at any one 
t ime , de termined by a s e l ec to r switch at the control panel. All rods can be 
withdrawn in about 7 minu te s . F igu re 2-2.4 is a photograph of the safety 
rod dr ive units located in the penthouse. 

2-2.5 Water Level Control 

Heavy wate r is pumped fronn s to rage to the r eac to r with a 
5-HP, 200 GPM Wilfley pump. The flow ra te is controlled remote ly by a i r -
operated va lves . A four- inch valve is used for rapidly filling the tank 
(4 in . /min) during the ini t ial s tages of a run. The a i r supply to this valve 
is control led by a " d e a d - m a n " switch that automatical ly shuts the valve if 
r e l eased by the opera tor . Automatic level control is effected by a s ignal 
t r ansmi t t ed f rom a t ravel ing float in the r eac to r tank to a solenoid that con­
t r o l s the a i r supply to a one- inch va lve . This 'float i s coupled through a s tee l 
tape to a motor dr ive and se lsyn indicating unit . A s e r i e s of warning lights 
on the cont ro l panel is used to inform the opera to r of the D2O level with r e ­
spect to the float position. In addition, the water level is d i rec t ly vis ible in 
a sight gauge at the cont ro l panel . 

F o r rapidly emptying the tank, a butterfly valve in a 12-inch 
d ra in line is opened. This valve (Figure 2-2.5) is normal ly held closed by a 
magnet ic clutch that is de -ene rg ized by e i ther a s c r a i n signal or power fa i l ­
u r e . A 45-pound weight at tached to the butterfly valve a r m opens the valve 
completely in about 0„3 second and holds it open until manual ly r e s e t . 

2-2.6 Water Pur i f icat ion System 

The cleanup systenm is designed to keep the total m a c r o ­
scopic neutron absorpt ion c r o s s sect ion due to contaminants below 
8.8 X 10 cm~l During opera t ion, D2O is by-passed at a ra te of 3 GPM 
from the r eac to r fill line through an ion-exchange s y s t e m . Ionic impur i t i e s 
a r e removed by a 12-l i ter mixed-bed (IR - 120, IRA - 410) ion-exchange 
column. Miscel laneous sol ids a r e f i l tered out by ZOjj, porosi ty c e r a m i c 
bac ter io logica l f i l t e r s preceding the ion-exchange column. The conductivity 
of the wate r is monitored at the inlet and outlet to the column. The specific 
res i s t iv i ty of the wa te r i s maintained at g r e a t e r than one megohm. 



2-2,7 Breathing and Drying System 

A schemat ic drawing of the breathing and drying sy s t em is 
shown in F i g u r e 2-2 . The drying s y s t e m was used to remove the HgO i n i ­
t ial ly used to t es t the sy s t em, and it can a l so be used to recover D2O from 
the s y s t e m at shutdown. F o r the ini t ial drying s tage , a blower i s used to 
c i r cu la t e a i r through a heating unit. Then the hot a i r (250°F) can be valved 
so as to pass through e i the r the s to rage tanks or the r eac to r and the i r a s ­
sociated piping. The r e tu rn a i r is passed over ref r igera t ion coils to con­
dense the water vapor so that it can be dra ined f rom the sy s t em. In o rde r 
to remove the last t r a c e of m o i s t u r e , the a i r is passed through a column of 
D r i e r i t e , The p roces s is repea ted until the sys tem dew point is less than 
10°F. 

Since the r e a c t o r tank top is not s t ruc tura l ly immune to 
l a rge p r e s s u r e di f ferent ia ls , a breathing unit is provided to equalize the 
sys t em with the a tmosphere by admitting dry a i r . Air en ters through a 
flap valve in s e r i e s with a 100-pound column of Dr i e r i t e , This renmoves 
H2O to a dew point of approximate ly -80°F. Loss of D2O vapor by r e v e r s e 
flow is prevented by a second column of Dr ie r i t e and the ref r igera t ion 
unit (see F i g u r e 2-2,7) , The r e f r i ge ra to r coils a r e defrosted when a F o x -
boro dew point r e c o r d e r indicates an i nc r ea se in hvimidity f rom the e s t a b ­
lished equi l ibr ium value. 

2-2.8 Source 

The source dr ive unit may be seen in F igure 2-2,8 . F o r 
the ini t ia l s t a r t - u p of ZPR-I I , a 40 -cu r i e Po -Be source was used. The 
source in i ts maximum ra i sed posit ion was approximately 54 inches above 
the concre te pad and 4 inches outside of the tank. In i ts lowest position, 
the source was approximate ly 6 feet below the concre te pad. 

2-2.9 Reac tor Ma te r i a l s 

In o rde r to prevent co r ros ion products f rom contaminating 
the D2O, all r e a c t o r m e t a l pa r t s in contact with the D2O were const ructed of 
a luminum, s t a in le s s s tee l , or Heres i t e -coa ted mild s t ee l , Heres i t e -coa ted 
s t ee l was used for the r e a c t o r tank, s to rage tanks , and the piping as a s u b ­
st i tute for the m o r e expensive Al o r s t a in less s t ee l . These pa r t s w e r e fab­
r ica ted and then shipped to the Heres i t e Company, Manitowoc, Wisconsin for 
coating, Heres i t e i s a phenoHormaldehyde res inous coating which is nontoxic, 
o r d o r l e s s , t a s t e l e s s , unaffected by mos t acids and a lka l i s , and insoluble in 
a l l common solvents . Two types of coatings w e r e used, P-403 and L - 6 6 . 
Type P-403 is a heat -hardening pigmented p r i m e r coating, while L-66 is a 
t r a n s p a r e n t r e s i n which gives a high g loss . 
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2-3 Reactor Ins t rumenta t ion 

The p r i m a r y power level c i r cu i t s a r e th ree vibrat ing reed e l e c t r o ­
m e t e r s . . Each r eco rds on a l inear s t r i p char t by means of a self-balancing 
potent iometer systenn. Two of these r e c o r d e r s a r e equipped with differential 
c i rcu i t s to magnify the sca le for the measurenment of sma l l var ia t ions in 
power. All of the above ins t ruments have B F3 gas-f i l led chambers as the i r 
in i t ia l c u r r e n t sou rce . The safety c i rcu i t s of ZPR-I I consist of in s t rumen t s 
which will shut down the r e a c t o r , e i ther by dropping cadmium rods into the 
tank or by dunnping the D2O, or both. These c i rcu i t s will a l so warn the p e r ­
sonnel of a hazard or an i r r e g u l a r i t y . F ive of these c i rcu i t s a r e capable of 
shutting down the r eac to r if the power or the period exceed p r e s c r i b e d l imi t s . 
The other c i r cu i t s a r e actuated by events such a s a wa te r leak or d is turbance 
of the in ter lock sys t em. F i g u r e 2-3 shows the r eac to r control console . 

2-3 ,1 Power Level Me te r and Recorde r 

This c i rcu i t cons is t s of a B***F3 gas-f i l led ion chamber which 
is located about t h r ee feet fronn the r e a c t o r . Next to the chamber a r e a b a t ­
t e ry box, which supplies 405 volts to the channber, and a r e s i s t o r switching 
device for changing s c a l e s . This is opera ted remotely f rom the control room. 
The output of the r e s i s t o r box goes to a vibrat ing reed e l e c t r o m e t e r (Applied 
Phys ic s Corp.) . The vibrat ing reed e l e c t r o m e t e r consis ts of two uni t s ; the 
e l e c t r o m e t e r head, which contains the reed , and an amplif ier which is in the 
control roonn. These c i rcu i t s a r e separa ted s ince it is des i rab le to have the 
e l e c t r o m e t e r as nea r the chanaber as possible for low c u r r e n t l eve ls . The 
c i rcu i t is capable of detecting c u r r e n t s as low as 10"^^ annpere, represen t ing 
a neutron flux in the chamber of about 0.001 neutron/^cm^/sec, s ince the 
chamber produces about 3 x 10*" '̂ ampe re per unit flux. The measu r ing par t 
of the c i rcu i t is a m e t e r which is built into the ampli f ier cabinet. An 
E s t e r l ine-Angus r e c o r d e r is connected to the e l ec t rome te r such that the r e ­
c o r d e r and m e t e r give ident ical read ings . The unit has s ix ranges covering 
f rom 0.001 to 100 watts (1 watt = 10^ t h e r m a l nv at r eac to r axis) . (See 
F i g u r e 2 - 3 . la for a block d i ag ram of the c i rcui t . 

Two addit ional power level r e c o r d e r s a r e in u s e . Both have 
ident ical c i r cu i t s built around a Brown vibrating reed e l e c t r o m e t e r . The f i r s t 
s tage of this r e c o r d e r c i rcu i t is a B ^T^ ion chamber . The output of the ion 
chamber is fed by (RG - 11) cable to a preampl i f ie r in the control room. 
F r o m the preannplifier, the s ignal is fed into a Brown vibrating reed e l e c t r o ­
m e t e r . This unit is highly sens i t ive and accura te in responding to c u r r e n t s 
of the o rde r of 10"^' a m p e r e , and it i s capable of detecting cu r r en t s as low 
as 10"*^ a m p e r e . After an amplification s tage , the s ignal is in the mill ivolt 
r ange , and it is fed into a self-balancing potent iometer c i rcui t which r eco rds 
on a l inear cha r t . See F i g u r e 2 - 3 . la for a block d i ag ram of this c i r cu i t . 
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The cont ro l s y s t e m for the r eac to r power r e c o r d e r has a 

r e s i s t o r changing switch which gives five ranges to the r e c o r d e r , c o r r e ­
sponding to f rom 0.01 to 100 wat t s , full s ca le . There is a differential con­
t r o l which allows the r e c o r d e r to be se t at any value; f rom this va lue , the 
fluctuations in power a r e enlarged and recorded . This is done with a 
constant voltage ba t t e ry and a helipot. The sensi t ivi ty control and the p r e ­
ampl i f ier have a lso been a l t e red as shown in F i g u r e 2 - 3 . lb. 

These c i r cu i t s a r e used as measur ing and recording i n s t r u ­
ments only, and a r e not t ied into the s c r a m sys t em. One is usually used as 
the s tandard for de te rmining the r e a c t o r power in o rde r to duplicate foil ex ­
p o s u r e s . The other is usual ly used as a differential indicator to a s s i s t the 
opera to r to detect sma l l fluctuations in power when the power is to be held 
constant . These in s t rumen t s a r e the p r i m a r y facil i t ies for determining the 
power and period due to the i r sens i t iv i ty and constant operating c h a r a c t e r i s t i c s , 

2-3.2 Scinti l lat ion Counter and Ion Chamber Tr ip Circui ts 

The scint i l lat ion counter c i rcui t cons is t s of an anthracene 
c r y s t a l and a 5819 photomult ipl ier tube which is kept at 945 volts by a bank 
of d ry ce l l s . The output of the photomult ipl ier tube goes to an ampl i f ier , a 
counting ra t e nneter, and into the t r i p c i rcu i t . See F igure 2 -3 . la for a block 
d i ag ram of this c i rcu i t . 

Two ion chamber t r i p c i rcu i t s a r e used. Both have B " F J 
gas-f i l led c h a m b e r s as the i r in i t ia l sou rce . The output of the chambers is 
fed into preampl i f ie r s (see D.C. araplifier) which boost the signal for t r a n s ­
m i s s i o n to the m e t e r and t r i p c i rcu i t in the cont ro l room. See F igu re 2-3,2a 
for a block d i a g r a m of this c i r cu i t . 

The p r i m a r y components of the t r i p c i rcu i t s a r e two Western 
E l e c t r i c re lay tubes . The coi ls which throw these re lays a r e activated by the 
plate cu r r en t of a sharp-cutoff pentode. A var iable grid r e s i s t o r pe rmi t s 
mul t ip le range when the input s ignal over r ides the p rese t b i a s , the re lays 
a r e thrown, and a t r ip c i rcu i t is actuated. The r e a c t o r is then shut down by 
the safety r o d s . In addition, the D2O wil l dump if the assennbly room door 
is open. A block d i ag ram of the safety c i rcu i t s is shown in F igure 2-3,2b, 

2-3,3 Pe r iod and Log Power Recording and Tr ip Circuit 

The output of a B ' ' ' F 3 ion chamber is fed into a ve ry s e n s i ­
t ive p reampl i f i e r which has good l inear c h a r a c t e r i s t i c s . Fronn the p r e a m ­
pl i f ier , the s ignal goes to a logar i thmic amplif ier which is located in the 
cont ro l room. The logar i thmic amplif ier d r ives a Brown l inear r e c o r d e r 
and a m i c r o a m m e t e r , both of which read the power. F r o m the preampl i f ie r , 
the s ignal i s a l so put into a c i rcu i t which gives a cu r r en t which depends on 
the r a t e of change of the input s ignal . This then goes to a center recording 
0-5MV potent iometer . Thus , a posit ive or a negative period can be recorded . 
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The period t r i p c i rcu i t is s imply a microanameter in which the pointer is a 
contact and another contact i s at a p r e s e t position. The contacts will c lose 
when the needle r eaches the p r e s e t posit ion. This closing of contacts ac tu­
a tes the s a m e t r i p c i rcu i t that was d i scussed in 2-3 .2 . Current for the 
period m i c r o a m m e t e r depends on the ra te of change of the power, so it can 
be set to t r i p when a ce r t a in period is reached . (See F igu re 2-3.2a for a 
block d i ag ram of this c i rcu i t . ) 

2-3.4 Miscel laneous Circui ts 

Micro-naicroannmeter and Recorder - F o r the m e a s u r e m e n t 
of power and for indications of mult ipl icat ion at low flux, a very sens i t ive 
Becknnan m i c r o - m i c r o a m m e t e r is connected to a B^ ' ' F3 ion chamber . Because 
of i ts sensi t ivi ty and l inear i ty on al l s c a l e s , the instrunaent gives re l iable 
readings at r eac to r flux levels of f rom 10' to lO'. F r o m the output of this 
c i rcu i t , a Weston r e c o r d e r cha r t s the power read ings . As a spa re t r i p c i r ­
cuit , the output of the Beckman has been put a c r o s s a S im-p ly - t ro l contact 
m e t e r - r e l a y . When the m e t e r r eads a ce r t a in level , which is se t by a 
pointer contact , a closed c i r cu i t i s obtained. This produces a t r i p as was 
previously d i scussed . 

F ixed Water Level P robe - Located in the r eac to r at a height 
well below c r i t i c a l (123 cm) is a fixed probe connected to an ampli f ier that 
will respond to a 15-megohm input r e s i s t a n c e . When the D2O reaches the 
probe contac ts , a warning be l l i s rung, and a re lay that is inter locked with 
the r e a c t o r room acces s door i s de -energ ized . Then, if this door i s opened, 
the magnet ic holding clutch on the 12-inch dra in valve is de -ene rg ized , and the 
•D2O automatical ly is dumped i o s t o r age . 

Leak Detec tors - Leak de tec to rs have been placed at var ious 
points in the D2O sys t em which a r e mos t vulnerable to l eaks , such as under 
the pump, pipe fi t t ings, and t ravel ing moni tor tubes . These de tec to rs con­
s is t of c o a r s e me ta l sc reen ing , spaced c lose to , but insulated f rom, a m e t a l 
plate . The s c r e e n and plate a r e kept at a 150-volt potential difference, and 
any c u r r e n t between them will set off a r e l ay sys t em. If a drop of wa te r 
falls on the s c r e e n , it will flow through, touching the s c r e e n and plate s i m u l ­
taneously, thereby setting off audible and vis ib le a l a r m s . 

Health Survey Meter - The gamma level at the r e a c t o r tank 
is continuously moni tored in the control room by a survey m e t e r ca l ibra ted 
d i rec t ly in m r per hour. If this m e t e r is on the 0.1 roentgen to one roentgen 
range , red bl inker lights w a r n personnel . 

Sca le r s and Audio Pulse Monitor - Three s c a l e r s (Nuclear 
Meas . Corp.) a r e used in the cont ro l room for low level flux counting. Each 
has a s epa ra t e B^^Fj chamber , but none of the chambers a r e in the sanae p o s i ­
tion re la t ive to the tank. P u l s e s f rom the output of one of the s c a l e r s a r e con­
ver ted to audio pu l ses , amplified, and sent to a speaker . The s c a l e r s and the 
audio pulse monitor give an indication of the r a t e of r i s e of the flux during the 
approach to c r i t i c a l . ~ ' j o 



31 

D2O Pump Circui t - The power for this c i rcui t is normal ly 
locked off by means of a padlock on the power switch. With the padlock r e ­
moved and the power switch on, the pump button in the control room will s t a r t 
the pump only if the r e a c t o r acces s door is closed or if this condition is s imu­
lated. Two door over r ide but tons , which a r e located in the control room and 
a r e far enough apar t so that two people a r e requi red to keep them depres sed , 
will s imula te the "door c losed" condition, allowing personnel to enter the r e ­
ac to r a r e a while the pump is running. If one or both of these buttons a r e 
r e l e a s e d while the door i s open, the pump will shut off. 

Fixed Monitor Sys tem - In the r eac to r a r e 15 sma l l B "-
coated ion chanabers d is t r ibuted in a hor izonta l plane 55 inches f rom the tank 
bot tom. These were ins ta l led to give s imultaneous readings of flux d i s t r ibu ­
tion so that the effects of cont ro l rod motion could be determined rapidly. 
The chamber c u r r e n t is amplified and read di rect ly f rom m i c r o a m m e t e r s at 
the control console . 

Voltage Regula tors - A 3000-VA Sorensen regula tor was 
used unti l t rouble was encountered f rom spur ious t r ip s on some of the in­
s t r u m e n t s . It was found that the Sorensen recovery t ime was too slow 
(>0.1 second) after an input voltage fluctuation. Instal lat ion of a Sola con­
s tant voltage t r a n s f o r m e r solved the problem, 

D.C. Amplif ier - F o r mos t of the ZPR-II ionization c h a m ­
b e r s , a s tandard preampl i f ie r c i rcu i t has been adopted. This amplif ier 
makes use of the conventional D.C. feedback type amplif ier with a feedback 
ra t io of unity. By keeping the open loop gain (gain without feedback) of the 
anaplifier high, the ove r - a l l gain with feedback is held very close to unity; 
t hus , the voltage developed a c r o s s the input r e s i s t o r can be read on a 
m e t e r at the output with negligible e r r o r resul t ing . The input tube is an 
e l e c t r o m e t e r pentode, a CK571AX, which is used for i ts low grid cu r r en t 
c h a r a c t e r i s t i c s . The following two tubes a r e 12AY7's, followed by a 12AU7 
cathode follower. The feedback path is completed by returning the cathode 
of one-half of the 12AU7 back to the lower end of the input r e s i s t o r . 

2-3,5 Inter locks 

The wate r level probe inter lock c i rcu i t has for a sensing 
device a fixed probe located* in t he ij'ea'ctor tank well below the c r i t i ca l D2O 
height. When subme'rged, the change in res i s t iv i ty between the probe con­
tac t s causes a re lay c i rcu i t to open. This re lay is in para l le l with a switch 
that is opened when the a s sembly room door is opened. When both s ides of 
the c i rcu i t a r e open, the magnet ic clutch which holds the dump valve closed 
is de -ene rg ized , thus dumping any D2O in the tank. A warning bell and lights 
indicate the D2O level has reached 123 cm, A naanually operated key switch 
is in s e r i e s with the probe re lay so that the c i rcu i t may be locked open if 
the probe fa i ls . The DjO will then be dumped from any height if the a s sembly 
door is opened. 
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Elec t r i ca l power for the D2O pump motor is supplied through 
a magnet ic contactor with a self-holding contact . When the control c i rcu i t oC 
the contactor is opened, the pump motor s tops . This action can be initiated 
by any of the following: 1) an ins t rument s c r a m , 2) a power fa i lu re , 3) the 
r eac to r acces s door (unless the two "pump o v e r r i d e " buttons a r e held down), 
4) the "hand s c r a m " button or the "wate r pump off" button. 

F ive a l a r m pane ls , each containing a red bl inker light, an 
amber bl inker light, six sma l l a m b e r l ights , and a bel l , a r e located through­
out the r e a c t o r a r e a , one in the control room, in the a s sembly room, in the 
loft, in the r eac to r rootn, and in the D2O s to rage pit. The red light will f lash con­
tinuously and the bel l will sound for 15 seconds on each panel when the fixed water 
level probe c i rcu i t is actuated, or the gamnaa background in the r eac to r room 
is above to l e rance . The amber light f lashes continuously and the bel l sounds 
when the a s sembly room door is closed, A sepa ra t e snaall amber light conaes 
on for each pair of safety rods that leaves the bottona of the r eac to r . The 
bel l will sound only when the f i r s t pa i r leaves bot tom. 

2-3.6 Safety Ci rcui t s 

The safety rod s c r a m sys t em cons is t s of twelve cadnaium 
rods held out of the r e a c t o r by six e lec t romagnet ic c lu tches . When these 
clutches a r e de -energ ized , the rods drop into the r eac to r . The dropping or 
" sc ramnaing" of al l the rods is initiated as follows: automatical ly by an 
ins t rument s c r a m or a power fa i lure ; naanually by operating a "hand scrana" 
button or the "rod d rop" button. The rods may be dropped in pa i r s by ope r ­
ating the clutch switch of each pair . 

The wate r dunap valve is held c losed by an e lec t romagnet ic 
clutch. When the clutch is de -energ ized , the valve is forced open by a 45-lb 
weight at tached to the valve a r m . The dumping of the D2O is init iated as 
follows: automatical ly by an ins t rument s c r a m when the assembly door is 
open, by opening the a s sembly door when the fixed water level probe c i rcui t 
is ac tuated, or by a power fa i lu re ; naanually by operating a "hand s c r a m " 
button or the "water dump" button. 

The twelve safety rods a r e withdrawn f rom the r e a c t o r by 
six D.C. e lec t r ic naotors . Each naotor d r ives a pa i r of rods . These naotors 
a r e connected to a power supply through a se l ec to r switch, such that only 
two of the moto r s can be run at the same t ime . The power supply voltage is 
not adjustable ; t he re fo re , the speed of ra i s ing the rods is fixed. The t ime 
requ i red to withdraw four rods is about 1 nain 50 s e c . After a scrana, the 
power for the safety r o d s , as well as for the control rods , naust be r e se t 
before they can be opera ted . 
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2-4 Exper imenta l Ins t rumenta t ion 

2-4 .1 Instrunaents Required 

Most of the exper iments performed with ZPR-II involved 
the de te rmina t ion of the c r i t i c a l height or the period of the r eac to r or the 
measurenaent of the flux d is t r ibut ion in the r eac to r . The c r i t i ca l D2O level 
or control rod position and the pile period were m e a s u r e d from the control 
room with the control instrunaents and D2O level indicators descr ibed in 
Section 2 - 3 . The flux d is t r ibut ion was de termined with t ravel ing ion c h a m ­
b e r flux naonitors or with i r r ad ia ted foi ls . The genera l use of these flux 
de termining devices is d i scussed in the r ema inde r of this sect ion. Special 
ins t rumenta t ion or techniques per ta ining to a pa r t i cu la r exper iment a r e 
desc r ibed with the exper iment in Chapter 3, 

2-4.2 F lux Monitors 

The m e a s u r e m e n t of the v e r t i c a l and radia l flux d i s t r ibu­
t ions for the var ious lat t ice and cont ro l rod configurations consti tuted a 
naajor port ion of the ZPR-I I c r i t i c a l prograna. The moni tors a r e sma l l ion 
chamber flux de tec to rs capable of being positioned and read accura te ly by 
renaote cont ro l . They give an instantaneous naeasure of the flux pa t te rn and 
fo rm, a valuable supplenaent to the m o r e involved and t ime-consuming foil 
m e a s u r e m e n t . P a r t i c u l a r l y , such p rocedures as the s imultaneous adjust­
ment of the cont ro l rods and D2O level to obtain a flattened zone would hardly 
be poss ib le without the i r aid. With th is in mind, the development of such a 
chamber was under taken before ZPR-I I was built , and its feasibil i ty tes ted 
in one of the ea r ly CP-6 exponential experinaents . A conaplete r epor t on 
these c h a m b e r s is given in ANL-4989, "Remotely Moveable Small Ion Chann-
b e r to Dete rmine Reac to r Flux Dis t r ibu t ions" by E. O, Kiger and G. F . O'Neill. 
The ion chamber is shown by F i g u r e s 2-4,2a and 2-4,2b, 

Chamber C h a r a c t e r i s t i c s ; ^ T h e chanaber opera tes with a 
col lect ing e lec t rode potential of 150 vol t s . Data collected show that the cham­
b e r s a t u r a t e s at 90 volts with a boron s l eeve , and sa tu ra tes at 150 volts with 
a u ran ium s leeve , both at fluxes of 10 n e u t r o n s / c m Y s e c . 

L inear i ty t e s t s were naade with one of the chanabers and a 
boron s leeve . The chamber was placed at the cen te r of C P - 2 , and the flux 
was var ied f rom lO' to 10* neu t rons /cna^ / sec . Over the measu red flux range , 
the chamber appears to be l inear although t h e r e is an indication of non-
l inear i ty above a flux of 5 x 10® neu t rons / cnaYsec . 

In the flux range in which the chanaber has normal ly been 
used (10' to 10^ neu t rons / cm^ / sec ) that pa r t of the ion chamber cu r r en t caused 
by the gamma activity amounts to 1% or less of the total cu r r en t . 
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Cal ib ra t ions—One h u n d r e d b o r o n s l e e v e s p r e p a r e d by t h e 
p r e v i o u s l y d e s c r i b e d t e c h n i q u e w e r e c h e c k e d a g a i n s t e a c h o t h e r in the s a m e 
c h a m b e r a t t he t h e r m a l c o l u m n of C P - 3 in a flux of 10 , G r o u p e d s e l e c t i o n s 
f r o m t h i s t e s t w e r e t h e n p l a c e d in s e p a r a t e c h a n a b e r s , and f r o m r e p r o d u c i ­
b i l i t y t e s t s in an i s o t o p i c f lux in C P - 2 , t w e n t y c h a m b e r s w e r e found t h a t 
a g r e e d w i th in + 1%, T w e n t y m a t c h e d c h a m b e r s w e r e r e q u i r e d , a s i t w a s 
d e s i r e d t o h a v e t h e two t r a v e l i n g n a o n i t o r s a g r e e wi th 15 s i m i l a r f ixed m o n i ­
t o r s t h a t w e r e u s e d in t h e Z P R - I I r e a c t o r . 

T w o n a t u r a l u r a n i u n a s l e e v e s w e r e p r e p a r e d t h a t a g r e e d 
w i t h i n 1 0 . 5 % . With the amp l i fy ing s e t u p enap loyed , t h e u r a n i u m s l e e v e s had 
an a v e r a g e b a c k g r o u n d of 2,0 x 10"^^ a m p e r e . T o c h e c k fo r any b u i l d - u p in 
b a c k g r o u n d d u r i n g long p e r i o d s of e x p o s u r e , a c h a m b e r w a s p l a c e d in a f lux 
of 10 n e u t r o n / c m Y s e c a t t he t h e r m a l c o l u m n of C P - 3 and left t h e r e fo r 
24 h o u r s . At t h e end of t h i s p e r i o d , t h e r e w a s a n i n c r e a s e of 13% in t h e 
b a c k g r o u n d r e a d i n g s . A p e r i o d of 3 h o u r s w a s s i i f f ic ient t o r e t u r n t h e b a c k ­
g r o u n d t o n o r m a l . 

T h e t a b l e be low l i s t s o t h e r p e r t i n e n t d a t a on t h e c h a m b e r . 

T a b l e 2 - 4 . 2 

F L U X MONITOR CHAMBER SENSITIVITIES 

A b s o l u t e f lux s e n s i t i v i t y 

T h r e s h o l d s e n s i t i v i t y 

U r a n i u m S l e e v e 

1.5 X 10-1^ ^ " " P ^ ^ 
un i t f lux 

,„« n e u t r o n s 
10 2 

c m - s e c 

B o r o n S l e e v e 

2.5 X 10-6 ^"1^7" 
unat flux 

, neutrons 
cm^ - s e c 

D.C, Anaplifier - The ampl i f ie rs a r e of the same genera l 
type a s those descr ibed under Section 2-3 .4 , They have been modified, how­
ever , so that the ion chamber collecting e lec t rode can operate at 150 vol t s . 
When at tached to the t ravel ing ion chamber p robe , these chambers a r e 
mounted in a s turdy case to min imize vibrat ion. F igu re 2-4.2c shows a 
p ic tu re of one of these anaplif iers . 

Ver t i ca l P r o b e Drive - The v e r t i c a l ion chanaber probe and 
D.C. ampl i f ier a r e mounted on a c a r r i a g e that t r ave l s between two rods 
10 feet long that a r e separa ted by 6 inches with c r o s s menabers at the top 
and bot tom. This probe guide unit can be moved to any of four v e r t i c a l 
th imbles on the r e a c t o r top. These rods have gea r r acks which m e s h with 
g e a r s f rom the c a r r i a g e containing the dr ive motor and posi t ion-indicat ing 
synchros . The guide rods and c a r r i a g e (with synchros and drive naotor) a r e 
shown in F i g u r e 2-4.2d, 
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Horizontal P r o b e Drive - The horizontal monitor can go into 
any of six a i r - f i l led thinables in the side of the r eac to r . The guide rack, which 
suppor ts the c a r , is held on one end by a por t on the reac tor and on the other 
end by adjustable legs . The c a r contains the dr ive motor (which m e s h e s with 
a gear on the rack) and posi t ion-indicat ing synchros . The D.C. amplif ier is 
mounted on the top of the c a r , and the probe extends f rom the amplif ier thru 
the por t into the thinable that runs through the r e a c t o r (see F igure 2-4.*2e). 

Control Room Pane ls - The control room dr ives and indica­
t o r s for the t ravel ing moni tor sys t ems a r e shown in F igure 2-4.2f. The low­
es t panel contains the d r ives and the posit ion-indicating synchros . The next 
highest contains 2 m e t e r s which show the chanaber cu r r en t s which a r e 
p ropor t iona l to the neutron flux. The next panel above has the speed control 
for the dr ive m o t o r s . The top unit is a r e c o r d e r for permanently recording 
the ion c h a m b e r cu r r en t r ead ings . 

2-4.3 Counting Equipnaent and Methods 

Conaponents - The counting equipment cons is t s of: 

1) A c o m m e r c i a l G-M tube in a lead pig with an Offner 
E l e c t r o n i c s , Inc. , Type 961-AH, high-voltage supply and s c a l e r . 

2) F o u r G-M counters in lead pigs with Nuclear Ins t ru ­
ment and Chemical Corpora t ion , Model 165, high-voltage supplies and 
s c a l e r s . The G-M tubes a r e the thin-wal led aluminuna type naade by 
L . E . Johnson of the Ins t rument R e s e a r c h and Development group at ANL. 

3) A Nal(Tl) c ry s t a l used in conjunction with a s i n g l e -
channel pulse-height ai>alyzer. (This unit will be r e f e r r ed to as the s c i n ­
t i l l a to r . ) The c r y s t a l was polished and the sc int i l la tor head assembled by 
J. S, Moenich of the IRD group at ANL. The s ingle-channel pulse-height 
ana lyzer was designed and built by the ANL Elec t ronics Division under tne 
d i rec t ion of Thonaas Br i l l . 

F i g u r e 2-4.3a shows the four G-M tubes in the i r lead pigs 
with the associa ted s c a l e r s and t i m e r . F igu re 2-4,3b shows the sc int i l la tor 
head in i t s lead shield with the sample d r a w e r renaoved and two of the pu l se -
height a n a l y z e r s . 

Fo i l s - The foils general ly used were made of indium or 
na tu ra l uraniuna. The indium foils were used in measur ing bucklings, job-
taining absolute f luxes , and measur ing flux dis t r ibut ions in the t rans i t ion 
zones between the buckled and flattened zones in the ZPR-II la t t ice . The 
u ran ium foils were used in m e a s u r i n g disadvantage f ac to r s , the Wilkins 
effect, flux dis t r ibut ions in and around Q-foi ls , fuel tubes and control rods , 
and axial flux dis t r ibut ions in squ i rc les of Q-foils . F lux mappings through 
hor izonta l planes in the flattened zone were a lso done with the uran ium foils . 
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Indium Fo i l s - The indium foils a r e 1/2 inch in d i ame te r 
and 0.005 inch thick. . These were naade as uniform as possible by specia l 
roll ing and punches. The ave rage foil weight is 120 nag. To pro tec t the soft 
indiuna and prevent loss of c o r n e r s and ch ips , each foil was mounted with 
waterproof Duco cement in a slight r e c e s s mil led in an alunainum disc 
5/8 inch in d iamete r and 1/16 inch thick. 

In te rca l ibra t ion of the foils was acconaplished by spinning 
se ts of ten foi ls , mounted on a disc dr iven by an e lec t r ic mo to r , in a s t r inge r 
in C P - 2 . F o u r of these foils were ca l ibra ted for absolute flux in the s tandard 
pi le . The usua l exposure for the indium was 20 nainutes at a flux of 10 n e u -
t r o n s / c n a Y s e c , or about one watt in ZPR-I I . 

The indium foils were counted with the G-M counte r s , while 
a l l the uraniuna counting was done with the sc in t i l la tor . 

Spect roscopic analys is of the indium showed 0.02% s i lve r , 
a l l o ther impur i t i e s being less than 0 .01%, 

Uranium Fo i l s - Two s i zes of na tu ra l uraniuna pins were 
used, each 1/16 inch in dianaeter . The 1/8 inch long pins were used for the 
Wilkins effect m e a s u r e m e n t , and the 1/2 inch long pins were used for a l l 
other naeasurements . The 1/2 inch pins weigh about 400 nag. About 200 pins 
of each s ize were naade, and the pins of each s ize were in te rca l ib ra ted in 
CP-2 in the manner desc r ibed previously . No absolute ca l ibra t ion of the 
uraniuna pins was a t tempted . 

The usua l exposure for the 1/2 inch pins was 20 nainutes at 
about 10* n e u t r o n s / c m ^ / s e c , or 80 to 90 watts in ZPR-I I . The l / 8 inch long 
pins w e r e exposed for 40 minutes at this flux. 

Indium F o i l Counting P r o c e d u r e - The Geiger counters were 
operated in the s tandard m a n n e r , except that a Microflex tinaer was i n c o r ­
porated to tinae the counting and shut off the four counters s imul taneously . 
A th ree -pos i t ion count switch was used which provided an off, buffer, and 
count posit ion. In the buffer position the r e l ay clutch of the Microflex is 
energ ized , and in the count posit ion the t iming motor and s c a l e r s a r e turned 
on. The two posit ions a r e n e c e s s a r y because the large cu r r en t drawn by 
the clutch throws counts into the s c a l e r s if they a r e turned on at the s ame 
tinae. 

After the s tandard i r r ad ia t ion the indiuna foils were allowed 
to cool for 20 to 30 minutes to allow the 2 .3-minute alunainum activity in the 
foil base to die out. 

F o u r foils were counted sinaultaneously in the four coun te r s , 
the foils and counters then being interchanged and counted again. This p r o ­
ceeded until each foil had been counted in each counter , and then a new set of 
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four foils was counted in a like manne r . This method provided total counts 
per foil of 40,000 or over (except for foils in ex t reme positions in the tank) 
and allowed checks of the counter set ra t ios between runs . The set ra t io 
is the r a t i o of the co r r ec t ed counts of a foil in counter A to the co r r ec t ed 
counts of the same foil in counter B, Using four counters in this way, it is 
poss ible to detect a defective G-M tube. In this case , the counts f rom the 
other t h r ee a r e s t i l l sufficient and the exper iment is hot lost. 

Counter dead t ime counting losses were kept below two 
p e r cent by spacing the counting tinaes and counting the least active foils 
f i r s t . The half-life of indiuna was taken as 54,31 minu tes . The counting 
tinae was four minutes . The c o r r e c t e d counts , N Q , used in obtaining the 
flux r a t i o s , i s : 

N , = [ I - N T / 4 - B J e ^ * , where 

N = counts per 4 nainutes, 

T = counter dead t ime in minu tes , 

B = counter backgroufod pe r 4 minu tes , 

X = d is in tegra t ion constant , 0,693/54.31 

= 0.01276 m i n " \ and 

t = tinae f rom scrana to beginning of count. 

Scint i l lator - Reasons F o r Use - The scint i l la tor naethod of 
counting na tu ra l u ran ium foils and the reasons for i t s use a r e desc r ibed in 
detai l in ANL-4867, "Scinti l lat ion Counting of Fo i l s for F lux Measurenaents 
in Na tu ra l Uraniuna P i l e s , " by R. C. Axtmann and J. S, Stutheit. Briefly, 
some of the r easons for i ts use a r e : a) the scint i l la tor is built to count 
only ganama r a y s , and hence foil positioning and th ickness , backsca t te r ing 
effects , e t c . , a r e not as impor tan t as in a beta counter ; b) the sc int i l la tor 
allows a nauch higher counting ra t e (about 30,000 cpnn) than other c i r cu i t s , 
with no i n c r e a s e in dead tinae counting l o s s e s ; and c) the sc int i l la tor can be 
biased so as to d i sc r imina te agains t gammas of both U^^' and Np^" decay, 
which lie below 0.275 Mev, and thus it m e a s u r e s only fission product decay 
gamnaas. Other impor tan t aspec ts a r e that the use of na tura l uranium foils 
as de tec to r s inside a uraniuna slug a l t e r s ne i the r the flux level nor the 
neut ron spec t rum as would other foils such as indiuna, and that the u ran ium 
foils m e a s u r e the total nunaber of f i s s ions , which is the per t inent figure for 
engineering ca lcula t ions . 

Descr ip t ion of Scint i l la tor - The sodium iodide, tha l l ium-
act ivated c r y s t a l is a cyl inder 1/2 inch thick and l - l / 4 inches in d i ame te r . 
It is naounted on a shor t piece of c l ea r plast ic shaped to fit the window of a 
5819 photomult ipl ier . Optical continuity is provided by mine ra l oil at the 
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junctions. The 5819 tube is naounted in a magnet ic shield, and the en t i re 
assenably fits in a lighttight aluminuna can. The cover of the can is an 
aluminuna disc of sufficient th ickness to stop 1-Mev be ta s . A preampl i f ie r 
with two s tages of amplification is at tached d i rec t ly to the light cover . 

This p robe , consist ing of the c r y s t a l , phototube, naagnetic 
shield, and light cover , i s inse r t ed in a lead cyl inder with one-inch wal l s . 
The c r y s t a l faces downward. Direc t ly below the beta shield is a plast ic 
sou rce holder with sui table grooves for placing uranivim pins in the count­
ing posit ion. The plas t ic holder s l ides in and out of the lead shield. 

The preampl i f i e r feeds a s ix - s t age l inear ampli f ier . 
Following this a r e the d iscr ina ina tor , window anaplifier, channel width, 
and anticoincidence c i r c u i t s . The discr inainator c i rcu i t , or in tegra te c i r ­
cuit a s it is sometinnes ca l led , was used for al l the counting. The p u l s e -
ana lyzer c i rcu i t , or dif ferent ia tor , was used only in cal ibrat ion of the 
d i s c r im ina to r se t t ings . (This c i rcu i t could be ve ry useful in naeasuring 
plutoniuna production in fuel and changes in resonance escape probabil i ty 
and the fast f iss ion factor when fuel e lements a r e changed.) On the same 
c h a s s i s is a constant-vol tage tes t pulse genera to r that allows zero ing of 
the channel level before counting begins . 

Scint i l lator Counting P r o c e d u r e - The uran ium activi ty 
d e c r e a s e s quite rapidly after a scrana, but about 40 nainutes after s c r a m 
the decay cor responds roughly to a one hour half- l i fe . The counting p r o ­
cedure was s tandardized so that counting was s t a r t ed for a l l runs at 
50 minutes after s c r a m . This allowed t ime for the fast decays to die out 
and tinae to r emove the act ivated foils f rom the r e a c t o r . F o r each run an 
exposed pin, expected to have,the g rea te s t act ivi ty , was chosen to e s t a b ­
lish the decay cu rve . This pin was counted s e v e r a l t imes just before 
50 minutes after scrana, at 50 minutes after s c r a m , and thereaf te r at 
five-nainute i n t e rva l s . These counts were c o r r e c t e d for dead t ime count­
ing lo s ses and background, and the co r r ec t ed sc in t i l l a tor counts w e r e 
plotted against tinae after s c r a m . The smooth curve inferred f rom these 
points is taken as the decay cu rve . This decay is establ ished for each run 
because previous exposure h i s to ry of the pins is thought to a l t e r the decay. 
As nea r ly as poss ib le , pins whose previous exposure h i s to r ies were sinai-
lar were chosen for each run . P ins were allowed to cool th ree days or 
naore before they were r e - u s e d . 

The other exposed pins a r e counted in the in te rva l s between 
the counting of the decay co r r ec t i on pin. After co r rec t ing these counts for 
dead t ime and background, the decay cor rec t ion is applied to br ing al l the 
ac t iv i t ies back to the tinae 50 minutes after s c r a m . 

All pins were counted for one minu te , with e i ther 0.25 or 
0.50 minute to change pins . Counting for longer t i m e s does not i n c r e a s e 
the o v e r - a l l accuracy , unless* only a few pins a r e to be counted, 
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Initial counting r a t e s for the 1/2 inch pins were 20,000 to 
30,000 coun ts /minu te . Depending on the number of pins counted, which was 
usual ly about sixty, the final counting r a t e s were 5,000 to 10,000 c o u n t s / 
minute . 

The counting tinaes w e r e t imed with a Microflex t i m e r setup 
desc r ibed previously. Count on tinaes were t imed with an e lec t r ic Tinae-It 
(P rec i s ion Scientific Co.) clock, 

Conaponent Tes t s - Geiger Counters - New G-M counters 
were ins ta l led at the beginning of the expe r imen t s . Pla teaus (counting ra t e 
v s . voltage) were naeasured at the beginning and end of a two-week period, 
while the counters were opera ted daily in the two-week in terval . Two 
counters showed definite adve r se changes in thei r plateaus and were r e ­
placed. Any fur ther change in operating c ha ra c t e r i s t i c s of the counters 
could be detected during the cour se of the exper iments by changes in the 
se t ra t ios of the coun te r s . The plateau widths of the four counters ranged 
f rom 300 to 400 vol t s . The maximuna change in counting ra tes over the 
widths of the plateaus was 2% to 6%. The operat ing voltages were taken 
as the voltage at the beginning of the plateau plus 1/3 of the plateau width 
in vo l t s . 

Dead tinaes of the G-M tubes w e r e naeasured with a Model 
514D Tektronix osc i l loscope . The method, devised by R. L, Car lson of ANL, 
cons i s t s of taking the pulse off the plate of the las t tube of the f i r s t t r i gge r 
pai r of the counter , which is provided with some kind of a source , and feed­
ing it to the scope input. The scope sweep is se t to t r i gge r on the negative 
s ignal , and the sweep s tabi l i ty is set to just below the free running condition. 
The scope t r igge r amplification is then inc reased until single sweeps a r e 
seen. If the sweep t ime is adjusted proper ly , par t of the init ial or t r igger ing 
pulse is seen followed by a sweep sect ion with no pu l ses , followed in turn by 
a sect ion where the pulses begin again, Frona the cal ibra ted sweep t ime the 
nainimuna t ime between pulses can be obtained with a canaera or simply by 
looking at the scope for a period of 10 minu tes . The counter dead tinaes were 
found in this way to be 157, 88, 118, and 108 mic roseconds for counters 1, 2, 
3 , and 4, respec t ive ly . 

Backgrounds of the counters were measu red before every 
run. T h r e e counters had backgrounds around 30 cpna, and one was double 
this (counter 2), Occasionally the indium foils were checked for background 
before exposure to make ce r t a in no long-life activi ty was building up in the 
foils or b a s e . None was ever found. 

The reproducibi l i ty of the foil positions in the counter was 
checked by counting a single foil, removing it f rom the counter , replacing 
it , and counting it again. When this was done 25 t i m e s , the s tandard devia­
tion of the co r r ec t ed counts was 0.478%. The average s ta t i s t i ca l e r r o r for 
for these counts was 0,468%, showing that the foil positioning was very r e ­
producible , 
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Component Tes t s - Scintil lation Counter - The dead tinae of 
the scint i l la t ion counter cannot be naeasured conveniently by the osci l loscope 
method owing to the extrenae sensi t ivi ty of the anaplifier.. This dead tinae was 
m e a s u r e d by the double source method, using uni r rad ia ted uraniuna pins for 
the s o u r c e s . The discr inainator level had to be reduced in this case to get 
enough counts , and the sc in t i l la tor background went up. The usual dead t ime 
formula had to be naodified to include the backgrounds. The average of th ree 
naeasurenaents on the dead t ime was 76 m i c r o s e c o n d s , which is r a the r high 
for this ins t rument . Circui t modifications could probably reduce this to 
20 to 30 mic roseconds . 

The 412-kev gananaa ray of Au '̂® occur red at a discr inainator 
setting of 460, gain 0.2, with 600 volts on the photomult ipl ier tube. All u r a n i ­
um act iv i t ies were taken with a discr inainator setting of 500; i . e . , only f i s ­
sion product ganamas with energ ies g r e a t e r than 450 kev were m e a s u r e d . 

The background of the sc in t i l l a tor was naeasured to be about 
30 cpna. The 1/2 inch pin background was about 500 cpna th ree days or m o r e 
after i r r ad ia t ion . After this tinae the pin background is essent ia l ly constant , 
even for per iods of s eve ra l weeks . 
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3 DESCRIPTION OF THE EXPERIMENTS 

3-1 Method of Descr ibing Exper imen t s and Results 

The exper iments which have been performed with ZPR-II during 
the nine months covered by this r epor t a r e grouped in the following sections, 
so that each section covers a l l the exper iments of a par t icu lar type or p u r ­
pose. The opening pa ragraph of each section gives the purpose for and appl i ­
cability of the pa r t i cu la r type of exper iment with relat ion to the objectives of 
the ZPR-II p r o g r a m as outlined in the introduction. Section 1-2. Next,the 
exper imenta l and calculat ional techniques a re descr ibed, and the exper imental 
data p resen ted . Techniques a r e descr ibed only in the section under which they 
f i rs t appear . 

The theore t ica l analys is of the exper imenta l r e su l t s for extrapolation 
to CP-6 and for in te rpre ta t ion with r e spec t to the lattice constants is given in 
Chapter 4. 

3-2 Buckling Exper iments in Flat tened Zone and Buckled Zone Lat t ices 

3-2.1 Purpose 

The bucklings of the bas ic la t t ices for CP-6 were measured 
in ZPR-I I to se rve th ree major purposes : 

a. To nneasure the absolute B accurately Ito provide a bas i s 
for~"flux dis tr ibut ion calculat ions in C P - 6 . 

b . To compare with r e su l t s of the exponential p rog ram so 
as to see how re su l t s measured in an exponential tank 
extrapolate to a l a rge r , c r i t i ca l r eac to r ; this helps in 
evaluating calculat ional methods and checks the useful­
nes s of the exponential exper iments . 

c. To provide a bas ic absolute B^ value so that further ex­
pe r imen t s in ZPR-II on the change in B^ due to var ious 
per tu rba t ions can be proper ly in terpre ted . 

In a c r i t i c a l r e a c t o r , B^ can be measured in two ways: 

a. By measur ing the geomet r ica l size (in this case , c r i t i ca l 
D2O level) . 

b . By measur ing the flux shape and fitting it to theore t ica l 
c u r v e s . 

Fit t ing the measu red flux shape to a theore t ica l curve can be 
done rel iably only if the r eac to r i s uniformly loaded over i ts ent i re volume. 
When this is done, this method provides the most accura te absolute m e a s u r e 
of B^, m o r e accura te than the exponential because the l a rger size pe rmi t s a 
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more rep resen ta t ive sample of the la t t ice , and m o r e accura te than m e a s u r e ­
ment of the c r i t i ca l size because of uncer ta in t ies in the reflector savings. 
Incidentally, the ref lec tor savings a r e deternained from these flxix plots by 
determining the dis tance f rom the tank at which they extrapolate to z e r o . 

Measurement of geomet r ica l size or c r i t i ca l height provides 
an extrennely sensi t ive method of measur ing smal l changes in B^ and control 
rods , safety r o d s , change in fuel element composit ion or design, e tc . , where 
a r epresen ta t ive portion of the per turbed lat t ice can be placed in the center 
of ZPR-I I . 

In these f i r s t experinnents, B was measu red for the pile 
loaded uniformly with each of two la t t i ces : 

F , Z . Lat t ice : The flattened zone lat t ice [has the same pat tern 
as the loading of the flattened zone of CP-6 with no control rods or S-tubes in 
the cen t e r s of the lat t ice hexes . F igure 2 -2 , l e shows a d iagram of the la t t ice . 
The F . Z . lat t ice has all of the posit ions at the cen te r s of the broken c i r c l e s 
empty, 

B, Z, Lat t ice : The buckled zone lat t ice consisted of the load­
ing which exis ts in the buckled zone of C P - 6 ; namely, all lat t ice posit ions 
loaded with Q-tube fuel e lements , 

3-2.2 Experinnental Technique 

The neutron flux dis t r ibut ion in a cyl indr ica l r eac to r i s 
given by: 

0 = A Jo (B^r) cosB2(z - t) , 

where A is some constant determined by the power level of the r eac to r , 
JQ is the z e r o - o r d e r Besse l function, Bj. is the rad ia l buckling, r i s the 
rad ia l distance from the r eac to r ax is , B^ is the axial buckling, ^ i s the 
ve r t i ca l distance from the bottom of the r eac to r , and t is the ve r t i ca l d i s ­
tance from the bottom of the r eac to r to the flux maximum. The flux, 0 , or 
ra ther a foil activity or nneter reading proport ional to the flux, is measured 
at points (r^, z.) with indium foils (Section 2-4.3) or with the t ravel ing ion 
chamber (Section 2-4.2). A leas t mean squares analys is of the n se ts of data 
(0j^, rj[,Zĵ ) gives the values of Bj.,B2;, and t, and the total buckling is given by: 

B^ = B^ + B^ 

This value B^ is then co r rec t ed for the ext raneous a b s o r b e r s in the tank to -
the value for the ba re la t t ice . 
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The flux dis t r ibut ions were measured with indiunn foils for 
the flattened zone lattice (hex cen te r s empty) and for the buckled zone lattice 
(hex cen te r s filled). The ve r t i ca l flux distr ibution was measured with the 
t ravel ing ion chamber in the flattened zone only. 

Indium Foi l Measu remen t s - The indium foils were placed 
in long foil holders which could be inser ted in eight guide tubes s e m i ­
permanent ly placed in the tank at equivalent positions with respec t to the 
hexagonal lattice s t ruc tu re . The posi t ions chosen were at nnid-points b e ­
tween two Q-foils, as shown in F igure 3-3.4d, at d is tances 15.40, 32.05, 
54.08, 70.56, 85.72, 96.16, 111.38, and 136.85 cm from the tank axis . The 
bottoms of the 1 inch d iamete r guide tubes were fixed in holes in the bottom 
lattice of the tank, and the tops extended through the tank cover plates where 
they were sealed with O-r ings and gaske ts . These tubes had 40 mi l thick 
walls and were made of 2S aluminum. They were provided with water inlet 
holes . 

Foi l Holders - Six of the foil holders were alunninum 
ladders , 120 in. x 7/8 in. x l / s in., to which the foils could be taped with 
6 inch spacing. The spaces between foils were cut away, leaving only thin 
r i b s . The bottom foil position was 8 inches from the tank bottom. Two 
other foil ho lders , used for the axial buckling measu remen t s , were made 
with foil holes 1 inch apar t , with a sliding cover that allowed easy loading 
and unloading of the foils. The 1 inch spacing of foils is too close for accu­
ra te flux information because of flux depress ion by the indium, but a ra ther 
detailed flux plot is available after two or three runs by changing the foil 
posit ions while keeping the spacing constant. An exploded view of this hold­
e r is shown in F igure 3-2.2. The cover fits into the holder base and is held 
by s t r aps (not shown). In loading, the holes in the cover and, holder base 
a re aligned, the foils inser ted , and the cover is displaced 1/2 inch to secure 
the foils. In unloading, the cover is re turned to the open position, and the 
foils a re dunnped out. 

In measur ing the bucklings, foils were loaded 6 inches apar t 
in the holder nea re s t the r eac to r ax is , and three foils were loaded in each of 
the other seven holders at 14in., 32 in., and 50 in. from the tank bottom. 
This gave three m e a s u r e m e n t s of the rad ia l buckling and one measurenaent 
of the axial . The axial buckling measu remen t was repeated twice. 

Ver t ica l Travel ing Ion Chamber Measurements - The t r a v e l ­
ing ion chamber descr ibed in Section 2-4.2 w^as inser ted in the ver t i ca l probe 
hole nea re s t the axis (Figure 3-3.4d) and used as a check on the m e a s u r e ­
ments of the axial buckling. The ve r t i ca l flux distr ibution is given by 
0 = 00 cos B^ (z- t ) , where the symbols have the same meaning as before 
(00 r e p l a c e s ^ ) . The distance z is nneasured by a synchro-se lsyn attached 
to the probe dr ive; 0 is the reading on the mete r of the D.C. amplif ier . 
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The method of finding B^ was the following: 

1) A t r a v e r s e was made , taking me te r readings every 
5 inches . (F rom these data a leas t squares analysis 
could be made.) 

2) F r o m a plot of the t r a v e r s e the distance _t̂  is found. This 
need not be very accura te . The maximum flux, 0o, is 
a lso noted. 

3) Values of _z a re measu red above and below the flTix c e n ­
t e r for picked values of 0 /0o = 0.85, 0.80, 0.75, e tc . 

4) The two values of (z -1) for the same ra t io 0 /00 a r e 
averaged (which is independent of_t), and since ( z - t ) 
and 0 /00 a r e known, a B^ for every ra t io 0 / 0 0 is found. 
These a re averaged, and the ver t i ca l buckling is B^ 

A nnore detailed analys is than the above is nece s sa ry to 
obtain good values of ref lector savings. 

3-2.3 Fit t ing the Theore t ica l Flux Curve 

In the leas t squares analys is of the data, only those data 
were used which were taken at points 20 cm or more from the boundar ies 
determined by the r eac to r bottom, wall , and c r i t i ca l water height. 

Two fitting methods were used to get the bes t values of the 
bucklings. Both methods involve an i tera t ion p r o c e s s which seems to con­
verge quite rapidly; however, the second method r equ i r e s much less com­
puting. Usually only two i te ra t ions were n e c e s s a r y . The f i rs t method 
a s s u m e s that all points have equal re la t ive e r r o r s ; the second, that they 
have equal absolute e r r o r s . The t rue t e s t of the final values of Bj., and B^, 
and_t^ depends, of cour se , on how well the curves deternnined by these values 
fit the exper imenta l points . Only the final i tera t ion formulas will be given 
he re . 

1) The f i rs t method is descr ibed by Barnes , et al . in TID-5025. 

where Bj-x is a f i rs t approximation to Br , B^z the second approximation, 
A^ = fi/Jo (BriTi), A = 2Aj^/n and the f. a r e the n_ data propor t ional to the 

flux at points r^. 
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B7.2 = B™i + z i 

2 ( z . - t i ) t a n [ B z i ( z i - t i ) j ^ - l 

^ ( ? ( Z i - t i ) t a n [ B z i ( z . - t i ) ] | ' - ? j ^ - t j tan | j^ , (zi - t i ) | j = 

where B^i and ti a r e f i r s t approximat ions , Ai = iycoa |Bzi(zi - ti)] , 
and the other synnbols have the same significance a s above. 

tz = ti + 

2tan rBz2(zi-ti)1p-lj 

? tan^ | B 2 2 (zi - t i)] - ^ { ? t a n [BZ2 (^i " ti)] | ' 

1 21 
Bz2 

2) The second method was developed by F . Dr iggers . 

Aj.2 = A n + 6 Aj. 

Bj.2 = B n + 6 BJ. 

where 6 Bj. and 6 A^ a r e fOTind from the solutions of : 

6 A- 2 af - 6 B_ 2 a-b. + 2 a . d- = 0 
i 1 ^ i ^ 

6A^ 2 a . b . - 6 B ^ 2 b ^ + 2b . d. =0 T i l l r i 1 i l l 

and ai = Jo (Bj-i r^) 

bi = A r i r i Jj ( B n r i ) 

di = Ari Jo(Br i r i ) - fi 

Here again, B^i and A n a re the f i r s t approximat ions . 

F o r B^ and ^ we have: 

Az2 = Azi + 6Az; 

Bz,2 = Bzi + 6Bz 

t2 = ti + 6t 

where : 6A„2a^ - 6B^ 2a .b . + 6 t 2 a . c . + 2 a . d . = 0 
1 1 1 i 1 1 

6A 2 a.b. - 6 B ^ 2 b ^ + 6 t 2 b . c . + 2b .d . = Q 
^ i l l Z ^ l ^ 1 1 i l l " 

6 A , 2 a-c. - 6B^ 2 b .c . + 6 t 2 c^ + 2 c-d. = 0 z i 1 1 z i 1 1 - 1 . 1 1 
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and a. = cos pB^i (z^ - ti)"| 

bi = Azi (z^ - ti) sin JB^I (ZJ - ti)1 

Ci = Azi Bzi sin IBZI (Z^ - ti) 

di = Azi cos fSzi (zi - ti)1-fi 

Example - An example of the f i rs t method using the axial data 
of Run 1 for the flattened zone lattice is given on the following page. 
All the fĵ  propor t ional to the flux have been cor rec ted as noted in Section 
2-4 .3 . 

Table 3-2.3 

DATA OF RUN 1 ( F . Z . LATTICE) 

r.^ (cm) h 
20 32 
35.56 
50 80 
66.04 
81 28 
96.52 
111 
127 
142 

8 
0 
.2 

63.44 
94.07 

119.0 
134.2 
138.9 
133.3 
117.3 

90.96 
60.92 

F r o m a plot of these data, ti was taken as 81.28 cm, A^i = 138.9, 

= 0.01816 cm"^ . It is found that: and Bzi = 1 ? COS"^ L / Z: - t i 
A / 1 

Z l 

2(zi - ti) t an [Bz i ( z i - t j ] 

A = 138.5, n = 9 

A 
= -0.3291 

±. 2 ( z i - ti) tan iBzi (z. - ti) l ! = 16894, and 

E | (z i - ti) tan [JBzi (z^ - t i)! = 35411 

-74 
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Subs t i tu t ing in the e q u a t i o n for Bz2 • 

Bz2 = .01816 
- .3291 

16894-35411 

01816 + .000018 = 0.01818 cm"^ 

Then : 

—i— 2 t an 
Bz2 i 

A =: 138.6 

Bz2 (zi - t i ) 7.266 

Stan^ [fizzlzi - ti)"] = 11.360 

1 j Stan TBZZ {Z^ - ti)1 j = 1.8 x 10 -6 

H e n c e : 

tz = 81 .28 + 
7.266 

11.360 - 1.8 X 10"^ 

81.28 - 0.6396 = 80.64 c m . 

A second i t e r a t i o n of B ^ g i v e s a neg l i g ib l e c o r r e c t i o n . 

3 - 2 . 4 D e t e r m i n a t i o n of the R e f l e c t o r Savings 

If a b a r e c r i t i c a l r e a c t o r h a s a c e r t a i n d i m e n s i o n , Hg, it 
w i l l have a n o t h e r s m a l l e r c r i t i c a l d i m e n s i o n H if a r e f l e c t o r i s added to i t . 
The d i f f e r e n c e in the two m e a s u r e m e n t s i s e x p r e s s e d a s the r e f l e c t o r s a v i n g s , 
S, so t h a t S = HQ - H. In Z P R - I I the a x i a l flTix i s g iven by 0 = 0o c o s [Bz (z - t ) j , 
and the d i m e n s i o n l i m i t s of the r e f l e c t e d pi le a r e found when B ( z - t ) i s s e t 
e q u a l to t 71/2 . 

The top r e f l e c t o r s av ing i s t hen g iven by: 

S. - 71" + t - z c r i t . w h e r e 

^ c r i t . i s t^^ m e a s u r e d c r i t i c a l w a t e r he igh t for the a x i a l buck l ing B^, . The 
b o t t o m r e f l e c t o r sav ing i s : 

2 B . 
- t + 8.9 c m . 

The 8.9 c m i s added b e c a u s e the b o t t o m of the fuel i s 8.9 c m above the t ank 
b o t t o m . 

75 



78 

The radia l ref lector saving is obtained when Jg (Bj.r) is set 
equal to the f i r s t ze ro of the Besse l function of ze ro o rde r , or 2.405. The 
radia l ref lector saving is given by: 

2.405 .r... ^ 
Sj. = 153.7 cm, 

B j . 
where 153.7 cm is the r eac to r rad ius . 

3-2.5 Exper imenta l Data for Bucklings and Reflector Savings 

The following tables give the r e su l t s of the runs on the 
F . Z . and B.Z. l a t t i ces . 

Table 3-2.5a 

VERTICAL BUCKLINGS 

Date 

4 /8 /52 
4 /14/52 
4 /18/52 
4 /23/52 

Average: 

6/16/52 
6/17/52 

Average: 

Lattice 

F.Z. 
F.Z. 
F.Z. 
F.Z. 

B.Z. 
B.Z. 

D2O hi 
(cm) 

162.00 
161.8 
162.5 
162.3 

162.15 

177.97 
177.80 

177.88 

B2. X 10^ (cm-*) 

1.818 
1.829 
1.813 
1.812 

1.818 ± .005 

1.646 
1.635 

1.640 t .005 

t (cm) 

80.64 
80.74 
80.84 
80.84 

80.77 

89.03 
88.97 

89.00 

St (cm) 

5.04 
4.82 
4.98 
5.23 

5.02 t .5 

6.49 
7.24 

6.87 + .5 

Sb (cm) 

14.7 
14.04 
14.70 
14.,75 

14.55 + .5 

15.30 
16.00 

15.65 t .5 

Table 3-2.5b 

RADIAL BUCKLINGS 

Date 

4 /18/52 
4 /18/52 
4 /18/52 

Average: 

6/16/52 
6/16/52 
6/16/52 

Average: 

Lattice 

F.Z. 
F.Z. 
F.Z. 

B.Z. 
B.Z. 
B.Z. 

Tank radius (cm) 

153.67 
153.67 
153.67 

153.67 
153.67 
153.67 

Bj. X 10^ (cm-*) 

1.504 
1.507 
1.499 

1.503 t .005 

1.506 
1.512 
1.508 

1.509 t -005 

Sj. (cm) 

6.24 
5.92 
6.77 

6.31 t .5 

6.02 
5.39 
5.81 

5.74 ± .5 

The vertical traveling ion chamber gave B^, = 0.0184 x lO-^cm"', S^ = 4.72 cm, 
and Ŝ j = 12.39 cm. This was the average of six runs. 

•JR 



79 

The indicated e r r o r in the values for B^ and B^. l isted in the 
previous tab les i s simply the root mean square deviation from the mean of 
the twelve values l is ted in the t ab l e s . This deviation cor responds to 0.3% in 
B^ and B^., 0.6% in B | and B^, and about 0.9% or t 5 x 10"^ cm"^ in B^, 

The indicated e r r o r of 0.5 c m in the ref lector savings is 
that deviation in the ref lector savings caused by the indicated deviation in 
B z or Bj. . 

The indium foils were counted to a total of 40,000 counts or 
over . Since only the re la t ive sa tura ted act ivi t ies were used and since the 
nneasurements for each lat t ice were al l done in a few daysj there i s little 
chance of sys temat ic e r r o r s . Thus it can be assumed that the e r r o r s in 
counting a r e pure ly s ta t i s t i ca l and amovmt to 0 .5%. 

The raw or uncor rec ted data i s summar ized below. The 
r e s u l t s of the ion chamber m e a s u r e m e n t s a r e not included in the ave rages . 

Table 3-2.5c 

UNCORRECTED BUCKLINGS 

B^ cm"^ 

B^ c m -

Flattened Zone 

2.26 x 10"* 

3.30 X 10"* 

Buckled Zone 

2.28 X 10"* 

2.69 X 10"* 

F i g u r e s 3-2.5 a,, b , c, and d show the c loseness of fit of the cu rves d e ­
te rmined by tKe leas t squa res method to the exper imenta l points . F igure 
3-2,5e shows the ve r t i ca l flux dis t r ibut ion over the ent i re length of the tank 
with a c r i t i ca l water height of 70.05 inches . 

3-2.6 Cadmium Ratios 

Cadnaium ra t ios of indium were taken at var ious heights in 
the r e a c t o r at the posi t ions of the foil ho lders marked in F igure 3-3.4d. The 
cadmium cove r s were 0.030 inch thick pil l boxes which fit over the indium 
mounted on the a luminum d i sks . The r a t io was obtained by comparing the 
sa tura ted ac t iv i t ies of the covered and uncovered indium. 

In the F . Z . lat t ice the cadmium ra t io var ied from 5.31 to 
5.60 in ten m e a s u r e m e n t s . No cor re la t ion of th is ra t io with posit ions in the 
r eac to r was noted. The average r a t io i s 5.51. Since al l the readings were 
taken at points naidway between two Q-tubes where the ihxx. i s 1.13 t imes the 
cel l ave rage , th is co r r e sponds to an average cadmium ra t io throughout the 
cel l of 5.00. 



In the B.Z. lat t ice the cadmium ra t io var ied from 4.71 to 
4.97 in five m e a s u r e m e n t s . The average is 4.80. The flux between two 
Q-tubes is 1.22 t i m e s the ave rage , so the cel l average cadmium ra t io i s 4.13. 

3-2.7 Cor rec t ions to the Bucklings for Ext raneous A b s o r b e r s 

The values of B^. and B^ given in Table 3-2.5c a r e those p e r ­
taining to the latt ice with a fair amount of ext raneous abso rbe r in i t . To ob­
tain a value for the buckling of the b a r e lat t ice it i s n e c e s s a r y to es t imate 
what th is abso rbe r i s worth in t e r m s of B^ (specifically, B | , ) . The co r r ec t ions 
made for the flattened zone latt ice will be d i scussed a s an example . The 
ext raneous abso rbe r in the lat t ice when the buckling m e a s u r e m e n t s were made 
consis ted of 1 septafoil in no. 4 hex. 12 safety rod th imbles , 1 or 8 finned 
tubes and foil ho lde r s , and 4 ve r t i ca l t rave l ing monitor tubes . 

l ) With four safety rod th imbles removed, the c r i t i ca l 
height was 159.5 cm. With the th imbles replaced, the 
height was 161.9 cm. The ref lector savings below the 
tank bot tom and above the water level a r e about 6 c m 
each; hence, the heights of the equivalent b a r e r e a c t o r , 
fronn which the buckling is calculated, were 171.5 and 
173.9 cm. 

ThXxs: 

h i 

= TTM 1= 9.40*10"^ cm"^ 
^171.5)^ (173.9)^ 

Since the th imbles a r e spaced m o r e o r l e s s synametrical ly 
. around the center of the tank, it i s assumed that the i r ef­

fect i s addit ive. Hencej for twelve th imbles , 

A B ^ = 3-9.47 • 10"^ = 28.4 • 10"^ cm"^ 

2) One septafoil tube was placed in no. 5 hex, giving a 
Cri t ical height of 161.9 cm. With the tube renaoved, the 
height was 161.7 cm. Proceeding a s above, 

AB^ = TTM- r, - - U 0.8 • 10"^ cm"2 
\(173.7)^ (173.9)y 

3) One septafoil tube weighs 9 lb, of which 5 lb were under" 
wate r . This i s 840 cm^ of Al; with a Za for Al of 0.013, 
this i s I I cm^ of abso rbe r . A finned tube and the foil 
holder were weighed, and the four t ravel ing monitor 

s. 7 8 
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tubes were es t imated to be equivalent to six finned 
tubes , giving a total of 7.1 cm^ of absorbe r . This Al 
was most ly in a region of sonaewhat g rea t e r s ta t i s t ica l 
weight than that of the S-tube discussed in 2); hence, 
balancing snaaller a r e a against g r ea t e r s ta t i s t ica l 
weight, an es t ima te is made that the finned tube plus 
four t ravel ing monitor tubes plus foil holder gives a 
AB^ of 0.6 • 10"6 c m " ^ 

4) The total co r rec t ion is now 28.4 + 0.8 + 0.6 = 29.8B^ units . 
The effects of the In foils p resen t during the m e a s u r e ­
ment s and the hor izonta l t ravel ing monitor tubes lying 
a few inches below the water surface have not been con­
s idered . Taking these fac tors into account, the total AB^ 
is rOTinded upward to 31 • 10"^ cm"^° The sanae AB| , was 
used in the buckled Zone. The final r e su l t s cor rec ted to 
the unper turbed lat t ice a r e given below: 

Table 3-2,7 

BUCKLINGS, REFLECTOR SAVINGS, AND Cd RATIOS FOR ZPR-I I 

B% 

Bi 
B^ 

B^ (1 septafoil /hex) 

Top Reflector Savings 

Bottom Reflector Savings 

Radial Reflector Savings 

Cd Ratio (measured) 

Cd Ratio (cell average) 

F . Z , 

2.26 X 10"* 

3.61 X 10"* 

5.87 X 10~* 

5.76 X 10"* 

5.02 

14.55* 

6.31 

5.51 

5.00 

B.Z . 

2.28 X 10"* 

2.99 X 10"* 

5.27 X 10"* 

— 

6.87 

15.65* 

5.74 

4.80 

4.13 

*Includes 8.9 cm of DgO between bottom of reac to r and 
"bottom of co re . 

3-3 Cell t r a v e r s e s 

3-3.1 Purpose 

The exper imen t s in the preceding section were aimed at 
determining p r o p e r t i e s of the lat t ice a s a whole, and flux dis t r ibut ions were 
de termined by measur ing the fltix at equivalent points in success ive latt ice 
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uni ts . The exper iments descr ibed in th is section de te rmine the flux v a r i ­
ations within the lat t ice unit. These detailed flux t r a v e r s e s a r e requi red 
for the following r e a s o n s : 

a. To de te rmine the local dis t r ibut ion of the flux in the 
fuel and control rods ; to make possible the ca lcu la ­
tion of heat generat ion and plutonium production 
throughout the fuel e lement; and to de te rmine ways 
to make the flux as uniform as possible to enable 
operat ion at max imum power leve ls . 

b . To de te rmine bas ic lat t ice p a r a m e t e r s , pa r t i cu la r ly 
L^ and f, f rom which the rma 
efficiency can be calculated. 
L and f, f rom which t h e r m a l leakage and neutron 

The t h e r m a l diffusion a r ea , L^, and the t h e r m a l u t i l ­
ization, f, a r e re la ted to the m e a s u r e d average flux values in the fol­
lowing way: 

a. Disadvantage factor of i*^ ma te r i a l : d- = 0 i / 0 c e l l 

b . Effective absorpt ion c r o s s section: 2a = — S(2aVd) . 
Vcell i ^ 

(2aVd) 
c. T h e r m a l uti l ization: f - ' .^—,^ . 

Z(2.aVdj 
i i 

d. T h e r m a l neutron diffusion coefficient, D, obtained from 
other exper iments . ' 

e. T h e r m a l diffusion a r ea : L = D/2la , 

3-3.2 F o i l s , Fo i l Holders , and Counting 

The m e a s u r e m e n t of fltix contours was accomplished by 
activating na tu ra l u ran ium pins for twenty minutes at a flux of '̂ ' 7 x 10^ 
n e u t r o n s / c m / s e c (center of pile) , and counting the ganama activity g r e a t e r 
than 0.5 Mev resul t ing f rom fiss ion product decay. 

Advantages accruing f rom na tura l u ran ium activation a r e : 

a. The data a r e propor t ional to the total number of f iss ions 

b . The foils do not a l t e r appreciably the neutron spec t rum. 

c. A large number of exposed foils can be counted in a 
re la t ively shor t t ime . 

• . .80 



Disadvantages a r e : 

a. The decay of the act ivated foils is non-exponential . 

b . Discr iminat ion has to be made against gamma r ays r e ­
sulting from the products of U^̂ * resonance capture , 
which have an energy of l e s s than 0.5 Mev. 

c. The f issions a r e not due ent i rely to t h e r m a l neutrons; 
fast f iss ions and f iss ions in the U^̂ ^ resonance bands 
also take p lace . 

The na tu ra l uranii im foils or pins a re 1/I6 inch in d iameter 
and 1/2 inch long. The s tandardizat ion of these is descr ibed in Section 2-4 .3 . 

The foil ho lders used in the modera tor (Figure 3-3,2a) a r e 
essent ia l ly two p ieces of 2S a luminum, I / 8 in. x I /8 in,, which space the U 
pins every l / 2 inch. When the pins a r e inse r ted , the genera l shape of the 
foils and foil holder is that of a ladder . The l adders , containing 1, 2, 3, or 
6 p ins , can be joined together at 0°, 45°, or 90°. Hence^ a var ie ty of shapes 
can be obtained to m e a s u r e modera to r flvix around the Q-tubes . 

A special slotted fuel rod (Figure 3-3.2b) through which a 
foil holder could be inse r ted was used in measur ing the flux through the 
fuel and in the center of a Q-tube. The slot , 3/4 in, x I /8 in. wide, was 
cut 41 inches above the bottom of the tank, and al l fluxes were measured 
at th is height. The pin holder which went through the slot was made of 
Monel meta l , since this has an absorpt ion c r o s s section close to that of 
the removed uranium. The pins were 3/32 inch c e n t e r - t o - c e n t e r in the 
fuel rod. A smal l extension on one end of this foil holder allowed m e a s -
urenaents at the center of the Q-tube, and on the other end the modera tor 
ladders could be attached to the fuel rod foil holder to measu re the flvix 
from the fuel rod edge out into the m o d e r a t o r . 

To check the effects of t ieutron s t reaming through the Monel 
fuel rod foil holder , the Monel and slotted U fuel rod section were replaced 
in one exper iment by a u ran ium cylinder which spaced the pins I / 8 inch 
apa r t along two rod dianaeters at 90°. No noticeable difference was obtained 
with the U cyl inder . 

The fl\ix m e a s u r e m e n t s on the pe r ime te r of the Q-tube were 
obtained by taping 16 pins around the tube at the 41 inch level, and la ter this 
was checked by using a holder that fit tightly around a Q-tube with places 
for many pins (Figure 3-3,2c) . 

Up to 40 pins could be exposed simultaneously, and 2 or 3 
exper imen t s per day were poss ib le . The counting p rocedures used in these 
exper imen t s a r e desc r ibed in Section 2 -4 .3 , . '"1 



3-3.3 P r o c e d u r e in a Typical Run 

The f i r s t step in p repar ing for a run was to lay out the p o ­
sit ions of the uranium pins on a full - s ca l e drawing of the unit cel l and i t s 
inamediate sur roundings . The pins were then drawn from numbered enve ­
lopes and placed in the foil holder assenably, the number s being noted in the 
proper posit ion on the drawing. The whole assembly was then positioned in 
the lat t ice - a job that often requi red a fine appreciat ion of solid geomet ry . 
An In foil was a lso put in a s tandard posit ion to se rve as a check for n o r -
naalization. 

The pile was brought up to power a s rapidly as poss ib le , 
usually in about 10 minutes , and leveled off by inser t ing a Cd control rod in 
no. 4 hex. By simultaneously letting out water and withdrawing the rod, one 
could then remove the rod while maintaining a reasonably constant power. 
As mentioned previously , the cen t ra l modera to r flux was 7 ° 10 , or a power 
of about 70 wat t s . This level was maintained for twenty minutes , after which 
the pile was s c r a m m e d and the foil a s sembly removed. After a cooling p e r i ­
od of 50 minutes , counting was begun. 

3-3,4 Flat tened Zone Cell 

The flattened zone lat t ice had the hexagon c e n t e r s , or con­
t ro l posi t ions , empty. 

Fo r r ea sons of symmet ry , it is not n e c e s s a r y to investigate 
the flux throughout an en t i re hex. The re a r e essent ia l ly only two different 
or ienta t ions of Q-tubes , Types I and II, in a hex.* Remember ing that each 
Q-tube is aligned so that a side of the square formed by i ts four fuel e lements 
is pa ra l l e l to an I -beam, it is seen that th is square can be oriented in one of 
two different ways with r e spec t to a line drawn from the center of the hex to 
the center of the Q-tube. Hence, the unit cel l will include these two kinds of 
Q-tubes and covers one- th i rd of the hex, as shown in F igu re s 3-3.4a and 
3-3,4d. The ce l l explored in these exper imen t s was that surrounding Q-tubes 
1 -A and 1 - F . 

A total of 18 runs was made: 11 pins could be accommodated 
along a d iamete r of a fuel rod, and about 30 could be exposed in the m o d e r ­
a tor . Cor rec t ions were made in the usual way for decay, s ta t i s t i ca l weight 
of the pin posit ion, e tc . , to obtain sa tura ted ac t iv i t ies . The normal ized a c ­
t iv i t ies were plotted on a drawing of the unit cel l , equiflxix contours were 
drawn in, and the a r e a s between contour l ines were naeasured with a p l a -
ninaeter to get the average flux. These contour l ines a r e shown in F i g u r e s 
3-3,4a, b , and c. 

*Actually, not al l Q-tubes of Type II a r e exactly equivalent. F o r def-
in i t eness , consider 1-A and 1-E in F igure 3-3.4d. I-A, looking NE, 
s ee s Q-tube 2 - F . I -E , looking SW, s e e s open water (the S-tube p o ­
sition in no, 5 hex). The asymnae t r ies in flux dis t r ibut ion caused by 
this si tuation a r e assumed to be negligible. - q n 



In some regions of the cel l , data from different runs failed 
to agree within experinaental e r r o r , which means that the exact shape or 
location of a contour line in such a region may well be open to question. How­
ever , since the disadvantage factor i s obtained by an averaging p r o c e s s , i t s 
value will be considerably naore re l i ab le . 

The r e s u l t s of th is exper iment a r e presented in Table 3-3.4. 

Table 3-3.4 

PARAMETERS OBTAINED FROM FLATTENED ZONE 
CELL TRAVERSE DATA 

du 

dmod 

2 a , e f f j C m " ^ 

L ^ cm^ 

Total 

0.49 

1.04 

-

-

Therma l 

0.46 

1.05 

9.77 X 10"^ 

92 

These values have been cor rec ted for the Al p resen t , for the 
Wilkins effect in the fuel, and for impur i t i e s in the mode ra to r . Values in the 
"Tota l" column a r e based on the actual f ission flux seen by the U pins . " T h e r ­
m a l " values were der ived using th ree m e a s u r e m e n t s of the Cd ra t io (average, 
23.4jfifty minutes after s c r a m ) at the no. 1 foil holder position and two se t s 
of measurenaents of the ep i - cadmium flux distr ibution in fuel and naoderator 
which w e r e r n a d e in the ZPR-I I la t t ice . A value of 2a = 0.326 cm"^ for U 
was used in calculating 2a , effective,and the diffusion cons tan t , D, was taken 
as 0.90. 

The effect of the or ientat ion of a Q-tube on the average d^ 
in that tube was found to be ni l . However, consider ing the d^ 's of the indi ­
vidual fuel rods , t he re i s some indication that they fall in p a i r s . In Q-tube 
1-F, rods 1 and 4 have d^ ' s of about 0,45; in rods 2 and 3, d^ is 0.47. This 
difference is undoubtedly due mainly to shadowing. In Q-tube 1-A, also, the 
value of du is 0.45 in rods 1 and 4, 0.47 in rods 2 and 3, This is not very 
plausible on the b a s i s of shadowing effects alone. 

Taken frona the standpoint of flux level only, the hot spots 
in Q-tubes of Type I (Figure 3-3.4b) occur , as would be expected, along the 
c i r cumfe rences of the two fuel rods n e a r e r the center of the hex, the m a x i ­
mum flvix being 0.42. (The max imum flux in the two more dis tant rods is 
0.40.) The type II Q-tube contains a fuel rod that is c lose r to the center 
than any other in the unit cel l ; hence, the flvix at i ts edge i s the highest, 0.44. 



Figure 3-3,4c shows this 0,44 contour line touching the boundar ies of two 
other fuel rods (the SE and NE rods in the figure - actually rods 1-A-2 
and 1-A-l in the lat t ice) . The data do not fix the exact location of the curve 
around these two r o d s , and it s e e m s reasonable to assunae that the m a x i -
naum flux at the i r edges is a li t t le l e s s than 0.44, on account of shadowing. 
However, the data do c lear ly indicate that the maximum flux in the NW rod 
of F igure 3-3.4c ( l - A - 4 in the latt ice) is only about 0.40, a resu l t which 
would not be expected f rom geomet r i ca l cons idera t ions . 

The max imum flux gradien ts a r e , of cou r se , found in the 
regions of the fuel rod fa r thes t f rom the center of the Q- tubes . We will 
not attenapt he re to go into the p rob lem of predict ing the location of g r e a t ­
es t t h e r m a l s t r e s s e s f rom these data . 

3-3.5 Buckled Zone Cell 

The buckled zone loading is a regula r t r i angula r pa t te rn 
of Q-tubes spaced 7 inches apar t . 

The unit cel l in the buckled zone lat t ice i s quite s imple , 
since al l Q- tubes a r e equivalent. It can conveniently be taken as one -
quar te r of a hexagon centered on a Q-tube, the s ides of which hexagon a r e 
the perpendicular b i s e c t o r s of the l ines f rom the center of the Q-tube to 
the cen te r s of i ts six n e a r e s t ne ighbors . 

The exper imenta l p rocedure was the sanae a s for the f la t ­
tened zone measurenaen t s . Because it was des i red to get on to the ZPR-I I 
latt ice a s quickly a s poss ib le , only th ree runs were made , and hence the data 
a r e l e s s detailed than they were in the flattened zone la t t ice . 

The r e s u l t s of this exper iment a r e p resen ted in Table 3-3 .5 . 

Table 3-3.5 

PARAMETERS OBTAINED FROM BUCKLED ZONE 
CELL TRAVERSE DATA 

d 

d^ 

dmod 

2 a effective, cm~* 

L ^ cm^ 

Total 

0.55 

1.04 

-

-

T h e r m a l 

0.51 

1.06 

1.28 X 10"^ 

70 

.84 



These values have been cor rec ted for the Al p resen t , for the 
Wilkins effect in the fuel (flux peaking nea r and between fuel slug ends), for 
impur i t i e s in the naoderator , and for the observed Cd ra t io of na tu ra l U p ins . 
The diffusion constant , D, was taken to be 0.90, 

Values in the "Total" colunan a r e based on the actual f ission 
flvix seen by the U p ins . "The rma l " va lues were derived using three m e a s ­
u r e m e n t s of the Cd r a t io (average, 23.4, fifty minutes after s c r am) at the no . l 
foil holder posit ion and two s e t s of m e a s u r e m e n t s of the epi-cadnaium flux 
dis t r ibut ion in fuel and mode ra to r which were made in the ZPR-II la t t ice , A 
value of 2a = 0.326 ,cm"^ for U was used in calculating 2a, eff. 

The flux plot (Figure 3-3.5) shows no unusual fea tures . The 
flux data were normal ized to 1 at a point of the unit cel l fa r thes t from the 
center of the Q-tube. The max imum flux in the fuel is 0,65, or perhaps a 
little h igher , and, as would be expected, occurs along that pa r t of the edge of 
the rod fa r thes t f rom the center of the Q-tube, 

3-3.6 Cell with Control Rods 

Natura l U pin act ivat ions were used to naake a detailed in­
vest igat ion of ce r t a in aspec t s of the flux distr ibution in the cen t ra l hex with 
s eve ra l different control rod configurations. These were supplemented by a 
flux t r a v e r s e in essent ia l ly one rad ia l d i rect ion using Cu pins and also using 
Cd-covered na tura l U pins . 

The p rocedu re s used for flux measur ing were the same as 
those previously descr ibed . In addition, however, special Li -Al control rods 
with s lots that could hold u ran ium pins (Figure 3-3.6a) were used for m e a s ­
uring the flux inside of the cont ro l rods . 

F igure 3T3.6b gives the normal ized pin readings obtained at 
the 41 inch level with the following control configuration; In S-tubes 2-7 , the 
d rods were at 0.75 inch, the g rods extended from 16.7 inches to 67.7 inches, 
and the b rods were at 65 inches . In the cen t r a l S-tube, the d rod was at 0.75 
inch, and the g and e rods extended frona 16.7 inches to 67.7 inches , the b rod 
being out. The c r i t i c a l height var ied f rom 109.04 inches to 109.35 inches. 

The flux around th ree of the Q-tubes in the cen t ra l hex was 
m e a s u r e d at d i s tances of l / 4 inch to 7/16 inch frona the fuel surface, the 
d i s tances being dictated by the c loses t available pin holder posit ions in the 
Q-tube c lamp which was used. The center of the absorbing m a t e r i a l in 
S-tube 1 i s shifted towards Q-tubes ID and IE . F o r th is r eason , the flux 
in the modera to r between Q-tube IB and S-tube 1 is 7.6% grea te r than the 
cor responding flux for Q-tube IE , The average flux in the modera tor about 
3/8 inch f rom the U is 2.4% higher on the side of Q-tube IB (average of 5 
points) than for IE and i s 1.8% higher on the other side (5 points). It should 
be noted that the flux within the two se t s of fuel e lements should va ry l ess 
than these f igures . 



Q-tubes IB and IE have the sanae orientat ion with r e spec t 
to the S-tube. The situation is somewhat different for Q-tube IC. The flux 
in the modera to r between IC and the S-tube is 4.5% higher than for IE . This 
might lead one to expect that the flux nea r IC would be slightly more than 
1% higher than that near IE . P r e sumab ly owing to the different or ientat ion 
of the fuel with r e spec t to the S-tube, the flux on the side near the S-tube 
(5 points) is 2 .1% le s s than for IE , while the flux away from the S-tube 
(5 points) is about 0.3% higher . The flux along the sides of IC averages 
about 2 .3% lower (3 points) . There is some difficulty in defining equivalent 
points for the compar i son of IC and IE . However, the average all around 
IC is minus 1,2% or about 2 l / 2 % less than would be expected for the other 
fuel or ientat ion, judging frona the modera to r flux. 

The Cd-covered pin runs were normal ized for exposure 
t ime and power level in the same fashion (uncovered pins in the squirc le of 
1 2 B ) as the uncovered runs , and the number s in the two types of runs a r e 
therefore d i rec t ly comparab le . The epi-cadmiuna flux s eems to dec rease 
continuously and a lmos t l inear ly through the fuel and into the naoderator, 
dropping about 25%. 

The Cu pins (Figure 3-3.6c) were run for 2 hours at 80 watts 
with the sanae control configuration a s above. No at tempt was made to make 
the U and Cu m e a s u r e s of the flux absolutely comparable . 

F igu re 3-3.6d shows the normal ized pin act ivat ions obtained 
at the 41 inch level with the s tandard control configuration in S-tubes 1-7 
(d rods at 0,75 inch, g rods at 16.7 inches , and b rods at 65 inches) . The 
fluxes a r e in genera l higher than in F igure 3-3.6b since the same nornaal i -
zation factor i s used and the cel l control is l e s s . The one exception is the 
epi-cadnaiuna flvix, which seems to be slightly lower. 

The flux around Q-tubes IB and IE s e e m s to be, on the ave rage , near ly the 
same a s one Avould expect f rom the synametry of the control rods w^ith r e ­
spect to these Q- tubes . F o r some unexplained reason , however, the side of 
IB near ID is about 5% hotter than the other side. 

3-3.7 Flux in Control Rods 

A profile of the flux in the control rods is shown in F igure 
3-3.7. The di rec t ion of these t r a v e r s e s through the rods and into the m o d e r ­
ator is the same a s that shown in F igure 3-3,6b, 

3-3.8 Flvix in Fue l and Hot Tube Cor rec t ion" 

The flux in fuel tube l E - 2 and into the modera to r i s shown 
in F igure 3-3.8a. The d i rec t ion of these t r a v e r s e s through the fuel tube and 
into the modera to r i s the sanae as that shown in F igure 3-3.6b. 

8R 



La te r m e a s u r e m e n t s were made of the effect on the U flux 
of a l a r g e r number of rods in the septafoil. The r e s u l t s of these a re shown 
in F igure 3-3.8b. In addition, m e a s u r e m e n t s were made with the horizontal 
t ravel ing moni tor , and these r e s u l t s a r e shown in F igure 3-3.8c. 

3-3.9 Flux at Control Rod Tips 

The normal ized pin readings of the four ve r t i ca l t r a v e r s e s 
which were made a r e p resen ted in F igure 3-3.9a. The smal l c i r c l e s r e p r e ­
sent U pins in a holder s t rapped to the outside of Q-tube IE at the center of 
that qua r t e r of the Q-foil arovind fuel e lement 2. The pins a r e at a distance 
of about 5/32 inch f rom the fuel surface . The scaling factor for these 4 runs 
was the same but was different from the factor used for the horizontal t r a v ­
e r s e s . The large c i r c l e s r e p r e s e n t pin act ivat ions inside the squircle of 
Q-tube IE . Since the squirc le flux is l e s s than the flux outside the tube, these 
4 se ts of readings were scaled to about 100 using a third factor . Squircle 
readings opposite Al s p a c e r s were reduced by 14,5%. 

It i s to be noted that the points of curve D of F igure 3-3,9a 
a r e somewhat lower than the other 3 cu rves and that the pins outside the 
Q-tube fall below the squirc le pins on the right side of the graph. The reason 
for th is has not been definitely ass igned. The run in which these pins were 
exposed suffered an accidental s c r a m after 10.38 minutes . Counting was 
s t a r t ed 50 minutes after th is s c r a m , and the same decay cor rec t ion curve 
was used as for the other runs . 

With r ega rd to the gene ra l rel iabil i ty of the pin readings 
outside the Q-tube and to var ia t ions between the outside pins and the squircle 
p ins , the outside pins were held in a r a the r fl imsy Al ladder which was taped 
to the Q-tube about every 2 or 3 feet along i t s length; and since the flux gradient 
i s re la t ive ly s teep nea r the fuel sur face , slight var ia t ions in the ove r - a l l p o ­
sition of the ladder with r e spec t to the U surface can account for considerable 
var ia t ion in flux. Also, the high read ings on cu rves C and D at 41.6 inches 
naight be accounted for by a bowing away from the Q-tube of the ladder between 
two taped posi t ions . 

F igure 3-3.9b shows renormal ized curves through the points 
of F igure 3-3.9a super imposed so as to conveniently conapare the effect at 
the fuel of going f rom single to double ha l f - rods in the cen t ra l S-tube and in 
going from ha l f - rods with thei r t ips together to s taggered ha l f - rods . The half-
rods p r e sen t and thei r posit ion with r e spec t to the curves a r e indicated for each 
c a s e . Detailed information was taken only at the upper t ips for the las t th ree 
t r a v e r s e s since curve A of F igure 3-3.9a indicated that deviations from a c o ­
sine dis t r ibut ion in the bot tom half of the tank a r e negligible. 

The average deviat ion f rom a cosine curve integrated over 
the total height of the tank is es t imated to be +4.1% for two hal f - rods with 
the i r t ips together , +3.5% for the s taggered ha l f - rods , and +2.9% for a 
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single ha l f - rod. • In C P - 6 , the corresponding deviat ions f rom a v e r t i c a l cosine 
dis t r ibut ion will be accentuated, calculat ions indicating that a considerable 
peak should occur nea r the half-rod t ips r a the r than m e r e l y a flattening a s 
observed h e r e . If, despi te the be t t e r cooling available at th is peak resul t ing 
from the lower cooling water t e m p e r a t u r e , the effect of this peak is to cause 
a high fuel t e m p e r a t u r e in th is region (thus limiting the ove r -a l l power of the 
r eac to r ) , some relief appea r s to be available by staggering the double half -
rods . F o r example , at 75 inches in ZPR-I I , the flux excess compared to a 
cosine dis t r ibut ion i s reduced from 11.3% to 8.4% by s tagger ing. It should 
be emphas ized that the single t r a v e r s e s which have been made do not provide 
very accura te est inaates of the flux and the quoted reduction should be viewed 
as an o rde r of naagnitude e s t ima te . 

3-4 ZPR- I I La t t ice Fla t tening 

3-4.1 Pu rpose 

A s e r i e s of expe r imen t s was per formed in which the behav­
ior/bf the f lux'dist t ibution' was studied' as- the flattened zone-was approachfcd'.'j _ . 
Also, the c h a r a c t e r of the flattened zone a s to i ts s ize and f la tness was studied. 
The objectives were to de te rmine how eas i ly and accura te ly a flattened zone 
could be obtained and to de te rmine the deviations from f la tness and consequent 
loss of power due to random i r r e g u l a r i t i e s in the lattice and r eac to r s t ruc tu re . 
The approach to the flattened condition was observed with the aid of the h o r i ­
zontal and v e r t i c a l t ravel ing mon i to r s , and the flattened zone was then naapped 
in detai l using U p ins . 

These expe r imen t s have shown that it i s possible to obtain a 
flattened zone ^vhich is quite flat without spec ia l p recaut ions with r ega rd to 
the or ientat ion of the Q- tubes , posi t ion of the control rods in the S-tubes, or 
control rod t r i m m i n g . The deviat ions in flux levels in the Q-tubes of the 
ZPR-I I flattened zone a r e a s l a rge a s 10% ( M ^ ^ ' )• However, these devi-^"** 
ations a r e somewhat systenaat ic , occur r ing pa r t i cu la r ly at the edge of the 
slightly t i l ted flattened zone and could be reduced by trinanaing. 

3-4.2 ZPR-I I Lat t ice Ar r angemen t 

In the tank were 234 Q- tubes , 13 S-tubes, 12 safe ty-rod 
thinables, 15 fixed mon i to r s , 6 hor izonta l t ravel ing monitor th imbles , and 
4 ve r t i ca l t ravel ing monitor th imbles . Seven control rod towers were mount ­
ed in control posi t ions 1 through 7 (Figure 3-4.2), and six empty S-tubes were 
placed in cont ro l rod posi t ions 8, 10, 12, 14, 16, and 18. Control posi t ions 9, 
11, 13,-15, 17, and 19 were empty, having nei ther S-tubes nor Q- tubes . In 
control posit ion 1, posi t ions 1-a, 1-b, and 1-d contained 3.5% Li -Al full length 
rods , 1-c a cadnaium rod, 1-e and 1-g 3.5% L i - A l half-length rods , and 1-f 
contained a 7% Li -Al full rod . In the other six control hexes , posi t ions a, b , 
c, d, e, and f contained 3.5% L i - A l full rocts, except rod 3-f (7% L i - A l ) , and 



al l g rods were 3.5% L i -A l ha l f - rods . Rods b and g in a l l seven hexes were 
remote ly control led. 

3-4.3 Approach to Cr i t ica l Flat tening - Ver t ica l Flux Distr ibution 

The ve r t i ca l t ravel ing naonitor t r a v e r s e s were naade m i d ­
way between Q-tubes 1-A, 7-C, and 7-D (Figure 3-4.2) under the following 
condit ions: 

Table 3-4.3a 

ROD CONFIGURATION FOR VERTICAL AND HORIZONTAL TRAVERSES 

1 Experinaent 
No. 

1 

1-A 

1-B 

1-C 

1-D 

1-E 

1-F 

Rod Pos i t ions - (inches) 

b r o d s * 

out 

out 

85 

80 

75 

70 

65 

d r o d s * 

0.75 

0.75 

0,75 

0.75 

0.75 

0.75 

0.75 

g r o d s * 

out 

16.7 

16.7 

16.7 

16.7 

16.7 

16.7 

Cr i t ica l Height* * 
(inches) 

86.18 

101.7 

102.5 

103.5 

104.9 

106.8 

108.8 

*a.ll rod posi t ions naeasured f rom tank bottona 

**water t empe ra tu r e = 25.2°C 

The v e r t i c a l moni tor i s a remotely dr iven, boron- l ined a i r 
ionization chamber about one inch long. The ver t i ca l flux distr ibution was 
obtained from m e t e r read ings of the amplified ionization cu r r en t at f ive-inch 
in te rva l s up and down the r e a c t o r tank. The ve r t i ca l flux plots obtained in 
Expe r imen t s 1 and 1-A a r e shown by F igure 3-4 .3 . 

F o r Exper imen t 1, in which al l seven d rods were inser ted 
a l l the way, a n o r m a l cosine dis t r ibut ion should be expected. This i s shown 
to be the case in F igure 3-4 .3 , where the data a r e compared with a cosine 
dis t r ibut ion normal ized to the base and height of the experinaental cu rve . 
An even be t t e r fitted cosine curve could be drawn if it were fitted by a l e a s t -
squa res ana lys i s . 

The rod configuration of Exper iment 1-A, in which al l d rods 
w e r e inse r ted al l the way and a l l the half- length (51 inches long) g rods inse r t ed 
to 16.7 inches , shows the l a rges t deviation from the cosine dis t r ibut ion 
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(Figure 3-4.3). As the b rods were inse r ted into the r eac to r , the ve r t i ca l 
dis t r ibut ion re tu rned to the cosine d is t r ibut ion at a b rod posit ion in which 
the bot tom of the b rods and top of the g rods began to over lap . 

The mean value of a n o r m a l cosine curve (height = 1.0, 
base =7r) i s 2/7r or 0.636. If the ve r t i ca l flux data a r e normal ized in the 
same manner , the naean values of the cu rves obtained for the experinaents 
in Table 3-4.3a a r e : 

Table 3-4.3b 

MEAN VALUES OF VERTICAL DISTRIBUTION 

Exper iment 
No, 

I 

1-A 

1-B 

1-C 

1-D 

1-E 

1-F 

b rod 

out 

ou t 

85 

80 

75 

70 

65 

d rod 

0.75 

0,75 

0.75 

0.75 

0.75 

0.75 

0.75 

g rod 

out 

16.7 

16,7 

16.7 

16.7 

16.7 

16.7 

Mean Value 
(Normalized to 0.636) 

.995 

1.057 

1.039 

1.030 

1.017 

1.003 

1.006 

The b rod posit ion of 65 inches above tank bottom was the 
g rea t e s t poss ib le inse r t ion for which c r i t i ca l i ty could be maintained with 
this control rod configuration. 

3-4.4 Approach to Cr i t ica l Flat tening - Horizontal Flux Distr ibution 

The hor izonta l t ravel ing monitor gives a c lea r p ic ture of the 
rad ia l flux dis t r ibut ion in the r e a c t o r . It t r a v e l s pa ra l l e l to the I -beam axia 
(Figure 3-4.2) through one of six th imbles , or guide tubes , t r ave r s ing the 
tank. Three of these th imbles a r e 55 inches above tank bottona, and th ree 
a r e at 80 inches . In these expe r imen t s , four of the t r a v e r s e posi t ions were 
util ized. Table 3-4.4a gives these hor izonta l monitor t r a v e r s e posi t ions . 

Mete r readings f rom the D.C. anaplifier connected to the 
ionization chamber on the probe were taken every 1.75 inches of t r ave l , 
since th is dis tance is an even sub-mult iple of the Qrtube separa t ion. During 
a t r a v e r s e , the neutron flux in the center of the tank was held constant to wi th­
in 0.3% at 4.1 X 10^ neu t rons / cnaVsec by observing a differential naeasure of ' 
the power (sensi t ivi ty inc reased by a factor of lO) and adjusting the water level 
slightly a s the probe was inse r ted and withdrawn. 
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Table 3-4. 4a 

HORIZONTAL MONITOR TRAVERSE POSITIONS 

Position 
No. 

1 

2 

3 

4 

Experiments 
Performed 

(see Table 3-4.3a) 

1 -1 -F 

lA. IC, IF 

IF 

IF 

Distance 
from 

Tank Bottom 

55 inches 

80 inches 

55 inches 

80 inches 

Perpendicular 
Distance from 
I-beam axis 

3.03 inches 

3. 03 inches 

21.2 inches 

21 .2 inches 

Traverse Between 
Q-tubes (Figure 3-4,2) 

35E - 35F. 35C - 35D. etc. 

35E - 35F, 35C - 35D. etc. 

34C - 34D, 17E - 33A, etc. 

34C - 34D, 17E - 33A, etc. 

Horizonta l flux plots of the raw data a r e shown in F i g u r e s 
3-4.4a and 3-4.4b. The a r b i t r a r y posit ion reading of 80 inches is the c h a m ­
ber posit ion c loses t to the axis of the r e a c t o r . The Q-tubes , control rods , 
S- tubes , and safe ty-rod thinables a r e a l l drawn to sca le . 

Since the cu rves in F i g u r e s 3-4,4a and 3-4,4b were obtained 
in different runs on different days , it was not possible to repea t exactly the 
power level in the r e a c t o r . Consequently, the two top curves of F igure 
3-4.4a were adjusted to make the extrenai t ies of the curves match. This r e ­
quired only ve ry sma l l c o r r e c t i o n s . The same adjustment was naade for the 
th ree lower curves in F igure 3-4.4a. The two sets of curves in F i g u r e s 
3-4.4a and 3-4.4b, one set taken at the level 55 inches and the other set at 
80 inches , give the flux r a t ios at these two levels to at least within 3% . 

The hor izonta l flux dis t r ibut ion with the chamber 55 inches 
above the tank bot tom (position 1, Table 3-4.4a) i s shown by the two top 
curves of F igu re 3-4.4a. The flux plots a r e shown only for the b rods out 
(dotted curve) and b rods at 65 inches (solid curve) . The plots with b rods 
at 85 inches , 80 inches , 75 inches , and 70 inches fall between the top solid 
and top dotted curve . 

The lower th ree cu rves of F igure 3-4,4a show the horizontal 
flux dis t r ibut ion when the chamber is 80 inches above tank bottom (position 2, 
Table 3 - 4 , 4 a ) a t b rod pos i t ions of completely out and 80 inches and 66 inches 
above tank bot tom. It i s evident f rom these curves that the addition of b rods 
te?nds to flatten the dis t r ibut ion around the cen t ra l control posit ion. The lacrgest 
peak occurs when the chamber goes by an empty Q-tube posit ion. 

• •--• 'SI 



Figu re 3-4.4b shows the flux dis tr ibut ion for posit ions 3 and 
4, Table 3-4 .4a , neaLr the edge Of the flslttened zone^. TJhe flust dacreasel: OTkc^-'^_^ 
tilting on: the control posi t ion 4 side of the r«aCto:r naay be due to the hexagr 
onal .nattirje^a£ the edge oi the flattened zone. 

It i s noted that the effect of safety rod th imbles i s unnot ice-
able in these flux p lo ts . Another i t em of in t e re s t in F igure 3-4.4a is the ef­
fect on the flux of the d isp lacement to one side of the b and d rods in S-tube 
position 6. The control rods a r e displaced to the left of the 62.5 inch p o s i ­
tion, while the flux i s displaced to the r ight when the chamber is at 80 inches 
above tank bottom. When the chamber is at 55 inches , it i s below the b rods , 
and the effect is absent . 

The minor va r i a t ions or wiggles in the flux cu rves a r e r ea l , 
since they occur red at the same p laces on many different occas ions , but they 
a r e caused by a smal l hor izonta l displacenaent of the hor izontal thimble d e ­
termining the path of the t ravel ing monitor toward one line of Q- tubes . In 
l a te r expe r imen t s , when the thinable was bowed even m o r e la te ra l ly , these 
var ia t ions became conapletely regu la r with r e spec t t6 lat t ice e lements and 
showed a flux var ia t ion of about 6%. The hor izonta l thimble was then r e -
centered between the ftiel e l emen t s , and the per iodic var ia t ions in flux a l -
naost completely d isappeared in subsequent t r a v e r s e s . 

In o rde r to es t imate the extent of the flattened zone, which 
is obscured in the raw data by the empty Q-tube posi t ions , the flux nea r an 
uncontrolled posit ion naay be co r r ec t ed by imposing the buckled zone cel l 
flux dis t r ibut ion along the line of t r a v e l upon the observed flattened zone cell 
flux dis t r ibut ion. These a r e taken f rom the detai led flux plots of sect ions 
3-3.4 and 3-3 .5 . These co r r ec t ed flux d is t r ibut ions a r e drawn in for the 
enapty posi t ions in F i g u r e s 3-4.4a and 3-4.4b. The extent df the flattened 
zone then a p p e a r s a s given in Table 3-4,4b. 

Table 3-4.4b 

SIZE OF FLATTENED ZONE 

Posi t ion No. 
(Table 3-4.4a) 

1 

2 

3 

4 

Dis tance f rom 
Tank Bottona 

(inches) 

55 

80 

55 

80 

Distance a c r o s s F la t tened 
Zone (inches) 

70 

70 

58 

58 



The flux nea r a par t ia l ly control led cel l could be co r r ec t ed 
in a like manne r , but this at bes t would be an e s t ima te , since no cel l t r a v ­
e r s e s have been naade in such cel ls at the p resen t t i m e . 

The a r r angemen t giving what has been called the s tandard 
configuration: i .e . , 

al l d rods at 0.75 inch 

al l b rods at 65 inches 

al l g rods at 16.7 inches 

was next rep laced by syjrunetr ical configuration: 

rods Id, 2a, 3b, 4c , 5d, 6e, 7f at 0.75 inch 

rods lb , 2c , 3d, 4e , 5f, 6a, 7b at 65 inches 

al l g rods at 16,7 inches . 

Horizontal flux plots w e r e then obtained at t r a v e r s e positions 
1, 2, and 4. It was thought that e i ther a change in flux "til t ing" or some slight 
difference in the flattened zone d i ame te r might be detected with this m o r e 
s y m m e t r i c a l a r r a n g e m e n t of cont ro l r o d s ; but no difference in these plots 
and s i m i l a r plots with the s tandard cont ro l rod configuration was observed. 

3-4.5 F la t tened Zone Mapping with Uranium Pins 

The s tandard flattened zone control rod configuration was 
used , namely : 

a l l d rods at 0l75 inch 

a l l b rods at 65 inches 

al l g.x.ods at>.1.6,7 inches . 

The d is tances given a r e m e a s u r e d f rom the rod ends to the tank bottom. 
The c r i t i c a l wa te r height was 107,63 inches' at a t empe ra tu r e of 20.7°C. 

The na tu ra l u ran ium pins activated a r e 1/16 inch in d i ame te r 
and 1/2 inch long. These were taped to thin s t r i p s of a luminum which in tu rn 
were placed in the squ i rc l e s of the avai lable Q-foils. There were 14 pin 
levels on each a luminum s t r i p ; 10 levels corresponding to slug c e n t e r s , and 
4 cor responding to slug s p a c e r s . Table 3-4,5 gives the pin level l e t t e r ; the 
dis tance f rom tank bot tom to pin cen te r is at the s a m e level as the center of 
the space r (0,370 inch long) between slugs 4 and 5, The fuel slugs a r e 
8.1 inches long. 



Table 3-4,5 

VERTICAL POSITIONING OF U PINS 

Leve l 
Le t t e r 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

M 

N 

O 

Distance f rom 
Tank Bottom (inches) 

83.78 

75.31 

66.84 

62.61 

58.38 

54.14 

49.91 

45.67 

41.44 

37.20 

32.97 

24.50 

16,03 

7.56 

Slug 
Number 

10 

9 

8 

7 - 8 

7 

6 - 7 

6 

5 - 6 

5 

4 - 5 

4 

3 

2 

1 

About 60 pins were exposed per run for 9 runs . In each 
run six pins were exposed in the same squ i rc l e s and at the s ame levels . 
These w e r e counted in the sanae o rde r and at the sanae t ime after s c r a m . 
Power co r r ec t ions between runs were obtained by d i rec t ra t ios of these 
counts , elinainating e r r o r s in decay and counting ra te c o r r e c t i o n s . 

Activations were m e a s u r e d in every available squi rc le at 
the A, E , and K leve l s . No m e a s u r e m e n t s were obtained in Q-tubes 7C and 
7D because the ve r t i ca l t rave l ing moni tor obstructed the en t r ances , in IB 
owing to some unknown obstruct ion down in the squ i rc le , and in IC because 
this holds the thermocouple probe . 

A second set of act ivat ions was made in squ i rc l e s along the 
d i ame te r pa ra l l e l to the I -beam axis at 14 different l eve ls . 
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Counting was done with the regula r Nal c rys t a l scint i l lat ion 
counter . Counting was s t a r t ed 50 minutes after s c r a m . One pin of each run 
was counted every fourth t ime to es tabl i sh the decay cu rves . One-minute 
counts were taken. 

The re la t ive neutron f luxes , based on 1000 for Q-tube I F , 
level E , for the A, E, and K levels a r e given in F i g u r e s 3-4.5a, b , and c. 
The re is a gene ra l downward t rend in the flux at al l th ree levels a c r o s s the 
d i a m e t e r f rom hex 35 to hex 26. Also, hexes 2 , 6 , and 7 exhibit higher 
fluxes at a l l t h ree levels than the i r equivalent hexes 5, 3 , and 4 a c r o s s the 
I -beam ax i s . It should be naentioned that the walls c loses t to the r e a c t o r 
a r e on the eas t and south s i d e s , which, if they were acting as be t te r r e f l ec ­
t o r s than the west and nor th wa l l s , would give an effect opposite to that 
observed . Two points show disagreenaent with the genera l t rend: Q-tube 
3A, level A, being too low, and Q-tube 3E, level K, being too high. 

The averaged ra t ios of the fluxes for equivalent Q-tubes 
along the d i ame te r (e .g. , 3 5 F / 2 6 C , 3 5 G / 2 6 G , 35C/26F , etc.) a r e 1.013 for 
the A level , 1,023 for the E level , and 1.015 for the K level. The ra t io of 
7A/4D is 1.122 averaged for the t h r e e l eve l s , and that of 7B/4E is 1.036. 
The average ra t io of 2A/5D and 2 B / 5 E combined is 1.046 for all t h ree levels . 

The ve r t i ca l flux dis t r ibut ions in some of the Q-tube squir -
c les a r e given in F i g u r e s 3-4.5d, e, and f. The dotted portions of these curves 
a r e not indicative of the t rue flux shape but only show the flux r i s e at the slug 
space r l eve l s . The average ra t io of the flux at the spacer mid-point to the 
fuel slug mid-point is 1,152. P rev ious data from copper pins gave 1.147. 
The ve r t i ca l data for Q-tubes 6A, 6B, 3E, and 3D a re not given since the i r 
cu rves a r e ve ry s i m i l a r to the curve for Q-tube I F , F igure 3-4,5e. 

The hor izonta l flux d is t r ibut ions a r e given in F i g u r e s 3-4.5g 
and 3-4.5h. The dotted port ions of the cu rves indicate that no data were ava i l ­
able for these Q-tubes,. The Q- leve l curve is ve ry sinailar to the I - level 
(Figure 3-4.5h) and was omit ted, as were the curves for the space r mid-point 
l eve l s . The hor izonta l t ravel ing moni tor data were nornaalized to 1000 near 
Q-tube I F , and this curve is super imposed in the squi rc le cu rves . The t r a v ­
eling monitor was at the 55 inch level , t r ave r s ing naidway between Q-tubes 
35F and 35E, 35C and 35D, e t c , pa ra l l e l to the I-beana ax i s . The naonitor 
c u r v e fal ls off at the outer edges of the la t t ice , s i m i l a r to the squi rc le cu rves , 
but shows much g r e a t e r fluctuations near control and empty posi t ions . The 
squ i rc les do not see these flux i n c r e a s e s , nor would they see a s i m i l a r flux 
d e c r e a s e . 
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3-5 Tilt ing and Petal ing 

3-5.1 Purpose 

These exper imen t s were designed to de te rmine the stabi l i ty 
of the f lat tened zone with r e spec t to sma l l o rder mult ipole per tu rba t ions . 
In the tilting exper iment , a dipole per turba t ion was introduced, and the ove r ­
al l t i l t of the flattened zone flux was m e a s u r e d . In the petaling exper iment , 
a hexapole per turbat ion was introduced, and i ts effect on the max imum to 
average flux in the flattened zone de te rmined . These exper iments give gen­
e r a l information on the stabi l i ty of the flattened zone. 

The data frona this exper iment a r e analyzed in some detai l 
in Section 4-6.3 . In gene ra l , ove r - a l l flux var ia t ions due to these sma l l 
o rde r naoments will probably be overshadowed by local per turba t ions in 
individual reg ions . The prob lem of obtaining a flattened zone in C P - 6 will 
be one of bringing each local region, consist ing of perhaps seven control 
c e l l s , into line with the a v e r a g e , r a t h e r than adjusting a genera l t i l t by 
naotions of control rods far removed f rom one another . 

3-5.2 Tilting 

The tilt ing and petaling experinaents introduced control rod 
per turba t ions in synametr ica l hexes and m e a s u r e d the i r effects on the flux 
levels throughout the pi le . The rod a r r angemen t that was per turbed was 
what is known as "the s tandard configuration" (all d rods at 0.75 inch, a l l 
b rods at 65.0 inch, and al l g rods at 16.7 inch). The flux dis t r ibut ion in 
this "s tandard configuration" has been m e a s u r e d and repor ted in Section 3-4 .5 . 
The naeasurements in this exper iment have been naade at the s ame heights in 
the tank and at mos t of the same posit ions as in the above sect ion. They have 
a l so been normal ized in the s ame way (to a U pin in IF at the E level) . These 
r e su l t s then can be cdmpared d i rec t ly with the previous ones. 

The U pin counting techniques and latt ice a r r a n g e m e n t a r e 
the s ame as those previously r epor t ed . 

In the tilt ing exper iment the "s tandard configuration" was 
pe r tu rbed by removing control rod 3d and inser t ing rod 6a. 

The resul t ing flux dis t r ibut ion is shown in F i g u r e s 3-5 .2a , 
b , c , and d. F i g u r e s 3-5 .2b, c , and d r e p r e s e n t the flux in hor izonta l planes 
through the r eac to r at the A, E , and K leve ls ; i . e . , 83.78 inches , 58,38 inches , 
and 32.97 inches . These may be compared d i rec t ly with those in Section 3-4 .5 . 

F igu re 3-5.2a r e p r e s e n t s an a t tempt at a project ion of the 
flux at the 58.38 inch plane (the s ame flux as shown in F igure 3-5.2c) . The 
des i r e he re was to obtain a m o r e continuous pic ture of the flux than could be 
shown by numbers wr i t ten in Q-tube posi t ions . The ve r t i ca l l ines under the 

,36 



99 

flux cu rves r ep re sen t m e a s u r e d points. Since these curves were drawn only 
f rom the points m e a s u r e d in the Q-tube squ i r c l e s , local flux dips in the s ep t a -
foils a r e not shown. Where Q-tube m e a s u r e m e n t s a r e miss ing , the flux is 
r ep resen ted as a smooth curve drawn Taetween the adjacent points. 

3-5.3 Petal ing 

In this exper iment the ' s tandard configuration" was per turbed 
in the following m a n n e r : control rods 2a, 4a, and 6a were fully inse r ted , and 
ro<j^3d, 5d, and 7d were removed . The flux at the A, E , and K levels (83.78 in-

38 inches , and 32.97 inches) is shown in F igu re s 3-5.3a, b . and c. 

F igu re 3-5.3d shows the flux measu red by the horizontal 
ling moni tor at the 55 inch level in both the petaled and t i l ted configura-

s. These runs were nornaalized in the buckled zone. 

3-6 Control Rod Effectiveness and Per tu rba t ions 

3-6,1 Pu rpose 

A s e r i e s of Control rod changes was made to check the 
following points : 

a. Obtain a ca l ibra t ion between the cent ra l cont ro l rod and 
rods in the surrounding hexes . 

b . De te rmine the r eac to r sensi t ivi ty to control rod motions, 

c. Dete rmine the sensi t ivi ty of the ha l f - rods , and the i r 
re la t ion to the full r o d s . 

d. De te rmine the effectiveness of 7% Li -Al v s . 3 -1 /2% 
L i -A l cont ro l rods . 

e. De te rmine the change in flux distr ibution due to large r e ­
activity changes in the cen t ra l control bundle. 

These data have provided a table of r eac to r r e sponses to a 
number of represen ta t ive cont ro l rod pe r tu rba t ions . These a r e d i scussed in 
Section 4 - 9 . 

3-6.2 Lat t ice Configuration 

Unless o therwise noted, the lat t ice configuration for the 
following exper iments was as follows: The r eac to r contained 234 Q-foils, 
13 S-foils , 12 safe ty-rod th imb le s , 15 fixed mon i to r s , 6 hor izontal t ravel ing 
moni tor th imbles , and 2 v e r t i c a l t ravel ing moni tor th imbles . Seven control 
rod towers w e r e mounted in cont ro l posit ions 1 through 7 (see F igu re 3-3.4d 
for notation), and six enapty S-foils were placed in control positions 8, 10, 12, 
14, 16, and 18. Control posit ions 9, H , 13, 15, 17, and 19 were empty, having 
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ne i ther S-foils nor Q-foils p resen t . In cont ro l position 1, control rods l a , 
lb , and Id contained 3.5% L i -A l full length (102 inches) rods ; Ic a full length 
cadmium rod; le and Ig 3.5% Li -Al l ia l f - rods (51 inches) ; and If contained 
a 7% L i - A l full rod. In the other s ix cont ro l posi t ions , rods a, b , c , d, e, '̂  
and f contained 3.5% Li -Al full r ods , except rod 3f (7% Li -Al full rod) , and 
al l g rods were 3.5%) L i -Al ha l f - rods . Rods b and g in a l l seven posit ions 
were remote ly control led. The above configuration is r e fe r red to as the 
ZPR-I I la t t ice , as opposed to the flattened and buckled zone lat t ices desc r ibed , 
in Section 3-2 . 

In the following expe r imen t s , un less otherwise noted, the 
s tandard flattened zone cont ro l rod configuration is the s ta r t ing point. This 
i s : a l l d rods at 0.75 inch f rom the r e a c t o r bot tom, al l g rods at 16,7 inches , , 
and al l b rods at 65 inches . The c r i t i ca l wa te r height for this configuration 
is 108.8 inches , and 6p/61i at this height i s 11.1 inhours / inch (measured by 
per iod) . All wa te r heights a r e m e a s u r e d f rom the r eac to r tank bottom, and 
al l cont ro l rod d i s tances given a r e naeasured f rom the r e a c t o r bottom to the * 
bottona of the control rod . 

3-6.3 Control R6d Effectiveness A 

In the following experinaents a rod change was naade and the ^ + 
per iod m e a s u r e d , or a rod change was made and the wate r height or other 
rods were var ied to compensa te and br ing the r e a c t o r back to c r i t i ca l . 

The wa te r height m e a s u r e m e n t s were made on the wa te r - * 
level sight g l a s s , and these naeasurements a r e probably accura te to +0.01 inch. m 
The per iods were m e a s u r e d on Brown or E s t e r l ine-Angus r e c o r d e r s over 
ranges up to t h r ee decades . T h r e e such in s t rumen t s were used, and a l l the * 
per iods were averaged . The m e a s u r e d per iods w e r e conver ted to inhours 
using the inhour v s . per iod curve based on a 5 x 10 second neutron naean 
life. It should be mentioned that the effect of the delayed photoneutrons on 
the per iod is not known at p re sen t , and the re fo re the convers ion of the m e a s ­
ured per iod" to inhours is probably inaccura te . 

In the following table involving cont ro l rod changes , the 
ini t ia l s t a r t ing point of each exper iment was the s tandard flattened zone con­
figuration.^ The f i r s t column gives the change that was m a d e , and the second 
and th i rd columns give the change in wa te r height (frona 108.8 inches) and • 
the change in control rod set t ings n e c e s s a r y to mainta in c r i t i ca l i ty . 

Cen t ra l Control Pos i t ion Expe r imen t ; This exper iment was 
pe r fo rmed to naeasure the flux per turba t ions along the path of the hor izontal 
t ravel ing moni tor resul t ing f rom la rge changes in the react iv i ty of the c e n ­
t r a l cont ro l posit ion. Star t ing f rom the s t andard flattened zone configuration,_ 
full rod Id was completely removed from the c e n t r a l S-foil, and rods 2b 
through 7b were inse r ted to 51.5 inches to naaintain c r i t i ca l i ty . Rod lb was" 
left at 65 ijpiches. F o r th is configuration, the hor izonta l moni tor readings 
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Table 3-6.3 

CONTROL ROD EFFECTIVENESS 

Change Made 

lb to 90" 

2b to 90" 

All b's to 70" 

lb to 52" 

lb to 60" 

lb to 70.5" 

Ig to 2.8" 

Ig to 28.5"('*) 

All g's to 2.8" 

All g's to 28.5" 

Id out, le to 16.7"(5) 

lb out, le and Ig to 2.8" 

lb out, le and Ig to 28.5" 

Id out. If to 0.75"('') 

3d out, 3f to 0. 75" 

6c to 0.75"^^^ 

la to 0.75"(^) 

DjO Height Change (in.) 

b rods (Full Rods) 

-1.16"(1) 

-1. 19"(2) 

-2.10"(3) 

g rods (Half-Rods) 

+0.25"^^) 

+0. 25" 

+0. 25" 

7% Li-Al Rods 

Misce1laneous 

Final Rod Position (in.) 

2b to 90" 

2b to 71" 

2b to 60" 

lb to 56.35", or 

all b's to 63.35" 

lb to 62.2", or 

all b's to 64.7" 

lb to 2.8" and other six 

b's to 61", or all b's to 55.8" 

All b's to 61.0" 

2b through 7b to 51. 5" 

2b through 7b to 60.4" 

2b through 7b to 66.24" 

lb out, and other six b's 

to 66.8", or all b's to 69.5" 

3b out, and other six b's 

to 66.3", or all b's to 69.04" 

All b's to 72.4" 

All b's to 74.15" 

Nott 

^ •'When rod lb was moved to 90" a period of 217 seconds resulted, equivalent 

to 14.5 inhours. The change in critical height is equivalent to 12.9 inhours, 

or a A B ^ of 2.47 x 10"^ cm"^. 

^ 'When rod 2b was moved to 90" a period of 210 seconds resulted, equivalent 

to 15 inhours. The change in critical height is equal to 13.2 inhours, or 

a A B ^ of 2.52 X 10"* cm" ̂  . 

' ^ When all seven b rods were moved to 70" a period of 133 seconds resulted, 

equivalent to 25 inhours. The change in critical height is equal to 

23.3 inhours, or a AB^ of 4.44 x 10"' cm" ̂ . 

('̂ T̂he top 14.5" of the Ig rod is shadowed by rod lb. 

' 'A horizontal traverse made at the 55" level is shown in Figure 3-5.21. 

The flux increase near control position 1 (at 80") found in the traverses 

of the standard flattened zone configuration disappears when the extra 

half-rod (le) is added. 

(^^The increase to 109.05" from 108.8" is probably insignificant. The water 

temperature, which was 22°C at the earlier measurements, had increased to 

25°C. 

(''̂ The horizontal traveling monitor passing within 3" did not show any sig­

nificant variation between this 7% rod and the 3.5% rod. 

^^ R o d 6c is shadowed by rod 6d. 

(^^Rod la is shadowed by rod Id. 
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a r e shown by F igu re 3-6.3a, Rod Id was then in se r t ed , and rod la was a l so 
added to the cen t r a l S-foil. This requi red moving the outer six b rods to 
75.14 inches to mainta in c r i t i c a l condit ions. The hor izontal t ravel ing m o n i ­
to r plots a r e shown in F i g u r e 3-6.3b for these two c a s e s (curves A and C) 
and for the s tandard flattened zone (curve B)„ The r ight-hand peak is about 
the s ame for curves B and ,C s ince in each case the b rod is above the m.oni-
tor level . It is s m a l l e r for curve A since the b rod had moved below the 
moni tor level . The peak nea r the cen t r a l position behaves m o r e or less as 
expected. The C curve shows a genera l flux depress ion of about 6% some 
8 to 10 inches f rom the S-foil. 

Cadmium Control Rod Exper imen t ; The effectiveness of a 
s tandard cadmium control rod in the hor izonta l moni tor tube was m e a s u r e d . 
The purpose of this was to t e s t the feasibi l i ty of using a horizontal moni tor 
tube as an envelope for some shut-down m a t e r i a l propelled into it by a fuse 
act ion. Start ing f rom the s tandard cont ro l rod configuration, a l l the b rods 
were r emoved , and the c r i t i c a l height was 101.69 inches . The cadmium rod 
(0.79 inch mean d iame te r of 0.040 inch thick Cd surrounding an a luminum 
rod 0.75 inch in d iamete r ) was inse r t ed and cen te red in the r e a c t o r in the 
55 inch level nnonitor tube n e a r e s t the center of the r eac to r . The r e a c t o r 
was then made c r i t i c a l with al l b rods out, al l g rods except Ig at 16.7 inches , 
rod Ig at 14.4 inches , and a wa te r height of 109.87 inches . 

Symmet r i ca l Control Rod Exper imen t ; The purpose of this 
experinnent was to de t e rmine the ve r t i ca l and hor izontal flux dis t r ibut ions 
for a synniTietrical con t ro l rod a r r angemen t . The a r rangement chosen was 
such as to make theore t i ca l duplication re la t ive ly easy . In the ZPR-I I la t t ice , 
the d rods were inse r t ed to 0.75 inch, and the g rods to 25.5 inches . The c r i t i ­
ca l D2O height was 102.53 inches at a t e m p e r a t u r e of 25„0"*C m e a s u r e d at a 
pile power level of 4.15 + 0.05 wa t t s . The cen te r of the hal f - rods a r e , t h e r e r 
fore , only 0.25 inch below the cen te r of the wa te r . A plot of the ve r t i ca l 
moni tor readings is shown in F i g u r e 3-6„3c. The hor izonta l t ravel ing m o n i ­
to r plot shows only s m a l l var ia t ions f rom a plot made with s tandard flattened 
zone rod configuration. 

3-6.4 Half-Rod Cal ibrat ions 

This exper iment was designed to evaluate the 3.5% Li -Al 
hal f - rods and to de te rmine the i n t e r - r o d shadowing effects of var ious num­
b e r s of r o d s . The rods w e r e ca l ibra ted in t e r m s of AB^ naeasured by c r i t i ­
ca l nnoderator heights . 

Rods b and d in control posi t ions 2, 4 , 5, and 7 were se t at 
2.8 inches and 0.75 inch, respec t ive ly , and these set t ings were not changed -
during the cour se of the exper iment . This was done to keep the c r i t i c a l 
wa te r height at levels approximate ly twice the ha l f - rod length. Control p o s i ­
tion 1 was empty. 
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Various rods in control posit ions 3 and 6 were changed, and 
m e a s u r e m e n t s of c r i t i ca l heights were taken. In al l cases the rod set t ings 
in cont ro l posi t ions 3 and 6 were ident ical . Table 3-6.4a gives the c r i t i ca l 
heights for these rod se t t ings . The cen te r s of the half-rods were set e i ther 
at one-half the c r i t i ca l height or 10 inches below th i s . 

Table 3-6.4a 

CRITICAL HEIGHTS WITH F U L L AND HALF-RODS 

^ , . -.̂  . .. -. , / Cr i t ica l Height Rods m Posi t ions 3 and 6 , ^ (cm) 

1) No rods 223.28 
2) 1 full rod 244.54 
3) 2 full rods 262.98 
4) 3 full rods 275.22 
5) 1 centered hal f - rod 241.62 
6) 1 half - rod 10" below cen te r 240.60 
7) 1 full rod plus 1 cen te red hal f - rod 256.78 
8) 1 full rod plus 1 ha l f - rod 10" below center 256.20 
9) 2 fu l l r o d s p l u s 1 c e n t e r e d h a l f - r o d 271 .54 

10) 2 ful l r o d s p lus 1 h a l f - r o d 10" be low c e n t e r 271.08 

R e s u l t s f r o m t h e e x p e r i m e n t a l da t a w e r e d e t e r m i n e d in 
t e r ims of AB^. T h e fo l lowing e q u a t i o n w a s u s e d : 

AB^ = TT̂  
1 

(Hi + Si + S2)' (H2 + Si + S2)' 

Si and S2 a r e t h e r e f l e c t o r s a v i n g s a t t h e t o p and b o t t o m of t h e r e a c t o r . T h e 
s u m of Si and S2 w a s t a k e n t o b e 12 c m . T h i s v a l u e w a s t h e n d iv ided by 2 to 
o b t a i n t h e v a l u e in t e r m s of a s i n g l e c o n t r o l p o s i t i o n . T a b l e 3 - 6 . 4 b g i v e s t h e 
c h a n g e in c r i t i c a l h e i g h t s in t e r m s of AB^ (cm~^). 

H a l f - r o d p e r t u r b a t i o n e f fec t s a r e p r e s e n t e d in T a b l e 3 - 6 . 4 c . 
In e a c h c a s e the h a l f - r o d w a s m.oved 10 i n c h e s down f r o m t h e w a t e r c e n t e r 
of t h e r e a c t o r , and t h e c h a n g e in c r i t i c a l m o d e r a t o r he igh t w a s m e a s u r e d , . . 
T h e s e d a t a have a l s o b e e n d i v i d e d by t h e 6.3 f a c t p r g iven in S e c t i o n 4 - 3 . 2 to 
c o r r e c t t o a C P - 6 t y p e r e a c t o r . (The 6.3 c o r r e c t i o n f a c t o r i s m a d e u p of a 
3.76 s t a t i s t i c a l we igh t f a c t o r and a 1.67 c o r e he igh t r a t i o . If t h e p e r t u r b a t i o n 
e3(tends t h e fu l l l eng th of t h e c o r e , only t h e 3.76 f a c t o r i s u s e d . ) /''•'' ' ^, 
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T a b l e 3 -6 .4b 

^B^ P R O D U C E D BY ROD CHANGES 

C h a n g e in C o n t r o l P o s i t i o n s 3 and 6 
by A d d i n g : 

1) 1 fu l l r o d to e m p t y p o s i t i o n 
2) 2 fu l l r o d s t o e m p t y p o s i t i o n 
3) 3 ful l r o d s t o e m p t y p o s i t i o n 
4) 1 c e n t e r e d h a l f - r o d t o e m p t y p o s i t i o n 
5) 1 h a l f - r o d 10" b e l o w c e n t e r t o e m p t y p o s i t i o n 
6) 1 fu l l r o d and 1 c e n t e r e d h a l f - r o d t o e m p t y p o s i t i o n 
7) 2 ful l r o d s and 1 c e n t e r e d h a l f - r o d to e m p t y p o s i t i o n 
8) 1 c e n t e r e d h a l f - r o d t o 1 fu l l r o d 
9) 1 h a l f - r o d 10" b e l o w c e n t e r t o 1 ful l r o d 

10) 1 ful l r o d to 1 fu l l r o d 
11) 1 c e n t e r e d h a l f - r o d t o 2 ful l r o d s 
12) 1 h a l f - r o d 10" be low c e n t e r t o 2 ful l r o d s 
13) 1 fu l l r o d t o 2 ful l r o d s 

AB^ X 10* (cm-2) 

16.47 
27 .63 
33.84 
14.46 
13.73 
24 .15 
32 .06 

7.68 
7.34 

11.17 
4 .43 
4 . 2 1 
6.24 

T a b l e 3 - 6 . 4 c . 

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

P e r t u r b a t i o n 
f r o m C e n t e r 

10" 

10" 

10" 

N u m b e r of F u l l R o d s 
Shadowing H a K - r o d s 

0 

1 

2 

A B ^ x l O * (cm-^) 
Z P R - I I 

0,73 

0.34 

0.22 

C P - 6 

0.12 

0.054 

0 .035 
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3-7 Rooftopping 

3-7.1 Purpose 

In ZPR-II with its l imited height (9 ft) the deviation of the 
ver t i ca l flux dis t r ibut ion from a cosine due to normal half-rod positioning 
is so smal l that the observed flux dis t r ibut ions cannot be used to check the 
methods of calculat ion. . The development of rel iable calculational methods 
rs~required for C P - 6 because of the g rea t e r deviations from the cosine 
dis t r ibut ion to be expected the re and because the flux distr ibution cannot 
be m e a s u r e d d i rec t ly in C P - 6 while operating at high power. InTthis exper-

-MTrent, a number of control rods (2 to 5) were inser ted in each of the cent ra l 
hexes in such a manner as to r each halfway into the reac to r , leaving the 
bottom half uncontrol led. This allowed the study of the condition of maximunn 
deviation fronn the cosine and how this curve converts into a cosine curve 
out in the buckled zone„ 

Section 4-4 p re sen t s the comparison between the observed 
flux distr ibution and that calculated using a s ingle-group diffusion theory. 

3-7.2 Flux P a t t e r n s with Control Rods in Halfway 

The lat t ice that was used for this experiment is the s tandard 
configuration with 234 Q-tubes , and septafoils 1 through 7 loaded with 3.5% 
Li-Al control r o d s . Posi t ions 8 to 19 have no control rods , but the even-
numbered ones have empty septafoils in them. The r e s t of the positions 
have the cen te rs loaded with Q- tubes . 

This exper iment consis ted of insert ing two rods halfway 
in the pi le , finding the c r i t i ca l height, and then making flux measu remen t s 
by the ve r t i ca l t ravel ing moni tor and the horizontal t ravel ing moni tor . In 
addition, m e a s u r e m e n t s were made with indium foils and uranium pins . 
Next, t h ree , four, and then five rods were inser ted, and the preceding m e a s ­
u remen t s repea ted . The table below shows the cr i t ica l heights found with 
the var ious rods inser ted : 

Posi t ions of Ends of Control Rods Water Height (zp) 

Two rods at 40" (b and g) 78.2 " 
Three rods at 42"' (b, d, and g) 82 .0" 
Four rods at 42 .5" (a, b, d, and g) 86.6 " 
Five rods at 44" (a, b, d, e, and g) 86.9 " 

-Note that the rods do not come exactly in the middle of the r eac to r . This 
was because the c r i t i ca l height was not exactly predic ted when the rod 
sett ings were made . 
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Four types of m e a s u r e m e n t s were made in each experinnent. 
They were hor izontal t ravel ing moni tor m e a s u r e m e n t s , ve r t i ca l t ravel ing 
moni tor m e a s u r e m e n t s , indium foil m e a s u r e m e n t s in the nnoderator, and 
squirc le m e a s u r e m e n t s inside the Q- tubes . The m e a s u r e m e n t s were in the 
following p laces : the hor izontal t ravel ing monitor at the 55" level, midway 
between the line shown in F igure 3-3.4d as the I -beam axis and the line 
through the center of the next row of Q^tubes, immediate ly to the southwest 
of i t | the ve r t i ca l t ravel ing monitor in the position shown in the d iagram 
closes t to the center , between hex #1 and hex #7; the indium foil holders in 
posit ions 3, 4, 6, 5s and 8| and the u ran ium pins in the squirc le holders in 
Q-tubes 35G, 35C, 18E, 1 8D, 6A, 6 B , and I F . 

The indium foil holders were loaded so that the g rea te s t 
number of foils would be on the edge of the flattened zone. Foil holders #3 
and #8 were loaded with six foils ap iece . The f i rs t foil was 8" above the 
bottom of the r e a c t o r , and the succeeding foils were spaced at 12" apa r t . 
Foil holder #5 had i t s f i rs t foil 8" above the r eac to r bottom and its suc­
ceeding foils 6" apar t , making a total of twelve foils . Foi l holders #4 and 
#6 had twenty foils ap iece . The f i rs t foils were 2" above the bottom of the 
r eac to r , and the succeeding foils were spaced 4" apar t . 

The squi rc le holders were all loaded evenly with uran ium 
pins . The f i rs t pin was 7.56" above the bottom of the r e a c t o r , and the suc­
ceeding nine pins were spaced 8.47*' apa r t . In the pin holders these pos i ­
tions cor responded to the center of slugs in the Q-tube. 

It should be noted that all these m e a s u r e m e n t s will suffer 
somewhat from local per turba t ions caused by control r o d s . Cor rec t ions 
for these could be made by re fe r r ing to the flux t r a v e r s e s in Section 3 -3 . 

F igure 3-7.2a shows the flux in the path of the horizontal 
t ravel ing moni tor . The dotted line is for two rods , the dot-dash line for 
th ree rods , the dash line four r o d s , and the solid line five r o d s . All these 
readings have been normal ized in the buckled zone. The high hill on the 
left cor responds to pass ing uncontrol led posit ions in hex 12. The cent ra l 
hill co r responds to hex 1, and the hill on the r ight cor responds to hex 6. 

F igu re 3-7.2b shows the ver t i ca l t ravel ing monitor r u n s . 
It should be noted in this figure that the ve r t i ca l ax is , instead of being ex­
p r e s s e d in inches , is expres sed in per cent of height. The reason for this 
is that the height var ied somewhat depending on the number of rods that 
were inser ted and made an unrea l c ro s sove r in flux va lues . Here again the 
dotted line is two r o d s , the dot -dash line th ree rods , the dash line four rods , 
and the solid line five r o d s . 

F igu re s 3-7.2c, d, e, and f r e p r e s e n t the indium foil data 
taken during these r u n s . F igu re 3-7.2c r e f e r s to two rods in each control 
posit ion. F igure 3-7.2d to th ree rods , e tc . These foil act ivi t ies were not 
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cor rec t ed for Cd r a t i o . The highest curve is represen ted by the foils in 
foil holder 3, the next highest in foil holder 4, the next in 6, the next in 5, 
and the las t in 8. 

F igu re s 3-7.2g, h, i, and j give the fluxes measured in the 
s q u i r c l e s . The top curve is the measu remen t in squircle I F , and the bottom 
curve is in 35G, The other curves follow in o rder between them. The u r a ­
nium pin counts that were used in this exper iment were not cor rec ted for 
fast fission effects or fission resonance effects. 

3-8 Wilkins Effect 

3-8.1 Purpose 

The flux i nc r ea se near the ends of fuel slugs separa ted by 
gaps or space r s of low absorpt ion ma te r i a l is known as the Wilkins effect 
(J . E . Wilkins, J r . , CP-1989 (1944)). In ZPR-II , the uncanned uranium slugs 
a r e 8.1" long, 1" in d i ame te r , and a r e separa ted by aluminum space r s which 
a r e 0.370" long and l " in d i ame te r . These spacers were inser ted to s imulate 
the ends of the cans on the C P - 6 s lugs . 

This exper iment m e a s u r e d the details of this flux d is t r ibu­
tion, r equ i red for the calculation of heat and plutonium production in the 
fuel slug and for the accura te de terminat ion of the lat t ice constants . Meas­
u remen t s were a lso made with double thickness space r s to provide infor­
mation from which the effect of varying spacer thickness can be computed. 

3-8.2 Exper imenta l P r o c e d u r e 

The lat t ice was the s tandard ZPR-II lattice containing 
234 Q-tubes , 12 safe ty-rod th imbles , 6 horizontal t raveling monitor th im­
b l e s , and 2 v e r t i c a l t ravel ing moni tor th imbles . 

The control rod configuration was that for the s tandard 
flattened zone, with all d rods at 0.75"', g rods at 16.7", and b rods at 65" . 
The measurennents were made in Q-foil I E , fuel tube 1. The top view of 
the pin posi t ions , the Q-foi l , and i ts dimensions a r e shown in F igure 3-8.2a. 

The special ly machined fuel slug and uranium pin holder 
a r e shown in F igure 3-8.2b. (During photographing the pin holder was in­
adver tent ly turned 180°. The r ight end of the pin holder , as shown, matched 
the end of the slug during measuremen t s . ) The fuel slug is of s tandard s i ze . 
The uranium pin holder is 6.26" long, 0.995 " wide, and 0.121" thick. It fitted 
very tightly into the slot in the fuel slug, and was reposit ioned for every run 
by the 1" long pin shown sticking out of the slug. The dri l led hole shown on 
the r ight end of the slug positoned the slug in the finned tube, which in turn , 
was positioned in the Q-foil as shown in F igure 3-8.2a. 
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The uran ium pins which were act ivated a r e 0.120" long and 
1/16" in d i ame te r . About 220 of these were weighed and in te rca l ib ra ted in 
C P - 2 . 

The posit ions of the pim holes and the labeling device used 
to number these holes a r e shown at the bottom of F igu re 3-8.3a. In al l of 
the runs pins were inse r ted in holes at posi t ions a, b, c, d, e, f, and g in 
rows 1 and 17, and in posit ions a, d, and g in rows 2 - 8, 1 0 - 16, 19. 21 , 23 , -
and 25 . 

To facili tate i ts r emova l after a run, the special slug was 
placed in a shor t sect ion of finned tube, and th ree other slugs along with the 
p roper space r s placed on top of i t . This was then placed in Q-tube IE , in 
which fuel rod 1 had been shortened to contain only 8 s lugs . 

Each run was 40 minutes long at 85 watts (flux ' \>10^, When 
the slugs were removed after a run, the gamma activity was 250-300 m r / h r 
at l" . A lead cave with a leaded g lass window was built and used whenever 
the hot slug was handled. 

Measu remen t s were made on four different spacer configu--
r a t i ons . In Case I, the space r s were 0.370" long, the mid-points of the four 
s p a c e r s in the Q-foil at each level being coplanar; i .e . , uns taggered . M e a s - . 
u r e m e n t s f rom the tank top showed they were aligned to within t 0.020*'. 
In Case II, the 0.370" space r s were used, and fuel tube 2 was r a i s ed 2.12", 
fuel tube 3 was r a i s ed 4.24", and fuel tube 4 was r a i s ed 6.36". The length 
of a fuel slug plus a spacer is 8.470", and so in this case the spacer mid­
points of the 3 adjoining fuel tubes were s taggered evenly over the length of 
the specia l s lug. In Case III, 0.740" a luminum space r s were inse r ted be ­
tween al l the slugs in a l l 4 fuel tubes , and the spacer mid-points were un­
s taggered . Measu remen t s f rom the tank top showed this to be t rue to within 
i 0.040". In Case IV, 0.740" s p a c e r s were used, and the spacer mid-points 
were s taggered evenly as in Case II: fuel tube 2 was r a i s ed 2 .21" , fuel tube 3 
was r a i s e d 4.42", and fuel tube 4 was r a i s ed 6.63'". Two runs were made for 
each case , and s ix 1/2" u ran ium pins were placed in the squi rc le of Q-foil 6A 
to m e a s u r e the power var ia t ion between r u n s . 

3-8.3 Exper imenta l Data 

The raw counts for all eight runs were co r r ec t ed for counter 
dead t ime , background, decay, and power va r i a t i ons . They were then n o r ­
mal ized by making the act ivi ty of the pin in posit ion ^ , at the mid-point of the 
slug in Case I, run 2, equal to 100. The two runs for each case were averaged, 
point by point. 

Cor rec t ion factors from the pin ca l ibra t ion were applied, and 
co r r ec t ion fac tors were applied at each pin level for thp macroscop ic cosine 
var ia t ion of the flux in the ve r t i ca l d i rect ion, as m e a s u r e d with the ve r t i ca l -
t ravel ing moni to r . The pin act ivi t ies a r e uncor rec ted for Cd r a t i o . 
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Counting r a t e s at the beginning of counting t ime were about 
6000 c t /min , dwindling to 1400 c t /m in at the end of counting t ime . Such low 
counting r a t e s show up in the sca t t e r of the plotted points and aifect the 
ove r -a l l accuracy of the exper iment , which is about 5% when all the e r r o r s a re 
taken into account. Increas ing the exposure t ime beyond 40 minutes would 
not help appreciably because activity in the r eac to r vicinity would prevent 
immedia te removal of the s lugs . 

T h e co r rec t ed ver t i ca l Iflux plots in the slug a r e shown for 
Cases I, II„ III, and IV, posit ions j ^ and_g^ in F igures 3-8,3a, b, c, and d. The 
flux plots for posit ion d (axial position) a r e shown for al l four cases in F ig ­
u r e 3-8.3e. F igure 3'=8.3f shows the flux distr ibution a c r o s s the rod d iam­
eter for the four cases for rows 1 and 17. The e r r o r s shown a re s tandard 
e r r o r s . A table of the conclusions is given below. 

Table 3-8.3 

FLUX VARIATIONS IN A ZPR-II SLUG 

Case 

I 
II 
m 
IV 

Al Spacer Thickness 

0.370", slugs unstaggered 
0.370", slugs staggered 
0.740", slugs unsuggered 
0.740", slugs staggered 

Fission Flux Ratio of Slug End to Slug Middle 

Squircle Side 

1.21 
1.14 
1.37 
1.18 

Axis 

1.20 
1,24 
1.30 
1.25 

Outside 

1.14 
1.11 
1.15 
1.15 

The end effect extends about 1.1" for Cases I and II, 2.0" 
for Case III, and about 1" for Case IV. Compar ison of these r e su l t s with 
those of J . L. Hyde is found in Section 4»9o5. 

3-8-4 Note on Cal ibrat ion of Pins 

A s ta t i s t i ca l analys is of the pin cal ibrat ion data was made, 
fitting a r e g r e s s i o n line to the sca t te r plot of co r rec ted counts v s . weight. 
The pin weight co r rec t ions were obtained from this r e g r e s s i o n l ine. The 
analys is showed that 30% of the var iance in the counts could be accounted for 
by a l inear count-weight re la t ionsh ip . It is thought that a good deal of the 
remaining e r r o r var iance could be accounted for with the s ta t i s t ica l e r r o r s 
of the counting and decay cor rec t ion p rocedure , but a s ea rch failed to disclose how 
to compute the e r r o r var iance when the points have a s ta t i s t ica l e r r o r them-

_selves. 
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3-9 Depleted Uranitim Study 

3-9.1 Pu rpose 

Depleted uran ium exper iments w e r e undertaken to study the 
feasibil i ty of par t ia l ly loading a C P - 6 type r eac to r with this m a t e r i a l . Enough 
depleted u ran ium slugs w e r e on hand to load seven Q-foils with 12 slugs/f inned 
tube. The depleted slugs a r e 8.1 inches long, 1 inch in d i ame te r . The U *̂̂  
content in the depleted fuel is 0.491 t 0.005% by weight. 

Cr i t i ca l water heights w e r e measured with depleted and n a t ­
u r a l u ran ium for s e v e r a l control rod configurations with the ZPR-I I la t t ice . 
The disadvantage factors w e r e m e a s u r e d for the s tandard cell of a depleted 
buckled zone la t t ice . Stainless s t ee l poison rods (SS-304) w e r e inser ted in 
the squ i rc les of six na tu ra l Q-foils in an a t tempt to ma tch the poisoning of 
the depleted me ta l . 

3-9.2 Cr i t i ca l Heights and Horizontal P r o b e T r a v e r s e s 

Table 3-9.2 gives the c r i t i ca l heights and rod configxirations 
for compar i son of the depleted and na tu ra l me ta l . 

Comparing runs 1 and 3, it is seen that replacing six na tu ra l 
Q-foils with six depleted in Q-foil posi t ions lA, IB , IC , ID, 1E, and 1 F r e s u l t e d 
in an i n c r e a s e in c r i t i c a l height of 6.87 inches . Using an ave rage 6p/6h of 
21.75 ih/cm., the negat ive reac t iv i ty due to depletion is (21.75) x (6.87) x (2.54),_ 
o r 379 Ih, o r 63 ih/Q-foiL 

Comparing runs 5 and 9 and using an a v e r a g e 6p/6h of 9.2 i h / c m , 
the negat ive reac t iv i ty of the depletion is (97.02-81.6) x (2.54) x (9.2) or 360 ih, 
o r 60 ih/Q-foi l . 

Runs 8(a), (b), and (c) show the amount of poison needed in 
the form of control rods to produce the s a m e c r i t i ca l height a s found with the 
depleted. 

Runs 2 and 4 w e r e an a t tempt to produce identical control 
rod configurations in o r d e r to c o m p a r e the depleted and na tu ra l loadings 
with a fair ly well flattened tank. Identical control rod posi t ions could not 
be obtained h e r e ; the re fo re , runs 5 and 9 w e r e subst i tuted, in which t h e r e 
was one control rod p e r control hex. 

In run 6, u ran ium pin ac t iv i t ies w e r e obtained to map the 
flux in a s tandard buckled zone cel l . 

The hor izonta l t ravel ing moni tor data (55 inch level) a r e 
plotted in F i g u r e 3-9.2 for runs 5, 6, and 9. These data w e r e normal ized 
from 15 inches to 35 inches and 125 inches to 140 inches . 
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Table 3-9.2 

CRITICAL HEIGHTS FOR NATURAL AND DEPLETED U 

Run No. 

1 

2 

3 

4 

5 

6 

7 

8(a) 

(b) 

(c) 

9 

Metal 

Natura l 

Na tura l 

Depleted 

Depleted 

Depleted 

Depleted 

Natura l 

Natura l 

Natura l 

Natura l 

Natura l 

La t t i ce Pos i t ion 
of Metal 

En t i r e tank 

En t i r e tank 

lA, I B , IC, ID, 
IE , I F 

lA, I B , I C , ID, 
I E , I F 

lA, I B , I C , ID, 
IE , I F 

lA, I B , I C , ID, 
I E , I F , IG 

One SS-304 rod 
inser ted in Q -
foils l A - l F 
1/4" dia. rod 
1/2 " dia. rod 

En t i r e tank 

E n t i r e tank 

En t i r e tank 

En t i r e tank 

Control Rod 
Configuration 

No rods 

ld -7d at 0.75" 
lg-7g at 16.7" 

No rods 

l d - 7 d a t 0.75" 
l g - 7 g a t 7.6" 

l b -7b at 55" 
lg-7g at 4" 

2b-6b a t 2 . 8 " 

No rods 

lb, 6b, 7b at 2 .8" 
5b a t 58.5" 

l a , Id a t 0.75" 
ib at 2.6" 
le , Ig at 22.32" 

l b - 7 b at 38.0" 

l b - 7 b at 55" 
l g - 7 g a t 4" 

Cr i t ica l 
Height 

(in.) 

66.45" 

100.77 

73.32 

110.15" 

', 

97.02 

' 

93.95 

66.95 ' 
68.29 

73.32 

73.32* 

73.32 

81.6" 
1 

Temp. 

21.5 

21.6 

21.5 

22.1 

21.7 

21.3 

21.3 
21.3 

21.3 

22,2 

22.2 

22.2 

*P i l e had negat ive per iod of 300 s e c , o r negative react iv i ty of about 
11 ih. 
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3-9.3 Cell T r a v e r s e 

Cell t r a v e r s e s of a depleted buckled zone cell w e r e made in 
a manner s i m i l a r to that descr ibed in Section 3-3 . Two pin r\ms w e r e made 
and normal ized , and the usua l decay, counting r a t e , and background c o r r e c ­
tions w e r e m a d e . The f latness a c r o s s the cen t ra l cel l a s indicated by the 
travel ing nnonitor showed that no rad ia l co r rec t ions for pin posit ions w e r e 
n e c e s s a r y . 

The pin ac t iv i t ies w e r e normal ized to 1000 at a point near 
the edge of the s tandard cel l . The exper imenta l points , ac t iv i t ies , and isoflux 
l ines a r e plotted on the s tandard cel l in F igu re 3-9 .3 . F o r compar ison 
purposes with the previous buckled zone la t t ice ce l l , a normal iza t ion was 
made in a m a n n e r to make the isoflux line labeled 950 in t e r sec t the long s ide 
of each s tandard ce l l in the s a m e p lace . 

given by: 
If 0 i s the ave rage flux, then the disadvantage factors a r e 

0U 
*u 

*mod 

where *j 

^ c e l l 

0mod 
^ c e l l 

(SAi0i) 

for the u ran ium 

for the m o d e r a t o r . 

Table 3-9.3a gives the per t inent values a s measu red on F i g ­
u r e 3-9.3 for calculating the above. A r e a s w e r e m e a s u r e d in a r b i t r a r y units 
with a p l an ime te r . 

Table 3-9.3a 

CELL CALCULATION FACTORS 

Uranium 

Moderator 

Aluminum 

Cell 

Area 

32.6 

393.2 

1.2 

427.0 

f«iAi 

16280 

342790 

706 

359780 

T h e r m a l 
? [ 0 i ( c o r r . ) ] A i 

15430 

342790 

706 

358930 
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The fast f ission factor (x/y) in the fuel is calculated from: 

= 1 + ^ 
y 

Jl . . 
^'s ^̂ s 

, w h e r e 

X = n u m b e r of f a s t f i s s i o n s 

y = n u m b e r of s low f i s s i o n s 

e = 1.033 

Vf = n u m b e r of n e u t r o n s / f a s t f i s s i o n 

Vg = n u m b e r of n e u t r o n s / s l o w f i s s i o n , and 

Vf = Vs = 2 .50 

T h e f a s t f i s s i o n f a c t o r i s t h e n 0 .055 . It t hen fol lows t h a t 
5 .2% of t h e t o t a l f i s s i o n s a r e f a s t o n e s . T h e a v e r a g e flxix in t h e u r a n i u m i s 
c o r r e c t e d to t h e t h e r m a l v a l u e by s u b t r a c t i n g 5.2% of t h e a v e r a g e flux in 
t h e fuel e l e m e n t f r o m e a c h of t h e individxial flux m e a s u r e m e n t s in t h a t e l e ­
m e n t . 

H e n c e t h e t o t a l v a l u e s a r e : 

d^ = ( l 6280/32.6)/(3 59780/427.0) = 499.4/842.6 = 0.593 

^mod ^ (342790/393.2)/842.6 = 871.8/842.6 = 1.035 

The t h e r m a l values a r e given by: 

d^ = (15430/32.6)/(358930/427.0) = 473.3/840.6 = 0.563 

*^mod ^ 871.8/840.6 = 1.037 

^AX = (706/1.Z)/840.6 = 588.3/840.6 = 0.700 

The re is another cor rec t ion , probably smal l , for the Cd ra t io . 
The fast f ission cor rec t ion is p a r t of tiiis, but the var ia t ion of the Cd ra t io 
throughout the cel l was not m e a s u r e d . 

The effective noacroscopic absorpt ion c r o s s sect ion for the 
cel l is given by: 

? (Sa Ad)i 
2 a eff. =-i-

Ac ell 

2 a for na tu ra l uranixim is 0.326 cm~^ based on cTa = 7.70 b. The depleted 
u ran ium contains 0.491% by weight of U^^^, o r an a tomic pe r cent of 0.496%. 
Then 0a for the depleted is 6.21 b . , o r 2 a = 0.263 c m " ^ Taking 2a for D2O 
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as 8 x 10""̂  cm"^, and2a for aluminxim as 0.0134 cm~^, we have: 

(.263) (32.6) (.563) + (8 x 10*^) (393.2) (l.037) + (.0134) (l.2) (0.700) 
2a eff = 427.0 

4.827 + .033 + .011 4.871 
427.0 427.0 

1.141 X 10"^ cm"^ 

Taking D as 0.90, we have L^ = — = 78.9 cm^. 
2a 

These results a re sximmarized in Table 3-9.3b. 

Table 3-9.3b 

ABSORPTION PROPERTIES OF THE 
DEPLETED U LATTICE 

du 

^mod 
2a eff 

L 2 

Total 

0.593 

1.035 

-

-

T h e r m a l 

0.563 

1.037 

1.141 X 1 0 ^ cm-* 

78.9 cm^ 

3-9.4 Poison Rods 

After the crit ical height of 73.32 inches was established for 
depleted uranium in the six central Q-foils (with no control rods), an attentipt 
was made to find how nciuch stainless steel would be needed in the squircles 
of six natural Q-foils in the central position to match this height. (Pb-Hg 
rods were available too, but they were not sealed. Experience with the ex­
ponential showed it to be unwise to put these in the tank in an unsealed con­
dition.) The poison rods extended to full height of the tank. 

Since stainless has a low absorption cross section, the 
critical height should be proportional to the area for snnall changes in water 
heights. Figure 3-9.4 shows the three points obtained in this experiment. 
The extrapolation shows that the depletion is equivalent to one SS-304 rod 
of about 1 inch dlameter/Q-foil. 
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3 - 1 0 Z P R - I I O p e r a t i o n a l E x p e r i m e n t s 

3 - 1 0 . 1 S a f e t y R o d E f f e c t i v e n e s s 

A n e x p e r i m e n t w a s p e r f o r m e d t o m e a s u r e s a f e t y r o d e f f e c ­
t i v e n e s s . T h e c o n f i g u r a t i o n u s e d w a s s e l e c t e d i n o r d e r t h a t c a l c u l a t i o n s 
o u t l i n e d i n t h e r e p o r t t o t h e R e a c t o r S a f e g u a r d C o m m i t t e e , A N L - W H Z - 3 1 8 s 
A p p e n d i x C , c o u l d b e c h e c k e d . 

T o s t a r t w i t h , t h e Z P R - I I l a t t i c e w a s u s e d w i t h a l l s a f e t y 
a n d c o n t r o l r o d s r e m o v e d . C l e a n c r i t i c a l h e i g h t w a s 6 6 . 7 2 i n c h e s a t a t e m p ­
e r a t u r e of 2 5 . 0 ° C a t a p i l e p o w e r of 4 . 1 w a t t s . 

A n a t t e m p t t o g o c r i t i c a l w i t h s i x "A" s a f e t y r o d s a l l t h e w a y 
in t h e r e a c t o r w a s u n s u c c e s s f u l . A t 1 1 1 . 0 i n c h e s of w a t e r t h e p i l e w a s j u s t 
b e g i n n i n g t o s h o w m u l t i p l i c a t i o n . T h e A - r o d s a r e t h o s e r o d s of e a c h p a i r 
n e a r e s t t o t h e c e n t e r of t h e r e a c t o r , a n d B - r o d s a r e t h e o u t e r m o s t . 

T h e f o l l o w i n g t a b l e s h o w s c r i t i c a l h e i g h t f o r v a r i o u s r o d 
c o n f i g u r a t i o n s . W a t e r t e m p e r a t u r e w a s a b o u t 2 5 . 0 ° C . 

Table 3-10.1 

SAFETY ROD EFFECTIVENESS EXPERIMENTS 

Safety Rods in Reactor Critical Height (inches) 

None (bare ZPR-II lattice) 66. 72 
lA, 2A. 3A, 4A, 5A, 6A >111. 0 
lA. 3A, 4A, 5A, 6A 105.75 
IB, 2B. 38, 43. 5B. 6B 87.61 
2A 69.80 
2B 69.05 
2A, 2B 71.02 
5A 70.56 
5B 68.49 
5A, 5B 71.71 
4A 69.90 
4B 68.42 
4A, 4B 70.87 
None (check of bare lattice) 66,81 
2A. 2B 71.03 
2A, 2B, 5A, 5B 79.63 
2A, 2B, 5A, 5B, 4A, 4B 88.67 
2A, 2B. 5A, 5B, 4A. 4B, lA. IB 111,7 

The following readings were taken with control rods IB through 
7B three (3) inches above the bottom of the reactor, 

No safety rods 86,45 
2A 93.07 
2B 92.03 
5B 91.23 
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A significant finding from this data as r e g a r d s the control of 
of ZPR-I I i s that ei ther the inner ring of six rods or 4 p a i r s of rods a r e 
sufficient to kil l the r eac to r at the maximum possible water height, 

3-10.2 Reactivi ty v s . D2O Height 

The following table s u m m a r i z e s the m e a s u r e m e n t s of the 
quantity 6(ih)/5H, de te rmined by measur ing the period when the water level 
was ra i sed a dis tance 5H above c r i t i ca l . 

Table 3-10,2a 

REACTIVITY VS. D2O HEIGHT 

Cr i t i ca l Height 
(cm) 

162.0 
171.1 
189.3 
206.8 

169.0 
169.0 
175.7 (r 
175.7 (r 
181.6 (s 
179,6 (s; 
257.7 (d 
271,3 (d 

169,1 
170.4 ' 
170.4 
170,5 
170.8 
171,1-
171,0-
171,1 
171,0 
262 
221 

, 276 
277 

od 
od 

lb) 
lb) 

afeties 
afeties 
and g 

. g 

#5) 
m 

rods) 
, and b rods) 

6(ih)/6H 
( ih /cm) 

27.2 
22.6 
17.4 
12.1 

26,3 
25,31 
22,2 
23,6 
18,6 
20,12 

8,5 
4,38 

25.4 
25,7 
25,1 
26.2 
24.0 
24.6 
22,2 
24.3 
23.8 

7.32 
11,02 

5.90 
4.83 
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The f i rs t se t of data was taken when the reac to r was f i r s t 
s t a r t ed up and was not taken ve ry accura te ly . The second se t was taken 
m o r e carefully when the flattened zone latt ice was loaded into the r eac to r . 
The thi rd se t was a spec ia l exper iment to check this quantity, performed 
with the ZPR-I I la t t ice . The per iods w e r e averages of those taken as the 
power increased f rom about 1 to about 10 watts as read by a number of 
power i n s t r u m e n t s . Readings f rom ins t rument to instrximent and at the 
var ious power levels differed by m o r e than 10% in some c a s e s . 

Table 3-10.2b 

PERIODS AFTER VARIOUS OPERATING TIMES 

Cr i t i ca l Height (inches) 

I nc r ea se in D2O Height 
(inches) 

k Excess 

Pe r iod (sec) after an 
operating t i m e of 

20 minutes 

1 hour 

1.5 hour 

99 

0.1 

5.56 X 10"^ 

1783 

none taken 

3051 

99 

1 

53.8 X 10"^ 

149 

156.1 

163 

99.03 

2 

105 X 10"^ 

62 

69,7 

72.6 

99.09 1 

3 

155 X 10"^ 

35.8 

38.2 

40 

A plot of the per iod a s a function of k excess for the t h r e e 
different operat ing t i m e s is shown in F i g u r e 3-10.2. Only the values for the 
1, 2, and 3-inch i n c r e a s e s w e r e used, s ince an e r r o r of 10% could easi ly be 
made in m e a s u r i n g the 0.1-inch i n c r e a s e in D2O height. This possible e r r o r 
also accounts for the fact that the per iod was not measu red at the end of o n e -
hour operat ing t ime for the 0.1-inch i n c r e a s e . The power a t which the reac to r 
was operated during this p a r t of the exper iment was 1 watt . The var ious runs 
for different values of k excess w e r e made on different days. 

To obtain m o r e significant information pertaining to this 
subject would r e q u i r e longer lengths of operat ion at a higher flxix level . This 
was not advisable s ince it would have been n e c e s s a r y to wait for a period of 
t ime exceeding one day between runs . 

The number of inhours was determined from a curve c a l ­
culated a s suming only the no rma l f ission delayed neutrons a r e p resen t . This 

-should be fair ly good up to at leas t 20 inhours . 

In g e n e r a l the per iod seemed to i nc rease as the power in ­
c reased during the s a m e exper iment . Also the per iods for a given p e r t u r b a ­
tion seemed to get longer after the pi le had been running for some t ime. The 
exper iments w e r e not accu ra t e enough to give quantitative es t imates for these 
effects. 



An addit ional exper iment was performed to check the period 
for a given i n c r e a s e in D2P level after operat ion for var ious lengths of t ime . 
The r e s u l t s a r e given in Table 3-10,2b. 

3-10.3 Kinetics 

To obtain information pertaining to the delayed photoneutrons 
and the i r effect on the r e a c t o r shutdown, the r eac to r was operated for var ious 
lengths of t ime and s c r a m m e d with the s a m e amount of negat ive react ivi ty in 
each c a s e . The neut ron flux due to spontaneous fission was obtained by m e a s ­
uring the flux when the r e a c t o r was subcr i t i ca l . The ins t ruments used to 
read the power levels of the r e a c t o r w e r e cal ibra ted in t e r m s of the ave rage 
flux throughout the r e a c t o r . Measurennents of the per iod, due to the s a m e 
amount of excess k for var ious lengths of operating t ime , w e r e made . This 
was repeated for different amounts of excess k. 

The r eac to r was opera ted a t a power of 80 watts for 5 m i n ­
utes with the following control rod configuration: 

2b, 3b, 4b, 5b, 6b, and 7b a t 0,75 in. 

2d, 3d, 4d, 5d, 6d, and 7d at 0,75 in, 

al l o the r control rods removed. 

After the r eac to r was s c r a m m e d with the #6 pa i r of safety rods , the power 
level was read every 10 seconds xintil the power was decreas ing a t a s teady 
r a t e . The p rocedure following the 5-minute run was repeated after the r e ­
ac tor had been operated for 20 minu tes , 1 hour, 2 hours , and 3 hours and 
10 minu tes , a t a power of 80 wat ts with the previously l i s ted control rod c o n ­
figuration. The flux decay curves a r e shown in F igu re 3-10.3a, 

Scramming the r e a c t o r with the #6 pa i r of safety rods with 
the previously l isted cont ro l rod configuration is equivalent to dropping the 
D2O height from the c r i t i ca l height of 99 inches to 84.6 inches . This c o r r e s ­
ponds to a mult ipl icat ion of 104 after the s c r a m . 

The t ime dependence of the flux during slow and fast shu t ­
down was invest igated. Two typical cu rves a r e shown in F i g u r e 3-10.3b. 
The pi le , which has been operat ing for two hours a t 4.1 wa t t s , was operated 
for s e v e r a l minutes a t 80 watts (about 10* n / c m ^ / s e c ) . The pile was shut 
down with the #3 and #6 p a i r s of safety r o d s . In one c a s e the rods w e r e 
dropped; in the other they w e r e lowered in 77 s ec . In the c a s e of the fast 
shutdown, the cen t r a l seven control posi t ions contained a, b , d, e, and g rods 
at 44 inches . F o r the slow shutdown, the control posi t ions contained rods 
b , g, and d a t 42 inches above the tank bottom. 
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In o r d e r to de te rmine the effects of fast neutrons and gamma 
r a y s on the ins t ruments used to m e a s u r e the power levels in these e x p e r i ­
men t s , the ion chamber of one ins t rument was covered with 0.020 inch of 
cadmium while the 3 hour 10 minute run was being made . This ins t rument 
had previously been ca l ibra ted in t e r m s of a second ion chamber which was 
approximate ly the s a m e d is tance f rom the r eac to r . The rat io of the curves 
decreased f rom about 14 at s c r a m to approximately 10 a t 35 minutes after 
s c r a m . The r e s u l t s a r e shown for the f i r s t 20 minutes after s c r a m in F i g ­
u r e 3-10.3c, 

3-10.4 Spontaneous F i s s ion Neutron Source 

In o r d e r to get a m e a s u r e of the sou rce of neutrons due to 
spontaneous f iss ions in the u ran ium, indium foils that had been cal ibrated in 
the s tandard pi le w e r e placed in the #3 foil holder position. The c r i t i ca l 
height was 99 inches . The D2O was ra i sed to a height of 97.51 inches and 
held for two h o u r s . The foils w e r e removed and counted in the s ame coxinter 
used in the cal ibrat ion, for a t ime sxifficient to reduce counting s ta t i s t i ca l 
e r r o r s to l e s s than 1% . The flux was deterrnined in the s a m e manner for 
D2O heights of 98.01 inches and 98,50 inches . These data a r e discussed in 
Section 4-5 .2 , 

3-10,5 Calibrat ion of Power Level Ins t ruments 

To ca l ib ra t e the ins t ruments used to de te rmine the power 
levels of the r e a c t o r , indium foils w e r e exposed in the r e a c t o r for 20 m i n ­
utes at nominal power readings of 0.5 and 1,5 wat t s . A nominal power reading 
of 1 wat t cor responded to an a v e r a g e flux in the r eac to r of 2.7 x 10^ n/cm^ s e c . 
This co r r e sponds to a t r u e r e a c t o r power of 0,85 watt, 

3-11 Misce l laneous Exper iments 

3-11.1 CP-6 Safety Rod Effectiveness 

The CP-6 r e a c t o r contains 31 safety rods . These a r e 0,81 inch 
d i ame te r solid cadmium rods placed at the cen te r s of t r iangles formed by t h r e e 
control posit ions throughout the flattened zone, in a rat io of one safety rod 
for each cont ro l hex. The change in c r i t i ca l height caused by the introduction 
of, a r easonab le facs imi le of a CP-6 safety rod in ZPR-II has been m e a s u r e d 
to provide data for the calculat ion of the effectiveness of these rods in C P - 6 . 

The experinnent was performed using hollow cadmium rods 
t).9 inch in d i ame te r . These rods contained rubber s toppers to exclude D2O 
during the t es t . A compar i son t e s t was made in one case using a DjO-filled 
rod. With the addit ional a b s o r b e r p r e s e n t , the r e a c t o r would not go c r i t i ca l 
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with the s tandard flattened zone configuration, so the following control rod 
configuration was used: 

a l l d rods a t 0.75 inch 

rod Ig a t 16.7 inches 

g rods 2-7 a t 7 inches 

a l l b rods removed. 

That Is , t h e r e was one full rod and one half—rod in each control posit ion. T h e -
following c r i t i c a l heights w e r e obtained: 

Conditions Cr i t i ca l height 

no cadnciium rods 98.97" 

Cd rod a t (1,2,3)* 103.95" 

Cd rod a t (l ,2,3) without s topper 104.00" 

Cd rods a t ( l ,2,3) and (l ,2,7) 109.30" 

Cd rods a t (2,3,10) 103.60" 

*The safety rod posit ions a r e defined by the numbers of 
the t h r e e adjacent control pos i t ions , a s shown in F i g ­
u r e 2 - 2 . l e . 

The es t imat ion f rom these data of the effectiveness of the 
CP-6 safety rods is given in Section 4 - 1 1 . 

3-11,2 Feas ib i l i ty of Fltix Measu remen t s with Wire Foi ls 

As an a l t e rna t ive to the tedious handling and counting of 
i r rad ia ted foils in exper imenta l flux plot de te rmina t ions , p r e l imina ry s tudies 
w e r e made of the poss ibi l i ty of i r rad ia t ing a w i r e extending the full height 
of the r e a c t o r c o r e and then pass ing the w i r e through an ionization chamber . 

The argon-f i l led ionization chamber consis ted of a 9 inch 
d iameter x 7 inch a luminum cylinder held at a plus.-135 vol t s . The w i r e is 
fed through a p las t ic tube centered in the cyl inder , running the full length. 
The tube is shielded with 1 - l / 2 inches of lead except for a 1 inch sect ion a t 
the center . This p e r m i t s the radiat ion f rom a 1 inch sect ion of the w i r e to 
be m e a s u r e d while in the geome t r i ca l cen te r of the chamber . A copper r ing, 
halfway between the p las t ic tube and the walls of the chamber , and centered 
over the 1 inch exposure sect ion, is used a s the collecting e lec t rode . C u r ­
r en t f rom the ring is fed to a Beckman nnodel V m i c r o - m i c r o a m m e t e r . Here -
it is converted to 120 cps A.C. by a vibrat ing capac i tor , passed through two 
s tages of amplif icat ion, and fed to a 0-10 m v po ten t iomete r - type Brown r e ­
co rde r . Sca le adjus tments can be m a d e on the m i c r o - m i c r o a m m e t e r to cover^ 
the range 3 x 10*^^ to 3 x lO"'^ a m p e r e . 
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T h r e e types of w i r e w e r e t r ied . For compar i son , a constant 
d iamete r of 0,03 inch was chosen. The m a t e r i a l s w e r e copper, gold, and 
85-15% i r o n - m a n g a n e s e . All w e r e i r r ad ia ted for 1 hour a t a flux of 80 wat ts 
in approximate ly equivalent pos i t ions . The wi re s w e r e then counted, and 
the i r act ivi ty checked in a scint i l la t ion counter for any decay cor rec t ion . 

The ac t iv i t ies of the copper and gold w i r e s w e r e too low to 
p e r m i t a c c u r a t e m e a s u r e m e n t . The counting r a t e s w e r e only about double 
the backgroxind. The i ron-^nanganese had an activity about 10 t imes back­
ground, and could be used for exper imen ta l flux plots . 

The data obtained m u s t be correc ted for the decay in the 
w i r e , and the Wilkins effect a t the slug ends causes a per iodic var ia t ion along 
the length. The data may be improved by increas ing the d i ame te r of the wi re , 
using a w i r e with a higher manganese concentra t ion, and by improvements in 
the shielding. Another means of increas ing the accuracy would be to inaprove 
the chamber des ign to max imize the collecting efficiency, o r use a higher a rgon 
p r e s s u r e . 

3-11,3 F lux Distr ibut ion in a Special Fuel Element , 

As p a r t of the Argonne Labora tory r e a c t o r r e s e a r c h p r o -
grana, the r ad ia l d is t r ibut ion of the flux density was measu red in a fuel a s ­
sembly consis t ing of c losely packed na tu ra l u ran ium rods . The bas ic a s sembly 
consis ted of 42 u ran ium rods a r r anged in t h r e e concentr ic r ings containing 
6, 14, and 22 r o d s , respec t ive ly (F igure 3-11.3b), Measu remen t s w e r e made 
for 36 and 20- rod a s s e m b l i e s by removing the inner ring and the outer r ing 
respec t ive ly . 

The u ran ium d iame te r was 0,46 inch, and the drawn aluminum 
cladding was 0,020 inch thick. The conta iner was a 0,051 inch thick a luminum 
cyl inder with 4,822 inch O.D. The cladding was fabricated with t h r ee r ibs on 
each rod, and the rods w e r e posit ioned by top and bottom guide p la tes . 

A na tu ra l u ran ium pin was inser ted in the cen te r of each of 
t h r ee rods (F igure 3—11.3d), one in each ring of the a s sembly . In addition, 
s ix pins w e r e located on the p e r i p h e r i e s of the rods a t the s a m e level a s the 
cen t r a l p ins . The t e s t a s s e m b l y was placed in control posit ion 1 in the center 
of ZPR- I I , The s tandard flattened zone control configuration was used in the 
other s ix cont ro l pos i t ions . The e lement was i r rad ia ted for 20 minutes a t 
80 wat t s . In o r d e r to n o r m a l i z e the fluxes in the t h r ee r u n s , pins w e r e placed 
in the squ i rc l e s of tubes 6-A, 6-B, and 18-D (Figure 2 - 2 . l e ) . The c r i t i ca l 
heights w e r e 102.20 inches , 101.60 inches , and 96.01 inches for the 42, 36, 
and 20-rod a s s e m b l i e s respec t ive ly . 

Horizontal flux t r a v e r s e s taken with the t ravel ing monitor 
a r e shown in F i g u r e 3-11.3a, F i g u r e 3-11.3c shows the flxix levels measu red 
in the t h r e e a r r a n g e m e n t s . 
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4 THEORETICAL INTERPRETATION OF THE EXPERIMENTAL RESULTS 

4-1 Introduction 

This chapter is an at tempt to consider c r i t ica l ly the exper imenta l 
data which have been obtained from ZPR-I I as repor ted in the preceding 
chapter . 

The d iscuss ion falls into two broad ca tegor ies , namely the de t e r ­
mination of the bas ic physics of this type of r eac to r and the answering of 
Specific quest ions concerning the operat ion of C P - 6 , In the physics ca t ­
egory, ZPR-I I has provided data for the p r e c i s e determinat ion of la t t ice 
constants , for the conaparison of exponential and other s m a l l - s c a l e ex­
pe r imen t s with a ful l -s ize r e a c t o r , for the checking of theore t ica l methods 
for calculat ing pile behavior , and for getting some understanding of the 
kinet ics of a DzO-moderated na tu ra l u ran ium r e a c t o r . Specific operat ional 
questions which have been answered concern the stabili ty and c h a r a c t e r of 
the flattened zone, "hot tube" cor rec t ion , the sensi t ivi ty of the r e a c t o r , 
and detailed flux s tud ies . 

The genera l conclusions f rom this work a r e : (a) the physics of 
this kind of r e a c t o r is now quite well understood, so that theore t ica l evalu­
ations can be made with a s s u r a n c e , aided by s m a l l - s c a l e exper imenta l 
t e s t s ; (b) the flattened zone of the r e a c t o r is ve ry s table , and la rge local 
per turba t ions can be introduced to take c a r e of any local si tuations without 
affecting the ove r - a l l operat ion of the r e a c t o r ; and (c) mechanica l deviations 
in dimensions or quality of r e a c t o r components will not se r ious ly affect the 
flux pa t t e rn . 

The operat ional exper iments concerned with flux per turba t ions 
have not been handled from a theore t i ca l standpoint as completely as have 
the exper iments aimed at m o r e bas ic physics cons tan ts . This is due to two 
fac to r s : 

(1) the amount of work involved in in terpre t ing something like the 
ti l t of the flattened zone theore t ica l ly is l a r g e . 

(2) many of the answer s may be obtained in a m o r e readi ly usable 
form with the fu l l -scale Savannah River P D P r e a c t o r . 

Outstanding p rob lems which r ema in a r e : 

(1) a be t te r unders tanding of the kinet ics of DgO-moderated r e ­
a c t o r s , including the effects of photoneutrons , in o rde r to be able to use 
per iod m e a s u r e m e n t s for reac t iv i ty ca l ib ra t ions , 

(2) a convenient method for the theore t i ca l predic t ion of flux d i s ­
t r ibut ions , p re fe rab ly using high speed computing mach ine ry . The method 
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can be normal ized with the ZPR-I I (or PDP) r e su l t s , and could then be used 
to compute the dis t r ibut ion in C P - 6 at any time,, 

(3) m o r e detai led ana lys is of local flux per turba t ions in the full-
sca le P D P r e a c t o r . The effects of orientat ion, control rod t ips , var ia t ions 
in meta l pur i ty , posi t ion of control rods in the S-tubes, Wilkins effect, and 
two-group effects a r e each individually smal l . However, the aggregate of 
a l l these effects may well add up to the l imiting factor on the flatness which 
can be achieved in actual opera t ion . 

4-2 Determina t ion of Pi le Constants 

4-2.1 Buckling, B^. 

Table 4 - 2 . l a l i s t s the va lues of B m e a s u r e d in the expo­
nential and in ZPR-I I . The values differ slightly from those given in 
Table 3-2 ,7 . Here they have been computed from the c r i t i ca l heights using 
a s tandard 6,0 cm ref lec tor saving all around as explained in section 4-2 .8 , 
while the values in Chapter 3 a r e those obtained by fitting the measu red flux 
points to the theore t i ca l c u r v e s . 

Table 4 - 2 . l a 

B^ VALUES FOR ZPR-II AND THE EXPONENTIAL EXPERIMENT 

ZPR-I I :B^ 
r 

Cr i t i ca l 

B^* z 
B^ 

Exponential B 

height 

F . Z . la t t ice 
no S-tubes 

2.27 X lO"* 

162.0 cm 

3.57 X 10-"* 

5.84 X 10"* 

(6.10 X 10"*) 

F . Z . lat t ice 
1 S-tube/hex 

(5.49 X 10"*) 

5.75 X 10"* 

B.Z, lat t ice 

2.27 X 10"* 

177.4 cm 

3.06 X 10"* 

5.33 X 10"* 

5.55 X 10"* 

* B | ; i s conaputed f rom the c r i t i ca l height after adding 12.0 cm 
ref lec tor sav ings . 0.31 x 10 is added to take account of the 
absorpt ion of ex t raneous aluminunn a s explained in Section 3-2.7. 
The number s in p a r e n t h e s e s a r e calculated values assuming a 
AB of 0 . 3 5 x 1 0 " due to the a luminum in the S-tubes. 

The values of B m e a s u r e d in the exponential depend upon 
an average value of Bj.from many runs , and upon individual fits in the v e r t i ­
cal d i rec t ion . Since t h e r e a r e few lat t ice uni t s , the B^ is difficult to m e a s u r e 

r 
and may not co r respond to an infinite l a t t i ce . The m e a s u r e d values in 



ZPR-I I depend on average e s t i m a t e s of the ref lector savings in all d i r e c ­
tions and upon the c r i t i ca l height. Because of the l a r g e r s ize , e r r o r s in 
the ref lec tor savings have a s m a l l e r effect (a half cen t imete r e r r o r in the 
rad ius co r responds to 0.01 x 10"* in B^), and the c r i t i ca l height i s m e a s ­
ured very accura te ly . In addition, a cor rec t ion is made for extraneous 
aluminum, as explained in Section 3-2 .7 . The absolute value of the B 
m e a s u r e d in ZPR-I I is good to within about+0.05 x 10~* (cf. Section 3-2.5). 
The difference between the B^ for the F . Z . and B.Z. l a t t i ces depends only 
on the m e a s u r e m e n t of the c r i t i ca l heights (since the ref lec tor savings 
cancel) and is more a c c u r a t e . In the exponential, the difference between 
the two la t t ices does not depend upon B^ e i ther but does depend upon a fit 
to the theore t i ca l B^ curve , which is not as p r e c i s e a m e a s u r e m e n t as the 
c r i t i ca l D2O level in ZPR-I I . 

B^ for the F . Z , lat t ice with one S- tube/hex was not m e a s ­
ured di rect ly in ZPR- I I . It is infer red from the value for the F . Z . latt ice 
with no S-tubes and from es t ima tes of the difference between the two. 
Three e s t ima te s of this AB have been m a d e , A m e a s u r e d value (Section 
3-2,7) of 0,13 X 10"* i s based on the effect of one S-tube and the m e a s u r e ­
ment of a differential height of 0,2 cm in cr i t ica l height and is not a ccu ra t e . 
The effect of the S-tubes has been es t imated by de termining the volume of 
a luminum assoc ia ted with the unit cell and determining i ts disadvantage 
factor from the flux plot. The Af/f and AK/K can be calculated. This is 
exp res sed as AB^ through the t h r e e - g r o u p c r i t i ca l formula to give 0.40 x 10" 

The other e s t ima te comes f rom the c r i t i ca l height of the 
ZPR-I I la t t ice . This consisted of empty S-tubes in the cen t ra l 13 control 
posi t ions; the next 6 control posi t ions were empty; and the r emainder of the 
r e a c t o r had Q-tubes in every posi t ion, making up the buckled zone. The 
c r i t i ca l height of this loading (with 15 s ta t ionary flux moni to r s inse r ted 
which were not p re sen t in the prev ious measu remen t s ) was I69.O cm. 

There a r e two ways of es t imat ing AB^ due to the S-tubes 
f rom the da ta . The loading can be t r e a t e d as a t h r e e - r e g i o n p rob lem, with 
a cen t ra l region of F , Z , lat t ice with S-tubes, surrounded by an internnediate 
region of F , Z , la t t ice with no S-tubes, and an outer zone of B ,Z , la t t ice . 
Using the values de te rmined previous ly for B^ of the F . Z . sind B.Z . la t t i ces , 
and the observed c r i t i ca l height, the p rob lem can be solved to give the B of 
the cen t ra l zone. This gives a value of AB^ due to the empty S-tubes of 
0.32 X 10"*, (The calculation is normal ized by the u s e of the c r i t i ca l heights 
of the F , Z . and B,Z. la t t ices to de te rmine the i r respec t ive B^ values.) An­
other way is to consider the flattened zone c r i t i ca l height a s being per turbed 
by the B.Z, la t t ice and the empty S-tubes, The a s sumed values and resu l t s 
for th is calculation a r e l i s ted in Table 4 -2 .1b . 

'^•-•' >.S8 
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Table 4 - 2 . l b 

AB^ IN F . Z . LATTICE DUE TO EMPTY S-TUBES 

F . Z . lat t ice 

B.Z. lat t ice 

ZPR-I I la t t ice 

H* (cm) 

174.0 

189.4 

181.0 

B^; X lO'* (cm-^) 

3.26 

2.75 

3.01 

Stat is t ical Weight of B .Z . in ZPR-I I la t t ice: 
AB^ due to B .Z . in ZPR-I I la t t ice : 
AB^ due to S-tubes in ZPR-I I la t t ice : 
Sta t is t ica l weight of cel ls with S-tubes: 
AB^ in F . Z . lat t ice due to empty S-tubes: 

AB^ X 10* (cm"2) 

- -

- 0.51 

- 0.25 

0.117 
0.06 X 10"* cm"^ 
0.21 X lO"* cm"^ 
0.738 
0.28 X 10"* cm"^ 

*H is the c r i t i ca l D2O height plus 12,0 cm for top and bottom 
ref lec tor savings . 

The s ta t ionary moni to r s a r e at 157 cm above the tank bottom, 
or a lmost out of the D2O, and hence should not contribute signif­
icantly to AB^, 

The two good values a r e the 0.40 x 10"* from the volume of 
Al and the cell flux p lo ts , and this 0.28 to 0.32 x 10~* from the c r i t i ca l height 
m e a s u r e m e n t . Table 4 - 2 . l a u s e s a value of 0.35 x 10~* for the AB due to 
the S-tubes, which is the average between the values f rom these two e s t i ­
m a t e s . 

The values l is ted in Table 4 - 2 . l a indicate tha t B^ as m e a s ­
u r ed in the exponential is about 0,2 x 10"* higher than m e a s u r e d in ZPR-II . 
This may be due to an aniso t ropic diffusion a rea , which would make the 
value of B depend upon the geometry of a sys tem in which it i s de termined. 
This is d i scussed in Section 4-2 .10 . In this sense , CP-6 is about halfway 
between the exponential and ZPR-II , so this effect will not be se r ious . 

In using the m e a s u r e d B^ values in calculations involving 
C P - 6 , some allowance should be made for the ext raneous aluminum found 
in CP-6 in the safety and ins t rument th imbles , e tc . 

The theore t i ca l calculation of the difference in B^ between 
F . Z . and B.Z, la t t i ces is d i scussed in connection with the resonance escape 
probabi l i ty in Section 4 -2 .5 , 
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4-2.2 The rma l Diffusion Area , ll 

The data given in Tables 3-3.4 and 3-3.5 pertaining to the 
value of iJ" a r e l is ted in Table 4-2 .2 . 

Table 4-2.2 

DISADVANTAGE FACTORS AND \I VALUES 

Latt ice 

d (^) 
^U 

mod 
Effective 2a cm"^^ ' 

L^ cm^ 

F . Z . 

0.46 

1.055 

0.00982 

92 

B.Z. 

0.51 

1.06 

0.0128 

70 

^^^d.= 0 / 0 e e l l 

^^^Effective Sa = ^ (EaVd)-/ V cell 

The absolute value of L^ obtained in the exper iments d e ­
pends upon the abso rbe r used in making the flux t r a v e r s e , the values of the 
absorption c ro s s sections used (as they a r e affected by the actual neutron 
spec t rum) , and upon the diffusion constant assumed. An at tempt was made 
to reduce the uncer ta in t ies in the diffusion constant to be used (par t icular ly 
as affected by the heterogenei ty of the lattice) and in the absolute values of 
the the rma l c r o s s sections by normal iz ing the resu l t s to the observed r e -
laxation dis tance in an exponential latt ice containing Pb-Hg alloy in place of 
the uran ium (ANL-4997 in prepara t ion) . Flux t r a v e r s e s were made , values 
of the t he rma l c r o s s sect ions were assunned, and an effective 2a connputed. 
Then a diffusion constant can be defined by the product of the observed L 
and the Sa. This diffusion constant, 0.90, and the same the rma l c ros s s e c ­
tions (Section 4-2.9) were used to in te rpre t the ZPR-II r e s u l t s . 

The uncer ta inty due to the higher energy neutron spec t rum 
in ZPR-II would tend to reduce the absolute values of the c r o s s sect ions and , 
i nc rease L . 

In CP-6 , the higher modera to r t e m p e r a t u r e will increase the" 
diffusion constant owing to the dec reased water density and d e c r e a s e the ef­
fective 2a owing to the higher neutron t e m p e r a t u r e s , both of which affect iJ". 
This is d i scussed quantitatively in DPC-172. 

-s. 
200 
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T h e va lue of L in t h e c o n t r o l l e d f l a t t ened zone of C P - 6 
would be b e t w e e n the two v a l u e s in T a b l e 4 -2 ,2 and c l o s e r t o the v a l u e for 
the B . Z . l a t t i c e . 

4 - 2 . 3 M u l t i p l i c a t i o n C o n s t a n t , K 

The m u l t i p l i c a t i o n c o n s t a n t , K, i s a s s u m e d to be r e l a t e d to 
t h e m e a s u r e d v a l u e s of iJ" and B^ t h r o u g h the t h r e e - g r o u p f o r m u l a t i o n : 

K= (1 + L^ 'B^) (1 + TfB^) exp (TgB^) 

wi th Tf = 48 cm^, and Tg = 79 cm^ (cf. B a r n e s et a l . , R e a c t o r Sc i ence and 
T e c h n o l o g y , vo l . 1, No . 2 , p . 41 for d i s c u s s i o n and r e f e r e n c e s ) . The v a l u e s 
f r o m T a b l e s 4 - 2 . l a and 4 - 2 . 2 t h e n l ead to a F , Z , (no S - t u b e s ) K of 1,134; a 
F , Z . (with S - tubes ) K of 1,125; and a B . Z , K of 1.110, If an e r r o r of ±5 cm^ 
c a n be p l a c e d on L^ + r , and of ±0.05 on B^, the e r r o r in K i s ±0 ,003 , wi th 
t h e e r r o r in L the m o s t s e r i o u s . 

4 - 2 , 4 T h e r m a l U t i l i z a t i o n , f 

The d a t a f r o m wh ich the t h e r m a l u t i l i z a t i o n s a r e c o m p u t e d 
a r e t a k e n f r o m t h e d e t a i l e d flux t r a v e r s e s r e p o r t e d in Sect ion 3 - 3 , and a r e 
l i s t e d in T a b l e 4 - 2 , 4 , 

Table 4-2.4 

RELATIVE ABSORPTIONS AND THERMAL UTILIZATION 

Material 

U 

Jacket Al 

Q-tube Al 

Cel l 

2 a ( c m * ) 

0 .326 

9 . 5 X 10"' 

0 .0134 

0.0134 

F.Z. c e l l - no S-tubes 

V ( i n . ^ ) 

6 .28 

8 9 . 9 2 

1.44 

1.34 

98 .98 

d 

0 .46 

1.055 

0 .56 

0 .70 

1.00 

(2a Vd) 

0.9375 

0.0090 

0.0109 

0.0127 

0 .9701 

B.Z. c e l l 

V ( i n . * ) 

0.785 

9 .47 

0. 18 

0. 168 

10.60 

d 

0 .51 

1.06 

0.67 

0 .76 

1.00 

(^aVd) 

0. 1300 

0.0009 

0.0016 

0.0017 

0.1342 

The thernnal ut i l izat ions a r e computed including the (2 a Vd) 
of the aluminum s p a c e r s . This volume is not subtracted from the uranium 
volume, since the increased disadvantage factor at the slug ends (Wilkins 
effect) compensa tes for the volume taken up by the 0.37 inch s p a c e r s . 
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With S-tubes, there is an additional 0.41 in.^ of Al in the F . Z . lattice with 
a disadvantage factor of about 1.5. The t h e r m a l uti l izations a re then: 

F . Z . no S-tubes 0.9645 

F . Z . with S-tubes 0.9563 

B.Z. 0.9665 

Since the the rma l ut i l izat ion is near unity, the values a r e 
quite accu ra t e . The major sources of e r r o r a r e the to le rances on the alu­
minum purity and th ickness , and the amount of light water in the D2O. The 
values should be good to within about 5 per cent in (1 - f), or t0 .002 . 

4-2 .5 Resonance Escape , p 

The difference between the bucklings of the F . Z . and B.Z, 
la t t ices can be es t imated from the basic latt ice constants and compared 
with the observed difference to give a check on the consistency of the con­
stants involved. Table 4-2.5a l i s t s the exper imenta l data. 

Table 4-2.5a 

AB^ BETWEEN F . Z . AND B.Z. LATTICES 

F . Z . no S-tubes 

B.Z. 

AB^ cm"2 X 10* 

ZPR-II 
Cr i t i ca l Height 

(cm)(0 

174.0 

189,4 

(cm"^ X 10*) 

3,26 

2.75 

0.51 

Exponential B^ 
(cm"2x 10*) 

6.10(2) 

5.55 

0.55 

^ 'Including 12.0 cm ref lector savings (Section 4-2.8) . 

v'^JCalculated from the exper imenta l B obtained with S-tubes, a s ­
suming AB^ due to S-tubes is -0.35 x lO"* (Section 4-2.1) 

The AB value of 0.51 x 10"* obtained from the difference in 
c r i t i ca l heights in ZPR-II assuming constant ref lec tor savings is considered 
the bes t value, since it is not subject to curve fitting e r r o r s , as in the case 
of the m e a s u r e m e n t of the absolute value of B^. 

^• -̂-•: .'02 
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F r o m Section 4 -2 .3 , the difference in K in going from the 
F . Z . to the B.Z. lat t ice is -0.024, giving a value of AK/Kp 2, ' °^ -0 .02. An 
es t imate of the probable e r r o r in A K / K ^ 7, • ^^® mostly to uncer ta in t ies in 
AL^ and AB^, is about +0.002, or l e s s than the uncer ta in t ies in the absolute 
values of L and K. 

In going from the F . Z . to the B.Z, la t t ice , the t h e r m a l uti­
l ization is i nc reased slightly by the higher fuel to modera tor ra t io , giving 
Af/f = 0.0020. Assuming e does not change, A p / p p 7̂  must be -0.023 +0.002, 

Two assumpt ions for calculating the change in p between the 
two la t t ices could be m a d e . These a r e : (l) p ^ ^ = (pp ^ V^^\ and (2) 
(1 - p) = (7/6) (1 - p) , The f irst a s sumes that the resonance disad­
vantage "factor r ema ins unchanged (it i s nea r unity, about 0.9, anyway) and 
that the seventh Q-tube p e r hex absorbs the same fraction of the resonance 
neutrons remaining as the average of the other six, taking into account the 
d e c r e a s e in the total nunmber of such neutrons due to absorption by the other 
Q- tubes . The second assumpt ion is that the number of neutrons absorbed 
by the seventh is the same as the average number absorbed by the other six, 
which does not take into account the absorpt ion of the other six on the total 
number of resonance neu t rons . Briefly, assumption (l) would be exactly 
right for a homogeneous resonance abso rbe r , o r for a heterogeneous one 
which absorbs over a wide energy range . The second would be right for 
heterogeneous fuel e lements which did a l l thei r absorbing in a single, sharp 
resonance peak. The actual absorpt ion is between the two but is spread 
over a considerable energy range . Also the surface t e r m in the effective 
resonance absorpt ion in tegra l is only about 10 pe r cent of the volume t e r m . 
Thus the f i r s t assumpt ion seems be t t e r . 

F o r compar i son . Table 4-2.5b l is ts the values of p for the 
B.Z, lat t ice to be expected from each of the two assumptions for var ious 
values of p,., „ 

Table 4 .2 .5b 

CALCULATED p „ ^ FOR VARIOUS ASSUMED p ^ ^ 
B.Z. F . Z . 

1 

Assumed 

Pp.z, 

0.8400 
,8500 
.8600 
,8700 
.8800 
.8900 

Assumption (l) 

^ B .Z , 

0.8159 
.8273 
,8386 
.8500 
,8613 
.8729 

-Ap /Pp 2 , 

0.0287 
.0267 
,0249 
,0230 
.0213 
.0192 

Assumption (2) 

P B . Z . 

0.8133 
.8250 
.8367 
.8483 
.8600 
.8717 

" ^ P / P p . Z . 

0,0318 
,0294 
.0271 
.0249 
,0227 
,0206 

/m 
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F r o m Table 4-2 .5b, an observed A p / p p ^ of -0.0231 + 0.002 cor responds 
to a p p 2 °^ 0.870 + 0,01 by assumpt ion ( l ) ; and of 0,878 + 0.01 by assump­
tion (2)! iThe f i r s t value is p r e f e r r e d . This cor responds to a p g ^ °^ 
0.850 t 0.01. 

4-2.6 F a s t Multiplication, e 

F i g u r e 4-2.6 is a plot of the number of counts obtained from 
the fission activity of cadmium-cove red na tu ra l u ran ium pins , as explained 
in Section 3-3.6, Se r ies A cons is t s of data f rom F igure 3-3.6a, and s e r i e s B 
from F igure 3-3,6b, The two s e r i e s differ in the number of control rods in 
the hex center . Also the data out in the modera to r f rom s e r i e s A was not 
taken in a s t ra ight line with r e spec t to the data inside the rod, whereas this 
was the case with s e r i e s B data . 

The points and heavy lines r ep re sen t the total ep i -cadmium 
f iss ions , which consis t both of fast f issions and of l / v and resonance f i s ­
s ions . If an e s t ima te of the number of l / v and resonance f iss ions can be 
made and subtracted f rom the total , an es t ima te of the number of fast f i s ­
sions and of e can be made . 

The points fur thest f rom the fuel tube should be made up 
a lmost ent i re ly of l / v and of resonance f iss ions , since the number of neu­
t rons reaching that far into the m o d e r a t o r with st i l l sufficient energy to 
cause fast f iss ion is sma l l . F o r D, a^ is about 3 b, corresponding to 2g 
of 0,2 p e r cm in D2O, At 10 cm this r e p r e s e n t s a s t ra ight line attenuation 
of a factor of seven in the fast f iss ion producing neu t rons . The g e o m e t r i ­
cal at tenuation would reduce this s t i l l m o r e . The value at the control cen­
t e r is sma l l e r than the number of resonance f iss ions in the fuel tube by 
about 5 pe r cent owing to the d e c r e a s e in such neutrons getting that far , 
and is g r e a t e r by about the same amount owing to the d e c r e a s e in such 
neut rons at the fuel tube because of resonance absorpt ion. Thus the value 
of the u ran ium activation furthest f rom the fuel tube r e p r e s e n t s a fair e s t i ­
mate of the number of l / v and resonance f issions in the fuel tube. The r e ­
ma inde r a r e due to fast f i s s ions . These values a r e l is ted in Table 4 -2 .6 . 

\ 
4 

Table 4-2.6 

% AND THE F A S T / T H E R M A L FISSION RATIO 

Ser ies A 
Ser ies B 

fast counts 

12 
15 

f a s t / t h e r m a l fissions^ ' 

0.028 
0.032 

c(^) 

1,017 
1,019 

(1) (fast counts) divided by (total counts, 0^, minus fast counts) 

(2) Computed f rom ( e - 1) = (vf - l ) / ^ s *i"^®^ (fast / thern^al f iss ions 
Assume ^̂ f = '̂ 's = 2.5, ' " '" 
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The average total number of f issions in the uranium, 0 , 
was de te rmined by exposing uncovered u ran ium pins in the rod in a separate 
exposure . The runs were normal ized by three standard pins in squirc le 12B, 

^ 

These data do not r ep re sen t an accura te ineasurement of £ 
but do indicate that it is sma l l e r than had been thought previously. The e r r o r 
is unknown, but could not be g rea t e r than about +0.006. 

4-2.7 Summary of Basic Latt ice Constants 

Table 4-2.7 is a s u m m a r y of the bas ic latt ice constants in­
f e r r ed from the ZPR-II data as detailed in this chapter . 

Table 4-2.7 

SUMMARY OF ZPR-II LATTICE CONSTANTS 

Latt ice 

T] (4-2.9) 

e 

P 

f 

K = rjepf 

\I 
B^ x 10* 

Tf (4-2,3) 

^ e 

K 

F . Z . 
no S-tubes 

1.325 + 0.005 

1.018 + 0.006 

0.870 + 0.01 

0.9645 + 0.002 

1.132 +0 .013 

92 + 5 

5.84 + 0.05 

48 

79 

1.134 + 0.003 

F .Z . 
with S-tubes 

1.325 + 0.005 

1.018 +0 .006 

0.870 + 0.01 

0.9563 + 0.002 

1.122 + 0.013 

9 1 + 5 

5.49 ± 0.05 

48 

79 

1.125 + 0.003 

B.Z. 

1,325 t 0.005 

1.018 + 0.006 

0.850 + 0.01 

0.9665 + 0.002 

1.108 + 0.013 

71 + 5 

5.33 ± 0.05 

48 

79 

1.110 ±0 .003 

The deternaination of K by means of L and B* gives a m o r e 
d i rec t m e a s u r e m e n t , and a more p r e c i s e value, than the determinat ion by 
means of the independent evaluation of the quantit ies T), e , p, and f. 

A flattened zone was obtained in the cen t ra l seven hex lat­
t ice units with uniform positioning of the control rods . The maximum to 
average flux in the fuel tubes was found to be 1.06, There is evidence that 
th is figure can be reduced considerably in CP-6 by t r imming the control 



rods , pa r t i cu l a r ly nea r the edge of the flattened zone. Local flux var ia t ions 
in the fuel due to the or ienta t ion of the fuel and control e lements cause a 
deviation in ave rage fuel flux of l e s s than 2 pe r cent. The flux r i s e s slightly 
at the t ips of par t ia l ly inse r t ed control r o d s . This r i s e is assoc ia ted with 
the des i r ed rooftopping of the ve r t i ca l flux dis tr ibut ion, and should not be 
harmful , 

In C P - 6 , in o rde r to have the flattened zone bowed less than 
5 p e r cent, the average control rod posit ioning must be within about 3 inches 
of the opt imum, i Individual rod var ia t ions (including inser t ions of full rods) , 
compensated for by motions in adjacent control pos i t ions , a r e p e r m i s s i b l e . 
The average flux in a fuel tube can be dec rea sed by 10 p e r cent by inser t ing 
a full rod in the adjacent control posi t ion which original ly contained two 
control rods , but only by 4 p e r cent if the control posit ion a l ready contained 
th ree r o d s . 

The flattened zone of ZPR-I I was t i l ted 20 pe r cent by in­
ser t ing one full rod in one control hex and removing one f rom the opposite 
posi t ion in the cent ra l r ing of six control pos i t ions . It is e s t imated that 
equal and opposite control rod motions of one foot at the edges of the CP-6 
would cause a tilt of about 10 p e r cent, 

ZPR-I I opera t ion indicates that obtaining a flattened zone 
in CP-6 can be accompl ished by t r ea t ing each local a r e a composed of about 
seven control posi t ions separa te ly to remove its local power va r i a t ions . 
This would have v e r y l i t t le effect on the r ema inde r of the r e a c t o r , 

4 -2 ,8 Reflector Savings 

The ref lec tor savings for ZPR-I I have been de te rmined by 
fitting the observed axial and rad ia l flux d is t r ibut ions to the theore t i ca l 
cu rves and extrapolat ing to z e r o , as explained in Section 3-2,4, Table 4-2,8a 
gives the values taken f rom Tables 3-2,5a and b after subtrac t ing the 8.9 cm 
D2O ref lec tor at the bottom of the tank f rom the m e a s u r e d bottom ref lector 
savings . The es t imated r , m . s . deviation of the re f lec tor saving values is 
+ 0,5 cnn given in Section 3 -2 ,5 . 

Table 4-2 ,8a 

ZPR- I I REFLECTOR SAVINGS 

Lat t ice 

Top ref lec tor savings, cm 
Radial ref lec tor savings , cm 
Bottom ref lec tor savings , cm 

F , Z , 

5,0 
6,3 
5,7 

B,Z, 

6.9 
5,7 
6,7 

''---- .'OB 
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The average of a l l the va lues in Table 4-2,8a is 6,0 cm. 
Since the exact value of the ref lec tor savings determined in a given exper i ­
ment is very sensi t ive to the fit of the curve to the exper imenta l points , and 
since t he re s e e m s to be l i t t le r eason to believe the reflector savings would 
depend upon the la t t ice , the average value is probably be t t e r than any indivi­
dual value and is used for all B calculat ions throughout th is chapter . 

The extrapolat ion dis tance to be expected for an unreflected 
D2O reac to r is 0.71 X^, o r about 1,8 cm. The difference between this value 
and the observed top and radia l ref lec tor savings is believed due to the en­
vironment of the r e a c t o r . 

The rad ia l ref lec tor cons i s t s of the 3/8 inch steel tank wall 
and the walls of the r e a c t o r room, desc r ibed in Table 4-2 .8b . Distances 
given a r e f rom the wall to the n e a r e s t point on the r eac to r . 

Table 4-2,8b 

RADIAL REFLECTOR MATERIALS FOR ZPR-II 

North wall 

Eas t wall 

South wall 

West wall 

Distance 
(feet) 

14-1 /2 

5 

5-1/2 

12-1/2 

Thickness 
(feet) 

3 

3 

1 

1 

Composition 

Reinforced concrete 

Concrete block 

Brick 

Brick 

The top ref lec tor is he terogeneous , consist ing f i r s t of the 
Q- tubes , which extend up to a height of about 9 - l / 2 feet above the bottom of 
the tank. At this level the re a r e the I -beams to which the Q-tubes a re fas t ­
ened; these a r e 63 -SAl cast ings 4 inches thick and 12 inches apar t , 15 inches 
above this the re i s the grid supporting the cover p la tes , which a r e 3/8 inch 
thick 6 3 - S A l , A re inforced concre te ceiling 8 inches thick is about 14 feet 
above the cover p l a t e s . 

The bot tom ref lec tor includes the 8,9 cm of D2O, the tank 
bottom, and a concrete pad and floor which can be considered as infinitely 
thick, H, Clark (DPC-140) calculated the ref lec tor savings due to these m a ­
t e r i a l s to be 15,0 cm. The observed values a re 14.55 cm for the F . Z . and 
15,65 for the B,Z, l a t t i c e s . 

«- \ 
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C P - 6 i s s u r r o u n d e d by a n e s s e n t i a l l y inf in i te r e f l e c t o r of 
a n H 2 0 - F e m i x t u r e . T h e r e i s no i n d i c a t i o n f r o m the Z P R - I I r e s u l t s t h a t t he 
c a l c u l a t e d C P - 6 r e f l e c t o r s a v i n g s shou ld no t be v a l i d . 

4 - 2 . 9 P h y s i c a l C o n s t a n t s U s e d in the C a l c u l a t i o n s 

The c o n s t a n t s u s e d in m a k i n g c a l c u l a t i o n s a r e t a k e n f r o m 
t h o s e g iven in T a b l e 4 - 2 , 9 . 

T a b l e 4 - 2 . 9 

CONSTANTS USED IN THE CALCULATIONS 

^ ^ U ( n a t u r a l ) = 3.62 b (at 2200 m / s e c ) 

a£jj = 4 .08 b 

aau 

'^^Al 

n 
V 

e 

2au 

2^A1 

2 - L i . 

2 - P b 

Al 

-Hg 
Dia . of P b 

' ' D 2 O 

-Hg 

= 7.70 b 

= 0 ,25 b 

= 1,325 

= 2 .5 

= 1.033 (1 i n c h r o d s ) 

= 0 .326 ( T h e r m a l d i s t r i b u t i o n a t 20°C) 

= 0 .0134 

= 0 .452 (3 -1 /2%) 

= 0 .818 (7%) 

= 1,081 (10%) 

= 0 .283 (1 i nch r o d s u s e d in exponen t ia l ) 

= 0 .98 inch 

= 0.80 (for d i f fus ion t h e o r y c a l c u l a t i o n s ) 

D p i l e = 0,90 (as def ined by 2 a ^ ^ ° x iJ) 

3 / 8 inch Al s p a c e r s : N e g l e c t the effect s i n c e Wi lk ins 
effect m a k e s the d e c r e a s e in 2a® • v e r y s m a l l . 

On J u l y 14, 1952, a d i s c u s s i o n a m o n g F r a n k D r i g g e r s , 
R, H a e f n e r , P , H a y w a r d , E , H o n e s , D, St. J o h n , and B , I. S p i n r a d r e s u l t e d 
in title fo l lowing v a l u e s of c r o s s s e c t i o n s to be u s e d in r e p o r t i n g and c o r r e ­
l a t i n g r e s u l t s f r o m t h e e x p o n e n t i a l e x p e r i m e n t s and Z P R - I I , 
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Cross sect ions used for L determinat ions will be those for 
a Maxwellian dis t r ibut ion of neutrons at 20°C (2200 m / s e c , or 0,0253 eva t kT), 

The following constants recommended by Spinrad (see below) 
a r e used . C ros s sect ions a r e for 2200 m / s e c monoenerget ic neut rons , 

a^^ = 2.89 b 

af= 566 b 

a!f = 672 b 

a^^ = 0,183 

v ' ' = 2,50 

The abundance of U^'^ in na tu ra l u ran ium is 0.7205 atom pe r cent . 

Using these n u m b e r s , we have for na tura l u ran ium for 
2200 m / s e c neu t rons : a^. = 3.62 b , af = 4,08 b , and a a = 7.70b.T)= 1.325. 
(Spinrad gave 1.323,) The upward revis ion makes v exactly 2,5, and r e p ­
r e sen t s a slight i nc rease in his quoted value for v^^. F o r t h e r m a l neutrons 
at 20°C, using a density of u ran ium of 18.9 gm/cc , 2a = 0.326. This r e p ­
r e sen t s an upward revis ion of the c r o s s section for uran ium with respec t 
to values which have been used in the pas t . 

The c r o s s section of Li -Al alloy is taken from the follow­
ing: Absorption c r o s s section of na tura l Li is 67 b (G. E, Chart , 19 50). 
Atonnic weight i s 6,940, Density of 3 - l / 2 p e r cent is 2,44; of 7 per cent, 
2,24; and of 10 per cent, 2,08. Aluminum c ros s section is taken as 0 ,25b. 
This gives for 3 - l / 2 pe rcen t , 2a = 0,452; for 7 pe r cent, 2a = 0,818, and 
for 10 per cent 2a = 1,081, 

The density of 2S Al i s 2.70, which, with an atomic weight 
of 26,97, gives 2a AI = 0.0134 for t h e r m a l neu t rons . 

The cor rec t ion to L due to the 3/8 inch aluminum spacers 
between the slugs i s ignored. The inc rease in flux nea r the slug ends due 
to the Wilkins effect a lmost makes up for the dec reased amount of u ran ium. 
Thus, a cel l t r a v e r s e made in a plane through the center of the slug will 
give r e s u l t s equivalent to the average within exper imenta l e r r o r . 

The diffusion constant for DgO is taken as 0.80 in diffusion 
theory calculat ions of the flux dis t r ibut ion within a cell , a s th is reproduces 
the observed dis t r ibut ion wel l . However, the diffusion constant re la t ing L 
and 2a® • for the la t t ice a s a whole is taken from the exponential m e a s u r e ­
ments of L^ and 2a® as de te rmined for the Pb-Hg la t t ice . This value is 
0.90, and should be used to obtain iJ' f rom Sa^ . 

( > 
/09 
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The following is taken for reference f rom a le t te r to 
Dr . F r a n k L. Adelman from B. I. Spinrad dated Apri l 23, 1952. 

" 1. Abundance of U ^ in na tura l U 

This is one of those elusive n u m b e r s . HW-12163, 
L a r r i c k , 1949, l i s t s 0.007115 as the weight fraction of 25 in U. A set of 
Y.-12 r epo r t s gave number s center ing around 0.007110 for this number , 
and pr iva te information f rom Mark Inghram at ANL was (approximately) 
0.007124. With no way of evaluating the bes t of these , the average , or 
0.007116, should be pre t ty good. 

Now observe that th is is the weight f ract ion. Then, 

235 n^^/v^^ n^^ 1 
' ' ' = 0.007116, which solves to -^= 0.007258 = r r ^ - s - , . 

235ri2Vr)2« + 238 "^^ ^^^'^ 
1 137 8 

The atom fraction of 25 is then , and of 28, ••• ' . The confusion is 
138.8 13o.8 

due to the fact that weight fraction and atom fraction a r e often not c lear ly 
d i sc r imina ted . 

2. C r o s s sect ions of U^̂ ^ 

Here the re a r e definite m e a s u r e m e n t s . F i r s t , however, 
it must be observed that 20°C is 0,02 53 ev, not 0,02 5(J. This makes some 
difference. In t ime of flight m e a s u r e m e n t s , 20° C is 2200 m e t e r s / s e c . 

Now CU-98, CR-1709, a Columbia repor t by Havens, 
Melkonian, and Levin, gives 

^ to ta l = 680 _iJ b a r n s for U^^^. 

Of th i s , 10 ba rns sca t te r ing should be subtracted, leaving 

+20 

(7j, + Qr = 670_io. The e r r o r s a r e outside l imi t s , and 

p resumab ly the m e a s u r e m e n t i s the re fo re quite good. 
25 ^ C 

a , the ra t io of "jr , capture to f ission, was m e a s u r e d 
in LA-511 and LA-512, and repor ted in ORNL-86 as 0.183 t 0.006. This 
number s eems likely to stand the tes t of t ime . 

7] , the neutrons p e r absorpt ion in 25, used to be 
quoted around 2,14. The bes t old m e a s u r e m e n t , however, is by Zinn, 
L ich tenberger , et JLI, (also confirmed by Zinn and Kanner in a repor t I 
couldn't find) CF-3651 , giving 7) = 2.11 + 0.02, More recent ly , Muehlhause 
(ANL-4746, p , 2) obtained 2.10 + 0 ,01 , Giving jus t a l i t t le weight to the old 
values (obtained by F e r m i - see ORNL-86), I would set t le for 2 , 1 1 . 

'''-> / l O 
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v^^ cannot be measu red to near ly the p rec i s ion of 
7̂  or 1 + a . Hence, the bes t can be obtained oy multiplying: 

^25 _ .^25^ ^ ^ ) _ 2.11(1.183) = 2,496 = 2,50 within e r r o r , 

3, C r o s s sect ions of U^^^ 

Here the va lues a r e sett led down, a s a resu l t of two se ts 
of osc i l la tor m e a s u r e m e n t s . ORNL-1175, Pomerance , p . 1, l i s ts 

a^^ = 2.81 ± .08 . 

ANL-4680, Muehlhause, p . 10 l i s t s 

a^^ = 2.85 . 

Both of these numbers a re based on boron, eventually. 
P o m e r a n c e u se s 730 b as the boron c r o s s section, Muehlhause 740 b . Re­
cent unpublished m e a s u r e m e n t s by Ringo of t r ansmis s ion through boron give 
750 b , and it is believed that older m e a s u r e m e n t s a re in doubt because of 
poor chemical de te rmina t ion of B2O3 ( th i s la t ter is not a s to ichiometr ic com­
pound, and i ts composit ion may vary by seve ra l per cent). Using this number , 
P o m e r a n c e ' s r e su l t s yield 2.89, and so do Muehlhause ' s . Hence I recommend 

o^^ = 2.89 at 20° C . 

4. TTj for na tu ra l U 

Putting in these constants , we get 

7^25 

^^' ' ^^ Zir 2.11 (670) (0.007258) 
T] = -J. = = 1.323 . 

cr25 1 _ ^ ^ 2 8 (670) (0.007258) + 2.89 
.^28 

This might be a be t te r number than 1.315, which was 
adopted as a convention e a r l i e r in the game to keep calculations consistent . 
On the other hand, if I had used Muehlhause ' s 7)̂ ^ = 2.10, I would have ob­
tained 1,317, which is pre t ty c lose . As you can see , then, the e r r o r s pile 
up, 

U 
Unfortunately, T) seems to vary every t ime you t ry 

a new la t t ice . Thus , a number of exponential exper iments at W tied into 
the T)^ = 1,315. On the other hand, exponentials on homogeneous D2O s y s -
terris at ANL w e r e consistent with n = 1.35, and we have had fair success 

TT 

on Savannah River exponentials with 7) = 1.335. The answer is that we 
I 'i . , ' m 
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keep a l ter ing our methods of computing, and all the li t t le changes eventually 
get lumped into 7) when we t r y to fit consis tent se ts of data . P a r t of the t r o u ­
ble l ies in £, p a r t in p , pa r t in f and L ; and it will be y e a r s before we get 
things sor ted out to everybody 's t a s t e . " 

4-2,10 Effects of an Anisotropic Diffusion Area 

If a core m a t e r i a l with a pa r t i cu la r mult ipl icat ion constant, 
K, has a diffusion a r e a which is anisot ropic , the apparent buckling of the 
lat t ice will vary with the geoinetry into which the core m a t e r i a l i s placed. 
Such an anisot ropic diffusion a r ea may exist in rod l a t t i ce s . Consider such 
a lat t ice with age r , axial t h e r m a l diffusion a rea lA, and radial diffusion 
a r e a Lj,, Let Bt̂  and Bj. be the observed axial axid r ad ia l bucklings. 

Then by the one-group formulat ion, 

K-1 = TiBl + B p + L ^ B ^ + 1^ B j 

If an exper iment is per formed in each of two different geo­
m e t r i c a l a r r a n g e m e n t s , the mult ipl icat ion constant is the same in both, and 

T (B% + B^ ) + L2 Bf + L i B^. = T ( B ^ + BD + IJBI + JJ B^ , ^ al r i ' a ai r r i ^ a2 r2' a a2 r r2 

Let AB^ = (B?^ + B^ ) - (B^̂ ^ + B^^) be the apparent difference 
in bucklings. 

Then: T A B ^ = L5, ( B ^ - B ^ + l.\ {B\^ - B\^) 

= L | (-AB^) + (L^^ - L^) {B\^ - B^̂ )̂ . 

M^AB^ = ( L 1 - L^) AB^ 

. (L^r - ^1) AB?^ 

F o r example, let the subscr ip t 1 re fe r to the c r i t i ca l e x p e r i ­
ment ( B ^ J = 225 X 1 0 " ' cm"^), ai>d 2 ' r e fe r to the exponential (Br2 = 950 x 10" ') , 
with M equal to approximate ly 220 cm for e i ther the flattened zone lat t ice 
or the buckled zone la t t ice . 

AB^ = 3.3 X 1 0 " ' ( L ! - L M cm"2 . 

The observed difference between the exponential and the 
c r i t i ca l bucklings i s about 20 x 1 0 " ' (Section 4-2 .1) . This would imply that 
Lĝ  - Lj, is 6 cm , This could be accounted for if the diffusion constant in the 
axial d i rec t ion were 7% g r e a t e r than in the radia l d i rec t ion . 

) - • . . > 2 . / . 2 _ 
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4-3 Stat is t ical Weight Methods for Predic t ing Reactor Behavior 

4-3.1 Stat is t ical Weights in ZPR-II and CP-6 

One of the mos t impor tant functions per formed by the ZPR-I I 
exper iment hasbeen to es tab l i sh re l iable methods for extrapolat ing from expo­
nential data or f rom data taken in a sma l l port ion of a r eac to r such as 
ZPR-I I to the corresponding quant i t ies in a ful l -scale r e ac to r . In ex t rapo­
lating pe r tu rba t ions observed in one r e a c t o r to predic t the react ivi ty of an ­
o ther , the concept of the s ta t i s t i ca l weight of a port ion of a r eac to r is used, 

i F o r the CP-6 type lattice^ the effect on the r e a c t o r of a con­
t r o l rod, for example , i s e x p r e s s e d in~terms of the infinite lat t ice constants , 
the most impor tant being B^, That i s , B^ is es t imated for an infinite lat t ice 
containing the control rod in each ce l l . Then the effect of a control rod or 
rods in CP-6 is given by the product of the infinite lattice B^ and the s t a t i s t i ­
cal weight of the cel l o r ce l ls into which the control rods a re actually placed. 
In r e v e r s e , the effect of a control rod in a single cel l of ZPR-I I can be m e a s ­
u r ed and divided by i ts s t a t i s t i ca l weight to give the infinite la t t ice B , 

The s ta t i s t i ca l weights of some regions of the r e a c t o r s have 
been calculated by integrat ing the squa re s of the theore t i ca l fliix cu rves . 
This has been done for ZPR-I I for the case of a Jo dis t r ibut ion (buckled 
pile) and for the r e a c t o r with a flattened zone (flattened pile) fornaed by in­
ser t ing control rods in the cen t ra l seven hexes . R, Haefner has made a~~ 
s i m i l a r calculat ion for CP-6 to be included in the Savannah River Reactor 
Technical Manual, | The r e s u l t s of these calculations a re l is ted in Table 4 - 3 , 1 , 

Table 4-3.1 

STATISTICAL WEIGHTS IN ZPR-II lAND CP-6 

Region 

Cen t ra l hex 

Cent ra l 7 hexes 

Next 12 hexes 

Buckled zone 

ZPR-I I 
Buckled pile 

0.0857 

0.488 

0,395 

0,117 

ZPR-I I 
Fla t tened pile 

0.0536 

0.376 

0.396 

0,228 i 

1 
I 

I 

i 

C P - 6 

0 .015 

0.100 

-

0 .379 

''-^5 / 1 3 
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4 - 3 . 2 C o n t r o l Rod E f f e c t i v e n e s s 

A s e r i e s of e x p e r i m e n t s (Sect ion 3-6) w a s run in wh ich the 
effect of v a r i o u s n u m b e r s of c o n t r o l r o d s i n s e r t e d into a s i ng l e c o n t r o l c e l l 
of Z P R - I I w a s m e a s u r e d . T h e fol lowing t a b l e l i s t s the o b s e r v e d AB t o ­
g e t h e r wi th t h e AB c a l c u l a t e d f r o m t h e e x p o n e n t i a l d a t a ( see Appendix for 
a t a b l e of e x p o n e n t i a l da ta) and the v a l u e s of the s t a t i s t i c a l w e i g h t s l i s t e d 
in T a b l e 4 - 3 . 1 

Table 4-3 .2 

CALCUL\TED vs . EXPERIMENTAL CONTROL ROD EFFECTIVENESS IN ZPR-II 

Control P o s i t i o n 

1 ( c e n t r a l hex) 

2 (next r ing) 
4 ( s i m i l a r to 2) 
4 

No. of Rods 

1 
2 
3* 
4* 
5* 
1 
1 
2 

ZHR-II 

A B ^ X 10* 

0.216 
0 .322 
0 .483 
0 .523 
0 .583 
0. 151 
0. 166 
0.250 

Exponential 

A B ^ X lO-* 

2 .43 
3 .71 ( e s t . ) 
4 .99 
5.96 
7 .32 
2 .43 
2.43 
3 .71 ( e s t . ) 

S t a t . 

Wt. 

0.0857 
0.0857 
0.0857 
0.0857 
0.0857 
0.0670 
0.0670 
0.0670 

Calc . A B ^ X 10" 

for ZPR-II 

0 . 2 1 
0 .32 
0 .43 
0 .51 
0 .63 
0. 16 
0. 16 
0 .25 

•The third rod in 2PR-II was cadmium, the fifth 7% Li-Al. All others and all those 
used in the exponential were 3-1/2% Li-Al. 

It is seen from the table that the values calculated from the 
exponential data agree very well with the exper imenta l values in ZPR-II . 
The d i sc repanc ies a re due to different s t rength rods used in the two expe r i ­
ments for the third and fifth rods added. This s e r i e s confirms the value of 
the s ta t i s t ica l weight method for extrapolat ing from exponential and ZPR-II 
data to C P - 6 . It a lso leads to the important conclusion that the effectiveness 
of control rods in a lattice can be m e a s u r e d accurate ly in ZPR-II with the 
loading of a single cell of the des i r ed lattice and the inser t ion of the des i red 
control rods . 

An exper iment was per formed in which one 3-1/2% Li-Al 
control rod w^as added to each of the centra l seven control posi t ions in ZPR-II . 
The c r i t i ca l height was r a i sed from 169.0 to 218,9 cm. Using 12,0 cm ref lec­
tor savings, this cor responds to a AB of -1,16 x 10"* cm"^, A single rod in 
each cell in the exponential exper iments gave a AB of -2.43 x 10"'*. The sta — 
t i s t ica l weight of the central seven cel ls (Table 4-3.1) is between that of 0.488 
for the buckled pile and 0.376 for the flattened pi le . Multiplying the exponen­
t ia l data by these s ta t i s t ica l weights, the AB^ expected would be between 
-1.19 X 10""* for the buckled pile and -0.91 x 10"* for the flattened pi le . The 
agreement between the observed value and that calculated for the buckled 



pile indicates that the buckled pile s ta t i s t i ca l weight can be used to d e t e r ­
mine the AB^ of a la t t ice which is loaded into the cent ra l seven cells only, 
provided that AB^ i s not much g r e a t e r than 1 x 1 0 " . 

4 -3 .3 Use of a Small Region in ZPR-II to Determine Latt ice 
Constants 

The data in the preceding pa rag raph a r e sufficient to eva l -
uate the use of a smal l region in ZPR-I I for determining the B of a new 
la t t ice . 

The c r i t i ca l height in ZPR-II can be measu red with a p r e ­
cision of about 0.1 cm, corresponding, at about 200 cm total height, to about 
0,25 X 10" in B^, K the c r i t i ca l height of a latt ice with known B^ is m e a s ­
u red , and then a new lat t ice is loaded into the cen t ra l hex with a s ta t i s t i ca l 
weight of 0.0857, the p rec i s ion of the AB^ m e a s u r e m e n t between the two is 
3 X 10" , If the cen t ra l seven hexes a r e loaded, with a s ta t i s t ica l weight of 
0.488, the p rec i s ion is 0.5 x 10" ' . These f igures indicate that the m e a s ­
u r e m e n t of the c r i t i c a l height i s not the l imiting factor in B m e a s u r e m e n t s , 
even if only the cen t ra l hex is loaded. 

The accu racy of the m e a s u r e m e n t depends, then, on the 
evaluation of the s t a t i s t i ca l weight of the region loaded. The most accura te 
m e a s u r e m e n t s a r e made with the full pi le loaded with the new la t t ice , in 
which case the accu racy is l imi ted by the c r i t i ca l height m e a s u r e m e n t , and 
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AB is m e a s u r e d to about 0.25 x 10 , However, the absolute value of B is 
not known nea r ly that well , so the accuracy in such a Z\B m e a s u r e m e n t may 
not be wor th the effort r equ i red to load the whole pi le . 

In genera l , the s t a t i s t i ca l weight of a region of the r eac to r 
can be calculated accura te ly if the B in that region does not differ too 
grea t ly f rom that of the r e a c t o r as a whole. In addition, the allowable Â B 
is g r e a t e r for snnaller r eg ions . 

Loading the cen t ra l hex only is of pa r t i cu la r value when the 
B differs grea t ly f rom that of the surrounding lat t ice, as in the evaluation 
of control rod effect iveness . Table 4-3 ,2 shows that control rod effective­
n e s s can be m e a s u r e d within about 5% in AB^ for one o r two control rods 
and indicates s i m i l a r accuracy up to five r o d s . In this case the single hex 
i s so sma l l that i ts s t a t i s t i ca l weight i s not a l t e red too se r ious ly by even 
these l a rge changes in B^. 

Loading the cen t ra l seven hexes is of value to get g rea t e r 
p r e c i s i o n when the AJB̂  i s fa ir ly sma l l (not much g r e a t e r than that due to a 
single cont ro l rod pe r hex). F o r l a r g e r AB^, it becomes difficult to ca lcu­
late the s t a t i s t i ca l weight of the region, and a radia l flux t r a v e r s e would 
have to be taken to aid in th is e s t ima te . Negative B^ appreciably g r e a t e r 

0l\i3 II s 



than that requi red to give a flattened zone cannot be rrlfeasured in the cen­
t r a l seven hexes of ZPR-II , since it would not be possible to obtain c r i t i -
cal i ty. 

Comparing the p rec i s ion of the measu remen t in the cent ra l 
hex alone (about 3 x 10" ) with the accuracy of B m e a s u r e m e n t s (about 
5 X 10" ), it s e e m s that loading the central hex should give a sufficient de ­
terminat ion of B for a lmost al l pu rposes , and that l a rge r scale loadings 
need to be used only for a final value for a lattice of pa r t i cu la r in te res t . 

The determinat ion of L^ and the t he rma l uti l ization for a 
new latt ice r equ i r e s a flux t r a v e r s e throughout a single cell, which can be 
obtained, with a loading in the cent ra l hex only, for la t t ices not too differ­
ent from the ZPR-II la t t ice . 

4-4 Relaxation Method for Mult i - region Reactor Flux Calculations 

4-4.1 Comparison of Calculated and Exper imenta l Flux 
Distr ibut ions 

The exper imenta l data with which the relaxat ion resu l t s 
were compared have been repor ted in Section 3-7 - specifically, the par t 
covering the flux dis t r ibut ion with five control rods in the upper half of the 
r eac to r . The dinnensions and bucklings in both ZPR-II and the model set 
up for purposes of calculation a re shown in Figure 4 - 4 . l a . In ZPR-II , the 
bucklings in regions II and IV have been measu red di rect ly ; the B in r e ­
gion I was obtained by subtract ing the A B^ due to 5 rods (cf Appendix) from 
549, the B of the flattened zone latt ice with S-tubes; B in region III was 
calculated from the cr i t ica l height in the bare ZPR-II la t t ice . The B of 
540 in region II of the model was a guess at the average B over the c o r ­
responding three regions of ZPR-I I . 

It will be noted that the dimensions of the model differ 
slightly from those of ZPR-I I . The d iscrepancy a r i s e s from the r e q u i r e ­
ment that the model dinnensions be in tegral mult iples of the net spacing, 
which itself was taken to be 1/5 the rad ius of the controlled zone, or 13.06 cm 

The relaxat ion technique has a l ready been descr ibed in 
DPC -241, and in re fe rences cited the re in . In this case , the one-group dif­
fusion equation was applied, and the calculation c a r r i e d out in cyl indrical 
geometry , a fact which somewhat complicated the work on account of the 
necess i ty of p rogres s ive ly changing the Laplacian. 

•1.8 
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As a ma t t e r of p r ac t i c a l in teres t , it should be added that 
the whole job took an es t imated 300 m a n - h o u r s , on Marchant or Monroe 
desk ca lcu la to r s . This f igure is not t ru ly indicative of the t ime required, 
however , because sonne of the computations were ca r r i ed out by people not 
previously fami l ia r with the technique, so that they had to be t ra ined on the 
job. An experienced opera to r could probably have done the work in 200 
h o u r s . By way of compar ison, the corresponding exper imenta l data were 
obtained in an es t imated 80 man-hours . 

Compar i sons of calculated and exper imenta l flux curves 
a r e given in F igure 4 - 4 . l b . In looking at these cu rves , it should be kept 
in mind that the controlled zone extends out radially about 26 inches, and 
has i ts lower boundary 44 inches above the tank bottom. It can be seen, 
the re fore , that the fit for the ve r t i ca l flux dis tr ibut ion is good far from 
the zone boundary (e.g.. F igure 4 - 4 . l b , curves A and C and F igure 4 - 4 . I c , 
curves Aand C) out not as good close to the boundary (Figure 4 - 4 . l b , curve 
B and 4-4,1 c, curve B). Both the radia l curves , F igure 4-4 . Id , show a 
match somewhat poo re r than that obtained for the ver t i ca l d is t r ibut ions; in 
pa r t i cu la r , the flux hump occur r ing jus t beyond the controlled zone bound­
a ry is only weakly reproduced by the calculated curve. This fact, inc i ­
dentally, lends support to the belief that the observed hump is par t ly a 
two-group effect (see a lso Section 4-7 ,3) . 

In sum, this project indicates that the relaxat ion method 
is capable of predic t ing flux dis t r ibut ions in fairly good detai l . In its p r e s ­
ent stage of development, however (in pa r t i cu la r , when used with ordinary 
desk ca lcu la to rs ) , it probably would not compete, in t e r m s of t ime expendi­
t u r e , with an exper imenta l facility such as PDP, 

4-4 ,2 Discussion 

The preceding compar ison shows that the relaxation method 
can be used to give a good p ic ture of the ove r -a l l flux distr ibution in a r e ­
ac tor with re la t ively complex control regions . This could be used to d e t e r ­
mine the flux dis t r ibut ion for rooftopping, for example, as well as to determine 
the dis t r ibut ion to be expected due to complex per turbat ions such as the 
t i l t ing of the flattened zone due to per turba t ions in a smal l number of control 
ce l l s . 

The detailed flux p ic ture where it is per turbed by the two-
group effect or around the ends of control rods , e tc . , is not given by this 
method, and mus t be studied in a r e ac to r . 

The hand computation of these problems is labor ious . Machine 
computations do not r ep re sen t a d i rec t saving in t ime in relaxation prob lems , 
because in genera l they converge slowly, and the machine cannot make as 
intelligent short cuts as can a human opera tor . However, a considerable 
saving can be effected, and a finer network could be handled. 
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R. Haefner has developed this p rob lem for IBM computation 
with a net of about 200 points , the s ame a s was used for the hand computa­
tion. He finds it takes about 25 minutes p e r i te ra t ion . The number of i t e r a ­
t ions depends on the quality of the init ial guess , and the p rec i s ion des i red , 
but 50 hours of IBM time would give about a hundred i te ra t ions , which should 
be sufficient. 

Many of the h igh-speed computers today have about 1000 in­
t e rna l (fast) m e m o r y pos i t ions . This would allow a computation of about 700 
lat t ice points within the fast m e m o r y , and i tera t ions would be made in only a 
few minutes , so that a few hours of t ime would be requi red . 

Decreas ing the mesh s ize i nc reases the t ime pe r i tera t ion 
and d e c r e a s e s the ra te of convergence, and below a cer ta in size relat ive to 
the lat t ice in the r eac to r , dec reas ing the naesh does not neces sa r i l y lead to 
a be t te r answer , < 600 to 700 points for C P - 6 will probably give as good an 
answer as one-group theory will allow. 

4-5 Kinetics of a D2O-Moderated Reactor 

4-5,1 Reactivity v s . Per iod f rom D2O Level Measu remen t s 

The quantity d ih /dH was measu red at s eve ra l different 
c r i t i ca l water levels obtained by inser t ing safety rods in ZPR-I I (Section 
3-10.2). Pe r i ods cor responding to level i n c r e a s e s dH above c r i t i ca l height 
were t r ans l a t ed to inhours of reac t iv i ty by the per iod curve calculated for 
U f i ss ions . This curve is fair ly valid in the region used here (periods 
g rea t e r than 100 sec) . The value of inhours p e r % A K / K is calculated from 
the t h r e e - g r o u p represen ta t ion , 
not change. 

Since during a given nneasurement , M does 

1 dK 1 dK dB^ 

K d ih K dB^ d ih 

r , 

1 + L^B^ 1 + T^B^ 
+ r. 

dB"^ 

d ih 

F o r L 2 = 90, Tj = 4 8 , T^ = 79, and B^ = 5,58 x 10""*, the q u a n t i t y in the b r a c k e t s 
i s 212 c m , F o r t h e e x t r e m e v a r i a t i o n in w a t e r l e v e l in t h e d i f f e r en t r u n s , 
t h e add i t i on of s a f e ty r o d s m a y d e c r e a s e iJ" by about 3%, and B^ m a y d e c r e a s e 
by abou t 20%, T h e ne t ef fect of t h e s e c h a n g e s on t h e quan t i ty in t h e b r a c k e t s 
i s s m a l l c o m p a r e d t o the e x p e r i m e n t a l e r r o r . 

The r e s u l t s of t h e s e m e a s u r e m e n t s a r e s u m m a r i z e d in 
T a b l e 4 - 5 . 1 and p l o t t e d in F i g u r e 4 - 5 , 1 , 

18 
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Table 4-5,1 

CHANGE IN REACTIVITY WITH D2O LEVEL 

D2O Level 

162,0 
171,1 
189.3 
206.8 
169.6 
176.5 
180.8 
182.6 
274 
169,1 
170,4 
170.4 
170,5 
170.8 
171,1 
171,0 
171.1 
171,0 
262 
221 
276 
277 

d ih /dH 
(ih p e r cm) 

27,2 
22,6 
17,4 
12.1 
25.70 
23.00 
20.38 
19.39 
4.36 

25.4 
25.7 
25,1 
26.2 
24.0 
24.6 
22,2 
24,3 
23,8 

7.32 
11.02 

5.00 
4,83 

dBVd ih 
X 10^ 

0,142 
,146 
,143 
.159 
,132 
,132 
,139 
.142 
.197 
.131 
.127 
,130 
.124 
,135 
,131 
,145 
.132 
,135 
,131 
,142 
.165 
,169 

ih per % A K / K 

330 
320 
330 
300 
360 
360 
340 
330 
240 
360 
320 
360 
380 
350 
360 
330 
360 
350 
360 
330 
290 
280 

The f i r s t four exper iments were not done as carefully as 
the o t h e r s . The ave rage of the values at a level of about 170 cm is 355 in­
hours p e r % A K , while at higher leve ls , in the region of improved accuracy 
( la rger values of dH can be used) , the values a re significantly lower. All 
va lues a re lower than the figure 390 ih/%AK obtained from a calculation 
using delayed fission neu t rons . The p resence of delayed photoneutrons in­
duced by gamma rays f rom fission products can explain the lower va lues . 
F u r t h e r evidence of photoneutrons is found in the fact that per iods taken 
as much as 20 minutes after the pi le had been operated at high flux were 
quite different f rom per iods m e a s u r e d when the pile was cold. 

The var ia t ion of ih/%AK with water height euid previous 
opera t ing h i s to ry demons t r a t e s the impossibi l i ty of using per iod m e a s u r e ­
men t s to de t e rmine exact c r i t i ca l l eve l s . In an effort to improve the inhour 
re la t ion , fur ther kinetic exper imen t s investigating the effect of photoneutrons 
and spontaneous f ission w e r e pe r fo rmed (Section 4-5,4) , ^ 

' ••' : . ' i S 
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4-5.2 Spontaneous F i s s ion and Subcri t ical Levels 

The s t reng th of spontaneous neutron source Q in ZPR-I I 
has been obtained by measu r ing the s t eady-s t a t e flux ĉ o a-t the center of the 
pi le with the DgO level slightly subcr i t i ca l , 

Q= D/c20o U^ - lY (4-5.2-1) 

where 

/c= — J ( l + L^B^Je'^^^'^ ° ^ '^ ~ l l (4-5.2-2) 
L^ 

B^ is the buckling at c r i t i ca l height and B^ is the buckling of the subcr i t ica l 
p i le , l/ = 75 cm^, D = 0.9 cm, T - 127 cm^. The average of m e a s u r e m e n t s 
at a var ie ty of levels between 97% and 99% cr i t i ca l height has the value 

Q = 0,014 ± 0.003 n /cm^ sec (Section 3-10,3), 

Segre r e p o r t s 6,5 x 10"^ spontaneous f i s s i o n s / s e c / g m for 
u ran ium (Phys , Rev. ^ , 21 (1952)), Using his figure of 2,2 neu t rons / f i s s ion , 
th is r e s u l t s in a source s t reng th of Q - 0,0168 n /cm^sec in ZPR-I I , 

Similar values of the source a r e m e a s u r e d after the pile 
has been down one day or one week, indicating that a l l observable delayed 
neutron groups decay within 24 h o u r s . 

4-5 ,3 Flux Behavior During Shutdown 

Crude m e a s u r e m e n t s of the decaying flux were made ear ly 
in the kinetic p r o g r a m to a s c e r t a i n the r equ i r emen t s on safety dev ices . The 
difference between a slow and a fast shutdown i s r ep re sen ted by the typical 
curves shown in F igure 3-10.3b. Shutdown is effected in one case by d r o p ­
ping the #3 and #6 p a i r s of safety rods , and in the o ther , by lowering the 
rods in 77 s e c . 

More refined decay plots w e r e called for with the inves t i ­
gation of the inhour formula , however. F igure 3-10.3a shows a fanaily of 
descending fluxes cor responding to var ious durat ions and power levels of 
pile i r r ad ia t ion . These should reach the asymptot ic flux within 24 hou r s . 
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4-5.4 Delayed Photoneutrons 

The decaying flux has been computed under the assumption 
that the only delayed neut rons a r e f ission product neutrons repor ted by 
Hughes et a l . (Phys. Rev. 73 ,̂ 111 (1948) ). The resul t , plotted in F igure 3-10.3a, 
co r re sponds to the observed decay only for a very shor t t ime , then falls to 
z e r o . The pe r s i s t ence of the actual flux a r i s e s from delayed neutrons of much 
longer ha l f - l ives , photoneutrons . 

Photoneutrons a r i s e f rom the deuter ium (7in) react ion with 
a th reshold of 2.2 Mev. The photoneutron groups of ZPR-II a r e assumed to 
be those tabulated in Weinberg and Nodere r , Theory of Nuclear Chain Re­
ac t ions , Vol, II. The decaying flux is computed with these additional neut rons , 
regrouped as shown in Table 4-5,4 to reduce the degree of the secular equa­
t ion. 

Table 4-5 ,4 

DELAYED NEUTRON GROUPS 

Group 

I-H
 

II 

III 

IV 

V 

VI 

VII 

-^k 

0.61 sec 
1.9 sec 

6.46 sec 

32.1 sec 
35,0 sec 
47.0 sec 

2,7 min 
79.8 sec 

11,1 min 

39.3 min 

76 hr 
6.3 hr 
2.4 hr 

'. /3k 

8,50 
. 24,45 

' 22,81 

• 17.26 
7.32 
2.14 

1.32 
2.6 

0,400 

,250 

.0122 
i ,0387 
j ,284 

X 10"* 
X 10"* 

X 10"* 

X 10"* 
X 10"* 
X 10"* 

X 10"* 
X 10"* 

X 10"* 

X 10"* 

X 10"* 
X 10"* 
X 10~* 

t h 
In Table 4 -5 ,4 , jBĵ  is the fr .ction of the total f ission neutrons 

in the k""" delayed group, with a mean life, T, . The j8 for each group is taken 
as the sum of the |3's within the group, and the mean life is taken as the ^ -
weighted ave rage of those within the group. 

Using these va lues , a plot of the flux expected v s . t ime was 
calculated for a^ i r r ad ia t ion t ime of 3 liours and 10 minutes , and is shown in 
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Figure 3-10.3a. The j8's l is ted in Table 4-5.4 for the photoneutrons were 
m e a s u r e d with a smal l amount of u ran ium oxide in D2O. To take account 
of the gamma attenuation-in leaving the rod, the photoneutron JB'S were then 
co r r ec t ed by a fac tor of 0.225, and a co r r ec t ed curve was calculated. This 
is a lso shown in F igure 3-10.3a. This curve is in much be t te r agreement 
with the exper imenta l flux decay. 

The task of solving even this simplified grouping of delayed 
neutrons with a desk calculator is prohibi t ive . Also the inhour relat ion ob­
tained for a given calculation would be valid only for a single power level 
and durat ion. 

An additional p r o g r a m should be undertaken to de te rmine 
from the data an adequate represen ta t ion of the delayed photoneutrons and 
to develope IBM machine computational methods . Then a s e r i e s of curves 
of pile per iod vs , react iv i ty could be drawn for var ious previous reac to r 
operat ing h i s t o r i e s . This p r o g r a m is n e c e s s a r y in o rde r to es tabl ish the \ 
validity of per iod m e a s u r e m e n t ca l ibra t ions of control and safety rods in \ 
C P - 6 . 

4-6 Stability of the Fla t tened Zone 

4-6.1 Bowing of the Flat tened Zone 

If the radia l buckling of the flattened zone is uniform but 
is not exactly ze ro , the flattened zone will be bowed up or bowed down at 
the center . The curve will approximate a Jo(B r) or Io(iBj.r), which behave 
for smal l a rguments like 1 = l /4(Bj . r )^ 

F igure 3-4.4a shows the bowing of the flattened zone when 
a rod (the second in the group, essent ia l ly) i s withdrawn completely f rom 
each cell s ta r t ing f rom a posi t ion 65 inches above the r eac to r bot tom. The 
average c r i t i ca l height is 104 inches , so this r e p r e s e n t s the withdrawal of 
one- th i rd of the second rod in the control group. The s ta t i s t i ca l weight of 
one- th i rd of a cosine curve is 0.20 of the full rod length. The exponential 
AB^ due to the second rod (Table 4-3.2) is 1.28 x 10"*. The rad ius of the 
flattened zone is about 90 cm, so the bowing expected is about 1/4 x 1.28 x 
10""* X 0.20 X (90)^ X 100 = 5%, The observed bowing is about 129 in a plane 
which p a s s e s through the region fronn which the rod was withdrawn, and 
4% through the pa r t of the pile where the control was unchanged. This la t ter 
figure is r ep resen ta t ive of the major port ion of the r e a c t o r . 

The flattened zone in CP-6 has an a r e a about 7 t imes that in 
; ZPR-II , so the same amount of bowing would be expected f rom a per turbat ion 
I one-seventh a s seve re as removing one- th i rd of a rod f rom each hex. This 
j per turba t ion would be accomplished by moving the second rod in the control 
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group of each hex in the flattened zone a distance of 1/2 x (1/7) x 0.20 x 15 
feet, or about 3 inches . Table 4-3.2 shows that the AB controlled by the 
th i rd and fourth rods in the control c lus te r is only 10 to 20% less than that 
control led by the second rod, so th i s motion i s relat ively independent of 
whether the end of the rod being moved over laps the half-rods or not. 

This means that to get the flattened zone flat to within about 
5%, the control rods mus t be, on the average , within 3 inches of the best po ­
si t ion. 

4-6,2 Stability with Respect to Local Control Rod Per tu rba t ions 

Since the flattened zone in CP-6 will contain at least 37 hexes , 
a control rod rnotion in a single hex would have to be of the o rde r of 37 t imes 
as g rea t a s a control rod motion in each hex to have the same ove r - a l l effect. 
A t h r e e - i n c h motion in each hex with the rod tip in the center of the r eac to r 
co r r e sponds to removing a full rod halfway out of the pile in a single hex. 
This means that cons iderable latitude is allowed in moving a single rod to 
remove any local pe r tu rba t ions without affecting the flattened zone as a 
w^hole. Also, severe pe r tu rba t ions in a single hex can be compensated by 
motions in the surrounding six hexes , to reduce the per turbat ion on the r e s t 
of the flattened zone. F igure 3-6.3b shows that iaser t ing two full rods into 
a single hex, and compensat ing with the surrounding six, leaves the flux out­
side this region prac t ica l ly unaffected. 

This reduces the p rob lem in CP-6 of obtaining a flattened 
zone to one of sys temat ica l ly removing local hot tubes with motions of the 
surrounding rods with r e spec t to the i r control gangs, as d iscussed in Sec­
tion 4 - 8 , 

4 -6 .3 Tilting and Peta l ing 

The response of the flattened zone of ZPR-II to a large t i l t ­
ing moment has been invest igated (Section 3-5.2). In th is experinaent, the 
s tandard control configuration of essen t ia l ly two full rods pe r hex was a l te red 
by inser t ing a full rod in one hex (#6) and withdrawing a full rod from the d ia ­
me t r i ca l ly opposite hex (#3), The ra t io of the average flux in the hottest hex 
to that in the coldest was found to be about 1.2, p rac t ica l ly independent of 
height. F igu re 4-6,3a shows how the flux v a r i e s along th ree different diame­
t e r s of the flattened zone, at s eve ra l he ights . If the flux dis t r ibut ion were 
s y m m e t r i c a l about the 6-3 d i ame te r , curves 7-4 and 5-2 would coincide. 
That they do not may be due to the sma l l and not completely explained tilt 
that ex is t s even with the s tandard flat zone control configuration. 
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The inc rease in the rat io of maxinaum to average flux, caused 
by the t i l t ing, is shown in Table 4-6 .3a . Here the maximum is that in the hot­
tes t Q-tube, not averaged over the hex. 

Table 4-6 .3a 

CHANGE IN 0rnax/0av CAUSED BY TILTING 

Distance f rom 
bot tom (in.) (l) 

33 

58 

84 

0 m a x / 0 a v 
Standard 

1.06 

1.06 

1.07 

Tilted 

1.14 

1.12 

1.14 

(1) cr i t i ca l height, 106 inches 

Accurate e s t ima tes of the amount of tilting to be expected 
in CP-6 have not been made , as the re has not appeared a s imple , sa t is factory 
method for scaling the ZPR-I I r e s u l t s . However j in o rde r to get some idea 
of how tilting is affected by s ize , s eve ra l calculat ions were c a r r i e d out for 
infinite slab p i l e s , in which per turba t ions approximating the ZPR-II case 
were introduced. The three cases considered a r e shown in F igure 4-6.3b. 
In each case , thebuckl ings in regions I and II in the flattened zone were r e ­
spectively d e c r e a s e d and inc reased by 1.00 x lO"'* cm"^. The buckling in 
the r e m a i n d e r of the flattened zone was adjusted to maintain c r i t i ca l i ty . The | 
two analogs of C P - 6 differ only in the separat ion of pe r tu rbed reg ions . The 
width of the pe r tu rbed regions was taken as one- th i rd the ZPR-I I flattened 
zone d i ame te r , or 43.5 cm. 

The r e su l t s obtained a r e given in Table 4-6 .3b . Ri is defined 
as the ra t io of the average flux in region II to that in region I: R2 is the ra t io 
of maximum to min imum flux in the flattened zone. 

Table 4-6.3b 

E F F E C T OF SIZE ON TILTING A SLAB PILE 

Analog 

ZPR-I I 

CP-6 case 1 

CP-6, ' case 2 

Ri 

1.37 

1.40 

2.94 

Rz 

1.46 

1.45 

3.13 

/24 
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In d iscuss ing these f igures , define the dipole strength as the 
product of the AB in one of the pe r tu rbed regions and the separat ion of the 
two regions in lat t ice units (one unit is 43.5 cm). Then: (l) for a given d i ­
pole moment , increas ing the height of the pile or the radius of the flattened 
zone has l i t t le o r no effect on the amount of ti l t , and (2) for given pile d i ­
mens ions , the quantity (R2 - 1) is propor t ional to the dipole moment . 

If these re la t ionships a r e approximately valid for the finite, cy­
l indr ica l r e a c t o r s , some es t ima tes can be madeof dipole per turbat ions in C P - 6 , 
The 20% ti l t in ZPR-II was produced by increas ing B^ about 1.60x 1 0"'* in onehex 
and dec reas ing it by about 0.95 x lO"'* in the opposite hex. j Assuming the cold 
clean C P - 6 lat t ice is flat with th ree full rods per hex, the same moment would 
be produced by withdrawing about 1-1/2 rods and insert ing 1 rod in opposite 
hexes of the innermos t r ing. This would a lso cause a ti l t of about 20%. Equal 
and opposite rod motions of about one foot in the center ring of six control hexes 
would produce a ti l t of about 2%. If the same per turbat ions occur at opposite 
edges of the flattened zone (5 la t t ice units separat ion) , the tilt would be 10%. 

Another per turba t ion of the flattened zone that was studied 
(Section 3-5.3) consis ted of a l te rna te ly removing and inser t ing a full rod 
around the ring of six hexes , giving a "petaled" rod configuration. 
Table 4-6 .3c shows how the ra t io of max imum to average flux was changed 
by th is d i s tu rbance . 

Table 4-6.3c 

CHANGE IN (f) 
max' 

./(b CAUSED BY PETALING ' ^av 

Distance f rom bottom 
(in.)( l ) 

33 

58 

84 

0max /0av 
Standard 

1.06 

1.06 

1.07 

Petaled 

1.07 

1.09 

1.085 

(1) c r i t i ca l height, 104.5 inches . 

The average flux in the hexes containing three rods was 
about 6 - 7% less than that in the i r neighbors which contained only one rod. 
The hor izonta l t r a v e r s e through the mode ra to r at the 55 inch level failed 
to show any apprec iable difference f rom the standard flat zone dis tr ibut ion. 
The effect on flattening of per turba t ions of this type should be smal l in 
C P - 6 . 

/25 



2-28 

4-6.4 Control Rod Strength 

The effect of varying the s t rength of the control rod was 
de te rmined in an exper iment repor ted in Section 3-5 . The flattened zone 
control configuration consisted of a full rod, a half-rod, and l e s s than half 
of a second full rod pe r hex. In the cen t ra l hex the 3-1/2% Li-Al full rod 
was replaced with one containing 7% Li; this was compensated by moving 
seven control rods out 4.5 inches each. The horizontal t ravel ing flux 
moni tor pass ing within th ree inches of the S-tube,could not detect any flux 
per tu rba t ion due to this change. 

This exper iment indicates that flux per turba t ions due to 
rajidom differences in control rod composit ion or in burnout will not be 
s e r i o u s . Also, the substitution of a cadmium rod for a l i thium rod, should 
this be n e c e s s a r y for mechanica l r e a s o n s , would be poss ib le , provided suf­
ficient cooling is available to take ca re of the inc reased gamma absorpt ion. 

4 -6 .5 Order of Control Rod Withdrawal 

A per turba t ion that was considered was a change in the o r i ­
entation of the control rods in the S-tubes. A control rod withdrawal o rde r 
can be taken such that the rods remaining in the S-tubes a r e in posit ions 
uniform in the x,y co-ord ina te sys tem, or such that they a r e symmet r i ca l 
with r e spec t to the center of the r e a c t o r . The f irst method is the proposed 
no rma l operat ing p rocedure but adds a slight a s y m m e t r y which might tilt 
the flattened zone un less co r r ec t ed by t r i m m i n g . 

In the init ial at tainment of a flattened zone in ZPR-II (Sec­
tion 3-4), a flattened zone was obtained with the no rma l configuration which 
was flat within the accuracy of the detecting devices with no t r imming . In a 
l a te r exper iment (Section 3-6.3) the control configuration was made s y m ­
m e t r i c a l about the pile cen te r . There was no detectable improvement in the 
flattened zone, nor change in i ts s i z e . 

This exper iment indicates that the amount of t r imming r e ­
quired by this sys temat ic a s y m m e t r y is smal l compared to random t r i m 
requ i r emen t s in C P - 6 . 

4-7 Charac t e r of the Fla t tened Zone 

4-7 .1 Size 

A flattened zone was obtained in ZPR-I I (Section 3-4) at a 
DgO level of 276.6 cm. Control rods were inse r ted in the cen t ra l seven hexes 
a s follows: one full rod all the way in; one ha l f - rod somewhat below the cen­
t e r with the bot tom at 16.7 inches ; and one full rod inse r t ed f rom the top to 
65 inches . The control rod indexing is based on inches above the ze ro point 

;• ^ • '?6 



at the tank bottom. Thus there was only about 3 inches overlap between 
the top of the half - rod and the bot tom of the par t ia l ly inse r ted rod. The net 
effect was approximately two full rods p e r hex. 

The r e a c t o r now consis ts of th ree regions . In the flattened 
region, Bj. is z e r o . In the in te rmedia te region, consisting of twelve cel ls , 
half of which contain S-tubes, B is taken a s 5.74 x 10" . In the buckled zone 
B is 5,31. F r o m these data, assuming 6.0 cm reflector savings at each 
tank boundary, and cor rec t ing for the 0.31 x 10"* AB^ due to extraneous a lu­
minum, the c r i t i ca l height is calculated to be 264 cm. The d iscrepancy in 
c r i t i ca l height is not as grea t as might appear from these f igures . F igure 
3-4.4a shows how li t t le difference to the ove r - a l l f latness is made by rod 
motions causing a difference in c r i t i ca l height of 5.3 inches or 13 cm. Thus 
the exper imenta l c r i t i ca l height at which the flattened zone is best obtained 
is subject to a cons iderable doubt. The difference between the calculated 
and exper imenta l heights is equivalent to a 2% deviation from perfect flat­
tening. 

F igure 4-7.1 shows the m e a s u r e d and calculated radia l flux 
d is t r ibu t ions . The flattened zone appears l a rge r as measu red by the h o r i ­
zontal t rave l ing moni tor than a s m e a s u r e d by the squircle va lues . In genera l , 
the flux in the Q-tubes follows the theore t ica l distr ibution very well, and the 
radius of the flattened zone is within about 2 inches of the predicted value. 

4-7.2 F la tness 

The data p r e sen t ed in F igure 4-7,1 and, more completely, 
in F igu re s 3-4.5a, b, and c indicate that the random differences in the r e ­
por ted flux values for Q-tubes in the flattened zone may be as l a rge a s 10%, 
although var ia t ions l a r g e r than 5% usual ly occur only at the edge of the f lat­
tened zone where the effects of the in te rmedia te zone appear . 

The var ia t ion in the repor ted flux values is a combination of 
t rue flux var ia t ions and var ia t ions in the individual m e a s u r e m e n t s , d iscussed 
in Section 3-4, resul t ing f rom the counting p r o c e d u r e s . 

How much of th is random flux variat ion is rea l and how much 
can be e l iminated by tes t ing of the meta l f rom which the fuel slugs a r e nnade 
is difficult to p red ic t f rom this data . Probably the flattened zone in CP-6 can 
be flattened unti l all Q-tubes have a flux averaged over their length within 
about 2 -1 /2% of the average for all Q-tubes in the flattened zone. This would 
cor respond to random var ia t ions in the coolant exit t empera tu re of the o rde r 
of 1° f rom the ave rage , due to these flux var ia t ions . .̂ ' * , 



4-7 .3 Boundary and In termedia te Zone Effects 

The data p r e sen t ed in F igu re 4-7.1 and in F igures 3-4.5a, 
b , and c indicate that the Q-tubes on the boundary between the flattened and 
in te rmedia te zones which a r e adjacent to an empty control rod posi t ion may 
have an average flux about 5% g r e a t e r than the flattened zone ave rage . This 
a s s u m e s that all control rods in the flattened zone a r e in identical pos i t ions , 
and all control rods in the in te rmedia te zone removed. This la rge inc rease 
in the ave rage flux can be reduced by t r i m adjustments in this boundary r e ­
gion. 

This i nc rease is apparent ly due to the mi sma tch in L and 
P r e f e r r ed to as the two-group effect. F igure 4 -4 . Id i l l u s t r a t e s how this 
effect depends upon the amount of the mismatch . In this exper iment , five 
control rods were inse r t ed into the upper half of the r e a c t o r in the flattened 
zone, and t h e r e were no control rods in the lower half. Thus the flux t r a ­
v e r s e in the lower half showed no effect, while the r i s e in flux at the bound­
a r y in the upper half was about 20%. 

In o rde r to get an idea of the extent to which the flux hump 
in the in te rmedia te zone shown in F igure 4 -4 . Id can be explained as a two-
group effect, two two-region p r o b l e m s were solved by both one- and two-
group methods for an infinite cyl inder having the rad ius of ZPR-II ; the two 
regions in each case were (a) control led zone surrounded by in te rmedia te 
zone, o r (b) in te rmedia te zone surrounded by buckled zone. Assuming it to 
be unity at the center , the ra t io of the two-group to the one-group flux could 
then be obtained for var ious rad i i , and the calculated flux in F igure 4 -4 . Id 
(58.4 inches up) was co r r ec t ed accordingly . F igure 4-7.3 shows the new 
compar i son between calculated and observed flux dis t r ibut ion. It i s seen 
that a two-group cor rec t ion , applied in this manner , la rge ly accounts for 
the observed flux shape . What d i sc repancy remains may be due to the ap­
prox imate na tu re of the co r r ec t ion . 

A s i m i l a r cor rec t ion was applied to the ve r t i ca l flux d i s ­
t r ibut ion (curve A in F igure 4-4.1 c),by ca r ry ing out one- and two-group 
calculat ions in infinite slab geomet ry . The posit ion of the calculated curve 
was shifted somewhat, but the fit to the exper imenta l curve was not i m ­
proved; hence the differences h e r e r ema in unexplained by th is p r o c e d u r e . 

4-7 .4 Ver t ica l Distr ibut ion 

F igu re s 3-3.9a, 3 -4 .3 , and 3-6.3c show typical ve r t i ca l flux 
d is t r ibut ions for normial ZPR-I I operat ing conditions. These show that local 
deviat ions , due to the projclmity of control rod t ips , for example , a r e quite 
negl igible . {Because of the l imited height of ZPR-II , the v e r t i c a l flux d i s t r i ­
bution does not deviate f rom a cosine curve as much as in C P - 6 . The v e r t i ­
cal flux dis t r ibut ions in C P - 6 cannot be de termined accura te ly f rom ZPR-I I 
data d i rec t ly . ^^ . 



F i g u r e s 4 - 4 . l b and c r ep re sen t the maximum deviation in 
ZPR-I I produced by inser t ing five rods pe r hex halfway down into the r e ­
ac to r , leaving the bot tom half uncontro l led . In this case the flux distr ibution 
peak was shifted down to a posi t ion about 3 5% of the c r i t i ca l height above the 
bot tom. This shift in the flux peak extends all the way out into the buckled 
zone. About halfway between the flattened zone and the edge of the r eac to r , 
the peak is sti l l only at 42% of the c r i t i ca l height. 

In genera l , the flux dis t r ibut ion along the length of the Q-
tube follows such a smooth curve that the measu remen t of the t empe ra tu r e 
at the bot tom of the Q-tube should provide adequate a s su rance that there is 
no por t ion of the tube which is unduly hot. 

4 -8 Hot Tube Cor rec t ion 

4-8.1 Degree of Cor rec t ion Poss ib le 

The extent to which the flux in a given fuel tube can be de ­
p r e s s e d by the addition of control rods to the adjacent control posi t ion is 
shown in the following tab le , taken f rom F i g u r e s 3-3.8a, b , and c and 3-6.3b, 

Table 4-8.1 

HOT TUBE CORRECTION 

Change in number of rods : 

f rom 

1 

2 

3 

4 

to 

2 

3 

4 

5 

Percen tage d e c r e a s e in: 

average flux in rod 

(20)* 

10 

4 

2 

maximum flux in rod 

(30)* 

15 

6 

1.5 

* Es t ima ted by ext rapola t ion. 

The f igures given above refer to the fuel tube in the Q-tube 
which i s c loses t to the control posi t ion. The flux depress ions averaged over 
the whole Q-tube will be l e s s . 

^^u.; ,^p^ 



4-8.2 Effects of Cor rec t ion on the Operation of the Remainder of 
the Reactor 

The curves in F igu re s 3-3.8c and 3-6.3b, which represen t 
horizontal flux t r a v e r s e s in the modera to r with one to five control rods in 
the cent ra l hex, show that the effects of control rod changes in a single hex 
damp out quickly outside that hex. Only in going from a single rod to two 
full rods in the cen t ra l hex is the re a flux change of more than 2-3% in ad­
jacent hexes . Hence, a flux depress ion in a single hex of the o rder of 10-
15% can be produced and compensated for by motion of the surrounding six 
control c l u s t e r s , with negligible d is turbance to the r e s t of the r e a c t o r . 

4-9 Sensitivity of ZPR-I I and CP-6 to Control Rod Per turba t ions 

4-9.1 Sensitivity to Control Rod Motion and Strength 

Table 4-9.1 gives the sensitivity of ZPR-II to a number of 
random control rod per tu rba t ions in the flattened zone (Section 3-6). The 
control configuration which was per tu rbed consisted of essent ia l ly two full 
rods p e r hex (approximately 1-1/2 full rods plus a hal f - rod) . Es t ima tes 
a r e given of the corresponding effects of the same per tu rba t ions on C P - 6 . 

Table 4-9.1 

SENSITIVITY OF REACTOR TO CONTROL ROD PERTURBATIONS 

Perturbation^ ̂ ) 

Seven rods raised from 

65" to 70" 

One rod raised from 
65" to 90" 

One full rod inserted 
in central hex 

3-1/2 Li rod replaced by 
7% Li rod 

Half-rod inserted from 
16.7" to 0.0" 

Half-rod raised from 

16. 7" to 28. 5" 

ZPR-II 
A B 2 • 10^ (cm-2) 

4. 5 

2. 5 

-7.6 

-3.9 

1.4 

0. 29 

ZPR-II 

ih 

24 

14 

43 

21 

8 

2. 5 

CP-6 

ih 

3.8(2) 

2.2(2) 

-11.5(3) 

- 5.6(3) 

1.3(2) 

0.4(2) 

( )Distances measured from tank bottom. Half-rods are 51" long. 
Critical height with, standard control configuration, 109". 

' 'As shown in Section 4-3.1, a full hex in the flattened zone 
of ZPR-II has a statistical weight 3.76 times that in CP-6. 
A small rod displacement in one hex of ZPR-II will be more 
effective than the same displacement in CP-6 by the ratio 
of the core heights, or 1.67. Thus a small perturbation is 
about 6.3 times more effective in ZPR-II than in CP-6 

( )where the perturbation extends the full length of the hex in 
both reactors, the factor 3.76 is used. 

^ 30 
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One effect in the above t a b l e i s tha t of v a r y i n g t h e s t r e n g t h 
of a c o n t r o l r o d . It i s s e e n tha t doubl ing the L i c o n c e n t r a t i o n in a s ingle c o n ­
t r o l r od would change the r e a c t i v i t y in C P - 6 by about 6 ih . F u r t h e r m o r e , the 
h o r i z o n t a l t r a v e l i n g flux m o n i t o r p a s s i n g wi th in t h r e e i n c h e s of the S- tube 
cou ld not d e t e c t any flux p e r t u r b a t i o n due to t h i s c h a n g e . We m a y t h e r e f o r e 
conc lude tha t flux p e r t u r b a t i o n s in C P - 6 due to r a n d o m d i f f e r ences in c o n t r o l 
r o d connpos i t ion o r in b u r n o u t w i l l not be s e r i o u s . 

4 - 9 . 2 Sens i t i v i t y of Half and F u l l Rod I n s e r t i o n s 

H a l f - r o d s have b e e n c o m p a r e d wi th full r o d s in a c o n t r o l c o n ­
f i g u r a t i o n d i f fe ren t f r o m tha t u s e d a b o v e . H e r e the c e n t r a l h e x w a s e m p t y , 
two full r o d s w e r e p r e s e n t in h e x e s 2, 4 , 5, and 7, and v a r i o u s n u m b e r s of 
r o d s w e r e s i m u l t a n e o u s l y i n s e r t e d in h e x e s 3 and 6. F o r two full r o d s in 
e a c h of t h e s e l a s t two h e x e s , the flux would be e s s e n t i a l l y flat e x c e p t for a 
h u m p a t the c e n t e r . T a b l e 4 - 9 . 2 a g i v e s the ZiB 's o b s e r v e d fo r the p i l e and 
e s t i m a t e s of the c o r r e s p o n d i n g q u a n t i t i e s in C P - 6 . 

Table 4-9 .2a 

COMPARISON OF HALF-RODS AGAINST FULL RODS 

Perturbations 

1 full rod added to one empty hex 

2 full rods added to one empty hex 

3 full rods added to one empty hex 

1 half-rod added to one empty hex 

1 half-rod added to 1 full rod in one hex 

1 half-rod added to 2 full rods in one hex 

1 centered half-rod displaced 10", 
in enpty hex 

1 centered half-rod displaced 10", 
with 1 full rod in 

1 centered half-rod displaced 10", 
with 2 full rods in 

ZPR-II 1 

A B ^ • 10^ (cm"') / 

-16.5 1 

-27.6 1 

-33.8 1 

-14.5 

- 7.7 1 
- 4.4 J 

0.73 

0.34 

0.22 

CP-6 

A B ^ • 10« 

-4.4 

-7.4 

-9.0 

-3.4(1) 

-1.8(1) 

-i.o(i) 

0.12 

0.055 

0.035 

ih 

-24 

-41 

-50 

-19 

-10 

- 5.5 

0.7 

0.3 

0.2 

\ ( )For addition of half-rods, the statistical wt. of a hex in ZPR-II was taken as 

4.2 times that in CP-6 . The other scaling factors are explained in ̂b|jJJ_ĵ 9j, L 

The ra t ios of the AB values produced by inser t ing half-
rods or full rods give a d i rec t m e a s u r e of thei r re lat ive effectiveness. In 
calculating these r a t ios , we must allow for the fact that the length of the 
hal f - rod was not exactly half the core height. Assuming a cosine flux d i s ­
t r ibut ion, the s ta t i s t ica l weight of the region covered by a " t rue" half-rod 
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is 0,82; the cor rec t ion fac tors applied to the hal f - rod AB^'s were t h e r e ­
fore obtained by dividing 0,82 by the s ta t i s t ica l weights of the regions actu­
ally occupied by the ha l f - rods . 

Table 4-9.2b 

RELATIVE EFFECTIVENESS OF HALF-RODS 

Ratio 

AB (half-rod in empty position) 

AB^ (full rod in empty position) 
0.84 t 0.06* 

AB (adding centered half - rod to 1 full rod) 
T~, ; 0.68 + 0.08* 

AB^ (adding full rod to 1 full rod) 

AB (adding centered hal f - rod to 2 full rods) 

AB^ (adding full rod to 2 full rods) 
0.73 + 0,15* 

*These deviations a r e based on an es t imated e r r o r of 0.5 x 10" 
in the ZPR-I I /&B̂  values l is ted in Table 4-9 .2a . 

The values of these r a t i o s a r e uncer ta in by the change in 
s ta t i s t i ca l weight of the hex when a ha l f - rod is replaced by a full rod. It 
s e e m s reasonable to believe that such changes become sma l l e r with in ­
c reas ing number of rods ; on this bas i s , the last two f igures should be more 
a c c u r a t e , leading to the e s t ima te that a cen te red hal f - rod is worth about 
0.7 full rod, o r about 15% les s than i ts theore t i ca l effect iveness . 
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4-10 Detailed Flux P a t t e r n Studies 

4-10 .1 Q-tube Orientat ion 

In the flattened zone la t t ice , a given Q-tube can have one of 
two different or ien ta t ions , which may be descr ibed as follows: (1) a line 
from the control position through the center of the Q-tube passes midway 
between the fuel rods and does not pass through any of them, and (2) a line 
f rom the control position through the cen te r of the Q-tube passes through 
two fuel r o d s , near ly on a diagonal. 

In type (1) two of the rods a r e c lo se r to the control position 
than the other two, and were found to have an average flux and a surface 
max imum flux about 5% g r e a t e r than the m o r e distant pai r (Section 3-3,4). 
In type (2) t h e r e is one rod c loses t to the control posit ion, which has a higher 
surface flux than any other rod in the unit celL Again, however, the v a r i a ­
t ions in average and m a x i m u m fluxes over the Q-tube a r e no nnore than about 
5%. 

These i r r e g u l a r i t i e s in the flux distr ibution in the Q-tubes 
a r e caused by the high flux presen t in an empty control position of the f la t ­
tened zone la t t ice . \ ln C P - 6 the flattened zone will have control rods in these 
pos i t ions , and only in the ou te rmos t control gang will this situation actually 
be p resen t . It appears that the effect of the a symmet r i ca l Q-tube or ientat ica 
in C P - 6 will not be impor tan t . 

4-10.2 Control Rod Withdrawal Order 

The cont ro l rods can be withdrawn from the control bundle 
in a nunnber of different ways , some of which will leave rods symmet r i ca l ly 
a r r anged in the S-tube, while o thers will leave them bunched on one s ide . 
The flux dis t r ibut ion in the surrounding Q-tubes will be different in the two 
c a s e s . While no exper iment was per formed special ly aimed at determining 
this difference, some data w e r e taken during the flux t r a v e r s e of the cen t ra l 
hex (Section 3-3.6), He re t h r e e cont ro l r o d s , d, g, and e, were placed so that 
the cen te r of control was shifted towards Q-tubes ID and IE, and away from 
lA and IB. The average flux in the mode ra to r about 3/8 inch f rom the fuel 
was about 2% g r e a t e r nea r IB than around the opposite IE tube. F a r t h e r 
out in the mode ra to r , the difference is 7 - 8% , so the difference in the fuel 
is even l e s s than the 2%. 

F r o m the above, the cont ro l rod withdrawal o rde r is not 
impor tant f rom the standpoint of flux differences in adjacent fuel tubes . In 
Section 4-6.5 it is shown that the withdrawal o rder is also uninnportant in 
obtaining an o v e r - a l l flattened zone. 
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4-10.3 Control Rod Tips 

The flux dis t r ibut ion nea r a boundary between regions with 
different L values tends to peak, usual ly in the region of higher L^, This 
has been noted in the hor izonta l fltix dis t r ibut ion a c r o s s the boundary of the 
flattened zone in Section 4 - 7 . 3 . In the ve r t i ca l d i rect ion, this effect occurs 
nea r the t ips of par t ia l ly inse r ted control rods (or ha l f - rods) . The e x p e r i ­
men ta l data obtained in Section 3-3.9 indicate that the flux at the surface of 
a Q-tube r i s e s to a peak 9% above the cosine curve in passing fronn a 2 con­
t ro l rod region to a 1 rod region. The peak is 13% above the cosine in going 
f rom a 3 rod to a 1 rod zone. In the l a te r ins tance , s tagger ing the two half-
rods to give a s ix- inch separa t ion of the t ips reduced the peak to 10%, or 
about that due to a single ha l f - rod . These m e a s u r e m e n t s of the amount of 
peaking may be off by as much as 15% due to the difficulty of positioning 
pins accura te ly in a region of high flux gradient . 

The flux in the squ i rc les is much less affected, showing only 
a m o d e r a t e flattening, but no peak, nea r the cont ro l t i p s . The average flux 
in the fuel, t he re fo re , will only be peaked some modera te amount. 

These data indicate that these flux peaks will not be i m p o r ­
tant in the average fuel power un less the t ips of the control rods coincide 
with the region of max imum flux, as may be the case at the top of the half-

, r o d s . This case should be checked by fur ther exper iment , preferably in a 
r eac to r such as the Savannah River P D P r eac to r which has the full core 
height and the CP-6 v e r t i c a l flux dis t r ibut ion. 

4-10.4 Q-tube Displacement 

During the cel l t r a v e r s e of the buckled zone lat t ice (Section 
3-3.5), Q-tube IF was de l ibera te ly t i l ted SW on a line perpendicular to the 
I -beam ax is , so that the d isp lacement was 0.55 inch at the level where the 
t r a v e r s e s were taken. The resul t ing flux change in fuel tube lA-4 was 
ba re ly outside exper imenta l e r r o r , but seemed to i nc rease uniformly about 
3 - 4^^ . iThus s m a l l e r r o r s in the positioning (or bowing) of the Q-tubes in 

ithe C P - 6 lat t ice will not cause s e r ious changes in the flux dis t r ibut ion. 

4-10.5 Wilkins Effect 

The Wilkins effect is the r i s e in flux at the end of the fuel 
slugs caused by the a luminum can ends which s e p a r a t e the u ran ium p i ece s . 
F i g u r e s 4-10.5a and b (from data of Section 3-8.3) show how the ra t io of 
the flux at the end to that a t the cen te r of the slug va r i e s with the s e p a r a ­
tion between the slug ends . Some data of Hyde and Pe l l a r i n (ANL-4800), 
taken in C P - 2 , a r e included in F igu re 4-10.3a. These points a r e not s t r i c t ly 
comparab le to the ZPR-I I r e su l t s because (1) they r e fe r to t h e r m a l r a t h e r 
than uran ium f iss ion fl\ix, and (2) the i r s lugs were 1.25 inch between cen t e r s 
in the Q-tube r a t h e r than the 1.38 inch in ZPR-II iand CP-6 (fixed after the 



Hyde and P e l l a r i n exper iment ) . If the Hyde and Pe l l a r i n exper iment had 
used u ran ium fiss ion de tec to rs instead of t h e r m a l flux de tec to r s , the rat io 
of the end to cen te r flux would be l e s s , and the agreement with the squ i rc le 
and axis cu rves of F i g u r e 4-10.5a would be be t t e r , and with the outside 
cu rve , w o r s e . 

The following observat ions can be made; 

(1) With uns taggered s lugs , the Wilkins effect is g rea te s t 
on the squ i rc le side of the slug, and least on the outs ide. F o r 0.37 inch 
s p a c e r s , the ra t io of outside to squ i rc le side flux is 6% less at the ends of 
the slugs than at the c e n t e r . 

(2) With s t aggered s lugs , the Wilkins effect is reduced, 
and tends to become equal on opposite s ides of the s lug. 

(3) With s taggered s lugs , the Wilkins effect is reduced 
by 3 - 5% at the edges of the slug but is inc reased by about 9% along the 
axis for 0.37 inch s p a c e r s . F o r l a r g e r s p a c e r s , the effect i s noticeably 
d e c r e a s e d . 

(4) Staggering produces r ipples in the axial flux d i s t r i b u ­
tion throughout a s lug, with flux peaks of about 5% appearing at positions 
corresponding to the ends of the neighboring s lugs . 

Calculat ions of the t empe ra tu r e distr ibution resul t ing f rom 
these flux d is t r ibut ions have not been made . 

Staggering the fuel slugs when t h e r e is only about 0.37 inch 
of a luminum separa t ing the slugs is not advisable , s ince the dec rease in 
Wilkins effect at the ends is inapprec iab le , while flux peaks a r e introduced 
in the cen te r of the slug. Additional heat t r an s f e r through the aluminum can 
ends will reduce or even e l imina te any t e m p e r a t u r e r i s e at the slug ends 
due to the Wilkins effect, 

4 -11 C P - 6 Safety Rod Effect iveness 

In C P - 6 , the safety rods a r e 0.81 inch solid cadmium r o d s . The re 
a r e 3 1 such rods placed at the c e n t e r s of t r i ang les formed by th ree control 
posit ions throughout the flattened zone, or about one safety rod for every 
cont ro l hex. 

The change in c r i t i c a l height caused by the introduction of a r e a s o n ­
able facs imi le of a CP-6 safety rod into ZPR-I I has been m e a s u r e d . F r o m 
these data , an es t imate can be made of the AB^ to be expected in CP-6 for 
the addition of var ious numbers of safety rods . 
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The exper imenta l p rocedure and data a r e given in Section 3 -11 .1 . 
ZPR- I I hollow cadmium cont ro l r o d s , 0,9 inch in d i ame te r , were placed at 
the cen t e r s of t r i ang les formed by t h r e e control pos i t ions . These locations 
a r e designated by the number s of the t h r e e n e a r e s t control posi t ions , e .g. 
(1,2,3). A d iag ram of the lat t ice giving the numbering sys t em is shown in 
F i g u r e 2-2 . l e . T h e r e was a full cont ro l rod and a ha l f - rod in each cont ro l 
posit ion to approximate a flattened zone. 

F o r purposes of calculat ion, the r e a c t o r was divided into t h r e e 
r eg ions ; the f i r s t consis t ing of the c e n t r a l seven hexes ; the second consis t ing 
of the in te rmed ia te zone of the next r ing of 12 hexes , with a B^ of 500 x 10 cm"^ 
(lower than the F . Z , B^ s ince a l l the safety th imbles a r e in th is zone) ; and the 
th i rd being the outer buckled zone , with a B^ of 53 1 x 10"*„ The axial buckling 
was de te rmined f rom the c r i t i c a l height , adding 12.0 c m for ref lec tor sav ings . 
On this b a s i s , the B^ of the c e n t r a l zone and the flux equations in each zone 
were de te rmined , using a one-group calculat ion. 

In calculat ing the s t a t i s t i ca l weights , the cen t ra l region was next 
divided into two p a r t s , of which one was the hexes immedia te ly surrounding 
each safety rod. F o r example , with 1 rod in, zone 1 consis ted of hexes 1, 
2 , and 3 ; and zone 2 of hexes 4 , 5, and 6. Zone 3 was the in te rmedia te r ing 
of 12 hexes , and zone 4 the buckled zone. With th is notation, we obtain (B^)', 
the buckling in zone 1 with the safety rod in, f rom the equation: 

^ p i l e = (Bi)' 'wf~ B | ' W I + B | A W 2 + 5OOAW3 + 53IAW4 

Where the w ' s a r e the s t a t i s t i c a l weights of the va r ious zones , wf^ the 
s t a t i s t i ca l weight of zone 1 with the safety rods in, was calculated on the 
assumpt ion that the same flux equation held over both zones 1 and 2, which 
of c o u r s e is not exact . Table 4 -1 la l i s t s the r e su l t s obtained. 

Table 4-11a 

C P - 6 TYPE SAFETY RODS IN ZPR-II 

Condition 

No rods 

1 rod at 1,2,3 

1 rod each at 1,2,3 
and 1,2,7 

Cr i t i ca l height 
(cm) 

251.4 

264.0 

277.6 

B^(cm~^ X 10^) 

143 

130 

118 

B\ 

182 

66 

17 

ABi 

-116 

-165 

Ratio* 

0 

1/3 1 

1/2 

'This is the number of safety rods per control hex in zone 1. 

36 
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The f igures for B^ l is ted in Table 4-11a show that the effect on 
ZPR- I I of two rods is just about double that for one rod, or the effects a r e 
near ly addi t ive. F igu re 4-11 plots B^, the buckling of the flattened zone with 
the safety rods in, as a function of the ra t io of the number of safety rods per 
con t ro l hex in o r d e r to ext rapola te to the ca se of one safety rod per hex 
which will exist in the flattened zone of C P - 6 . This case gives a Bi of about 
-280 X 10"^ c m " ^ 

In C P - 6 , the safety rods will be somewhat less effective because of 
t he i r s m a l l e r d i ame te r . We a s s u m e that the effectiveness is propor t ional 
to the c i r c u m f e r e n c e , which means that the A B ^ in the flattened zone of CP-6 
will be reduced by about 10%. Table 4 - l i b l i s t s these va lues , together with 
the e s t ima ted AK/K in the control led zone only of CP-6 and the AK/K for the 
r e a c t o r as a whole, assuming a control led zone s ta t i s t i ca l weight of 0.62 
(Table 4 -3 .1) . 

Table 4 - l i b 

ESTIMATED SAFETY ROD EFFECTIVENESS IN CP-6 

Safeties per control hex 

1/3 

1/2 

1 

F la t tened zone 
AB^ 

-100 

-150 

-250 

Fla t tened zone 
%AK/K 

-2.0 

-3,0 

-5.0 

Reactor 
%AK/K 

-1.2 

-1.9 

-3.1 

4-12 ZPR-I I Safety Rod Effect iveness 

The ZPR-I I safety rods consis t of thin blades of cadmium, 5 inches 
wide, suspended in p a i r s in posi t ions shown in F i g u r e 2-2 . l e . A s e r i e s of 
c r i t i c a l height m e a s u r e m e n t s were made to de te rmine the effectiveness of 
these r o d s . The re su l t s a r e given in Table 4-12a . 

It was found that a l l s ix A rods a lone, or four pa i r s of safety r o d s , 
would make the r e a c t o r subc r i t i ca l at the full water height. 

Tab le 4-12b gives the re la t ive effectiveness of combinations of the 
rods in fe r red f romTable 4 -12a . 
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Table 4-12a 

ZPR- I I SAFETY ROD EFFECTIVENESS 

Rods 

(1) Buckled P i l e 

2A 
2B 
2A, B 
4A 
4 B 
4A, B 
5A 
5B 
5A, B 

2A, B, 5A, B, 
2A, B, 4A, B , 5A, B 

All six B rods 

(2) P a r t i a l l y F la t t ened P i le (1 

2A 
2B 
5B 

AB^ X 10* 

23,9 
18.3 
32.7 
24.5 
13.4 
31.6 
29.4 
14.0 
37.3 

84.4 
123.9 

119.8 

ABVS.W.* 

43,8 
48.5 
70.9 
46.9 
53.4 
82.9 
47.0 
55.8 
86,7 

Control Rod per Hex) 

24.1 
20.6 
17.8 

*S. W. i s the s t a t i s t i ca l weight of the posi t ion computed 
for the Jfl curve only and does not take into account the 
posi t ion of the rod in the ce l l . 

Tab le 4-12b 

RELATIVE EFFECTIVENESS OF ZPR- I I SAFETY RODS 

Rat io 2A,B toge ther to 2A plus 2B 
Rat io 4A,B toge ther to 4A plus 4B 
Rat io 5A,B toge ther to 5A plus 5B 
Ratio 2A to 2B 
Rat io 4A to 4B 
Rat io 5A to 5B 
Rat io 2A to 2B c o r r e c t e d for JQ s t a t i s t i c a l weight 
Rat io 4A to 4B c o r r e c t e d for JQ s t a t i s t i c a l weight 
Rat io 5A to SB c o r r e c t e d for JQ s t a t i s t i ca l weight 
Rat io 2A,B,5A,B,to (2A,B) plus (5A,B) 
Rat io 2A,B,5A,B,to 2A plus 2B plus 5A plus 5B 
Rat io 2A,B, 4A,B,5A,B, to 2AB plus 4A,B plus 5A,B 
Rat io 2A,B, 4A,B, 5A,B,to a l l s ix singly 

0.77 
0.83 
0,84 
1.31 
1.83 
2,10 
0.90 
0.88 
0.84 
1,21 
0,99 
1.22 
1.00 

'8 
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The two previous tables together with F igure 2 -2 . l e show that the 
safety rods behave about as would be expected. The rods 2AB a re quite 
c lose together , and hence, the two together a r e less effective than the other 
pa i r s which a r e fur ther apa r t . The re is considerable var ia t ion in individual 
rod effect iveness , but this is due most ly to the distance of the rod f rom the 
cen te r of the r e a c t o r . After co r rec t ing for this d i s tance , the A rods (near 
fuel e lements) a r e about 12% less effective than B rods (near empty control 
posi t ions) . 

Two pa i r s of rods a r e m o r e effective than the sum of the single 
p a i r s , s ince the p re sence of one pa i r i n c r e a s e s the s ta t i s t i ca l weight of the 
position into which the second pa i r is placed. Two or th ree pa i r s together 
have an effectiveness equal to that of the four or six individual rods , the 
effect of shadowing within a pa i r being compensated by increased s ta t i s t i ca l 
weight for the addit ional p a i r s . 

In a par t i a l ly flattened r e a c t o r , the A rods change l i t t le , s ince the 
s t a t i s t i ca l weight r ema ins about the s a m e , but the B rods fur ther out a r e in 
a region of re la t ively higher flux and gain effect iveness. 

The average ZiB^ for a single A rod at the center f rom Table 4-12a 
is about 46 x 10"^. Using a cen t r a l hex s t a t i s t i ca l weight of 0.0857 (Section 
4-3 .1) , this co r responds to a AB^ in the cen t ra l hex alone of 540 x 10"^ cm"^. 
F o r the B r o d s , c lose r to the cont ro l posit ion, the numbers a r e about 53 and 
620 X 10"^. These can be compared with the exponential r esu l t s (Sect, 4-15) 
for 3-1/2% Li -Al cont ro l rods of 499 x 10"^ for th ree rods , 596 x 10"^ for 
four r o d s , and 732 x 10 for five rods . Thus an A safety blade is worth 
about 3 -1 /2 control r o d s , and a B blade about 4. F o u r control rods have a 
"tape m e a s u r e " dis tance (per iphery as m e a s u r e d by the length of a tape 
m e a s u r e wrapped around) of about 8.0 inches . The 5 inch blades would have 
a d is tance of about 10 inches . Taking into account the fact that the control 
rods a r e at hex c e n t e r s , and the safety blades a r e not, the "tape m e a s u r e " 
dis tance gives a good m e a s u r e of the blade effectiveness in these c a s e s . 
The six "B" rods together have a AB^ for the r e a c t o r of 119,8 x 10"*, and 
a r e in hexes with total s t a t i s t i ca l weight of a li t t le less than 0.2 (Section 
4-3 .1) . This co r r e sponds to a to ta l effectiveness of a li t t le over 600 x 10 , 
in ag reemen t with the r e s u l t s for single B rods above. 

4-13 Depleted Uranium Study 

4-13.1 Buckling 

Some p rope r t i e s of a buckled zone latt ice a r rangement using 
depleted u ran ium were de te rmined (Section 3-9), The exper iment consisted 
of loading the cen t r a l hex (seven Q-tubes) with depleted fuel containing 
0.491 wt. % uran ium-235 and measu r ing the c r i t i c a l height and flux d i s t r i ­
bution. 
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The c r i t i c a l height with seven depleted Q-tubes was not 
m e a s u r e d d i rec t ly , but other data on the c r i t i c a l control positions lead to 
an es t ima te of this height to be 74.4 inches . Solving the four - reg ion p r o b ­
lem, with B^ taken as 549 x 10'* in the next ring of six hexes , 500 x 10"* 
in the next r ing of twelve, and 53 1 x 10"* in the buckled zone, the buckling 
for the depleted fuel B .Z . loading was found to be -240 x 10"* cm"^. 

The c r i t i c a l height of the depleted u ran ium in a F . Z . load­
ing (six Q-tubes with the control posit ion empty) was m e a s u r e d , and gave a 
B^ value of -122 x 10"* cm"^. 

4-13.2 Disadvantage F a c t o r s and L^ 

The lat t ice constants f rom the detailed ce l l t r a v e r s e of the 
depleted u ran ium B.Z. loading a r e p resen ted in the following tab le . 

Table 4-13.2 

DISADVANTAGE FACTORS AND ll 
FOR DEPLETED U LATTICE 

* d^j 0.56 

dmod 1-0* 

S l ^ ^ c m - i 0.0114 - .<. 

iJ-, cm^ 79 ^ 

The numbers were computed as in Sections 3-3 and 4 - 2 . 2 . 
A co r r ec t i on was made for the fast f ission effect es t imated . Since cadmium 
ra t ios were not taken with this la t t ice , a c o r r e c t i o n for other ep i - cadmium 
fissions was not made (this c o r r e c t i o n was s m a l l in the na tu ra l u ran ium 
la t t i ces ) . 

4-13.3 Multiplication Constant 
» 

Using the t h r e e - g r o u p fornnulation (Section 4-2.3) the above 
values of L^ and B^ lead to a value of the infinite mult ipl icat ion constant of » 
0.952 in the buckled zone loading. 

This may be compared with the value of K calculated fronn ^. 
the four factor formula . Using the c r o s s sec t ions in Section 4-2.9,r] is 1.136. , 
The ce l l t r a v e r s e data give f = 0.9626, using the values of the na tu ra l u r a n i ­
um lat t ice for e and p of 1.018 and 0.85, respec t ive ly , K = 0.947, in good 
ag reemen t . 

^••^.•> ' 4 0 
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4-14 Neutron Spec t rum 

4-14,1 Cadmium Ratio for Indium Fo i l s 

The cadmium r a t i o , R, for the indium foils was m e a s u r e d 
for both the flattened zone and the buckled zone lat t ices (Section 3-2.6). 
These m e a s u r e m e n t s gave values of 5.51 and 4.80 respect ive ly . They were 
made at the foil holder pos i t ions , d i rec t ly between two Q-tubes where for the 
F . Z . la t t ice the flux is 1.13 t i m e s the average value in the cel l , and for the 
B .Z . lat t ice it is 1.22 t imes the ave rage . R - 1 is the ra t io of t h e r m a l a c t i ­
vations to ep i - cadmium act ivat ions (actually R - 1,07 is used to take account 
of the fact that Cd is not complete ly t r a n s pa re n t to ep i -cadmium neutrons) . 
Since the pr inciple ep i - cadmium activation is due to the indium resonance 
at 1.5 ev, below the u ran ium r e sonances , the ep i -cadmium activation is a 
good nneasure of the ra te of production of t h e r m a l neutrons due to slowing 
down by the m o d e r a t o r . Thus the ra t io of R - 1 values is the inve r se ra t io 
of the t h e r m a l lifetimes or the d i rec t ra t io of the L^ values . F o r the p r e ­
sent c a s e : 

( ^ F . Z . - ^-Q^) = (5.51 - 1.07) (1.22) ^ ^ ^9 

and: 

(«B.Z . - 1.07) (4.80 - 1.07) (1.13) 

The agreement i s well within exper imenta l e r r o r , 

4-14.2 Cadmium Ratio for Uranium Pins 

The act ivat ions of cadmium-covered uranium pins a r e given 
in F i g u r e s 3-3.6b and 3-3.6d for the flattened zone latt ice with some control 
r o d s . The cadmium ra t io is about 8 in the fuel and about 25 in the moderator„ 
The division of the ep i -cadmium f iss ions into fast and resonance or 1 / E 
f i ss ions is d i scussed in m o r e detai l in Section 4 -2 .6 . 

4-15 Exponential Resul t s Char t 

The following cha r t g ives the r e s u l t s of the exponential experiment^ 
made to de te rmine the la t t ice configuration. Only the ZPR-II type lat t ice 
r e su l t s a r e given. 
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T a b l e 4 - 1 5 

E x p o n e n t i a l E x p e r i m e n t s w i th 7 - i n c h H e x a g o n a l L a t t i c e s and F u e l 
R o d s in Q u a t r e f o i l s : R e s u l t s of M e a s u r e m e n t s w i t h t h e 1-inch S l u g s . 

C o n f i g u r a t i o n 

F l a t z o n e ( l ) 
B u c k l e d z o n e 
1 ThT2) 
2 T h 
3 T h 
4 T h 
5 T h 
5 T h & 1 Cd 
5 T h & 2 Cd 
1 L i - A l 
3 L i - A l 
4 L i - A l 
5 L i - A l 
5 L i - A l & 1 Cd 
5 L i - A l & 2 Cd 
1/4 in . St. steelj(3) 
3 / 8 i n . s t . s t e e l 
7 /16 i n . St . s t e e l 
1/2 in . St . s t e e l 
7 /16 in . 4% P b - H g 
7 /16 in . 10% P b - H g 
3 / 8 in . 4% P b - H g 
3 / 8 in . 1 0 % P b - H g 
P t - H g ( 4 ) 

P b - H g & 1 T h 
P b - H g & 2 T h 
P b - H g & 4 T h 
P b - H g , & 5 T h 
P b - H g & 5 T h & 1 Cd 
P b - H g & 5 T h & 2 Cd 
D e p l e t e d u(5) 
D2O only 

B^ X 10* 

575 
555 
400 
292 
218 
123 
22 

-190 
- 3 4 4 

3 
76 

- 2 1 
- 1 5 7 
- 2 9 4 
- 4 2 4 

550 
4 6 5 
432 
386 
347 

- 179 
404 
266 

-9926 
-10780 
-11020 
- 1 1 2 8 0 
-11950 
- 1 1 8 6 0 
-12160 
-160 
-158 

N o . of r u n s 

13 
9 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
5 

5 
6 

L 2 

100(6) 
79(6) 
94 
90.5 
88 
86 
84 
83 
82 
91.3 
85 
84 
83 
82 .5 
82 

101 
93 
91 
89 
84 
84 
82 

k 

1.137 
1.113 
1.091 
1.065 
1.048 
1.0265 
1.005 
0 .961 
0.936 
1.074 
1.016 
0.996 
0 .9675 
0.940 
0.914 

k/(k)o 1 

0.0403 
0 .0635 
0.0787 
0 .0973 
0 .1166 
0.1552 
0 .1767 
0.0553 
0 .1064 
0 .1243 
0.1492 
0 .1735 
0 .1959 

Lons V^/Empty S - t u b e s p r e s e n t in c o n t r o l pos i t ic 

( 2 ) N u m b e r of c o n t r o l r o d s p r e s e n t in e a c h c o n t r o l p o s i t i o n 

(3)One p o i s o n r o d p r e s e n t in t h e c e n t e r of e a c h Q - t u b e in the f la t z o n e l a t t i c e 

( '*)Fuel r o d s r e p l a c e d by 1 in , d i a m e t e r P b - H g r o d s in t h e f la t zone l a t t i c e 

( 5 ) F u e l r o d s r e p l a c e d by d e p l e t e d U ( 0 . 4 9 1 % U^'^) in the f la t z o n e l a t t i c e 

( " / U n p u b l i s h e d t h e o r e t i c a l r e s u l t of R, H a e f n e r 
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A APPENDIX 

A-1 Genera l Operat ional P r o c e d u r e s 

A-1.1 Initial S ta r t -up 

The neutron and gamma ins t rumentat ion was checked p r io r 
to a s sembly of the core by serv ice t e s t s utilizing ZPR- I for a source . After 
operat ional checks of the piping sys tem, valving, and water level controls 
were made with light wate r , the r eac to r sys tem was tes ted for a i r leaks with 
a conventional F r e o n leak de tec tor . The operat ion of safety c i rcu i t s was 
verified with a portable Ra-Be source used to simulate a t r i p signal. 

The alloy for the l i thium control rods was tested by the 
neutron analyzer method. Before a s sembly of the fuel e lements , the u r a n i ­
um me ta l was checked for uniformity by danger coefficient t e s t s made on 
12 samples fronn each bil let . 

F o r the f i r s t approach to cr i t ica l i ty , a 40-cur ie Po-Be 
source located at the outside surface of the r eac to r tank provided i n s t r u ­
ment background p r i o r to the addition of heavy water to the tank. As wate r 
was added to the a s sembly , r ec ip roca l counts were taken with three p r o ­
por t iona l ' counte rs in o rde r to predic t the c r i t i ca l water height. In addition, 
calculat ions for the c r i t i ca l height based on exponential data were available 
for the f i r s t lattice configuration. 

A-1.2 Operat ional P r o c e d u r e and Check Lis t 

The following ru les were adopted for al l exper iments con­
ducted with the c r i t i ca l a s sembly : 

1. Pe r sonne l Requi rements 

The a s sembly mus t be under the active control of two 
exper ienced ope ra to r s from the l is t posted in the control room. If it is 
des i r ab le to leave modera to r in the r e a c t o r between expe r imen t s , one o p e r ­
ator mus t r emain in the control room. One of the two ope ra to r s will act a s 
chief opera tor with the responsibi l i ty for planning, writ ing a detailed p r o ­
cedure , and executing the exper iment . Name pla tes designating the chief 
opera tor will be posted at the control panel and the assembly room door . 

2, P r i o r to S ta r t -up 

A s t ep -by- s t ep procedure to be followed during the 
exper iment is wr i t ten by the chief opera tor and studied by al l m e m b e r s of 
the operating crew. Noted in the wr i t e -up a r e any core differences between 
this and the previous exper iment with e s t ima te s for the react iv i ty differences 
involved in the change. Also to be included in the wr i t ten procedure a r e the 
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folloAving: l ) the expected c r i t i ca l height or control rod configuration, 
2) the values in d(ih)/dhfor var ious D2O and control rod inc rements p e r ­
tinent to the core configuration, 3) the amount of negative react iv i ty 
available to compensate for possible e r r o r s in the predict ion of the c r i t i ca l 
conditions. 

3. S ta r t -up P rocedu re 

A. Control Room 

a. Turn on pow^er to audio flux monitor , sca lers^ 
r e c o r d e r s , i n t e r coms , D2O probe, and leak 
de t ec to r s . 

b . Ze ro ins t ruments and r e s e t t r ip c i r cu i t s , 

c. Set water level probe at bottom stop and en ­
gage float safety. 

d. Set a i r supply p r e s s u r e at 25 pounds and close 
D2O inlet va lves . 

e. Check for D2 in r eac to r with deoxo gas a n a -
^ lyzer (should be l e s s than 0.2%). 

Reac tor Room 

a. Sample for D2 gas in r eac to r sys tem with MSA 
probe : check probe with acetone. 

b . Evacuate and sample gas from finned tube 
h e a d e r s (once a week only). 

c . Check for obst ruct ions about control rod cables 
and dr ive vuiits, dump valve, and safety rods . 
Control power for overhead c rane should be 
locked off. 

d. Close 1 d ra in line f rom reac to r tank, and open 
1 line to water level sight g l a s s . 

e. Check for evidence of leaks around tank and 
piping. 

f. Examine r eac to r top for leakage of light water 
f rom ceiling or oil f rom the overhead c rane . 

g. Short input to D2O leak de tec tors to check 
a l a r m c i r c u i t s . 
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h. Turn on r eac to r room in te rcom. 

C. Storage Tank P i t 

a. Drain sight g lass on circulat ing pump seal and 
s tore effluent in D2O container . 

b . Open the intake valve to the circulat ing pump, 
and the equalizing valves between the s torage 
tanks , 

c. Check for leakage in s torage pit - both D2O 
and H2O. 

d. Gauge and sample s torage tanks once a week. ^-

e. Check D2O leak detector warning lights (should 
be green) . 

D. West Assembly Area 

a. Check indicating Dr ie r i t e >vindows on vent r e - -
covery sys t em (should be blue). '^ 

b . If n e c e s s a r y defrost and dra in r e f r ige ra to r 
coi l s . The continuous dew point r e c o r d e r % 
should read 10°F. ^ 

c. Remove padlock f rom power control box and u. 
s t a r t D2O c i rcula t ion pump. Simultaneously, 
it will be n e c e s s a r y to have two pe r sons in the 
control room holding the over r ide but tons. 

d. Adjust ion exchange sys t em b y - p a s s flow ra te 
to 5 GPM, Check inlet and d ischarge res i s t iv i ty . 

e. Re lease ove r r i de s to check pump cutoff while the 
a s sembly roona door is open. 

E . Tr ip Circui t and Inter lock Tes t 

a. Verify operat ion of neutron level in s t rumen t s 
through f i r s t th ree decades with the por table -* 
Ra-Be source . 

b . Individually check each of the four t r i p c i r cu i t s 
by observing safety rod fall when a t r i p is s imu­
lated with the por table neutron sou rce . 

'5)8 
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c. Check r e l ea se of the dump valve with an i n s t r u ­
ment t r ip while the west assembly room door is 
open. 

d. Check operat ion of water level probe by observing 
dump valve r e l ea se when the assembly room door 
is opened. The probe s tand-by switch mus t f i r s t 
be turned on to simulate a water level in the r e ­
ac tor tank. 

Before Each Run 

a. P o s t radia t ion signs and remove al l personnel 
f rom loft, s torage pit, r e ac to r room, and a s ­
sembly room. 

b . Close dump valve . 

c. Inspect r e a c t o r tank for nonessent ia l openings. 

d. Make al l n e c e s s a r y adjustments on the manual 
control rod d r i v e s . 

e. Close door to west assembly room. Check 
vis ible and audible a l a r m s when door c lo se s . 
Check r e a c t o r room exhaust fan cutoff when 
door c l o s e s . 

Operat ion 

a. Cock safety rods . 

b . Open s igh t -g las s inlet and purge va lves . 

c. Set i n s t rumen t s on the mos t sensi t ive sca le . 

d. S ta r t D2O pump. Water should r e a c h cont ro l 
float within four minutes . If it does not, check 
for the following: l ) pump a i r lock, 2) leak 
in sys t em, or 3) defective float control . 

e. Close a i r purge valve when the water level 
r e a c h e s 30" . 

f. Compare s igh t -g las s reading with value in ­
dicated by the water level p robe . 

S9 
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g. Check visible a l a r m when water level r e a c h e s 

door in ter lock water probe . If red light^fails to 
appear , tu rn keyed switch off and remove key. 
Water will then dump from any level when the 
a s sembly room door is opened. 

h. Cr i t i ca l operat ion with water level or control 
r o d s . 

H. Shutdown 

a. Turn pump off and drop safety rods by p a i r s . 

b . Lower water to 30" through b y - p a s s valve b e - ' 
fore dumping, 

c. Check gamma level m e t e r before enter ing a s - j 
sembly room. 

d. Lock ci rculat ing punnp m a s t e r switch. Key to 
be kept in file safe. 

e. Open re s idua l d ra in line to r eac to r tank and ^ 
close pump intake valve, ~ ^ 

f. Close s torage tank outlet va lves . ^ 

g. Turn off a i r supply to control va lves , power to "̂  
i n s t rumen t s , and lock control poAver key in file 
safe. 

h. Remove radia t ion Avarning s igns . 

i 
A-1 .3 Routine D2O M e a s u r e m e n t s 

Weekly checks a r e made to de te rmine the amount of D2O in 
the s torage tanks . The pipe connecting the tanks is opened before the height 
is m e a s u r e d , allowing the w^ater to r each equi l ibr ium. A depth m i c r o m e t e r ' 
with an e lec t ron ic probe in i ts lower end, which is sensi t ive to 15 megohms , 
i s inse r ted ; f rom th i s , the upper and lower l imi ts of contact a r e es tabl ished. - '^ 
F r o m the geonnetry of the tanks and the t e m p e r a t u r e , the amount of D2O is 
then de te rmined . ' 

i 
A-1.4 D2O Composit ion and Pur i ty 

Isotopic Pur i ty : P r i o r to filling the sys tem with D2O, it was 
filled with light wa te r , checked for l eaks , dra ined and dr ied , and given a F reon 
leak detec tor t e s t . There were no signs of leaks e i ther with the light water or 
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the F r e o n , The isotopic pur i ty of the D2O when the reac tor f i r s t was operated 
was 99-89 mole % D2O. Since then, the isotopic puri ty has been checked with 
a naass s p e c t r o m e t e r every ten days , on the average . See F igure A-1.4 for a 
puri ty v s . t ime graph. Note the marked drop in puri ty at 15 days and 100 days 
on the graph. The 15-day m a r k co r re sponds to over 3-1/2 tons of 99.75 mole 
% D2O being added to the init ial amovint. The 100-day m a r k cor responds to a 

major lat t ice change in which the tank was par t ia l ly open for over 15 hours 
while the fuel pa t t e rn was being changed, fixed moni tors were being instal led, 
and additional control towers were being set . The la t ter drop was mainly 
due to the absorpt ion of light water while the tank was open. The isotopic 
pur i ty of the D2O in th is sys tem s e e m s to drop about 0.077% per year of ope r ­
ation. 

A-1.5 Ionic Pur i ty 

The ionic puri ty of the D2O is kept high, corresponding to 
about a one megohm res i s t iv i ty , by cerannic f i l t e rs and a r es in bed ion-
exchange column. Checks a r e made twice weekly to determine the input 
ionic pur i ty to the ion-exchange column, and the output ionic puri ty . These 
r e s i s t iv i ty m e a s u r e m e n t s a r e made with a cal ibra ted var iable r e s i s t ance 
b r idge , one p a r t of which is the D2O r e s i s t a n c e , and a "magic eye" which 
shows the null point, indicating balance on the br idge . 

A-1.6 Decomposit ion 

It has been found, by means of a M.S.A, explos imeter , that 
l a rge concent ra t ions of D2 and H2 were built up in the finned tubes of ZPR-I I . 
This concentra t ion ran as high a s 20% by volume in some tubes , exceeding 
the explosive concentra t ion l imit . The gas in the tank p roper , however, gave 
lit t le indication of an explosive mix tu re . The probable origin of these gases 
is the e lec t ro ly t ic act ion of D2O and uran ium, resul t ing in D2, and the res idua l 
acetone used in cleaning the finned tubes p r io r to instal lat ion, resul t ing in H2. 
The hydrogen mix tu re found contained 75% D2 and 25% H2. 

A-2 Health P h y s i c s 

Health P h y s i c s Ins t rumenta t ion and Tole rances : The gamma level 
nea r the tank may be m e a s u r e d , f rom 1 m r to 10 r , by a health survey m e t e r . 
In this c i rcu i t , an ionization chamber , which is located on the side of the r e ­
ac tor tank, feeds a conventional D.C.amplif ier which d r ives a m i c r o a m m e t e r . 
This c i rcu i t i s ca l ibra ted to read the gamma flux from 1 to 10,000 m r . P o r t a ­
ble a l pha -be t a -gamma covmters a r e a l so avai lable . K tes t m a t e r i a l i s to be 
taken from the r e a c t o r short ly after a run, the gamma level i s checked before 
enter ing the r e a c t o r r oom by the heal th survey m e t e r , and the gamma level 
in the unloading a r e a is checked with a portable counting ra te m e t e r . Pocket 
d o s i m e t e r s and filra badges a r e worn by al l personnel , so that the accumulat ion 
of radia t ion by each pe r son can be de te rmined . 
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Flvix Levels in the Control Reac tor Room: In the control room 
p rope r , i .e . , near the control console , with ZPR-I I at i ts highest no rma l 
operat ing power, the flux level i s below neutron and gamma to l e r ance . Near 
the door to the west a ssembly room,however , the flxix level is high at no rma l 
operat ing powers . Table A-2 shows these levels in t e r m s of the 8 hour day 
to le rance ( T ) . 

Table A-2 mzP-
FLUX LEVELS IN THE CONTROL ROOM 

fast neu t rons 

slow neut rons 

gamma 

Control Room 

1/3 T 

T 

T 

West Assembly Door 

10 T 

T 

T 

The flvix level near the r e a c t o r , after shutdown, can only be given general ly 
since it depends upon the preceding run. Ten minutes after a 20-nainute, 
80-watt run, the gamma fliix i s about lOT. This level d e c r e a s e s to to le rance 
after about 2 h o u r s . 
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