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ABSTRACT 

A zero power mock-up of the Aircraft  Reactor Experiment o r  ARE was 
The constructed i n  the Oak Ridge National Iaboratory C r i t i c a l  Fac i l i ty .  

assembly was Be0 moderated and ref lected and used a powder mixture of Z r ,  
Na, and enriched uranium, simulating the reactor fue l ,  packed i n  s ta in less  
s t e e l  tubes a s  f u e l  elements, 
regulating and safe ty  rods, was 508 kg of U-235 t o  be compared t o  the 
predicted value of 5.5 kg. 
a t  the center of the reactor increased the c r i t i c a l  mass t o  6.68 kg U-235. 
The value of the ARE regulating rod was I259 or  1-1/4 t b s  the effect ive 
delayed neutron fract ion for th i s  reactor,  
safety rod gave a value of approxjmately 55@. 

The clean cr i t ical  mass, without the AIiE 

The addition of the regulating rod. guide assembly 

The cal ibrat ion of one ARE 

Beutron f lux  dis t r ibut ions were meaaured by comparing bare indium and 
cadmium covered indium foil activations a t  various points in the reactor. 
The puwer dis t r ibut ion was found by measuring the f i s s ion  fragment a c t i v i t y  
on aluminum catcher foils placed in contact w i t h  a fused uranium bearing salt 
contained i n  an Inconel tube of ARE specifications placed a t  various points 
i n  the reactor. The s p a t i a l  dis t r ibut ion of those neutrons capable of pro- 
ducing f ies ion was measured in  the moderator and re f lec tor  using the sane 
catcher f o i l  method with a metallic uranium disk. 

The r eac t iv i ty  contribution8 by a number of materials, primarily con- 
s t i t uen t s  of the ARE: s t ruc tura l  components, were measured. The r a d i a l  in- 
portances of f u e l  and f u e l  containers were determined by the reac t iv i ty  
coefficient method as was the contribution of a p a r t i a l  mock-up of a s t e e l  
pressure she l l ,  

I 
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I. INTRODUCTION 

The Aircraf t  Reactor Experiment being planned a t  Oak Ridge Rational 

This 
Laboratory is a high temperature, intermediate power reactor having a 
beryllium oxide moderator and refJector and a l iquid fuel-coolant. 
f u e l  is  designed as  a mixture of the fluorides of zirconium, sodium and 
enriched uranium in  the proportion required t o  meet the requirements a t  
the operating temperature and to  include suf f ic ien t  U-235 t o  inaure a nuclear 
chain reacting systeml. 
temperature and essent ia l ly  zero power on a mock-up of the reactor constructed 
in  the Oak Riqge Cr i t i ca l  Experiments Fac i l i ty .  
periment was t o  provide a comparioon of the experimental value of the c r i t i c a l  
mass and of the power and neutron f lux  dis t r ibut ions with those predicted f o r  
t h i s  mock-up, I n  addition, an evaluation was mde of the  r eac t iv i ty  coeffi-  
c ients  of the regulating and safety rods designed for  the ARE and of samples 
of cer ta in  ARE s t ruc tura l  materials. The re f lec tor  and moderator used in  
t h i s  c r i t i c a l  assembly were the Be0 blocks which had been prepared f o r  the 
ARE. The fue l  was a mixture of powdered fluorides having essent ia l ly  the 
nuclear properties of the ARE f u e l  except those dependent upon deneity and 
was packed i n  s ta in less  s t e e l  tubes. 
was contained in  tubes located in  the Be0 re f lec tor  t o  simulate the f l u i d  
ref lector  coolant of the ARE e 

A ser ies  of experiments has been performed a t  room 

The main  purpose of the ex-  

A similar powder, but without uranium, 

The range of reac t iv i ty  required t o  f i r s t  build an essent ia l ly  "clean" 
ju s t  c r i t i c a l  Etystem and then t o  evaluate the rather  large amount of poison 
in  the central ly  located AFU3 safety rod necessitated two f u e l  loadings of 
s ignif icant ly  different  uranium concentration. The experimental resu l t s ,  
f o r  purposes of reportingjaare divided between these two loadings. 

It waB necessary t o  release the Be0 f o r  preparation of the ARE reactor 
before the experiments reported here could be logical ly  concluded. 
was not possible, f o r  instance, t o  measure a l l  of the ARE regulating and 
safety systems simultaneously. Nor was it possible t o  evaluate the data 
before disassembly of the equipment s o  doubtful r e su l t s  could not be r e -  
investigated. There were, for  example, several  neutron f lux  values which 
were considered not representative and are  not reported. The construction 
and operating temperatures of the ARE w i l l  not permit a fur ther  study of the 
microscopic nuclear character is t ics  of the reactor for which these experi- 
ments were designed. 

It 

No attempt a t  theoret ical  analysis has been made i n  t h i s  report .  
is intended t o  present a description of the mock-up and the experimental 
procedure, where necessary, with a p2esentation of the data obtained. 

It 

11. I S E S C R I f l I O N  OF CRITICAL ASSEMBLY 

A. Moderator and Reflector 

The core was a r igh t  cylinder, with its axis  ver t ical ,  32.811 in  
d i amte r  and 35.6" in  length and consisted of f u e l  tubes and hexagonal 
faced Be0 blocks, 
the hexagonal flats with a 1-1/4" diameter hole, pa ra l l e l  t o  the long axis ,  
through the center fo r  the f u e l  tube. 

These blocks were approximately 6" long and 3-3/4" across 

The average density of the Be0 i n  the 

1 "Reactor Program of the Aircraf t  Nuclear Propulsion Project",  ORML 1234 
June 2, 1952. 
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blocks was 2.76 gm/cc. 
and a l so  35.6" in  length. 
blocks except that the cent ra l  hole was 1/2" i n  diameter. 
e r a l  re f lec tor  blocks were cut t o  approxiaate a cyl indrical  outer surface. 
There was no Be0 end ref lector .  

The Be0 side re f lec tor  was 47.5'' i n  diameter outside 
These blocks had the same dimensions a s  the core 

Some of the periph- 

Volume 
f t 3  

15.50 

0.32 

1.42 
0.17 

17.41 

The Be0 blocks had been hot pressed t o  shape with a ra ther  close l imit  
on the hexagonal dimensions but a large permissible variation ( ?  0.1") i n  
the length. Although it  w & s  possible t o  mke the top and bottom surfaces 
of the assembly plane by selective stacking, the ends of the blocks, i n  
successive layers, were not, in general, coplanar, The uniform top sur- 
face of the Be0 and the ends of the f u e l  tubes a re  shown in  Fig. 1. The 
large hole, 2" in  diameter, in  the Be0 block i n  the l e f t  foreground is f o r  
one of the ARE f i ss ion  chambers. 
blocks and a l l  of it was not removed by a f i n a l  wash with trichlorethylene 
a s  evidenced by the strong odor remaining. 
residue was not made. 
pressing) i s  given i n  the appendix a s  sample #19. 

Kerosene was used in  the machining of the 

A quantitative measure of the 
A chemical analysis of the Be0 powder (taken pr ior  t o  

Volwne Weight Weight 
B lb 9 

89 005 2660 89.26 

1.84 153 * 45 5.15 
#I 165.79 
#I1 166.68 5 959 8.16 

0 43.5 

100 0 00 2980.1 100 .oo 

-- -- 

A sumwiry of the core constituents is given in  Table I. The two weights 
of f u e l  mixture given a re  the contents of 70 f u e l  tubes in  the f i r s t  (#I) and 
second (#II) loadings, respectively, with the second loading being used t o  
calculate the weight percent composition. 

Volwne Volume 
f t 3  B 

Be0 18.09 94 07 0 
Inc one 1 0.043 0.23 
Coolant 0.24 1.26 
Void 0.60 3 013 
Void 2" 

I 

Weight 
l b  

3104 
22.86 
29 0 17 -- 

1 Total 

Instrument 
Hole 

TABU I 

0.13 0.68 -- 
Tota 1 19.10 100 0 00 3156.0 - 

Weight 
k 

98 0 3.6 
0.72 
0.92 
-- 

-- 

100 .e 00 
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The Be0 blocks were stacked on a 1" thick Inconel plate  which, in turn, 
The support plate  was supported by eighteen Inconel "legs", 1" in diamster. 

was machined t o  match the f u e l  and re f lec tor  coolant tube matrix. 
were contained by a 47-1/2" diameter, 1/16" thick, open end Inconel can. 
the reactor design prescribes a small clearance between addacent Be0 block 
columns the can did not f i t  snugly and consequently the block6 were rather  
loose. Subsequent tightening by shimming with aluminurn s t r i p s  between the can 
and blocks gave only a small change in  reac t iv i ty ,  
not measurable since the block s h i f t  was not uniform but the e f fec t  on the re- 
a c t i v i t y  was only about g#*) 
sh i f t s  in  react ivi ty .  

The blocks 
Since 

(The dimensional change was 

This tightening was done t o  reduce day t o  day 

B. Fuel and Coolant 

The fuel mixture used in  the c r i t i c a l  assembly was patterned a f t e r  
the ARE f u e l  mix #27 which prescribed 

50 mol 4 ~ r ~ 4  
46 mol $ NaF 
d 4  mol $7 uF4 

Since insufficient ZrF4 was available a t  the time of the e x p e r k n t s ,  Zr02 
was substi tuted and suff ic ient  carbon, as  powdered graphite, was added t o  
compensate for  the difference between the thermal neutron scat ter ing by the 
mixtures. 

The mixture used i n  the c r i t i c a l  experiments consisted of 

65.6 w t  $ ZrOg 
23.7 w t  $ NaF 
10.5 w t  $ c 
0.3 w t  % E20 

with UF4 added t o  give the specified uranium density. 
t h i s  density was prescribed by M i l l s 2  t o  be 0.1632 gm U-235/cc o r  a f u e l  
cornpoaition of: 

For the i n i t i a l  loading 

12.4 
57.4 w t  $ ZrOg 
20.8 w t  $ NaF 

0-26 w t  $J H20 

w t  4 UF4 (U enriched t o  93.2$ i n  U-235) 

9.2 w t  $ c 

The average packed deneity of the f u e l  mixture was 1.87 gm/cc. 

Since no theoret ical  prediction was mde of the amount of uranium required 
t o  provide sufficient reac t iv i ty  t o  evaluate the ARE regulating and safety rods, 
the f u e l  fo r  the second loading was empirically selected t o  have a IT-235 density 
about 25% greater than the f i r s t  one, 
was 

The composition of the mixture prepared 

2 M i l l s ,  C .  B. and I>. Scott, "The ARF, Cri t ica l  Experiment", Y-F10-108, 
August 8, 1952 e 
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16.2 w t  $ u ~ 4  
5 5 0 ~  w t  $ ~ r 0 2  
19.9 w t  $ HaF 
8.8 w t  3 c 
0.25 w t  $ H20 

The uranium density was 0.2138 ga U-23>/cc and the average packed density 
of the mixture was 1.88 gm/cc. 

The ARE re f lec tor  coolant, a t  the time of the experiment, was defined 
a s  the same base mixture a s  the f u e l  but without the UF4. 
ac tua l ly  used was 

The blend 

69,2 w t  $ Zro2 
22,7 w t  $ NaF 
9.1 w t  $ c 

which d i f f e r s  f romtha t  above because of batching i r regular i t ies .  
graphic analysis of the materials used f o r  these blends is  given i n  the 
Appendix, samples LO, 20, and 21, 

A specto- 

A small quantity of mi te r ia l  having pyoperties more l ike  those of the 
l iquid f u e l  was prepared from a l iquid mixture of ZrF4, NaF, and UFb by 
casting it into cyl indrical  slugs. Its composition was 

74,O w t  $ ZrF4 
17.2 w t  $ IpaF 
8.8 w t  k uF4 

The bulk density of the so l id  was 3.75 gm/cc and the uranium density was 
0.235 gm U-235/cce These slugs were 1.06'' in  diameter, varied in length 
between 1" and 5" and were of suf f ic ien t  quantity t o  f i l l  one f u e l  tube 
when packed end t o  end. There were small voids between adjacent slugs which 
reduced the loaded density t o  3.54 @/cc or 0.224 gn U-235/cc. 
manner there was 114.2 ~m U-235 i n  the 35.6" core length t o  be compared with 
the average 123.6 @ U-235 i n  the packed f u e l  powder of the second loading. 

Loaded in  t h i s  

The ARE f u e l  tubes are t o  be of Inconel 1.235" OD and 0.060'' wall and 
a re  connected above and below the Be0 t o  provide flow channels. 
not available a t  the time of this experiment, so type 302 s ta in less  s t e e l  
was substi tuted,  
i n  the appendix, sample 17. 
f i l l i n g  length of 39.86". Thfs provided 2-1/8" of f u e l  both above and below the 
core t o  simulate the tube bends of the fLRE. The tubes were sealed with threaded 
s ta in less  s t e e l  caps 1-3/16" long, the threads being coated with Gly-ptal paint 
t o  prevent powder leakage and water absorption, 
ing longitudinally as the specified amount of fue l  mixture was added. 
photographs taken of the f i l l e d  tubes and examined on a densitometer indicated 
a variation i n  the l inear  uranium density near the tube ends which was not 
measured quantitatively.  
in the overal l  density from tube t o  tube, 

Inconel was 

Spectrogra2hic analysis of t h i s  s ta in less  s t e e l  i B  given 
The tubes were 41-1/4" long overal l  with a f u e l  

The tubes were packed by vibrat-  
X-ray 

The method of loading gave l e s s  than 1$ variation 

The re f lec tor  coolant tubes were of Inconel, 1/2" outside diameter, 0.020" 
wall thickness and 36" long, and were packed t o  an average density of 1.95 gm/cc 
by the same method a s  the fue l .  They were sealed by welding small Inconel plugs 
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i n to  the ends, 
were centered ver t ical ly .  
i n  the re f lec tor .  
tubes a r e  shown in  Fig. 2. 

These tubes occupied 66 holes i n  the Be0 re f lec tor  and 
The neutron source was located in  the 67th hole 

The two types of Be0 blocks with the f u e l  and re f lec tor  

C . Mechanical Eq uiDment 

Figure 3 shows the reactor table,  safety rod, and source drive support 
s t ructure .  
table.  
Fig. 4. 
by a three-phase motor. 
panel in  the control room by selsyn motors f o r  the intermediate positions 
and l i m i t  switches f o r  the extremes of t r ave l ,  

The control rod drives a re  shown mounted below the reactor 
The location of the safety and control elements a re  indicated i n  
The control elements were fue l  tubes mounted on a lead screw driven 

The rod position indication was transmitted t o  the 

Each sa€ety rod consisted of seven f u e l  tubes arranged in  a hexagonal 
pattern mounted on a c o m n  base plate  and supported by a cadmium lined rod 
connected above the center tube, 
magnet mounted on a drive similar t o  tha t  of the control rod, with selsyns 
and l i m i t  switches fo r  remote indication, the l a t t e r  a l so  being in tegra l  
with the interlock system. Panel l i gh t s  indicated the "in" position Of the 
safe ty  rods, the "out1' position of the magnets, and contact of the magnets 
and rods; selsyn-driven Veeder Root counters indicated intermediate positions 
of the mgnets.  The two safety rods a r e  shown i n  the "out" or  l ea s t  reactive 
position i n  Fig. 4. In  the norm1 or "in" position during operation the f u e l  
tubes of the safety rods were centered ver t ica l ly  i n  the reactor.  

This array was drawn into the reactor by a 

The Po-Be neutron 8ource was located i n  the re f lec tor  and w a s  moved by a 
remotely controlled motor between the midplane of the reactor and a paraffin- 
boron carbide shield mounted above the B e O .  
4 x 10 6 neutrons per second. 

The source etrength was about 

D. Instruments and Power Interlocks 

The r eac t iv i ty  of the assembly was regulated by positioning the control 
and safe ty  rods fromthe control panel and cer ta in  interlocks were provided 
in  the system t o  avoid improper sequence of operations during start-up. It 
was necessary tha t  the source be a l l  the way i n  the reactor and the control 
rods in  t h e i r  l ea s t  reactive position before the safety rods could be raised. 
The control rods could be moved only after both safety rods were i n  contact 
with the i r  magnets, and one was completely raised and the other pa r t i a l ly  raised. 
I n  the event t ha t  the Be0 blocks of the array were displaced ver t ica l ly  the up- 
ward motion of rods was atopped by interlocks.  

Neutron and gamma sensi t ive detecting devices were placed about the 

Two BF3 proportional 
assembly f o r  masurernent of the reactor power leve l  with aasociated amplifiers, 
scalers  and recorders located i n  the control roomo 
counters supplied information to  scalers  through l inear  amplifiers f o r  the 
determination of neutron multiplication during the i n i t i a l  approach t o  c r i t i c a l ,  
A record of the re la t ive  power and period of the assembly was provided by a 
log N amplifier. One D-6 amplifier and two vibrating reed electrometers fed 
by BF ionization chambers and a &sensi t ive sc in t i l l a t i on  detector provided 
addi t  ? o m 1  re la t ive  power level  informtion. Xach of these l a s t  four instru-  
m n t  channels contained relays which were used t o  actuate the safety system. 

* 

The purpose of the safety devices was t o  shut down the reactor quickly 
i n  the event of unusual r i s e s  in react ivi ty .  Actuation of the safety system 
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e i the r  mnual ly  or by instruments a t  a preset  radiat ion level ,  de-energized 
the magnets allowing the skifety rods t o  drop thereby removing f u e l  and adding 
poison t o  the reactor.  Also  the control rods were driven down removing addi- 
t i ona l  fue l .  
a s l i g h t l y  higher f lux  level,  dropped the  safety rods i n  case of f a i lu re  of 
the lower l eve l  t r i p .  

Another magnet release,  actuated by instruments and operating a t  

I11 e FIRST LOADDIG 

A .  C r i t i c a l  Mass 

Successive incremnts  of f u e l  were added, 

The r e f l ec to r  coolant tubes were i n  place a t  t h i s  t i m e .  

s t a r t i n g  a t  the center of the 
assembly by f i r s t  loading the safe ty  and control  rods, until the system be- 
came c r i t i c a l ,  The 
system was f irst  c r i t i c a l  with a loading of 5.85 kg U-235, contained i n  62 
f u e l  tubes, and with the s ingle  f u e l  tube of control  rod A almost completely 
inserted.  (The remining  eight  f u e l  tube posit ions were empty.) With Rod A 
completely inser ted the excess r eac t iv i ty  corresponded t o  about lw, or 1% 
of t h a t  due t o  the effect ive delayed 
neutrons--the evaluation being made 
in  the manner described i n  Section 
111-B below. Figure 5 shows the load- 
ing arrangement f o r  the c r i t i c a l  system** 
It was shown in  a similar way tha t  the 
excess reac t iv i ty ,  when the assembly 
was loaded with a f u l l  complement of 
seventy f u e l  tubes, was 268# o r  about 
2% inAk/k. The contribution t o  t h i s  
excess r eac t iv i ty  by individual pairs 
of tubes was a l so  measured, allowing 
considerable la t i tude  i n  the loading, 
s o  changes could be made from time t o  
time throughout t h i s  s e r i e s  of exper- 
iments. 
value and position of these tubes. 

Table I1 gives the r eac t iv i ty  

B. Control Rod Calibration 

TABm I1 

Reactivity Value of Fuel Tubes 
Posit ion 
-_L 

6-11 

lo-ll) 5-3 

13-5 3 -5 1 

Value ($1 

64.6 

65 07 

62 .O 

56.1 

The control rods were cal ibrated 
by the method described essent ia l ly  
by Gladstone and Edlmd3 i n  which 
a measurement is  made of the period resu l t ing  from a change i n  r eac t iv i ty  
produced here by the displacement of a rod from i t s  posit ion when the assembly 
is c r i t i c a l ,  
known inhour formula: 5 

This period i s  re la ted  t o  the change in  r eac t iv i ty  by the w e l l  

ir 
L =I (3; <a 

i=l 

f =  1=I 

#E 6i 
' The method of posit ion designation, which w i l l  be used throughout t h i s  

report ,  is i l l u s t r a t ed ,  f o r  example, by 11-3 - the 11th row f romthe  bottom 
of Fig. 5, t h i r d  block from the l e f t ,  

Gladstone, S. and M. C .  Edlund, "The Elements of Muclear Reactor Theory" 
(Van Mostrand, Mew York, 1952), p. 302, 

3 
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Where e = the change in  r eac t iv i ty  i n  cents 
Pi = the f rac t ion  of f i s s ion  neutrons i n  the i t h  delayed group 
hi = the corresponding decay constant 
T z the reactor  period resu l t ing  from the r eac t iv i ty  change 

produced by the control rod displacement 

Since t h i s  reactor  assembly contained a Large quantity of beryllium, 
recognition must be made of the production of photoneutrons by f i s s i o n  product 
gamma radiat ion which may be considered a s  equivalent t o  addi t ional  groups 
of delayed neutrons. Their immediate e f f e c t  i s  t o  make the  control rod c a l i -  
brat ion sensi t ive t o  previous reactor oyeration. 
e r r o r  was made by the following procedwe, With the reactor  c r i t i c a l  a t  some 
lower power an increment of r eac t iv i ty  was added by moving a rod other than 
the one being cal ibrated and the resu l t ing  reactor  period was allowed t o  
stabilize: 
order of magnitude @eater than the lower level ,  by adjusting the rod being 
calibrated.  
therefore,  t o  the period with which the power had increased. The power was 
then returned t o  the lower leve l  without disturbing the rod being cal ibrated 
and the procedure repeated, using successive increments of the rod t o  override 
the corresponding periods, Summation of these increments gives the value of 
any section of the rod. 
e r ro r  due t o  the photo-neutrons since the rod increments are  taken a t  the upper 
l i m i t  of the range of operating power levels  where the r a t i o  of f i s s ion  neutrons 
t o  pseudo-source (V-n) neutrons from previous high leve l  operation is  a maximum. 

An attempt t o  minimize the 

The assembly was then brought back t o  c r i t i c a l ,  a t  a power an 

The incremental change i n  the control  rod posit ion corresponded, 

It is believed tha t  the above mthod minimizes the 

Th 
culated 
energy of emission but does not  include the photoneutrons from the beryllium. 

effect ive t o t a l  delayed neutron f rac t ion  f o r  t h i s  reactor  was cal-  
t o  bedO.8$ which includes the increased importance due t o  t h e i r  lower 

Figure 6 is the cal ibrat ion curve of control  rod A ,  consisting of one 
f u e l  tube, located i n  posit ion 9-7 shown i n  the loadinf*plan, Fig. 5 .  
zero posit ion the f u e l  tube is  centered i n  the reactor  
the s e n s i t i v i t y  of the rod, in  cents/inch, against  the rod posit ion.  These 
data were obtained by dividing the increnental displacement of the rod in to  
the r e su l t an t  change i n  r eac t iv i ty ,  
the displacenents and t h e i r  ordinates give the corresponding average sensi-  
t i v i t i e s .  It is  t o  be recal led tha t  w h i l e  rod A was being withdrawn during 
cal ibrat ion,  a second nearby rod consisting of two f u e l  tubes, (Control Rod B ) ,  
was being inserted simultaneously, but i n  smaller increments. It so happened, 
from the experimental arrangement, Ghat the ends of the rods passed each other 
when A was withdrawn about 18". 
flux dis t r ibu t ion  when the rod ends with t h e i r  s t a in l e s s  s t e e l  end caps were 
proximate, a probable cause of the dip i n  the sens i t i v i ty  curve near the center 
of the range of ca l ibra t ion ,  

* 

I n  the 
I n  Fig. 7 is plot ted 

The lengths of the horizontal  l ines  show 

There was possibly some disturbance of the 

The magnitude and s t a b i l i t y  of t h f s  period was measured on a previously c a l i -  
brated logarithmic neutron leve l  recorder, 
the power range was s table  within the limits of measurement. 

The period a t  the higher end of 

** The ordinate of the calibratior,  curve may be interpreted a s  the k--excess 
available i n  the c r i t i c a l  reactor f o r  a given rod pos8tion. 

4 C. B. M i l l s ,  pr ivate  communication. 
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C, Reactivity Value of Pressure Shel l  

Cylindrical  sheets of mild s t e e l  were added outside the Inconel can, 
encircl ing the Be0 ref  lec tor  of t h i s  preliminary assembly and extending 6" 
above and below it, i n  an attempt t o  estimate the contribution t o  the r e -  
a c t i v i t y  of the ARE by i ts  pressure she l l .  The addition of a sheet 1/4" 
thick increased the r eac t iv i ty  34,5#; a second 1/4" thick layer resul ted 
i n  an addi t ional  gain of 21.06 or  a t o t a l  increase of 55.5# f o r  the 1/2" 
thick Layer. Because of time l imitat ions and since fur ther  additions t o  
the thickness would have contributed successively s m l l e r  increments of 
reac t iv i ty ,  the measurements were not extended beyond the 1/2" value. 

Increase i n  Reactivity 
. Sta in less  S t e e l  Aluminum g u e l '  

Fuel Tube Tube - Pos it ion 

8 -7 107.2 187 .o 
9 -8 104.8 173 *o 
10 -8 79.8 130.1 
11-8 51.2 85.3 
12 -8 37 00 57.9 

D. Radial Importance of Fuel and Fuel Element Container 

The contribution t o  the t o t a l  r eac t iv i ty  of single f u e l  elements w a ~  
measured a s  a function of the r a d i a l  posit ion of the element. These measure- 
ments were incorporated with an evaluation of reactor  poisoning by the s ta in-  
l e s s  s t e e l  container of the fue l ,  a l so  a s  a function of radius, i n  the follow- 
ing manner. 
di t ions i n  f ive  locations along a radius.  I n  the f i r s t  of these three 
conditions the f u e l  element posit ion was empty, i n  the second it was f i l l e d  
with the standard s t a in l e s s  tube containing the f u e l  mixture. 
measurement an aluminum tube of l i ke  dimensions and f i l l e d  with the f u e l  
mixture was subst i tuted f o r  the s t e e l  one. The r e su l t s ,  referred t o  the 
r eac t iv i ty  with a void i n  the t e s t  posit ion,  a r e  given i n  Table I11 and 
plot ted i n  Fig.  8 

The system was made c r i t i c a l  under each of three loading con- 

For the t h i r d  

TABLE I11 

Radial Importance of Fuel and Fuel Container r-- 

The difference between the two s e t s  of data i s  a measure of thc s t o e l  
poisoning and i ts  shielding of the fue l ,  Escept near the r e f l ec to r  the im- 
portance of- the f u e l  i s  of the form Y = AJo (BR) where Jo(m) is the zero 
order Bessel function corresponding t o  the r a d i a l  asyrnpotic solut ion of the 
f lux  d is t r ibu t ion  i n  a bare cy l indr ica l  reactor .  
from the neutron f lux  measurements described i n  Section 111-G below using 
experimental points near the center of the reactor ,  

The constant B was evaluated 

E.  Reactivity Value of Reflector Coolant and Tubes 

A measurement was made evaluating the loss  i n  r eac t iv i ty  due t o  the 
re f lec tor  coolant and the Inconel tubes i n  which it was contained. The 
assembly contained s ixty-s ix  tubes, each 1/2" i n  diameter, f i l l e d  with the 
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basic mixture of Zr02, C ,  and NaF but without UF4. 
tubem is described i n  Section 11-Bo 
tubes resul ted i n  an increase i n  r eac t iv i ty  of 66$. 
gives 82# a s  the t o t a l  poisoning e f f ec t  of a l l  the tubes and t h e i r  contents. 

The location of these 

Linear extrapolation 
The removal of f i f ty - three  of these 

F, Attempt t o  Calibrate ARE Rewla t ina  Rod 

One of the purposes of t h i s  preliminary assembly was t o  evaluate the 
regulating rod designed f o r  the klRE. The rod is a segrnented a r r ay  of small 
cyl indrical  annuli ,  containing a poison, having t h e i r  axes colinear,  which 
is  t o  be moved ve r t i ca l ly  along the reactor ax i s ,  Two such poison rods of 
d i f fe ren t  values were fabricated f o r  t e s t ,  
1.26" I D  by about 2" l o n e .  
p k e d  with A1203 impregnated with B4C ,and containing 0,005 @n B&C/oc. 
cylinder of s t a in l e s s  s t e e l ,  2-13/16" long, is located above and below these 
segments. 
sections f i l l e d  with a mixture Containing 0.023 gm B&C/cc, Preparation 
f o r  evaluation of the rod required the removal of the cent ra l  f u e l  tube, the 
cent ra l  Be0 column, and the inser t ion of Inconel guide tubes. 
of' the cent ra l  fue l - tube  lowered the r eac t iv i ty  1074 the removal of the 
cent ra l  Be0 column, posit ion 8-7, lawered it an addi t ional  263$* It then 
became apparent that the loading contained insuf f ic ien t  excess r eac t iv i ty  
t o  override the fur ther  loss  t o  be incurred by the introduction of' the Inconel 
guide- tubes and even the weaker regulating rod. 

Each segment is  1.86" OD and 
The "weak" rod is made up of fourteen segments 

A 

The "strong" rod was of ident ica l  construction with the poison 

The removal 

G, Measurement of Neutron Flux 

The d is t r ibu t ion  of neutrons within the reactor  core and r e f l ec to r  was 
measured by the usual method using bare and cadmium covered indium f o i l s .  
The f o i l s  were 5/16" i n  diameter cut  from a 0,Ol" thick sheet of nine weight 
per cent indium i n  aluminum mixture. The e f fec t ive  indium thickness was 
5.4 mg/cm2 or about 3 x loe4 inches. The cadmium covers were Oe02" thick.  
After i r rad ia t ion  the f o i l s  were counted on four Amperex Geiger countersw 
with associated binary sca le rs ,  
minutes i n  a l l  of the four counters, a t o t a l  of e ight  s e t s  of counts per 
f o i l .  
from each f o i l .  
and back 
v1ously.F A gold f o i l  was i r radiated at the same posit ion i n  each run t o  
normalize the exposurea, 
paring the a c t i v i t i e s  i n  indium foils located i n  the same posit ion each time. 
The precision of the neutron f lux  measurements due t o  errors i n  t h i s  normal- 
izat ion is  estimated t o  b e t 2 4 .  
t h i s  assembly is  shown on the loading chart ,  Fig.  

Each side of each f o i l  was counted f o r  two 

The exposures were such a s  t o  give the order of 5 x lo4 observed counts 
The r e s u l t s  were corrected empirically f o r  counter dead-time 

ound and normalized f o r  the indium decay by methoda descr ibedpre-  

Some of the runs were fur ther  normalized by com- 

The location of the f lux  traverses made i n  
Table IV shows the 

* The rods a r e  described by ORML Drawings A-2-5-1, A-2-5-1-1, A-2-5-2, and 
A-2 -5 -2 -1 

we Amperex Type 120C with 5,6 mg/cm2 mica end window, 

5 E .  L. Zimnermanm "A Graphite Moderated C r i t i c a l  Assembly-CA-4", 
Y -881, December 7, 1952 
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counting data and Fig. 9 shows the r a d i a l  f l ux  d is t r ibu t ion  a t  the midplane, 

Radius 

0.875" 
6.625 
10 375 
13.250 
14 .E5 
17 .ooo 
17 A75 
20.125 
21.125 

.- 

Neutron Flux Traverse 
Radia 1 a t  Reactor Midplane 

Indium Activi ty  i n  Arbitrary Unitr 

Bare 

48,500 
42,290 
31,900 
26,070 
23,620 
18,520 
16,230 
12,570 
7,360 

Cd 
Covered 

30,950 
26,920 
21,280 
15,880 

8,900 
6,980 
4,670 
2,350 

14,020 

Bar: -Cd 
Covered 

17,570 
15,370 
10,620 
10,190 
9,600 
9,620 
9,250 
7,900 
5,010 

Cadmium 
Fraction 

0.362 
0,347 
0.333 
0 0391 
0.406 
0.520 
0 0570 
0.628 
0.680 

I n  addition t o  the bare and cadmium covered act ivat ions the t h e m l n e u t r o n  
f lux (&re Indium Activation - Cd Covered Indium Activation) and the Cadmium 
Fraction a re  plotted.  The cadmium f rac t ion  is here defined a s  

Bare Indium Activation - Cd Covered Indium Activation 
Bare Indium Activation 

o r  the f rac t ion  of the absorptions i n  indium lying below the energy of the 
cadmium cutoff.  The dashed l ines  on the figure a r e  J,(IB) curves plot ted using 
the two points fur theres t  from the r e f l ec to r  t o  determine the constant B. 
The values of R f o r  Jo(ER) = 0 f o r  the three curves agree very well being 2 ~ 6 ~ '  
for the t o t a l  neutron dis t r ibut ion,  21.2" f o r  the epi-cadmium, and 21.6" 
f o r  the thermal neutrons with an average of approximately 21.5". It was 
th i s  value of R which was used f o r  the f u e l  importance curve Fig.  8. 

An a x i a l  traverse was mde i n  posit ion 8-7 by placing the f o i l s  between 
the Be0 blocks. 
the f lux  against  the distance from the bottom of the assembly. 

Table V shows the counting data and Fig.  10 is  a p lo t  of 
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Neutron Flux Traverse 
Axial 

Distance from 
Bottom of 
Reactor 

0 " 
6 

12 
18 
24 
30 
36 

* 

t I I 

Indium Activity i n  Arbitrary Units 
Cd Bare -Cd Cadmium 

Bare Covered Covered Fraction 

4J870 3,670 1,200 0.245 
29,400 18,930 11 , 470 0.356 
44,580 28,600 15,980 0 358 

26 , 420 15 , 970 10 , 450 0 * 396 
2,440 1 , 480 960 0 e396 

48 , 500 3OJ 95O '7 J 55O 0.362 
42,100 3OJo7O 12,030 0.286 

39,200 
34 , 100 
20,540 
1,920 

Similar longitudinal traverses were made a t  r ad ia l  distances of 8.38" 
and 15.88" (Cells 10-8 and 12-8) but i n  the upper half of the reactor only. 
Table V I  and Figs. 11 and 12 show these data. 

24,800 
20,890 
13,710 
1,280 

TABLE V I  
I 

20 ,'6W 
18,290 
11,210 

l J o 3 O  

Xeutron Flux Traverse 
Longitudinal 

11 , 300 
10,250 
6,040 

5 40 

Distance frm 
Bottom of 
Reactor 

18" 
24 
30 
36 

18 
24 
30 
36 

Indium Activity i n  Arbitrary Units 
BaEe-Cd 
Covered 

14 , 400 

640 

13,210 
6,830 

9,300 
8,040 
5,110 

490 

Cadmium 
Fraction 

0 -367 
0 387 
0 *332 
0.330 

0.450 

0.462 
0.439 

0 e473 - 
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I V .  SECOND LOADING --.*. 

A .  C r i t i c a l  Mass 

Provision was made t o  increase the r eac t iv i ty  i n  the available tube 
positions by increasing the uranium concentration in  the powder mixture, 
thereby allowing fur ther  investigation of the poison regulating and safety 
rods of the fW3. 
gm/cc t o  0,2138 @/cc by adding UF4, the re la t ive  proportions of the other 
s a l t s  remaining the same, The de ta i l s  of the cmposition a re  given i n  
Section 11-B. 
5 .l9 kg U-235 in  the 35.6" length of the core and contained i n  42 f u e l  
tubes with Rod A removed an equivalent of 154." 
compared with 5.85 kg i n  62 tubes which were i n i t i a l l y  c r i t i c a l  with the 
fue l  of lower uranium density. The lower c r i t i c a l  mass is a consequence 
of several  factors  other than the change in uraniaurl density. The s ta in less  
s t e e l  loading was s i&nif icant ly  l e s s  since the twenty positions formerly 
f i l l e d  with f u e l  tubes were l e f t  empty i n  t h i s  experiment, The re f lec tor  
was a l so  effect ively thicker since the overall  dimensions of the Be0 were 
the same i n  both cases. 

constant of 1.009. 
assembly . 

The U-235 content of the f u e l  was increased from 0.1632 

The "clean" assembly was again made c r i t i c a l  requiring 

The values are  t o  be 

The c r i t i c a l  mass of t h  s loading had not been pre- 
dicted theoret ical ly  but subsequent calculations k give a multiplication 

No additional experiments were done with t h i s  clean 

Immediately a f t e r  determining the c r i t i c a l  mass, the regulating rod 
assembly with i ts  associated components were mounted a t  the center of the 
reactor requiring the removal of the center f u e l  element, the center 36" 7 

c o l m  of B e O ,  and the inser t ion of three Inconel tubes. The three tubes 
extended completely through the reactor and were 3.75" OD by O.O52" wall 
thickness, 2-31/32" OD by 0,042" wall  t h i c h e s s ,  and 2-15/32" OD by 0.039" 
wall, thickness. The tubes were approximately concentric. This unit arrange 
ment was exactly the same as tha t  in  the AF3 except the insulation in  the 
annulus between the inner two tubes was omitted**. 

A step-wise evaluation of t h i s  change was not done but the mass required 
The required loading was 55 f u e l  t o  keep the system c r i t i c a l  was determined, 

tubes o r  6.80 kg U-235 with the regulating rod inserted a distance corres- 
ponding t o  a r eac t iv i ty  value of 54,54 which was approximtely equal t o  
that of one f u e l  tube. 
rod assembly mounted but with the rod removed was 6.68 kg U-235 i n  54 f u e l  
tubes. This repre- 
sents an increase of lo? kg U-235, or 12 f u e l  tubes over the unpoisoned 
e ys tern - 

The c r i t i c a l  me8 therefore, with the regulating 

Figure 13 gives the arrangement of the 55 f u e l  tubes. 

The large change in  c r i t i c a l  mss shows the Inconel a t  the center of 
the core is  a strong poison which great ly  reduced the t o t a l  rod effectiveness. 

B. Regulating Rod Calibration 

The weak ARE regulating rod was evaluated i n  the central  position, 8-7, * The loadingpat tern consisted of a hexagon of 4 coiumns on the side, plus the 
following tubes: 

6 M i l l s ,  C . 33. ANP Quarterly Progress Report June 10, 1953, ORNL 1556, p.28 

10-10, 10-4, 6-4, 6-10, 8-3. 

** A subsequent evaluation of Si02, a rough equiwlent  t o  t h i s  insulation, made 
independently of the Inconel tubes, showed it t o  e f fec t  only a small change 
i n  react ivi ty .  
Appendix, sample 8. 

The r e su l t  is given i n  Table X, and an analysis i n  the 
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and subsequently used f o r  operational control. 
was the same a s  t h a t  described i n  the Section 111-B f o r  the f u e l  tube ty-pe 
rod and yielded a t o t a l  r eac t iv i ty  value of about 125$. A t  the "zero" rod 
posit ion a l l  of the B4C of the rod was above the reactor  and the bottom of 
the s t a in l e s s  s t e e l  section of the rod was f lush  with the top  of the BeO. 
Figure 14 gives the cal ibrat ion curve of the regulating rod. It is of par t ic -  
u la r  i n t e re s t  tha t  the minimum and maximum values of the rod a s  a reactor  poison 
occurred when it was somewhat displaced from the limits of i t s  t rave l ,  being a 
minimum when inserted approximately 3" and a maximum when inserted 32". 
r eac t iv i ty  increase i n  the in te rva l  from zero t o  3" can probably be a t t r i bu ted  
t o  a contribution of the rod t o  the neutron re f lec t ion  or t o  the reduction i n  
neutron channeling i n  t h i s  bare ended assembly. 
posit ion,  the top of the 30" section containing boron was a t  the leve l  of the 
top of the Be0 blocks, Further downward displacemnt,  therefore, did not 
introduce addi t ional  poison and redis t r ibuted t h a t  already present only 
s l igh t ly .  It did, however, bring the top 2-3/16" long s t e e l  section in to  
the core, providing some neutron re f lec t ion  and reducing the channeling. The 
r eac t iv i ty  would have increased upon fur ther  lowering of the rod a s  boron was 
removed a t  the bottom of the core. I n  a second ins t a l l a t ion  of the rod, t o  be 
described l a t e r ,  a t  a r a d i a l  distance of 7.5" from the center, the above be- 
havoir a t  the 3" displacement was ver i f ied ,  It is t o  be noted i n  Fig. 15 t h a t  
the n e t  r e s u l t  of these end ef fec ts  is  t o  give the rod a negative s e n s i t i v i t y  
i n  these ranges. 
cwve has been a t t r i bu ted  t o  the interact ion with an adjacent f u e l  type control  
rod which was being inserted with the poison rod. 
were a t  the same level .  These e f fec ts  were not investigated fur ther .  

The method of cal ibrat ion 

The 

When the rod was a t  the 32" 

The i r r egu la r i t i e s  i n  the data near the peak of the s e n s i t i v i t y  

A t  t h i s  posit ion t h e i r  ends 

Since the maximum reac t iv i ty  of t h i s  assembly did not occur when the rod 
was a t  the upper l i m i t  of i t s  t r a v e l  it is important that some consideration 
be given t o  the operating 
and 15, or similar r e su l t s  f romthe  ARE, should be used t o  ascer ta in  the appro- 
pr ia te  ra i sed  posit ion of the ARE rods t o  insure that the r eac t iv i ty  is always 
decreased a s  they a re  inserted,  without s ign i f icant  loss i n  t o t a l  rod value. A 
posit ive mechanical s top should be provided t o  l imi t  the downward t r ave l  of the 
rods a t  the points where the r eac t iv i ty  is a minimum. It is  believed, however, 
that the neutron re f lec t ion  provided is the ARE by the pressure s h e l l  and the 
moderator coolant w i l l  reduce these e f fec ts .  

position of the ARE safe ty  rods. The data of Figs. 1 4  

C .  Fuel Tube Reactivity Coefficients 

I n  an e f f o r t  t o  provide addi t ional  data f o r  comparison with the clean 
reactor  of the f i r s t  loading, the experiment i n  which the importance of the 
s t a in l e s s  s t e e l  f u e l  tube was measured as  a function of radius was repeated 
and the data a re  shown in  Table V I 1  and Fig,  16. 
were 3-3/4" apar t ,  no intermediate points have a r e a l  meaning and therefore 
no curve has been drawn through the msasured values, 

Since the holes i n  the Be0 

-34- 



ROD POSITION (INCHES) 
FIGURE 14 



36 



I 
DWG. 21527 

STAINLESS STEEL FUEL TUBE 
VS. VOID 

REGULATING ROD GUIDE 
TUBES (INCONEL) 20 --9 

I I I 1 I 2 

I I 

I I 4 6 8 
RADIAL POSITION (INCHES) 

FIGURE 16 

- 
w v 



TAB= V I 1  

Radial Importance of Fuel and Container Material 
Compared t o  E o m l  Fuel Tube 

Reactivity Value i n  # 
Low U-235 Density Inconel 

Position Fuel Tube Fuel Tube 

9-8 -29 .O -27.2 

11-8 -14.5 -17 -2 
l.2 -8 - 9,o -10.1 

10-8 -21 0 1 -24.9 

- 

I I Radial Importance of Stainless  S tee l  Fuel Tube 

Reactivity 
Position Value i n  q! 

9-8 
10-8 
11-8 
12-8 

A comparison of the reac t iv i ty  coefficients of an Inconel f u e l  tube wi th  the 
s ta in less  s t e e l  f u e l  tube was made. 
specifications was f i l l e d  with powdered f u e l  having the same density and U-235 
concentration as tha t  contained i n  the s ta in less  s t e e l  tube. 
replaced the s ta in less  s t e e l  one in  successive positions along a radius. 
another experiment sone evaluation of the r ad ia l  e f fec t  of a variation in  
U-235 concentration was indicated by subst i tut ing a s ta in less  s t e e l  f u e l  
tube with the f i r s t  loading (0.163 ga of U-23T/cc) f o r  one with the higher 
concentration (0.214 gm of U-235/cc). A swmoary of these data is given i n  
Table V I 1 1  and Fig. 17. 

An Inconel tube of ARE dimensions and 

This tube then 
I n  

The reduction of the r e l a t ive  value of the Inconel f u e l  tube a t  the 3.75" 
radius (position on 9-8) might be explained by i t s  proximity t o  the large 
quantity of Inconel in the regulating rod guide tubes. I n  general, the 
s ta in less  s t e e l  f u e l  tube values and the low density f u e l  tube values a re  
consistent but do not compare very well  with the f l u x  and power d i s t r i -  
butions described Later in this  report .  

D. Reactivity Value of Reflector Coolant and Tubes - 
Since the center of the reactor was strongly poisoned by the Inconel 

tubes of the regulating rod assenibly which might cause a change in  the 
t o t a l  reac t iv i ty  value of the f i l l e d  re f lec tor  coolant tubes, it was re- 
measured f o r  t h i s  assembly, The removal of 56 of 66 tubes gave an increase 
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i n  r eac t iv i ty  of 78.26. 
66 tubes becomes 926, an increase from the 82+ extrapolated i n  the f i r s t  
loading. 
evaluate the containers alone but, considering the small value of the coolant 
and containers combined, t h i s  d i d  not appear necessary. 
tha t  the ARE has a similar coolant i n  the in te rs t ices  of the Be0 blocks. 
Because of' the d i f f i cu l t i e s  i n  handling the hygroscopic material, a t o t a l  
evaluation of t h i s  poison was impractical, 
constituents of t h i s  coolant were evaluated a t  one point i n  the reactor.  

When t h i s  is extrapolated l inearly,  the value of 

There was not enough additional Inconel tubing available t o  

It should be noted 

A s  reported below, however, 

Eo Reactivity Coefficients 

The e f f ec t s  on the reactor of a number of different  materials were 
The f u e l  tube of position 10-8 evaluated a t  a single point a s  follows: 

(7$" from the center) was removed and, with the reactor c r i t i c a l ,  the 
control rod position was noted as  the base point. 
used as  reference f o r  the subsequent runs in which the material t o  be 
evaluated was placed i n  t h i s  same position. 

This base point was 

In  the case of a large change 
i n  react ivi ty ,  additional f u e l  
tubes were added a t  selected 
points on the core periphery. 
The tubes were evaluated as  
added and the data a re  given 
in  Table I X .  

The sample materials were 
used in  the form of rods, tubes, 
chips, or powder the l a t t e r  two 
being packed in to  aluminum tubes 
and sealed t o  prevent leakage and 
water absorption. The reac t iv i ty  
coefficients of the aluminum tubes 
(samples 1 and 2 i n  Table X) were 
measured and used t o  obtain the net  
r e su l t  f o r  the samples contained, 
TWO samples (chromium and manganese) 
were packed in to  both an aluminum 
tube and in to  an annulus formed by 
two concentric aluminum tubes while 
others were run twice in  a single 
tube using different  quant i t ies  of 

Reactivity Vi 
Pos it ion 

11-3 
4-5 
5-10 
5 -9 

5-4 4-6 s 
4 -7 
7-4 
5-10) 6-11 
5 4-8) -3 

4-4 

TABU IX 

.ue of Fuel Tub ea 
Value in  d 

46.4 
60.5 
39.3 
51.8 
99 03 
48.7 
56.5 

83 05 

149 e 7  
1 

materials,  Comparisons gave some measures of the se l f  -shielding. For cobalt 
i n  par t icdlar  there is  i; mrked change in  the loss in  reac t iv i ty  per mole be- 
tween the two runs. Table X gives a complete ewmary of these data. 

There were several  r eac t iv i ty  coefficients measured i n  the same position 
(10-8) which pertained more d i rec t ly  t o  the f u e l  and containers. Some of 
these values have been given previously but f o r  each comparison a s m r y  
i s  given i n  Table X I .  The aluminum f u e l  tube was packed with f u e l  t o  the 
same density (0.2138 gm U-235/cc) a s  the s ta in less  s t e e l  f u e l  tube. 
r eac t iv i ty  values a re  referred t o  a void in  tbe t e s t  c e l l .  

A l l  
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TABLE: X 
REACTIVITY COEFFICIENTS 

Sample 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13  

14 

15 

16 

1 7  

lE 

Mt'l & 
Form 

A1 Tube 

A 1  Tubes 
(Annulus ) * 
I ron Rod 

Iron Rod 

I ron Tube 

Nickel Rod 

nickel Tube 

Si02( Sand) 

KF Powder 

NaF Powder 

Cr Powder 

Cr Powder 

Mn (Chips) 

Dimensions (Inches ) Volume . D. W a l l  'I'h ick- Length 1n.3 - - 
10001 

0.545 

1 *248 

Os50 

0 543 

0,999 

1 o 004 

0.930 

0.930 

0.930 

0,930 

0.930 

0,930 

0.930 

Cobalt (Slugs) 0.930 

Cobalt (Slugs) 0.408 

S. Steel Tube 1.240 

0,034 

0 0092 

Sol id  

Solid 

00091 

Sol id  

0,036 

Solid Pack 

Sol id  Pack 

Sol id  Pack 

Solid Pack 

0.1925 

Solid Pack 

0,1925 

Random F i l l ed  

Sol id  

0.06 

0.06 

40.0 4.17 

39.05 

44.5 54.43 

44 o 95 8-83 

40.12 5 sl.8 

42-1/16 32e97 

48 00 5.28 

39.0 26.49 

39.0 26e49 

3900 26.49 

39.0 26e49 

39.0 17.39 

39.0 26.49 

39.0 17.39 

39-1/8 26.58 

39.0 5 a 1  

40.0 8,522 

40.0 3.87 

CC - 
68 033 

152 1 

891.95 

144.70 

84.88 

540.3 

86a52 

434.1 

434 1 

434.1 

434.1 

285 00 

434.1 

285.0 

435a6 

83.57 

146 02 

145 03 

Total 
We i ght 
gms 

184.5 

411 

6 995 

112 9 

652 

478 9,2 

770 05 

1801 6 

119301 

1273.0 

769 

196605 

717.3 

1119, 6 

1200.2 

2.70 

2 e70 

7.84 

7.80 

7m68 

8.86 

8e90 

la76 

la43 

la08 

4015 

4.19 

2693 

2a70 

4.51 

8.58 

7.66 

8.26 

Weight i n  
Core 

&m 

164.3 

3'70 

5599 

8 94 

578 

405 6 

5 71 

697 

566 03 

427.7 

1645 

108908 

1162 

702 

1790 

655 

997.1 

1068 9 

Moles i n  
Cor e 

6009 

13.73 

100.25 

16.2 

10.35 

6901 

9-73 

1106 

9e75 

loa18 

31663 

20 95 

2 1  e15 

120 78 

30.37 

11.11 

18 001 

18 e 72 

1 
- 2.0 

402 

-19607 

- 50.8 

- 33.8 

-206.3 

= 53.9 

3. 0.9 

- 27.6 

- 4.5 

-106.6 

76e3 

-208 08 

-153 08 

-325 03 

-190.4 

70.0 

- 93.5 

#I Sample #2 consisted of two tubes assembled t o  f o r m  t h e  annulus used f o r  samples 1 2  & 13. 
inner was as described under dimensions of  sample 2 above. 

The outer tube was sample 1 and the  

$/mole 
i n  Core 

0.33 

- 0.31 

- 1.96 

3.14 

- 3.26 

2.98 

- 5.54 1 

+ 0.08 
rl 
rtc 
1 

- 2-83 

- 0*44 
= 3.37 

3.64 

- 9.87 

-12 03 

-10.71 

-170x4 

- 3.89 

- 4.99 



S u m r y  of Fuel and Tube Reactivity Coeff ic ien ts  

Materia 1 

Aluminum Fuel Tube 
Low U-235 Density Stain- 

Stainless  S tee l  Fuel Tube 
Stainless  S tee l  Tube 

Inconel Fuel Tube 
Inconel Tube (empty) 
Stainless  S tee l  Tube 

Inconel Tube and Cast 

l e s s  S tee l  Fuel Tube 

(EnPtY) 

and Cast Fuel 

h e  1 

Reactivity Change 

+ 155.5# 

- 70.0 
-I 69.2 

93.5 

-- + 62.2 

F. Evaluation of Fuel Tube Type Safety Rod 

A reference check of the value of the f u e l  tube type safety rod was 
wide by the rod drop method?. This method, br ie f ly ,  involves making the 
reactor c r i t i c a l  with the safety rod i n  the most reactive position and then, 
a s  the rod is  actuated, using a high speed recorder t o  observe the f a s t  tran- 
s i en t  of neutron leve l  decay. The re la t ion  which applies in  t h i s  case is 

NO - N1 x load = the reac t iv i ty  change in  cents 

where : 

No is the neutron leve l  a t  c r i t i c a l  
N1 is the extrapolated leve l  a t  the time the rod is dropped. 

The value of one of the rods, #2, was 480# and tha t  of both when renoved 
s imultaneous l y  was 9006 

G. Reactivity Value of End Ref lector  

To obtain some measure of the contribution t o  the r eac t iv i ty  of the 
re f lec tor  coolant and preesure s h e l l  a t  the ends of the ARE, the following 
measurements were made. A one-inch thick 6" x 9" layer of s ta in less  s t e e l  
was placed on the top of the fue1;tubes in a location shown by the dotted 
l ines  i n  the v ic in i ty  of position 10-8 of Figo 13. 
reac t iv i ty  of approximately @., 
2.94 increaae i n  reac t iv i ty ,  
s t e e l  cans. 

This gave an increase i n  
A l i ke  area and thickness of sodium gave a 

This sodium was contained in  8 mil wall s ta in less  

H. neutron Flux Distribution 

The neutron flux dist r ibut ion was measured with indium f o i l s  by the mthod 
previously described except t ha t  a remotely placed uranium metal disk and alum- 
inum catcher f o i l  were used t o  normalize the power level-from run t o  run. The 

- 

5 E,  L. Zimmerman, "A Graphite Moderated C r i t i c a l  AssembIy-CA-4", Y-881, 
December 7, 1952. 
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uranium disk was approximately 1-7/16" in diameter and 0.01" thick, weighed 
4.5 gm and was enriched t o  93% i n  U-233. 
disc  during the f o i l  exposure and was counted i n  an in-chamber type pro- 
portional counter. The a c t i v i t i e s  were empirically corrected f o r  counter 
dead time, background, and f i s s i o n  fragment decay and then used f o r  power 
normalization 
and cadmium covered indium longitudinal traverse a t  a point 12.06" from the 
center (posi t ion 11-8)e 
column where it r e s t s  on the 1" thick Inconel support plate .  
by the Inconel possibly accounts f o r  the reduction of the Cd f rac t ion  a t  t h i s  
point 

The A 1  f o i l  was against  the uranium 

Table X I 1  and Fig. 18 give the r e s u l t  of the bare indium 

The zero of  the abscissa is the bottom of the Be0 
The sca t te r ing  

TABLE X I 1  

Neutron Flux Traverse 
Adjacent t o  Tnconel Cast Fuel Tube 

Longitudinal a t  12.06" Radius 

Distance 
from 
Bottom of 
Reactor 

0 I t  

6 
12 
18 
24 
30 
36 

Indium Ac 

Bare 

8,920 
37,280 
55 , 396 
59,941 
51,612 
32,202 
2,858 

Lvity in  Arb 
Cd 

Covered 

7,025 

38,630 

33,654 

1,845 

26,450 

41,019 

21,062 

t r a r y  Units 
Bare-Cd 
Covered 

1,895 
10,830 
16,766 
18,922 
1-7 , 958 

1,013 
11,140 

Cadmium 
Fraction 

0.212 
0 e299 
0,303 
0.316 
0 448  
0 346 
0.354 

The r a d i a l  f l ux  traverse a t  the midplane of the reactor  is given i n  Table 
X I 1 1  and Fige l g e  
from the data obtained i n  the f ine  s t ructure  measurements taken near the 
eleven inch posit ion,  
loading. 
portance which was attached t o  the study of a un i t  core c e l l  i n  the time 
available.  
f i s s ion  f lux  traverse described i n  the following section. 
of the center regulating rod assembly is indicated i n  these curves. 
comparatively smll  f lux  and cadmium f rac t ion  depressions a t  the center of 
the regUlating rod accentuates the r e l a t ive  inefficiency of t h i s  type of rod 
and guide tube arrangemeht for reactor  contdol. 

The dashed l ines  on the f igure a re  a c t i v i t i e s  extrapolated 

There were no s imilar  measurements mde i n  the f i r s t  
The wide gap in t h i s  traverse was unexplored because of the im- 

This emphasis has been a t  l e a s t  p a r t i a l l y  contradicted by the 
The strong e f f ec t  

The 
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_ ~ _  

neutron Flux Traverse 
Radial a t  Midplane 

(Regulating Rod I n )  

.vi ty  i n  
Cd 

Radius 

0 .OO" 

1.28 
1.03 

1.69 
2.06 
2.06 
2.94 
4 3 6  
5.44 
6.69 
9 056 

10.44 
10.88 
1 ~ 2 5  
11.62 
1.2.06 
12.94 

23 056 
22.06 

24 .OO 

Arbitrary Units 
Bare-Cd 

Indium Ac 

Bare 

61,492 
61,265 
61,579 
63,181 
68,352 
69,858 
68 , 414 
79,064 
81,787 
73,689 
77,086 
66,231 
53,510 
52,798 
53,367 
57,380 
61,021 

4,716 
1,998 

12,818 

Indium Activity in  Arbitrary Units 
Cd Bare-Cd 

Radius Bare Covered Covered 

0 *OO" 66,596 50,628 15 , 968 
1.28 68) 250 50,233 18,017 
1.69 67 , 604 52 , 707 14,899 
2.06 72 , 671 52,689 19,982 
5 e44 85 , 886 59 ,994 25 J 892 
6.69 76,693 55 , 810 23,885 
9-19 81,760 55,818 25 , 942 

Cadmium 
Fraction 

0.240 
0.264 
0.220 
0 0275 
o .301 
0.300 
0,318 

C oyered 

46,396 
46,508 
46,185 
49,418 
47 , 244 
50, 976 
54,196 
54 , 666 
57 J 679 
54,792 
47, 463 
43,445 
38,794 
39,888 
38,197 

37,054 
5 J E 2  

633 

(38,441 

Covered 

15,096 

15,329 
13 , 763 
21,108 

14,760 

18,882 
14 , 220 
24 , 400 
24,108 
18,898 

22,786 

12,910 
15 , 170 
18,939 
23,967 
7,696 

1,335 

29,623 

14,716 

~~ - 

Cadmium 
Fraction 

0.245 
0.241 
0.249 
0.218 
0 8309 
o .270 
o .208 
0.309 
0 *295 
o .256 
0.384 
0.344 
0 *275 
0.245 
0.284 
0.331 
0 -392 
0.600 

0.668 

Table XIV and Fig.20 give a s imilar  traverse a t  the s a w  location but with 
the regulat ing rod removed, 
observed in  the preceding experiment. 

The neutron f lux  is s l i g h t l y  greater than t h a t  

TABLE XIV 

Meutron Flux Traverse 
Radia 1 a t  Midplane 

(Regubtbng Rod Out) 





An Inconel tube, loaded with the cas t  f u e l  s a l t  described i n  Section 11-B  

A longitudinal neutron flux traverse 
was inserted i n  position 11-8 (ll.25" from the center) replacing the normal 
powder packed s ta in less  s t e e l  fuel tube, 
was made ax ia l ly  i n  t h i s  tube with the f o i l s  placed between the cas t  slugs. 
Table XV and Fig. 21 are  the r e s u l t  of t h i s  traverse. 
Fig. 19 a t  positions 10.88~~~ ll.25", and 11,62" were made i n  the same Inconel 
tube -cas% f u e l  arrangement 

The three points of 

1 

Distance 
from 
Bottom of 
Reactor 

0.18" 
3 074 
6.68 
10 68 
13 074 
20.30 
25.80 
29 074 
34.80 

TABLE XV 

Neutron Flux Traverse 
Cast Fuel i n  Inconel Tube 

Longitudinal a t  11,25 inches Radius 

Indium Act 

Bare . 

9 , 487 
25 , 062 
36,026 
47,233 
50 , 904 
52,798 
42,726 
29;709 
7 p 467 

vity i n  Arb: 
Cd 

Covered 

7,317 
19 , 622 
26,126 
33,638 
38,140 
39, 888 
30,759 

4,978 
20,748 

;rary Units 
Bare -Cd 
Covered 

2 , 170 
5,440 
9,900 
13,795 
12,764 
12,910 
11,967 
8,961 
2 , 489 

Cadmium 
Fraction 

0.229 
0.217 
0 0275 
0.288 
o .251 
0 *245 
0,280 
0.302 
0 9333 

I, Fission Neutron Flux Distribution 

A meamre of the dis t r ibut ion of neutrons causing f i ss ions  was obtained 
by use of the catcher f o i l  method. 
and approximately ~7/16~1 i n  diameter, was exposed, iiogether w i t h  an A 1  catcher 
foil, at each of the points i n  the reactor* indicated on Fig. 13.  
were repeated with the disks and catcher f o i l s  covered with 0.02" Cd, 
and Fig. 22 give a r ad ia l  traverse a t  the midplane of the reactor. 

A 4-1/2 9 enriched U disk O,O1f' i n  thickness 

The expoeures 
Table XVI 

* This experiment is t o  be distinguished from the usual power dis t r ibut ion 
measurements i n  which the catcher foiu are  placed adjacent t o  the uranium 
bearing f u e l  i n  a c r i t i c a l  assembly, 
described in  the following section, 

This l a t t e r  type-of experinent ' ls  
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TABLE I[TTI 

Radius 

Fission Neutron Flux Distribution 
Catcher Foil-Uranium Disk 

Radial a t  Midplane 

Relative Activity 
Cd Bare -Cd 

Bare Covered Covered 

Reactor 

18 'I 

36 
24 

2 .7gf1 

13 .a4 

4.91 
10.09 

17 059 
21.34 

Relative Act ivi ty  
Cd Bare-Cd Cadmium 

Covered Covered Fraction 

11,929 1,932 9,997 o .838 

411 93 3 19 0 07-75 

Bare 

9,934 v 7 8  8,156 0.822 

8,805 
11,444 
11,929 
9,450 

10 , 099 
5,496 

2,104 
1,949 
1,932 
1,464 

809 
268 

6,701 
9,495 
9 , 997 
7,986 
9,290 
5,228 

I I I 

Cadmium 
Fraction 

o .761 
0.830 
0.838 

o 920 
0.845 

0 0952 

The f lux  of low energy neutrons producing f i s s ions  peaks near the re f lec tor ,  
and i s  depressed by the Inconel tube a t  the center.  
follows roughly the same pattern.  
were Bade l0,Og" from the center and a r e  shown i n  Table XVII and Fig. 23. 

The cadmium fraction* 
Similar half length longitudinal %Paverses 

TABU XVII 

Fission neutron Flux Distribution 
Catcher Foil-Uranium Disks 

Longitudinal a t  10 .Og" Radius 

* A s  before the cadmium f rac t ion  is  defined as the bare act ivat ion minus the 
cadmium covered act ivat ion divided by the base act ivat ion,  
of the f rac t ion  of f i ss ions  produced by neutrons having energies below the 
cadmium cut-off 

It i s  a measure 
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J. Power Distribution 

Three longitudinal power dis t r ibut ions in  t h i s  reactor assembly were 

The s ize  of these f o i l s ,  i n i t i a l l y  selected arbi t rar iby,  was 

masured by using aluminum catcher f o i l s ,  O 0 5 "  i n  diameter and 0.005" thick, 
placed against  the end surfaces of the short  ca s t  f u e l  slugs contained b a n  In- 
Gone1 %ubee 
such that the counting r a t e  from each was higher than necessary f o r  the 
desired s t a t i s t i c s .  I n  the a rb i t ra ry  uni t s  reported, an a c t i v i t y  of 50 
represents approximately lo5 counts. 
desirable t o  repeat the experiment using smaller f o i l s ,  thereby improving 
the resolution, par t icular ly  since the r e su l t s  were very sensit ive t o  f o i l  
location because of f u e l  self-shielding. Each catcher f o i l  was nominally 
located cent ra l ly  on the ax is  of a f u e l  slug, One traverse extended from 
below the Inconel eupport plate  t o  above the top of the 1380; the other two 
covered the upper half of the corea 
data obtained i n  the f u e l  tubes a t  the indicated rad i i .  

Had time permitted it would have been 

Table XVIII and Fig. 24 give the 

TABLE XVIII  
- 

Power Traverse 
Cast Fuel i n  Inconel Tube 
Longitudinal a t  three Radii 

from 
Bottom of 
Reactor core 

-2.26" 
0.18 
3 074 
6.68 

12 -43 
17 036 
18.24 
23 017 
28.92 
35 -42 
37.87 

Catcher F 6 i l  
11.25" radius 

3 052 
10,35 
33 039 
47 038 
67.41 
70 -32 
72 071. 
6 ~ 2 6  
41 ,. 85 
6,36 
2 053 

; t i v i t y  Arbitrar! 
3 .75 'I radius 

m i t  
15" radius 

66.98 
50.03 

3 2 5  
26,43 

2,09 

A b o  plotted on the figure f o r  comparison is the normalized longitudinal indium 
t h e m 1  neutron curve of Fig, 21 measured a t  a distance of 11.25" from the center. 
The data of Fig. 24 are  replotted in  Fig, 25 showing the r ad ia l  power d i s t r i -  
bution a t  several  elevations in  the reactor a l l  normalized a t  the center. It 
is t o  be noted that the 37.86" elevation traverse is 2" above the top of the 
Be0 column, 

Two additional experimsnts were perfomed in  an attempt t o  measure the 
self-shielding i n  t h i s  fue l .  I n  the f irst ,  a cas t  f u e l  slug was s p l i t  longi- 
tudinaly along a diameter, three aluminum catcher f o i l s  were placed between the 
s p l i t  surfaces as shown i n  Fig, 26a, and the alug was loaded i n  an Inconel f u e l  
tube a t  the midplane of the reactor about 11" from the center, The tube was 
otherwise f i l l e d  with cas t  slugs. Since the diameters of the s p l i t  slug and 
the aluminum f o i l s  were 1-1/16" and 1/2", respectively, the two "side" f o i l s  
were separated only 1/16" so the resolution of the measurements is not high. P 
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The re la t ive  f i ss ion  fragment a c t i v i t i e s  collected on the three f o i l s  a r e  
noted on the figure.  
pendent on the uranium density in the slug surface, a measure was made of 
the homogeniety of the uranium in  the second experiment. 
f o i l s  were again located on the s p l i t  surface of the slug as  shown in  Fig. 
26b. This arrangement, without the second half of the slug, was exposed t o  
the leakage neutron f l u x  of another c r i t i c a l  assembly and the resul tant  f i s s ion  
fragment a c t i v i t i e s  measured. Igior ing the d i f f e ren t i a l  back sca t te r ing  across 
the face of the slug and wsuming the flux t o  which it was exposed t o  be uniform, 
these ac t iv i t i e s ,  included in  Fig,  26b, give a re la t ive  dis t r ibut ion of uranium 
across the slug face used in  the self-shielding measurements. Applying t h i s  
indicated variation a s  a l inear  correction t o  the values in  Fig. 2 6  and normal- 
izing, the values fo r  the re la t ive  f i ss ion  r a t e s  across the fue l  s lug become 
72.6 and 72.4 a t  the s ides  of 65.6 a t  the center, 
of the neutron f lux  shown on Fig,  19 within the f u e l  tube a t  an abscissa of 
l l .5" were made a t  the same points,  

Since t h i s  f i s s ion  fragment a c t i v i t y  is  strongly de- 

Three aluminum 

These measuremsnts and those 

Fig, 2 6  

Cast Fuel - 

A l u m i n ? =  
Catcher Foils - 

Fig. 26b 

Fuel Self-shielding 

K, Evaluation of ARE Tme Safety Rod 

The safety rod of the ARE was mounted i n  position 10-8 (7$" from the 
center) 
regulating rod except the construction of the poison rod i t s e l f ,  
length of t h i s  rod is 40-3/8" which includes a 2-3/16" s ta in less  s t e e l  guide 
on each end. 
cans, each 2" long and 2" OD, containing a sintered BbC-iron mixture having 
a density of 2.45 @/cc and composed of 8 6  B4C by volume. 
of the sintered slugs were ~ 8 6 ~ ~  OD, ~ 2 6 ~ ~  I D  and 1.88" long. 

The components of t h i s  rod assembly a re  ident ical  with those of the 
The t o t a l  

The poison section consisted of eighteen annular s ta in less  s t e e l  

The dimensions 

I n  t h i s  case, the step-wise evaluation of the r eac t iv i ty  change during 
the mounting of the equipment f o r  t h i s  sa fe ty  rod was made. The removal of 
the f u e l  tube gave a loss of 94,14, The removal of the 33*6" c o l ~  of Be0 
,gave a loss of 22w, the inser t ion of the two larger Inconel thimble tubes 
gave a loss of l72#, the th i rd  or  cen t ra l  Inconel guide tube gave a loss of 
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3l# fo r  a t o t a l  of 52l#. 
able t o  maintain the assembly c r i t i c a l  with the safety rod inserted, it 
was necessary t o  again use the rod drop method of evaluation. 
obBerved that the maximum reac t iv i ty  of the system with the safety rod 
assembly mounted occurred when the bottom of the rod was 3.2" below the 
top of the BeO, a condition comparable t o  tha t  found with the regulating 
rod mounted on the ax i s ,  The rod was dropped a distance of 32-1/4" from 
t h i s  position and caused a decrease i n  r eac t iv i ty  of 530$. 

Since there was not suff ic ient  r eac t iv i ty  avai l -  

It was 

For comparison the two ARE regulating rods were evaluated by the Barn 
msthod in  t h i s  position, 10-8. 
the i r  poaition of mximum reac t iv i ty  was a l so  with the lower end of the 
rod 3*2"  below the top of the BeO. 
from t h i s  position. 
t ha t  of the "weak" rod was 80& 
calibrated i n  the center of the reactor by the period method described in  
Section IV-B. 

Although of somewhat different  construction, 

The rods were a l so  "dropped" 32-1/4" 

The ''weak'' rod referred t o  here i s  the one 
The r eac t iv i ty  value of the "strong" rod was*160# and 

The value of the rod there waB 1254, 

v, S W Y  

The preliminary assembly f o r  the ARB contributed infomaation for 
checking calculational methods and applicable nuclear constants f o r  a Be0 
moderated and ref lected reactor.  
dicted and experimentally detemnined c r i t i c a l  miss of the first loading in- 
creased the confidence in the multigroup calculations. Although the first 
calculated value of the c r i t i c a l  mas was 5% lower than the measured mass, 
subsequent refinements i n  the calculations reduced t h i s  t o  about 1%. 

The rather  close agreement between the pre- 

The s tep by s tep  t rans i t ion  from the clean, unpoisoned reactor t o  a 
low temperature mockup 
of the mechanisms involved f o r  calculational purposes and did s o  t o  the extent 
t ha t  the t ransi t ion was carried out. 

of the ARE was intended t o  a id  i n  the understanding 

?&e calibration of the "weaker" of the two regulating rods Indicated that 
its value was, for  safety reaeons, too high f o r  use with an automatic control 
device of the type designed fo r  the circulat ing f u e l  reactor.  The t o t a l  
value of the ARE safety rod was found to  be suf f ic ien t  t o  aocomplish Its 
intended purpose 

The flux measurements were not a s  complete a s  could be desired, although 
the r ad ia l  importance functions and reac t iv i ty  coeff ic ients  which were 
measured should a i d  i n  the understanding of the f lux  and spectrum of t h i s  
reac%or. 
age spectrum from the re f lec tor  surface, 
across the f u e l  within a tube suffered from poor resolution but give some 
indication of the value of the f u e l  self-shielding, 

There was essent ia l ly  no work done i n  determining the neutron leak- 
The power dis t r ibut ion rnsagurements 
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