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I. INTRODUCTION

In homogeneous reactor theory the thermal neutron flux
distribution in a given direction in the reactor core is
represented as & smooth curve having a shape whioch 18 de~
pendent upon the core geometry. In s bare rectangular
parallelepined reactor the flux distribution along sach co-
ordinate axis 18 a cosine curve across the core., In a
heterogeneous reactor consisting of rods of fuel regularly
arranged in a moderating medlium, the general shape of the
flux distribution agross the core is similar to the cosine
distribution of the homogeneous reactor. However, the abe
sorption of neutrons is mueh higher in the uranium fuel rods
than 1% is in the moderating material, and hence there are
local depressions in the neutron flux near the uwranium fuel
rods.

The theory of the natural uranium hebterogeneous reactor
has been broken down into mieroscopic theory and maeroseopis
theory. Maaroscopic theory deals with the overall flux dis-
tribution in the reactor and permits the determination of
such parameters as oritical size and oritical mass for a
given reactor design, Microscopile theory deals with the
local flux distribution in the unit cell of the reactor core,
and 1t permits the caleulation of the various lattice
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constants, such as thermal utilization, resonance escape
probability, lattice diffusion length and material buckling.
The suberitical assembly can be used to determine experi
mentally these lattice constants for a proposed reactor dee
sign. Since reactor theory is subjeect to many limitations
and spproximations, the suberitical assembly 1s a2 valuable
tool which can be used to either check or supplement theoe
retical caleculations,

The purpose of this thesis was %o investigate the flux
distribution in the unit cell of the Iowa State College
uranium graphite suberditical assembly, Several technigues
for flux measurement using the foll activation method were
also investigated, The flux distribution waes measured in
three different directions inside the unit cell both with
and without coelant, and the experimental results were com=
pared with the theoretical flux distribution in the unit
osll,



II, REVIEW OF THE LITERATURE

The use of the sctivation method for measuring thermal
neutron flux was covered in detail by Peld (4). Cohen (3)
deseribed further use of the activation method and how 1%
oould be used to determine the mieroscople flux distribution
within a unit eell, He alse pointed out the partiocular
value of the foil activation method in determining flux dise
tribution near the boundary of two dissimilar mediums waere
diffusion theory cannot be applied with accuracy. Hummel
snd Hameramesh (9) investigated She neutron flux depression
in the neighborhood of a silver foll but no gquantisative ree-
sults were ziven for indium foll., Clayton (2) and Richey
(11) disoussed in detail the foil placement in the unit cell
of a uwranium graphite lattice and the procedures and correcs
tions used in sounting.

Murray (10) developed the flux distribution for a twoe
region fuel-moderator lattice system based on diffusion
theory for moncenergetic neutrons., He further presented a
method of estimating the effeect of extra absorption due %o
the presence of other components in the unit eell, such as
cladding, tubing, coolant and insulation. In this method it
was assumed that all the other components act as poisons which
can be tolerated, and hence they do not appreciably disturd
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the basic flux distribution in a cell contalining only fuel
and moderator. Murray's simplified method could be used %o
detormine the thermal utiliszation in a unit cell but eould
not be used to determine the point to point flux distrioue
tion in the various cell components.

A development of the theoretical flux distribution in
the unit cell of o wanive grephite lattice with air coolant
was presented by Guggenheim and Pryce (7). Thelr theory
provided for the determination of the flux distribution in
the various cell components whieh inoluded an aluminum ¢lad
uranium slug, an alr ammulus and a graphite moderator,
fumaey snd Velkeff (12), in Gast (5), extended the theory to
inslude the moderating effect of a coolant anmulus f£illed
with water. Hoganson (8) caloulated the physical constants
for the suberitical assembly which is the subject of this
thoesis and determined the effect of coolant and lattice size
upon the material buekling.
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I1X, THREORETICAL PLUX DISTRIBUTION IE A
SUBCRITICAL ASSEMBLY

The thermal neutreon flux in a falrly large suberitical
assembdly in the central region away from the boundaries and

extranecus neutron sources can be represented dy (6, p. 201)
T g g0 B 1

wiere § 18 the thermal neutron flux, Vz is the Laplacian
opsrator and B,> is the material buckling of the particular
lattice system, usually expressed in am™2, With the usual
bvoundary conditions that the flux is everywhere finite and
non-negative and 1s zero at the extrapolated boundaries the
solution o the above equation s

where a, b and ¢ are the extrapolated dimensions of the
suberitical assembly in om and ) . in on™! 1s dofined by

& /nmw\
T ) o5 o av 3
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The flux may therefore e represented as

o0
Mz T oo D G
m=l n=l1
where
C’ 2 ]l - .'3 ‘77; ““). m' 5

If the expansion 1s limited to the Iiret and third modes,
Bgquation i may be written

7 s
ﬂﬁﬂw?--‘:cem-?aas-? RPN
" cos-ZE gosTd
-»7 2 7
13 Inx e”/ 31° 3mx
cos cos 3{’1 + cos cos

( 13 . 3 » &
~7 1

B P | as

The harmonic correction bterm, Gh' is enclosed in the brackets.

It may be rearranged as

coa J.’.'i Bge 7
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& ince 713 = 7’» for a sgquare based assembly. The flux may

now be written as

’-Io“?’n“wl-?m-? Oy Co Bge 8
vhere l'%“""b
1

Prom Eqs 3 7 _— is seen to increase rapidly in value
for hamonics greatsr than one since 3-2 is constant for a
given lattice system., Since the qu:ntity ¢ - 8 is also
large for the central region of the assembly, the end cor-
rection term, C,, can be closely approximated by the
expression

e‘ ®]le ‘*a 711(‘ -8}



IV, THEORBTICAL PLUX DISTHIBUIION IN THE UNIT CERLL

Ae Twe leglon Systenm

A first approximetion for the thermal neutren f{lux in
the unit cell ocan be made by use of one group diffusion
theory in a two-region fuel-moderator system (10). To
aimplify the mathematics the sguare cell is replaced by a
eylindrical cell of equal area. The diffusion eguation for
the fuel 1s

p,V2g .45, +3, =0 Bye 9
and for the moderator is

gV g = By Sy * 8y =0 Eq. 10

vhere D is the diffusion coefficlent in om, # is the thermal
seutron flux in neutrons/om” ses, > is the macroscopis
absorption oross section in em™l, and 5 is the thermal
neutron production rate per ull’. With the assumptions that
8, = 0, 8, 1s constant, ¥ does not vary along the scell axis,
and that § 1s constant at any given cell radius, the solu-
tions to Ege. (9) (10) are

g, C) =al (K r) Bqe 11



Bl ) =0 M {rx'nk.. Be. 12

respectively, where

&,%Kal@i ‘){Er") " - Bqe 13
é_”-i}v)(u ?‘X", e 44 Bqe U

A= 5 o Xuloll ie WX, T @

w
Bqe 15
DA B R K )]
K, (Xm 1
HolXmF) = Kyt ) + ixmr:)) IO 7) . Bq 16
and
¢ ){M kS !
M) = By - & fx,.. BLon,m e s

In the above equations X 1s the inverse diffusion length for
the given medium and Igy Iy, K, and K, are modified Bessel
functions of the zero and first order. The physical cone
stanta for the suberitical assembly were previously deter-
mined (8) and are listed in Table 8 along with the various
dimensions ol the unit cell. With these constants and a
table of Bessel funections (1) the flux in the fuel and in
the moderator was determined from Eqgs. 11 and 12 assuming
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Sy = 1 BYEEOR | mye gheoretical flux dlstribution
om- seo

normalized to the flux at the eell boundary is shown in
W 311'

B, HMHultiregion System

The theoretical flux distribution in a multiregion unit
cell consisting of fuel, cladding, water coolant, aluminum
process tube and graphite moderator is based on the thermal
utilization equation derived by humsey and Velkeff (5, 12),

=0, (1+48) Bq. 18

m.méminﬁﬂéﬁ'&ﬁ{p*ﬂsﬁﬂ\'%&‘
* By * B e 29

The subscripts al, w, p, £ and u denote aluminum oladding,
waber, process tube, graphite and wranium respectively. an
sbbroviated explanation of Egs. 18 and 19 follows.

Theymal ubilization is the ratio of the mumber of
thermal neutrons csptured in uranium to the total number of
thermal neutrons cepbtured in the lattice. For a two region
fuel-moderstor system it may be written as

tu«z_!.&ﬁ- . = 3 Ege 20
Su'fe *Zatefla 14 23'% x

2uVu
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where X 18 the disadvantage faator for the moderator

Y Xml (X Fot
xuﬁ%w 1 Bq. 21

Thernal utilization may also be expressed as

f= &T Bq. 22
Alternately, the competitive absorption,

% -1l= 4, Eq. 23
is the ratlio of the nuwber of thermal noutrons gaptured by
the moderator to the mwbser captured by the uwranium. The
addition of other reglons %o the lattice ocan de accommodated
by expressing the competitive absorption as

%ﬂlﬁﬁﬁﬁa*tjﬁmwwﬂ* Eq. 24
whore the various A4 terms now denobe the competitive absorp-
tion for a gilven reglon. The competitive absorption terms
for a given region may be further broken down as

Rl Bl Rl T Eq. 25
Ey 1is the "relative absorption” term and denotes the
nusber of thermal neutrons captured in the ith medium per
themal neutron captured in the uranium if the thormal
neutron density in the 1ith medium were uniformly equal to
the thermal neutron density at the wranium-aluwsinum
interface. |
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v
ﬁ,‘r%&'&.r Eqe 26

uw

where V denoted volume and F is the disadvantage factor of

the uranium expressed as

pn‘u ‘rg) Ege 27

#,

8, is the "excess absorption term" and denotes the ex-
cess number of neutrons capbtured in the ith wmedium per
thermal neutron abasorbed in the wranium due to the excess
neutron density 4in the ith : medium over the neutron density
at the i-jth interface. For the water

2

s, = X020, Sq. 28

and for the graphite

3“nx[1¢adwkpwn'¢nw¢ﬁw]. Ege 29

Byy is the "bloeking term" and denotes the excess nume
ber of thermal neutron: absorved in the jth medium per there
mal neutron absorbed in the uranium due to the neutron
density rise across the ith medium.

Bp e X282 222 Eqe 30
2wV



{....Ian s ;.;Vv,;} Eqe 31
w w

where %, is the thickness of the water ammulus. All
sompetitive absorption bterms excert those remaining in Eq.
19 are negligible.

The term § in Hq. 18 accounts for the moderating
effect of the water and is expressed as

T T

1+

G Vg

where g is the produstion rate of thermal neutrons per unit
volume per second. The ratiec of q‘/qa is equal to 20 (11,
D 2R)n



V. EXPERIMENTAL BQUIPMENT

A, DSuberitical Assembly

1. w gogerioption

The suberisical sssembly used for the sxperimental ine
vestigations is shown in Figure l. It consiasted of fourteen
layers of graphite, each contalning ten blooks 60 in. long.
In the first nine layers the blosk oross section was 6 in,
by 6 ine, while in the top five layers the block cross sec-
tion was 5 in. by & in. The top blocks were laid with the
fwine. side horisontal giving the entire assexbly the dimen~
sions of 60 in. by 60 in. by 79 in. high. The graphite
blocks were out from T-in, diasmeter oylindricsl rods so that
the rounded cornera provided holes In the assembly for the
insertion of fuel elements or measuring apparatus.

The assembly was covered on the top and sides by covers
made up of a sandwioh of masonite, plywood, and & 0.010 in.
thick sheet of cadmium. The purpose of the cadmium was to
provide & "black boundary” to the neutrons. The assembly was
mounted on a base which provided a space underneath about
one foot high for the insertion of three water tanks. Two
tanks extending the length of the assembly were filled and



Figure 1. The suberitical assembly
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placed on each side of the source. The center tank cone
sisted of thyree compartments. The two end compartments, each
about 26 in., long, were filled with water. The center com-
partaent was left dry, and in it was placed a small table on
shifeh the sources were mounted.

2. Sources

The asserbly source consis ted of five individual plu-
tonium~beryllium neutron sources, each emitting approximately
1.63 x 106 neutrons per second. Bach source was contained
in a stainless steel and tanbalum conteiner which was one
inch in dlameter and 1 3/8 in. high. %hen placed on the
small source table which was located underneath the center of
the assembly the tops of the source contalners were about
1/16 in, beneath the floor of the assembly. The five sources
were arranged in a eruciform shape oriented on the x and ¥y
axes of the coordinate system used as shown in Figwe 2.

3. Ruel eloments

The assembly waes loaded with fuel elements as shown in
Flgure 1 by filling every other hole giving an 8.48-in,
square lattice in the lowsr reglon of the assembly. The
fuel assembly consisted of canned natural uranium slugs
wrapped with 28 aluminum wire spacers and inserted in 613
aluminum process tubes. The wranium fuel itself consisted
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of rods 1 in, in diameter and 8 in. long. The 23 aluminum
gang had a 0,040-1n, wall thickness and the end caps were
0,200 in, thiek., Thus the overall dimensions of the fuel
slugs were B.40 in. long by 1.080 in. in dianeter. Seven
slugs were inserted in each process tube, The aluminum
process tubes were 62 in. long, had an ocutside diameter of
1.375 in, and a wall thickness of 0.035 in. The effective
thickness of the coolant anmulus between the slug and process
tube was 0.112 in. The aluminum wire spacer was 0,102 in.
in dlameter, and approximstely ten feet of wire was used in
each fuel assembly. The ends of the process tubes were
plugged with number seven rubber atoppers when making runs
with eoolant.

e

Slots for inserting indium folls were located as shown
in Figure 2, and were usod in making vertical and horisontal
flux surveys of the overall assembly. A grid system was used
in fdentifying blooks and/or foll positions in the assembly.
Layers were numbered from botbom to top from 1 to 14 and the
ten solumns were designated A through J from left to right on
the east face of the assembly. The folls normally used for
plle surveys were 1.0 ineh by 1.5 in. by 0,003 4in. thick and
wolghed approximately 0.6 mg each., These were wounted on
aluminus backing and were inserted in the pile by means of an
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aluninmm strip foll holder, It was thus possivle to obtain
surveys at x = «3 in., 2 = 30 in, and at any value of ¥y
between zero and 30 in,

B. Unit Cell

Bloock Db was ocut vertically at a point 20 in. in from
the east face of the assembly to provide a test section at
which unit cell flux measurements could be made. This
particular position was selocted So keep harmonic effects teo
a minimum, The blocks above block Db wore supported by a
lever arrangement so that one third of bloek Deb could essily
be moved in and out of the pile, Grooves § in. deep and
0,015 ine wide were cut inte the sawedwoff face of the
graphite bloek spaced 3/4 in. apart. The unit cell btogether
with the foil positions is shown in Pigire 3. On the P and
R radiale there were seven foll positions within the fuel
assenbly numbered from 1 %o 7 as shown for the P radial in
Plgure 3. BSince there was no alr space between the process
tube and the graphite on the { radial there were only four
folil positions, mumbered Gl through O, within the fuel
assembly on this radial. The foll positions in the graphite
were mumbered conseoutively proceeding out the respective
radiel as shown in Pigure 3. PFoll positions along the ¥ and
R radials extended to the unit cell boundary while those
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along the Q radiasl extended to the fuel assenbly in the ad-
jacent cell, The soordinstes of each foll position are
listed in Table 1. A procesa btube was ocut at a point 20 in.
in from the east face to permit placing folls inside the
eoclant ammulus of the fuel assembly. On rune made with

Table 1. Unit cell foil positions and position correction

factors
Fosition x 3 lladial Ty Ly
disbance
in. in. - in.
0.0  =12,00 30,00 0 1,000 1,000
Fl «12.,00 30.54 0.54 1.000 1.034
PQ “mn W 395 56 @ ..6@ 1 UW 1#%3
*mow %qbs 516‘5 1.@(3@ 1.“5!
”mww Qw a&w lcm 1@0&3
P ~32¢W 3‘3&75 QQ% 1.W 1&5&
P& ww‘ﬁﬂ 3@‘»51 0031 109% lﬁ%l«
Px -12.,00 <87 0.87 1.000 1.
| -»3.3.% 31*59 L.$0 XGM ,w u@
m *mo M .&5 3035 3»0 M 1’ 1?&
P10 «12.,00 33.00 3.00 1.000 1.234
P11 «12,00 33.75 3.75 1.000  1.300
P12 12,00 éise 250 1.000 1,360
?13 «—12.90 5 625 azﬁ lqm X.W
¥ § «11.62 30, Oe 0.985 1.026
a2 -11.58 w.ﬁg 9.% 98 x.ase
L --11.51 WQ 9 @&& L] lug
”11025 }Qi 5 1& 909‘”} 1%
Qb «10.50 31,50 2.12 0.952 1.110
?J - 9#75 : 5 -ﬁu 9’931 1.1?&
- g‘m 33.00 m;, 0. x‘%
Q‘ - 135 ﬁnvs 0&% 1.
ﬂo b 7!55 ‘im t” 0.802 14}%
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Table 1. (Uontinued)

rosition x 3 Radial 4 by
dis tance - o
in. in. ‘ in.

Q11 « 6,75  35.25 T2 ' 0.870 1440
ﬁl Vlh&& 3&00 De5i m%@ 14900
52 «11.40 30,0 93& 0.979  1.000
iia «11.3 Mnﬁ 9;&5 G.?‘Is 1.000

«11,31 30.0 0.69 0.975 1.000
“g =11.25 30.0 0.75 0.972 1,000
b «-11.19 ] 0,81 0.97 1.000
# =11.13 gg:@ u:&? 963 1,000

*19&53 ”Qa 105@ 9-953 hm
B9 - 9,75 30.0 2425 0.931 1.000
K10 - 91“ 3@.0 30% 6&913 1»m
i1l - 8,2 30.0 o7 O 1,000
K12 o zé 30.0 é ‘ a.m 1,000
R13 «25 0.870 1.000

gcoolant the process tube was sealed with waterpoof elec~
trician'a tape.

Three sizes of Indium foll were used for {lux messure-
ments in the unit eell as follows:
Table 2. Indlum folls used in unit cell

- Foil Sise (in.) Average wt. (mg)
Small x4 0.096
Hedium ¥ x 3/ 0.130

Large i x1/8 0.152
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The welght of sach foll was determined to tne nearest tenth
of a milligrenm., The folls were mounted on seotoh tape
backing and were held in place in positions around the fuel
elemsnt by means of electrician's tape or adhesive tape.
Fadiel positions 2, 5, 6 and 7 were obtained by bending the
tape into an lhnﬂﬁ "U" with the foill placed at the
desired position.

Ge Counting Equipment

4 Nuslear-Chicago model 181 A sealer and model D34 mica

end window eounter were used to count irradiated indium foll

activities., The counter was placed inside a 2-in. thick
lead shield which resulted in an average background count of
20 counts per minute. An sutomatic timer which could be set
for any desired counting time was used in conjunction with
the scaler. The indium foll counting geometry was held
constant by means of trays on which the foll positions had
been marked.
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Vi, EXPERIMENTAL PHROCEDURE

As Determination of )

In order to correct foil readings obtained at various
points in the suberitical assembly, it was necessary to
determine 7 , the inverse relaxation length for the thermal
neutron flux in the assembly., Veritlecal flux surveys were
made at x = «3 in, and ¥y = «10 in, from z = 18 in, to 3 =
54 in., Points for s less than 18 in, and greater than 5i
in. were not used due to the proximity of the source in the
firat instance and the change in labttioe usize in the latter,
The indium folls welghing an average of C.5953 gm were used
for these surveys, and they were Iirradiated for a minimum of
eight hours which gave an induced setivity of 99.8 per cent
of the saturation setivity., O(bserved activities were cor-
rected back to time of removal from the assembly, and this
saturation sotivity was then divided Ly the particular foll
welght to glve the normalized mfwﬂim acbivity, A, in
counts per minute per gram of indium. Surveys were made with
and without water in the coolant ammuli. Counting times were
adjusted to keep the relative standard deviation of the
observed counting rate less than L per cent.

The normalized saturation activities were plotted on
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soni-logarithmic paper and a straight line was faired
through the points. The slope of this line yielded a trial
value for 7 1,, which was now used to compute the harmoniec
and end correction terms, C, and C,. These correction terms
were then divided into the normalized saturation activities
to give Ayys the activities which would be obtalned 1f the
1,1 harmoniec of the flux distribution were the only one
present. To further vefine the value of 7, 1t was neces-
sary to use an iterative process whereby new correction terms
would be computed and applied to the original normaliszed
saturation activities to obbain new corrected values of Ayqe
The wethod of least squares was applied %o obtaln a new
value for 7‘11' Por the purposes of this investigation suf-
ficlent accuracy in the value of Vu was obtained by going
through the iterative procedure only omnce, Harmonle effects
beyond the third harmonic were found to be negligible and
wvere ignored in caleulating the harmonic correction terms.
Similarly the end correction term, Gge was found to have
negligible effect beyond the first harmonic, so that Cq was
assumed to be simply M-—m"n_(.-:) where ¢ was taken equal
to 79 in., the height of the assembly.

The values of 7 mn for the higher harmonics were caloue
lated from the relation (2)

T; = (%)L(n‘¢n"~z}0722' Bqe 33
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Table 3. Inverse relaxation length and buokling

Without coolant With coolant

7 (1n"}) 0.0708 0.0713

Az = Ty (a™h) 0.1598 0.1600

733 (1n°1) 0.215 0.215
52 (1n"2) 1.8 x 107 0.6 x 1074

,Bz (em™%) 28.8 = 19'6 96 x m""

—

vhere & 1s the length of the side of the sguare-based
agsembly ineluding the extrapolation dlstance. The value of
a was measured to be 62 in, The values of /mn for the
various harmonics with and without coolant are listed in
Table 3 together with the values for the buckling. The
material buckling was evalusted from the equation for a
tqum-bﬁo& asgsembly,

2 _ AN 2
B. = 2 <*:~) - 7;1 Eqe 34
The values of harmonie and snd correction terms, Cy and
Cps the normalized saturation sotivity, 4 ,, and the cor-
rosted activity due teo the flrst mode only, Ajys are listed

in Table 4. The corrected activities, A,,, are plotted in
Pigures 4 and 5.
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Table L. Vertical flux survey at X = «3 in., ¥y = «10 in.

Position @ Ce O Celpp  hoo
{in.) | ~ (e/m) {

Without coolant

0.,9997 1.0847 1.0847 2750
Os 1,091 1.0491 1
O'% lom g%
09978 1.0 1,013

0«99h1 1,0097 1.002 535

0.9810 1,005 0.98
0.9680 1.oe§§ 0.913 iﬁ
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With coolant
0.,9998 1.0869 1.0869 2860
O« 100% 1.0505 1862
O 1.0296 029

1 11
0.9976 1.017F 1.013 733

0.2% 1.0100 1,004 ng
0. Ium Ce ‘ 310
00,9700 1.0034 0.397& g‘?) 198
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B. Correction Pactors fer Unit Cell PFoil Positions

Harmonic and end correction factors, th and r.. were
caloulated for easch foll position in the unit cell. It
should be noted that the correction factor is equal to the

reciprocal of the sorrection term
/ /
‘0 -Ce * & b C/, h‘ 35

Harmonie and end correction factors for each foil position in
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Vertical flux survey witbout coolant

The vertical pile survey was made at x = -3 in,,
¥ = «10 in, with 1 in. by 1§ in, foils. The
vertical unit cell survey was made at x = «10
in.,;, ¥y = «10 in, with § in. by 3/4 in. foils

at spacing 2. Unit cell survey data was
normalized %o pile survey data.
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Pigure 5.

Vertical flux survey with water coolant

The vertisal pille survey was made at x = «3 in.,
¥y = «10 in. with 1 in. by l‘i in. folils.
vertical unit cell swrvey was made at x = «»10
in., y= «10 in. with * in. ‘, m in. foils

at spae 2. Unit cell survey data was
normall to pile survey data.
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the unit cell are listed in Table 5.

In order to compare the flux distribution in the unit
cell with the theoretical flux distribution it was necessary
to convert the activities at the various foil positions to a
common reference point. The point choaen wes the center of
the unit cell examined whiech corresponded to the center of
the uranium alug at x = «12 in., 5 = 30 in. It was therefore
necessary to make correotions to all activities for the co-
sine distribution in the x directlon and for the exponential
decrease in the z direection. These position corrections were
called £, and [, respecitively, and they were evaluated from

oos(B)] s oos (8F)

el =@ =

g, = o~ (30-8) Bq. 37

The above factors were maltiplied together to give one overe
all sorrection factor, F, for each position in the unit cell
as follows

Pe £, 0, T, £ Bge 38
Values of the position sorrection factors are listed in Table
1, and values of P are listed in Table 5.



3

Table 5. Unit cell end and harmonie sorrection factors
w.xuaﬁ t“
0;0 10001 IQM 3.'010 1.909 1.010
1 1,002 1,008  1.046 1. 1.042
P2 1.002 1,008 1. 1.33 1.0
P 1,002 x.ggg 1,088 1.% 1.061
ré 1.002 1. 1206 1. 1,061
) 1.002 1. 1,060 1,008  1.061
- R v T o - v+ S v
4 1,002 1,008 1,123 e G w1
9 1,002 1,007 1,190 1.006  1.122
P10 1,002  1.007 1,251 1,006 1.240
P11 1,002 1.007 1.32 1.008 «30
P12 1,002  1.008 1:E§ :..g& ig
P13 1.002 1,008 1. 1,001,
) § 1.002 1,005 1,019 l.ggz 1.017
oo 1.002  1.008  1.019 1. 1,020
g 1.002 1.% 1,019 1.004 1,021
1.002  1.00h  1.022 1.004  1.021
b 1,002 1,002 1,031 1,003 1.032
b 1.002 0.999 1,062 0.999 1,057
g 1.002 0,995 1,100 0.995 1.090
. 1.002 9.992 1.128 0.992 1,107
® 1,002 0.992  1.170 0.990 m.gx
Q10  1.002 0,990  1.200 0. 1.1
11 1,002 0.968 1,270 0.989 1.241
Rl 1.001 1,008 0,988 1,00 0.98
R2 1.001 1,008 0,987 1000  O.o8k
g 1001 1.007 0.982 1.004,  0.980
i 1,001 1. 0,981 1,004 0,980
P 1,001  1.004 0.978 1,003  0.976
w6 1,001  1.003  0.97% 1,003  0.975
7 1.001 1,003 0.972 1,002 0,970
1,001  1.000 0,952 1,000  0.952
£9 1,001  0.997 0.929 0.995  0.926
RI0 1,000 0,99  0.907 0.992  0.908
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Table 5. (Continued)

Position g,
Rl 1.001 0, 0.568 0.988 0.88
R"12 1.001 am 0.870 0.985 e.uz
®13 1,001 0,984  0.85% 0.982 0.854

€s Deseription of Funs in Unit Cell

in inveatigating the flux in the unit cell runs were
mede along the P, Q and ¥ radisls emsnating from the center
of the fMuel assembly as shown in Pigure 3. iuns 1 through
16 were made with no water in the ccolant annulus and will
hereafter be called "dry" runs. Runs 17 through 32 were made
with water in the coolsnt anmulus and will hereafter be
ealled "wet” runs. The mediuwr slzed folls wers used on all
the dry runs, whereas on the wet runs the foll size was
varied to study the effect of this parameter on the induced
activities. The foll spacing wos varied on the dry runs but
was held econstant on the wet runs.

"Spacing 1" is defined as that spsecing slong a radial
when all the foll positions in the graphite wore filled for a
run. “Spacing 2% corresponded te & foll being placed in
every other foll position, andspacing 3" cerresponded %o a
foll being placed in every third foll position along a gliven
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radial, The above spasing refers only to these folls placed
in the graphite bloek. Folls were placed in positions in
the fuel assembly two at 2 tim<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>