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EXPERIMENTS AND CALCULATIONS FOR H,O-MODERATED ASSEMBLIES
CONTAINING UO,- 2 wt.Z% PuO, FUEL RODS

V. 0. Uotinen, L. D. Williams

INTRODUGCTION

Critiéal experiments have been Berformed in the Plutoqium Recycle Critical
Facility1 (PRCF) in six configurations'éf U0y~2 wt% PuO, fuel rods. Each rod
- is made of.1128 g of UO,-Pu0, and ié 36 in. long, 0.508 in. in diameter, and
" clad with 0.030 in. of Zircaloy-2. The rods are of three types which have

239PU/240PU/241PU/242Pu:

respectively the féllowing weight ﬁercent of
1) 91.62/7.65/0.70/0.03
2) 81.11/16.54/2.15/0.20
'3) 71.76/23.50/4.08/0.66
The rodé.wéré in a hexagonal lattice with a lattice spacing of 0.85 in. and a
wate;—to—oxide'volumé ratio of'l.83. )

Single-zone cores were studied using fuel types 1 and 3. Two-zone cores
wére.studied using various combinations of the three fuel types. An effectively
infinite Hp0 reflector surrounded the core.

Measurea parametérs that are summarized here‘includc critical mass; spétial
flux and power distributions; power peaking”éha'péwer sﬁaring; bucklings,
reflectér sévings; worth.of fuel rod;; moderatorAvoid‘wbrth; moderator level
reactivity coefficient; moderator temperature reéctivity coefficient; and the
ratio of effective delayed-neutron fraction to mean neutron lifetime, B8/2.

Yeasurements of reactivity worth of absorbing rods have been reported earlier.?

Calculations have been performed using the same methods that have.beenused

'mcin analyses of other plutonium-fueled, H,0 moderated experiments.3’“’5 They
ﬁonsist of using the codes HRG,® THERMOS,’ and TEMPEST® to obtain four energy-

6Toup, cell-averaged cross sections, and HFN® to caleulate multiplications and

Spatial distributions of power and flux.
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II.

SINDIARY

This paper presents a summary of the experimental results and preliminary

analytical correlations. A comparison is made between two methods of
measuring b@ckling.

_The_c;lcﬁlational results that are presentea consii:ute a preliminary
evaluation of the'standafd calculational schemé that is used at BNW. for...
reactor physics design 031CU1ation$. Previously this scheme has been‘evalu—
ated for its ability to predict critical masses and multiplications.L*-’5
We are cdrfently:evaluating,its ébiiity to predict other properties of Pu-
fueled, H20—moderatedlcores; The Qork rep&rted here isAa step in this
direction.

In many cases the preliminary calculational technidues need to be

refined. The techniques for. analyzing each individual experiment are being

developed, and more detailed'analyses will be reported.later. —

DESCRIPTION OF LATTICE .

‘The fuel rodslrested on a lucite plate'3/4.in. thick and were
positioned in/an equilateral triangular lattice'(O,SS in. spacing) by two
lucite latticé plates 3/4 ;n. thick. Some oﬁ~the:hé;es in the lattice
were slightly over-sized, and fuel rods that 6Ecupied such positions were
enclosed in ldéite.éleeves; I ;

Three cadmium safety sheets were situated in tHe reflector symmetri-
cally surrounding the core.' When‘the safety sheets were withdrawn they
were replaced by lucite followers.' Three control elemeﬁts were also
provided. 'Eaéh control “eleﬁent” consisted of a clustér of foqr Cd rods
wnich moved as a unic;‘when the control rods were removed they were

replaced by fuel follower rods which were always of fuel type 1 (See

Introduction).
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CALCULATIONAL METHODS

Calculations have been performed using methods that have been used

3

previously in analyses of other plutonium-fueled, H,0 moderated experiments.

They consist of using the codes HRG,® THERMOS,’ and TEMPEST® to generate four

!

energy-group cross sections, and HEN9 to calculate the effective leakage from

the finite assembly and obtain multiplication and spatial distributions of
power and flux. The boundaries of the energy groups are defined in Table I.

The unit lattice cell was assumed to consist of three regions: 1) fuel,
2) cladding; and 3) moderator. Reflecting cell bduhdar& conditions were
assumed, and o additional heévy scatterer region was assﬁméd.

Cell~-averaged macroscopic therﬁal cross sections We?eAcomputed'using
the codes THERMOS and TEMPEST. TEMPEST'was used in computing only the
thermal diffusion coefficient, defiﬁéd as\l/(jftr). For the TEMPEST calcu-
lation the cell density of-each isotope was weighted by a flux depression
factor (ratio of average.flux in region to aveyége flux in cell) obtained
from the THERMOS calcﬁlation.

Gas mod;l scattering kernels were used for all materials except
1 ofor
anisotropic scaﬁtering was ﬁsed for hydrogen;_exéept in the analysis of the
temperature coefficient experiments, in whicﬁiéase'iéétrbpic scattering was
assumed.

Macroscopic crose ecctions for the three ﬁoﬁ-thérmal groups were

computed with the HRé_code. The B, approximation was used with the 239Pu

1
fission spectrum. Resonance absorption was calculated for the isotopes

2 9 . . ’
““Pu, 240Pu, and 238U. The effect of surrounding rods in the lattice was

corrected for with Dancoff-Ginsburg correction factors obtained from

published tables.12
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Thermal constants for the H,0 reflector were obtained from a calcu-
lation using the TEMPEST code, assuming the Wigner-Wilkins spectrum. Non-
thermal constants were obtained from an HRG calculation in which the P, ap-
o 239, .. '
proximation and the Pu fission spectrum were assumed.

All miéroscopic'cross sections were obtained from the BNW Master

3 235, 239, 241

Library.1 The thermal cross sections for U, and Pu are
normalized to those of the Westcott evaluation.l™

CRITICAL MASS

The critical mass with full moderator height and with all control

elements completely withdrawn, was determineéd for each of the loadings.

- Measurements were then made to determine the reactivity worth of Jucite

templates, sleeves, and saﬁety'sheet followers, and of the control rod fuel

follower rods. These results were used to correct the measured critical mass

for these perturbations. The resulting corrected critical number of fuel réds
represents a ''clean' loading. The critical mass measurements are summarized
in Table iI. -The second column from the right in Tablé II is the "clean"
critical number of fuel rods;.it includes correétions for the various

perturbations that were present in the PRCF.

o

In the last column of Tablg II‘are listed the calculated effective
multiplications, which are from one-dimensional, radial calculations using
the diffusion theory code ﬁFN. The radii used in thé calculations correspond
go tﬁe_gffective radii of ;he measured clean criLicgl loadings.

SPATIAt ACTIVATION DISTRIBUTIONS -

Spatial distributions of copper pin activity were measured in the
axial and radial directions in the two single-zone cores, and in the radial

direction in all two-zone cores.

+
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Typical radial distributions of sub-cadmium activity are shown in
Figures 1 and-Z,&for a single-zone and a two-zone coré, respectively. Also )
shown in the Fig;;eé'are thermal activation distributions that were calcu-
lated with the code HFN. The thermal activation cross sections used in the
various zones are cell—averagea values. The coré radius was the effective
cyiindrical radius based on the actual number of fuel rods present during the
experiment:. 'Calculated and measured distributions were normalized using e
normalization factors that were averaged for the posiéions two, three,
and four lattice units from the center.

The agreement betweeﬁ célculation and experiment is considered good
excépt near the core—reflecéor boundary and near the ceﬁter of the core. The
disagréemént at the center is due to a flux depressiqn which was measured
at the center of each core. The diéégreement in the boundary region
between core and reflector is probably due to neglecting the changing
spectrum in this region. .Attempts are being made to obtain beﬁter‘agreement
in this region by taking into account the changes in spectrum near the boundary.

VII. POWER DENSITY DISTRIBUTIONS ' e I

meae b T

Spatial distributions of relative power density were obtained by

measuring the gamma-ray activities of fuel rods after short irradiations

(v 1 hr.) at low power levels (v 100 w). Axiél and;radiél distributions were '

measured in five Qf'the six cores. 'The radial distributions in the two- |

zoned cores pfovide'a measurement of power sharing between different types

of fuels. ) |
Typical'distributions of'powef density in thg radial direction are

shown in Figures 3 and 4 for a single-zone and a two-zone core, respectively.

Alsu shouwn are curves calculated with rhe HFN code. The core radius was - .
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the effective cylindrical radius based on the number of fuel rods present

during»the‘experiment..wﬁagh_ﬁxpgfimentalmpointarepresentS”thé”avéf5§5~power
éeﬁsity over the thickness of a fuel rod, and is plotted at the effective
cylinderized radiusbfqr the fuel rod. The calculaﬁed cufveg Qeré ﬁormalized
to an average power density of uni?y; the measured poiﬁts were normalized to
the calculated curve using average normalization factors as explainéd in the
preceding section.

As in the case of activation distributions, the agreement between calcu-
lation and experiment is reasonably good, except near the core-reflector
boundary and at the center of'qhe core. Calculated and measured power
sharing féctors in zoned cores (ratio of power density in a fuel rod to
power density in a fuel rod of tﬁe other type at the same radius) agree in

all cases to within 2%.
{

Power Peaking. Radial distributions of relative power density were

measured in the two single-zone cores with a water hole in -the center; thé

water hole was formed by rémoving the central fuel rod. Calculated local-to- < o
avarage power/peaking factors in rods adjacent to the water hole are greater
than measured values by ~ 5—6%. Howevéf}“calculatéd ratios of (av. power

in rod adjacent to H,0 hole)/(av. power in same rod with no H,0 hole pfesent) ,

agree with measured values to better than 1%.

VIIT. 'BUCKLING AND REFLECTOR SA?INéS
Radial and axial bucklings and refleétor saVingé'were deduced from two ;
types of measurements, l) spatial‘aistribution of thermal activation of copper
pins, and 2) spatial distributign of.gamma—ray activity from'fuel rods.
Functions of the form.

y = Al (‘nS[Az(X"A3;] . A (l)
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were fitted to axial distributions, and functions of the form
- [ X~Ao
= A
y 1 9]
<

)2.&05J _ S (2)

were fitted to radial distribucions. The J is the Bessel funcrion of the

first kind of order zero. In Equatlon (l) A2 is the square root of the

axial buckling. In Equation (2) A3 is the effective radlus of the cote, and

is related to the radial buckling Bi by the equation

In all cases data points that were near the core-reflector boundary were

not included when making the fits. Several fits were made, using fewer
points in each successive fit. The fit that resulted in the smallest

standard deviation in the bucklino was chosen as the ”best” flt In the

case of ax1al gamma-scans, several rods, located at different radii in the

core, were scanned. No systematic variation was noted in axial buckling as

a function of radius. This was true for both the uniform and zoned loadings.

The ax1al reflector sav1ngs is deflned as the dlfference between the

——e =X e el 2T . “‘_M: N - - - -

ef;ectlve helght, determlned from the best th, and the h81°ht of the fuel

36 in. The radlal reflector sav1ngs is deflned as the dlfference between

the effective radius, determined from the best fit, and the "actual"

radius, which 1s defined as

e e e e

S N S N>

-

where N is the number of fuel rods in the core, and A is the area of

a& unit cell.
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Calculated bucklings and reflector savings were obtained by fitting

functions of the form of Equations (1) and (2) to calculated distributions of

power density and thermal flux. Measured and calculated results are compared

in Table III.

Conparison of BExperimental Methods. The reflector savings measured in these

experiments allow a comparison to bé made between the results éf a critical
"flux shape" me:hod and a subcritical method.3’ 15 Thé subcritical'method
corbines a critical mass measurement (extrapolation from multiplication
measurements) with.an exponential expefiment, to obtain a vaiue for the
reflector savings assuming the axial and radial reflector savings are equal.
The material buckling as determined from the exponential measurements is
equated to the cr%tical geometric buckling as determined from the approaéh-

to-critical experiment. This results in the equation

2 ] 2.405 | fa

Ta T i - (5)

: R, .
\ Crit.size

where A is the reflector savings and - is the slope of the plot of

Y11

natural logarithm of flux against axial position. One other—assuﬁéﬁion

tHat is‘evident in Equatioé (5) i; that thaigédial reflector‘savings of the

exponenti;l loading is assumed to be equal to that -of the critical ldading.
The reflect6r savings thatwis obtained by solving Equation (5)

‘Tepresents an "average" value of' the reflector sé(rings. The error that is

introduced by using this "average"’%eflector savings to determine critical

bucklings is small if the radius. of the coreAis nearly the same magnitude

as the height of the fuel, for Lhen the axial and radial reflector savings

are expected to be equal. However, the error is not negligible if the radius

1s small with respect to the height, for in this case the reflector.savings

ip the radial and axial directions are expected to be different.

G
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Results of subcritical experiments using UO0p-2 wt.7 PuOé.fuel rods
have been reported.3 Although a ;ﬁbcritical experiment wag not performed at
a lattice spacing of 0.85 in., we can estimate the reflector savings for a
0.85 in. lattice by interpolating between the results presented in Reference 3.
A comparison is presented in Table IV'between reflecto; savings, bucklings,
and critical number of rods determiped using the subcri&ical and critical
methods. The bucklings and critical number of rods were obtained from
analytical functions that were fitted!® to the measurements"reported-in
Reference 3. The subcritical method results in reasonable !"average"
reflactor savings.A Bucklings-determined by the two methods disagree by 1%
for the larger.coré and by 67 for the éﬁaller cére. One should remember
that the accuracy of the flux shape method alsq'decreases as the core radius
decrea;esj this is because in a small core there are only a few lattice
positions available for measurements to b; made. Thus, the only conclusion
that is made is.that bucklings determined by these two methods show reasonable
agreement.in the case of the larger core, butAdisagree significantly in the

case of the smaller core.

While making this conclusion we must bear in mind that the subcritical

results used in this comparison were not actually measured at this lattice

pitch, but were obtained by interpolating between measured results at other

~

lattice pitches. .

In any event, this comparison illustrates the difficulties inherent in

the measurement of bucklings for small cores and in the interpretation of
bucklings measured by various téchniques. As has been pointed out recently,17

there is a need for further work in this area to clarify the differences

between various techniques for measuring bucklings.
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IX. FUEL ROD WORTIH]

.are compared with measured worths in Table V.

" void was formed by a lucite tube with an I.D. of 0.625 in. The annular

The worth of a fuel rod replacing water was measured as a function of
radius in the two single-zone cores. The results are plotted in Figure 5.
The difference in keff when a fuel rod replaces water in the center

and at the periphery of the core was calculated with' the code HFN. Calcu-

lated worths of fuel rods in the center and on.the periphery of the reactor

Calculated fuel rod worths depend on what lattice constants arevchosen
to represent water. In our case, the constants were fhose for an infinite
water medium. Better agréement with experimental results would be expected
if 6ﬁe'onld take into account the‘cﬁanées in spectrum near core-water

boundaries.

MODERATOR VOIDING

-

Worths of cylindrical (tube) voids and annular (film) voids wére

measured as ‘a function of radius in the two single-zone cores. The tube:

i
H

film void écplaced A 14% of the moderator in a céll_iggungmﬁ,ﬁuel_rod;wthis—“"

void was formed by a lﬁcite tube (0.625 in;‘I.D:) ;ﬁ;ch surrduhded the'
fuel'rod. The annular region between fﬁél'rod and lucite thimble was filled
with either water or air; and the difference in'rea;tivity between these two
cases was taken to be the worth of the void. The reSUits are plotted_in‘
Figure 6.

By sﬁmming.thc worths .»f individual film voids one can obtain ~an
estimate of the worth of simulganeously voidiﬁé tﬂ:'ehﬁire moderator by 14%.
Such a value is an estimate because it does uot pake into account inter-

actions among celle, and bacanse the enacc snape of the curve is not known.
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Calculations were performed of the change in keff produced by‘a 147
void in thé central céll, and by a 147 voiding of the entire moderator.
Measured and calculated results are summarized in Table.VI;

MbDERATOR LEVEL REACTIVITY COEFFICIENf o ; .

i

Moderator level reactivity coefficients were measured in five of the

sig.cores. In some cases measurements were made in the top reflector only;
in other cases measﬁrements were also made below the top of the fuel. The
results.for tbe two single-zone cores afe plotted in Figure_7.

Calculations'of moderator worth hav: been performed using the
diffusion theory code HFN with slab geometry. The four-group léttice cqnstanfs
were the same és for the radial calcuiations. For water heights below the top
of the fuel the effect of dry (hnmoaerated) fuel above the homogenized core
wés neglected. éalculated values-;f-ﬁoderator worth are 20-25% grea;er,than'

measured values.

TEMPERATURE COEFFICIENT

The temperatﬁre coefficient of reacﬁivity was measured in the'th
single—zoﬁé cores over the température range between %+ 20°C and ~ 50°C. The-
moderator waé heated (or cooled) in a storage ténk and was pﬁmped in and out
of th; reactor vessel between meésurementé:

: A : R ' !
Calculations of multiplication at several temperatures were performed ;

using temperature-dependent lattice constants for both core and reflector,

takinz into account also the change in transverse leakage with temperature.

.One other effect that neads :o be included in the calculation is k2

\ : : i

expansion of the lucite lattice plates. Wew lattice constants were
calculated, taking into account the increase in ‘lattice nitch with

temperature. Multiplications were then calculated using these new lattice

i
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constants and a temperéturemdependent core radius. Measured and

calculated temperature coefficients are compared in Figure 8.

XIII. KINETICS | S |
The ratio ofjeffective delayed-neutron fraction to mean neutron iife~
time (B/l) was obtained in the two single—zoné cores from measurements
of reactor nqise. . To find the frequency dependence of reactor noiéé, a
magneti; tape recording of thé nqise was analyzed uging a multi-channel

frequency analyzer. Program'LEARN18 was used to fit an equation of the

form

2 -
Ay w + Aj | . :
yEA YT | T A ! | 6)

to the data points. In Equation (6) y is the power per unit baﬁdwidth

"and w is 27 times the frequency; A, is a constant background noise

1
contribution, A2 is a parameter which characterizes the magnitude of the
4dateau,.A3.is”a.parameter”which.characterizes.the.low frequency break

point, and A4 is (B/l)zﬂ :
The parameters for the functions which beé; fit'the experimentél
points are listed in Table VII. Also listed in Tgble:VII ;re values of
5,2, and B/% which were ealculatedls using thé transport.theqry-coden—-uu
Program s.20 A.plot of exp-rimental points and the correspondiﬁg"f{tted
function are shown in Figure 9. .
The scatter in the data points is considerable, which is.reflectéd in

the rather large standard deviaticus I. . lhie measured values of B/%. The

s
,

0,0 0O O o 0O 6 0 0 © 0o o0 0 .0 ©O o
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measured values do not contain a correction for differences in frequency
response of the filters. It is expected that é re-analysis, which includes
such corrections, will lead to reduced errors in the fitted parameters.
The calculated kinetics parameters that are’shown/in Table VII
I

were used to convert measured periods into units of reactivity. The

calculated Beff values were used to relate cents to % Ak/k.
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TABLE 1

: NEUTRON.ENERGY—GROUP BOUNDARTES

iy

Uppex Energv

Lower Erergy

10 MeV
11.7 kev

2.38 ev

0.683 ey'

11.7 keV
"2.38 eV
" 0.683 eV

0
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SUMMARY OF CRITICAL LOADINGS FOR

TABLE II

. . Actual Effact of - Effect of Effect of
Type of Critical 8% Fuel Lucite Lucite
. Feel #f F..o. ¥ollowers Tenplates Sheets
1 252.0 None 0.8+ 0.4 40.6 * 0.1
1-3 290.0  +5.0 * 1 15t 1.0 418 0.2
3 1386.7  47.6 £ 0.4 -1.6 £ 0.3 +1.1 * 0.1
3-2 353.35  45.0 ¢ 0.4 -3.3 £ 1.0 40.9. * 0.2
2-3 365.31 <5.1 % 0.4  -3.5 ¢ 1.0 +0.55 *0.15
RS 318.8  +1.6 + 0.1  -1.2 + 0.6 +0.49 % 0,08
1 252.16  None 0.8 ¢ 0.4 +0.19 * 0.05.
(a) All cuantities are in terms of.number of fuel
(b) The 7.065% 240fu loadihg was.repeated.

U0y~ 2 wt.% Pud, rarrices @)

Effect of Refined
~Lucite Critical
Sleeves # F.E.

56.2 £ 0.1 251.6 ¢
-0.3 ¢ 0.15  295.0 *
-0.3 ¢+ 0.1 393.;,i
—6.3 * 0.1 355.7 ¢
76.3 t 0.1 347.2 ¢
~0.3 £+ 0.1  319.4 *
-0.2 *+ 0.1 251.4 *

elements.

Calculated

keff

0.985
0.991
- 0.991
0.990
0.990
0.990

0.989

e

O o o O
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TABLE TII

MEASURED AND CALCULATED BUCKLINGS AND REFLECTOR SAVINGS -

.79

1+

o

[#5]

oM
!

Radial Axial 2 B? ‘a1
. " Critical Reflector Reflector r_, ax a_z
Fuel . Radius (em) Savings (cm) Savings (cm) {(m 7) (m
Type Exp. _Calc. Exp. Calc.. Exp. Calc. EXp. - Calc. Exp Calc
1 17.975 18.532 8.55 + 0.53 6.70 .96vi 0.25 6.87 82.2 + 3,3 90.86 8.8%9 = 0,09 8.9?7
3 22.685 - 23.184 7.75 * 0.33 6.85 .32 2 0.20' 7..02 63.3 £-1.4 64.14 9.11 * 0.07 8.87
3-1 - - - - - .96 t 0.28 - - - - 8.89 £ 0.10 -
. 2-3 - - - - - .38 * 0.30 - - - - 9.09 * 0.11 -
3-2 - - - - - - - 8.95 + 0.12 -




TABLE IV

COMPARISON JETWEEN SUBCRITICAL AND FLUX-SHAPE METHODS

Suberitical Method Critical Flux-Shape Method L
- —— ) - = ) Critical
Fuel .\ cm B2(MT ) Nc. >‘radial’ cm Aaxial’ cn B2 (m ) Nc'
1 . 8.0 9€.6 *.1.5 244 * 4 8.55 % 0.53 6.96 *+ 0.25 91.1 * 3.3 251.5 * 0.2
3 8.0 .71.3 + 0.8 380 £ 3 7.75'* 0.33_ 6.32 £ 0.20 72.4 £ 1,4 393;5 t 0.5

o

“Interpoléted between results presented in Reference 3.
A, i . ] . .
The RMS errors in B“ and Nc were estimated on the basis of fittin°1§

an analytical function to experimental data at other lattice pitches.

Q.
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TABLE V

CALCULATED AND MEASURED FUEL ROD WORTH, CENTS

(For a Fuel Rod Replacing Water)

Fuel Central Fuel:Rod Peripheral Fuel RodA

Type Exp. Calc. Exp. - Calc.
1 -23.2 £ 0.2 -34.8 21.0° 22.0
3 -15.3 * 0.2 -23.0 10.2° - 10.2

* , . -
Read off curves in Figure 5, at effective
radius of core. The estimated uncertainty

is * 5%,
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Fuel
Tvpe

TABLE VI

CALCULATED AND MEASURED VOID WORTH

‘ : : : 14% Void Worth
Worth of 14% Void - Integrated

Average Void
Coefficient, ¢/7 void

in Central Cell, Cents Over Core, $
EXp. Calc. Exp.* Calc.
- -12.8 t 0.2 -9.9  -12.2 ~15.7

- 7.5 0.2  -5.4 - 9.9  -12.9

- Exp.¥% Calc.
-87 C-112
-71 ‘ - 92

« )
These experimental values do not include interaction

2ffects between cells; the estimated uncertainty is * 10%.
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TABLE VII.
PARAMETERS FOR EQUATION (6)
AND CALCULATED KINETICS PARAMETERS
_ Parameters From Best Fit .
Type 1 2 . 3 4 - - B/
' 5 ' -1 S
1 0.0 2.79 x 10 7233 x 10 7 .1.624 x 10 127 £ 11
4 5 -1 4
3 3.75 x 10 2.78 x 10 5.27 x 10~ 1.302 x .10 114 f 15
Fuel Calculated Parame;ers -
Type B8 C . L B/%, sec
-3 ., . -5 '
1l 3.447 x 10 3.06¢ x 10 112.5
3 3,732 x 107> 2.944 x 107° 126.8 .
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