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EXPERINENl'S AND CALCULATIONS FOR H20-riODERATED ASSENBLIES 
CONTAINING U0 2- 2 .. wt.% Pu02 FUEL RODS 

v. 0. Uotinen, L. D. Hilliams 
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Critical experiments have been performed in the Plutonium Recycle Critical 
.J 

Facility 1 (PRCF) in six configurations· ~f UOz-2 wt% PuOz fuel rods. Each rod 

is made of 1128 g of uo 2-Pu0 2 and is 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 

respectively the following weight percent of 
239

Pu;
240

Pu!
241

Pu/
242

Pu: 

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 rods were in a hexagonal lattice with a lattice spacing of 0.85 in. and a 

water-to-oxide volume ratio of 1.83. 

Single-zone cores were studied using fuel types 1 and 3. Two-zone cores 

\vere studied using various combinations of the three fuel types. An effectively 

infinite H20 reflector surrounded the core. 

Measured parameters that a·ce summarized here include critical mass; spatial 

.flux and power distributions; power peaking an~ -p6ver sharing; bucklings, 

reflector savings; worth.of fuel rods; moderator void worth; moderator level 

reactivity coefficient; moderator temperature reactivity coefficient; and· the 

ratio of effective delayed-neutron fraction to me2n neutron lifetime, S/i. 

~!easureme~ts of reactivity worth of apsorbing rods have been reported earlier. 2 

Calculations have been performed using t~e-~~-~-~-e meth~sf.s __ j:_l;.a_t __ have. been:·used· 
·- ..... ---· 

~in analyses of other plutonium-fueled, H20 moderated experiments. 3 • 4 •5 They 

~onsist of using the coc!.es HRG,G THERNOS,7 and TEMPESTS to obtain.four energy-

&roup; cell-averaged cross sections, and HFN9 to calculate multiplications and 

~patial distributions of power and flux. 

.... -: 

... ·.t·· :: .. · 
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This paper presents a summary of the experimental results and preliminary 

analy~ical correlations. A comparison is made between two methods of 

measuring buckling. 

The calculational results that are presented constitute a preliminary 

evaluation of the 'standard calculational scheme that is used at Bl'H.J'. for .... 

reactor physics design calculations. Previously this scheme has been evalu-

ated for its ability to predict critical masses and multiplications. 4 , 5 . 

We are currently ·evaluating. its ability to preditt other properties of Pu·-

fueled, H20-moderated cores. The work reported here is a step in this 

direction . 

.. . . . I.I!. many cases the preliminary calculational techniques need to be 

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

developed, and more detailed anal1ses will be reported later. 

L~L. DESCRIPTION OF LATTICE. 

The fuel rods rested on a lucite plate· 3/4 in. thick and were 

I . 
positioned in an equilateral triangular lattice· (0~85 in. spacing) by two 

lucite lattice plates 3/4 in. thick. So~e of. the'holes in the lattice 

were slightly over-sized, and fuel rods that occupied such positions were 
. . . 

enclosed in lucite sleeves. 

Three cadmium safety sheets were situated in the reflector symmetri-

Cally surrounding the core. When the safety sheets were withdra~vn they 

were replaced by lucite followers. Three control elements were also 

provided. Each control "element" consisted of a cluster of four Cd rods 

which moved as a unit; when the control rods were removed they were 

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

I:~troductj on) .. 

't.··· 

...... , 
' .. _) ~ ....... 



0 0 0 0 0 0 0 0 0 0 0 0 

·--
. .~-

3 

IV. CALCULATIOKAL HETHODS 

Calculations have been performed using methods that have been used 

3 4 5 
previously in analyses of other plutonium-fueled, H20 moderated experiments. • • 

They consist of using the codes HRG,6 THERNOS, 7 and TEMPESTa to generate four 

energy-group cross sections, and HFN 9 ~o calculate th~ 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, <tnd 3) moderator. Reflecting cell boundary conditions were 

assumed, and ~o additional heavy scatterer region was assumed. 

Cell-averaged macroscopic thermal cross sections were computed-using 

the codes THERMOS and TEMPEST. TEMPEST was used in computing only the 

thermal diffusion coefficient, defined as '·11 (3[ ) . For the TEHPEST calcu
tr 

l~tion the cell density of each {sotope was weighted by a flux depression 

factor (ratio of average flux in region to average flux in cell) obtained 

from the THERHOS calculation. 

Gas mo~~l scattering kernels were used for all materials except 

hydrogen. The Nelkin 1 0 kernel with an approximate correction 11 for 

anisotropic scattering was used for hydrogen; extept in the analysis of the 

temperature coefficient experiments, in which·case isotropic scattering \vas 

assumed. 

Macroscopi~ cross sections fur rhe three nori-th~rmal groups were 

d . h h HRG d Th B · d · h h 239p compute w1t t e co e. e 
1 

approximat1on was use w1t t e u 

fission spectrum. Resonance absorption was calculated for the isotopes 

239
Pu, 240Pu, and 

23811·. Th ff f d' d · th 1 · e e ect o surroun 1ng ro s 1n e att1ce was 

corrected for with Dancoff-Ginsburg correction factors obtained from 

puLlished tables. 1 2 

0 ·( 
.. ··;!.·.··-. .:· 

i • 

..•. 
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Thermal constants for the H20 reflector were obtained from a calcu-

lation using the TENPEST code, assuming the Wigner-Hilkins spectrum. Non-

thermal constants were obtained from an HRG calculation in \vhich the P ap-1 . 

. . . d h 239 P f. . d prox1mat1on an t e u 1ss1on spectrum were assume . 

All mi~roscopic cross sections were obtained from the BNW Master 

Library. 13 . : 235 239 241 
The thermal cross sect1ons for U, Pu and Pu are 

normalized to those of the Westcott evaluation. 14 

CRITICAL HASS 

The critical mass with full moderator heigh~ and with all control 

elements completely withdrawn; was determined .for each of the loadings. 

. Measurements were then made to determine. the reactivity worth of lucite 

templates, sleeves, ·and safety sheet followers, and of the control rod fuel 

0 

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

for these perturbations. The res~lting corrected critical number of fuel rods 

represents a "clean" loading. The critical mass measurements are summarized 

in Table IJ;. The seco_nd column from the right in Table II is the "clean" 

critical number of fuel rods;. it includes corrections for the various 

pert_urbations that were present in the PRg_!. 
-----~·-· 

In the last column of Table II are listed the calculated effective 

multiplications, which are.from one-dimensional, radial calculations using 

the ·diffusion theory code HFN. 
. ' 

The radii used in the calculations correspond 

to the effective radii of the measured clean criLical loadings. 

VI. SPATIAL ACTIVATION DISTRIBUTIONS -

Spatial. distributions of copper pin activity were measured in the 

axial and radial directions in the two single-zone cores, ann in the radial 

direction in all two-zone cores. 

0 

-----:---.. --·----------.:. --------·-· 
··-·-·· ·---·--.---------·---------

. :···: ... 
:j 

i 
I 

·i 
: 

., I 

l 
'l 
1 
I 
;J 

' r 
~ 

. i 
I 
~ 
' I 

' 
1 
I . 



.o 0 

5 

A 
\UI 0 0 0 

Typical radial distributions of sub-cadmium aGtivity are shown in 

Figures 1 and ·2, for a single-zone and a two-zone core, respectively. Also 

sho\vn in the Figures are thermal activation ciistributions that were calcu-

lated with the code HFN. The thermal activation cross sections used in the 

various zones are cell-averaged values. The core radi'us Has the effective 

0 

cylindrical radius based on the actual number of fuel rods present during the 

experiment; Calculated and measured distributions were normalized using 

normalization factors that were averaged for the positions two, three, 

and four lattice units from the center. 

The agreement between calculation and experiment is considered good 

except near the core-reflector boundary and near the center of the core. The 

disagreement at the center is due to a flux depression which was measured 

at the center of each core; The disagreeinent 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 better agreement 

in this region by taking into account the changes in spectrum near the boundary. 

... 
VII. POWER DENSITY DISTRIBUTIONS 

---:-:-------------·.' -----------
Spatial distributions of relative power density were obtained by 

measuriflg the gamma-ray activities of fuel r·ods after short .irradiations 
~ 

(~ 1 hr.) at ·low power levels (~ 100 w). Axi~l and radial distributions were 

measured in five of·the six cores. The radial distributions in the two-

zoned core~ provide a measurement of power sharing between different types 

of fuels. 

Typical distributions of.power density in the radial direction are 

shown in Figures 3 and 4 for a single-zone and a t\vo-zone core, respectively. 

Al::;u :.;llUwu are curvco c.:1lculated Hith the HFN code. The core radius was 

( 

.. . : .. 

·I 
I 
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the effective cylindrical radius based on the number of fuel rods present 

density over the thi~kness of a fuel rod, and is plotted at the effective 

cylinderized radius~for the fuel rod. The calculated curves were normalized 

to an average power density of unity; the measured points were normalized to 

the calculated curve using average normalization factors as explained 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 ~he core. Calculated and measured power 

sharing factors in zoned ~ores (ratio of p6wer density in a fuel rod to 

power density in a fuel rod of the other type at the same radius) agree in 

all cases to within 2%. 

Power Peaking. Radial distributions 6f relative power density were 

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

water hole was formed by removing the central fuel rod. Calculated local-to-
/ 

average power peaking factors in rnrls RrljR~2nt to the water hole are greater 

than measured ·values by rv 5-6%. However·; ·calculated ratios of (av. power 

in rod adjacent to H20 hole)/(av. power in same rod with no H20 hole present) 

agree with measured values to better than 1%. 

VIII. BUCKLI~G AND REFLECTOR SAVINGS 

Radiil and axial bucklings and reflector savings were deduced from two 

types of measurements, 1) spatial distribution of thermal activation of copper 

pins, and 2) spatial distribution of gamma-ray activity from fuel rods. 

Functions of the form 

(1) 

0 

' ' 
'\ 

i c 
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were fitted to axial distributions, and functions of the form 

· j( X-Azl l 
y =A1 J

0
l--p:;- 2.405J (2) 

were fitted to radial distributions. The J is the Bessel function of the 
0 

first kind of order zero. In Equation (1) A2 is the square root of the 

axial buckling. In Equation (2) A3 is the effective radius of the core, and 

is related to t.he radial buckling B2 by the equation 
r 

(2.405\
2 

\ A3 j 
_(3) 

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

not included when making the fits. Several fits were made, using fe~v-er 

points in each successive fit. The fit that resulted in the smallest 
--··- ------ -·--

standard deviation in the buckling was chosen as the "best" fit. 
. - - . ---. ... - .. I 

(:-. ~ · ... '-" -

In the 

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

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

0 

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

The axial reflec~or savings is defined as the difference between the 
~ -·- - - - - - - - : . :_. :.._ :· . .:.. :.. ..;. - -- - ~ :.._:. ~--..: .... - ... -- .. -: -: 

effective height, determined from the best fit, and the height of the fuel, 
'--· - -- .--·-:---:-··-----. --- . -. ..: :- . 

36 in. The radial reflector savings is defined as the difference between 

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

radius, which is ,defined as 

-~---- ·- ·-. ---- ---· -· ·. .-.. 

ff .· R =. 
1T 

(4) 

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

a unit cell. 

0 0 

I 

)" ... 

I• 
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Cnlcula~~d bucklings and reflector savings were obtained by fitting 

0 

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

po\"~r density and thermal flux. Neasured and calculated results are compared 

in Table III. 

Conparison of Exoerirnental Methods. The reflector savings measured in these 

experiments allow a comparison to be made between the results of a critical 

"flux shape'' me·:hod anrl a subcritical method. 3 ' lS The subcritical method 

co<~lbines a .critical mass measurement (extrapolation from multiplication 

measurements) with an exponential experiment, to obtain a value for the 
. . 

reflector savings assuming the axial and radial reflector savings are equal. 

The material buckling as determined fro.m the exponential measurements is 

equated to the critical geometric buckling as determined from the approach-

to~critical experiment. This result~ in the equation 

2.405 
.2 

R . . +A; cr1t.s1ze : 
+ 

;2 
'-"-· 
~ H+2A: 
' 1 

2.405 \
2 

( R +A 1 
\ expon. 1 

2 
y 
ll 

where A is the reflector savings and - y
11 

is the slope of the plot of 

nat~ral logarithm of flux against axial position. One other assumption 

(5) 

that is evident in Equation (5) is that the radial reflector savings of the 

exponential loading is assumed to be equal to that of the critical loading. 

The reflector savings that is obtained by solving Equation (5) 

. represents an "average" value of the reflector savit"lgS. The error that is 

i:~troduced by using this "average"·reflector savings to determine critical 

bucklings is small if the radiu& of the core is nearlj the same magnitude 

u~ Lhe hcighc of the fuel, fur: Lll~u t:lH.! c1xial and radial reflector c.:tvings 

' are expected to be equal. Hm.,cver, the error is not negligible if the radius 

is small with respect to the height, for in this ca::>e the reflector-savings 

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

0 

I 
i. 
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Results of subcritical experiments using U02-2 \vt.% PuOz. fuel rods 

have been reported.3 Although a subcritical experiment was 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 reflectoi savings, bucklings, 

and critical number of rods determined using the subcritical and critical 

rr.ethods. The bucklings and critical number of rods Here obtained from 

analytical functions that were fitted 1 6 to the measurements_ reporte~ in 

Reference 3. ':::he subcritical method results in reasonable "average" 

reflector savings. Bucklings determined by the t\vO methods disagree by 1% 

for the larger core and by 6% for the ~maller core. One ~hbuld remember 

that the accuracy of the flux shape method also·decreases as the cor~ radius 

decreases;· this is because in a small core there ar~ only a fe\v lattice 

I 

positions available for measurements to be 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, but disagree significantly in the 

case of the smaller core. 

While making this. conclusion He 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 af).y event, this comparison illustrates the difficulties inherl:!nt in 

the measurement of bucklings for small cores and in the interpretation.of 

bucklings measured by various techniques. As has been pointed out recently, 17 

there is a need for further \vork in this area to clarify tht! differences 

between various techniques for measuring bucklings. 

0 ( 
! 

; .. , · .... 
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·I 
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IX. FUEL ROD ~oJORTlT 

Th~ wor~h o£ a fu~l rod replacing water was measured as a function of 

radius in th~ two single-zone cores. The results are plot~ed in Figure 5. 

The difference in keff when a fuel rod replaces '~ater in the center 

and at the periphery of the core \vas calculated with· the code HFN. Calcu-

.lai~d ~orths of fuel rods in the center and on.the periphery of the reactor 

·are cor.1pared with measure.d \vorths in Table V. 

Calculated fuel .rod ,.,orths depend on \vhat lattice constants are chosen 

to represent watet. In our case, the constants were those for an infinite 

water mediu@. Better agreement with experimental results would be expected 

if one \vOuld take into account the changes in spectrum near core-water 

boundaries. 

X. MODE~~TOR VOIDING 

\Vorths of cylindrical (tube) voids and. annular (film) voids '"ere 

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

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

.· 
film void rcpl.:J.ced "· 14/. of th?. moderator in a cell arounC. 2-:lue.L_rod;---this-···---------

-·------------------~-·- _ ... ··-. . 

void \vas f~rmed by a lucile tube (0. 625 in. I. D.) Hhich serrounded the 

' 
fuel rod. The annuJ!H region be tHe en fuel ·rod and luci te thimble 'ias filled 

with either water or air; and the difference in reactivity between these two 

cases was taken to be the worth of the void. The results are plotted in 

Figure 6. 

By sur.~:ning the \vorths .)f individual film voids one can obtain .:.n 

estimate of the worth of sir.1ultaneously voiding th~· eri:ire moderator by 14%. 

S\.:ch a v<~lue is an estii:".ate becal!se it does :.ot take into accoPnt int.er-

actions mr.ong cell£, and bec.;11S?. t.l.e e ..... ~-.:L snP.:le of the ~...urve is not· knoHn. 
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Calculations were performed of the change in k f~ produc~d by a 14% 
e J.. 

void in the central c~ll, and by a 14% voiding of the entire moderator. 

Measured and calculated results are SU:ninarized in Table VI.· 

XI. NODER..li.T0:5:. LEVEL REACTIVITY COEFFICIENT 

Moderator level reactivity coefficients were measured in five of the 

six cores. In some cases measurements we:-~e made in the top reflector only; 

in other cases measurements were also made belo~ the top of the fu~l. The 

results for the two single-zone ~ores are plotted in Figure 7. 

Calculations of moderator worth hav~ been performed using the 

diffusion theory code HFN with slab geom~try. The four-group lattice constants 

,.,ere the same as for the radial calculations. For \-later heights belm-1 the top 

of the fuel.the effect of dry (~nmoderated) fuel above the homogenized core 

was neglected. Calculated values of moderator worth are 20-25% greater. than· 

measured values. 

XII. TENPERl\.TURE COEFFICIENT 

The temperature coefficient of reactivity \·las measurr.d in the t\-10 

single-zone cores over the temperature range between 'Y 20"C and rv 50°·C. The· 

moderator ,.,as heated (or cooled) in a storage tank and ·,~~a~: pui1lped in and out 

of th~ ieactor ve~sel between measurement~. 

Calculations of multiplication at several temperatures ,,7ere performed 

using ·tewperc; ture-dependent lattice constants for both core and reflector, 

taking into account also the change· in transverse leakage \vi th temperature . 

. One other effect that needs ~~be included in the cal~ulation is =~~ 

expansion of the lucite lattice plates. Ne~ latt~~e co~stants were 

calculated, ta~d~1g int_o account the increas<.. in 'lattice_!1itch uith 

tem?erature. Multiplications \vere then ca1cu 1 ated using 1:hese nev lattice 
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·constants and a temperiture-dependent cbre radius. Measured and 

calculated temperature coefficients are compared in Figure 8. 

XIII. KINETICS 

\ 

. . . ~ 
The ratio of effective delaye.d-neutron fraction to mean neutron life-

time (8/ 'l) Has obtained in the t~vo single-zone cores from measurements 

of reactor noise .. To find the frequency dependence of reactor noise, a 

magnetic tape re~ording of the noise ~vas analyzed using a multi-channel 

frequency analyzer. Program ·LEARN 18 ~vas used to fit an equation of the 

form 

y (6) 

to the dat~ points. In Equation (6) y is the power per unit bandwidth 

·and w is 2n times· the frequency; A
1 

is a c.onstant backgroUl1d noise 

contribution, A
2 

is a parameter which characterizes t_he rr:agnitude ~of the 

..p.la.teau,. A
3 

.is .a -parameter- -~vl)ich .characterizes .the .10\v frequency break 

point, and A
4 

is (8/t)
2

. 

The parar.~eters for the functions ~vhich best fit· the experimental · 

points are listed in Table VII. Also liSted in Table'Vli are values of 

S,'l, and 8/l.\vhich ~-Jere calculated 1 ~ using the tra-nsport theory-.cod.a.---···· 

Progra~ s.20 A plot of exp~rimental points and the corresponding f~tted 

function ~re shown in Figure 9. 

The scatter in the data points is co~·,s-i_der~ble, ''"'hich is reflected in 

the rathG:r large standard deviatiGitS -·· ... :;e 111.~asured Viil~tes of 8/t. The 

0 0 

····· 
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measured values do not contain a correction for differences in frequency 

r-esponse of the filters. It is expected that a re-analysis, \vhich 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 periqds into units of reactivity. The 

calculated Beff values were used to relate cents to ~ 6k/k. 

- . -·- ~ -~ ... 

·-·--·-·---. -----·-·-:··-·-
-----::-.:---:-::-.. -.. ---------
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TABLE I 

. . · . NEUTRON ENERGY-GROUP 

Group. }Jpper Energv 

1 10 MeV 

2 11.7 keV 

3 2.38 eV 

4 0.683 eV 

~.· 

·-----'-----

0 0 

BOUNDARIES 

0 0 o· o. o 0 

i 

Lmo1er Er~ergv 

11.7 keV 

2.38 eV 

0.683 eV 

0 

-~~-·· 
--··--· _ _..----

~ 
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Type o.f 
Feel ---

1 

1-3 

'l 

3-2 

2-3 

3-1. 

1 (b) 

TABLE II 

SUMNARY 0? CF.ITICAL LOADINGS FOR UOr 2 'oJt.% Pu02 

Actual Effect 0~ Effect of Effect of Effect of 
Criti.cal 8% Fuel Lt:cite .Lucite Lucite 

II F .. ~. Follmvcrs Te1!]2lates Sheets Sleeves -----
252.0 None -0.8 ± 0.4 +0.6 ± 0.1 -0.2 ± 0.1 

290.0 +5.0 ± 1 -1.5 ± 1.0 +1.8 ±. o. 2 -0.3 ± 0.15 

. 38.6. 7 +7.6 ± 0.4 -1.6 ± 0.3 +1.1 ± 0.1 . -0.3 ± 0.1 

•353.35 +5.0 ± 0.4 -3.3 ± 1.0 +0.9. ± 0.2 -0.3 ± 0.1 

345.31 -0:5.1 ± 0.4 -3.5 ± 1.0 +0.55 ± 0.15 -0.3 ± 0.1 

318.8 +1.6 ± 0.1 -1.2 ± 0.6 +0~ 49" ± 0.08 -0.3 ± 0.1 

.252.16 None -O.S ± O.l1 +0.19 ± 0.05· -:-0.2 ± 0.1 

(a) All c:u.antities are in terms of number of fuel elements. 

2110p· u (b} The ].65% loading was repeated. 

.. 

LATTICES(a) 

Refined Calculated 
Critical k eff fj F.E. 

251.6 ± 0.4 0.989 

295.0 ± 1.5 0 .. 991 
,,. 

393.5 ± 0. 5 .. • 0. 991 

355.7 ± 1.11 0.990 

3ll7. 2 ± ~·11 0.990 

31~~4 ± 0.6! 0. 990 
•J 

25l.ll ± I 
0.4! 0. 989 

I 

, I 
\\ -······ 

I. r 
\ 

\ 
\ 
l 

"\ 
\ 

I 

0 

r, ·v 

0 

0 

0 

0 

c! 

c . 

0 

,. 0 r 

c 

0 

0 

.·o 

0 

0 



,· 
( 

TABLE III .. 

HEASURED AND CALCULATED BUCKLINGS AND REFLECTOR SAVINGS 

Radial Axial 
Critical Reflector Reflector 

Fuel Radi·~ts (c!!l_)_ Savi~s (em) Savings (em) 
Type Exp. Cole. Exp. Calc .. Exp. Calc. --- -- Exp. Calc. Exp. Calc. 

1 17.975 18.532 8.55 ± 0.53 6.70 6.96 ± 0.25 6.87 82.2 ± 3.3 90.86 8.89 ± o·.o9 8.97 

3 22,lf85 23 .18ll 7.75 ± 0.33 6.85 6.32 ± 0.20 7 .. 02 63.3 ±-1.4 64.14 9.11 ± 0.07 8. 87 1)-

3-1 6.96 ± 0.28 8.89 ± 0.10 

. 2-3 6. 38. ± 0.30 9.09 ± 0.11 

3-2 6;79 ± 0.36 ... 8.95 ± o:12 

I . 
. I 

/ 
1 

:. 



* Fuel A em 

1 8.0 

3 8.0 

TABLE IV 

COHPARISON 3ETHEEN SUBCRITICAL AND FLUX-SHAPE METHODS 

Subcritical Method Critical Flu~-Shape Method 

* _2 ~': 
·E:2 (M N A em A em B2 ) c. radial' axial' (m 

96.6 ± 1.5 2L1L1 ± 4 8.55 ± 0.53 6.96 ± 0.25 91.1 

. 71.3 ±· 0.8 380 ± 3 7.75 ± 0.33 6.32 ± 0. 20 72.4 

-!: 
InterpoL:ited bet~,,~en results presented in Reference 3. 

. ,., 
The RHS. errors. in B'- ancl N were estimated on· the basis of 

c 

± 

± 

- 2 
) 

3.3 

1.4 

Critical 
N 

c 

25f.5 ± 

393.5 ± 

an analytical fu~~~ion to ~xperimental data at other lattice pitches. 

0 
-

:o 

0 

·o 

0 

: 0 .. ·. 0.2 

0.5 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c 



0 0 0 
· . 

. · 

0 0 0 0 0 0 o. 0 0 

Fuel 

~. 

·1 

3 

* 

TABLE V 

CALCULATED AND HEASURED FUEL ROD \\fORTH, CENTS 

(For a ~uel Rod Replacing Water) 

Central Fuel·Rod Peri2heral Fuel Rod 
Exu. Calc. Ex2. Calc. ---

* -23.2 ± 0.2 -34.8 21.0 

-15.3 ± 0.2 -23.0 10.2* 

Read off curves in Figure 5, at effective 

radius of core. The estimated uncertainty 

is ± 5%. 

22.0 

10.2 

0 0 0 0 

····:-!·.·:: 



'. 

Fuel 
Tvpe 

1 

.3 

v 

TABLE VI 

CALCULATED AND ?-fEASURED VOID HORTH 

14% Void Worth 
Worth of 14% Void Integrated 

in Central Cell 2 Cents Over Core 2 $ 
Average Void 

Coefficient, c/% void 
Exp. Calc. Exp. * Calc. Exo.* Calc. 

-12.8 ± 0.2 -9.9 -12.2 ·-15. 7 --87 -112 

- 7.5 ± 0.2 -5.4 - 9.9 -12.9 -71 - 92 

* These experimental values do not include interaction· 

·=ffects bet\veen cells; the -estimated uncertainty is ± 10% . 

. --··-

v 

.. ···::..·:. 

.. ··-:. 



,J .u v 

Fuel 
Tvpe 

1 

v u 

0.0 

4 3.75 X 10 

Fuel 
~ 

1 

3 

u u u v u 

TABLE VII 

PARAHETERS FOR EQUATION (6) 
AND CALCULATED KINETICS FA~.NETERS 

Parameters Fr6m Best Fit 

u v 

2.79 X 105 

2.78 X 105 

7.33xl0-l 

5.27 X 10-:-l 

_1.624 X .104 . 

1. 302 X .104 

Calculated Parameters 
-1 

B i B/9., sec 

3.447 X 10-3 3.064 X 10-5 112.5 

3.732 X 10-3 ·2. 944 X 10-5 126.8 . 

.. ..__----=---~-· 

v \....) v 

127 ± 11 

114 ± 15 
:....._ 

···-.: 
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