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ANALYSIS OF
HIGH CONVERSION CRITICAL EXPERIMENTS

by

‘E. M. Pennington

ABSTRACT

4 Critical experiments performed in the ZPR-7 fa-
cility using Hi-C or BORAX-V fuel and light-water mod-
erator are analyzed. The Hi-C fuel consisted of 3.04 w/o
enriched UQO,; pellets of 0.935 cm diameter, stacked to a
height of 122 cm in either aluminum or stainless steel
tubing. Experiments with BORAX-V fuel used UO,; pellets,
which were 4.95 W/O enriched, 0.871 cm in diameter, and
stacked 61 cm high in stainless steel tubing. All lattices
analyzed consisted of fuel rods uniformly spaced in either
square or triangular arrays. The H-to-U?® 3tom ratios in
the cores varied from roughly 4.6 to 0.5 so that investiga-
tions extended far into the undermoderated region. Calcu-
lations of critical bucklings, reflector savings, and various
microparameters are compared with experimental values.
Agreement with experiment is in general reasonably good,
except for the U®8-to-U?5 fission ratio.

I. INTRODUCTION

The High Conversion Critical Experiments Program (Hi-C) was
initiated to extend the range .of investigations of light-water-moderated,
slightly enriched, uranium oxide cores to lower hydrogen-to-U?® atom
ratios than had been studied previously. Uniform lattices having H-to-U%8
atom ratios from about 4.6 to 0.5 were studied. These H-to-U%®® atom’
ratios correspond to water-to-fuel volume ratios ranging from 1.5 to 0.16.
. The various H-to-U?8 atom ratios were obtained by using square and tri-
angular grids of different pitches, except for the tightest loading, which -
was achieved without gridwork. :

As the name of the program suggests, tightly packed cores have
high conversion ratios, which retard reactivity losses with fuel depletion
and therefore lead to long core lifetimes. Also, heavily loaded cores have
large surface areas available for heat transfer, thereby allowing high power
densities. The close spacing of the rods is ultimately limited by lack of



space for coolant flow and structural support. Tightly packed zones can be
used as driver zones surrounding cores of more conventional design, lead-
ing to a net increase in the conversion ratio of the system. Thus the study
of highly undermoderated cores is of interest for design of light-water-
moderated power reactors.

Two lattices were studied using the 4.95 W/O enriched UO, BORAX-V
fuel.” The other lattices consisted of the 3.04 W/o enriched UO,; Hi-C fuel.
Initially, approximately 3200 aluminum-clad and 2100 stainless steel-clad
Hi-C fuel pins were available. Later, all but 400 stainless steel-clad fuel
pins were dejacketed, the pellets being transferred to aluminum cladding.
This enabled the achievement of criticality for tighter lattices with
aluminum-clad fuel. Four uniform Hi-C lattices of aluminum-clad fuel and
one of stainless steel-clad fuel attained criticality. In addition, onc other
Hi-C uniform lattice with aluminum-clad fuel and five others with stainless
steel-clad fuel were investigated. In these cases, criticality was attained
by surrounding the central core region by one or two driver regions. Often
the region next to the central core consisted of aluminum-clad fuel with the
same pitch as the stainless steel-clad fuel in the central region, while the
second driver zone, when present, contained fuel more loosely spaced.
Microparameter measurements (initial conversion ratio, thermal disad-
vantage factor, etc.) were made in the central zone. All cores were con-
structed in a tank roughly 2 m in diameter, which provided an effectively
infinite radial light-water reflector. The water level in the tank could be
~ adjusted fo,any desired level to achieve criticality.

) Reference 1 descrlbes in detail the ZPR-7 critical facility, the Hi-C
and BORAX-V fuel pins and cladding, the experimental techniques involved,
and the experlmental results obtained. Some early [li-C expcrimental re-
sults were presented at technical meetings. 23 Later experimental work was
described-in Reactor Physics Division Annual Reports.#® Experimental
studies of thermal disadvantage factors® and cadmium ratios” were also re-
ported previously. References 8 and 9 have outlined some of the theoretical
work. A short comparison of experimental and calculated results has also
been presen’ced.10

The next section of this report describes briefly the fuel, cladding,
and lattice dimensions involved. Following sections describe the calcula-
tional methods in detail and present the numerical results. Most of the
calculations were performed in the framework of four-group diffusion the-
ory, constants for three fast groups being obtained from the GAM-I code,!!
and thermal group constants being derived from the THERMOS'code.lzi Ex-
perimental and theoretical values are compared whenever possible.



II. FUEL, CLADDING, AND LATTICE:DESCRIPTIONS

"Table I presents data on the fuel and cladding dimensions: and
atornic number densities of these components, which were used in all cal-.
- culations. The values in Table I are in substantial agreement with those’
quoted in Table III of Ref. 1. The number densities of hydrogen and oxygen
"in the light-water moderator were taken to be 0.06694 x 10%* and.0.03347 x

0?4, atoms/cm , respectively.
TABLE I. Hi-C and BORAX-V Fuel and Cladding Data
BORAX-V Hi-C
" Fuel o L _
Enrichmen,t,'w/d 4.95 . _ 3._0422:
Radius, cm 0.43561 0.46736"
Length cm 60.96 121.92
Ox1de dens1ty, g/cm 10.2 | B 10.2
o) . o P . M
N?3, atorns/crn 0.001141 x 10%* 0.0007013 x 10
* N%, atoms,/cm? 0.02163 x 10%# 0.02207 x 10%

¥ NO, atoms/cm .0.04554 x 10%* 0.04554 x 10%

Claddmg ‘
Type . | 304 SS 6061-T6 Al 304 SS
Inner radius, cm 0.43942 0.48445 0.47964
Outer radius, cm 0.47752 0.52900 0.52850
Density, g/em? 7.806 2.70 7.806

- 0.06063 x 10%*

NEe, atdms/cm’
NCr, atoms/cm3
NNi, a.toms/cm3
NAL atoms/cfn3

0.06063 x 10%#* -

0.01718 x 10%

1 0.00722 x 10%

0.06025 x 10%*

10.01718 x 1024
. 0.00722 x 10%

L

uniform lattices.

Table II lists the volume fractions, unit-cell outer radii, H-to-U2%

atom ratios, and H,O-to-fuel volume ratios for all the Hi-C and BORAX-V
'The core codes given in the first column of Table II will
be used in referring to the lattices throughout the rest of this report.
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TABLE l. Hi-C and BORAX-V Lattice Descriptions

triangular’

: - ) Ho0/Uu0;  HUZ8
. Lattice - . Unit-cell Volume Fractions Volume  Atom
Core Code  Pitch,ecm  Fuel Cladding  Radius, cm . Fuel Void Cladding Water ~ Ratio Ratio
Bl1.270S Lz * BORAX-V SS - 0.71650 0.36963  0.00649 0.06805  0.55583  1.504.. 4.654
» ‘square ) . . )
BL.27AS 127 BORAX-V SS '0.66680 - - 0.42679  0.00750 0.07857 0.48714 1.141. 3.533
triangular - o - ’ : .
H1.3490A 1349 Hi-C A 0.76109 037708  0.02808 0.07794 0.51690 1.371 4.158
. square - : . .
H1.349aS 1349 Hi-C SS 076109 . . 037708  0.02007.  0.08504 0.51781 1.373 4.165
) .. square - o - _ .
H1.24DA 1.24 Hi-C Al 0.699%0 . 0.44628  0.03323 0.09225 042824  0.959 2911
: : square N - . ) .
H1.240S - 1.24 Hi-C SS . 0.69960 0.44628  0.02376  0.10064 0.42932 0.9620 2918
. square : '
HL2TAA 1.27 Hi-C Al 0.66680 049126  0.03658 0.10155 0.37061 0.7544 2.289°
-+ friangular ’ : ) ) .
HL27AS 127 © Hi-C SS . 0.66680 . 0.49126 - 0.02615 0.11079 0.37180 0.7568 2,296
. © triangular : .. .
HL166AA- . . 1.166 ‘Hi-C Al C0.61220 058219  .0.04340 0.12047 0.25334 0.4347 1319
- triangular : ) ) , . - :

. HL166AS 1.166 Hi-C -SS 0.61220 . 0.58279  0.03103 0.13143 0.25475 0.4371 1.326

. triangular -+ - o ' : S L ) -
H'1,127AA'  <1127 - CHi-C Ab- 059172 0.62383  0.04646 0.12895 0.20076 0.3218 0.9760

. triangular, . : . )
: H‘1.127'A_$ o 1127 _ Hi-C . SS 059172 - 0.62383 003321  0.14069 0.20227 0.3242 0.9833
: triangular o . . o .

_'H1.069AS' -+ 1:069 “Hi-C. . SS . 0.56127 0.69336  0.03691 0.15637 0.1133  0.1635 0.4959




III. CALCULATION OF THERMAL PARAMETERS

Thermal lattice parameters were computed with the aid of the
THERMOS code'? on the IBM-704. This code calculates the scdlar thermal-
neutron spectrum as a function of position in a lattice cell by solving nu-
merically the integral transport equation with isotropic scattering. Thirty
thermal -groups and 20 space points are allowed in the code. Free-gas
kernels are used, except for hydrogen, for which the Nelkin, Brown- St. John,
and free-gas kernels are all available. The slowing-down source for the
problems reported here was taken as resulting from hydfogen only, and was
spatially flat in the H,O region. The transport kernels in THERMOS are
derived on the basis of mirror-image reflection at the cell boundary.
Newmarch!® has shown that this boundary condition leads to a gross over-
estimate of the disadvantage factor in a cylindrical cell having a moderator
region that is thin in terms of mean free paths. Thus the method of Honeck!
was used in which an extra region consisting of a heavy scatterer was placed
outside the actual cell boundary. This method produces an essentially iso-
tropic distribution of the neutrons returning to the actual cell. The extra
region was three mean free paths thick in all problems. A mass of 10> amu
was assigned to the heavy scatterer so that neutrons would be returned to
the cell in the same velocity group. in which they left. Since void regions
are not allowed in this version of THERMOS, the inner radius of the cladding
‘was set equal to the outer radius of the fuel, and the atomic number densities
.of the clad constituents were adjusted to yield the correct total number of
atoms. '

Calculations using the Nelkin kernel for hydrogen were carried out
for all the lattices. Also, problems using both Brown-St. John and free-
" gas kernels for hydrogen were run for some lattices. The velocity limits
for the 30 thermal groups were the same as those quoted in the THERMOS
manual.'? The cross-section library used was based on BNL-325 and the
supplement.!® Since the upper velocity limit of Group 27 corresponds to an
energy of 0.415 eV, which is almost exactly the same as the lower energy
limit of 0.414 eV in GAM-I, edits were obtained for both 27 and 30 groups.
(The group number in THERMOS increases with increasing velocity.) The
upper energy limit of Group 30 is 0.785 eV. It is assumed that, above this
limit, the flux per unit energy interval, ¢ (E), has a l/E dependence.

In addition to the 30-group problems, THERMOS one-group calcula-
tions were done for all lattices using cross sections from the 27-group edits
of the Nelkin-kernel multigroup problems. These one-group cross sections
were also used in the three-region B692/RP collision probability code.16:17
This code assumes that neutrons incident on the boundary of the unit cell
from the inside are returned isotropically. Average thermal fluxes are
computed in B69Z/RP in the framework of the flat-flux approximation.

11
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The thermal-diffusion coefficient is not calculated in the version of
"THERMOS used here. Thus a scheme was devised for its calculation. First
the value of (1- u) og for hydrogen in H,O according to the Nelkin kernel
was calculated from

2

Z (0501 - 0811) ViN(V;) AV,

0§ = Ty . : (1)
' }: ViN(V;) AV;

where V; is the velocity of group i, which has a velocity interval of AVjy,
N(V;) is the neutron nurhber dens1ty of group i, and GSo and 081 are

the Py and P, components of the hydrogen scattering cross sectlon Al-
though the P, component is not used in THERMOS itself, it is calculated
by the GAKER code, which is one of the THERMOS family of codes, and
appears in the THERMOS library. The neutron number densities used in
Eq. 1 were those for the outermost mesh interval in H,O in the cell. ‘A
spatial.average of (1-uH) O_IS‘I would differ little from the outer mesh-

interval value. Values of (1 - 1) Og for all other materials were calculated
simply.as . = . .
wos - (i) s

where A is the mass number and Og is the constant, "high-energy," scat-

. tering cross section used in the free-gas kernel. The macroscopic values

of (1- pu)Zg were calculated for each cell region by summing the products
of the microscopic (1 -u) O0s and the corresponding material number densi-
ties. Next the macroscopic values of (1 -pu)3g for each cell region were

flux-weighted using the 27-group edits of the Nelkin-kernel problems to
yield the value of (1-u)2g for the cell. Then Z¢, for the cell was calcula-
ited,aS‘ Zer =2, + (1-m) Zg, where 2, is the absorption cross section of
the 27-group edits. The diffusion constant was finally calculated from

= -l/ 3Ztr and the thermal d1ffus1on area was computed as L? = D/Z

A THERMOS Nelkin-kernel problem with one mesh interval was run
for H,0 in order to yield values of 2,4, D, and L? to be used in the radial
reflector savings calculations described in Section VI.

. Table III presents flux and neutron-number-density ratios for all s
the lattices based on the 27- group edits of the Nelkin-kernel problems.
Average velocities are in dimensionless units based on 2200 m/sec Flux
ratios from the Nelkin and B692/RP one-group problems are given.



Subscripts 1, 2, and 3 in Table III denote fuel, cladding, and water regions,
respectively. Reference 17 contains some of the flux ratios.

TABLE IIl. Thermal-flux and Neutron-number-density Ratios and Average Velocities

. . . . A Lattice ;

Quantity? Description BLZIDS BLZZAS HL3490A HL3490S HL2OA HL240S HLZIAA HLZIAS HLIG6AA HL166AS HLIZZAA HLIZIAS HL069AS
“Blm]  Nelkin 11150 11124 10910 1087 10894 10819 10880 10807 10853 10781 10831 L0772 L0730
g38)f Zigroup 12535 12299 L1737 . L1905 11572 L1709 L1486 11615 L1286  L1¥5 L1l 1L13%7 L&
“F2ifi ) Nelkin 11590 L1565  LI2az - L1143 11230 ° 'L1129 L1218 L1116  L179 L1M7 Ll47T LIS L0986
iyl [ 2rgroup 13554 L3235 L2411 12648 12184 12381 12063 12246 L1774 1193 1Luz L1188 11570
AL . 15000 16693 14922 15135 L5788 L6OST L6507 Ler7 18120 18519 19Is1 1934 2144
v, Neldin 5o 16057 ladsl 1419 1534 15619 L6009 16281 17593 L8024 L8607  18%4 2096
Vs T-90U 03 15514 LALIZ L42d6’ - 14995 15195 L5719 - 15886 L7 L7697 L83 18572 2.0699
Falm)  Nelkin L1125 L1105 1003 10829  108% 10815 10879 10807  L0s65 L0789 L0848 L0785 L0767
F3id | lgroup 12462 12249 1169 1186l  LISSI L1687 L1477 LI 11299 L1391 L1299 1135 11233

62/61} BS2/RP L1173 L1142 1.0924 1.0859 1.0%2  108% 10887 10824 10870 1.0801 1.0858 1.0798 1.0786
735 1-group 12394 1.2203 1.1641 1.1802 11497 1.1634 11413 11544 11299 1.1397 1.1260 1.1363 1.1334

3subscripts 1, 2, and 3 denote fuel, cladding, and water regions, respectively.
bAverage velocities are in dimensionless units based on 2200 m/sec.

The thermal-flux ratios in Table III calculated by Nelkin 27-group,
Nelkin one-group, or B692/RP one-group methods are all quite close to
each other. Agreement between the Nelkin and B692/RP one-group calcu-
lations suggests that the use of the extra scattering region mocks up the
isotropic return boundary condition well, and that the flat flux approxima-
tion is adequate for such closely packed lattices. Inspection of the velocities
indicates the progressive hardening of the neutron spectrum as the H-to-
U%*® atom ratio is decreased.

Table IV lists thermal parameters for all the lattices, based on the
Nelkin-kernel problems with 27-group edits. Notation used in the table is
-standard. The values of D, Ea’ and 1331} are those used in the buckling and
reflector savings calculations of Sections V and VI.

TABLE IV. Thermal Parameters Based on Nelkin-kernel THERMOS Problems

Lattice
Parameter BL.270S BLZ7AS HL349DA H1.3490S HL240A H1.240S HL27AA HL.2Z7AS HL166AA HL166AS HL1Z7AA HL127AS H1.069AS

125 0.82539 0.83604 0.81884 074013  0.83605 0.75436 0.84465 0.76139 0.85818  0.77247  0.86278 0.77641 0.78231
ffuel 0.89089 0.90259 0.92613  0.83724  0.94602 0.85373 0.95606 0.86196 0.97198  0.87506  0.97749  0.87966  0.88664
fclad 0.05849 0.05930 0.00605 0.10009  0.00620 0.10229 0.00627 0.10341 0.00638 010511  0.00642 0.10559 0.10603
1H20 . 005062 0.03811 0.06782  0.06267  0.04778 0.04398 0.03767 0.03463 0.02164  0.01983° 0.01609 0.01475  0.00733
n& 20620 20593  2.0647 2.0642 20619 20611 20596 2.058  2.0542 2.0528 2.0506 2.0499  2.0430
nfuel 1.9103  1.9075 1.8256 . 1.8248 18223 1.8202 18196 1818 18137 18121 1.8100 1.8093 1.8026

Sa cml 018099 020076 012813 - 0.13857  0.14254 015429 0.14970 0.16288 0.16152  0.17513 0.16328  0.17917  0.18040
gy, em-l 030803 034565 0.21663  0.21170  0.24572 0.23990 0.26042 0.25532 0.28473  0.27771  0.28388  0.28517  0.28834
s, eml 1796 15948  l.6424 L7126 13753 14570 12061 1.2991  0.88265  0.99114  0.74730  0.86749  0.66384
Firoomt 15654 14259 1.3965 rarz 11998  1.2887 10757 11776  0.84625  0.96414  0.74992  0.88216  0.74699
D, cm 02129 0.2338  0.2387 0.2263 02778 0.2587 03099 0.2831  0.3939 03457 0.4445 03779 0.4462

12, cm2 1.176 1.165 1.863 1.633 1.949 1677 2.070 1.738 2439 1.974 2.722 2.109 2.473

13
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‘ Table V compares thermal quantities for three of the lattices, based
on the use of Nelkin, free-gas, and Brown-St. John Kernels for hydrogen'in

the THERMOS problems.

The three scattering kernels yieldclose results for

most quantities. The Nelkin kernel produces the hardest spectrum of the
three kernels; the free-gas kernel gives a scattering cross.section that is
.conS1derab1y smaller than that for the other two.

TABLE V. Comparisons of Thermal Quantities Based on Various Scattering Kernels for Hydrogen

Scattering
Kerneld

" fuel
fclad
{H20
]
pluel
%, cm-l
VEy, em-1
T, cm-1

Lattice
Bl.270S H1.24pDA HLIZ74S «
Brown- Brown- . Brown-
Netkin ~ Free Gas St Johm  Nelkin  Free Gas St John Nelkin  Free Gas  St. John
L1150 11247 1.1200 1.0894  1.0966 1.0934 10772 1.0816 1.0797
1.2535  1.2506 1.2667 11572 11584 1.1656 11367 11421 1:1410
11590 ~ 1.1752 1.1673 1.1230 1.1358 1.1300 1.1057 1.1161 1.1120
13554 13523 | 13199 1.2184  1.2224 12324 LIS 1.2002 11971
15900  1.5413 1.5342 15788 1.5455 1.5170 1.9374  1.8841 1.8855
1.5295  1.4751 1.4718 15314 14921 1.4680 1.8874  1.8260 1.8308
14703 1.4255 1.4124 14995 1.4646 1.4350 1.8572 17930 1.7972
0.82539 - 0.82538  0.82506  0.83605 0.83642  0.83624 0.77641 0.77606  0.77640
0.89089 0.89062  0.8%024  0.94602 0.94599  0.94570 0.87966 0.87894  0.87931
005849 0.05908 00583 0.00620 000625  0.00620 010559 010619  0.10585
0.05062  0.05030  0.05113  0.04778 0.04776  0.04810 001475 0.01487 . 0.01484
2.0620  '2.0631 2.0633 2.0619  2.0625 2.0633 2.0499  2.0512 2.0511
1.9103  1.9119 1.9122 1823 1.823%6 1.8246 1.8093  1.8112 1.8110
018099 018758 018723 014254 0.145% 0.14847 017917 018458  0.18446
0.30803  0.31941 031873  0.4572 025176  0.25618 0.28517 0.29383  0.20375
1796 13181 1.8737 13753  1.0177 1.4348 0.86749  0.73341  (0.88599

aSubscripts 1,2, and 3 denote fuel, cladding, and water regions, respectively.

Table VI lists thermal-flux and neutron-number- density ratios ob-
talned from both 27-group (0-0.415 eV) and 30- group (0-0.785 eV) edits of
Extending the energy range by 0.37 eV does

the Nelkln kernel problems.

TABLE VI. Thermal-flux and Neutron-number-density Ratios for 27-group and 30-group Edits

" Lattice B1.270S B1.27AS H1.3490A H1.34905 H1.240A
Groups? 27 30. Fid 30 a 30 a 30 2 30
G/®)  L1% 11022 Lll2d 1090 10910 10832 1.087 10763 10894 10802
B/ By 12535 122% 12299 12008 LI7¥ L1589 L1905 L1738 L1572 L1413,
S/ LISW L1520 11565 LI478 10242 11202 L1143 11105 11230 L1178
m3/m 1354 13395 1325 13055 12411 1.2333 12648  1.2558 12184  1.2093
Lattice H1.2405 H1.21AA H1.27AS H1.166AA HI1,166AS
Croups? 27 30 7 30 a 30 2 30 Vi 30
“B2/P1 10819 10731 10880 L0775 10807 10710 10853 10727 10781  1.0662
@BIG L1709 11529 L1486 L1315 11615 L1428 1128 11097 L1375 L1170
Az/f1 L1129 11078 1128 11155 116 L1057 L1179 1.10%0 11077 1.0991
‘m3/M] 12381 L2275 12063 L1957 12206 1217 L1774 11641 10903 117
Lattice HL127AA HL.127AS H1.069AS

Groups? 2 30 2 30 4 30

Z/8 10831 106% L0772 10637 10730  1.0581 .

B! By L1271 L1072 11367 11143 11167 1.0923

/My L1147 11044 L1057 1.0953 1.098  1.0852

f3/f] 1729 L1577 L1858 11684 11570  1.1353

aSubscripfs 1, 2, and 3 denote fuel, cladding, and water regions, respectively.
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not lower the flux and number-density ratios very much.. This suggests
that comparisons of experimental and theoretical disadvantage factors
(essentially 33/1_11) should not be very sensitive to thicknesses of cadmium
covers as far as the effect of changing cutoff energy is concerned.

As mentioned above, the slowing-down source term in the THERMOS
problems was taken as being due to hydrogen only, and was spatially flat in

‘the H,0 region. Fof the H1.069AS lattice, a B692/RP problem was run with

the source density in each region taken proportional to €3¢ of that region.
These source densities were 0.01604, 0.01791, and 1.000 in fuel, cladding,
and H,O respectively. Table VII compares fluxes from this problem with.
those from the problem with source in H,O only. Table VII also gives
B692/RP fluxes for the H1.069AS lattice, obtained by using cross sections
for the H1.127AS lattice. :

TABLE VII. B692/RP Problems for
the. H1.069AS Lattice

Flux

Ratio2 A ' B C
' 3,/%, ©1.0786 1.0713 1.0874
$3/0, ©1.1334 1.1194 1.1480
A: Standard problem
B: Source densities proportional to €3g
C: Cross sections for the H1.127AS lattice

used.

a.Su.bscrip_ts '1, 2, and 3 denote fuel, cladding,
and water regions, respectively.

As expected, the use of regional source densities proportional to
£3Zg flattens the flux somewhat in comparison with the case in which the
source is in H,O only. However, the effect for the H1.069A S lattice is not
large and would be smaller for all other lattices. The use of H1.127AS
cross sections in place of the H1.069AS cross sections increases flux
peaking slightly because of the larger absorption cross section for the
softer spectrum of the looser lattice. In fact, the flux ratios for the
H1.069AS lattice using the H1.127AS-cross sections are somewhat higher
than the corresponding flux ratios for the H1.127AS lattice, rather than

lower, as was the case for the standard problem.

- Experimental disadvantage factors were measured in the lattices
with stainless steel cladding. The experimental values are ratios of the -
average subcadmium U% fission-product activity per unit weight of a
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“THERMAL DISADVANTAGE FACTOR
T

highly enriched foil in the H,O moderator to that of a highly enriched foil
in the fuel. Reference | gives details of the experimental techniques and
the experimental results.

Table VIII presents U?3® fission ratios for the stainless steel-clad

lattices obtained from 27-group edits of the Nelkin-kernel THERMOS
problems. These fission ratios are not greatly different from the corre-

sponding neutron-number-density ratios given in Table III. This is because
the fission activation is proportional to [3¢(V) N(V) V dV, where (V) is
the fission cross section, and N(V) is the neutron number density at veloc-
ity V. Since U?*® is nearly a l/V absorber in the thermal-energy range,

the integral is almost proportional to [N(V) dV.

TABLE VIIIL ﬂ235 Fission Ratios for Lattices with Stainless Steel Cladding

C o Latti
Fission ce

Ratios® B1.2705 B1.27A4S H1.3490S H1.240S HI1.27AS HI1.1664S H1.12745 HI1.0694S

F,/F, 1.1655  1.1629 - 1.1188 - 1.1174 1.1162 1.1119 1.1097 1.1021
Fy/F, - 1.3705  1.3372 1.2755 1.2479 1.2337 1.1979 1.1927 1.1624

2Subscripts .1, 2, and 3 denote fuel, cladding, and water regions, respectively.

- Figure 1 shows both the exp.erimental disadvantage factors and the
caléulated values of Table VIII for the Hi-C cores, plotted against the
L - H-to-U?® atom ratio. The THERMOS
— 1 values are larger than experimental

' ---} EXPERIMENTAL U-235 ' values, except for the tightest lattice.
1.4 — : FISSION RATIO . -1

—a CALCULATED U-235 FISSION RATIO

In some cases, the calculated value

-1 of -1 (where { is the disadvantage
factor) is about twice as large as the
measured - 1. Honeck!® has pre-
viously observed this trend for

o N [ ) | water-uranium oxide lattices with
o o 20 - 30 40 water-to-fuel volume ratios greater
‘ _H-TO-U- 238 ATOM RATIO | ' than unity.
112-8069, ‘ , o
"Fig. 1. Experimental and Theoretical Thermal . The experimental results
- Disadvantage Factors in Hi-C Cores indicate a minimum in the disadvan-

tage factor, whereas calculations

‘yield a disadvantage factor that is monotonically decreasing with decreasing

lattice pitch. Weiss and S’camm"ler19 have shown that the disadvantage factor,
calculated in a one-group framework, does not decrease monotonically with
decreasing moderator thickness, but possesses a minimum and will increase
as the moderator thickness decreases beyond a certain value. These con-
siderations of Weiss and Stamm'ler assume the use of cross sections that
are independent of lattice pitch. It was pointed out above, in reference to
Table VII, that the B692/RP flux ratios for the H1.069AS lattice, calculated
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using the H1.127AS cross sections,; are higher than the flux ratios for the
H1.127AS lattice. Thus the progressive hardening of the cross sections
with decreasing lattice pitch in the THERMOS problems overbalances the
tendency, based on spatial- transport -theory effects, for the disadvantage
factor to have a minimum.

The use of a unit cell with the isotropic-return boundary condition
may nol be very good for the extremely closely packed lattices. Hardy.
et al. 20 predicted a minimum for the disadvantage factor in metal lattices
_using a 36-group Monte Carlo program that treated the cell geometry
explicitly. Also, Fukai?! pointed out that the cylindrical-cell, isotropic=.
return boundary condition breaks down somewhat for very.tightly packed
lattices, in that the disadvantage factor does not increase rapidly enough
with decreasing pitch.

Anot'her source of calculational error is .the assumption of isotropic
scattering. Honeck, 18 however, demonstrated that anisotropic scatter1ng
effects are rather small. *

A significant effect has been discovered? in-connection with the.
interpretation of thermal-disadvantage-factor measurements. Three-
dimensional Monte Carlo calculations, explicitly including foils, indicate.
that the flux in a foil is often considerably different from the flux in the
medium in which it is placed, even for optically thin foils. The.flux peaking
or dipping depends strongly on the medium surrounding the foil.

Calculations were carried out?® using a 32-group, thermal Monte
Carlo code, DRAM, both for some lattices at Bettis Atomic Power Labora-
tory and for the Hi-C lattices. Disadvantage factors were computed both
for the foil regions and for unperturbed regions in the rod and moderator:
For all lattices, the disadvantage factors for the unperturbed regions were
higher than those for the foil regions. Disadvantage factors for foil regions
were in better agreement with the experimental values thanwere those. for
the unperturbed regions. Thus, the results of these calculations explain the

fact that calculated disadvantage factors tend to be higher than measured ones.

Disadvantage factors for a small cell represent a severe test of both
calculational and experimental techniques. In the case of the calculations,
the isotropic-return boundary condition breaks down somewhat for the very
tightly packed lattices. The large error bars in Fig. 1 and the discussion
in Ref. 1 demonstrate experimental difficulties. Also, the fact that fluxes in
foils do not necessarily represent fluxes in the surrounding unperturbed -
media very well, introduces complications into-a comparison of theory and
experiment. Thus the discrepancy between experiment and theory shown in
Fig. 'l is not surprising:



IV. CALCULATION OF NONTHERMAL PARAMETERS

Parameters for three fast groups with lower boundary energies at
1.35 MeV,; 1.23 keV, and 0.414 eV were obtained using the GAM-I code.!
These group limits are such that most U**® fission occurs in the first group,
and most resonance absorption occurs in the third group. The second group
is. ma1nly a slowing- down group; although considerable U?3® capture does
occur in'this group. ‘

The GAM I code calculates fast-neutron spectra and associated
multigroup constants usmg either the P, or B, approximation. The GAM-I
‘library tape?® * contains data for 68 fine groups, having lethargy widths of
Au = O 25, ranging from 10 MeV to 0.414 eV. In the work reported here,
the cross sections on the original GAM-I tape were used for hydrogen,
oxygen, aluminum, iron, nickel, and chromium. For U?® and U?%, the cross
‘sections on the original tape led to calculated bucklings that were much
higher than experimental. The cross sections of U?%® and U?3® were there-
fore replaced by versions obtained from Hanford, based on the data in
Ref.'24. The new U?*® cross sections differ from the original in the values
of 0¢, Of; vV, and resonance parameters, with transfer cross sections re-
maining unchanged. For U?3% all cross sections are changed from the
original, and resonance parameters are included.

In the GAM-I code, it is assumed that the materials involved form

a homogeneous mixture, except for the materials with resonance param-
eters. For such materials (U?*® and U?%, in our case), the methods of
Adler, Hinman, and Nordheim?® are used. Resonance integrals for individ-
ual- resonances are calculated using either the narrow resonance (NR) or
narrow resonance- 1nf1n1te mass absorber (NRIA) approximation, depending
~on whether the average energy loss in a collision with the absorber atom
" is larger or smaller than the practical width.?> The escape probability
for the fuel rod is computed using the formula for an isolated rod, the mean
chord length, 2, being replaced by ﬁ/ 1-C), where C is the Dancoff factor.
Dancoff factors for the GAM-I input were determined from the table?® cal-
culated by Carlvik. The cladding, void, and H,O cross sections were
homogenized to yield the moderator cross section used in looking up the
Dancoff factors in the table. Since the table involves two parallel rods
' only, ‘an approximate method was used for deterrnining the effect of shield-
ing by rods- intervening between pairs of rods. The contribution for two
rods partly shielded by intervening rods was determined by multiplying
the C value for the two unshielded rods by dl/d Here d is the rod diam-
eter, while d] is defined as follows: Consider a plane cutting the rods
‘perpendlcular to the rod axes. Draw a line in the plane joining the axes

of the rods for which the Dancoff factor is being calculated. Then draw
two more lines in the plane parallel to the first line and tangent to the in-
tervening rods on the sides nearest the first line. The perpendicular dis-
tance bet.we.e‘n these two lines is d). Table IX lists the scattering cross



sections used in the Dancoff-factor determinations. Table X presents the
Dancoff factors, calculated as just descrlbed along with values computed
by revised versions of the B692/RP collision- probab111ty codes.'®!7, - The '
two-region version evaluates C from Eq 17 of Ref. 17; the three- reg1on
version uses the three- region extens1on of Eq 17, the clad and void. re- ,
g1ons being homogenlzed into one reglon

TABLE IX. Scétterin'g Cross Sect1ons,_ U'se_d in Dancoff-factor Calculations

Material - "o?,;;barns - Mat.é.xi'iAal‘ Ops barns -
Hydrogen ‘ _ 20.0 : Nickel 17.0
Oxygen ' 3.66 Chromium 4.2
Aluminum L4200 | |SEs '10.7
Iron - : ~I1.0 U2 10.7

TABLE X. Dancoff Factors

B692/RP B692/RP
Core Code Ref. 26 - 2-region 3-region
B1.2708 0.250 0:22934 0.23418
B1.27AS ©0.307 0.29903 0:30413
'H1.3490A 0.272 0.25211 0.26688
H1.3490S 0.250 0.22812 0.23518
H1.240A 0.365 0.35370 ° 0.36910
H1.240s 0.331 0.31674 0.32405
H1:27AA 0.425 0.42608 0.44094
H1.27AS 0.383 0.37908 0.38610
H1.1660A 0.576 0.58655 0.59809
H1.166A8 0.513 0.51512 0.52049
H1.127A A . 0.652 0.66358 0.67280
H1.127AS 0.577 0.57939 0.58365
H1.069AS 0.690 0.69195 0.69407

Three-region values of C from the B692/RP code are a little larger
than two- reg1on ones, the largest difference being less than 6% ‘Differences
between three- and two- region values are greater for aluminum-clad fuel
than for stainless steel- clad fuel, since the cross section of aluminum dif-
fers from that of water by more than the stainless steel cross section does.
Comparison of the values based on Carlvik's table and the B692/RP values
shows that the Carlvik values tend to be a little lower than those from.
B692/RP for tight lattices, and a little higher for looser lattlces At any.
rate, the use of a Dancoff factor as in the GAM-I code 1mpl1es that the .clad-
ding is treated in the narrow-resonance approximation. This may not be
very well justified for broad low-lying resonances, especially in the case of
stainless steel cladding.
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Table XI glves resonance integrals from the GAM-I output for U?3®

’ ,absorptlon and for U?*® absorpt1on and fission. These values include only

contributions from resolved and unresolved resonances and not the con-
tribution from the smoo_thly varying part of the cross sections. The de-

~crease in the resonance integrals with decreasing lattice pitch is appafentl
in Table XI, as is the fact that resonance integrals for stainless steel-clad

rods are higher than for aluminum-clad rods, espec1a11y for the tighter

" lattices. All the U?3® resonance integrals are greater than 80% of the cor-

respondlng infinite-dilution values, so that U%*® is not strongly self-shielded
even in the tightest lattices. ‘

TABLE XI1. Re'sonan'ce Integrals from GAM-I Output

Resonance Integrals, barns

' .UZ38 .A ’ » . U235 UZ35

Core Co‘dg B Absorption . Absorption - Fission
Bl.27008 . . 19.104 ‘ ~271.48 168.96
Bl.274S . < .18.253 - 269.27 167.68
H1.3490A ..  °  -17.84l . 282.65 175.51
H1.34908 . - . - 18.158. - - 283.29 175.88
H1.240A = . 16.686 . : ©279.65 ~ 173.80
H1.2408 - - . 17.187 - - . 280.81 174.46
H1.270AA - 15.793.. 0 277.42 : 172.52
Hi.27AS ’ 16.418 . - 279.01 . 173.43
H1.166AA , " 14.660. . 270.85 168.79
H1.166AS - 15,645 . 274.14 _ '~ 170.65
H1.1270A . .. 13.297 . 1265.99 166.04
H1.127AS :  14.644 ‘ 270.79 . 168.75
H1.0694S - = . 12.730 -~ 263.10 . 164.40
Inflnlte : ‘ . ' :

Dilution . 273.80 © 7 319.70 197.22

Smooth - - 5.167 - 192.85 78.33

GAM-I problems were run for all lattices in the P, approximation
and for most lattices in the By approximation. The input bucklings used were
the exper1mental values of Table XII of Ref. 1 for lattlces that went critical
without an external driver zone. Estimated values were used for lattices
requiring a driver zone to attain criticality. No B, problems were run for
the two most 'tightly_' packed stainless steel-clad Hi-C lattices because the

"buckling, B?, is negative for thesé lattices, and'the B, approximation re-

quires /\@E in thé input. GAM-I problems were also run for water, using
B? =.0.0001 cm™%in order to-obtain parameters for the radlal reflector-
savmgs calculat1ons : : '
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Table XII lists constants from the GAM-I output for the three fast
groups in the P, approximation. The diffusion equation for a group may
. be written as :

D;V%; - Spidi + ) Sji05 + SKP0G + x; > viZey = 0. (2)
' i< 5

" Here ZRj equals 3.j + 3¢; + Syt j» Where T and Zfj are the capture and
fission.cross sections in group i; and X,,¢ i» which equals

>t

" is the total removal cross“section from group i by elastic, inelastic, and
(n,2n) processes. The transfer cross section Zij is given by the sum

R A
and 1s the total cross section for transfer ,of neutrons to group j from
processes in group i. Other notation used in Eq. 2 is self-explanatory.
The group-energy limits used here are such that x; = 0.57309,

Xz =-0.42691, and X; = 0. The (n,2n) reaction occurs only in group 1,
n,2n . o :
so that %j{"" equals zero for i 7 1. :

 Table XII shows that scattering other than to the next lower group
is quite small, and that the (n,2n) reaction contributes little. Capture and
fission processes in group 3 and fast fission in group 1 are all quite
important. . ‘ ' '

Table XIII compares P, and B, constants for two lattices. The
constants from the two approximations are almost.the same, except for
the .diffusion constants. This is because the diffusion constants involve
- current weighting with the fine-group currents in GAM-I, whereas the
other quantities are computed using flux weighting. The differences be-
"tween P, and B, constants are greater for the B1.270S.lattice than for the
"H1.127AA lattice since the input B? values were 0.010734 and 0.0010 cm™?,
respectively. In the limit of zero buckling, the P, and B, equations be-
come identical. A



_TABLE XI1. Constants from GAM-1 for Three Fast Groups in the P| Approximation

3

» ) Lattice
Parameter BLZIDS BLZIAS - HL.3490A HL3490S  HL2DA-  HL240S . -HLZIaA HLZIAS ~ HLI666A HL166AS  HL1ZAA HL127AS H1.06945 Water
01, cm 20344 20037 2.1606 2.0555 2.1574 12,0329 2.1560 2,019 2.1545 1.9918 2.1544 1.9816 1.9650 2.2472
Dy, cm 0.99514 " . 0.98236 1.0400 1.0011 - 1.0327 0.98756 . 1.0234 10.97895 10213 0.9646& 1.0182 0.95582 0.94040 1.0949
D3, cm 0.54907 0.54839 0.62441 0.55454 - 064206 - 0.55603 0.65600 055814 . 0.69110 0.56500 0.70964 0.56859 0.57373 0.59511
sry em™l 0095708 0.0932%4 0.089762 0.092912 0.085808 0.089600 0083185 0.08734 © 0.077776 0.082802 0.075318 0.080653 0.076920 0.10706
TRz cml 0061156 - 0.055170 0.057226 0.058104 0.049412 0.050223 . 0.044338 0.025158 0.033911 0.034374 0.029183 0.029775 0.021455 0.10422
-3R3, eml 0.11529 - 010632 0.10465 0.10642 - 0.092159 009145~ 0.08369] 0.085887 0.066173 0.0686¢7 0.057406 0.060371 0.045569 0.17149
vz, eml 0012514 0.014418 0.012409 0012404~ 0.014650 0.014629 . 0.016097 0.016064 0.019018 0.018939 0.020320 0.020225 0.022341 0
oSy eml  0.0022992 0.0026493 0.0015432 0.0015415 0.0018155 0.0018126 . . 0.001989] 0.0019854 0.0023356 0.0023278 0.0024884 0.0024792 0.0027329 0
v3ig eml 0026415 0.029738 0.01729% 0.017343 0.019910 0.019975 0.021438 0.021523 0.023805 0.023908 0.024420 0.024574 0.024322 0
;‘l'zn,cm'l 062516 x 1074 0.70911x104 0.64271x 104 0.65222x 104 07430 104 0.74821 x 104 0.80425x 104 0.80622% 104 0.91118x 104  0.39893 x 10-¢ 0.95037 x 1074 0.93674x 1074 0.97840x 104 0
I el 0.0%169. “0.087023 0.084260 0.087421 0079845~ 0.08325 0.076264 0.080477 0.069725 0.074970 0.066759 0.072139 0.067572 0.10617
Zgocml 053238x104 046942x104 0.49377x104 0.49%35x 104 0.41200x 104 0.41542x 104 0.35832x 107 036210 x 10-4  0.20812 x 104 025251 104 0.19816x 104 020237 x 104 0.11632 x 10-4  0.90140 x 104
Zig el 017830 x107 015707 x 107 0.16532x 107 0.16618x 107 0.13775x 107 0.1389x.10-7 0.11966 x 107 012092 x 107 0.82507 x 10-8  0.33965 x 103 0.65664 x 108 0.67062x 10-8  0.33048 x 10-8  0.30277 x 10-7
I em ! 0.057060 0.050435 0.053469 0.054250 0.044956 0.045652 0.039419 0.040110 0.028018 0.028346 *0.022824 0.023257 0.014056 0.10418
saq,cm’l 0.18712x10°4 0.16472x 104 017538 x 1070 0.17757 x 1074 0.14665x 10°4  0.14849x 1074 0.12796 x 10°4  0.12973x 104  0.89442 x 10-5  0.39950 x 10-5 0.71880 x 1075 0.72671x 105  0.41537 x 10->  0.34615 x 104
sy, em”l 0080037 0.067591 0.076403 0.076802 0.060995 0.061223 . 0051229 ~ . 0.05138 003182 0.031564 0.023747 0.023463 0.010572 0.17029
TABLE XIil. A Cohparison of Py and B) Constants from GAM-1
81.270S ‘ HL1278A

Parameter By P B1 Pl

D1, em 1.8904 2.0344 2.1367 - 2154

Dy, cm 0.97309 0.99514 1.0159 1.0182

D3, cm 0.54655 0.54907 0.70892 0.70964

TR cm L 0.095523 0.095708 0.075316 0.075318

gy cm! 0.061179 0.061156 - 0.029183 0.029183

g3, em-l 0.11530 0.11529 0.057406 0.057406

vz, em-l 0.012532 0.012514 0.020321 0.020320

voZp, cm-l 0.0022993 0.0022992 0.0024884 0.002488¢

v3%g3, em-1 0.026415 0.026415 0.020420 0.023420

2, enl 0.63838 x 1074 0.62516 x 104 0.95059 x 1074 0.95037 x 1074

3 cml 0.089974 ~0.090169 0.066757 0.065759

%13, em™] 0.53104 x 104 - 0.53238 x 1074 0.19815 x 1074 0.19316 x 104

314, cml 0.17785 x 10-7 0.17830 x 107 0.65661 x 108 0.65564 x 108

353, cm71 0.057082 . 0.057060 0.022825 0.022824

299, cml 0.18719 x 104 0.18712x 1074 0.71882 x 1075 0.71380 x 107

334, cm-1 0.080045 0.080037 0.023747 0.023747

(44
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V. CRITICALITY CALCULATIONS

. A FORTRAN code, BUCKLE, was written for the CDC-160A com-
puter to calculate critical bucklings and fluxes by fundamental-mode meth-
ods. This code uses the set of equatmns, Eq. 2, with V2¢; replaced by
-BZ(j)1 The quantity

) viEgey
J .

is set equal to unity, and values ofi(bl,‘ ¢2+ ..., are calculated in turn using
an input value of B2, Then the process is repeated for other values of B?
until - ' o '

Z vjzfj"‘i’J’
i

calculated’ usmg the computed fluxes, is equal to un1ty within an input-
. convergence crlterlon

o Calculations u‘sing BUCKLE were done for all lattices using the P;
constants of Table XII for the three fast groups, and the constants of Table IV
for the thermal group. Experifnerital values, where available, were used for
the input buckling. Probléms were also run using the B, constants for the
- three fast groups. Table X1V gives the results of these calculations. Here
-B is the material buckling from BUCKLE, and B2 is the experimental
geometrié buckling from Table XII of Ref. 1. The quantity keff is defined by

Keff = Z ViZ5i®s
J .

o Figure 2 shows the calculated bucklings, based on the P, approximation in
" GAM-I, along with the experimental bucklings. :

The calculated bucklings are higher than the experimental ones,
except for the H1.3490A lattice in the P, approximation.’ The average values
of ko¢f for the lattices that went critical without a driver zone are 1.0044

-and 1.0107 for the P; and B, cases, respectively.



TABLE XIV. Bucklings and Fluxes from Fundamental-mode Calculations

. GAM-I :

Core Code . Option- B%,, cm™2 B?‘g, cm™% . kéff(Bzg) N (o ¢; b4
B1.270S P, 0.010873  0.010734 1.0038  4.8664  12.0277  5.6619  2.4734
' _ ‘B, 0.011270 10143  4.9081  12.0382  5.6597  2.4716
B1.27AS P, 0.009301 - 0.009147 1.0045  5.1i91  13.5659  6.1429  2.0471
B,. 0009589 A 1.0127  5.1514  13.5730  6.1401  2.0457
H1.3490A P, 0.008994  0.009182 - 0.9940  5.2514  13.0579  6.3343  3.7166
~ B, 0.009303 1.0038  5.2951  13.0692  6.3322  3.7137
H1.34908 P, 0.006635 - - - 5.3819  13.8602  6.8319  3.7477
: By . 0.006792 - 5.4019  13.8654  6.8308  3.7464
H1.240A. - P,. 0.007111  0.007076.  1.0013 56699 154584  7.1872  3.0351
. B, 0.007302 - 1.0079  5.7007  15.4655  7.1844  3.0331
I11.2405 - . P, 0.004968 ~ 0.004747  1.0076  5.7526  16.4314  7.7432  3.0487
B, 0.005052 : 1.0104  5.7645  16.4343  7.7420  3.0479
H1.27AA P, 0.005777  0.005538 1.0094 59972  17.5876  7.9275  2.6823
; B, 0.005899 - 1.0140  6.0191  17.5922  7.9248  2.6809
H1.2708 P, 0.003764 . - - 6.0392  18.6911 85230  2.6729
B, 10.003807 - 6.0457  18.6923  8.5221  2.6725
H1.1660A - P, 10.002649  0.002436  1.0105 ~ 6.8723  24.7451  10.1977  1.9975
. B, 0.002674 1.0117  6.8780  24.7454  10.1962  1.9972
HI1.166AS . P, 0.000752 © - - - 6.8054  26.6636. 10.9447  1.9710
. B, 0.000756" o 6.8063  26.6630  10.9446  1.9710
H1.1270A P, 0.001380 - - 7.3288  29.9514  11.7110  1.6982
T B, 0.001386" - - - . 7.3301  °29.9508  11.7106  1.6981
H1.127AS P,  ©-0.000480 . - 7.1989  32.2765  12.4929  1.6390
H1.069AS -~ P, - -0.002773 = - - 8.0295  51.4392  16.4428  0.97145

e
ez~ 7399

1349
Fig. 2
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Table XV gives the parameters involved in the two- group cr1t1ca11ty
_ equation used in the analys1s of Brookhaven light- water moderated lat-
“tices.?” This equatlon is :

o0ie) s
.14+.T~B’-" + (1+T’BZ)(1+L"-B )~

1, A ‘ - (3)

Where the subscr1pts 1 and 2 de51gnate fast and thermal groups, respec-
tively, and the definitions used are



, V216
(T)f)l =TS (T)f)z =
al .
23, = a1 - Z?I,Zn, T

ZIZ ,
Sart 2
and L2

D,
2

az

. These definitions differ slightly from those used in the Brookhaven work

in that the (n, 2n) reaction was not consideredthere. Thefast-group constants
involved in Table XV are based on the one-group edits of the GAM-I prob-
lems; the thermal constants are based on Table IV. Values of B? in
Table XV are slightly different from the B%, in Table XIV, since two-group
and four-group bucklings would agree only if the exact theoretical critical
buckling was used in the GAM-I input.

TABLE XV. Two-group Parameters

B1.27as

Parameter "B1.274S HIL.3490A H1.3490S H1.240A  H1.240S H1.270A H1.274S8
P1 0.62246 0.55482 0.65399 '0.64865 0.57211 0.56485 0.51405 0.50566
(nf), 0.86548 ~ 0.87682 0.76138 0.72618 0.77482 0.73432 0.78359 0.73886
(nf), . 1.7019 1.7217 1.6907 1.5278 1.7239 1.5549 1.7396 1.5675
7, cm? 34.266 36.026 .39.066 35.460 42,785 38.311 45.706 40.469
L%, cm? 1.1763 1.1646 ' 1.8630 1.6331 1.9489 1.6767 2.0701 1.7381
B2, cm~? 0.010879° 0.009309 0.008983 0.006641 0.007113  0.004974 0.005787  0.003775
a2 0.2380 ©0.2923 0.1950 0.2065 0.2542 0.2684 0.3012 0.3169
VLI 0.7620 0.7077 0.8050 0.7935 0.7458 0.7316 0.6988 0.6831
" Parameter - H1.166AA HI1.166AS H1.127AA HI1.127AS HI1.069AS
P1 . 0.37130 0.35721 0.30155 0.28620 0.14425
(ni), 0.78282 0.73204 0.78684 0.72781 0.70016 °
1), ©1.7628 1.5857 1.7692 1.5916 1.5983
T, cm? 53.729 47.396 58.787 "50.932 61.316
L%, cm?. 2.4387 1.9740 2.7223 2.1092 2.4734
. B% cm™? 0.002652  0.000763  0.001379 -0.000481 -0.002751
MR 0.4308 0.4541 0.5084 0.5326 0.7207
22 0.5692 0.5459 0.4916 0.4674 . 0.2793 :

2), and X, are the first and second terms of the left member of Eq. 3, representing fast and thermal
fissions, respectively.. :

0.8
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0.2

112-7497 .

H/28 ATOM RATIO
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Table XV shows clearly the increas-
ing importance of nonthermal events as the

water-to-fuel ratio is decreased, the pa-

rameters p, and A; being especially sig-

40

Tem?’

30

20

nificant.

Fig. 3. Two-group Parameters for Hi-C

Aluminum-clad Lattices

Figure 3 shows the variation of
P1» A\, and T with H-to-U?®® ratio for the
aluminum-clad Hi-C lattices.
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' H1.166AA 10.86 1

VI. RADIAL REFLECTOR SAVINGS

Radial reflector sa{rings were calculated for the seven lattices that
went critical without an external driver zone. The multigroup,A one-
dimensional, diffusion-theory code, RP-122 (REX), was used. Both four-
group and two-group computations were carried out using both P, and B,
nonthermal constants from GAM-I and thermal constants from THERMOS.
To determine criticality, the REX code iterates on the axial buckling, B
The critical B'ZZ from the REX output was subtracted from the BUCKLE
value of B?n to obtain the radial buckling, B%. Hence the radial reflector
savings, AR, were found from :

2.4048
Ap = —— _ R,
R, BR

The core radii used in the REX problems were essentially those of the
experiments. A convergence crlterlon was used such that keff for the con-
A : verged B2 differs from un1ty

larger AR than a two-group
Calculation; in other cases, the

TABLE XVI. Radial Reflector Savings by less than 0.0001. Table XVI
: : - compares the calculated values
_ Reflector Savings, cm : of AR with experimental results
o © Four-group = Two-group - from Table XII of Ref. 1.
Core Code P, B, P, B; ~Experimental
Bl.270S 7.2l 6.95 © 7.30 7.04 7.35% 0.27 . Values o.f KR us,mg'Pl
B1.270S - 7,57 7.35 7.63  7.40 7.55 % 0.10 constants are always higher
H1.2405 _ 7.76 . 7.64  7.69 7.58  7.69 % 0.08 than the corresponding B,
H1.3490A  7.73 748 7.81  7.56 7.38%0.12 val 1 £
H1.240A = 8.45 8.25 ' 8.46 8.25 8.13%0.16 < or1€S. 1N some cases, a lour-
H1.27AA 9.02 - 8.85 8.94 876 . 8.77+ 0.17 group -calculation yields a
0 10.73 £ 0.14

.72 10.32  10.23

‘reverse situation is t_i'u'e. The four-group values of AR involving P, con-

‘stants agree with experimental values within the quoted experimental error
in four cases out of seven.

No axial reflector savings were calculated because of the compli-
cated structure of the bottom reflector, which consists of Lucite and water.
Also, AR is of more interest than Az because the radial buckling contrib-

utes considerably more to the experimental BZg than does the axial buckling.



VII. MICROPARAMETER CALCULATIONS

A. Initial and Modified Conversion Ratios and a?®

The initial conversion ratio (ICR) is defined as the ratio of the cap-
tures i_n U8 to absorptions in U?% in a fresh core and so represents the
ratio of Pu®®? production to U235 destruction. The modified conversion ratio

(MCR) is the ratio of U?® captures to U?® fissions and is more closely re-

lated to what was actually measured in the experiments.' The parameter

a? is the ratio of captures to fissions in U®5 Thus the relation ICR =
MCR/(1 + a?) is true. ' :

Table XVII presents values of ICR, MCR, and a?® calculated using
the P, cross sections from GAM-I and the thermal cross sections from the
THERMOS Nelkin-kernel problems. Use of the B; parameters from GAM-I
would make little difference in the results. In Table XVII, Cfa and C%S are
the fast and thermal captures in U?®, respectively. The term "fast" refers
to processes in the three GAM-I groupS' "therrnal" refers to those in the
THERMOS groups. Likewise, Af A%S C Cg‘s, F F%s, ocfzs, and a%s refer
toA absz:?srptions, captures, fissions, and a in fast and thermal-energy ranges
for U*~. - :

TABLE XVII. [nitial and Modified Conversion Ratios and 02>

Lattice
Parameler BL2/OS  B8L.27AS  HL3490A  HL3490S  KL240A HL.240S  HL.27AA  HL27AS  HL166AA  HL166AS  HL12ZZAA  HL1Z7AS  HL069AS

o 0.13402  0.1615  0.4687 015991 018728 02051 02189  0.24008 031390 035113 036685 041474 0.60034
cff 002032 002735 005100  0.05M3 004758 0.4674  0.047¢ 0048 003672 003541 003181 003032 0.01828
CAP T oaoms 013367 007883 008502 010388 011201 01277 013383 018176 019592 021762 0233% 0349
AS . 036M9 03430 03899 0333 036169 035484 033906 033148  0.7688  0.26660 02323 022800 013710
g 0.034240 . 0042183 0025105 0027141 003305 0035746 0.039524  0.042725 0057680  0.062519  0.068898  0.074568  0.10288
¥ 005956 0052415 0058619 005780 0054790 0053868 0051698 0050637 0042819 0041391 0037351 0.03%64 0021835
P 0074215 0091493 0053724 0057880 0070826 0.076253 0084744 0001106 012409 01330 014872 015938 022211
P 03133 098 033132 0325 030691 03007 028046  0.2808 03406 022525 00188 01924 00157
afs 04614 04611 04673 04689 04667 04689 04664 04690 04648 0.4687 04633 04619 04632
of? 0178 01800 01769 0172 0178 079 079 01803 0189  0.838 01850 0184 0.15%
ICR 03418 03958 0423 048l 0505 05307 0566 06100 0765 0.8397 08726 09635 1338
MCR 04213 04937 0541 05472 06218 06679 07067 07632 0979 10778 LI 1.261 1.833

o5 0.23% 02472 0.2174 0.2211 0.2326 0.2376 0.2451 0.2510 0.2806 0.2897 0.3031 03134 03697

Table XVIII compares experimental and calculated conversion ratios
for all lattices for which experiments were performed. The experimental
values are from Table XIX of Ref. 1. Values of a*® used in deriving the ex-
perimental ICR from the experimental MCR are slightly different from the
values in Table XVII. The conversion ratios in Table XVIII for the Hi-C
cores arc also plotited against the H-to-U?? atom ratio in Fig. 4.

Agreement between theory and experiment in the case of the con-
version ratios is reasonably good. The initial conversion ratio is greater
than unity only for the tightest lattice, which has a negative buckling.
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TABLE XVIII. Calculated and Experimental Conversion Ratios

Calculated Experimental
Lattice MCR ICR MCR ICR )
Bl1.2703s 0.4213 0.3418 0.367 £0.018 0.297 £ 0.015
B1.27A8 - 0.4937 | 0.3958 0.413 £ 0.021 0.330 £ 0.016
H1.34908S 0.5472 . 0.4481 0.635 + 0.007 0.518 £ 0.006
H1.2408 0.6679 0.5397 0.622 * 0.006 0.500 * 0.005
H1:274AS. - 0.7632 0.6100 0.730 £ 0.021 0.581 £ 0.017
"HI.166AS" 1.0778 0.8357 1.082 £ 0.006 0.835 * 0.005
"H1.12748 -1.2654 0.9635 1.203 £ 0.025 0.913 + 0.019
. H1.069AS - 1.8336 1.3387 2.023 £ 0.047 1.485 * 0.034
_l | T | LENLINLIL I 1T IA' TTTT I TTT B 238 . .
. : .1 B. U”" Capture Cadmium Ratios
Czof o "0 MCR-THEORETICAL —
C "o MCR-EXPERIMENTAL ] Experimental U238 capturc cadmium
E |.s:— :;z::;::::;l'z:; _: . ratios were measured for the lattices with
: - T '{ stainless steel cladding. Values were also
N ‘ 1 calculated for all the lattices on the as-
1o uer. -] sumption that captures in the three GAM-I }
s I ] groups represent epicadmium capture, and’
9.5’:— on —: captures in the THERMOS group represent
C 4 subcadmium capture. Thus no considera- -
| I TN S B tion was given as to whether the experi-
. O ee arom me % % mental cadmium cutoff energies were in |
112-6731 o agreement with the 0.414-eV lower limit of |

Fig. 4. Conversion Ratios for Hi-C'
’ Stainless Steel-clad Cores

the GAM-I calculations.

Table XIX presents

both calculated and experimental values.

TABLE XIXv..' Calculated and Experimental U®® Capture Cadmium Ratios

. _ Calculated Experimental
Lattice CR® P8 CR?® p
B1.270S -1.2188 4.571 1.182 * 0.041 5.49 +1.24
+B1.27AS 1.1693 5.907 1.188 +0.083 5.32 £ 2.35
H1.3490A 1.3479 2.875 - -
H1.3490s 1.3154 3.171 1.328 * 0.004 3.05 % 0.04
HI.240A 1.2541 3.936 - -
H1.2408S 1.2278 4.390 1.243 * 0.002 4.12 £0.03 :
HL.27AA 1.2050 - 4.879 - -
JHI.27A8 © . 1.1824 1 5.484 1.185 + 0.003 5.40 * 0.09
H1.166AA" 1.1170 8.548 - - )
H1.166AS . 1.1008 9.916 1.100 + 0.001 10.0 *0.1
CHI.127AA 1.0867 11.53 -
CHI1.127A8. 1.0731 13.68 1.069 £ 0.002 145 0.4
- HI 1.0304 32.84 1.035 % 0.001 28.6 *0.8

069AS °




The experimental values are from Table XX of Ref. 1. In Table XIX, CR?®
is the U®® capture cadmium ratio, while p?® is the epicadmium-to-
subcadmium capture ratio. Thus, p?® = 1/(CR28- 1). Figure 5 is a plot of
‘experimental and theoretical values of p?® versus the H-to-U?®?® atom ratio
for the Hi-C stainless steel-clad cores. Satisfactory agreement exists be-
tween theory and experiment.
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° : C. U*” Fission Cadmium Ratios
5 300 [~ ' — '
W ' Fission cadmium ratios,
E 25.0 - \ : o THEORETICAL — CR%S, were measured for the
S . & EXPERIMENTAL stainless steel-clad lattices. As
§ 200 ’ for the U®® capture cadmium
g ol ratios, U?3® fission cadmium ra-
£ tios were calculated on the as-
g 0.0 - sumption that the GAM-I groups
3 and the THERMOS group corres-
g 5.0 |- pond to epicadmium and subcad-
b mium energy ranges, respectively.
o ! ul.o ! 2{0 : 31'0 ! 4{0 Table XX presents experimental
o _ H/28 ATOM RATIO values from Table XXIIIof Ref. 1
112-6732 ‘ "along with calculated values. Fig-
Fig. 5. U238 Epicadmium to Subcadmium Capture ure 6 shows the data in graphical
Ratios for Hi-C Stainless Steel-clad Cores form for the Hi-C stainless steel-

S : , clad cores. The data in the plot
“of U®5 fission cadmium ratio versus H-to-U%® atom ratio falls on essen-
tially a straight line, as suggested in Ref. 7, although the slopes of the the-
oretical and experimental lines are somewhat different.

* TABLE XX. Calculated and Experimental U?5 Fission Cadmium Ratios

. . Calculated Experimental Calculated Experimental
Lattice ~ CRP . CRP Lattice CR§® - CRP
B1.270S 5.225 4.94 % 0. H1.270A 4.392 -
B1.27AS 4.183 3.90 £ 0.16 H1.27AS 4.083 3.75 = 0.08
- . _ H1.166AA 2.886 '
Hl.3490A 7.167 - H1.166AS 2.689 2.55 * 0.06
© H1.3490S 6.641 6.13 £ 0.20 H1.127AA 2.357 -
H1.240A -  5.333 - H1.127AS 2.207 2.15 £ 0.05
H1.240S 4.947 4.49 £0.11 ‘| H1.069AS 1.519 +0.03

D. Gold and Indium Cadmium Ratios

Both gold and indium cadmium ratios were measured.in almost all
the lattices. Calculated values were obtained using the BSIZ/RP. foil-
activation progrtam.?‘8
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% I r [ | The B512/RP program
z 6.0 — calculates both the neutron
o O THEORETICAL absorption in a bare foil of
E o & EXPERIMENTAL | thickness 't and the absorption
2 40 ' - in the same foil between two
z identical covers (usually cad-
S30r- 7| mium) of thickness £, in slab
8,0k _| geometry. The cadmium cut-
§ off energy, E.yt, is also com-
w0 ' | puted. Flux depression in the
0 .
‘;‘ ST U [ | L ] foil and covers, resulting from

° - o 2.0 3.0 4.0 neutron absorption, is consid-
. H/28 ATOM RATIO .

: ered. The flux is assumed to

;12-8006

impinge isotropically on the
outer surface of the bare foil
or on the outer surface of the
covers. The flux has the energy dependence of a Maxwellidn plus a l/E tail.
More specifically, the energy dependence is given by

Fig. 6. U239 Fission Cadmium Ratios for
Hi-C Stainless Steel-clad Cores

XI/Z

¢(X) = %Xe'x + }0( (), : (4)

where r is a cdnstant, X = E/EM, Xy = Ezzoo/EM: and A(X) is zero for
X < W and unity for X =z u. Here, E is the neutron energy, Epf is ‘the en-

‘ergy at'the peak of the Maxwellian, and E,;q is the energy correspondlng

to a neutron velocity of 2200 rn/sec In most of the calculations, the pa-
rameter u was taken to be 5. Scattering by the foil and covers is néglected,
so that their cross sections represent absorption only. The energy depen-
dence of the cross.sections is a sum of single-level Breit- Wigner reso-
nances without Doppler broadening and a 1/V component. For cadmium

. and 1nd1um the cross sections were considered to be given completely by

the resonances at 0.178 and 1.457 eV, respectively. For gold, a l/V com-
ponent yielding a cross section of 5.05 barns at 0.0253 eV was added to the
cross section produced by the 4.906 eV resonance. The resonance param-
eters used are.from Ref. 15.

' Values of EN were determined, using output from the THERMOS
calculations, from the maxima in the plots of the neutron number ‘density
per unit velocity, N(V), versus the velocity. Plots using the N(V) at the

fuel center and at the outer mesh interval in H,O were assumed to be

adequate to represent the fuel and water regions, respectively. The values
of r were found by equating the ratio ¢4/¢3 to the ratio of the integral of the

- flux of Eq. 4 over the energy range of the THERMOS group to the corres-
ponding integral over the energy range of the third GAM-I group. Here ¢4

and ¢3 are the fluxes determined by the fundamental-mode calculations, ¢
being adjusted to yield the average flux in fuel or H,O, rather than in the -

umt cell.



The experimental-foil thicknesses were 1.1, 1.2, and 20 mils for
‘gold,.indium, and cadmium, respectlvely Tables XXI and XXII present
results of.the calculations for gold and 1nd11‘1rn,‘.r,espect1ve1y, along with
experimental values from Table: XXV of Ref. 1.

- TABLE XXI. Gold Cadmium Ratios

. . CR
Lattice Region . -Em. gV r. : Ecut, &V Calvulated - Experimental
BlL27aS . FueP 0.0415 1.625 0.5309 Co- 1318 1413 £ 0.025
Bl.270$S H0 0.0323 2.250 : 0.5869 . 1.525 . 1.520 + 0.045
© BL27AS Fuel@ . 0.0434 . LI70 0.5323 1.286 1.288 +£0.030
BL.27AS H20 -~ 0.0352 1.553 0.5873 1.382 © 1354 £ 0.040
H1.3490A ' Fuel 0.0370 2.537 0.5863 1.572 1.62 +£0.02
H1.3490S ~ Fuel 0.0377 2.305 0.5864 1.525 1.58 +0.02
H1.240A Fuel 0.0402 1.693 ) 0.5866 1.401 1.455 + 0,008
Hl.24pA . Fueld . 0.0402 1.334 0.5870 1.373 1.455 £+ 0.008
H1.240A Fuel® 0.0402 2.181 0.6085 1434 1.455 £ 0.008*
H1.240A Fueld 0.0402 1.693 0.7298 1.139 -
HlL.24pA - H20 . 0.0346 2.085 0.5869 1.488 1.503 + 0.015
Hl.2408 Fuel 0.0408 1.534 0.5867 1.369. 1.435 £ 0.008
H1.2408 ' H20 . 0.0346 1.917 0.5870 1.455 1.442 1 0.008
" HL2TAA Fuel 0.0421 1.277 0.5868 1.316 1.361 £ 0.015
HL27AS ) Fuel 0.0428 1.146 0.5869 - 1.289 1.346 £ 0.015
HL.166A A Fuel ' 0.0489 0.618 0.5869 1.175 1.221 + 0.008
HL.166AS Fuel 0.0496 0.546 0.5870 1.160 1.201 + 0.005
HL127AA Fuel 0.0517 0.399 0.5872 . 1.128 1.177 £ 0.010
H1.127AS . Fuel -0.0525 0.340 . : 0.5873 1115 1.152 + 0.015
HL.069AS . - Fuel ‘ 0.0600 0.0793 0.5888 1.055 1.099  0.008
a15-mil,"rather than,20 mil, cadmium covers.
= 3, rather than 5.
Cu = 10, rather than 5.
droil thickness, t = 0.
TABLE XXIi. Indium Cadmium Ratios
. CR
Lattice . Region Em, eV r Ecut. eV Calculated Experimental
Bl.27i35 . Fuel? 0.0415 1.625 0.6757 1.416 1.470 + 0.020
. BlL2IDS . H20 0.0323 2.250 0.7623 : 1510 . - 1.558 + 0.040
B1.27TAS Fuel? 0.0434 1.170 ~ 0.6764 1.326 1.382 £ 0.030
B1.27AS "+ 'Hp0 0.0352 .1.553 07625 .. . - 1433 1.412 £ 0.040
H1.3490A .~ Fuel 0.0370 2.537 0.7619 1.619 1.61 +0.03
H1.3490S Fuel 0.0377 2.305 0.7620 1.574 « .158 +£0.03
Hl.2doA .. Fuel ©0.0402 1.693 0.7620 1.453 1.482 £ 0.015
HL2dDA Fueld 0.0402 - 1334 0.7623 1.430 1.482 + 0.015
H1.240A Fuel€ - 0.0402 2.181 0.7764 1.493 1.482 £ 0.015
Hl.24DA Fueld 0.0402 1.693 1.203 1.222 -
Hl.24pA . - Ho0 0.0346 2.085 0.7623 1.536 . 1518 £ 0.020
H1.240S Fuel 0.0408 1.534 0.7621 1.422 1.469 + 0.008
H1.240S H20 0.0346 1.917 0.7624 1.503 . 1.483 + 0.020
HL27AA Fuel 0.0421 1.217 0.7621 “1.369 1.398 £ 0.015
HL.27AS “Fuel 0.0428 1.146 0.7621 1.343 1.373 £ 0.007
HL.166A A Fuel 0.0489 0.618 0.7620 1.231 1.260 + 0.008
H1,166A S Fuel ) 0.0496 0.546 0.7621 1.216 1.234 £ 0.005
HL.127AA Fuel 0.0517 0.399 0.7621 1.134 1.204 £ 0.020
HL.127AS Fuel 0.0525 0.340 0.7622 1.171 -
H1.0694AS Fuel - 0.0600 " 0.0793 0.7632 1.108 1.135 £ 0.008

a15-mil, rather than 20-mil, cadmium covers.
u = 3, rather than 5.
= 10, rather than 5.
droil thickness, t = 0.
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The calculated gold cadmium ratios are usually somewhat lower
than the experimental ones, the discrepancy becoming greater as the lattice
pitch is-decreased. Calculated values of CR-1 are about 10% too low for the
looser Hi-C lattices and 45% too low for the tightest lattice. Agreement be-
tween theory and experiment is a little better for indium, although the trend
of calculated values being too low for tightly packed lattices continues. The
value of CR-1 for indium in the tightest lattice is only about 20% too low.
The effect of flux depression in the gold or indium foils is quite important,
even for the thin foils used here, since the cross sections of the dominant
resonances are very large. This effect is seen by comparing the calculated
cadmium ratios of the H1.240A lattlce for the actual value of t = 20 mils
and for t = 0. '

_ The calculations described here have a number of deficiencies. The
treatment of the energy dependence of the flux as a Maxwellian plus a 1-/E
tail is not very accurate. There is some departure from Maxwellian behav-
ior, especially for the tighter lattices. The high'absorption causes the
tail to depart from the l/E form. Also, the cutoff of it = 5 is not strongly
justified. An idea of the effect of changing u is obtained by comparing the
cadmium ratios for u=3, 5, and 10 for the H1.240A lattice in Tables XXI
and XX‘II. The co'nsideration, of the flux at the center of the fuel and at the

- outer mesh interval in H;O as being representative of fuel and H,O average

values is also approximate.

-~ Other calculational deficiencies include the use of only one resonance
in representing the cross sections, the neglect of Doppler broadening, and the
-negIe‘ct of scattering by the foils. In view of the approximate nature of the
calculations, the di'screparicies between theory and experiment are not
surprising. ‘

E. U®8.t0-U?%5 Fission Ratvios“

The ratio of the number of fissions in U238 to those in U%® can be

_calculated from the GAM-I and THERMOS cross sections, along with the
fluxes from BUCKLE as - :

4

‘A28 28 .
N z Ofj OHES
1=1

28 : (5)

4

25 25
NT Z 9f; P35

i=1

Most of the contr1but10n to the numerator in Eq 5 comes from Group 1,
none coming from below Group 2.



33

A An approximate formula for 528 may be derlved as follows Thesz
diffusion equation for Group 1 is : ‘ ’ QL *

R : 4 ..
D1V2¢1 - SR+ STt xauS ity + X1 Z vi2Zfip; = 0, ' (6)
S i=2 '

. where the notatlon is as in Eq 2. On usu’;g V2h, = -B%¢,, we can rewrite
'Eq 6 as :

. : . 4
Xa D viZgitn

¢ = = . (7)
. ZR1 - 211‘11’?11 - Xav12£; + DB

:Now rn‘ake‘the following approximations:

1. All.U? fissions occur in Group 1.

2... All U®S fis.sions.occur below Group 1, éxcept that U**® Group 1
fissions are included in the X1v12f1 terms in the denominator
of Eq. 7.

3. For U®®%fission, v; = v; = v, = v = 2.43.
These approximations lead to the equation

. ° . 2 .
‘ ZR1 - Zn 2 _ v Zf + D,B?

_ Equation 8 has the zidvantage of involving only Group 1 cross sec-
tions. The first of the above three approximations is the poorest, causing
* the values of 62§ given by Eq. 8 to be a few percent too low.

Values of 6*® were calculated for all the latticés using Eq. 5. Also,
approximate values were computed from Eq. 8 using three sets of cross
sections. These were the Group 1 cross sections from the GAM-I output,
~and cross sections obtained by averaging the first eight fine groups, having
lethargy widths of 0.25, of the GAM-I (Ref. 23) and MUFT-4 (Ref. 29) 1i-
braries over a U?® fission spectrum. In the case of the GAM-I library, the
versions. of U235 and U238 from Hanford were used, as mentioned in Section IV
above.

‘The calculations outlined above were done in the homogeneous ap-
proximation; that is, no allowance was made for the spatial variation of the
fast flux in the unit.cell. This is reasonably well justified in the energy
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region of importance for fast fission since the cross sections-are relatively
small, and the mean free paths are therefore long. To study heterogeneous
effects, average fluxes were calculated for the three regions (fuel, cladding,
and water) of the unit cell with the B692/RP collision-probability code.!é17 ' -
Both GAM-I and MUFT-4 fission-spectrum-averaged cross sections were

used. The transport approximation was used for elastic scattering. Aver-

age regional fluxes from B692/RP were combined with the cross sections

for the individual cell regions to yield homogenized constants for Eq. 8.

- Table XXIII presents values of 528, calculated by all the methods de-
scribed above, -along with the experimental values measured for lattices
with stainless steel cladding. The experimental values are from Table XXI
of Ref. 1. Figure 7 shows the experimental and calculated four-group values
of 6% for the Hi-C stainless steel-clad cores. The GAM-I and MUFT-4
cross sections, averaged over a fission spectrum from 1.35 to 10 MeV, are
presented in Tables XXIV and XXV, respectively. Table XXVI gives the
average fluxes in Group 1, calculated using the GAM-I fission-spectrum
cross sections.-

TABLE XXill. UZ38-10-U235 Fission Ratios

Lattice
Method 81.270S B1.27AS HL3490A H1.3490S HL.24pA H1L.240S HL.27AA HL27AS  HL166AA HL166AS HLIZZAA HL12TAS  H1.0694S _
Four-group GAM‘-I- ’ 0‘05.424.' 0.06674 0.06136 0.06302 0.07991  0.08121 b,09440 0.09513 0.1334 0.1320 0.1555 0.1524 0.1971
(P, homogeneous} - - . .
Four-group GAM-1| 0.05686  0.06908 © 0.06419 0.06606 008230  0.08379  0.09649  0.09742 0.1349 0.1337 0.1566 0.1537 0.1979
. (Py, heterogeneous® Co ce
_ One-group GAM-1 . 005132 0.06309  0.057% 0.05945  0.07535  0.07644  0.08892  0.08943 0.1253 0.1234 0.1459 0.1422 0.1827
(Py, homogeneous) ~ ~ ) L -
One-group GAM-1 005373  0.06630:  0.06056 0.06213 0.07909  0.08040  0.09363  0.09447 0.1327 0.1317 0.1551 0.1525 0.1977
{fission spectrum, .
. homogeneous) . .
One-group GAM-| 0.05633  0.06862  0.06336 0.06513  0.08146  0.08295  0.09570  0.09674  .0.1342 0.1334 0.1562 0.1538 0.1985
{fission spectrum,
heterogeneous)

One-group MUFT-4 Q.OSéQ 0.06914  0.06304 0.06489 008323  0.08486  0.09942 ' 0.1006 0.1448 0.1437 0.1717 0.1685 0.2255

(fission spectrum,” T : :

homogeneous)

One-group MUFT-4 00583 007159  0.06603 0.06814 0.08579  0.08767  0.1017 0.1031 0.1465 0.1456 0.1731 0.1701 0.2266

{fission spectrum, ~ ’ ' .

heterogeneous} )

Experimental” - 00650+ 0.1190% . - 0.0742 = - 0.1011 - 0.1160 + - 01539+ 01889+ 0.1877 + 0.2622%
0.006 a0 0.0011 0.0004 0.0017 0.0039 0.0131 0.0020 0.0036

8Approximate Iour-groub heterogeneous values were calculated by muttiplying the tour-group homogeneous valuss by the ratio of the 628 value for the one-yroup,
GAM-1, fission-spectrum heterogeneous case to that for the corresponding homogeneous case.

0.30 T T — T T T T I
. y . .
o
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TABLE XXIV. GAM-I Cross Sections Averaged over-a

Flssmn Spectrum.from 1.35 to 10 MeV

35

gy

Type of

gpe ° Cross Sections, barns |
ross i _ . . .

Section Hydrogen Oxygen Aluminum Iron Nickel - . Chromium s us.
Oc 0 0.0208 0.00610 °  0.00166° "0.00197 0.0020 0.0355 ‘o 0506
o o, 0 0o 0. 0 o 0.5149  1.276
voy 0’ 0 o - 0 0 1.395  3.598
inel . . . .

o 0 0.00188 " 0:238 0.650 0.522 0.336 2.307 1.557

dZLt 1.515. . 0.221 . 0.118 0.043 0.062 0.062 0.019 0.021

og2m 0 0 0 0 0 0 0.0167  0.0075
out : e .
inel . : ' : . ’

o 0 0.00169.  0.188 - 0.348 0.392 0.311 0.261 0.209

o“(Po) 0.9642 1.7297 2.2903 2.1321 2.3411 2.6850 4.684 4.391

0”( ) 2,4809 - 1.1287 2.7950 2.9436 2.6780 3.3635 8.937 4.031

G“-(tr') . 0.1372 . 1.337 1.359 1.151 1.448 . 1.564 1.705  3.047
,zn . - : :

oy 0 0 0 0 0 0 0.0082  0.0042

TABLE XXV MUFT 4 Cross Sections Averaged over a
Flsswn Spectrum from 1.35 to 10 MeV
Type -of Cross Sections, barns
Cross ) — - — -

Section  Hydrogen - Oxygen Aluminum Iron Nickel Chromium yse us
o 0:0000328 - 0.0529. 0.0131 0.00327 0 0 0.0344  0.1020
o 0 0 0 0 0 0 0.524  1.147
vog 0 0 0 0 0 0 1414 3.258
inel . . : .

o 0 0.0028 .0.234 0.450 1.098 0.880 - 1.906 - 1.609

ozit _ "1.500 0.206 0.091 ©~  0.040 0.043 0.068 0.013 ,.0.013

i 0 0 0 0 0 0 0 0
out .
inel . o

on 0 0.0030 0.215 0.541 0.0405 0.0328 0.306 0.243

olpy)  1.002 1,604 2.179. 2.166 2.141 2.880 4.203 4.288

oflp) 2571 1.291 3.036 3.150 3.057 4.044 7.731 © 6.495

o%Ntr)  0.145 1.174 1.167 1116 1.122 1.532 1.626 2.123
nans 0 0 0 0 0 0




TABLE XXVI. Average Group |l Fluxes Calculated Using
GAM-I Fission-spectrum Cross Sections

Lattice . 52/(31(3) 63/51(3') Lattice 52/51(3’) 53/51(3')
Bl.27as 0.95910.  0.93577 H1.27AA 0.97486 0.96243
B1.27AS 0.96655 - 0.94961 H1.27AS 0.97185 0.96009

—_— o H1.166AA 0.98355 0.97615
H1.3490A - 0.95991 = 0.93682 H1.166AS 0.98047 0.97372
H1.3494S 0.95700 = - 0.93450 "H1.1270A 0.98688 0.98118
H1.24[A 0.96968  0.95383 H1.127AS 0.98376 0.97869
H1.240s '0.96671 0.95150 H1.069AS 0.98883 0.98609

(a)Subs cripts 1; 2; and 3 denote fuel, claddlng, and water regions,
respectlvely '

Table XXIII and Fig. 7 show that heterogeneous effects on 6% are
small and become smaller as the lattice pitch is decreased, as would be ex-
pected from the results in Table XXVI. The heterogeneous 5% is less than
5% larger than the corresponding homogeneous value, even for the loosest
lattice. One-group values of 6%® are smaller than four- group values, as an-
ticipated above, because of the neglect of U8 fission below 1.35 MeV. Aver-
. aging GAM-I cross sections over a fission spectrum results in 6% values
' somewhat.above those obtained using cross sections averaged over the
‘ spectrum generated by GAM-I. This is because the value of 2R, for the
- GAM-1. spectrum is larger than the correspondmg fission-spectrum value.
MUFT-4 values of 6% are higher than the corresponding GAM-I values.

The smaller MUFT-4 inelastic- -scattering cross section for U®®%, seen by
'comparmg Tables XXIV and XXV, is mainly responsible for this.

Slnce all experlmental values are considerably higher than the cor-
respondlng theoretical values, it is apparent that agreement between theory
"and experlment on 6%® is not good. The reason for the discrepancy is not
‘known. It may be caused by-inadequacies in the cross sections or by some
systernatlc experunental error. In 1nvest1gat1ng a very tight lattice of 1.3%
enrichment, the workers at Westinghouse®® also found that the greatest dis-
crepancy between theory and experiment was in 6%8.

Computations were made to determine the reactivity effects of using
heterogeneous rather than homogeneous cross sections in Group 1, and also
-of using MUFT-4 rather than GAM-I cross sections in Group 1. Fast con-
stants obtained using both GAM-I and MUF T-4 fission-spectrum cross sec-
tions in both homogeneous and heterogeneous calculations were substituted
‘for the original GAM-I P, constants in the first group of the four- -group
BUCKLE problems Results for the three lattices studied are presented in
Table XXVII in terms of react1v1ty differences.



' TABLE XXVII. Reactivity Changes Aon(Su'bstit'ution of Various
" Group 1 Cross Sections into Four-group BUCKLE Problems

Reactivity Changes, %

Substitution 'B1.27DS H1.1270A  HI.069AS

GAM-1 _ho.irnogeneous i : ‘

GAM-I hetéirugeneous - +0.134- +0.059 +0.045
MUFT-4 homogeneous — . . ‘

. MUFT-4 heterogeneous_ +0.104 . +0.063 . +0.052 -

-GAM-1I homogeneous - 4 L
MUFT- 4homogeneous - -1.579 - -0.749 +0.702

Table XXVIL show‘s that use of heterogeneoos rather than homoge-

. neous cross sections increases reactivity by little more than 0:1%, even

for one of the looser lattices. Thus, the use of homogeneous constants. in
the 'criticalify calculations of Section V is justified. Use of MUFT-4 cross
sections in place of GAM-I cross sections decreases reactivity for most
'_latt1ces but increases it for the H1.069AS lattice. Section VIII presents a
" more systematlc study of the effects on reactivity of chang1ng important
cross sect1ons

N

37



VIII. EFFECTS OF CROSS-SECTION.CHANGES ON REACTIVITY

It was mentioned in Section IV. that use of the original GAM-I library
cross sections for U?*® and U?®® led to calculated bucklings that were much
higher than experimental ones, and that versions of U?3® and U%® obtained
from Hanford were therefore substituted for the original oneé. To in- .
vestigate reactivity effects of cross-section changes, calculations were
done, using the BUCKLE code described in Section V, in Which certain
cross sections were changed by 10%, the others being kept constant. The
standard cross sections are those in Tables IV and XII. Table XXVIII
presents results in terms of Akeff/keff, where kegf is unity for the ¢ritical
buckling determined by the standard cross sections. No cross-section
changes were considered in the thermal group, since thermal cross sections
are rather well known. The effects of the indicated cross-section changes
on the diffusion coefficients were not treated.

TABLE XXVIII. Effects of Cross-section Changes
on Reactivity (Akeff/keff, %)

Cross Section with +10% Change

Zout i
Lattice ZCI Zfl ZIZ - Ozész . O%:83 0%:53 O—%g
‘B1.27:3S -0.047 +0.393 +0.597 -0.367 -1.311 -0.415 +0.667
B1l.27AS -0.051 +0.473 +0.444 -0.468 -1.502 -0.495 +0.832

~HI1.3490A -Q.O49 +0.420 +0.537 -0.410 -1.399 -0.301 +0.499
H1.3490as -0.052 +0.424  +0.303 -0.424 -1.422 -0.301 +0.586

Hl.240A -0.057  +0.529  +0.331 -0.561 -1.676  -0.382  +0.669
H1.243sS -0.062 +0.524 +0.086 -0.583 -1.718 -0.386 +0.780
H1.27AA ~ -0.067 +0.604 +0.162 -0.693 -1.852 -0.449  +0.807
‘H1.27A8 . -0.065 40.600 +0.080 -0.714 -1.901 -0.446 +0.944

H1.166AA -0.083 +0.795 . -0.305 -1.098 -2.282 -0.599  +1.225
H1.166AS  -0.082 +0.773 -0.559 -1.149 -2.385 -0.594 +1.423
H1.127AA  -0.090 +0.894 -0.549 -1.385 -2.401 -0.682 +1.478
H1.127AS8 -0.091 +0.862 - -0.802 -1.462 -2.544 -0.674 +1.708
- H1.069AS -0.111 +1.026 -1.333 -2.487 -2.790 -0.808 +2.339

Table XXVIII shows that the calculated reactivities are quite sensitive
to nonthermal cross-section changes in general, the sensitivity increasing
as the pitch is decreased and the lattices become more undermoderated. As
might be expected, the sensitivity to the U?3® capture cross section is quite
pronounced. The major reason for the large reactivity differences obtained -
by substitution of the Hanford cross sections is that the original GAM-I cross
sections yield values of 0% only about half as large as those based on the
Hanford cross sections. Table XXVIII shows that such a difference represents
a reactivity change of the order of 5% for the H1.166AA lattice. Although the
reactivity is even more sensitive to OZC83 than to OZCSZ, the differences between
Hanford and original GAM-I values of 02 are small and therefore do not con-
tribute much to the large reactivity differences.
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IX. DISCUSSION AND CONCLUSIONS o R

Agreement between theory and experlment for the H1 C and
BORAX-V lattices is in general reasonably good, except for 5%%. The ‘
Hi-C lattices provide a severe test of ‘calculational methods This is
because the close spacing of the fuel rods makes theoretical treatment
difficult in general and accurate treatment of nonthermal events quite im-
portant. Several improvements could be made in the theoretical methods,
although those used should be rea_sohably good. Some possible improve-
ments are discussed _below. :

In the thermal energy region, the use of the 1sotrop1c return bound-
ary condltlon, as mocked up by an extra scatterlng region at the outer
boundary of a circular unit cell, may not be very good for the most tightly
packed lattices. A Monte Carlo calculation using the actual square or
‘hexagonal cell would be better than this one-dimensional THERMOS cal-
culation. Other defects in the thermal calculations are the use of isotropic
scattering, the treatment of the flux above the thermal cutoff as l/E and
the treatment of the slowing-down source as being due to hydrogen only.
Also, the prescription used for the calculation of the thermal diffusion
coefficient is rather rough. The revised version of THERMOS,?* in which
the thermal-diffusion coefficient is calculated more accurately, was not
available when the calculations reported here were made.

In the resonance region, a treatment of resonance absorption in-

volving neither the extremeé NR nor NRIA approximations but using numeri-
~cal integration of the transport equation would be an improvement. Anagther
possibility would be the use of a Monte Carlo code. Such treatments could
also allow for interference effects between resonances lying close together.
Another approximation involved is the use, in the resonance calculations,
of the escape probability for an isolated rod with the mean chord length,
L, replaced by ﬂ/(l - C), where C is the Dancoff factor. The worst feature
of this approximation is probably that the clad is treated in the narrow-
‘resonance approximation in the calculation of the Dancoff factor. This

may not be well justified for broad, low-lying resonances, especially for
stainless steel-clad rods.” Another resonance-region inaccuracy is caused
by the fact that all absorption in a given resonance is assigned to the fine
GAM-I group in which the resonance energy lies. The treatment of reso-
nance absorption in the unresolved region in GAM-I is also rather approxi-
mate. In the case of fissionable isotopes, the Breit-Wigner single-level
formula is not adequate, although parameters for multilevel formulas are
available only over small-energy ranges. This makes accurate treatment
of resonance absorption in U?3% difficult.

The reason for the large discrepancy between theory and experiment
in the case of 5%® is not understood. The existence of inaccuracies in the
high-energy cross-section data would seem to be the most plausible explana-
tion, although a systematic experimental error is also possible. The reac-
tivity of the Hi-C lattices is quite sensitive to changes in cross sections, as
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was shown in Section VIIL: The rather good agreement between theory and

experiment on react1v1ty may be a result of cancellations of errors arising
both from inaccurate cross sections and from the use of approximate theo-
retical techniques. Such errors might tend to cancel well in the calculation

- of react1v1ty, but not as well in the calculation of another quantity, such
as 6%8."

The Hi-C program e-xt'énded'investigations of UO,-H,0 lattices into

- a range of lower hydrogen-to- U atom ratios than had been studied pre-

v1ously Such investigations are of interest because reactors with high
conversion ratios and consequently hlgh burnup are expected to become

71ncreas1ngly important in the utilization of nuclear energy. Experimental

studles with fuel rods of enr1chments other than the nomlnal 3% used here

'would also be of 1nterest
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