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Data are presented from critical experiments with mixed PuO;~UO, fuels con~

taining 30.0, 14.62, and 7.89 wt% Pu and having H/X (H:Pu+U) atomic ratios of
47.4, 30.6, and 51.8, respectively. In addition to the experimental results, which
can be used directly as integral benchmark checkpoints, derived critical sizes are
presented for homogeneous mixtures, at theoretical density, of %° Pu0,-U(0.71)O,-
water in slab, spherical, and cylindrical geometries at the three experimental H/X
atomic ratios., These types of data provide the bases for establishing criticality
safety control limits.

Critical thicknesses of 10.80 + 0.11, 11.56 + 0,09, and 14.83 + 0.60 cm were
determined, respectively, for slabs of the 30.0, 14.62, and 7.89 wt% Pu-enriched
fuels infinite in two dimensions and fully reflected with 156 cm of Plexiglas. Values
of kegt within 8 mk of unity were calculated for these three critical systems using
either the diffusion theory code, HFN, or the transport theory code, DTF-IV, with
the original GAMTEC-II cross-section data previously used at the Critical Mass
Laboratory in correlating plutonium critical experiments with theory. Similar
calculations with ENDF/B-II cross-section data yielded k.gs values within 12 mk of
unity for these three one-dimensional slab assemblies. Except for the more
highly moderated 8 wt% Pu-enriched fuel (H/Pu = 659), calculations with ENDF/B-II
data resulted in higher k.gs values for the critical assemblies than did like calcu-
lations using the original GAMTEC-II cross-section library. In the case of the
8 wt% Pu enriched fuel, the computed values for k. were essentially the same for
either of the cross-section sets used.

INTRODUCTION

The operations within a liquid metal fast
breeder reactor (LMFBR) industry involve the
daily handling of thousands of kilograms of fuel
that is highly enriched with plutonium. To assure
criticality safety, or prevent nuclear criticality
accidents, in such operations, limits will be re-
quired on the equipment design and the amount of
fuel that may be handled or processed at any one
location at any one time. However, these same
limits or controls also present the main restric-
tion to plant through-put, which directly affects
plant economy. The criticality control limits may
dictate operations which are far from optimum
economically—the greater the uncertainty in a
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knowledge of criticality for a given operation, the
more severe the restrictions become. Since an ef-
ficient fuel cycle is considered essential to the
attainment of a successful LMFBR industry, criti-
cality data are required on plutonium-uranium
fuels to provide standards of excellence on criti-
cality control throughout the fuel cycle operations.

Although a major benchmark program is under
way to provide the necessary data for reactor core
design, the experimental assemblies are limited
to fast, heterogeneous systems containing essen-
tially no hydrogenous material. However, the
conditions that may be encountered by the fuel ex-
ternal to the reactors (fuel recycle operations)
are such as to result in much smaller critical
masses for the fuel than within the reactor core,
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and to require consideration of thermal- and in-
termediate-energy systems as well as fast sys-
tems. It is estimated that two-thirds of the fuel
cycle operating costs for an LMFBR will be de-
rived from fuel fabrication and spent fuel recovery
operations, including storage and shipment.’ Un-
fortunately, the calculational checks made against
integral critical experiments on fast assemblies
provide little, if any, assurance that the calcula-
tions will produce valid results in a thermal or an
intermediate spectrum. A research program is
currently under way at the Critical Mass Labora-
tory to provide the necessary criticality data on
mixed-oxide fuels of plutonium and uranium for the
specific conditions and configurations which the
fuels will encounter outside the reactor core.
These data will serve as the basis for establishing
criticality control limits for these operations and
will provide certain benchmark data for verifying
computational methods and cross-section sets
(such as ENDF/B cross-section data) used in
criticality calculations.

The initial experiments at the Critical Mass
Laboratory were conducted with mixed-oxide fuels
containing depleted uranium enriched with about 8,
15, and 30 wt% plutonium to cover the enrichment
range currently of interest in the LMFBR pro-
gram. Data from critical experiments with fuel at
these three enrichments and at H/X (H:Pu+U)

1 Liquid Metal Fast Breeder Reactor Program Plan,
Vol. 8, Fuel Recycle, WASH-1108, U.S. Atomic Energy
Commission (1968).

atomic ratios near optimum for either minimum
critical volume or minimum critical mass are
presented in this paper. The data are given in
two forms: first, as direct experimental data,
which can be used as integral benchmark data for
checking cross-section sets and calculational
models; and second, as theoretical density
23%puQ,- U(0.71)0-water criticality data derived
from the experiments with the respective H/X
fuel.

EXPERIMENTS

The experiments were performed using the
split-table machine, shown in Fig. 1 with the table
halves separated and the Plexiglas reflector par-
tially removed to display the fuel core. Each of
the fuels consisted of a homogeneous mixture of
PuO.-UQ.-polystyrene in the form of 2- X 2-in.
compacts having thicknesses of 2, 13, and 3 in.
Each compact was clad with 6-mil-thick tape
(MM&M #471). Nuclide composition and densities
are given in Table I for each of the three fuels and
for the Plexiglas reflector used in the experi-
ments. In all three fuels the plutonium contained
8 wt% **°Pu and the uranium was depleted to 0.151
wth 2*U. Particle size distributions for the
oxides and the polystyrene are given in Table II.

Inverse multiplication measurements were
made on both bare and Plexiglas-reflected par-
allelepipeds of the 30 wt% Pu fuel and the 14.62
wt% Pu fuel listed in Table I. Measurements on the
7.89 wt% Pu fuel listed in Table I were restricted
to Plexiglas-reflected assemblies by the prohibi-

TABLE I
Composition and Atom Densities of Experimental Fuel and Reflector Material*
at./(b cm)
426 g Oxide/liter 660 g Oxide/liter 408 g Oxide/liter
Atomic H/X = 47.4 Atomic H/X = 30.6 Atomic H/X =51.8
Nuclide Composition 30.0 wt® Pu* 14.62 wthPu® 7.89 wt% Puc Reflector
Higm 3.511 x 1077 4.036 x 10~7 1.741 x 1077 ---
3%py 2.578 x 10~* 1.954 x 10-* 6.528 x 10~°
238 py 0.0 0.0 0.0 ---
4%y 2.257 x 10™% 1.702 x 10~° 5.941 x 10°° ---
24lpyd 1.756 x 107° 1.211 x 10~° 3.481 x 10”7 ---
M2py 0.0 0.0 0.0
o) 1.974 x 10~ 3.023 x 107 1.830 x 10-* 1.428 x 102
28y 6.604 x 10™* 1.252 x 107° 8.376 x 10~* ---
3y 1.008 x 10~% 1.904 % 10~ 1.285 x 107° ---
H 4.468 x 102 4.489 x 102 4.719 x 1072 5.712 % 10-2
o} 4.537 x 10~ 4.412 x 1072 4.540 x 107 3.570 x 10~2

*Pu0;, UOz, and polystyrene each originated from a common source. The accuracy of each nuclide’s concentration can
be obtained from the variations in the respective isotopic ratios.

2241

bag, AM analysis made 5-28-70. Experiments performed February 1970.
**1Am analysis made 5-28-70. Experiments performed June-September 1970.

“*1aAm analysis made 1-21-71. Experiments performed December 1970-May 1971.
413.2-yr half-life used for **!Pu decay to **!Am.




CRITICAL EXPERIMENTS WITH Pu AND U OXIDES 117

Fig. 1. Remote split table with faces separated.

TABLE I tively large volume of fuel required for criticality

Particle Size Distribution in PuOz-UOz unreflected. The reflected critical assemblies
Polystyrene Fuels were varied from near-cubic geometry to thin

slabs to permit determining, for each of these
fuels, both the critical cube size and the critical

Particle Diameter, ym thickness of a slab infinite in two dimensions.
Measurements on the bare assemblies were limited
Distribution Pqu Uoz Polystyrene to near-cubic geometry.
95% <20 <40 <225 EXPERIMENTAL DATA FOR
BENCHMARK TESTING
50% <5 <9 <150
5% .5 S <50 Experimentally measured -critical sizes and

masses are given in Tables III, IV, and V for the



Criticality

TitlC4 ity La!

H/Pu = 158; **°Pu content of Pu = 8.0 wt®h; **U content of U = 0.151 wt%
Calculated ey
Critical Dimensions, cm® Critical Mass"
GAMTEC-11- | GAMTEC-II- | GAMTEC-II- | GAMTEC-II- | GAMTEC-II-
Reflector Length Width Height kg of Pu kg of U HFN® DTF-1v® KENO-I1® KENO-I* HFN®
Plexiglas 30.54 £ 0.03 | 30.54 + 0.03 | 30.89 + 0.02 | 3.23 +0.05 | 7.53 + 0.12 --- --- 1.011 + 0.008 | 1.021  0.008 ---
Plexiglas 35.63 + 0.04 | 35.63 + 0.04 | 23.95 + 0.10 | 3.40 + 0.05 7.94 + 0.12 -—- —-- .- - -
Plexiglas 40.72 £ 0.04 | 40.72 + 0.04 | 20.22 + 0.05 | 3.75 + 0.05 | 8.76 + 0.13 -—-- ——- - e ———
Plexiglas 50.90 + 0.05 | 45.81 + 0.05 | 17.14 + 0.07 | 4.48 + 0.06 | 10.44 + 0.16 --- --- -—-- -—- _——-
Plexiglas 61.08 + 0.06 | 50.90 + 0.05 | 15.53 + 0.11 | 5.44 + 0,08 | 12.69 + 0.20 -—- -—- --- - ——-
Plexiglas 61.08 + 0,06 | 55.99 + 0.06 | 15.16 + 0.02 | 5.80 £ 0.09 | 13.51 + 0.21 -—- -e- --- - ——-
Plexiglas 66.17 + 0.06 | 61.08 + 0.06 | 14.43 + 0.10 | 6.53 + 0.09 | 15.24 + 0.22 --- ~-- 1.022 + 0.007 - ——
Plexiglas 50.90 + 0.05 | 50.90 + 0.05 | 16.49 + 0.04 | 4.78 + 0.08 | 11.14 + 0.18 --- --- --- -——- -ea
Plexiglas? 30.60 £ 0.02 | 30.60 + 0.02 | 30.60 + 0.02 | 3.21 + 0.05 7.49 £ 0.12 --- --- -—-- .- ——-
Plexiglasd L] L 10.80 + 0.11 --- - 1.006 1.008 --- --- 1.012
Bare 45.81 £ 0.05 | 40.72 + 0.04 | 37.98 + 0.06 | 7.93 + 0.12 | 18.51 + 0.78 0.993 0.989 --- ——— -
Bare 40.72 £ 0.04 | 40.72 + 0,04 | 42.24 + 0.03 | 7.84 + 0.11 | 18.30 + 0.77 0.994 0.988 0.977 £0.008 | 1.014 + 0.006 ---
Bare 45.81 £+ 0.05 | 50.90 + 0.05 | 32.49 + 0.02 | 8.48 + 0.12 | 19.80 + 0.84 0.989 0.988 -—- .- ——-
Bare? 41.20 + 0.05 | 41.20 + 0.05 | 41.20 + 0.05 | 7.83 + 0.11 | 18.28 + 0.77 --- --- -—- —-- _——

*Experimentally determined corrections have been made, accounting for the reactivity effects of the cladding material, the stacking voids, and the structural

supports.
b18-group averaged cross sections using the original GAMTEC-II cross-section library.
€18-group averaged cross sections using FLANGE-ETOG processed ENDF/B-II data.

dInfinite slab thickness obtained by extrapolation of data. Cube dimensions obtained by interpolation between critical assemblies.

811
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TABLE IV

Criticality Data for PuO2-UO;-Polystyrene Fuel Mixtures

580 g (Pu + U)/liter at 14.62 wt% Pu; H/(Pu + U) = 30.6 atomic

H/Pu = 210; **°Pu content of Pu = 8.0 wt%; **U content of U = 0.151 wt%

Calculated keg
Critical Dimensions, cm® Critical Mass?®
GAMTEC-II- | GAMTEC-II | GAMTEC-II- | GAMTEC-II- | GAMTEC-II-
Reflector Length Width Height kg of Pu kg of U HFN® DTF-Iv® KENO-I® KENO-I¢ HFN®
Plexiglas 30.54 + 0.03 | 40.72 + 0.04 | 29.81 + 0.15 | 3.14 + 0.04 | 18.35 + 0.35 --- .- 1.007 + 0.008 | 1.033 + 0.008 .--
Plexiglas 40.72 £ 0.04 | 40.72 £ 0.04 | 23.84 + 0.10 | 3.35 £ 0.04 | 19.57 £ 0.37 --- --- --- - —--
Plexiglas 45.81 £ 0.04 | 50.90 £+ 0,05 | 19.82 + 0.11 | 3.92 £ 0.05 | 22.89 + 0.44 --- --- --- --- -
Plexiglas 50.90 + 0.05 | 50.90 + 0.05 | 18.92 + 0.09 | 4.16 + 0.05 | 24.28 + 0.46 —-- --- --- --- —--
Plexiglas 61.08 £ 0.06 | 50.90 + 0.05 | 17.72 + 0.09 | 4.67 + 0.06 | 27.28 + 0.52 - --- .- - ---
Plexiglas 61.08 +0.06 | 61.08 + 0.06 | 16.63 + 0.09 | 5.26 4+ 0.06 | 30.73 £ 0.59 - --- 1.008 + 0.008 --- -
Plexiglasd | 33.30 +0.17 | 33.30 + 0.17 | 33.30 + 0.17 | 3.13 £ 0.05 | 18.28 £ 0.40 --- --- -
Plexiglasd w w 11.56 £ 0.09 --- --- 0.999 1.002 --- 1.007
Bare 40.72 + 0.04 | 40.76 + 0.17 | 52.39 + 0.07 | 7.37 £ 0.09 | 43.06 + 0.82 1.013 1.005 --- ——- _—-
Bare 40.72+0.04 | 45.86 +0.19 | 45.10 £+ 0.06 | 7.14 + 0.08 | 41.70 £ 0.79 1.012 1.005 0.995 £ 0.007 | 1.032 + 0.007 .-
Bare 50.90 + 0.005 | 45.86 + 0.19 | 36.99 + 0.05 | 7.32 + 0.08 | 42.75 + 0.81 1.008 1.003 .-- ——- -
Bare! 43.78 £+ 0.07 | 43.78 + 0.07 | 43.78 + 0.07 | 7.12 + 0.08 | 41.55 + 0.80 .-- --- --- —-- -

“Experimentally determined corrections have been made, accounting for the reactivity effects of the cladding material, the stacking voids, and the structural supports.
b18-group averaged cross sections using the original GAMTEC-II cross-section library.
€18-group averaged cross sections using FLANGE-ETOG processed ENDF/B-II data.

dInfinite slab thickness obtained by extrapolation of data. Cube dimensions obtained by interpolation between critical assemblies.
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three PuO2z-UO.-polystyrene fuels containing 30.0
14.62, and 7.89 wt% Pu, respectively, in the plu-
tonium-uranium. The critical sizes and masses
given in these three tables are for solid assem-
blies of fuel only. Experimentally determined
corrections have been applied in each case to ac-
count for the effects of the cladding material and
the presence of voids in the assembly of stacked
Vo blocks. These corrections were determined by
observing the change in critical mass with varying
thicknesses of cladding material, as indicated
typically in Fig. 2 for a reflected assembly of
each of the three fuels. For the bare assemblies,
a small additional correction was also required to
account for the reactivity effect of the structural
supports. This correction amounted to an in-
crease of only 0.05% on the critical mass of each
bare assembly and was determined by replacement
type measurements. The error limits quoted in
these three tables, and elsewhere in this paper,
are one-sigma limits.

Some critical sizes and masses obtained by
interpolation between, or extrapolation of, the ex-
perimental data also are shown in Tables III, IV,
and V. The critical cube data were obtained by
interpolation between the two critical assemblies
nearest a critical cube of the particular fuel. The
interpolation in each case was made by searching
for the critical assembly whose cross section was
the square of its height (Figs. 3, 4, and 5) and by
bearing in mind that, in rectangular geometry, the

GAMTEC-II-
HFN¢
0.991

0.151 wt%

KENO-I¢

1.027 + 0.007

1.034 + 0.008
1.008 + 0.008

GAMTEC-II-

Calculated k.¢¢
GAMTEC-II-
KENO-I®
1.029 + 0.007
1.021 & 0.007
1.017 £ 0.007
1.032 + 0.007

8.0 wt%; **U content of U

0.998

GAMTEC-II
DTF-IV®

659; **°Pu content of Pu
HFN®
0.993

GAMTEC-II

TABLE V
Criticality Data for PuOs-UO,-Polystyrene Fuel Mixtures
H/Pu
kgof U
19.84 + 0.32

20.29 + 0.22
27.88 + 0.31
19.97 + 0.22

1.94 + 0.02 | 22.63 + 0.25

2.39 + 0.02

37
PLEXIGLAS REFLECTED CRITICAL ASSEMBLIES
36 — Pu02-U0>-POLYSTYRENE
Bwt% N PLUTONI UM
:j 0.151 wt% zyu IN URANIUM

3 51.8 H/X at 7.89 wt% Pu

2 |

3 30.6 H/X ot 14.62 wt% Py
-
30 =" f

29 |—29.81 /

//

51.8 atomic
Critical Mass®

kg of Pu

2.53 + 0.03 | 29.53 + 0.39
2.25 + 0.02 | 26.26 + 0.28
2.15 + 0.02 | 25.06 + 0.28

1.74 = 0.01
1.71 + 0.01
1.70 + 0.01

Height

22.66 + 0.08
22.09 + 0.18
23.22 + 0.08
24.37 + 0.09¢
36.42 + 0.13
39.12 + 0.28
14.83 + 0.60

32.89 + 0.12
26.40 + 0.10

8

ing FLANGE-ETOG processed ENDF/B-II data.

3
N\

CRITICAL HEIGHT, cm OF FUEL

Width
45.72 + 0.09
50.80 £ 0.10
60.96 + 0.12
66.04 + 0.13
55.88 + 0.11
50.80 £ 0.10
40.64 + 0.08
39.12 + 0.28

@0

Critical Dimensions, cm*

47.4 H/X ot 30.0 wt % Py
/i——'

360 g(Pu + U)/liter at 7.89 wt® Pu; H/(Pu + U)

ngth
40.72 + 0.04

50.90 + 0.05
61.08 + 0.06

61.08 + 0.06
61.08 + 0.06
61.08 + 0.06

40.72 + 0.05

39.12 1+ 0.28
-] -
y determined corrections have been made, accounting for the reactivity effects of the cladding material and the stacking voids.

group averaged cross sections using the original GAMTEC-II cross-section library.

I PPRIRX

0 1 2 3
LAYERS OF CLADDING MATERIAL

Reflector

Fig. 2. Combined effect of voids and fuel cladding on
the critical height of reflected assemblies.

“Infinite slab thickness obtained by extrapolation of data. Cube dimensions obtained by interpolation between critical assemblies.

€18-group averaged cross sections us

Plexiglas
Plexiglas
Plexiglas
Plexiglas
Plexiglas
Plexiglas
Plexiglas
Plexiglas®
Plexiglas®

*Experimentall

b18-

dAverage of two experiments.
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“ t
@ 4
X-—41,201 0.05
40 ’ PLEXIGLAS +—
_/ REFLECTED
38 i
36
(Bc =1385+ LAMD) A
e %
)
5 / —30.60 + 0,02
z 7 7
X
2 3 7
(&)
= 2%
[+ 4
(S} ’y
2 B
2 Pu02-U03 - POLY STYRENE
18 ra 373 g(Pu + U) /liter, 30.0 wt % Py -
16 r 8 wt% 240Py |N PLUTONIUM
1] Vs 0151 wt® 350 IN URANIUM |
12 41.4 HI(Pu+U), ATOMIC .

7
K<~—10.80% Q.11 STANDARD DEVIATIONS NOT SHOWN

10 ] [ ] ARE WITHIN THE SYMBOLS

8 1 1 1 1 1 1

0 1 23 4 5 67 8 9 1011 1213115
INVERSE CROSS-SECTIONAL AREA OF ASSEMBLY, 10 4cm ™

1

Fig. 3. Measured critical height.

cube should contain the smallest critical mass.
The error limits reported for each cube are arbi-
trarily set such that a linear interpolation between
the two critical assemblies on either side of the
respective cube is within these error limits. An
extrapolated critical thickness for a reflected
slab, infinite in two dimensions, is also shown in
each of the Tables III, IV, and V for the respective
fuel. For the 30.0 and 14.62 wt% Pu-enriched
fuels, the reflected infinite slab critical thickness
was obtained by a linear extrapolation of the criti-
cal heights of finite systems of thin slabs as their
inverse cross-sectional area approached zero.
Although some curvature is probably still present
as each system approaches the infinite condition,
it is small and would result in a slightly larger
critical slab thickness for each fuel. These thick-
nesses are believed to be within the error limits
quoted, since, as noted later, the critical buckling
for each of these fuels and the respective reflector
savings result in a critical thickness for each
fuel that is within these limits.

For the 7.89 wt% Pu-enriched fuel, an abnormal
amount of scatter was observed in the measured
critical heights. This was due, in part, to the
large reactivity effect of the stacking voids and

54
52
50
48

46 I

UNREFLECTED

4“4 X<— 43,78 + 0,07 ]
Y

mn
" 1 3

38

PLEXIGLAS
REFLECTED

§ 3
5 x / /
= Y x <— 33.30£ 017
T 32 Vi /i
= 4 "4
S 30 ,
= VA
5 L /‘ /
26 )4
% e

"Pu02-UO - POLY STYRENE
2 — 580g(Pu +UMliter, 14.62 wt% Pu +—
o

2 8wt % 240py [N PLUTONIUM

18 A 0.151 wt% 35y |N URANIUM

16 ,/ 30.6 H/(Pu+U), ATOMIC

14 [ STANDARD DEVIATIONS NOT SHOWN
|/ ARE WITHIN THE SYMBOLS

124 11564 0.09

N HEEEEN
001 23 4 56 7 8 9 101112 131415

INVERSE CROS S-SECTIONAL AREA OF ASSEMBLY, m2

Fig. 4. Measured critical height.

cladding material (about 15 wt% compared to less
than 4 wt% in previous fuels) and in part to an in-
sufficient amount of fuel for obtaining the best
combination of fuel blocks in some of the critical
approaches. Consequently, the critical thickness
of a slab of this fuel, infinite in two directions,
could not be obtained as accurately from a linear
extrapolation as was done with the 30.0 and 14.62
wth Pu-enriched fuels. However, the linear ex-
trapolation should provide a lower bound for the
infinite slab thickness, and the thickness obtained
from the critical buckling and reflector savings,
which will be covered later, should provide an
upper bound. The critical thickness of 14.83 cm
for a reflected infinite slab given in Table V and
Fig. 5 is the average of these two bounds, and the
quoted standard deviation of +0.6 cm is the dif-
ference between the 14.83 cm and the two bounds.

The critical bucklings, referred to previously,
for the 30.0 and 14.62 wt% Pu-enriched fuels were
determined from the bare critical assemblies of
these fuels by calculating an extrapolation distance
for a bare cube of each fuel and then applying
these extrapolation distances to the bare critical
dimensions measured for each of the respective
fuels. Each extrapolation distance was calculated
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50 using 18-energy group averaged constants from
48 J l GAMTEC-II® as input to the diffusion code HFN®
% PLEXIGLAS to calculate the difference in the critical height of
]’ REFLECTED a near-cubic assembly with the neutron flux van-
“ ishing at the physical and extrapolated boundaries.
a2 The buckling values obtained for the six bare crit-
40 ﬁ[ ical assemblies measured are shown in Table VI.
3 73912+ 028 For the three bare assemblies of 30.0 wth Pu-
( 12 o enriched fuel, an extrapolation distance of 2.56 cm
c 36 (B, =11045 M2 was calculated. This extrapolation distance, when
S M used with the critical dimensions of each as-
'g 32 / sembly, yields a constant geometrical buckling of
g 3 Y 138.46 m~" for the three assemblies, in that all
= ] three bucklings are within one standard deviation
2 2 of 1.39 m~? of each other. The standard deviation
& 2 was arrived at by propagation of errors using the
2 quoted standard deviations on the measured di-
» Pu02-U0z-POLYSTYRENE mensions and an arbitrary standard deviation on
/ 360 g(Pu+ U)/liter, 7.89 wt% Pu 7| the calculated extrapolation distance that would
2 8 wt% 240p, N PLUTONIUM -1 reproduce the maximum observed variations in
18 A 0.151 wt% 35U IN URANIUM - the three geometrical bucklings. In like manner,
16 ‘_/_ B 108 SLE HIPu+U), ATOMIC 7 21, L. CARTER, C. R. RICHEY, and C. E. HUGHEY,
14 . . STANDARD DEVIATIONS NOT SHOWN | “‘GAMTEC-II: A Code for Generating Consistent Multi-
12 ARE WITHIN THE SYMBOLS group Constants Utilized in Diffusion and Transport
| ] | 11 [ [ | Theory Calculations,”” BNWL-35, Pacific Northwest
10 Laboratory (1965).
01 2 34 5 6178 9101121 WD 3J. R. LILLEY, ‘“‘Computer Code HFN—Multigroup,
INVERSE CROSS-SECTIONAL AREA OF ASSEMBLY, m=2 Multiregion Neutron Diffusion Theory in One Space
Dimension,”” HW-71545, General Electric Company
Fig. 5. Measured critical height. (1961).
TABLE VI
Critical Bucklings for Unreflected PuO;-UO;-Polystyrene Critical Assemblies
373 g (Pu + U)/liter at 30.0 wt% Pu; Hé( Pu + U) = 47.4 atomic
H/Pu = 158.2; **°Pu content of Pu = 8.0 wt%; **U content of U = 0.151 wt%
Critical Dimensions, cm
Bg?, m™? Calculated® Bm™*

Width Length Height (x = 2.56 + 0.08 cm)" m™

45.81 + 0.05 40.72 + 0.04 37.98 + 0.06 138.16 + 1.34 ---

40.72 + 0.04 40.72 + 0.04 42.24 + 0.03 137.94 + 1.28 ---

45.81 + 0.05 50.90 + 0.04 32.49 + 0.03 139.27 + 1.54 ---

Average 138.46 + 1.39 133.94
580 g (Pu + U)/liter at 14.62 wt% Pu; H/Pu + U = 30.6 atomic
H/Pu = 210.1; **°Pu content of Pu = 8.0 wt%; **U content of U = 0.151 wt%
(A = 2.49 £ 0.07 cm)™

40.76 £ 0.17 40.72 + 0.04 52.39 + 0.07 124.42 + 1.47 ---

45.86 + 0.19 40.72 + 0.04 45.10 + 0.06 124.79 + 1.36 -

45.86 + 0.19 50.90 + 0.05 36.99 + 0.05 125.82 + 1.43 ---

Average 125.01 + 1.43 127.07

*One-half the difference between the critical heights calculated with the neutron flux going to zero at
the physical and extrapolated boundaries.
bEighteen-group GAMTEC-II calculations using the original GAMTEC-II cross-section library.?
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an extrapolation distance of 2.49 cm was calcu-
lated for the 14.62 wt% Pu-enriched fuel and
yielded a constant geometrical buckling of
125.01 + 1.43 cm~? for the three assemblies.

Although various processing techniques are
currently being evaluated for reducing ENDF
cross sections to a usable format, ENDF cross
sections were not used in calculating the extrapo-
lation distances. However, as shown in Tables
II and IV, the cross sections used (original
GAMTEC-II cross-section library) were capable
of computing the six unreflected critical assem-
blies to within 13 mk. Although the ENDF cross
sections should not affect the calculated values
for the extrapolation distances and, thus, the
buckling calculated for a given system, there are
some indications that the various cross-section
processing codes insert their own bias.* However,
since buckling conversion tends to be self-com-
pensating, the effects on the results reported in
this paper are small and are within the error
limits quoted.

Since the bare critical size was not measured
for a 7.89 wth Pu-enriched system, calculations
had to be relied upon entirely to obtain a critical
buckling for this fuel. For the 30.0 and the 14.62
wt% Pu-enriched fuels the respective GAMTEC-II
calculated material bucklings were within about
4.0 m™2 of the critical bucklings determined for
these fuels (see Table VI). Consequently, a
GAMTEC-II calculated buckling of 111.0 m~? and a
standard deviation of 5.0 m~? was assumed for
the 7.89 wt% enriched fuel.

Extrapolation distances for each of the re-
flected assemblies were determined by equating
the critical buckling of each fuel to the measured
physical size of the respective critical assem-
blies. These extrapolation distances are plotted
in Fig. 6 as an inverse function of the cross-sec-
tional area of the respective assemblies. A linear
extrapolation of these data was made to obtain the
extrapolation distance for a slab of each fuel in-
finite in two directions. The reflected extrapola-
tion distances obtained in this manner for an
infinite slab are consistent with the infinite slab
thicknesses obtained independently in Figs. 3, 4,
and 5 (except that the slab thickness shown for the
7.89 wth Pu-enriched fuel is not completely in-
dependent, as discussed before). These extrapo-
lation distances and slab thicknesses will yield the
critical buckling of the respective fuel within the
error limits quoted. As in past critical experi-
ments of this type, the extrapolation distances,
obtained in this manner, appear to be 2 more sen-
sitive indicator of any scatter in the experimental

‘L. E. HANSEN and E. D. CLAYTON, Trans. Am.
Nucl. Soc., 15, 1 (1972).
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Fig. 6. Variation in average extrapolation distance
with geometry.

data than do the corresponding critical dimen-
sions. It was for this reason that the extrapolation
distance of 7.28 cm thus obtained for the 7.89 wt%h
Pu-enriched fuel (where some scatter was ob-
served in the critical heights as the infinite case
was approached) was given some consideration, as
mentioned before, in obtaining a critical thickness
for a reflected slab of this fuel infinite in two di-
rections.

DERIVED DATA FOR NUCLEAR
CRITICALITY SAFETY

To facilitate the use of the experimental data in
establishing criticality safety limits, buckling con-
versions were employed to obtain both bare and
Plexiglas-reflected sizes for each of the fuels in
spherical, cylindrical, and slab geometries. Each
of these values was then calculationally corrected
for density, carbon, and oxygen effects to obtain
critical sizes at the respective H/X atomic ratios
for theoretical density 2**Pu0,-U(0.71)0z-Hz:0 in
both bare and water-reflected spherical, cylindri-
cal, and slab geometries. These values are tabu-
lated in Table VII.
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TABLE VII
Critical Dimensions in Spherical, Cylindrical, and Slab Geometries
Critical Dimensions, cm®
Geometry Infinite Slab Sphere " Infinite Cylinder
Reflection Bare Reflected Bare Reflected Bare Reflected
Critical Assembly 47.4 H/X Atomic Ratio at 30.0 wt% Pu
PuO;- UO;-polystyreneb 21.70 £ 0.15 | 10.80 + 0.11 | 24.20 £ 0.14 18.50 + 0.27 17.94 £ 0.11 12.31 £ 0.10
23%py0,- U(0.72)0,-water | 14.95 + 0.10 7.06 £ 0.07 | 17.05 £0.10 | 13.16 £+ 0.13 12,18 1 0.07 8.60 + 0.07
30.6 H/X Atomic Ratio at 14.62 wt% Pu
PuO;-UOz-polystyrene® 23.22 £+ 0.21 11,56 + 0.09 | 25.67 £ 0.17 | 19.72 + 0.21 19.08 £+ 0.14 | 13.19 £ 0.12
23°py0,- U(0.72)0z-water® 8.20 + 0.08 7.86 + 0.06 18.52 £ 0.12 14.41 £ 0.15 13.57 £ 0.10 9.48 + 0.09
51.8 H/X Atomic Ratio at 7.89 wt% Pu
PuO,- UO;-polystyrene® 25.31 +0.20 | 14.83 + 0.60 | 27.64 +0.10 | 22.56 + 0.10 | 20.62 +0.10 | 15.58 + 0.10
#3%py0,- U(0.72)0a-waterc | 18.61 + 0.15 | 10.48 + 0.42 | 20.62 + 0.07 16.91 £+ 0.07 | 15.30 £ 0.12 | 11.50 + 0.07

Critical thickness of slabs infinite in two directions and critical radii of spheres and infinitely long cylinders.
bDensity and isotopic concentrations of experimental fuel as given in Table I, full Plexiglas reflection where applicable.
¢Theoretical density oxide-water, full water reflection where applicable; H/X = 47.4, 600 g oxide/liter; H/X = 30.6,

900 g oxide/liter; H/X = 51.8, 549 g oxide/liter.

The bare and water-reflected spherical critical
radii and masses are compared in Figs. 7 through
10 with previously reported® sets of curves calcu-
lated for use as guides in establishing nuclear
criticality safety limits. As can be seen in these
figures, the critical sizes and masses derived
from the experimental data agree quite well with
the calculated curves in the concentration region
between about 500 and 1000 g oxide/liter and over
the entire uranium enrichment range above 8%.

—1% wt% Pqu IN PuOZ-UO2
[ | === CALCULATED Pqu-U(O.n)Oz-WATER
—- DATA (REF. 3)
1 x  EXPERIMENTAL 2% y0,-WATER DATA %
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Fig. 7. Unreflected spherical critical mass—

2%py03z-U(0.71)0Oz -water mixtures.

The curves shown in Figs. 7 through 10 were
generated® by Hansen using 18-group GEMTEC-II
averaged cross sections from the original
GAMTEC-II library® in the one-dimensional neu-
tron transport theory code, DTF-IV.!® Values are
shown in Tables III, IV, and V for those experi-
mental critical assemblies that lend themselves to
this calculational technique. For comparison pur-
poses, and for extending the theory-experi-
ment correlations to the reflected, finite, critical
assemblies, some calculated values using the
Monte Carlo code, KENO-I" with 18-group
GAMTEC-II averaged cross sections are also
shown in these three tables. In each case com-

5C. R. RICHEY, J. D. WHITE, E, D, CLAYTON, and
R. C. LLOYD, Nucl. Sci. Eng., 28, 150 (1965).

8S. R. BIERMAN, L. E. HANSEN, R. C. LLOYD, and
E. D. CLAYTON, Nucl. Appl., 6, 23 (1969).

"S. R, BIERMAN and E, D, CLAYTON, Nucl. Technol.,
11, 185 (1971).

8S. R. BIERMAN, E. D, CLAYTON, and L. E. HAN-
SEN, Nucl. Technol., 15, 5 (1972).

9 L. E. HANSEN, S. R. BIERMAN, and E. D. CLAY-
TON, ‘‘Criticality of Mixed PuO3-UO; Systems,’’ Reac-
tor Physics Quarterly Report, BNWL-1150, p. 5.6,
Pacific Northwest Laboratory (1969).

10K, D. LATHROP, ““DTF-IV—A Fortran-IV Program
for Solving the Multigroup Transport Equation With
Anisotropic Scattering,”’ LLA-3373, Los Alamos Scien-
tific Laboratory (1965).

11 G, E. WHITESIDES and N. F. CROSS, ‘‘KENO—A
Multigroup Monte Carlo Program,’”’ CTC-5, Union Car-
bide Corporation (1969).
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Fig. 8. Unreflected spherical critical radius—>>*Pu0O2-U(0.71)Oz-water.

Fig. 9. Water-reflected spherical critical mass—’”Pqu-U(O.n)Oz-water.

REFLECTED SPHERICAL CRITICAL RADIUS, cm

Fig. 10. Water-reflected spherical critical radius —>>*Pu02-U(0.71)Oz -water.
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pared, the GAMTEC-KENO calculation yielded a
keg value about 10 mk lower than the comparable
GAMTEC-DTF calculation. For the reflected
critical assemblies checked, the GAMTEC-KENO-
calculated ks values were consistently greater
than unity by about 10 to 40 mk.

Also shown in Tables I, IV, and V, for com-
parison, are ke values for a few of the critical
assemblies using 18-group GAMTEC-II ENDF/B-
II cross sections. A more thorough testing and
evaluation of the cross-section data with these and
other previously reported critical experiments is
the subject of a paper* currently being prepared
for publication. Briefly, however, the 18-group
averaged cross-section data were obtained from
the ENDF/B-I library by using the FLANGE
code? to process the thermal data and the ETOG
code®™ to process the epithermal data for broad
group averaging in GAMTEC-II. Except for the
7.89 wt% Pu-enriched fuel, KENO-I-calculated
kess values using these cross-section data were
slightly higher than comparable values obtained
from the GAMTEC-KENO calculations with the
original GAMTEC-II cross sections. For the
7.89 wt% Pu-enriched fuel, which had the lowest
concentration of Pu, essentially the same KENO-
I-calculated kesf values were obtained with either
set of cross-section data.

The KENO-I calculated k.g values for the Plex-
iglas-reflected critical assemblies were consis-
tent with the ke values obtained for the bare
critical assemblies. Consequently, the ENDF/B-II
cross sections generated for the Plexiglas are
satisfactory. This is further confirmed by the
good agreement obtained between the results of
one-dimensional diffusion theory calculations
(computer code HFN), shown in Tables III, IV, and
V, and the experimentally determined critical
thicknesses of Plexiglas-reflected slabs of each of
these three fuels infinite in two directions.

CONCLUSIONS

The results of the critical experiments re-
ported in this paper provide the initial experi-
mental data on critical masses and sizes of
homogeneous mixtures of PuO:-UO: and include
data points in the 8 to 30 wt% Pu enrichment range
that is currently of interest in the LMFBR pro-
gram. The data for the 7.89 wt% Pu-enriched fuel

12 C, HONECK and D. R. FINCH, ‘“FLANGE-II
(Version 71-1): A Code to Process Thermal Neutron
Data From an ENDF/B Tape,” DP-1278 (ENDF-152),
Savannah River Laboratory (1971).

13D, E. KUSNER, R. A. DANNELS, and S. KELLMAN,
‘““ETOG-I: A FORTRAN-IV Program to Process Data
from the ENDF/B File to the MUFT, GAM, and ANISN
Formats,” WCAP-3845-1 (ENDF-114), Westinghouse
Electric Corporation (1969).

BIERMAN et al.

(H/Pu = 659) are very near optimum moderation
with respect to mass and thus provide a data
check point on the minimum critical mass of
mixed oxides at the 8 wt% enrichment level. The
data from the 14.62 wt% Pu-enriched fuel (H/Pu=
210) provide a check point at near minimum
critical volume in the intermediate enrichment
region. The data from the 30.0 wt% Pu-enriched
fuel is in the oxide concentration range of nearly
constant critical volume and thus provide a check
for calculations over a very wide range of concen-
trations. The calculations reported in this paper
indicate that this range of constant volume may
exist for all 30.0 wt% Pu-enriched oxide concen-
trations above about 200 g/liter, except for a
slight decrease as the theoretical oxide density is
approached. Data in this area (3 H/X) are cur-
rently being obtained.

Calculated k¢ values, at all three enrichments,
are in general agreement with the observed criti-
cal sizes; however, except for the 8 wt% Pu en-
riched fuel, calculated values based on ENDF/B-II
data result in slightly higher values of keff than
do the same calculations based on the original
GAMTEC-II cross section data previously used at
the Hanford Critical Mass Laboratory for evalu-
ating plutonium-fueled critical experiments. It
should be borne in mind that in all three cases the
assemblies were relatively well moderated, as the
H/Pu ratios were in the range between 158 and
659. It is to be expected that the computed values
may agree less well with experimental data on
more highly undermoderated systems where reso-
nance absorption becomes more significant. For
the more thermalized 8 wt% fuel, good agreement
was obtained between experiments, both sets of
cross-section data, and calculational methods.

A comparison between the data derived from
these critical experiments and curves generated
by Chalmers'*»*® using the Monte Carlo code
GEM-IIL,* will show general agreement. His re-
ported values for the reflected systems, however,
are slightly nonconservative, with respect to crit-
icality safety, whereas the bare systems tend to
be slightly conservative.
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