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RESUME

On a validé le programme KENO V.a ainsi qu'une bibliothèque de
données sur la section efficace de 27 groupes d'énergie neutronique,
ENDF/B-IV, en comparant les résultats du calcul avec les résultats expéri-
mentaux du calcul repère critique des systèmes d'235U faiblement enrichi
(< 5% en poids) provenant de la documentation et d'essais récents d'EACL
Recherche avec le Réacteur de Démonstration SLOWPOKE. Il est établi que la
combinaison du programme de calcul et de la bibliothèque de données con-
viennent très bien pour effectuer les analyses de criticité sûreté des
systèmes d'235U faiblement enrichi, les valeurs moyennes de réactivité
calculée étant à IX près des valeurs expérimentales.
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ABSTRACT

The criticality safety analysis program KENO V.a, together with a
27-energy-group ENDF/B-IV criticality safety cross-section library, has
been validated by comparison of calculations with the experimental results
from critical benchmarks dealing with low-enriched (<5 wt%) 2 3 5U systems,
obtained both from the literature and from recent AECL Research experiments
with the SLOWPOKE Demonstration Reactor. The combination of the code and
this data library is shown tp be very suitable for criticality safety
analyses of low-enriched 2 3 5U systems, with mean values of the calculated
reactivities being within 1% of the experimental values.
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1. INTRODUCTION

In recent years, the standard computer program used within AECL
Research for the criticality safety assessment of the storage and/or
transport of special fissionable material (SFM) has been the Monte Carlo
program KENO IV [1]. The basic KENO code, which evolved through several
versions, has been extensively used internationally for criticality safety
calculations for many years. An updated version of this program, KENO V.a
[2], has been obtained as part of a code package designed to evaluate the
shielding and criticality safety aspects of the handling of nuclear
materials. This code package, named SCALIAS 3.1 [3], is a subset of a
modular code system for performing Standardized Computer Analyses for
Licensing Evaluations, or SCALE [A].

It is an established principle of criticality safety that methods
of computing the effective neutron multiplication factor (ka££) of a system
must first be validated by direct comparison of calculated results with
relevant experimental data over a specified area of applicability [5].
However, the area of applicability of a validated method may be extended
beyond the range of experimental conditions for which a bias in the
validation work has been established by making use of trends in the bias
[5,6].

Since its release, it has been reported that KENO V.a, combined
with one or two standard criticality safety cross-section libraries, has
been validated, as discussed above, for a variety of applications,
including low-enriched 2 3 5U systems (<5 wt% 2 3 5U in total U) [7-10], highly
enriched 2 3 5U systems (>90 wt% 2 3 5U in total U) [8,11], and mixed
plutonium/uranium systems [12-14].

This report discusses the validation of the KENO V.a code,
together with a 27-energy-group ENDF/B-IV criticality safety cross-section
library, for certain low-enriched (<5 wt%) 2 3 5U systems by comparison of
calculations with a number of critical experiments, obtained both from the
literature and from recent AECL Research commissioning tests of the
SLOWPOKE Demonstration Reactor (SDR). This library, which was received as
part of the SCALIAS code package, is a standard criticality safety library
originally obtained by collapsing a 218-group ENDF/B-IV criticality
library.

2. PROGRAM DESCRIPTIONS

A very important part of the SCALIAS 3.1 package [3] is the
Criticality Safety Analysis Sequence (CSAS) control module, CSAS4 [15],
which has been designed to read input data in a very flexible manner and
then to run a (variable) sequence of computer programs to pre-process and
reformat cross-section information before calling the principal criticality
analysis program, KENO V.a. CSAS4 generates most of the input necessary to
run these various codes automatically, for example, calculating atomic
densities for mixtures and solutions from engineering-type specifications,
such as volume fraction or percent theoretical density. The control module
selects an optimum set of options for the treatment of cross sections in
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the resonance energy region, then calls a sequence of functional programs
described below to perform the physics calculations for the problem under
study.

The first program called by CSAS4, named BONAMI-S 116], was
designed primarily to perform resonance self-shielding calculations for
nuclides that have Bondarenko data [17] given in the 16-energy-group
Hansen-Roach library, which was not used in the work reported here. For
the 27-energy-group library used in the present study, the only task
performed by BONAMI-S was to select the required material cross sections
from the master cross-section library, according to a list (created by
CSAS4) of nuclides used in the problem, and to create a smaller library for
subsequent calculations. No other data processing was performed at this
stage of the sequence.

The next program called in the sequence, NITAWL-S [18], calculates
a self-shielding correction for resonance-absorbing nuclides having the
required resonance parameters in the basic cross-section data library, such
as the 27-group library used for the present work. NITAWL-S employs the
Nordheim Integral Treatment [19] for resolved resonances, together with a
simplified treatment of unresolved resonances, to calculate these
corrections in a problem-dependent manner. The program also performs
cross-section reformatting operations for all criticality libraries.

Although XSDRNPM-S [20], a one-dimensional discrete-ordinates
transport code, may be included in the analysis sequence to provide cell-
weighted cross sections for cases where a homogeneous representation of a
heterogeneous configuration is required, this feature was not used in the
present study.

KENO V.a calculates keff» the effective neutron multiplication
factor for the system under study, using the processed cross sections
provided by the above programs. The main improvement in KENO V.a over
KENO IV is an extended and extremely versatile geometry capability. An
"arrays of arrays" feature allows arrays to be built of other arrays, with
nesting to any depth. A "holes" option permits the placement of one or
more geometry regions within other geometry regions, with nesting to any
depth. Together, these two options permit the explicit modelling of many
complex, heterogeneous geometries that previously (e.g., with KENO IV)
would have had to be modelled as one homogeneous region. The second
obvious advantage of this method is that it uses cross sections that have
been rigorously tailored to the specific problem under study, rather than
having to use a pre-defined subset of cross sections created using a
generalized resonance correction.

For quality assurance purposes, the source code was obtained
directly from the Radiation Shielding Information Center (RSIC) [3], which
in turn received the program directly from the program authors [2,4]. Only
those changes to the programs that were necessary to make them run properly
on the Whiteshell Laboratories (WL) VAX computers were made; no changes to
the physics of the programs were made. The calculations performed for this
report used CSAS4 (AECL version 1.2) and BONAMI-S (version 1.1), both
created on 1988 September 7, as well as NITAWL-S (version 2.0) and KENO V.a
(version 2.0), both created on 1990 February 7. No changes were made to
the data library received from RSIC; this library was created at WL on 1987



July 29. After having been implemented on the WL VAX cluster of computers,
each program was tested using test cases provided with the code package.
The test case outputs were compared in detail with the sample outputs,
which were also provided, to ensure that no significant differences
existed. For the KENO V.a program, 25 such sample cases, exercising a wide
variety of program options and methods, were satisfactorily tested before
the validation study commenced.

The calculations performed for this report have all been performed
by using the CSAS4 control module to run the BONAMI-S - NITAWL-S - KENO V.a
sequence of codes. In general, the default options selected by CSAS4 have
been retained in the calculations, although two KENO V.a options, the
ability to select a specific neutron starting distribution (e.g., flat or
cosine-shaped) and the selection of a different random number seed, have
been used in some of the calculations. The majority of the KENO V.a
calculations were run for 103 generations of 300 neutrons each, both
KENO V.a default values. For three calculations with a more complex
geometry, cases 41-43 of Reference 7 (see also Table 3), 103 generations of
500 neutrons each were used. For a given generation, KENO V.a uses a
starting neutron distribution based on the fission locations determined
during the previous generation to calculate the effective neutron
multiplication of the present generation. Standard KENO V.a practice of
ignoring the results of the first three generations, and then taking the
average of the remaining (100) values of ke£f was followed in all cases.
(This procedure allows the original (arbitrary) starting neutron
distribution to evolve into a more realistic distribution before using the
results.) The KENO V.a output from each calculation was manually examined
to ensure that the neutron source distribution had converged before
accepting the results.

The validation work described in this report applies to the
combination of the KENO V.a program and the CSAS4 methods of producing the
resonance-corrected cross sections used by KENO V.a.

3. HETEROGENEOUS SYSTEMS

The most frequent type of criticality assessment that has been
requested at Whiteshell in recent years has involved the storage or
transport of discrete-fuel-pin-type systems, usually dealing with bundles
of fuel elements designed for any one of several reactors, e.g., WR-1 [21]
or SDR [22]. Typical storage problems concern the storage of irradiated
fuel in a light-water pool or concrete canisters, while transport problems
involve the placement of fuel in containers with thick steel and/or lead
walls for radiological shielding purposes. These reactors have, in the
past, been designed to use low-enriched (less than 5 wt% 2 3 5U ip total U)
uranium fuel, and tighter restrictions on the future use of highly enriched
uranium will increase the predominance of low-enriched fissionable material
in future criticality assessments.

The first set of heterogeneous validation calculations involved a
collection of nine critical experiments compiled by an international
committee as a standard problem exercise for criticality codes for used
light-water reactor (LVR) fuel transport containers [23]. These cases
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involve heterogeneous assemblies of low-enriched (2.35 to 4.75 wt% 2 3 5U)
U02 fuel rods in geometries simulating used-fuel transport containers or
storage facilities. Relevant experimental details are presented in
Appendix A. The KENO V.a results for these calculations (keff ± la) are
given in Table 1, along with a brief description of each experiment. The
individual results ranged from 0.9829 ± 0.0038 to 0.9961 + 0.0050.

Further heterogeneous critical experiments were obtained from the
results of the SDR Commissioning and Test Program [22]. Selected
experimental details are again discussed in Appendix A. Cases with both
heterogeneous and dispersed-type (i.e., liquid) neutron poisons have been
included in the present study. The results of these calculations, together
with a brief description of each experimental configuration, are presented
in Table 2. Each of the calculated k-ef£'s agrees with the experimental
reactivity* (keff = 1.000) to better than 10 ink, or 1%.

4. HOMOGENEOUS SYSTEMS

Although not as frequent as discrete-pin-type criticality
assessments, assessments dealing with homogeneous mixtures of fissionable
material and moderators do occur at Whiteshell Laboratories. Experiments
dealing with aqueous solutions of fissionable materials and the storage or
handling of waste material from day-to-day operations with irradiated
fissionable material are some examples of homogeneous systems that may
require criticality assessment. The neutronic characteristics of such
homogeneous systems, e.g., in terms of H:235U atomic catios, may be quite
varied.

These calculations of homogeneous systems were performed for a
compilation of 32 critical experiments having 2 3 5U enrichments of <5.0 wt%
and covering a wide range of geometries and H:235U ratios [7]. These
critical experiments have been repeatedly used for previous criticality
code validation studies [e.g., 7, 24], The majority of these experiments
involve homogeneous mixtures of UF4 with paraffin, although some of the
cases involve uranium solutions or interstitially moderated arrays of cans
filled with U308. Both reflected and unreflected cases were studied.
Experimental details are presented in Appendix A. The KENO V.a results for
these calculations (keff ± la) are given in Table 3, along with a brief
description of each experiment. Individual results ranged from a minimum
of 0.9837 + 0.0036 to a maximum of 1.0190 + 0.0042.

5. DISCUSSION AND CONCLUSIONS

The results of the heterogeneous and homogeneous calculations
discussed in the previous sections are plotted versus enrichment in

The reactivity p of a system is a measure of how much, if at all, the
ke££ of a system differs from exact criticality (keff = 1.000), with
P = (ke£j - l)/keff. Reactivity is frequently discussed in units of
milli-k, or mk, where 1 mk is one part in one thousand of keff, or
1 mk = O.Uk e f f.
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Figures 1 and 2 respectively. In the interest of clarity in viewing the
figures, the positions of a small number of data points have been slightly
adjusted horizontally so that data points do not coincide. The only trend
evident from an examination of the results is a slight increase in keff

with enrichment for those critical experiments having homogeneous mixtures
of uranium and paraffin [7] (see Figure 2). However, the same set of
experiments has also been used for two previous validations, which used
different code/library combinations [7,24], and a plot of those results
(Figure 3) shows very similar trends. Thus, the correlation of keff with
enrichment evident in Figure 2 would seem to be related more to a bias in
the experiments than to a problem with the present version of either the
KENO V.a code or the 27-energy-group cross-section library. No significant
dependence of keff on the H:

235U atomic ratio was observed for the
homogeneous systems.

The weighted mean (km) of the calculations with the two different
types of experimental systems (heterogeneous and homogeneous) and the
standard deviation of che data (<Jm) have been calculated according to the
formulae [25]

K - M k ^ 2 ) (i)

[ 11/2

N - 1 J (2)

In the above formulae, the summation symbol (£) indicates the sum over all
the data points in the particular set of calculations under discussion.
The symbols kt and ai refer to an individual value of keff and the standard
deviation in that value, as given in Tables 1 to 3. The symbol N denotes
the total number of data points in the data set under consideration.

The values of km and am for the 13 heterogeneous calculations
presented in Tables 1 and 2 were calculated to be 0.99102 and 0.00579
respectively. Similar values for the 32 homogeneous calculations presented
in Table 3 are 0.99776 and 0.00944. Using the Student's t-distribution
[26J with a sample size of 13, one can say that there is a 99.5%
probability that the ke£f of a Monte Carlo calculation for a critical
system will be greater than (km - 3am). The equivalent value for a sample
size of 32 is 99.7%. [It should be noted that the probability quoted here
is not the (standard) probability that an observation of a quantity x will
be between the limits (u - za) and (u + ztx) (u s the mean value for the
system), but the total probability that the observation will be greater
than the lower limit (u - zcx).] The value of the quantity (km - 3cxm) for
the 13 heterogeneous calculations is 0.97365 and for the 32 homogeneous
calculations, 0.96944.

It may be concluded that a small, non-conservative bias of 9 mk,
or 0.9%, is apparent in the results of the heterogeneous calculations. No
significant bias is evident in the homogeneous calculations. However, the
method of comparing che calculated kef£ of the system under study with the
limit of (km - 3<Jm) does take into consideration any possible biases in the
present calculations.
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A frequently used criterion for ensuring subcriticality when
performing criticality safety assessments is that (ke£f + 2a) for the
system under study must be lower than the limit of a validation exercise.
Statistically, assuming that any single calculation of kef£ is equivalent
to a random observation from a normal probability distribution around a
correct (mean) value for the system under study, it may be stated that
there is a 91,1% probability that an individual calculation will yield a
result for ke£f such that the correct value lies below (keff + 2a) [2J\.
It has been previously stated that there exists a 99.5% probability that
the calculated keff for a critical system will be greater than (km - 3am).
The criterion stated above increases the confidence in using these methods
to define subcriticality by demanding that (keff + 2a), and not merely
keff, must be less than (km - 3am).

The above discussion has attempted to establish a statistical
criterion for deciding whether a given system is, or is rot, subcritical.
The criterion for defining a subcritical system using the KENO V.a
criticality safety methods discussed in this report is that (keff + 2a) for
the system under study should be below the limit of (km - 3a m), where the
value for (kro - 3am) is determined from an appropriate set of neutronically
similar critical experiments. For example, the value of (km - 3am) should
be taken as 0.97 for water-moderated SDR fuel bundles.

It is recognized, however, that any regulatory body dealing with
criticality safety may establish its own acceptance criteria at any time.
The criterion proposed above should only be used to gauge the ability of
KENO V.a to accurately predict the criticality status of the exact system
modelled. It does not take into account such factors as errors in the
experimental benchmarks, failures to observe administrative controls, or
physical changes in the system under study with time. Larger safety
margins may be applied to accouut for these uncertainties.

In conclusion, KENO V.a, used with the 27-energy-group ENDF/B-IV
criticality safety library, has been shown to be very suitable for
criticality safety analyses of low-enriched 2 3 5U systems. KENO V.a is used
throughout AECL Research for criticality safety calculations. KENO V.a
results are accepted by the Whiteshell Laboratories Criticality Panel in
support of criticality safety applications at Whiteshell involving fuel
types covered in this validation report.
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TABLE 1

CALCULATED kef f FOR LOW-ENRICHED
CRITICAL EXPERIMENTS (HETEROGENEOUS SYSTEMS)

AS MODELLED IN OECD/NEA/CSNI-71

OECD/NEA/CSNI-71
Case No.

1-1

1-2-1

1-2-2

2-1

2-2

3-A-l

Description of
Critical Experiment3

Critical array of U(2.35)02
b fuel

rods in H20, pitch = 2.032 cm,
20 x 18 rods with 15.2-cm H2O
reflector on all sides.

Critical array of U(4.75)O2 fuel
rods in H20, pitch = 1.26 cm,
22 x 22 rods, critical H2O height
= 90.69 cm with 20-cm H20 reflector.

Critical array of U(4.75)02 fuel
rods in H2O, pitch = 1.60 cm,
16 x 17 rods, critical H20 height
= 73.53 cm with 20-cm H20 reflector.

Critical array of U(2.35)O2 fuel
rods in H20, pitch = 2.032 cm,
3 x 1 array of 20 x 17 rods with
Boral plates between clusters, with
15.2-cm H20 reflector.

Critical array of U(4.75)02 fuel
rods in H20, pitch = 1.60 cm, 2 x 2
array of 18 x 18 rods with Boral
plates between clusters, with
28.7-cm H20 reflector.

Critical array of U(2.35)02 fuel
rods in H20, pitch = 2.032 cm, 3 x 1
array of 19 x 16 rods with lead
reflecting walls 10.2 cm thick on
two sides, and 15.2-cm H20 reflector.

0

0

0

0

0

0

Calculated
keff ± l o

.9920

.9868

.9961

.9829

.9936

.9919

± 0.0038

+ 0.0053

+ 0.0050

± 0.0038

± 0.0045

± 0.0036

continued...
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TABLE 1 (concluded)

OECD/NEA/CSNI-71
Case No.

3-A-2

3-B-l

3-B-2

Description of
Critical Experiment3

Critical array of U(4.75)02 fuel
rods in H20, pitch = 1.60 cm, 2 x 2
array of 18 x 18 rods with Boral
plates between clusters and with
lead reflecting walls 10.0 cm thick
on four sides, and 18.7-cm H20
reflector.

Critical array of U(2.35)O2 fuel
rods in H20, pitch = 2.032 cm, 3 x 1
array of 19 x 16 rods with steel
reflecting walls 17.78 cm thick on
two sides, and 15.2-cm H20 reflector.

Critical array of U(4.75)02 fuel
rods in H20, pitch = 1.60 cm, 2 x 2
array of 18 x 18 rods with Boral
plates between clusters and with
steel reflecting walls 15.0 cm thick
on four sides, and 13.7-cm H20
reflector.

Calculated

Ktt ± la

0.9875 + 0.0043

0.9863 + 0.0036

0.9832 + 0.0045

a The descriptions given relate to the experimental conditions at which
criticality was achieved, i.e., keff = 1.

b Read as U0-,, with uranium enriched to 2.35 ut% in 2 3 5U.
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TABLE 2

CALCULATED It.ff FOR SDR CRITICAL EXPERIMENTS

Description of
Critical Experiment61

Standard SDR four-bundle
core geometry, central
control rod not present,
absorber plates raised
20.52 cm.

Standard SDR four-bundle
core geometry, control rod
fully inserted, absorber
plates raised 21.93 cm.

Standard SDR four-bundle
core geometry, control rod
raised 15.24 cm, absorber
plates raised 21.46 cm.

Standard SDR four-bundle
core geometry, gadolinium
(at a concentration of 132 ppm)b

uniformly mixed into water
(as gadolinium nitrate solution),
control rod raised 27.51 cm,
absorber plates raised 26.93 cm.

i

i

Calculated
keff ± l o

0.9918 ± 0.0046

0.9999 + 0.0047

0.9986 ± 0.0044

0.9982 ± 0.0045

The descriptions given relate to the experimental conditions at which
criticality was achieved, i.e., keff = 1.

1 ppm = 1 uL/L, 1 ug/g
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TABLE 3

CALCULATED kBff FOR LOW-ENRICHED
CRITICAL EXPERIMENTS (HOMOGENEOUS SYSTEMS)

AS MODELLED IN ORNL/CSD/TM-223

T"
JORNL/CSD/TM-223

Case No.
Description of

Critical Experiment*
Atomic Ratio

An unreflected rectangular
parallelepiped (cuboid) of homo-
geneous U(1.4)Fjb and paraffin,
93.1 x 93.0 x 123.8 cm.

An unreflected cuboid of homo-
geneous U(1.4)F4 and paraffin,
100.0 x 99.9 x 103.1 cm.

An unreflected cuboid of homo-
geneous U(1.4)F.j and paraffin,
130.7 x 130.6 x 74.2 cm.

A reflected cuboid of homogeneous
U(2)F4 and paraffin,
56.22 x 56.22 x 112.88 cm;
reflected by 15.2 cm of paraffin
on top and sides, and 15.2-cm
Plexiglas on bottom.

An unreflected cuboid of homo-
geneous u"(2)F4 and paraffin,
71.47 x 71.47 x 94.14 cm.

A reflected cuboid of homogeneous
U(2)F4 and paraffin,
51.11 x 51.11 x 73.87 cm;
reflected by 15.2-cm paraffin on
top and sides, and 15.2-cm
Plexiglas on bottom.

An unreflected cuboid of homo-
geneous U(2)F4 and paraffin,
56.22 x 56.22 x 122.47 cm.

A reflected cuboid of homogeneous
U(2)F., and paraffin,
53.67 x 53.67 x 54.20 cm;
reflected by 15.2-cm paraffin on
top and sides, and 15.2-cm
Plexiglas on bottom.

421.8

421.8

421.8

195.2

195.2

293.9

293.9

406.3

Calculated
t f f + lc

0.9837 + 0.0036

0.9859 + 0.0027

0.9879 + 0.0031

0.9995 + 0.0037

0.9879 + 0.0036

0.9966 + 0.0040

0.9994 ± 0.0039

0.9956 ± 0.0041

continued...
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TABLE 3 (continued)

ORNL/CSD/TM-223
Case No.

Description of
Critical Experiment3

Atomic Ratio
H:235U

Calculated

Ktf ± 1<J

16

17

18

19

20

21

22

A reflected cuboid of homogeneous
U(2)F4 and paraffin,
46.00 x 46.00 x 96.57 cm;
reflected by 15.2-cm paraffin on
top and sides, and 15.2-cm
Plexiglas on bottom.

A reflected cuboid of homogeneous
U(2)F4 and paraffin,
56.32 x 61.29 x 54.08 cm;
reflected by 15.2-cm polyethylene
on top and sides, and 15.2-cm
Plexiglas on bottom.

An unreflected cuboid of homo-
geneous U(2)F4 and paraffin,
61.3 x 66.54 x 82.42 cm.

A reflected cuboid of homo-
geneous U(2)F4 and paraffin,
76-51 x 76.44 x 82.42 cm;
reflected by 15.2-cm polyethylene
on top and sides, and 15.2-cm
Plexiglas on bottom.

An unreflected cuboid of homo-
geneous U(2)F4 and paraffin,
81.45 x 86.70 x 88.22 cm.

A reflected cuboid of homogeneous
U(3)F4 and paraffin,
51.14 x 51.14 x 51.27 cm;
reflected by 15.2-cm paraffin
on top and sides, and 15.2-cm
Plexiglas on bottom.

A reflected cuboid of homogeneous
U(3)F4 and paraffin,
43.47 x 43.47 x 86.39 cm;
reflected by 15.2-cm paraffin
on top and sides, and 15.2-cm
Plexiglas on bottom.

495.9 0.9967 ± 0.0031

613.6 0.9924 + 0.0038

613.6

971.7

971.7

133.4

0.9934 + 0.0034

0.9911 ± 0.0028

0.9912 + 0.0027

1.0190 + 0.0042

133.4 1.0049 + 0.0048

continued...
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TABLE 3 (continued)

ORNL/CSD/TM-223
Case No.

23

24

25

26

27

28

29

30

I

i
Description of

Critical Experiment3

A reflected cuboid of homogeneous
U(3)F4 and paraffin,
46.02 x 46.02 x 67.57 cm;
reflected by 15.2-cm paraffin
on top and sides, and 15.2-cm
Plexiglas on bottom.

A reflected cuboid of homogeneous
U(3)F4 and paraffin,
56.25 x 56.25 x 43.41 cm;
reflected by 15.2-cm paraffin
on top and sides, and 15.2-cm
Plexiglas on bottom.

A reflected cuboid of homogeneous
U(3)F4 and paraffin,
61.36 x 61.36 x 38.67 cm;
reflected by 15.2-cm paraffin
on top and sides, and 15.2-cm
Plexiglas on bottom.

An unreflected cuboid of homo-
geneous U(3)F4 and paraffin,
56.47 x 56.47 x 86.64 cm.

An unreflected cuboid of homo-
geneous U(3)F.j and paraffin,
56.25 x 61.36 x 74.38 cm.

An unreflected cuboid of homo-
geneous U(3)F,, and paraffin,
61.40 x 61.40 x 66.00 cm.

A reflected cuboid of homogeneous
U(3)F,, and paraffin,
40.81 x 40.80 x 39.49 cm;
reflected by 15.2-cm polyethylene
on top and sides, and 15.2-cm
Plexiglas on bottom.

An unreflected cuboid of homo-
geneous U(3)Fj and paraffin,
40.90 x 40.93 x 116.80 cm.

Atomic Ratio
H:235U

133

133

133

133

133

133

276.

276.

.4

.4

.4

4

4

4

9

9

1

1

0

1

1

1

1

1

Calculated
keff ± lff

.0090

.0146

.9984

.0118

.0070

.0021

.0070

0073

± 0

+ o

+ o

± o

+ o

+ o.

± o.

± o.

.0043

.0049

.0048

0039

0039

0037

0040

0039

continued...
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TABLE 3 (continued)

ORNL/CSD/TM-223
Case No.

31

32

33

34

35

36

41

i

Description of
Critical Experiment3

An unreflected cuboid of homo-
geneous U(3)F4 and paraffin,
48.59 x 51.14 x 48.53 cm.

An unreflected cuboid of homo-
geneous U(3)F<1 and paraffin,
81.71 x 81.66 x 31.34 cm.

A solution of U(4.98)O2F2 in a
cylinder, ID = 39.09, critical
height = 54.45 cm; in a stainless
steel tank, with a Cd/steel/H2O
reflector.

A solution of U(4.98)O2F2 in a
cylinder, ID = 33.02, critical
height = 143.0 cm; in a stainless
steel tank, with a steel/H20
reflector.

An unreflected stainless steel
' sphere, R = 25.3873 cm, filled
with U(4.98)02F2 solution.

An unreflected stainless steel
cylinder, ID = 39.10 cm, filled
to a height of 101.7 cm with
U(4.98)02F2 solution.

U(4.46)308 packed inside 42 Al
cans at H:U = 0.77, placed in a
three-dimensional array, with
Plexiglas moderator (2.5 cm
thick) between cans, and a
Plexiglas reflector, critical
table separation = 0.31 cm.

Atomic Ratio
H:235U

276

276

488

488

490

496

.9

.9

.0

.0

.0

.0

1

0

0

1

0

0

1

Calculated

Ktt ± 1«

.0143 ± 0.0037

.9972 ± 0.0039

.9992 + 0.0041

.0012 + 0.0046

.9985 ± 0.0051

.9880 ± 0.0042

.0107 + 0.0034

continued...
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TABLE 3 (concluded)

ORNL/CSD/TM-223
Case No.

42

43

Description of
Critical Experiment4

U(4.46)30B packed inside 100 Al
cans at H:U = 0.77, placed in a
three-dimensional array, with
Plexiglas moderator (2.5 cm
thick) between cans, and a
Plexiglas reflector, critical
table separation = 1.52 cm.

U(4.46)30a packed inside 100 Al
cans at H:U = 0.77, placed in a
three-dimensional array, with
Plexiglas moderator (1.0 cm
thick) between cans, and a
Plexiglas reflector, critical
table separation = 1.05 cm

Atomic Ratio
H:235U

Calculated
keff ± la

1.0010 ± 0.0031

0.9863 + 0.0031

a The descriptions given relate to the experimental conditions at which
criticality was achieved, i.e., ke££ = 1.

b Read as UF4, with uranium enriched to 1.4 wt£ in
 2 3 SU.
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APPENDIX A

EXPERIMENTAL DETAILS

A.I INTERNATIONAL PROBLEM EXERCISE IN CRITICALITY SAFETY

The nine experiments presented in Reference 1 were selected by an
international committee as a sequence of problems appropriate to the
validation of a calculational method of assessing the criticality safety of
containers designed to transport used light-vater-reactor fuel. The fuel
assemblies were water-moderated, and various cases included boron-aluminum
(Boral) plates between the fuel assemblies as neutron poisons, and/or steel
or lead biological shields around the fuel. The problems were arranged
with ever-increasing complexity, introducing one new parameter (e.g.,
neutron poisons or shielding walls) into the calculations at a time.

Experiment 1-1 in this set consisted of a single array of
20 x 18 U02 fuel elements, enriched to 2.35 wt% in

 2 3 5U, with a pitch of
2.032 cm [2]. At least 15.2 cm of water reflector existed on all six sides
of the array. The fuel element sheathing was aluminum. Experiments 2-1,
3-A-l, and 3-B-l consisted of a 3 x 1 array of the same type cf fuel
elements, with identical pitch, as illustrated in Figure A-l. The method
used for these experiments was to bring the three fuel assemblies together
slowly from a very large initial separation within a pre-flooded tank of
water until criticality was achieved. For the first of these experiments
(2-1) [2], Boral plates were placed between the fuel assemblies. In the
next experiments (3-A-l and 3-B-l) [3,4], the Boral plates were not in
position, but lead or steel reflecting walls respectively were placed on
the two long sides of the array (Figure A-l).

Experiments 1-2-1 and 1-2-2 of this compilation consisted of a
single array (22 x 22 and 16 x 17 respectively) of U02 fuel elements,
enriched to 4.75 wt% in 2 3 5U, as shown in Figure A-2 [5]. The fuel element
pitch was 1.26 and 1.60 cm respectively. The fuel element sheathing was
aluminum for these experiments. The experimental procedure for these cases
was to place very long fuel elements in a dry tank and then to slowly add
water until criticality was achieved at a certain water height. The next
case (2-2) had a 2 x 2 array of these same fuel rods, separated by Boral
plates, as shown in Figure A-3 [6]. Subsequent cases (3-A-2 and 3-B-2)
retained the Boral plates, but added lead, or steel, reflecting walls
respectively on all four sides of the fuel assembly [6].

A.2 SLOWPOKE DEMONSTRATION REACTOR CRITICAL EXPERIMENTS

The SLOWPOKE Demonstration Reactor (SDR) is a 2-MW(t) light-water-
cooled and moderated, pool-type reactor [7]. It is fuelled by a
2 x 2 array of fuel bundles, each consisting of a 7 x 7 square lattice of
fuel elements containing U0,. The uranium in the fuel elements is enriched
to approximately 5 vt% in " 5 U . A radial beryllium reflector surrounds the
fuel. Coarse reactivity control of the reactor is accomplished by the
symmetric movement of four hafnium neutron absorber plates located between
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the fuel bundles, while fine reactivity adjustment is via the movement of a
central, cylindrical hafnium rod.

In each of the experiments modelled for this work, the positions
of the control devices were adjusted until neutron instrumentation
indicated that SDR was exactly critical (keff = 1.000, to an accuracy of
fractions of 1 mk), and operating at a thermal power of a few watts
(<100 W), at a temperature of 20-25°C.

For the first experiment studied, the central control rod was not
installed in the reactor, and all control was accomplished by movements of
the absorber plates. For the second and third experiments, the control rod
was installed, and control of the reactor proceeded normally. The fourth
experiment involved the insertion of a large amount of a dispersed neutron
poison, in the form of gadolinium nitrate solution, into the reactor pool.
This negative reactivity was balanced by an appropriate withdrawal of the
control devices to re-establish criticality.

A.3 CRITICAL SYSTEMS OF HOMOGENEOUS MIXTURES AND SOLUTIONS

The majority of these experiments involved homogeneous mixtures of
UF4 with paraffin, although some of the cases involved uranium solutions or
interstitially moderated arrays of cans filled with U308. The UF4/paraffin
cases (cases 04 to 32 of Table 3) were originally compiled by the authors
of Reference 8, but have subsequently been used in a number of validation
studies [e.g., 9,10]. These experiments involved a single unit of a
homogeneous mixture of a moderator (paraffin) and a fissionable material
(UF4), with the uranium enriched to between 1.4 and 3.0 wt% in

 2 3 5U. Both
reflected and unreflected cases were studied. The variety of cases at each
enrichment reflect a wide variation in the relative amounts of 2 3 5U and
hydrogen in the mixtures, as given in Table 3.

Four solution-type cases (cases 33 to 36 of Table 3) were also
selected from References 8 and 9. The solution in each experiment was of
U02F2, with the uranium enriched to 4.98 wt% in

 2 3 5U. The cases involve
both unreflected and reflected spheres and cylinders of solution, and one
case (33) included the presence of a strong neutron absorber (cadmium).

The remaining three critical experiments studied (cases 41 to 43)
consisted of critical assemblies of a large number (42 to 100) of aluminum
cans filled with damp U309 powder, with the uranium being enriched to
4.46 wt% in 2 3 5U [11]. The cans were placed in a three-dimensional array,
separated by an interstitial moderator (Plexiglas), with a Plexiglas
reflector surrounding the array. These experiments were performed by
standard split-table methods.
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