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SUMMARY

This report describes the continued Swedish participation in a
working group created by the Committee on the Safety of
Nuclear Installations. The f i rs t study by the working group
involved a comparison of computer codes used for criticality
analysis of spent fuel transport. The present study involves a
comparison of codes used for cr i t ica l i ty analysis of large
arrays of transport packages.

The calculation problems selected by the working group include
both critical experiments and theoretical models. The results
for the experiments are reasonably well known; the uncertain-
ties are small. The results for the theoretical models are not
as well known.

Large arrays of fissile packages were calculated. Parameters
that were involved include

- internal moderation (homogeneous with fissile material),

- interstitial moderation (moderation separated from fissile
material - heterogeneous),

- fissile material type (uranium with different enrichments of
U-235 and plutonium).

- a r r a y s i z e ( 8 x 8 x 8 , 12x12x12 and 16x16x16)

To support the credibility of the results for the theoretical
models, a number of critical experiments involving arrays of
similar fissile materials were calculated.

The results were obtained with several different computer
codes by the working group members and were generally very
consistent. The spread in the final results was small.

The working group also made some calculations on mixed arrays
(co-mingling - different package designs shipped together).
The purpose was to give some information on the basis for one
of the rules of the IAEA Transport Regulations. If the trans-
port index (used to limit the number of f iss i le packages
during international transportation) is smaller for a mixed
array, the multiplication factor must not become significantly
higher.

The package designs selected by the working group for mixed
arrays were not (in my opinion) sufficiently different for a
test of the basis of the transport rules. An additional,
theoretical and non-fissile package design was added to the
Swedish study. In the calculations such non-fissile packages
replaced the same number of fissile packages in an 8x8x8 mixed
array.
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If mixed arrays are allowed during transport, it is possible
that other criteria of the transport regulations are not
giving the same safety as for uniform arrays. In the Swedish
study, the influence of concrete reflection on one side of an
array was compared with the influence of water reflection on
six sides.

The conclusion from the Swedish study on mixed arrays is:

The basis for the IAEA rules of calculating allowable numbers
for a mixture of package designs is questionable.

This includes mixing of a fissile package design with a non-
fissile package design. The basis for this conclusion has been
demonstrated for theoretical arrays but not for real package
designs. Further Swedish studies are planned.

The working group did not study the subject of mixed arrays
extensively. The general opinion seemed to be that there is
not enough evidence to question the basis for the IAEA rules.
The results for this part of the study was discussed during
the last meeting of the working group. A draft of the final
report had already been prepared.

Finally a number of critical experiments involving arrays of
high-enriched uranium solution was studied by some of the
members of the working group, including Sweden. The purpose
was to examine the reasons for the under-predictions of the
multiplication factor keff that had previously been obtained,
especially for large, unreflected (bare) arrays.

The examination of the specifications for these experiments,
led to a conclusion: The room return (reflection) of neutrons
from the surrounding concrete walls, ceiling and floor was
significant for the large, "unreflected" arrays.

The Swedish results for these arrays, including the room
return, show that the neglection of it is probably the main
reason for the previous under-prediction of keff. This has
been confirmed by other group members.

The calculation problems, selected by the working group, are
useful for validation of a calculation method. However, the
true results for the theoretical problems are not known and
even the results for problems based on critical experiments
may not be known very accurately (there are uncertainties in
the specifications of the experiments).

The working group is an excellent forum for studying subjects
related to criticality safety calculations. The availability
of the working group makes it possible to carry out studies
that are not conveniently carried out in a single country. The
members have different backgrounds and use different methods.
This helps to make results of the studies carried out by the
working group useful internationally.
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INTRODUCTION

The transport of fissile materials is a subject that involves
a large number of countries. Countries that have no nuclear
reactors may also become involved if the transport covers
their territory. International cooperation leads both to
increased safety and to increased understanding and acceptance
of the transports.

In 1980 the Committee on the Safety of Nuclear Installations
(CSNI) of the OECD Nuclear Energy Agency formed a working
group to compare nuclear criticality safety codes. The working
group has completed a study on calculations of experiments and
models typical for irradiated PWR (Pressurized Water Reactor)
fuel. A CSNI Report (No.71) and a Swedish report EMS/NC-2 have
been completed. Some primary results of the study were that:

- during the study it seemed to be easier to calculate experi-
ments than realistic problems. The reason for this is
probably that the experiments were, from a neutron physics
point of view, simpler and that the true results of the
realistic problems were not known.

- it is very important to study the influences of different
parameters on the multiplication factor (keff) before any
conclusions on the validation of a method and associated
data can be made,

- it can be quite difficult to identify significant parameters
in a specific problem that have not been validated (examples
are widths of water gaps, presence of voids and importance
of neutron absorbers),

The latest study of the working group involves large arrays of
fissile packages (units). It was completed during 1982 and
1983 and will be reported in the CSNI Report No. 78.

The international transport regulations require that five
times the allowable number of packages is subcritical during
normal transport conditions. This can result in a very large
array. There are not many critical experiments that can be
used to validate calculation methods for large arrays of
fissile units.

The International Atomic Energy Agency (IAEA) asked NEA/CSNI
to study such arrays. The IAEA also asked for some guidance on
both general criticality safety criteria and on specific
criteria for allowing different package designs to be shipped
together (mixing, co-mingling).

This report will concentrate on the Swedish experience and
conclusions drawn from the participation in the working group.
The reader is assumed to have access to the final CSNI report
No.78 when it is issued.

The calculation problems selected by the working group were
analyzed in Sweden using the SCALE-0 code system, developed at
the Oak Ridge National Laboratory (ORNL).
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SELECTION OF CALCULATION PROBLEMS

The working group decided to study large arrays of theoretical
and simplified packages (units). The parameters to be included
were: fissile material, moderation (both in fissile material
and between the uni ts) and U-235 assay (enrichment) in
uranium. The assay of U-235 will be described in the following
text as a value in brackets. As an example U(5.0)02 means 5.0
wt-X U-235 in uranium. It should be noted that the presence of
water between the units can be considered as a packaging
material. This water will function not only as a moderator of
neutrons but also as a reflector (the normalized leakage from
the array will decrease) and as an absorber. Also other
materials (including air) will have such effects. It should be
recognized that conclusions drawn from studies on infini te
arrays may not be valid for finite arrays.

Five groups of f i s s i l e materials were selected for the
theoretical problems. These materials were U(K)O.O) Metal,
U(100.0)NH-solution, dry U(5.0)02, wet U(5.o:oP and dry
Pu(25.0 wt-% Pu-240)02.

The geometry specifications for the units and the arrays were
simple. The units were spherical and the array cubical with
the size 8x8x8 (512 units). A water reflector surrounded the
array. Each unit was cubical with 60.0 cm side. The f i s s i l e
material was surrounded by a spherical water shell. The radius
of the fissile material was determined in advance by some of
the member countries in such a way that the k_£f for the
optimum water shell thickness would be close to 1.00. For each
material four calculations were to be carried out. One without
water shell, one with optimum water shell and one with a
thicker water shell. The fourth involved an infinite array of
units with the optimum water shell. In one case the optimum
water shell thickness turned out to be zero, which means that
there were altogether 19 calculation problems. The specifica-
tion for each problem will be given below (problems L.1-5).

To provide some credibility to the results for the theoretical
calculation problems, the working group selected six critical
experiments. Three of these were for high-enriched uranium
metal units and one experiment was .selected for each of the
materials high-enriched moderated uranium, low-enriched dry
uranium and low-enriched moderated uranium. The specifications
are giver, below (problems E.1-4).

A few members of the working group expressed concern for the
capability of Monte Carlo codes to calculate ke f f properly for
very large arrays. Four theoretical problems, involving
cubical arrays 12x12x12 and 16x16x16 were added. The speci-
fications are given below (problems VL.1-2).
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To consider the IAEA request for studies of the basis of rules
for shipping different fissile package designs together
(mixing, co-mingling), the working group selected two unit
types from the initial array study. The members were also
encouraged to study mixing with other units. Two cases of
mixed arrays were studied: the first involved an array of one
unit type surrounded by an array of another unit type. The
second case involved a checker board type of arrangement. The
specifications are given below (problems M.1-2).

There was very little discussion on what types of units that
would be expected to violate the basis for the rules of the
transport regulations. In my opinion, no combination of the
previously studied unit types would be expected to violate the
basis of the rules significantly. To violate the basis of the
rules, it must be shown that keff for a mixed array would be
significantly higher than for an optimally moderated array of
either unit type.

In my opinion there is no doubt that mixing of different
package designs according to the rules of the transport
regulations can lead to unacceptable risks. However, I can't
make any conclusions on the probability of such mixing of
packages during transports in different parts of the world. To
consider transports in the future is even more difficult.

To demonstrate a theoretical violation of the basis of the
rules of the transport regulations, a new unit type consisting
of a cube of natural uranium was introduced. The size was the
same as for the other unit types. The mixed array now studied
involved a 6x6x6 array of the high-enriched U Metal type unit
from the initial study, surrounded with the new natural
uranium units. The total array size was 8x8x8. The specifica-
tions are given below (problem M.3). The transport index for
the mixed array would be less than half of a 8x8x8 array of
the high-enriched units.

To demonstrate that the natural uranium and concrete units of
problems M.M are treated in the same way as fissile units, two
additional large array problems were added. Problem L.6.1
consists of an 8x8x8 array of natural uranium units. To add
some moderation, the sides of the cubes were made 55 cm and
they were surrounded by 2,5 cm of water on each side. Problem
L.6.2 consists of 8x8x8 units of concrete. The cubical units
had 60.0 cm sides. This problem was naturally not calculated.

The acceptance of the basis of the rules for mixing fissile
package designs is expected to violate the basis for other
criteria of the transport regulations. To demonstrate this, I
chose to study the array reflection criteria. The regulations
require that thick water reflection on all six sides of the
array has to be considered. It is now generally agreed that
concrete can be significantly more effective a reflector than
water. Concrete reflection has not been included in the
transport regulations, because concrete is not likely to
surround an array on more than three sides. Concrete on three
sides of an array and no reflection on the other three sides
has not been considered to give more effective reflection than
water on all six sides of an array.
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In a mixed array, concrete reflection on one side (for example
a floor) might be more effective than water on six sides. To
study this effect, the same units as in problem M.3 were used.
However, the bottom layer of natural uranium units were
replaced with a layer of high-enriched units. The array size
for these units thus becomes 6x6x7. The water reflection on
the six sides of the array was replaced with concrete on one
side (the bottom - "floor"). In a separate calculation this
model was used again, this time with concrete units replacing
the natural uranium units. See specifications below (problems
M.U).

Finally some unreflected (bare) cr i t ical array experiments
(carried out at ORNL more than 20 years ago) were studied by
some members, including Sweden. The motivation was that most
Monte Carlo codes have under-predicted keff for these experi-
ments. The under-prediction was noted to be increasing for
large arrays. As a result of the study, the potential reflec-
tion from walls, floor and ceiling was taken into account. The
specifications are given below (problems B.1).

EMS/NC-5
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CALCULATION PROBLEMS - SPECIFICATIONS

The following abbreviations are used:

L: Large array problems

VL: Very Large array problems

M: Mixed array problems

E: Experimental problems

B: Bare experimental array problems

U(N.N): The figures N.N show the enrichment of U-235. Example
U(5.0)O2 refers to uranium with 5.0 vt-% U-235.

•• LARGE AHRAY PROBLEMS *•

<J)

r = radius of sphere

t = water shell thickness

1 = Fissile material

2 = Water

3 = Void or air (cube)

Unit description

1 = Cubes, 60 en sides - 8x8x8 array

2 = Water reflector, 30 cm

8x8x8 array

General:

Unit dimensions:
Fissile material geometry:
Other materials:
Reflection:

Cube with 60.0 cm sides.
Sphere.
Spherical water shells.
30 cm of water surrounding array

EMS/NC-5
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PROBLEM GROUP L.T

Material Type L.1:

Fissile unit: Material:
Density:
H/U
Radius (r):

U(100.0) Metal
18.76 g/om3

0.0
6.242 cm

Material outside water shell: Void

Calculation Problem L.1.1

Water shell thickness (t):
Array size:

0.0 cm
8x8x8

Calculation Problem L.I.2

Water shell thickness (t):
Array size:

2.54 cm
8x8x8

Calculation Problem L.1.3

Water shell thickness (t):
Array size:

10.16 cm
8x8x8

Calculation Problem L.1.4

shell thickness (t):
Array size:

2.54 cm
Infinite cubical array

PROBLEM GROUP L.2

Material Type L.2:

Fissile unit: Material:
Density:
H/U
Radius (r):

U(100.0)NH-solution
1.07892 g/cm3

426
12.0 cm

Material outside water shell: Void

Calculation Problem L.2.1

Water shell thickness (t):
Array size:

0.0 cm
8x8x8
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Calculation Problem L.2.2

Water shell thickness (t):
Array size:

2.0 cm
8x8x8

Calculation Problem L.2.3

Water shell thickness (t): 2.8 cm
Array size: 8x8x8

Calculation Problem L.2.4

Water shell thickness (t):
Array size:

2.0 cm
Infinite cubical array

PROBLEM GROUP L.3

Material Type L.3:

Fissile unit: Material:
Density:
H/U
Radius (r):

U(5.0)02 powder
5.0 g/cm3

0
20.5 cm

Material outside water shell: Air

Calculation Problem L.3.1

Water shell thickness (t):
Array size:

0.0 cm
8x8x8

Calculation Problem L.3.2

Water shell thickness (t):
Array size:

2.2 cm
8x8x8

Calculation Problem L.3.3

Water shell thickness (t):
Array size:

4.0 cm
8x8x8

Calculation Problem L.3.4

Water shell thickness (t):
Array size:

2.2 cm
Infinite cubical array
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PROBLEM GROUP L.4

Material Type L.4:

Fissile unit: Material:
Density:
H/U
Radius (r):

U(5.0)02 powder
5.0 g/cm3

20
14 cm

Material outside water shell: Air

Calculation Problem L.4.1

Water shell thickness (t):
Array size:

0.0 cm
8x8x*<

Calculation Problem L.4.2 The highest kef.f was found for zero
water shell thickness. This calcula-
tion is therefore the same as L.4.1.

Calculation Problem L.4.3

Water shell thickness (t):
Array size:

4.0 cm
8x8x8

Calculation Problem L.4.4

Water shell thickness (t):
Array size;

0 cm
Infinite cubical array

PROBLEM GROUP L.5

Material Type L.5:

Fissile unit: Material:
Density:
H/U
Radius (r):

PuO2 (25,wt-t Pu-240 in Pu)
5.0 g/cm3

0
10.7 cm

Material outside water shell: Air

Calculation Problem L.5.1

Water shell tnickness (t):
Array size:

0.0 cm
8x8x8

ZMS/NC-5
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Calculation Problem L.5.2

Water shell thickness (t):
Array size:

2.2 cm
8x8x8

Calculation Problem L.5.3

Water shell thickness (t):
Array size:

6.0 cm
8x8x8

Calculation Problem L.S.fl

Water shell thickness (t):
Array size:

2.2 cm
Infinite cubical array

PROBLEM GROUP L.6

Calculation Problem L.6.1

Purpose: To test natural uranium data.

Material 1:
Density:
Shape:

Material 2:
Density:
Shape:

Natural uranium
19.05 g/cm^
Cube with 55.0 cm sides.

Water
1.00
Cube with 60.0 cm sides, 2.5 cm
on each side of material 1

Calculation Problem L.6.2

Purpose: The concrete units in problem M.4.2 are treated the
same way as fissile units (the total number of units
in a mixed array is always 8x8x8).

Material:
Shape:

Concrete
Cube with 60.0 cm sides.

*«»«««•*«•******«*«•«*«*••*•*««««******•**«»«***•*******«**«•*
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••••«*••*•*•••••*••*•••••••••*•••••»•••••••••••***••••••••••••
•• VERT LARGE ÄRRAT PROBLEMS ••

General:

Array shape: Cubical. All units in an array are identical.
They are numbered differently *"0 obtain informa-
tion on the variation of fission densities in
symmetrical positions.

Reflection: Water on six sides.

== PROBLEM GROUP VL.1 ==

Calculation Problem VL.1.1

Unit type: Same as problem L.1.2.
Array size: 12x12x12

Calculation Problem VL.1.2

Unit type: Same as problem L.1.2.
Array size: 16x16x16

PROBLEM GROUP VL.2

Calculation Problem VL.2.1

Unit type: Same as problem L.2.2.
Array size: 12x12x12

Calculation Problem VL.2.2:

Unit typo: Same as problem L.2.2.
Array size: 16x16x16

EMS/NC-5
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s>

12X12X12 array of identical units

1 First layer of 10x10x1 units
2 Last layer
3 Top layer
4 Bottom layer. . .
5 Left layer
6 Right layer
7 Internal 10x10x10 array
3 Corner frame of units
9 Water reflector - 30 cm

Problems VL.1.1 and VL.2.1

16x16x16 array of identical units

1 First layer of 14x14x1 units
2 Last layer
3 Top layer
4 Bottom layer
5 Left layer
6 Right layer
7 Internal 14x14x14 array
8 Corner frame of units
9 Water reflector - 30 cm

Problems VL.1.2 and VL.?.2

•*«««*««*«**««««**ff««**«««««««««««««********»««***«»»***»i>»»»»
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•••••••••»••••••"••••••••••i""******41*11*********************

«• MIXED ÄRRAT PROBLEMS ••

General:

Array size: 3x8x8 (cubical).
Unit sizes: Cubes with 60.0 cm sides.

1

PROBLEM GROUP M.1

Calculation Problem M.1.1

Unit type 1:
Location of unit type 1:

Unit type 2:
Location of unit type 2:

Reflection:

Same as in problem L.2.1
A 6x6x6 array in the center
(216 units)
Same as in problem L.3.2
The outer layer of units of the
8x8x8 array (296 units)
Water or six sides

1 Unit type 1, 6X6X6 array
2 Unit type 2, shell of units outside

6x6x6 array
3 Water reflector, 30 cm

Problems M.1.1. M.I.2 and JL

Calculation Problem H.I.2

Unit type 1:
Location of unit type 1:

Unit type 2:
Location of unit type 2:

Reflection:

Same as in problem L.3.2
A 6x6x6 array in the center
(216 units)
Same as in problem L.2.1
The outer layer of units of the
8x8x8 array (296 units)
Water on six sides

EMS/NC-5
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PROBLEM GROUP M.2

Calculation Problem H.2.1

Unit type 1:
Unit type 2:
Location of unit types:

Reflection:

Same as in problem L.2.1
Same as in problem L.3.2
A checker board pattern
(256 units of each type)
Water on six sides

©

Q)

1 Unit type 1
2 Unit type 2
3 Water reflector, 30 cm

Checker board pattern

PROBLEM GROUP M.3

Calculation Proble

Same geometry as in problems M.1

Unit type 1:

Location of unit type 1

Unit type 2:

Location of unit type 2:

Reflection:

Same as in problem L.I.2
A 6x6x6 array in the center
(216 units)
Natural uranium cubes with 60.0 cm
sides, maximum density.
The outer layer of units on all the
six sides of the 8x8x8 array
(296 units)
Water on six sides

EMS/NC-5
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PROBLEM GROUP N.4

C a l c u l a t i o n Prob lem M.4.1

Unit type 1:
Location of unit type 1:

Unit type 2:

Location of unit type 2:

Reflection:

Same as in problem L.1.2
A 6x6x7 array in the center and
bottom (floor)(252 units)
Natural uranium cubes with 60.0 cm
sides , maximum density (s imilar to
the uni ts in problem L.6.1).
The outer l ayer of u n i t s on f ive
sides (exluding floor) of the 8x8x8
array (260 units)
Concrete on one side (floor),
No reflection on the other sides

Calculation Problem M.4.2

Unit type 1:

Location of unit type 1:

Unit type 2:

Location of unit type 2:

Reflection:

Same as in problem L.1.2
A 6x6x7 array in the center and
bottom (floor)(252 units)
Concrete cubes with 60.0 cm sides
(same as in problem L.6.2)
The outer layer of units on five
sides (exluding floor) of the 8x8x8
array (260 units)
Concrete on one side (floor),
No reflection on the other sides

1 Unit type 1, 6X6X6 array
2 Unit type 2, shell of units outside

6x6x6 array
3 Concrete floor, 30 cm

Problems M.U.I and M.U.2

EMS/NC-5
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• • EXPERIMENTAL PROBLEMS * •

PROBLEM GROUP E . I

General: See reference 6 for more details .

Fissile unit: Material 1:
Density:
H/U:
Shape:
Radius (r):
Height:

Material 2:
Shape:
Dimensions:

Material 3:
Shape:
Wall width:

Dimensions
(outside)

Material 4:
Shape:
Dimensions:

U(93.?) Metal
18.73 g/cnH
0.0
Cylindrical
5.753 cm
10.765 cm

Air
Cuboid surrounding U metal
16.64x16.64x15.94 (height) cm3

Plexiglas
Cuboid surrounding material 2
2.38 cm plexiglas on a l l sides
of the box

21.4x21.4x20.7 (height) cm3

Air
Cuboid surrounding material 3
Varying for the three problems

cm

d = 11.506 cm
h = 10.765 cm
t = 2.38 cm

1 = Uranium metal
2 = Air
3 = Plexiglas

Calculation Problem E.1.1

Unit center-to-center
separation:

Horizontal: 21.745 cm
Vertical: 21.004 cm

Array size: 2x2x2
Reflector: None

EMS/NC-5
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Calculation Problea E.1.2

Unit center-to-center
separation:

Horizontal:
Vertical:

Array size:
Reflector:

27.953 cm
27.212 cm
2x2x2
15.2 cm thick paraffin on all
six sides of the array (the
ref lector is located on the
"cell boundaries" of the units)

C a l c u l a t i o n Problem E . 1 . 1

Unit center-to-center
separation:

Horizontal:
Vertical:

Array size:
Reflector:

27.795 cm
27.054 cm
3x3x3
None

PROBLEM GROUP E . 2

Calculation Froblea E-2

See reference 5 for further details.

Fissile unit: Material 1:
Density:
H/U:
Shape:
Radius ( r ) :
Height:

Material 2:
Shape:
Height:

U(92.6)NH-solution
1.083 g/cm3

441
Cylindrical
9.52 era
17.56 cm
Air
Cylindrical, top of material 1
0.21 cm

Material 3:
Shape:

Plexiglas
Cylinder containing materials 1
and 2.

Wall and end
thicknesses: 0.64 cm

Material 4:
Shape:

Array size:
Unit surface-to-surface
separation:
Reflector:

Air
Cuboid surrounding material 2

3x3x3

2.41 cm ( + 0.13 cm)
None

EMS/NC-5
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<D
175410.

*•-
<t> 20.12

Kos

1 UNH-solution
2 Air
3 Plexiglas

c»v\

-+%•

Problem E.2

PROBLEM GROUP E.3

Calculation Problem E.^

General: See reference 7 for more details.

Fissile unit: Material 1:
Density:
H/U:
Shape:
Side:

Material 2:
Shape:
Thickness

and H20
1.47 g/c
0.77
Cube
15.0 cm

Aluminium
Cube outside fissile material
0.15 cm

Calculation Problem E.3.1

This is not an experimental problem. The geometry is an
inf in i te number of the cubes used in the experiments,
including a plexiglas cube surrounding each unit. The exact
result is not known.

Array size:
Thickness of plexiglas:

Infinite
0.4615 cm

em

1
2 Aluminium
3 Plexiglas (type P)

EMS/NC-5
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Calculation Problem E.3.2

The experiment included an air gap and a plexiglas slab
between two arrays of units (split table). The working group
problem did not include the air gap (simplification). The true
result is supposed to be 1.014. There are however some
uncertainties in the specifications for this experiment (the
keff uncertainty may be around 0.01).

Array sizes:
Array separation:
Reflector:

3x4x5 and 2x4x5
2.154 cm of plexiglas (type P)
Plexiglas (types P or T)

•r
Vt •**

a

ILS 1 iU08 + Al cubes
P Plexiglas, type P
T Plexiglas, type T

I : EjirpeVi'iv\e*\-l

25.2

ISA 90. TO
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Calculation Problem E.3.3

This is the proper experiment, including the air gap. The
correct solution should be 1.000. This problem was not
included in the working group problems, but was added to get
additional information about the solution of this quite
complicated experiment.

Array sizes:
Array separation:

Reflector:

3x4x5 and 2x4x5
1.05 cm of air and 2.154 cm of
plexiglas (type P)
Plexiglas of two different types
(P and T)

PROBLEM GROUP E .4

General: This is not really an array problem but a homogeneous
problem. A large number of homogeneous blocks were stacked
together to obtain cr i t ica l i ty . For further details, see
reference 8.

Fissile unit: Material
Density:

H/U:
Shape:
Sides:

U(4.89)3O8 and (C^H
Atomic number densit
references4 and 8.
9.86
Cuboid
40.64x40.64x58.17 cm3

es given in

Calculation Problem E.4-1

Array size: Infinite

Calculation Problem E.4.2

Array size:
Reflector:

-HO.Vt

58.1?

1x1x1
Water and paraffin

1 U,0o - (
2 PSraffin
3 Water

EMS/NC-5
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•• BARE ARRAT PROBLEMS ••
••••••••••••»••••••••••••••»••»»••»••••••»»•»•••••»»•»••ft*

These problems were only studied by some of the members of the
working group.

General: The units are the same as in calculation problem E.2.
See reference 5 for further details.

Fissile unit: Material 1

Density:
Shape:
Radius (r):
Height:
Volume:

Material 2:
Shape:
Dimensions:

Material 3:
Densitet:
Shape:
Wall width:
Outside

height:
diameter:

Material 4:
Shape:
Dimensions:

UNH-solution (92.6 wt-% U-235,
5.9 wt-% U-238, 1.0 wt-J U-234
and 0.5 wt-% U-236), excess
nitrate = 0.39 mg/g solution
1.555 g/cm3

Cylindrical
9.52 cm
Determined from volume
5 liters solution per unit

Air
Cylindrical (on top of solution)
Determined by solution height
and inner container height

Plexiglas (Metacrylate plastic)
1.18 g/cm3
Cylindrical
0.64 cm (nominal)

19.05 cm
20.32 cm

Air
Cuboid surrounding container
Varying for different problems

== PROBLEM GROUP B.1 ==

Calculation Problem B.1.1

Array size: 2x2x2
Reflector: None
Unit surface separation: 1.43 cm

Calculation Problem B.1.2

Array size:
Reflector:

Reflector density:
Unit surface separation:

2x2x2
15.24 cm thick paraffin on all
six sides of the array
0.93 g/cm3

8.99 cm
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Calculation Problea B.1.3

Array size: 3x3x3
Reflector: None
Unit surface separation: 6.48 cm

Calculation Problea B.I.4

Array size:
Reflector:

Unit surface separation:

3x3x3
15.24 cm thick paraffin on all
six sides of the array
16.53 cm

Calculation Problem B.I.5

Array size: 4x4x4
Reflector: None
Unit surface separation: 10.67 cm

Calculation Problem B.1.6

Array size: 5x5x5
Reflector: None
Unit surface separation: 14.40 cm
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Problem B.I.7

Same as problem B.1.6 except reflection. The arrays have
traditionally been considered as unreflected (bare), but the
questions raised during this study showed that the reflection
from concrete walls, floor and ceiling is significant.

Reflector:
Size of room:
Distance from center of array

to
- 12 m wall:
- 9 m wall:
- ceil ing:

Ofner objects in the room:

Concrete, 40 cm thick.
9x12x10.67 (height) m:

2.57 m
4.60 m
5.30 m (approximately)
Empty cylindrical steel tank
diameter 2.74 cm, wall thickness
2 cm, distance from center of
array to tank (in direction of
the far 12 m wall) 2.45 m.

A layer of l ino l eum, 0.32 cm
thick-, and a 1.27 cm th ick
plywood piece were located 50 cm
below the array.

t*****************»************»************************'*****

EMS/NC-5



25(33)

VALIDATION RANGE OF THE CALCULATION PROBLEMS

The calculation problems can be used in the validation of
computer methods (this includes both the codes and how they
are used) for applications that involve large arrays of
fissile units. It should be noted though, that further
validation is required to validate a method for general
application. The theoretical calculation problems should not
be considered as benchmark problems, as the true results are
not known. The results from different codes and data are so
consistent that the errors should be small. These problems,
and the fissile materials that are represented, give a basis
for further studies and comparisons.

In a real application, the applicability of the previous
validation process has to be checked. Obvious parameters to be
checked are fissile materials, neutron poison materials,
reflector materials, moderation, homogenization procedures,
resonance models etc. Sometimes it may be difficult to realize
the importance of an unusual parameter. It should also be
noted that errors in the treatment of a parameter may be
hidden in a validation calculation, but be very dramatical in
real applications.

CALCULATION MODELS

The geometries of the calculation problems have beer very
simple in most cases. Exceptions are the experimental problems
E.3.3 and B.1.7. All geometry input specifications for the
Monte Carlo code (KENO-IV) in SCALE-0 have been based on very
realistic models. The geometry input specifications for
resonance treatment in SCALE-0 (NITAWL) have been based on
geometrical models that take the heterogeneity of the problems
into account. Several models were initially used for the
resonance treatment of problems L.1-5. The results did not
seem to be very sensitive to the resonance treatment, with
possible exceptions for pr Diem groups L.3 and L.5.

The water reflectors were assumed to be 15.0 cm thick. This
leads to a very small under-estimation of k_ff (less than
0.001).

The number of neutron histories were either 15900 or 30900 (at
least 900 of those were "skipped"). One exception was problem
E.1.3 for which 52500 neutrons were used. All unreflected
arrays were calculated with at least 30900 neutrons. Problems
E.3.2 and L.3.3 were more difficult to calculate than expected
and the final results were based on 30900 neutrons. The input
for the large array problems L.1.1, L.2.1, L.4.1 and L.5.1
included 30900 neutrons. The input for the very large arrays
VL.1-2 also included 30900 neutrons (not because it was
considered necessary, but because there was no time to study
the effect of fewer neutrons).
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RESULTS

Suramaries of the results are given in tables 1-5 below. The
expected range, within which the correct keff should be, is
included. This estimate is very subjective and based on the
results from other members of the working group and previous
experience with SCALE. Not even the problems based on critical
experiments have known results. This is because the specifica-
tions are not exact, they include uncertainties.

Problem
id.

number

L.I.I

L.I.2

L.I.3

L.I.4

L.2.1

L.2.2

L.2.3

L.2.4

L.3.1

L.3.2

L.3.3

L.3.4

L.4.1

L.4.2

L.4.3

L.4.4

L.5.1

L.5.1

L.5.3

L.5.4

L.5.1

L.6.2

U(IOO.O)

Description

Metal, 8x8x8.

B

B

Infinite,

U(100.0)NH , 8x8x8,

U(5.0)O2

D(5.0)O2

Same as

U(5.0)O2

PuO2 Diy

B

B

B

Dry 8x8x8,

B

r

Wet, 8x8x8,

problem L.4.1

Wet 8x8x8,

Infinite,

, 8x8x8,

,

Natural uranium units.

Concrete units

0.0

2.54

10.16

2.54

0.0

2.0

2.8

2.0

0.0

2.2

4.0

2.2

0.0

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

(optimum

4.0

0.0 (

0.0

2.2

6.0

2.2

2,5

cm

:m 1

cm

cm

cm

cm

cm

H20

H2O

H20

H20

H2°
B20

H2O

B20

H20

H20

B20

H20

H20

H20)

H2°
h°
H20

H20

H20

H20

H20

Veff

<kinf>

0.968

0.998

0.973

1.808

0.986

0.978

0.964

1.388

0.711

0.978

0.844

1.295

0.964

-

0.898

1.401

0.989

0.999

0.913

1.825

0.766

0.000

a

0.005

0.006

0.007

0.004

0.005

0.006

0.006

0.005

0.005

0.004

0.005

0.005

0.005

-

0.006

0.003

0.005

0.006

0.009

0.004

0.007

Correct k €f
EstiiaatSa1

range

0.970 - 0.980

0.985 - 1.000

0.975 - 0.985

1.805 - 1.820 i

0.970 - 0.980

0.965 - 0.975

0.960 - 0.970

1.385 - 1.400

0.715 - 0.725

0.970 - 0.985

0.835 - 0.850

1.280 - 1.300

0.965 - 0.975

-

0.890 - 0.900

1.400 - 1.410

0.980 - 1.000

0.990 - 1.010

0.900 - 0.920

1.800 - 1.840

< 1.000

0.000

Table 1. Large array problems

The r e su l t s for the large array problems seem to be consis tent
with the r e su l t s from other members. The r e s u l t s for problems
L.3 are lower than the average , but for dry low-enr iched
urar..um, SCALE - NITAWL has prev ious ly given b e t t e r r e s u l t s
than other common methods for resonance treatment.
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Problem
id.

number

L.I.2

VL.1.1

VL.1.2

L.I.4

L.2.2

VL.2.1

VL.2.2

L.2.4

Description

D(IOO.O) Metal. 8x8x8, 2.54 cm BjO

.12x12x12. 2.54 ca H2O

,16x16x16, 2.54 cm H20

Infinite, 2.54 cm H20

U(100.0)NH. 8x8x8, 2.0 cm H2O

12x12x12. 2.0 cm H2O

16x16x16, 2.0 cm H20

, Infinite. 2.0 cm H20

keff

<kinf>

0.998

1.064

1.115

1.808

0.978

1.056

1.109

1.388

a

0.006

0.005

0.005

0.004

0.006

0.004

0.005

0.005

Correct k fr
Estimatefl1

range

0.985 - 1.000

1.060 - 1.080

1.105 - 1.120

1.805 - 1.820

0.965 - 0.975

1.060 - 1.075

1.110 - 1.130

1.385 - 1.400

Table 2 - Very large array problems

The resu l t s for the very large array problems seem consistent
with other r e su l t s from the working group members.

Problem
id.

number

L.

L.

M.

H.

M.

L

L

M

M

L

M

2.

3.

1.

1.

2.

6.

.1.

.3.

.4.

.6.

.4.

1

2

1

2

1

1

2

1

1

2

2

Description

U(100.0)NH , 8x8x8.

U(5.0)O2 Dry, 8x8x8,

Units L.2.1 surrounded

Units L.3.2 surrounded

Checker board of Units

U(Nat.) Metal, 8x8x8,

U(IOO.O) Metal, 8x8x8,

Units L.I.2 surrounded

0.0 cm H2O

2.2 cm H20

by units L.3.2

by units L.2.1

L.3.2/L.2.1

2.5 cm H20

2.54 cm H20

by U__» units

252 units L.I.2 + 260 U_:t units
Conoete reflection one Side

Concrete units

252 units L.I.2 + 260

Table 3.

--

concrete units

k

(k

0.

0.

1.

0.

0.

0.

0.

1.

1.

0.

1.

eff

inf>

986

978

012

980

980

766

998

046

070

000

011

Mixed arrav problems

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

c

005

004

005

008

007

004

006

007

007

007

Correct k .«
Estimate^1

range

0.970 -

0.970 -

0.975 -

0.960 -

0.970 -

0

0

0

0

0

< 1.000

0.985 -

1.025 -

1.050 -

0.000

0.990 -

1

1

1

1

.980

.985

.990

.975

.985

.000

.055

.080

.020

The r e s u l t s for the mixed array problems M.1 and M.2 do not
i n d i c a t e any s i g n i f i c a n t v io l a t i on of the bas i s for the IAEA
rules for calculation of allowable numbers. This was also the
experience of other members of the working group.
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The results for problems M.3 and M.H are more interesting.
Keff f o r Pr°blem M.3 (1.046) is significantly higher than kei-f
(0.998) for problem L.1.2. This means that 216 f i s s i l e
packages (6x6x6), together with some non-fissile packages, can
give a significantly higher ke f f than 512 identical fissile
packages (8x8x8). This is clearly a violation of the basis for
the IAEA rules for shipments of fissile materials. It remains
to be seen if such a mixture of packages is likely during
transport.

The results for problems M.4 show that, for a mixed array,
concrete reflection on one side can be more effective than
water reflection on six sides (this is based on the assumption
that the effect of a water reflector outside of a layer of 60
cm thick concrete or natural uranium packages is very small).

The natural uranium packages can be compared with f i s s i le
packages for which k i n f i s less than 0.95 in accident
conditions. Similar packages, with a U-235 enrichment of up to
5 wt-J, would probably have such characterist ics. If the
enrichment is increased further, the allowable number would be
smaller, but the conclusions will s t i l l be the same:

The basis for determining allowable numbers for a
mixture of package designs (one or both fissile) can
theoretically lead to a kef f larger than 1.000.

As all the studies of the working group are theoretical, no
practical conclusions can be drawn. There are package designs
which, when mixed, will violate the basis for the IAEA rules.
However, there is no evidence that such transports are being
carried out. The problem is that the IAEA transport regula-
tions are used in many parts of the world and will be used for
many years without being revised. I t requires a large effort
to check the current and future practices for shipping fissile
materials. If i t is acknowledged that mixing (co-mingling) is
at least a potential problem, the probability of a hazardous
situation during transport will become lower.

Problem
id.

number

B.1.1

E.I.2

E.I.3

E.2.1

E.3.1

£.3.2

E.3.3

E.4.1

E.4.2

U(93

U(92

U(4.

0(4.

Description

.2) Metal, 2x2x2,

, 3x3x3,

,6)NH , 3x3x3,

46)3O8 , B/D-O.77

No reflection

Paraffin refl.

No reflection

No reflection

, infinite

, 5x4x5, No air gap

, 5x4x5, Air gap

89)3Og , H/D-9.86 , infinite

, lxlxl

keff

<kinf>

1.000

0.995

0.995

0.997

1.288

0.999

1.003

1.450

0.991

a

0.005

0.006

0.004

0.005

0.004

0.004

0.004

-

0.006

Correct x .*
EstimatSi1
range

0.997 - 1.002

0.998 - 1.002

0.996 - 1.002

0.995 - 1.003

1.285 - 1.305

1.000 - 1.020

0.990 - 1.010

1.445 - 1.465

0.996 - 1.004

Table 4. Experimental array problem»
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The results for the experimental problems E.1-4 seem quite
good. A s l ight uncertainty remains concerning problems E.3.2
and E.3.3. The result for problem E.3.2 should be 0.014 higher
than the result for problem E.3.3. The result for problem
E.3.2 i s lower than expected, while the result for problem
E.3.3 (real experiment) i s e x c e l l e n t . There are some
uncertainties in the description of the experiments, but the
significance of these are not available to me at the moment.
If the influence of the air gap in the experiment i s a reduc-
tion of k e f f with 0.014, then the only explanation l e f t for
the low result for problem E.3.2 would be a statist ical error
due to the Monte Carlo calculation.

Problem
id.

number

B.I.I

B.I.2

B.I.3

B.I.4

B.I. 5

B.I.6

| B.1.7

Description

U(92.6)NH , 2x2x2.

. 2x2x2.

. 3x3x3.

. 3x3x3.

. 4x4x4.

. 5x5x5.

Same as B.I.6 except

no reflection

paraffin

no refl.

paraffin

no refl.

no refl.

realistic

refl.

refl.

refl.

keff

<kinf>

1.001

0.998

0.989

1.019

0.986

0.972

1.000

a

0.006

0.009

0.006

0.009

0.006

0.006

0.006

Correct k (f
Estimated1

range

0.998 - 1

0.998 - 1

0.995 - 1

0.998 - 1

0.980 - 0

0.960 - 0

0.995 - 1

.002

.002

.002

.002

.990

.980

.005

Table 3. Bare array problems

The results for problems B.I.1 to B.I.6 show the same trend as
the results from other members of the working group. With the
inclusion of the concrete wal ls , ce i l ing and floor the error
seems to disappear. This has been confirmed by US calcula-
tions.

Description

B.I.I , 2x2x2

B.I.3 , 3x3x3

B.I.5 , 4x4x4

B.I.6 , 5x5x5

keff

1.001

0.989

0.986

0.972

Leakage

0.458

0.463

0.464

0.471

Table 6. Leakages from bare array»

In the bare array problems B . I . I , B.1.3, B.1.5 and B.1.6 a
comparison of the normalized leakages w i l l give some informa-
t i o n , see t a b l e 6. The l eakages for the arrays should be very
s imi lar , since the neutron absorption ]•, container wal l s and
in air should be small.
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In criticality safety analysis, it is common to assume that
air is a negligible material. This is usually true, but there
are cases where it is essential to understand the influence of
air. Problem L.5.4 (infinite number of PuO2 units) was first
calculated with void instead of air, even ttiough the specifi-
cations included air. During the initial evaluation of the
results, a large deviation between the result for this calcu-
lation and the results from some of the other members was
found. The reason was the neglect of air. With air, kinf was
1.825, without air it was 1.873. For the remaining problems
L.3-L.5 the presence of air was not found to be significant.
For limited arrays, the air will not only function as a
neutron absorber, but also as a scatterer that will decrease
the leakage. It is possible that these effects may cancel each
other. This demonstrates that it may be hazardous to draw
conclusions from infinite array calculations when limited
arrays are being studied.

The value of
in the input

using ful l geometry, instead of octant symmetry
for Monte Carlo c a l c u l a t i o n s on cub ica l_ arrays,

was briefly discussed by the working group. The group seemed
to agree that the use of symmetry does not change the accuracy
of k ef f calculations. However, the use of full geometry can
provide additional information on the statistical variation of
fission densities and neutron absorptions and alsoinformation on matrix k

eff. for
requires additional specifications

units
in the

in the
input

give
array.

more
This

Of some interest in the convergence studies is a comparison of
symmetrical locations. An example: If the fission densities in
two symmetrical locations vary with a factor of two, does this
mean that there is a problem? Such questions were treated in
the calculations of problems VL.1 and VL.2. The symmetrical
positions were on the outside of the arrays. For the 12x12x12
array there are, on the sides of the array, six symmetrical
positions consisting of blocks (layers) of 10x10x1 units. For
the 16x16x16 array, the corresponding block size is 14x14x1.
The six sums of the fission densities for the mentioned
symmetrical blocks are given in table 7 below.

Problem
id.

VL.1.1

VL.1.2

VL.2.1

VL.2.2

Fissi
six i

1

3.7

2 .4

.61

.31

on dei
lymmeti

2

6.1

2 .2

.78

.26

isitiei
•ical i

3

6.8

2.1

1.1

.28

(Re Is
ositic

4

5.9

3.1

.67

.34

itive)
>nj

5

6.2

2 .1

.82

.35

in

6

4.5

2 .8

.74

.34

Table 7. Fission densities in symmetrical units
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There is a significant variation between the symmetrical
positions. Each of the six symmetrical positions consists of
100 (10x10x1) or 196 (1Hx14x1) units. If the fission densities
for symmetrical single units are compared, the variations are
expected to be much larger. Similar variations have been
observed previously for other arrays. No problems in finding
adequate multiplication factors have been observed.

The arrays studied by the working group have all been very
simple. As they are uniform, and since the neutron coupling
between different parts of the arrays is strong, the Monte
Carlo codes should not have any problems in sampling the units
adequately. It may be more difficult to correctly calculate a
complex single unit of fissile material than any of the
arrays.

A conclusion is that large variations of the fission densities
(and neutron absorptions and fluxes) in symmetrical positions
does not necessarily indicate any deficiency in the
calculations.
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EXPERIENCE FROM THE INTERNATIONAL COHPARISON

The working group has proved to be an excellent forum for
presenting and discussing various subjects on cr i t ical i ty
safety. Most of these subjects are of international interest.

Various subjects, related to the criticality safety analysis
of large arrays of fissile materials, were studied. The Monte
Carlo codes used by the different members all seem to be
adequate for calculating multiplication factors of the arrays.

The experimental data for large arrays are limited. The need
for additional experiments was recognized by the working
group. Several experiments, being carried out in a few of the
countries participating in the working group, will not be
published for commercial reasons. International cooperation in
planning and sponsoring experiments would make the results
available to more countries. This will increase the under-
standing of criticality safety and, as a consequence, improve
the safety as well.

The question of allowing the mixing (co-mingling) of different
package designs during transport was briefly studied by the
working group. Most of the members of the working group did
not want to draw any conclusions yet.

The previously noted difficulties of Monte Carlo codes in
calculating multiplication factors for bare arrays of UNH-
solution, seem to be explained as a result of studies by some
of the members of the working group.

CONCLUSIONS

The Monte Carlo methods used by the members of the working
group are adequate for calculations on large arrays. The
differences in the results from different codes are probably
caused by the differences in cross sections.

The previous difficulties in obtaining good results for bare
arrays of UNH-solution are, at least to some extent, explained
by incomplete information. The neutron reflection from walls,
ceiling and floor has earlier been neglected. The inclusion of
these in the input to the Monte Carlo codes appears to lead to
adequate results.

The basis for the IAEA rules of calculating allowable numbers
of fissile packages mixed with other packages (fissile or not)
during transport, does not seem justified. This has been
demonstrated for theoretical package designs. It has not been
confirmed by the other members of the working group and no
conclusion was drawn by the group. It is very likely that a
mix of real packages can be found that supports the mentioned
theoretical demonstration.
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