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This document contains a collection of material to support the use of the MONK 6B Monte
Carlo criticality computer code for the purposes of analysing the safety of storage and
transportation operations insolving low-enriched UO fuel. The document comprises: a2

general introduction to MONK 6B; a description of the MONK 6B validation database with
particular reference to the intended application; a guide to the application of MONK 68 to a
typical problem; a comparison of MONK 6B with the KENOVa Monte Carlo code for a range
of problems; an overview of the MONK 6B nuclear data library; a description of the QA |

Programme for MONK 6B; and a description of the main user manuals that accompany this
document.
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('Mp January 8, 1994
'**Mr $ ell M. Irvine, Executive Vice President

Business Development |

AEA 0'Donnell, Inc.
241 Curry Hollow Road
Pittsburgh, Pennsylvania 15236-4696

Dear Mr. Irvine:

SUBJECT: ACCEPTANCE OF REFERENCING OF THE AEA 0'0ONNELL TOPICAL REPORT AEA RS
5520, " TOPICAL REPORT ON THE USE OF MONK 68 FOR THE ANALYSIS OF
CRLTICALITY PROBLEMS ASSOCIATED WITH THE STORAGE AND TRANSPORTATION
OF LOW-ENRICHED 00 FUEL"

2

The staff has completed its review of the subject topical report submitted by
AEA 0'Donnell, Inc. in a letter of September 3,1993. This report provides
the analysis to qualify the AEA 0'Donnell MONK 68 criticality code for use in
criticality studies.

The topical report is acceptable for referencing in criticality study
submittals to the extent specified in, and under the limitations delineated ,

in, the report and the associated NRC technical evaluation. The evaluation
defines the basis for accepting the report. s

The staff will not repeat its review of the matters described in the report,bq except to ensure that future submittals referencing the report adhere to the
restrictions described in the technical evaluation and that the topical report
is applicable to the referencing analysis. Staff acceptance applies only to
the matters discussed in the topical report.

In accordance with procedures established in NUREG-0390, it is requested that'
AEA 0'Donnell publish accepted versions of this report, proprietary and non-
proprietary, within three months of receipt of this letter. The accepted
versions shall ir. corporate this letter and the enclosed evaluation between the
title page and the abstract. The accepted versions shall include an -A
(designating accepted) following the report identification symbol.

Should NRC criteria or regulations change so that the conclusion concerning
the acceptability of the report is invalidated, AEA 0'Donnell and/or the
individuals referencing the topical report will be expected to revise and .

resubmit their respective documentation, or submit justification for the -

continued effective applicability of the topical report without revision of
their respective documentation,

y Q,W '

Ash C.Thadani, Director
Div/sion of Systems and Safety Analysis |

'Office of Nuclear Reactor Regulation
Enclosure:

A Safety Evaluation ,

U |
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ENCLOSURE

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION
RELATING TO THE AEA 0'DONNELL TOPICAL REPORT AEA RS 5520.
" TOPICAL REPORT ON THE USE OF MONK 68 FOR THE ANALYSIS OF

CRITICALITY PROBLEMS ASSOCIATED WITH THE STORAGE AND
TRANSPORTATION OF LOW-ENRICHED 00 FUh"2

1. INTRODUCTION
)

In a letter of September 3,1993, from N. Irvine (AEA 0'Donnell, Inc.) to R.
,

Jones (NRC), AEA 0'Donnell Inc. submitted Topical Report AEA RS 5520 for NRC |review. This report provides information about the qualification of the '

MONK 68 computer code for use in criticality studies. Included in the
submittal was a copy of the MONK 68 User's Manual which discusses code models,
provides bench-marking data, and outlines the input and output structure.

The comparative studies in the topical report outline the use of MONK 6B to
model (1) the 12 standard criticality problems established for use in the
U.S., (2) a fuel storage cask, and (3) a spent fuel storage facility. The
results from the models for the standard problems and the fuel storage cask
are compared to data from critical experiments, and the results of the spent
fuel storage facility model was compared to a SCALE 3.1 (KENOVa) solution.pd These data, a detailed review of the supplied eser's guide, and a limited
review of available literature sources (Refs. I and 2) form the basis for the I

conclusions in this Safety Evaluation Report (SER), and they will be discussed
in detail below.

2. MONK 68 DESCRIPTION

MONK 68 uses point energy Monte Carlo for criticality calculations on a wide
variety of systems. MONK 68 uses the UKNOL library, which includes data on
many nuclides, including those usually associated with criticality studies.
MONK 68 consists of several major models. The two nost important.are the
geometry and point energy models; these are discussed in the next two
sections.

2.1 GECMETRY MODELING

A MONK 68 model is constructed by combining basic geometric shapes into the
desired configuration. These individual volumes may comprise combinations of
different materials that must be specified by the user. Each individual
volume has its own coordinate system associated with it; MONK 68, therefore,
must transform the coordinate system once a neutron crosses a boundary. The
geometry package is very complex and, with the exception of the next
paragraph, will not be discussed further except to say that the staff finds it
acceptable.

One aspect of the geometry package which was new to the staff is what are
referred to as hole geometries. A hole region contains regions of the modelc

.
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'd which are " hidden" because a method called Woodcock tracking has been used |
(Ref. 3). Woodccck tracking involves artificially equating all of the total I

cross-sections in the region to the largest total cross-sections in the
region, which reduces the number of boundaries that must be traced and has a i
favorable effect on code speed. As MONK 68 tracks a particle through a hole
region, it counts a number of pseudo-collisions, which are those collisions
that occur because of the modifications to the total cro.s sections. MONK 68
has the capability of determining whether or not the collision is real tnd it .

Idoes not count artificial events by allowing the particles to continue along
their original trajectory undisturbed. Because the MONK 68 hole routines can
delineate between real and artificial events, the use of hole geometries has
no effect on the answer and the staff considers their use acceptable. I

2.2 POINT ENERGY MODELING

MONK 68 uses a point energy algorithm that uses the ultra-fine group UKNDL I
library consisting of 8220 data points per nuclide. All of the energy models I

discussed in the topical report have been reviewed and are considered
acceptable. MONK 68 specifically examines neutron thermalization, resnnance
reactions, and fission reactions by random number sampling from many e d 'erent
distributions representing these effects. MONK 68 tracks all of the : .ing
neutrons from their initial distribution to their end-state, keeping track of
any secondary neutrons along the way. This series of events is called a
history. MONK 6B combines these histories into what are termed super-histories
in an attempt to improve the estimation of the variance and the bias.
Furthermore, MONK 68 has several different starting source and settling options !
(Ref. 3) . The staff has reviewed this approach and finds it acceptable.

MONK 68 uses four different k,,, estimators. Two are calculated directly from
scored parameters and two are calculated by linear combinations of scored
parameters. MONK 68 also calculates a variance and a bias for each value of

k[,. The MONK 6B bias is slightly negative and it accounts for small errors
iE the calculation of neutron importance (Ref. 3). The staff has reviewed the
MONK 6B approach to k,,,, variance, and bias calculation and finds it
acceptable.

|

3.0 BENCHMARKING

This discussion focuses on two of the three data sets used to validate MONK 68
for criticality studies. The first set consists of the results from the
comparison of MONK 68 to the standard problems used for criticality code
validation in the US and the second consists of data from a MONK 6B simulation
of a spent fuel storage bay (Ref. 4). Both of these cases are compared to
KENOVa results. To allow for a better understanding of the KENOVa
methodology, the SCALE 3.1 documentation was reviewed (Ref. 5).

3.1 COMPARISON TO STANDARD CRITICALITY PROBLEMS

MONK 68 was used to model all 12 of the standard criticality problems ;
established for code validation. The MONK 6B models were created to simulate i
the geometry as accurately as possible. Comparison of_ MONK 6B'results to

,

KENOVa results show that both methods are, for the most part, equally accurate '

with results that are comparable to the tolerances of 1.0% and 2.0% for
Uranium and Plutonium systems, respectively, established in the validation
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database. The error on uranium systems is small and can be attributed to
modeling differences between the two methods and evidence from the MONK 68
validation database. The error on the plutonium systems, however, is rather
large; but the staff concurs with the author's assertion that it is within the
uncertainty associated in the basic nuclear data of both methods.

3.2 COMPARISON BETWEEN KENOVA AND MONK 68 MODELING OF A SPENT FUEL BAY

A discussion of the modeling of a 4x2 high-density, poisoned storage rack used
to store standard 17x17 fuel elements using both MONK 68 and KENOVa follows.
One MONK 68 run was made and two KENOVa runs using the 16 and 27 group
libraries were performsd. Both KENOVa and MONK 68 can precisely model this
arrangement. The results of these runs show that the MONK 68 and KENOVa
results are in good agreement, with MONK 6B being more conservative than either
KENOVa run. Because the MONK 68 database suggests a slight over-prediction of
k,,, for these systems, and because nuclear data libraries have some error
associated with them, the staff finds that these results demonstrate
reasonable assurance that the MONK 68 method is acceptable.

4.0 CONCLUSIONS

The staff reviewed the topical report covering the use of MONK 68 as a tool for
criticality studies, examining the solution methodology, the validation
studies, and documentation on similar methods. The MONK 68 solution approach,
although different in many ways from the KENOVa method, uses many of the same
ideas. This, coupled with the fact that in its review of the documents
supplied to it, the staff discovered no major model discrepancies; provides
the staff reasonable assurance that the solution technique employed in MONK 6B'

is accurate. In order to determine that MONK 68 predictions are acceptable,
<

'

the staff e.amined the provided validation studies. On the basis of the
acceptabil ity of these studies and previous findings regarding the solution
techniqur., MONK 68 is acceptable for use in criticality studies.

,
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SECTION A

AN INTRODUCTION TO MONK 6B

Summary

An introduction to the MONK 6B code is presented comprising: Overview, The Monte Carlo
Method, Nuclear Data Library and Collision Processing, Geometry Modelling, Staning
Source Options, Control Parameters, Validation, Geometry Visualisation, Qually Assuredrm Code Management and Code Distribution and User Support.(>,
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1 OVERVIEW )
MONK is a Monte Carlo neutronics computer code written to assist in the study of criticality
safety problems. MONK originated from a code called GEM, which came out of the post-
war nuclear weapons programme in the United Kingdom. The most recent period of
development was stimulated by the needs of the UK reprocessing industry and resulted in the
production of MONK 6 in the late 1980's. The most recent version of the code is MONK 6B i

and this is used throughout the UK nuclear industry wherever criticality problems arise.
MONK 6B is distributed and actively supported in use by AEA Technology and the code is
subject to an on-going maintenance and development programme,

i

For neutronics modelling, the Monte Carlo method enables considerable geometric )
complexity to be represented and physically-realistic accounts of the neutron interactions to |

be modelled. No significant modelling approximation is required on theoretical grounds,
although some might be introduced to enhance the efficiency of the calculation. The accuracy ;

of the basic nuclear data is the only real limit on the ultimate accuracy achievable, although 1

computer storage and running times might impose further limitations. MONK 6B takes full
advantage of the possibilities provided by the Monte Carlo method in its modelling
repertoire.

The primary aim of MONK 6B is to calculate the neutron multiplication factor (k-effective)
of systems by the computer simulation of the birth, migration and ultimate fate of a finite
sample of typical neutrons. The actual number of neutrons followed or tracked determines the
statistical precision associated with the calculated value of k-effective. In fact the vadance on
any scored parameter (MONK 6B also calculates other quantities including neutron fluxes,
reaction rates and boundary crossings) varies inversely with the number of neutrons sampled.

A model of the system to be assessed is assembled from simpler sub-systems using the -
( MONK 6B geometry package. The basic component of this package is a set of simple bodies,

including the sphere, box, rod, prism, cone and torus. These bodies can have general
orientation and can overlap each other if necessary. They are used as basic building blocks to
form simple parts of the geometry, each part being defined quite independently of the rest of
the system using local co-ordinates. These simple parts are then used to make more complex
parts in the same way and so on, until the whole system is assembled. Hole geometries
(making use of a technique called Woodcock tracking) are used extensively in MONK 6B to
provide a lot of the more complicated fine geometric details, and to short-cut the
specification of some of the commonly-occurring array items.

Neutron interactions are considered in the MONK 6B collision processing package called
DICE. The standard MONK 6B nuclear data library is an 8220 group library based on
UKNDL and JEF evaluations. This library, together with the point-energy collision 1

processing algorithms, provides a very detailed modelling of the physics, so that the ultimate -
accuracy of the MONK 6B code largely depends only on the numencal accuracy of the basic
nuclear data. It is this continuous energy package that has been the subject of extensive
validation studies and is therefore the recommended method for criticality assessments.
However for cross-checking purposes MONK 6B can also accept multigroup data from the
well-established SCALE and WIMS libraries.

MONK 6B calculates the k-effective for the system modelled using a staged calculation with -
each stage consisting of a fixed number of superhistories. A neutron superhistory is the set of
tracks followed by a neutron and its fission progeny from birth to absorption or leakage,
through a fixed number of fission generations (normally 10). Superhistory powering
produces a stable calculation of the scored parameters and their variances which are
essentially unbiased and results in a calculation that concentmtes on the most reactive parts of
a system, thereby enabling MONK 6B to be used with confidence even for highly <lecoupled
systems.

i
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Q MONK 6B has been successfully used in support of the design and operation of a wide range

of nuclear facilities covering the complete fuel cycle including:

i fuel fabrication for thermal, fast and experimental reactors.

uranium enrichment covering diffusion and centrifuge plant.

new and spent fuel transportation both within the UK and overseas.

spent fuel handling and pool storage.

fuel consolidation and dry cell handling.

fuel dissolution and chemical separation involving mixer-settlers and pulsed-columns.

product finishing and storagee

waste treatment, handling and storage including evaporation, vitrification. |.

encapsulation and consolidation

plutonium metal production and handling.

1

|

2 Tile MONTE CARLO METIIOD

The Monte Carlo method is distinguished from other numerical techniques by its use of
random sampling to obtain solutions to mathematical problems. In many ways the Monte i

k Carlo method can be regarded as a numerical experiment, with statistical techniques being |
employed to estimate the required quantities by sampling from appropriate probability i
distnbutions. For example the probability of throwing double six with two unbiased die can l
be readily estimated by Monte Carlo means, by repeated random sampling of pairs of '

numbers between one and six. In this case where the result can be obtained exactly by the
laws of the combinations of probabilities, the use of the Monte Carlo method is pointless.
However in the wide range of problems where no such simple solution exists, as in the case
of general three-dimensional particle transport, the Monte Carlo method is often the only
feasible method of solution.

With deterministic methods computing errors are systematic arising from:-measurement - >

uncertainties in the nuclear data; discretisation of space / angle / energy; simplifications to 1 or
2 dimensions; and geometric modelling approximations. In contrast Monte Carlo methods
can: represent space / angle / energy continuously; deal with complex geometric configurations;
and deal with neutron collisions with great physical realism.

The Monte Carlo method therefore has an ultimate accuracy dependent on only the
following:

measurement uncertainties in the nuclear data.

measurement uncertainties in the geometry and composition (these are often.

negligible)

In addition a Monte Carlo calculation will always provide answers with some stochastic
uncertainty; this can be reduced to any desired level by increasing the running time,

f) The Monte Carlo method is used to estimate numerical quantities by sampling from a
v stochastic model of a physical system. An estimate for a particular quantity is normally

. _ . _ . _ -
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obtained by performing a number of experimental trials or samples and calculating the
sample mean:

Ia
Xn = gxi

where x1,x2,.. ..xn are individual sample values of the random variable X that is being
estimated.

In addition, when applying the Monte Carlo method to practical problems some confidence is
required in the precision of this estimate due to the limited sample size that has been
employed. Clearly the greater the value of n, the more precise the estimate of X is expected
to be. A measure of this precision involves obtaining an estimate of the statistical uncertainty
of X.

Concerning the mean value, the so-called ' law of large numbers' from probability theory
states that the sample mean (Xn) approximates the popult. tion or true mean (p) with a
probability that tends to 1 as n increases:

P (lim Xn = p) = 1
,

Thus the mean of n sample values converges to its expected value as n increases.

An estimate of the range of values that the mean may take and the rate of convergence to the
expected value is given by the central limit theorem. This states that if a series of sample
means is obtained from a population (of arbitrary distribution) with mean p and standard
deviation o, then the sample means will form a distribution which tends to a normal

cO distribution. Moreover this distribution of sample means will also have a mean of p, but will
have a smaller standard deviation (often called the standard error) equal to:

oNIT

where N is the number of sample means. The number of sample means required to
approximate a normal distribution varies depending on the shape of the parent distribution,
and can be very large (e.g. several thousand) for a highly-skewed distribution.

In a practical calculation it should be born in mind that the true mean p is unknown and the
standard deviation must be estimated in order to apply the central limit theorem. However
provided the sample mean is fairly estimated and a large number of individual sample means
are considered, the underlying normal distribution can be used to predict the probability of
the estimated mean deviatmg from the true mean in units of o. Thus the estimated mean is
within ione standard error of the true mean 68.3% of the time, within two standard errors
95.4% of the time and within ithree standard errors 99.7% of the time.

In addition the central limit theorem states that the standard error reduces with the inverse of
the square root of the increasing number of sample means; this gives rise to the well known
requirement that to half the standard error on the result of a Monte Carlo calculation, four
times the number of samples are required.

It is rare in criticality experience for the normal distribution condition of the central limit
theorem to Le breached, but for unusual situations the normality condition should be
carefully checked; remember that the smaller the statistical uncertainty the bigger the
population sample, and hence the better the centrallimit hypothesis.

. O In summary, the ' numerical experiment' performed by MONK 6B consists of:

-
_)



p y
e

Page 5 of 15

(. tracking neutron samples through the geometry.

processing collisions as they occura

scoring appropriate quantities in an efficient manner.a

Each scored quantity will have associated with it a stochastic uncertainty characterised by its
standard deviation.

3 NUCLEAR DATA LIBRARY AND COLLISION PROCESSING

A neutron being tracked through matter undergoes repeated collisions with the nuclei of the
atoms. These interactions are handled by means of primary microscopic reaction cross-
sections which represent the relative probabilities of occurrence of the reactions. The -

outcome of an interaction may be that the neutron is captured or it may be merely deflected
in its path with altered energy. In this latter case further information is required detailing the
probability of scattering through various angles with the corresponding change in energy. 1

Another possibility is that the neutron on being absorbed produces a whole set of new
neutrons, in which case once again angles and energies of the secondaries are required.
These proce are all handled with good physical realism by the collision processing
package and L ociated nuclear data library of MONK 6B.

The standard MONK 6B nuclear data library is a continuous energy library bascd on United '!Kingdom Nuclear Data Library (UKNDL) and Joint Evaluated File (JEF) evaluations. A !

highly detailed continuous energy representation is recommended fcr criticality calculations |( because:

a realistic representation of the physics is desirablea

absolute answers are required for k-effective, rather than comparative ones.

a large range of materials in complex geometries must be covered '-

The continuous energy treatment provides the best physical model of the neutron-nuclei
collision process and the ultimate accuracy of the MONK 6B code effectively only depends
on the numerical accuracy of the basic nuclear data. The UKNDL and JEF nuclear data have -
been extensively evaluated but still contain some systematic errors (as do all other nuclear
data libraries).

The MONK 6B continuous energy library therefore contains additional adjustments made
using good-quality critical experiments. These adjustments all lie within the differential
experimental uncertainties ascribed to the evaluated data and are not tunings made to
compensate for modelling inaccuracies. The sole exception is the thermal q-value for Pu239
which is still the subject of controversy in criticality work; the adjustment made here will
ensure, however, that MONK 6B produces a conservative estimate of k-effective.

The MONK 6B continuous energy library uses 8220 energy groups as defined below. A
simple group averaging process is employed which means that the ultra-fine resolved
resonance cross-section structure can be averaged out without noticeable loss of accuracy. At
higher energies a subgroup treaenent is used to achieve the same end. This means that the
nuclear data library is effectively system-independent and can be used directly by MONK 6B
without the need for resonance pre-processmg traatments with their inherent hmitations. The
criticality analyst simply has to select the nuchdes in their appropriate proponions for the

:O m teri>>> er the vrediem-

J
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.f 3
'Iv/ Group Nos. Energy Range Energy Mesh

from to from to

1 1536 0.0eV 3.0eV 0.001953125eV
1537 4096 3.0eV 33.0eV 0.01171875eV
4097 6653 33.0eV 72.9531eV 0.015625eV
6654 6654 72.9531eV 72.9643eV irregularjoining group
6655 8218 72.9643eV 14.7737MeV equallethargy (1/128)
8219 8219 14.7737MeV 14.8950MeV irregular end group
8220 8220 14.8950MeV 15.0MeV irregular end group

The large number of groups at low energy reflects the importance of thermalisation in
criticality work, and particularly the important role of hydrogen in many situations has
resulted in the development of a special thermalisation treatment for hydrogen in water.

The resonance energy region also has a special treatment and the UKNDL nuclear data for
the principal fissile and fissionable isotopes have been supplemented by very detailed
additional data incorporating a subgroup treatment. This effectively increases the number of
groups in this region to give a well-defined resonance structure. An example of the detail
that is present in the MONK 6B continuous energy library is shown below (for U235 total
cross-section over the energy range 1 to 100 eV).

O

L L ;

:

4 GEOMETRY MODELLING

4.1 Simple Body Geometry

It is a key property of Monte Carlo codes that versatile and accurate geometry modelling is
possible. The MONK 6B geometry package makes efficient use of this power, enabling
models of considerable complexity to be created, both accurately and with reasonable ease.
The package consists of two distinct but intimately-related sections: simple body and hole

.J geometries. The majority of criticality calculations will employ a mixture of the two to model
any given system.

1

d
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A MONK 6B calculation consists of simulating the movement of neutrons within a system =
and recording what happens to them; in Monte Carlo terminology this is called neutron 'j

,

tracking. For tracking a neutron within a simple body geometry (explicit tracking) the code -
needs to determine the distance from the current position of the neutron to the boundaries of-
the neighbouring simple bodies, and select the nearest distance as the body to be entered.-
next. This distance is then compared with the distance to the next neutron interaction with the
medium being tracked through, which is obtained by sampling from the transmission.
probability distribution. The code then determines whether the geometry boundary crossing
or the collision is the next event to occur.

Explicit tracking takes place over a range of simple body types including the sphere, box,
rod, trapezoidal prism, truncated cone and torus. These are assembled into parts which can be
included in other parts and so on until the whole geometry is included in a global part with
suitable external boundary conditions. *

Each part is a self-contained sub-system with its own local co-ordinates. The outer surface of ;

a part is referred to as the part container body. Any body, in any part, may contain 'a .
..

subsidiary part provided that the container of the subsidiary part matches the shape and size a
of the parent body. This system is specifically tailored to the repeated structures common in ;
criticality applications. Consider the example of a simplified cask model (see below). A fuel
pin (with cladding, fuel pellets and end caps) may be defined as a part. A fuel element is a
part which includes the fuel pins and an absorber pin as subsidiary parts,

'a %% .
. j- t,,,,

j.A~ h I (part P)E

E E E
*

-

E . ' , ' Ab r'"

p, ,,

*

* + 5# Element
##* }Cask (global part)

In this simple example, each part (E, P and A) is defined just once but included in parent
parts as often as required. Common requirements are met by simple structured parts which '
serves to simplify the userimage.

Each simple body has its own intrinsic co-ordinate system which def' es where that body ism
within a part. Each body may be freely oriented within the part by employing translation;
and/or rotation transformations.

Each part is constructed from any number of simple bodies and there are two ways of
assembling the bodies: the nest and the cluster. For a nest, the bodies are concentric with one
inside another and all inside the outermost body or container. For a cluster the simplest
arrangement is for each body to be completely inside the container and distinct from all other
bodies. More complex use of the cluster can be made where intemal bodies may overlap
each other to form clumps and/or bodies may be cut back by the containeri

.h

J
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3 4 .p 4
2. 1. ,

1 y~~ % (~

Nest Simple cluster Overlap cluster

The co-ordinate system of the container body is used as the local co-ordinate system for the
part; all the other bodies in the part are located with respect to it. Each body of the part is first
located at the part origin with its axes lined up with the part axes. Then its origin may be
moved to the point b and its axes may be rotated by the orthogonal matrix A, i.e. a pomt x
becomes x* =: Ax + b.

The effect of creating parts is to containerise the geometry so that the explicit tracking can be
performed on a subset of the whole system at any one time. Until the neutron leaves the
container the boundaries of the bodies in other parts can be ignored and hence the efficiency
of the trackirig pmcess is improved. Even in the absence of extensive repetition there are
advantages to be gained from dividing the total geome into sub-sets. It is not uncommon
for a major geometry model to include hundreds of b 'es. It is a severe test of the user's
memory to grasp the entirety of such a model. Communicating the model to another user or
attempting modifications after the passage of time are difficult and error prone operations.
The use of small, self-contained parts alleviates such problems.

This modelling structure is analogous to the engineering drawing practice of detailing
components and then combining them in drawings of larger assemblies. Advantages include
the simplification of exercises involving a series of related calculations (such as the
evaluation of a sh!pping cask with different loadings) and the ability to create and use
libraries of standard partst The use of local co-ordinate systems and component numbering
means that there are Tew problems associated with the assembly of a complex model from a
kit of relatively simp e parts.

The structure imposed by the nest has its own additional efficiency factor. At any point in the
nest there are only the boundaries of two bodies (or for the very centre body only one) that
can be encountered next. This greatly simplifies the explicit tracking computation. For a
cluster, when a neutron leaves a body the code has to consider all other bodies within the
cluster to determine which one will be encountered next; the use of overlapping bodies
within the cluster increases the complexity further. *Ihus the nest should be used if possible in
preference to a cluster. However as the use of a cluster is often unavoidable, the number of
bodies within a cluster should be minimised by further containerisation if possible for
optimum tracking efficiency.

Each simple body within a part has some portion of its inside delineated to hold its contents.
I he exact portion depends on whether the part is a nest (where except for the innermost body
the contents occupy the annulus between the body and the next one in) or a cluster. The
contents of a simple bcxty may be a real material (a homogeneous mixture of nuclides), a hole
geometry (a heterogeneous mixture of nuclides having further geometric detail) or in certain
circumstances a subsidiary part (the container and interior simple bodies of some other part
which must fit exactly into the delineated space).

MONK 6B has a further kind of part called an array which is a large box cut by parallel
g- planes in each of the three directions. Each cuboidal compartment created contains a

subsidiary part, which again must fit exactly into the space reserved for it. The array structure
also has efficiency advantages over a cluster as the code knows which compartments are next

j
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O to each other, and so the army should be used wherever practicable in preference to a cluster,
or to break-up a cluster in some circumstances.

The explicit tracking algorithm is designed to answer the following question: 'A neutron is at
position x travelling in the direction n within some part. What is the distance to the nearest

.

simple body boundary?'.

If the equations of the boundaries of the bodies in the part are:

Bi (x) = 0 : i=1,2,3....

then all the equations of the form:

Bi (x + si 0) = 0 ; i = 1,2,3..

have in principle to be solved to obtain the shortest distance s along the direction a from the
point x. This is why only simple bodies are possible if the Monte Carlo tracking is to proceed
with acceptable efficiency.

'

4.2 IIole Geometry

Explicit tracking has certain imponant limitations:

Only simple bodies can be employed due to the difficulties involved in solving.

equations for more complex bodies
'

Attempts to model realistic situations can result in a large number of boundary.

distances to be computed and compared

Preparing and checking the data for such a case would be a formidable task and the.
3

resulting code execution speed could be slow

Making large geometric modelling approximations is a source of systematic error of.

unknown size which is unjustified in a point-energy Monte Carlo calculation.

An alternative strategy is available in MONK 6B called Woodcock tracking and this enables -
the code to deal with complex geometry details. Woodcock tracking occurs mside hole i

geometries and these may be used inside a simple body instead of a real material or i
subsidiary part. '

A hole geometry has:
1
!

its own co-ordina'e system which is located with respect to the body or part co- .I
e

ordinates of the body it is in

a hidden geometry of some generic type which is made specific by user-supplied.
.

parameter values

zones of its hidden geometry filled with either real materials or hole materials (and.

these may contain further hole materials and so on to any depth).

The only reason for computing distances to boundaries with explicit tracking is that the mean j
- free path varies from material to material. The basic idea of Woodcock tracking is to

artificially give the complex geometry a constant mean free path equal to the shortest mean
free path of those materials in the hole. Now tracking can be performed using this value, and-

calculations of boundary distances are not needed. Iastead the code has the much easier task

_
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of checking inequalities as a means of determining the material presem at a collision point,
e.g.:

--

|

|-

l
i

The mean free path is the average distance between collisions so that using a value that is ;

shorter than it should be introduces extra collisions called pseudo collisions, which have to be
treated as non-events (i.e. the neutron proceeds in the same direction and at the same speed as

,

1

before the pseudo collision). Non-events are obviously easy to process, but even so some care
must be taken to prevent the introduction of too many of them. j

l

This can happen when one of the real materials in the hole geometry has a much larger total -i

cross-section than all the others. Then the seudo collision probability would be relatively I

large resulting in a very large number o pseudo collisions, seriously downgrading the
performance of the code. Therefore very heavy absorbers present in relatively small
proportions (for example) are best kept out of Woodcock tracking geometries if possible, as
are sections of geometry containing a large proportion of void space, but in the majority of
other cases Woodcock tracking is faster than complex explicit tracking. Note that there is no
harm in using Woodcock tracking in a section of geometry containing a heavy absorber
provided it occupies a relatively large proportion of the volume of that section.

There are many different types of hole geometry available in MONK 6B and all are infinite in
extent. They are only cut to size when they are included in a simple bc.dy and any of the
geometry outside the simple body or within internal other bodies is discarded. This cutting-
to-fit mle provides a solution in many situations to the problem mentioned above of materials
with relatively large total cross-sections.

With Woodcock tracking it is possible to model such structures as a screw feeder (see below)
or spiral reactivity control blades. It is also very efficient when modelling fine detail such as
large arrays of fuel pins.

h
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(G
In many systems the use of hole geometry modelling will dominate with simple bodies being
employed to provide only the containers and isolated components. For many applications the

i
use of hole geometries makes the input specification much easier and therefore reduces the i

possibility of input error considerably, but it is the combination of the two types of geometry
that gives the MONK 6B package its real power and flexibility, coupled with a
straightforwani user-image.

Hole geometries provide an enormous range of possibilities for modelling complex
geometries and in many cases there exists a choice between different modelling strategies. At
first sight the job of optimising code performance looks daunting, but it turns out that the
largest savings come from decisions that are easy to make, namely the question of handling
heavy absorbers and dealing with complex clusters. However code efficiency is not the only
consideration and in a safety-related area it is not necessarily the most important one. Some
comments have been made about how to improve the code efficiency, but except in extreme
cases this is now less important due to the vast reduction in the cost of performing a
calculation. The cost of preparing and checking a case is now dominant and so clarity of
specification at the expense of code performance pays dividends, because it simplifies the job
of someone independently checking assessments; an important consideration in a safety
situation.

4.3 Boundary Conditions

The boundary conditions available in MONK 6B include the specular or periodic reflection
conditions to provide infinite arrays in one or more direction, or to enable only part of a
system to be modelled. There are also albedo co-efficients which are designed to be used in

(7 conjunction with thin reflectors in place of thick reflectors thus saving computer time. It has
V been found however that to avoid biasing the calculation of k-effective, the thin reflector

actually needs to be fairly thick, and the result is that little or even no time is saved over
modelling the reflector explicitly. Therefore for criticality assessment calculations it is
strongly recommended that reflectors are modelled explicitly and that albedo co-efficients are
used only for design or survey calculations.

5 STARTING SOURCE OPTIONS

MONK 6B contains a wide range of source options which are used as the first guess of the
neutron distribution. The code then performs a staged calculation with the source for the next
stage being derived from the collisions that occurred during the cu: rent stage. Hence the
starting source is only used to get the calculation off to a reasonable start.

Superhistory powering enables MONK 6B to concentrate on the most reactive parts of a
system provided that the initial source guess is not unreasonable; that is provided it allows
neutron tracks to reach all parts of the system during settling. In the majority of cases a ,

starting source to meet this criterion can be easily identified. It is normally adequate to have
starting source neutrons in all regions of fissile material and this can be done by selecting a
source by material and/or volume.

The default starting energy distribution is that the neutrons have an energy sampled from a
U235 fission spectrum; the default angular distribution is that the neutrons are sampled
isotropically (equally in all directions). Both of these defaults are adequate for normal
criticality calculations.

;

O
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Having selected the source distribution some initial tracking stages (typically two) are
performed by MONK 6B, the results of which are not included in the scortng statistia. This
preliminary process is called settling and it allows time for the neutron distribution to move
from the guessed distribution and approach the true neutron distribution.

The computed standard error arising from the Monte Carlo calculation (o) is usually
employed to provide an upper confidence limits on the calculated value of k-effective.
Considerable mathematical analysis has been performed analysing the mean and variance
computed by MONK 6B, and this work led directly to the encoding of the superhistory
powering algorithm employed by the code. Superhistory powering provides accurate values
of k-effective and its standard error in all practical circumstances providing the following
conditions are met:

The size of the neutron population per stage must be sufficiently large. It is.

recommended that at least 600 superhistories per stage be employed and the assessor
should check all aspects of the output for ad. equate sampling.

The calculation must run sufficient samples to provide a normal distribution for the.

calculated value of k-effective, otherwise three standard errors cannot be claimed to
represent a 99.7% confidence limit indeed it may err below this confidence value by
a large margin. It is recommended that a target standard error of 0.003 be aimed for in
all calculations and the assessor should check all aspects of the output for
convergence.

The initial source distribution should not be unreasonable (i.e. preclude the tracking.

/~~ process from proceeding to all parts of the system in principle) in order to minimise
- the transmission of settling effects into the calculation proper. However note that

even if the settling is inadequate, it has been demonstrated that the settling effects
tend to zero much faster than the standard error, so for small standard errors
(o<0.003) the settling effects are always effectively absent.

Having run a MONK 6B calculation for a certain number of stages a more precise answer
may be required. Rather than extending the initial calculation, a far better approach is to re-
run the calculation to get additional independent results. These calculations can then be
combined as follows:

k = k /ci + k,/o12 + k /o32+.2
i 3

1/ci + 1/o22+1/03 + , , ,2 2

1
o=

V1/oi+1/c22+1/o,2+2
, ,

Independent calculations using different sources adds considerably to the confidence of the
.

!
user regarding the settling issue. j

\

i

1

7 VA'IDATION .
.

Validation can be defined as the process of ensuring that the data, method of solution, code or
calculational route is adequate for the solution of a particular problem. This may be achieved
by comparison with experimental data and standard analytical solutions, or by comparisonO against another computer program. With particular reference to MONK 6B this can be

d interpreted as:
i

|
_ _
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h
V. Validation is the process of demonstrating that MONK 6B can accurately repmduce

experimental data over a specified range of applications - i.e. do we get the right
answer?

For a criticality analyst to have confidence in the results of MONK 6B calculations for a
particular type of system, and also to be able to judge how accurate these results might be,
the code package (comprising the code itaelf and its nuclear data library) must be validated
by comparison with suitable measured data provided by critical experiments. As far as
practicable, the experimental configuration should have neutron leakage and energy
distribution similar to that of the system being studied as well as similarities in the materials
and geometrical configumtion. In addition, the experiment selected for the validation system
should have quantified errors on the measured results that can be compared with the
calculated uncertainty.

The MONK 6B validation database comprises data from a wide range of experimental
systems from a number ofinternational laboratories. The validation database covers many of '
the materials and geometries that are encountered in the nuclear industry, particularly in the
areas of reprocessing, transportation and storage, and is subject to on-going review and
enhancement. Criticality analysts would normally consult the validation database and
identify relevant supporting experiments for each system that is to be studied.

Due to the physically-realistic continuous energy collision modelling employed by
MONK 6B, interpolation and extrapolation of the validation database are much easier to
justify than with multigroup treatments. This is because the ultimate acetuacy of the code
depends more directly on the uncertainties of the nuclear data library.

In order to assist the criticality analyst in locating relevant supponing validation calculations,

]L a categorisation facility has been included in MONK 6B. It may sound surprising that the
analyst needs assistance in this, since he is already aware of the system's composition and
geometry. However when neutrons move around the system they see the composition and
geometry very considerably distorted by the cross-sections. The MONK 6B categonsation
facility provides an objective view of the system as seen by the neutrons and it is intended to
be employed in conjunction with the criticality engineer's knowledge of the system.

The aim of the categorisation process is to select properties which can be used to adequately
cover the key neutronic behaviour variations between systems. Obviously all such
differences cannot be covered in any manageable scheme but, by concentrating on those that
most significantly effect the calculation of k-effective, a usable scheme can be created. The
scheme adopted for MONK 6B comprises the following seven properties: principal fissile
nuclide, non-fuel absorption, leakage, resonance absorption, fast fission, spectrum and
geometry type.

Each categorisation property is scored during a MONK 6B calculation to produce a real
number which is a quanutative measure of the property. The possible range of real numbers
for each property is divided into a number of partitions and so for each property the
appropriate partition can be located. Thus we end up with each system lying in some

,

partitioned compartment (called a category) of the '7-dimensional property space. The seven
properties used by MONK 6B, and their sub-divisions, have been selected to provide
adequate distinction between systems in the areas that most significantly affect the accuracy
of the calculation.

If a validation case lies in the same compartment as a system being studied it may be used as
supporting evidence for the accuracy of the MONK 6B calculation as it displays comparable
neutronic behaviour. In addition supporting validation cases can come from neighbouring
partitions if tr :y are carefully reviewed, using a sensitivity analysis if necessary. It should be

. noted however that unusual nuclides are not covered by the categorisation analysis and need'

to be separately considered.
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8 GEOMETRY VISUALISATION

Companion codes to MONK 6B exist called SCAN 2D and VISAGE 1B which are used to
produce two-dimensional pictures of the geometry model. These are either with low-
resolution on paper (SCAN) or interactively on a high-resolution computer monitor
(VISAGE!B).

VIS AGElB is a high-resolution mouse / menu driven graphics tool for the generation, display
and man:oular#.on of two-dimensional slices through the geometry specification. VISAGElB
has been lmplemented in C and uses the X Windows and OSF/ Motif tool-kits and hence is as
portable as possible. SCAN 2D and VISAGElB images are produced using the geometry
tracking romines of MONK 6B and so are a genuine indication of the geometry seen by the
modelling codes themselves.

The valae of these codes (especially the high-resolution graphics package) should not be
undere,timated and a comprehensive verification stage should precede all MONK 6B
calculanons.

9 QUALITY ASSURED CODE MANAGEMENT

Quality Assurance (QA) is a widespread requirement in the areas of design, manufacture and
operanon of nuclear facilities. Computer software used to analyse these facilities is clearly
no exception, especially in the area of criticality safety assessment. QA principles embrace

(~ all aspects of a software package including development, maintenance and in service u!.e
within the industry. In the United Kingdom, these requirements have led to the establishr tentN

of the ANSWERS Service to act as a centrally controlled repository and distribution contre
for all the major computer codes and data libraries used in the areas of criticality, shic ding
and, reactor physics. In addition ANSWERS provides a code user support and craiaing
serv 1Ce.

The ANSWERS Service has produced a comprehensive set of software management QA
procedures covering the entire software life-cycle including specification, design, coding,
testing and in-use support and maintenance. These standards are employed in the
development and validation of MONK 6B and of course by ANSWERS themselves in its
commissioning and user support roles. The Quality Management System provided by these
procedures has been certified against the International Standard ISO 9001.

When the development of a version of MONK has been completed the source code is then
passed to ANSWERS for testing, commissioning and finally distribution as a recognised
updated version of the MONK code. The version of MONK is formally identified (e.g.
MONK 6B) and the changes made since the previous version and the documentatica that
supports those changes are recorded and archived. ANSWER 3 then commissions the version ' '

of MONK 6B onto a range of industry standard computer platforms and distributes the code
to the user community in the form of uniquely identified load modules.

The load module for each computer type is fully tested at the completion of the
commissioning phase and again on installation at the user site. Note that this latter

|

installation phase is simply a process of copying an executable program - no source code ;

implementation is required by the user and the code can be up W mnning within a couple of
hours. :

Each issue of a version of MONK 6B is distributed in rea ,10 run fem or maximum useri

;

confidence and convenience, with each step in the develq mnt and d!Mution sequence 1

being performed under an effective Quality Management S rtem. The mate from source

i
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'V code to in-use load module is maintained in a fully uaceable form by ANSWERS for cunent j
,

and archived versions of the code. The adoption of these QA pmcedures have added to the ;

confidence in the use of MONK 6B for criticality safety assessment and are aimed at meeting !
the requirements of all code users both today and in the years to come. )

i

|
10 CODE DISTRIBUTION AND USER SUPPORT

The current version of MONK is MONK 6B and is available through the ANSWERS Service
of AEA Technology. MONK 6B has been commissioned on a wide range of computer

3

hardware including mainframes, workstations and personal computers (PCs). A version is i
also available for running on a parallel processing supemomputer.

|
The standard package issued by ANSWERS comprises:

Executable code modules for MONK, SCAN and VISAGE.

Standard nuclear data library (8F.20 groups)*

.

Sample problem inputs and catputs for implementation testing.

Hardware-specific installation guide.

User Guide and Reference Manual.

Validation reports*

The ANSWERS Service offers a comprehensive user support package which includes
maintenance, trouble-shooting and expert advice, as well as providing access to new code
versions as they become available. In addition regular seminars and training courses are i

held, including well-established hands-on workshops for those new to the code.
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SECTIONE

VALIDATION OF MONK 6B i

Summary

An overview of the MONK 6B validation database is presented. Detailed experimental
analyses pertaining to the storage and transportation of low-enriched UO2 fuel are also
available for MONK code users.
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S_ECTION C
,

APPI,1 CATION OF MONK 6Il TO A TYPICAL PROllLEM

Summary

A guide to applying MONK 6B to a typical problem is presented, namely the criticality safety
assessment of an LWR fuel shipping cask. The guide follows through a complete MONK 6B
calculation describing each section of the modelling process in some detail. In addition a
detailed discussion of the various output tables is given.
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# 1. INTRODUCTION

The need to be able to ensure the suberiticality of irradiated reactor fuel during transportation is of
fundamental importance to the nuclear industry. The fuel is removed fmm a reactor and stored in a
water pond at the reactor site to allow for some cooling and decay of short-lived radioactive isotopes.
The fuelis then removed from the pond and transported in massive metal containers called flasks to
another site for further storage and reprocessing. With the increasing number of fuel movements that
are becoming necessary, there is a very strong incentive for the operator to maximise the amount of
fuel transported within each flask, and thus reduce the overall costs.

A number of features in addition to criticality safety influence the design of Gasks, and hence the~
amount of fuel that can be transported in one shipment. These include the overall sue and weight of
the Gask, the heat dissipated by the fuel, the structural integrity of the flask and contents, and the-
radiation exposure to both the operating personnel and the general population. However the need to
achieve criticality safety during the transportation process under normal and accident conditions is
vital to the whole operation, and is a major design consideration.

This document is intended as a guide to applying the MONK 6 Monte Carlo criticality code to the
problem of determining the reactivity of an LWR transport flask. It will be of benefit to the knowl-
edgeable but inexperienced user of the code, but is not a substitute for the MONK 6 training course ,

p as far as the complete beginner is concemed. The guide will follow through a complete MONK 6 - i

( calculation describing each section of the modelling process in some detail, including the arguments
for and against particular options on the occasions when the user is presented with a choice of
strategies. In addition a detailed discussion of the various output tables will be given. enabling the user -
to interpret the MONK 6 output.

Section two of the document gives a very brief overview of the transport Dask criticality safety prob-
lem and section three discusses the process of applying MONK 6 to the problem. This will include an
overview of the code and data, validation and the calculational uncertainties. Section four contains a
description of the general modelling capabilities of MONK 6 as a prelude to section five, which de-
scribes the construction of a model of a typical nask. Section four contains some information that is
available in other MONK 6 documents but has been included here for completeness to allow the vari-
oes options to be meaningfully discussed. Section six analyses the output from a typical MONK 6
calculation and section seven puts the calculation in the context of a criticality assessment. Although |
some of the comments made on modelling using MONK 6 will be specific to the transport flask prob- )
lem, many of the recommendations will be appropriate to other criticality problems. '

i
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2. BRIEF DESCRIPTION OF TiiE PROBLEM

1rradiated light water reactor (LWR) fuel is transponed from reactor sites to locations _for storage or -
reprocessing in fuel transport Basks. The movement of such flasks is governed by International
Atomic Energy Agency (IAEA) regulations, which state that all fissile material shall be transported in
such a manner that sub-criticality is maintained under all foreseeable circumstances; this covers both
normal variations in operations (e.g. differing fuel enrichments) and accident scenarios.

LWR fuel elements for transport are often held within a compartmentalised container called a multi-
element bottle, with the compartment walls constructed from a material aimed at reducing the reac-
tivity of the bottle by parasitic neutron absorption. The multi-element bottle itself is panially Hooded
with water and it is transponed within a water-filled flask, the main body of which n typically a
massive iron cylinder with cooling fins around most of its outer surface. Upon removal from the flask
the multi-clement bottle is normally stored intact under water in a pond, whilst awaiting reprocessing.
Cenain other types of flask have no intemal multi-element bottle, and the fuel elements are locmed
within open racks; in addition some of the flask types employed in France are transponed dry,llow-
ever the type of Dask considered for this document is a wet flask containing a multi element bottle,
although many of the comments will also apply to the other types.

It is at present not possible to detennine by measurement the reactivity of a particular flask loaded
p with fuel, and so fundamental to the safe transport of fuel is the criticality safety assessment. The result
T of the assessment must provide the operator with a suitable safety margin which is preserved under all

foreseeable circumstances. Due to the lack of directly-applicable experimental data, the criticality as-
sessment will be based on performing extensive computer calculations, and reasonable allowance
should be made for all uncertainties in these calculations. It is therefore required that the assessor
performs a demonstrably-safe calculation of the expected state of the nask under normal conditions
and under a range of potential accident conditions, and to thereby prove that the sub-criticality safety
limits needed by the regulatory bodies are maintained.There are strong economic incentives to max-
imise flask payloads and hence reduce overall transport costs, and these can only be met by a high.
standard of criticality safety assessment. Of paramount importance are the potential accident condi-
tions and for this reason a criticality assessment muu always aim for identifying the worst-case
scenarios.,

A large amount of effon nas been extended over the years in performing experiments representative
of the types of problem encountered in the transport of reactor fuel. The complex computer codes
employed in criticality assessments have been extensively validated against such experiments, and are
capable of physically-realistic modelling. This may suggest that tools are available to enable precise
calculations to be performed, but the users of such tools must avoid complacency and consider each
assessment on its own merits. Adequate physical realism is a necessary but not sufficient condition for -
achieving an accurate criticality assessment. Data uncertainties and biases, code limitations, opera-
tional uncenainties and possible mis reponing, input data e rors, and the postulated accident scenarios
all require careful consideration during the course of an assessment. It is essential that the assessor is
skilled in the application of these complex tools and aware of their many limitations, because of their j

'7 - unique status in criticality work. This status arises from the fact that reactivity cannot be measured in.

situ and the codes therefore are effectively being used in place of measuring instrumems.

|
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The following sections describe the commissioning of an LWR flask calculation and the descripuu.i is
aimed at the novice user of criticality codes based on the Monte Carlo method of calculation, which is
ti.c most widely-used method for criticality assessment. Further consideration of how this calculation
fits into a full criticality assessment will be reserved for section 7.
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1(a
3. APPLICATION OF MONK 6

a) Basic Statistical Ideas

The Monte Carlo method is distinguished from other numerical techniques by its use of random sam.
pling to obtain solutions to mathematical problems. In many ways the Monte Carlo method can be
regarded as a numerical experiment, with statistical techniques being employed to estimate the re-
quired quantities by sampling from appropriate probability distributions. For example the probability
of throwing double six with two unbiased die can be readily estimated by Monte Carlo means, by
repeated random sampling of pairs of numbers between one and six. In this case where the result can
be obtained exactly by the laws of the combinations of probabilities, the use of the Monte Carlo
method is pointless. However in the wide range of problems where no such simple solution exists, as
in the case of general th" :-dimensional particle transport, the Monte Carlo method is often the only
feasible method ef se' aon.

The Monte Caric .thod can be used to estimate some numerical quantity by sampling from a sto-
chastic model of a physical system. The estimate is normally obtained by performing a number of
experimental trials or samples and calculating the sample mean:

X, = 1/n x,

where x,,x,,.. ..x, are sample values of the random variable X that is being estimated.

|

In addition when applying the Monte Carlo m-thod to practical problems some confidence is required !
in the accuracy of this estimate, and this normally involves obtaining an estimate of the statistical
uncertainty in the value.

Concerning the mean value the so-called ' law oflarge .wmbers' frorn probability theory states that the

fample mean (X,) approximates the population or true mean ( ) with a probability that tends to 1 as n
mereases: '

P ( lim X, = p ) = 1

Thus the mean of n sample values converges to its expected value as n increases. An estimate of the
range of values that the mean may take and the rate of convergence to the expected value is given by
the central!imit theorem. This states that if a series of sample means is obtained frr,m a population (of'
arbitrary distribution) with mean y and standard deviation o , then the sample means will form a -
distribution which tends to a normal distribution. Moreover this distribution of sample means will also
have a mean of p, but will have a smaller standard deviation (often called the standard error) equal to -,

a/N', where N is the number of sample means. The number of sample means required to approxi-
mate a normal distribution varies depending on the shape of the parent distribution, and can be very

, _
large (e.g. several thousand) for a highly skewed distribution.

>

' In a practical calculation it should be born in mind that the true mean is unknown and i+ standard
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deviation must be estimated in order to apply the central limit theorem. However provided the sample
mean is fairly estimated and a large number of individual sample means are considered, the underlying
normal distribution can be used to predict the probability of the estimated mean deviating from the true
mean in units of c. Thus the observed mean is within cm standard error of the true mean 68.3% of the
time, within two standard errors 95.4% of the time and within three standard errors 99.7% of the time.

In addition the theorem states that the standard error reduces with the inverse of the square root of the
increasing number of sample means; this gives rise to the well-known result that to half the standard
error of a Monte Carlo calculation four times the number of samples are required. It is rare in criticality
experience for this normal distribution condition to be breached, and very unlikely for standard trans-
port flask calculations. However for non standard situations the normality condition should be
carefully checked; remember that the smaller the statistical uncertainty the bigger the population
sample, and hence the better the central limit hypothesis.

b) An Introduction to MONK 6
i

MONK 6 is a Monte Carlo neutronics computer code written to assist in the study of criticality safety
problems [1]. It is a property of the Monte Carlo method that considerable geometric complexity can
be represented and a physically realistic account of the neutron interactions can be modelled. No sig-
nificant approximation is required on theoretical grounds, although some might be introduced to
enhance the efficiency of the calculation. The accuracy of the basic nuclear data is the only real limit
on the ultimate accuracy achievable. Although computer storage and running times might impose g
further limitations it is a false economy at a time when good computing facilities are cheaply and W
easily available; no safety assessor should be forced to work without such facilities.

The primary aim of MONK 6 is to calculate the reactivity of systems by the computer simulation of the
birth, migration and ultimate fate of a finite sample of neutrons. The actual number of nentrons fol-
lowed or tracked determines the statistical accuracy of the final scored parameters. In fact the vanance
on any scored parameter varies inversely with the number of neutrons sampled as indicated above.

A system under study is assembled from simpler sub-systems using the MONK 6 geometry pacQe.
The basic component of this package is a set of simple bodies, namely the sphere, box, rod, pnsm,
cone and torus. These bodies can have general orientation and can overlap each other if necessary.
They are used as building blocks to form simple parts of the geometry, each part being defined quite
independently of the rest of the system using local co-ordinates. These simple parts are then used to
make more complex parts in the same way and so on, until the whole system is assembled. Hole

! geometries (making use of a technique called Woodcock tracking) are used extensively in MONK 6 to
provide a lot of the more complicated fine geometric details, and to short-cut the specification of some
of the commonly-occurring items.

;

I Neutron interactions are considered in the MONK 6 collision processing package called DICE. The
basic MONK 6 nuclear data library is an 8220 group library based on UKNDL and JEF evaluations.
This library together with the point-energy collision processing provides a very detailed modelling of

, the physics, and the ultimate accuracy of the MONK 6 code using this option depends only on the
| numerical accuracy of the basic nuclear data. It is this DICE package that has been the subject of g
| extensive validation and is therefore the recommended method for criticality assessments. However

| for cross checking purposes MONK 6 can also accept data from a number of established multit ip

1
1

_ _ . _ _ _ . _ _ . _ _ . _ . _ _ _ _ _ _ . _ _ ..
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libraries, namely the liansen and Roach 16 group library, the US SCALE libraries and the WIhtS UK
reactor physics libraries. '

N10NK6 calculates the multiplication constant k-effective using a staged calculation with each stage
consisting of a fixed number of superhistories. A neutron superhistory is the set of tracks followed by
a neutron and its fission progeny from birth to absorption or leakage through a fixed number of fission
generations (normally 10). Superhistory tracking produces a stable calculation of the scored parame-
ters and their variances which are essentially unbiased. A superhistory calculation concentrates on the
most reactive parts of a system and thereby extends the use of MONK 6 to highly-decoupled systems.
In addition to k-effective the MONK 6 output includes estimates of fluxes, reaction rates and boundary
crossings.

c) Validation

For the user to have confidence in the results of MONK 6 calculations for any type of system, and also
to be able to judge how accurate these results may be, the code and its nuclear data library must be
validated against suitable experiments. As far as practicable, the experimental configuration should
have neutron leakage and energy distribution similar to that of the system being studied as well as
similarities in the materials and geometrical configuration. In addition the experiment selected for the
validation should have measurement errors smaller than any calculational uncertainty. MONK 6 has

/~N been validated against a number of systems covering a range of materials and geometries that areU encountered in the nuclear industry, particularly in the areas of reprocessing, transponaticm and stor- _j
age [2-4]. '

l

i

For fuel transport flask conditions there exists a relatively large set of relevant experimental data, |

arising from extensive programmes of work in the USA and France. A summary of the experimental !

data up to 1983 is available [5] which also points to some remaining gaps in the database, and vsork
has continued in the USA [6] to fill one of the more important omissions. The summary document

,

also highlights areas where panicular moderation, geometric and enrichment conditions are not cov- |
ered by any expermental data. In addition the computerised CESAR database, accessible through the !
Nuclear Criticality Information System (NCIS) [7], gives information on a wide range of critical l
experiments. The use of NCIS also enables UK criticality practitioners to access a flow of useful
infonnation from other workers internationally, via electronic mail and assorted databases.

The MONK 6 validation database includes a number of experiments applicable to fuel transport sys- |
tems, covering a range of problems encountered in practice; these should be studied before employing )
the code for criticality assessment of a particular system..For these systems, MONK 6 performs well,-
predicting k-effective to an accuracy of about 1% for low-enriched uranium fuel pins with water
modentor. However care should be taken to ensure that the validation database includes suitable .|

4 systems for a particular assessment.
,

- d) Calculational Uncertainties
-

-

i A sub critical margin is normally employed (typically several percent in k-effective) for criticality

- .
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assessments, and this margin is an upper bound on calculated results plus all uncertainties. His margin
does not depend only on the accuracy of the code and data, but is chosen with some judgement re-
garding the sensitivity of the reactivity to changes under operational or accidental reconfigurations.

By testing NIONK6 against a large number of well-reported experiments some confidence in the use
of the code for certain fuel transport calculations can be obtained. As a heavy responsibility is often
thrown onto the htONK6 code, particularly in the study of accident conditions where validation is less
well-defined, certain pessimistic assumptions are normally made when performing such calculations.
These include the assumptions: all fuel is unirradiated and at the maximum enrichmer.t; the fuel is
arranged in its most reactive configuration; and the moderation and reflection conditions are optimum
(i.e. the most pessimistic). De geometric flexibility of hiONK6 enables accurate or conservative
models to be created for all realistic situations, and this should be exploited.

The k-effective calculated by 510NK6 is related to the true k-effective by an equation of the form:

k =k +B+E+R+S.g

where B is the systematic bias of the NIONK6 code and data library and may be positive or negative
if sufficientjustification can be made: E 20 is the total random error made up from random errors in
the preparation and execution of the htONK6 calculation; R20 is the bias to allow for operational or
accidental changes causing increases in reactivity; S20 is the statistical error of the Nionte Carlo
method.

! The sub-critical margin requires that:
i
,

| k
~mt;E

| where L is some pre-defined limit, typically 0.95 for transport flask assessments. By examining the
| validation of N10NK6, the only evidence of any bias for fuel transport systems is a slight tendency to

over-predict k-effective. Thus the systematic bias (B) is negative, provided that the system Mng,

| assessed is covered by those cases in the validation database, but for added conservatism is nonwily
| taken as zero. Note that only under extreme necessity, requir'ng detailed supporting arguments,is use
, made of a negative value for B.
1
1

The random error (E) in the preparation and execution of the 510NK6 calculation cannot be com-
.

pletely eliminated, but by a combination of standard QA practices and operational procedures it can
| be made vanishingly small. Dese procedures include: rigorous and independent checking of input

data and calculations; re use of standard specifications wherever possible; extensive use of the geom-
,

| etry display code SCAN 6; cross-checks with hand calculations, other codes and similar systems;
I ensuring that the information upon which the model is based is accurate and representative of the
i operational situation'; and modelling the system as accurately as necessary.

The h10NK6 code contains a lot ofinternal checks on input data suitability and consistency but these
can never be exhaustive. h10NK6 has been carefully developed and tested over many years and has g
been employed for thousands of criticality calculations, but still the possibility of encountering a code W
error cannot be entirely discounted. However the possibility of a code error allowing the code tc e-

- _ _ - -_
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cute successfully and produce a believable k-effective value lower than the true value with no warning
symptoms in the output can be ignored, provided the output is carefully checked. More probable
sources of error are the computer hardware, operating system and FORTRAN compiler being
employed. Rese problems can be solved by employing quality assured ANSWERS versions of
MONK 6 on licensed computer installations, and by performing regular checks.

The term R, arising from the possibility of accidental changes causing an increase in scactivity can
often be set to zero by the use of worst-case scenarios for the Monte Carlo modelling. Such an as.
sumption needs to be considered for each type of system independently and verified by reference to
published data or supporting calculations.

The statistical error arising from the Monte Carlo calculation (S)is usually included as some multiple
(normally three) of the computed standard error. Considerable mathematical analpis has tren per-
formed analysing the mean and variance computed by MONK 6 (8], and this work lead directly to the
encoding of the superhistory tracEng concept now employed by the code. Superhistory tracking pro-
vides accurate values of k-effective and its standard error in all practical circumstances providing the
following conditions are met:

1) The size of the neutron population per stage must be sufficiently large. There are many symp-
toms of an insufficient population being used and these are discussed in section 6. It is
recommended that for most systems at least 600 neutrons per stag: be employed.

(Qv 2) The calculation must run sufficient samples to provide a normal distribution for the k-effective
estimators, otherwise three standard errors cannot be claimed to represent a 99.7G confidence
limit; indeed it may err below this confidence value by a large tr.argin. It is recommended that
a target standard error of 0.003 be aimed for in all calculations and the assessor should check
all aspects of the output for convergence, as described in section 6.

3) The initial source distribution should not be unreasonable (i.e. preclude the tracking process
from proceeding to all pans of the system in principle). He superhistory tracking algorithm
allows the code user to be less concerned about specifying a very accurate spatial source dis-
tribution, and a sensible simple approximation to the true disuibution (as shown in section 4d)
should be employed to miriimise the transmission of settling effects into the calculation proper.
However even if this should occurit has been demonstrated [8] that the settling effects tend to
zero much faster than the standard error, so for small standard errors (c-0.003) the settling
effects are always effectively absent.

.

If all these practices are rigorously adopted the sub-critical margin inequality for a well-validated fuel l
transpon calculation can reduce to:

k + 3a s L

subject to correct use being made of the MONK 6 code. However justification for the elimination of
the other terms needs'to be made for each case in turn. Note that the standard error arising from the

_j Monte Carlo process detennines the precision of the calculation and this can be chosen by the user by
running an appropriate-length cr.lculation. The accuracy of the calculation however is determined

_ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ - _ _ _ _ _
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principally by the accuracy of the nuclear data being employed, provided the geometry has beci. ac-
ceptably modelled. Thus the accuracy of the calcula6on is outside the control of the user for any given
nuclear dataset and the inaccuracies therein (in the form of biases) must be accepted as a real error in
the calculation.

-

O

_

e
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4. GENERAL MONK 6 MODELLING

a) Simple Body Geometry

It is a key property of Monte Carlo codes that versatile and accurate geometry modelling is passible.
The MONK 6 geometry package (described in some detail in Chapter 2 of the User Guide [91) makes
efficient use of this power, enabling models of considerable complexity to be created, both accurately
and with reasonable case. The package consists of two distinct but intimately-related sections: simple
body and hole geometries. The majority of criticality calculations will employ a mixture of the two to
model any given system.

A MONK 6 calculation involves simulating the movement of neutrons within a system and recording
what happens to them; in Monte Carlo terminology this is called neutron tracking. For iracking a
neutron within a simple body geometry (explicit tracking) the code needs to determine the distance
from the current position of the neutron to the boundaries of the simple bodies, and select the nearest
distance. This distance is then compared with the distance to the next neutron interaction with the
medium being tracked through, which is obtained by sampling from the transmission probability dis-
tribution, to determine whether a boundary crossing or collision is the next event to occur.

Explicit tracking takes place over six simple body types: sphere, box, rod, trapezoidal prism, truncated
cone and torus. Rese are assembled into parts which can be included in other pans and so on until the
whole geometry is included in a global part with suitable external boundary conditions, e.g.

Global Pan

v &

Part a Part b Part c

./r/ /y

|

Pan d Part e Part f Part g Part h

~~

l,/ \ [\u s 4, , .

.
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Each simple body has its own intrinsic co-ordinate system which define', where that body is within a
part. Each body may be freely orientated within the part by employing translation and/or rotation
transformations.

Each part is constructed from any number of simple txxiies and there are two ways of assembling the
bodies: the nest or the cluster. For a nest the bodies are concentric with one inside another and all
inside the outermost body or container:

,
-_

_

:

E

.!
pr

,

'
s

.
For a cluster the simplest nrangement is for each txxiy to be completely inside the container and
distinct from all other bodies:

:
- ' p ,

,
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:
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More complex use of the cluster can be made where internal bodies may overlap each other to form
clumps and/or bodies may be cut back by the container:

-

<
,7, .... {

,

yr - > -: #E!E

*
EE$E

E

P

V

.g The co-ordinate system of the container body is used as the local co-ordinate system for the pan; all
V the other bodies in the part are located with respect to it (note this assumes that the container is neither

translated or rotated, as will be recommended in section 4c). Each body of the pan is first located at
the pan origin with its axes lined up with the pan axes. Then its origin may be moved to the point b
and its axes may be rotated by the onhogonal matrix A,i.e. a point x becomes x* = Ax + b.

The effect of creating parts is to containerise the geometry so that the explicit tracking can be per-
formed on a subset of the whole system at any one time. Until the neutron leaves the container the
boundaries of the bodies in other pans can be ignored.

The structure imposed by the nest has its own additional efficiency factor, At any point in the nest
there are only the boundaries of two bodies (or for the very centre body only one) that can be en-
countered next. This greatly simplifies the explicit tracking computation. For a cluster, when a neutron
leaves a body the code has to consider all other bodies within the cluster to determine which one will

be encountered next; the use of overlapping bodies within the cluster increases the complexity further.
Thus the nest should be used if possible in preference to a cluster. However as the use of a cluster is
often unavoidable, the number of bodies within a cluster should be minimised by funher containeri.

-

sation if possible for optimum tracking efficiency.

- Each simple body within a part has some portion ofits inside delineated to hold its contents. The exact
portion depends on whether the part is a nest (where except for the innermost body the contents occupy
the annulus between the body and the next one in) or a cluster. For overlapping bodies within a cluster
additional rules apply based on the dominance number assigned to the relevant bodies. The ponion of

/~
'

the body inside that holds the contents is termed a scoring region, and if the pan is employcd on more
than one occasion in the model the scores for the scoring regions of the part are summed over all the
xcurrences. The contents of a simple body may be a real material (a homogeneous mixture of nu-!

_
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clides), a hole geometry (a heterogeneous mixture of nuclides having further geometric detail) in
cenain circumstances a subsidiary part (the container and interior simple bodies of some other pan
which must fit exactly into the space of the simple body).

MONK 6 has a funher khd of part called an array which is a large box cut by parallel planes in each
of the three directions. Each cuboidal compartment created contains a subsidiary pan, which again
must fit exactly into the space reserved for it. The array structure also has efficiency advantages over
a cluster as the code knows which companments are next to each other, and so the array should be used
wherever practicable in preference to a cluster, or to break up a cluster in some circumstances.

The explicit tracking algorithm is designed to answer the following question: ' A neutron is at position
x travelling in the direction O within some part. What is the distance to the nearest simple body
boundary?'.

If the equations of the boundaries of the bodies in the part are:

B, (x) = 0 ; i = 1,2,3.. .

then all the equations of the form:

B (x + s,0) = 0 ; i = 1,2,3.. .' S
have in principle to be solved to obtain the shortest distance s along the direction O from the point
x. This is why only simple bodies are possible if the Monte Carlo tracking is to proceed at acceptable
speed. The input data for the simple body geometry is given in Chapter 3 Unit 2 of the User Guide (9).

b)llole Geometry

Explicit tracking has cenain imponant limitations:
-

1) Only simple bodies can be employed due to the difficulties involved in solving equations for
more complex bodies

| 2) Attempts to model realistic situations can result in a large number of boundary distances to be
computed and compared

3) Preparing and checking the data for such a case would be a formidable task and the resulting
code execution speed could be slow

4) Making large geometric modelling approximations is a source of systematic error of unknown
size which is unjustified in a point. energy Monte Carlo calculation.

!
,

An alternative strategy is available in MONK 6 called Woodcock tracking and this enables the code to
1

l

,

|

. . _ . - . - - . _ _ . - - . _ _ . _ . _ _ __
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deal with complex geometry details. Woodcock tracking occurs inside ho|e geomeuies and these may
be used inside a simple body instead of a re al material or subsidiary part.

A hole geometry has:

1) its own co-ordinate system which is located with respect to the body or pan co-crdinates of the
body it is in

2) a hidden geometry of some generic type which is made specific by user-supplied parameter
values

3) zones ofits hidden geometry filled with either real materials or hole materials (and these may
contain further hole materials and so on to any depth).

The only reason for computing distances to boundaries with explicit tracking is that the mean free path
varies from material to material. The basic idea of Woodcock tracking is to anificially give the com-
plex geometry a constant mean free path equal to the shortest mean free path of those materials in the
hole. Now tracking can be performed using this value, and calculations of boundary distances are not
needed. Instead the code has the much easier task of checking inequalities as a means of determining
the material present at a collision point, e.g.:

O
-

Lf, < y
'

x' + y' > r'
'x<a x a

i

The mean free path is the average distance between collisions so that using a value that is shorter than
it should be introduces extra collisions called pseudo collisions, which have to be treated as non-events
(i.e. the neutron proceeds in the same direction and at the same speed as before the pseudo col!!sion).
Non-events are obviously easy to process, but even so some care must be taken to prevent the intro- 1

duction of too many of them. |,

This can happen when one of the real materials in the hole geometry has a much larger total cross-
. . section than ali the others. Then the pseudo collision probability would be relatively large resulting in

'

a very large number of pseudo collisions, seriously downgrading the performance of the code. There.
fore very heavy absorbers present in relatively small proportions (for example) are best kept out of.

Woodcock tracking geometries if possible, as are sections of geometry containing a large proponion

_ _ , _ - _ _ . _ _ _ .. - .
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of void space, but in the majority of other cases Woodcock tracking is faster than complex expucit
tracking. Note that there is no harm in using Woodcock tracking in a section of geometry containing a
heavy absorber provided it occupies a relatively large proportion of the volume of that section.

There are many different types of hole geometry available in MONK 6 and all are infinite in extent.
They are only cut to size when they are included in a simple body and any of the geometry outside the
simple body or within internal other bodies is discarded. This cutting-to-fit rt:le provides a solution in

!many situations to the problem mentioned above of materials with relatively large total cross-sections.
Consider an array of fuel pins with an absorber control pin present in the centre:

l
|

9 @ @ @

@ @ @ @

@
@ @ @ @ e
@ @ @ @

_

This could be specified as a single body nest containing a square hole (an array of pins on a souare
pitch) containing a further square hole as a subsidiary hole in the interstitial medium to provic.se
control pin. Thus the total cross section of the absorber pin will be used for the tracking throughout the

,

!

whole array even though it occupies only a relatively small volume.

Typicalinput data could be:

* material 1... UO2 fuel
* material 2... water

,

'

* material 3. . boron
* material 4. . zirconium

NEST 1
|

BOX BH1 14 14 100

hALBEDO l 1 1 11 1
.

;

_ . _ __ _ . - _ - ____ _-_ - _- _ - _ - .__ _- - _ -_____ _ _ _ -
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SQUARE 4 12 3 4 HTRANS 7 7 0 i
3.41.71.7 0.55 0.65
14 2 |

SQUARE 2 2 3 I
1000 0.80.8
332

An alternative more efficient specification would consist of a two body nest with the inner body
defining the absorber pin. The square hole defining the array would be placed in the container but
would not overlay the inner simple body, so now the smallest mean free path of the other materials will
be used for tracking in the majority of tl. system, and the very small mean free path of the absorber
will only be used when the control pin is actually entered. Typical input data could be:

* material 1. . UO2 fuel
* material 2. . water
* material 3 . .. boron

* material 4... zirconium

HIST 2
ZROD ORIGIN 7 7 0 3 0.8 100

(] BOX BH1 14 14 100
ALBEDO 1 11 1 1 1

SQUARE 3 12 4 HTRANS770
3.41.71.7 0.550.65
142

If the above two cases are run for the same number of samples the first one with the boron in the hole
geometrv takes six times longer than the second case with the boron in the separate simple body. Thus
there are potentially large gains to be made when materials such as boron, cadmium and gadolinium
are employed. If a large series of calculations is planned it is ofter worthwhile determining by trial
calculations whether the efficiency of the calculations can be improved in this way. This technique
clearly extends to more complicated systems than the one considered here.

If the absorber pin was more cornpicated geometrically, this detail could be included as a separate hole
geometry within the first body of the nest (in the second example) without significant penalty. This
is because the absorber cross-section would only apply over that simple body space (as for the unifomi
material example), and the tracking in the bulk of the system would be unaffected. Therefore materials
with relatively large cross-sections can be sensibly employed in hole geometries on many occasions
and precautions like those employed above can alleviate most problems.

In many systems the use of hole geometries dominates with simple bodies being employed to provide .
.

only the containers and isolated components. For many applications the use of hole geometries mde
,

the input specification much easier and therefore reduces the possibility of input error considerably,
i

out it is the combination of the two that gives the MONK 6 package its real power and flexibility,
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coupled with a straightforward user-image.

Hole geometries provide an enormous range of possibilities for modelling complex geometries and in
many enses there exists a choice between different modelling strategies. At first sight the job of opti-
mising code performance looks daunting, but it turns out that the largest savings come from decisions
that are easy to make, namely the question of handling heavy absorbers and dealing with complex
clusters. However code efficiency is not the only consideration and in a safety-related area it is not
necessarily the most important one. Some comments have been made about how to improve the code
efficiency, but except in extreme cases (such as the hole geometry example shown above) this is
becoming less important due to the vast reduction in the cost of performing a calculation on modern
high-speed micro-computers. The cost of preparing and checking a case now dominates the cost of
performing an assessment and so clarity of specification at the expense of code performance pays
dividends, because it simplifies the job of someone independently checking assessments; an important
consideration in a safety situation. Using the hole geometries effectively requires Chapter 2 of the
User Guide [9] to be read in conjunction with the input specification in Chapter 3 Unit 3.

c) Co-ordinate Systems

Every simple body is given its own intrinsic co-ordinate system, e.g.:

; i 9
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MONK 6 allows a general part co-ordinate system against which every body of the pan may be located
and orientated. However this is an unnessary generalisation and it is strongly recommended that each
pan takes on the intrinsic co-ordinate system of its container body as the pan co-ordinate frame. His
is because when a part is assigned as a subsidiary part to a body it takes on the co-ordinate system of
that body which becomes its effective container, and all bodies within the subsidiary part are orien-
tated accordingly. Thus there is no need to transform the co-ordinates of the container of any part as
the required transformation is performed by the simple body containing that pan. The use of local
co-ordinates for each part means that the user does not have to individually place every body correctly i

in the global part, but merely in the correct relative place in the parent part of the body. These parent
parts then become additional building blocks which can form funher pans and so on, each time the
building blocks being positioned relative to the current pan being defined. The local co-ordinate , s- j

_ _ _ _ _ _ _ _ - _ _ . _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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h
tem approach to geometry modelling is most suitable for the kind of geometries normally encountered
in criticality calculations and enables frequently reccurring geometries to be re used in other models.

The hidden geometry of a hole forms the contents of a scoring region associated with a simple body
and the hole tracking algorithm is either passed the position co-ordinates of the neutron in the part
frame or the co-ordinates in the simple body intrinsic frame. The two options are distinguished by the
specification of the keywords HOLE or BHOLE (H or BH) respectively.

In most cases the use of the intrinsic co-ordinates of the simple body (BHOLE)is the more appropriate
because it is generally more sensible for the hole co-ordinate system to be defined with respect to
something fixed, such as the simple body co-ordinate system, rather than the part co-ordinates, which -
can be rather arbitrary. The user who always employs BHOLE will never be disadvantaged in speed
of execution and the simplification of the geometry contmetion is a real benefit. '1he tse of HOLE
should be reserved for special effects, for example when the part co-ordinates are in fact global co-
ordindates being read fmm an engineering drawing.

However the facilities of the two methods of specification overlap completely and it recommended
that BHOLE be employed whenever possible. The following simple example shows how a square
lattice of pins within a wrapper can be specified using the two options:

NEST 1

(] -BOX ORIGIN -7 -7 0 H1 14 14 100

SQUARE 3 123
3.41.71.7 0.550.65
WRAP 44 6767
123

is equivalent to:

NESTI
BOX BH1 14 14 100

SQUARE 3 12 3 HTRANS 7 7 0
3.41.71.7 0.550.65
WRAP 4 4 6 7 6 7
123

~

,

When a hole geometry contains a subsidiary hole the possibility of a further co-ordinate system exists
and here the co-ordinates that are passed from parent hole to subsidiary hole are entirely at the
discretion of the designer of the parent hole geometry. These rules are chosen for their likely conve-
nience and in general are consistent between the various hole geometries, e.g. the lattice-type holes

, ' pass on co-ordinates relative to the local pin for subsidiary holes within the pin or clad, but pass on
those it received itself for subsidiary holes in the interstitial space. However the rules need to be

-
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known for each hole type as the use of holes within holes is frequently used and can provide an elegant
solution to the specification of many complex geometries.

d) Source Options

MONKS contains a wide range of source options which are used as the first guess to the neutron
spatial distribution. These were developed during a period when the code lacked a mathematical
foundation and many of the options are largely superfluous with the introduction of superhistory
tracking. Superhistory tracking enables MONK 6 to concentrate on the most reactive parts of a system
provided that the initial source guess is not unreasonable; that is provided it allows neutron tracks to
reach all parts of the system during settling.

The nature of criticality situations is that there are usually a great many strucmral matedals around the
fissile material to parasitically absorb neutrons, so that they settle reasonably quickly into the fr 4a-
mental mode that is needed to compute k-effective correctly (provided there are suf6cient neutron, per
stage to allow this to happen). Superhistory tracking forces the input source to pass through ten fission
generations without interference, which effectively removes those neutrons not in the fundamental
mode (i.e. those in the harmonic modes), leaving only the most reactive component of the population;

this has a powerful stabilising influence on the calculation.

The most generally useful of the source options is the MULTIFISS description, as that distributes the - g' #

staning neutrons over a selection of simple bodies with only points within fissile material being
employed. The most useful of the other options are the POINT, VOLUME and FISSILE descriptions.
The following section gives a brief description of how each of these source options work.

The POINT option is clearly the simplest; all of the initial source superhistories start from the same
point in space. For homogeneous systems it is usually sufficient to specify a point source at the centre
of the fissile material; this gives the added confidence of the code converging from a high value of
k-effective as the central point source will normally over-estimate k effective.

The VOLUME source option is almost as simple; the user defines a source volume and random p nts
are chosen from within the volume at which the superhistories are started. Again for homogeneous
systems this can be quite suitable, but for heterogeneous systems, as there is no control over which
materials the random points will placed in, some of the points will inevitably be in non fissile
materials. However by suitable choice of source volume this problem can be minimised in many cases.

The FISSILE option will perferm a search over the whole system and select source polots from within
simple bodies that contain fissile material, if a simple body selected contains a real material then
obviously the source point will actually lie in a fissile material. However if the body contains a hole
geometry there is no guarantee that the point actually chosen will be in a fissile material. For many
cases though this may not be a major problem, and this source option has a wide range of application.

The MULTIFISS option selects points at random from within specified simple bodies but only accepts
the points if they lie within fissile material. Thus all source points will stan in a suitable material which h-
makes this option generally applicable to all systems. There may be some small inefficiency he

-)
- - - - - - - _ _ _ _ _ _ - _ . _
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amount of fissile material is small within a given simple body but suitable partitioning of the body
using the non-default MULTIFISS source options can usually overcome this. '

The following input data describes an collection of fuel bodies within compartments separated by
absorbing plates. The location of the source points obtained by employing each of the options con-
sidered above will then be indicated:

,

* material 1... UO2 fuel
* material 2... water
* material 3 . . zirconium
* material 4... steel

* material 5. . boron

* single companment

NEST 2

BOX ORIGIN 2 2 0 BH1 6 610
BOX 4 101010

0 *si"ste de rder

NESTI
BOX 5 31010

* form compartment / absorber array

ARRAY 511 ,

12121 I

|
i* surround array with water i

NEST 2

BOX ORIGIN 5 5 5 P3 36 10 10
BOX 2 46 2020

i

SQUARE 312 3 HTRANS 3 3 0
,

i10001.52.5 '

132

-

A POINT source specified as POINT 231010 would result in the following initial source distribution
(with source points denoted as solid black circles):



.

Page 23 of 71

0

,

A VOLUME source specified as VOLUME REGION 1 PART 4 / would resultin the following initial
source distribution-

:
,
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A FISSILE source specified as FISSILE REGION 1 PART 4 / would result in the following initial
source distribution:

,

f

9
.

I
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m

A MULTIFISS source specified as MULTIFISS STD REGION 1 PART 4 / would result in the fol-
lowing initial source distnbution:

^

e) Control Parametersq
%J

Having selected the source distribution some initial tracking stages are performed by MONK 6, the
results of which are not included in the scoring statistics. This preliminary process is called settling
and it allows time for the neutron distribution to move from the guessed distribution and approach the
fundemental mode. The amount of settling that is performed is chosed by the user but provided a
reasonable source guess is employed some fairly safe guidelines can be given.

Settling depends on two things:

1) Primarily having enough neutrons per stage - the more diverse the geometry the more neutrons
per stage are required to prevem the Monte Carlo statistical error continually disrupting the
settling process.

2) Having enough settling stages - this number is governed by the dominance of the fundamental
mode over the harmonic distributions which will always be present to some extent. It is not
necessary (or even possible) to get rid of these harmonics before starting to score, and so set-
tling is never really complete; however the bias on k-<,ffective due to the harmonics dies away
much faster than the Monte Carlo statistical error, so provided a lot of superhistories are scored
this effect is negligible.

There is no maximurr number of neutrons per stage in MONK 6 but a value of 600 has been found to
fm be suitable for a wide range of criticality problems. Indeed there is no reason not to use at least this

() value for all but very simple geometries where 200-300 may be more suitable to reduce the amount of
settling performed. Experience has also shown that two settling stages is sufficient over a similar range,

of calculations, and again as for the number of neutrons per stage, should be regarded as a minimum
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value except for very simple geometries.

Having run a MONK 6 calculation for a certain number of stages a more precise answer may be
required. Rather than extending the initial calculation, a far better approach is to re-run the calculation
to get additional independent results. These calculations can then be combined as follows:

- 2 2 2

k = k /c + k /c + k /c + .
1 I 2 2 3 3

2 2 2

1/c, + 1/c, + 1/c, + . .

- 2 2 2 1/2

[ 1/( 1/c, + 1/c + 1/0 + .)]0=
2 3

Independent calculations using different sources adds considerably to the confidence of the user re-
garding the settling issue.

f) Miscellaneous Items

For criticality assessments the nuclear data empicyed will generally be the MONK 6 point-energy
library. This has been extensively validated over a wide range of systems and is controlled and ad-
ministered as part of the MONK 6 code package. To select nuclides from this libra 2y for a particular
calculation the recommended method is to use the NUCNAMES option. This is because mistakes are
less likely when specifying familiar nuclide names than when using the original MONK 6 format of
employing rather obscure data file numbers; in addition the NUCNAMES format is more readable. If
the nuclear data are computed by some auxiliary computer code then efforts should be made to transfer
the output from this code directly into the MONK 6 input file and thus avoid re-typing the data. Mis-
takes made in specifying nuclear concentrations or ratios (however they arise) can be very difficult to
locate on occasions, so the chance of making a mistake should be minimised as far as possible. Note
that the materials are numbered in the order of specification in the input data. .

The boundary conditions available in MONK 6 include the specular or periodic reflection conditions
to provide infinite arrays in one or more direction, or to enable only part of a system to be modelled.
There are also albedo co-efficients which are designed to be used in conjunction with thin reflectors in
place of thick reflectors thus saving computer time. It has been found however that to avoid bias'.ng
the calculation of k-effective, the thin reflector actually needs to be fairly thick, and the result is that
little or even no time is saved over modelling the reflector explicitly. Therefore for criticality assess-
ment calculations it is strongly recommended that reflectors are modelled explicitly and that albedo
co-efficients are used only for design or survey calculations.

l

A companion code to MONK 6 exists called SCAN 6 which is used to produce two-dimensional cross-

| section pictures of the geometry either on paper or preferably on a high resolution colour monitor. The
I use of SCAN 6 should not be underestimated. The vast majority of the FORTRAN coding of SCAN 6

comes directly from MONK 6, so a comprehensive check on the data can be performed by SCAN 6.
More importantly the pictures produced by SCAN 6 are calculated by tracking through the geor ry

i

_ _ _ _ _ .
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OL
using the MONK 6 tracking routines; thus the geomeny depicted by SCAN 6 is exactly that seen by the
neutrons during the MONK 6 calculation. No other method of depicting the MONK 6 geometry can
provide this. SCAN 6 can depict the geometry specification at any level of resolution chosen by the
user. In all but the simplest geometries this will involve producing several pictures (at least) with
varying resolution, although the use of a colour monitor can reduce this number due to the extra detail
that is visible in a single picture.

O
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5. MODELLING A FUEL TRANSPORT FLASK

a) Introduction

ne geometry of an LWR fuel transport flask is usually fairly straightforward, although as with most
configurations there are a number of different ways of modelling the problem using the MONK 6
geometry package. The geometric dimensions of the flask are generally well-established and accurate
and efficient MONK 6 models can be constructed which make use of most of the basic features de-
scribed in the last section, including the three basic part types and some of the simpler hole geometries.
The fuel within the flask is normally assumed to be unitradiated and so the material data are also
well-known.

Many of the LWR transport flasks in use in the world have very similar geometries. The main flask
structure and inner container (multi-clement bottle) are cylindrical in shape, and the interior of het
multi-clement bottle is compartmentalised in some way to accept a certain number of fuel clet. .ts.

The number of fuel elements depends on the type of bottle and the type of fuel being transported and
so each case requires assessment on its own merits.

For a criticality calculation the heat-dissipating fins of the flask, the shock absorbing end sections and
the assorted securing bolts and handling structure on the exterior of the flask can be ignored as they
will have a negligible effect on the reactivity of the whole structure. Details within the fuel elements g
such as grid plates, spacers and control pins are also ignored which makes for a much simpler model. w
In addition certain minor localised features within the flask itself can also be omitted from a model
such as water draining pipes for cleaning and filling and miscellaneous bolts and locating devices.
These are in any case conservative approximations due to the primarily neutron absorbing properties
of the omitted materials. The main components can then be modelled as specified with considerable
accuracy. Two typical flask radial cross-sections are shown below:

,,
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An altemative approach is to make thirteen copies of part one to use as parts two to fourteen and create
the cluster of elements from these; this would give detailed scoring information for each element
individually. However if the first approach provides too little information, the second approach, al-
though much better, could be considered to provide too much information, which may well suffer
from lack of precision and could be misleading if not thoroughly understood.

,

The best approach is to note the bi-lateral symmetry of the flask geometry (the flask is symmetric
about a central vertical plane) and create the following model:

,

7 8 7

4 2 2 4

3 1 1 3

Q 5 6 5

Hence only seven copies of part one are required which are deployed as shown above. To copy a j
pre-defined part the MONK 6 option SAME is employed. Therefore specifying S AME 1 seven times ' ;

defines parts 2 to 8; the numbering order shown in the diagram is completely arbitrary. Note that there
is nothing wrong with specifying fourteen different elements and the efficiency of the code is on no
way affected, but making use of the symmetry of the system in this way produces all the information i
necessary for examining the adequacy of the Monte Carlo sampling.

!

1
It may be considered that the calculation would be improved if created by employing a central vertical !

specular reflective boundary and just modelling one half of the geometry, and indeed there is nothing i

wTong with that approach. However no improvement in efficiency of execution would be obtained, .
.

and the model would be more difficult to contruct, as half-fuel elements and half-cylinders would be
required. The recommended approach exploits the symmetry of the flask but in such a way that the
geometry modelis easy to construct.

The fuel elements could now be assembled into a cluster part to give the main components of the'~
multi-clement bottle. However most of the tracking will be performed in this cluster and some effi-
ciency improvement is possible by reducing the number of simple bodies in the cluster by further
containerisation using the array part type. This results in three arrays: one for the top row, one for the
central two rows, and one for the bottom row.

n

h The next three parts of the geometry are therefore array parts. The top and bottom rows each have three
'

boxes in the x-direction and one elsewhere, and the central section has fourin the x-direction, two in
the y-direction and one in the z-direction. The input data for each array are the dimensions of the array

,
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and the part numbers of the appropriate fuel element / compartment constructions, so the MONK ge-
cenetry data becomes:

* bottom row

ARRAY 311 565

* central two rows

ARRAY 4 21 3113
4224

* top row

ARRAY 311 787

These three annys are now included in the cluster part that defines the multi-element bottle (note that
the main cluster now only has four simple bodies rather than the fifteen that would result from the
original strategy). To give an idea of the gain in performance arising from this funher containerisation
both cases have been run for the reference flask. The results show that the case employing the arrays
tracks the same numb:r of superhistories about 30% faster than the large cluster model. h.

'

The specification of a cluster requires the user to define any number ofinternal components and then
a container which has some associated material that fills all the interstitial space around the internal
components. This material is called the interstitial material and it can be a real material or a hole
material, but not a subsidiary part.

If a hole geometry is chosen then like all uses of a hole geometry it is cut to fit the available interstitial
space. This effect can produce complex and unusual geometries, with hole geometries intir 'ely
mixed around simple bodies which may contain real materials, further hole geometries or subsit5ary
parts. A further complexity can be that the internal component parts may overlap one another and the
container. This enables the majority of plant items to accurately modelled as well as providing many
possibilities for overcoming the hole geometry inefficiency regarding materials with very small mean
free paths.

'

A common use of the cluster interstitial material is tr> produce a plane boundary within the components
to give an effective level of solution. This can be done by employing the plate hole geometry as the
interstitial material. The plate hole geometry produce > a series of infinite parallel plane boundaries,
and the spaces between the planes can be filled with reaJ materials or subsidiary hole geometries. The
plane boundaries are then cut to fit the simple body container as usual. A description of the plate hole
geometry can be found in Chapter 2 Section 2.10.3 of the User Guide (9].

Thus a simple plate hole implementation could provide a water level for a pair of bodies within a g
cluster-

,

__ __ _ -- - _- --_-_ -_-________-_________
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The boron steel compartment could be incorporated as a subsidiary hole outside the wrapper; the"

.,

efficiency of the hole tracking would not be greatly downgraded as the boron content is relatively_
,

small, meaning that the cross-section of the compartment would not result in too many pseudo
. collisions. However as the compartment extends beyond both ends of the element it is probably sim-
pler and possibly slightly more efficient, because distance to plane surfaces 'are easily computed, to

include the companment as another body within a nest.
,

This nest part needs to include the water that is inside the ' compartment at either end of the fuel. >

element. This can be readily included by specifying coincident body boundaries to create the e f.'ect cf
a stack or row of bodies. For example the following specification: ' O

,

NIST 2 -

BOX ORIGIN 10 0 0 1 10 10 10
BOX 2 301010

.;

results in the geometry:
u

!

/
:!

Therefore to model the fuel element / compartment construction a nest consisting of three bodies can be
used:

1. fuel element and sleeve (square hole geometry) l
2. water above and below element

. compartment wall.

The internal dimensions of the compartment is 14.29 x .14.20cm and the walls are 0.50cm thick'per
g compartment. Axially the fuel element is of length 409.50cm and is positioned symmetrically within

,

the compartment which is of length 449.50cm; the compartment is fully flooded with water. Thus the
singh element / compartment construction looks as follows (not to scale):

u
.

.

>

.

. v - - .
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J This becomes the following MONK 6 specification:

hTST 3
BOX ORIGIN 0.5 0.5 20.0 BH1 14.2 14.2 409.5
BOX OPJGIN 0.5 0.5 0.0 2 14.2 14.2 449.5
BOX 3 15.2 15.2 449.5

|

| This becomes part one of the reference flask model.

It would probably seem reasonable to employ part one repeatedly within the flask to produce the
required cluster of fourteen fuel elements. However if that were done some detailed scoring informa-
tion would be lost. This is because reaction rates, boundary crossings and flux scores for part one
would be the sum over all occurrences of the part, as described in section 4a. Information relating to
the neutron activity distribution within the flask, which provides a useful check on the adequacy of the
Monte Carlo sampling, would therefore be lost.

i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ . _
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Apart from obvious dimensional differences the principle variations are in the materials used to form -I
the companment walls and flux traps Gat separate the fuel elements. However most of these variations I

can be incorporated into a basic template for creating a MONK 6 model of the generic flask that will i
Ibe considered in the following sections. The reference flask will be one of the simpler designs, but

having followed the basic principles in setting up such a model extra details can be readily included
without deviating too far from the basic approach.

!

b) The Reference Flask

|
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The reference flask contains founeen LWR fuel elements as shown above. Each element consists of
an eight by eight lattice of 3.5% enriched UO, zirconium c!ad fuel pins. The pins have a radius of
0.55cm and the clad is 0.10cm thick; tre pins are positioned on a 1.70cm pitch. The pins are contained
within a zirconium sleeve of thickness 0.20cm, the inner boundary of which is located symmetrically
6.80cm fmm the centre of the element. Although the data are not taken from any panicular fuel ele-
ment specification they are typical of those for a BWR element. The left/right reflective symmetry of
the flask is apparent from the drawing and this will be exploited in the modelling.

The fuel elements are oflength 409.50cm and are contained symmetrically within a boron steel walled
companment oflength 449.50cm. The inner wall of the compartment is 0.10cm away from the sleeve
of the fuel element and the walls are 0.50cm thick per fuel element; thus wnett fuel elements are
adjacent the wall thickness between them will be 1.00cm. In addition there are steel suppons sur-
rounding the outer compartments as shown, and these extend the full length of the multi-element
bottle. The bottle contains water to the height shown when the flask is horizontal and it sits insir' 'he

main flask body separated from the flask inner wall by a 1.00cm water gap. The multi-element battle
wall is 1.00cm thick and the flask has walls of thickness 33.80cm.

c) The Reference Flask Simple Body Geometry

The recommended way to model any system using the MONK 6 geometty packne is to take advan-
tage of the local co-ordinate structure and use a building block approach. This means starting from the
basic components (the simple bodies and hole geometries) and create the next largest entities (the
simple first-level pans), and then use these to construct larger pans and so on until the whole system
has been built. For the reference flask described above this translates into creating a model of a single
fuel element, copy this to create the required number of elements, arrange the elements within thes

multi-clement bottle and then place the bottle into the flask'. Working this way, the use of local co-
ordinates is optimised and there should rarely be any need to transform part containers, as the abe 'ute
position of any pan need not be considered until it is employed in some later part. -

As each fuel element has associated with it some thickness of compartment wall, it is convenient to
consider the compartment wall as in integral pan of the fundamental building block of the geometry.

| This is a simple technique that is useful on many occasions where the MONK 6 building blocks do not

| necessarily equate exactly to what might be considered engineering components, but include some
fraction of the immediate surrounding stmeture.

| The most straightforward way to model the fuel element is to employ the square hole geometry. This
generic geometry models a lattice of clad pins on a square pitch and is described in Chapter 2 Section
2.10.4 of the User Guide (9). The lattice of pins is either infinite in extent (and hence cut back by the
containing simple body) or finite and bounded by a plane-sided wrapper medium. This latter option

I maps directly onto the fuel element as the lattice is finite (eight by eight pins) and resides in a zirco-
nium sleeve (wrapperk g
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which could be modelled as:

CLUSTER 3

ZROD ORIGIN 10100 1 520
ZROD ORIGIN 3010 0 1 5 20
BOX BH1 40 20 20 )

PLATE 12
0.0 0.0 1.0 )

J1 15.0 02

A more complex but similar use of the plate hole geometry could be to produce a grid by specifying |
hole geometries with mutually perpendicular plane boundanes:,

PLATE 6 12 3 4 5 6 I

1.00.00.0 I

2 10.0-25.0-3-2 !

PLATE 312 3 i

0.01.00.0
2 10.015.023

PLATE 3 4 5 6
0.0 1.0 0.0 i

1 10.04 5.05 6

which would produce:

%)
<
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This type of geometry can be applied to the flask model as there are plane boundaries in two perpen-
dicular directions to be modelled (i.e. the steel supports). Therefcce if the interstitial material of the
cluster is assigned to hole geometry number 2 for this purpose tl en the definition of the inside of the
multi-element bottle becomes:

CLUSTER 4

BOX ORIGIN -22.8 15.2 5.0 P11 45.6 15.2 449.5
BOX ORIGIN -30.4 15.2 5.0 P10 60.8 30.4 449.5
EOX ORIGIN -22.8 -30.4 5.0 P9 45.6 15.2 449.5
ZROD BH2 39.2 459.5

The multi-element bottle components can now be placed within the container, and the container po-
sitioned within the main flask body. As explained above the flask body can be safely modelle sa
uniform cylinder due to the large quantities ofiron. This becomes a simple nest structure as follns:

NEST 5

ZROD ORIGIN 0.0 0.0 41.0 P12 39.2 459.5

ZROD ORIGIN 0.0 0.0 38.0 4 40.2 465.5

ZROD ORIGIN 0.0 0.0 32.0 2 41.2 477.5 ,

ZROD 5 75.0 541.5 |

BOX ORIGIN -76.0 -76.0 -1.0 0 152.0 152.0 543.5 l
l
I

Note that an additional voided box has been included around the flask to enable SCAN 6 pictures to be
drawn that include the whole flask; a limitation of SCAN 6 is that the picture frame co-ordinates must
be inside the geometry outer boundary.

This completes the definition of the simple body geometry and boundary conditions can now be mec-
ified for the voided box. In this case, having modelled the geometry sufficiently accurately, anu sith

_ _ - _ _ _ _ _ _ _ _ - _ - - _ - - _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ - - _ _ _ _ _ _ - _ _ _ _ _ _ - _ - _ _ . _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ -
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the expected isolation of the flask, a free boundary condition is sufficient. However it is good criti-
cality practice to include full specular reflection on an outer boundary to accommodate situations ,

when the flask is not isolated (e.g. during storage). This boundary condition constitutes a worst-case
scenario as any real arrangement of similar flasks will be less reactive than the infinite array produced
by the full specular reflection. If the flask is positioned adjacent to a more reactive flask, the fact that
this latter flask has been cleared by consideration of an infinite array means that the situation is im-
plicitly safe.

,

d) The Reference Flask Hole Geometry

Hole geometry number I defines the fuel element as employed by parts 1-8. This is a square hole and
models the fuel pins, zirconium sleeve and inte ;titial water, but not the companment walls:
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The preliminary data (see Chapter 3 Unit 3.1 of the User Guide [9]) stans with a list of all the real
materials used by the hole and any subsidiary holes.'If a materialis accidently included here which is
not actually used, time is wasted in considering it, but more importantly if this material happens to
have a very small mean free path, then the hole geometry tracking will be slowed down as described -
in section 4b.

To model the fuel element no subsidiary holes are required and so the material list consists of just the

-O real materials employed in this hole, namely UO,, zirconium and water. The remaining preliminary
i hole data consists of hole geometry transformation data for a translation and/or a rotation of the com-

,
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~ plete hole geometry. The square hole has the centre of a pin of the lattice as the hole origin if the 1 aice
. of pins in infinite (i.e. not wrapped). When a wrapper is used the hole origin is at the geometric centre ' :
of the rectangular outer boundary of the wmpper, with XY axes parallel to the wrapper sides.~ For the - '

reference flask the sleeve of the fuel element is being modelled as the hole wrapper, so the hole origin '

needs to be moved to the centre of the container box. Thus the preliminary data reads: :

'

SQUARE 3 12 6 HTRANS 7.17.10.0 -
.

Note that there is no need to transform the z co-ordinate as the square hole pins are infinite in length
and will be cut to length by the container.

The first item of square hole. data (see Chapter 3 Unit 3.5 of the User Guide [9]) is the lattice pitch
which is 1.70cm. The next item arises because the pins are not automatically positioned symmetri-
cally inside the wrapper, and so (DX,DY) is required, which is the location of a pin centre from the

,

hole origin. For an odd number of pins by odd number of pins the pin chosen for this purpose is the
centre pin of the lattice, and for the other combinations the pin to the right and up is cho; 'as .
necessary:
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' Q
Thus for the reference flask the data DX = DY = -0.85 are required, giving the lattice of pins a sym.
metric position within the wrapper (note the negative sign on these values; this is a confusing square -
hole convention).The next two items are the radius of the pin and the radius of the pin plus cladding
(0.55cm and 0.65cm respectively). The remaining items of data apart from the allocation of materials
are optional. However it has been decided that the zirconium sleeve will be modelled using a square
hole wrapper so the WRAP kepvord plus associated data is required. First comes the number cf pins
(8 in each direction), then the perpendicular distances to the inner and outer boundaries of the v rapper
in the x- and y.direenons; these are measured from the centre of the hole geometry (i.e. the point
(7.1,7.1)). The sleeve starts 6.8cm from the centre of the element and is 0.2cm thick, therefore the
values 6.8 7.0 are required for each direction. A full 8x8 lattice is required so no OMIT data are
required. The remaining hole data allocates the materials to the five zones defined: inside the pin, the
clad, interstitial material inside the wrapper, the wmpper itself and outside the wrapper. Note that the
container will cut back as much of this definition as required, so although the wrapper has been de-
scribed in the hole geometry it will only appear in the model if the container is suitably-sized.

Having used BHOLE for the simple body, had the HTRANS option not been employed the centre of
the square hole would have been at (0,0) and the following geometry would have been obtained:
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The complete square hole specification for the fuel element is:

,

SQUARE 3 12 6 HTRANS 7.17.10.0
1.70 0.85 0.85 0.55 0.65

WRAP 8 8 6.8 7.0 6.8 7.0
16262,

|.
|

u. . :is . .... ,.i... i ii. . . . . .
.

-

. , . . . . . . . . . . . . , _ . , , , . . , . . .,
..

_

.



=. ~ . - - - - .- .

Pa:te 30 of 71

O
Hole geometry number 2 will be a plate hole defining the interstitial space within the multi-cleinent
bottle; it will provide the steel supports and the water. As there are perpendicular planes required to
produce the steel suppcris a subsidiary hole (hole 3) will be required and this will also be a plate hole.
The following diagram shows the planes produced by the two plate holes:

'
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|- plane boundaries produced
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by hole geometry 3
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The preliminary data for the first plate hole (hole 2) starts with the material list for this hole and any '
subsidiary holes (in this case hole 3). However both holes employ the same two materials (water and
steel) so the list contains just these. Note that material 0 (void) is not a real ma'terial. Transforr 'on
data is almost never required for the plate hole as the orientation and location of the planes is 7ven

.

explicitly as plate hole data. As hole 2 is contained within the untransformed cylindrical container of

[ a cluster the use of HOLE and BHOLE are the same for this plate hole.
1

The first item of plate hole specific data (see Chapter 3 Unit 3.2 of the User Guide [9]) defines the -

| orientation of the parallel planes. The requirement is a vector (normalised or unnormalised) defining

L the normal to the planes. The next item of data gives the number of internal plane boundaries (note that

!. there may be other plane boundaries provided by the container, but there is no need to specify them
L here as the hole geometry outside the container is discarded). A repeated CELL structure is not ap-

propriate here so this item can be omitted.
|

Hole 2 is to provide planes in the xz plane so the nonnal vector is (0.0,1.0.0.0). Four plane boundaries
are required to produce the steel supports shown above. The boundary of the side of each support . g.
nearest the centre of the flask coincides with that for the outer edge of the fuel element compartments W
and the suppon is 1.2cm thick. The plane boundaries and associated materials (i.e. the material e the

;-

, - -
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U 'far' side of the boundary in the direction of the normal vector) are now given, followed by the mate-
rial on the near side of the final boundary. The boundaries are given in descending order, so the first
boundary is at a distance 31.60cm from the origin of the hole with the void space on the far side (i.e.
material 0), and the second boundary is at 30.40cm with steel on the far side of it. The third boundary
is at -30.40cm and the material on the far side of this is the subsidiary plate hole geometry (hole
3, denoted by -3 in the input); hole 3 will provide the steel supports in the perpendicular direction. The
final boundary is at -31.60cm with steel again on its far side and the final material on the near side is
water.

Therefore the following hole has been defined:

void
Y = 31.60cm

steel
Y = 30.40cm

Y
A

hole 3

Y = -30.40cm

steel
Y = -31.60cm

water

and the materials will be cut by the inner boundary of the cylindrical container of the multi-clement
bottle. The complete data specification for hole 2 is:

PLATE 2 2 4
0.01.00.0
4 31.60 30.44-30.4-3-31.64 2

The second plate hole (hole 3) only appears between the boundaries y=30.4 and y=-30.4cm. The pre-
liminary hole data are as for hole 2. The normal vector is now in the x-direction (1.0,0 0,0.0), but the
plane boundaries are the same as for hole 2, except that materials are now water or steel only. This'

, '
'

gives the following geometry:
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Y = 31.60cm

Y
A

b I - wj tj water s N i
^ #X |

.

Y = 31.60cm
4 A 4 a

|
X = -30.40cm X = -30.40cm

X = 31.60cm X = -31.60cm

O
and again the materials will be cut by the multi-element bottle container. The complete data specifi-
cation for hole 3 is:

PLATE 2 2 4
1.00.00.0
4 31.62 30.44 30.42-31.64 2

-
This completes the geometry specification for the reference flask; a complete input listing is given in
Appendix A.

e) Other Data

l
The standard point-energy library is being employed for the calculation and the material data are
specified exactly as supplied. Note that the method of specification can vary between materials, thus
in the reference input Ata material numbers one and four have been defined by nuclide concentration

i (atom / barn.cm), and the otners by atom ratios. The third option (weight ratios) has not been employed

| here. The material density is not required for the nuclide concentration option as its value is implicit

| in the concentration values, and note that the atom and weight ratios do not need to be normalised. The

! NUCNAMES option has been employed to make this part of the input more readable. Note that there g
are some examples on how to compute atom ratios etc. for simple materials in Chapter 5 Unit 1 of the
User Guide (9), and for more chemically complex materials handbook formulae or auxiliary cor iter

_ _ _ _ - - _ - _ - _ _ - - - - _ _ _ - - _ - - -
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codes are often employed.

As described in section 4d the MULTIFISS starting source is the most generally useful of the many -
MONK 6 options, especially for heterogeneous systems, and this has been employed for the reference
flask. The starting neutrons will be placed randomly within the fuel pins of the flask, which is a good
approximation to the true distribution. It is difficult to conceive of a situation where some form of the
MULTIFISS source will not be appropriate; here the default option is sufficient.

_

ne remaining data define the frames for a number of SCAN 6 pictures. The CODE option has been
used to select non-default symbols for paper display output, so that better contrast between adjacent
materials will be obtained than with the default numerals. For colour output this is of no concern. The
first picture draws a radial cross-section through the centre of the flask, and whereas this shows a good
level of detail on a high-resolution monitor, on the line printer the picture is of limited value (see
Appendix B Picture 1). The main flask structure is clearly visible but the fuel elements are 'poorly
defined. The following four picture frames zoom in on the flask to produce quarter sections of the
model and this enable the intemal features to be more clearly seen; an example is shown in Appendix
B Picture 2. Further close-ups are still required though to show a fuel element, the steel sup-
port / container intersections and an even closer look at a compartment intersection (Appendix B
Pictures 3-5).The SCAN 6 pictures are completed by axial views of the top and bottom of the flask (the
top is shown in Appendix B Picture 6).

Finally the use of comment lines in the reference input data (. Appendix A) should be noted. These take
.

\ very little time to include with the input data and should be used liberally throughout. They help both
as a reminder w hen browsing the input data and are a great help for cases that need to be independently -

.

checked. Where appropriate it is also sensible to include references to drawings, documents, valida-
tion reports, approximations etc. so that the MONK 6 input data becomes a readable part of the
documentation of the whole assessment.

f) Variations on a Theme

The difference between the reference flask and other LWR transport flasks can be considered princi-
pally as geometric variations as far as standard, non accident calculations are concerned.'Any material
variations such as fuel enrichment, structural steel composition etc. are readily incorporated into the

'

material data section of the input.

The main geometric variations are likely to be the type and number of fuel elements and the nature of
the internal structures of the flask. For LWR fuel the square hole will almost certainly be used with the
dimentions of the components supplied as hole geometry data. Indeed fuel element models could be
saved once set up as hole geometries are normally readi6 employable in other models. The square
hole is one of the easiest of the MONK 6 hole geometries a use and provided careful use is made of
SCAM 6 the fuel element variations can be easily modelled.

Where further complexity is likely to be found is in the compartment cor.struction and additional -

(q isolating geometric structure. The reference flask has deliberately considered a simple intemal struc-j
ture - a symmetric arrangement of close-packed uniform compartments. Non-uniform shapes, plates,

. . -. - .-
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separated by water and water circulating holes are just three examples of geometric variations within
the fuel element compartment structure. However these complexities can be readily included in a
model by following the outline used for the reference flask.

The main guidelines are to start simple and build up the more complex pans, and to use nests and array
pan types as much as possible (within reason). However the relative inefficiency of using large clus-
ters should not be overstated and is often quite small anyway when compared with the potential for
loss of efficiency present in poorly specified hole geometries. The cluster is often the simplest way of
specifying some systems and there is a great QA benefit in using this inherent simplicity and accepting
the possible sraali amputing overhead.

The use of the array in the reference flask was restricted to collecting together identical objects; for
some of the more complex internal layouts the array might consist of some pans defining fuel ele-
ments and other pans defining compartments and other structures. This should pose few problems as
the array is a very straightforward construction which can be used to model quite diverse geotrvmies.

For small hole geometries contH: Jag heavy absorbers with very small mean free paths or where such
an absorber occupies a relatively large volume of a hole geometry, the tracking inefficiency will be
considerably reduced and probably teletable. With experience it will become apparent when special
precautions are required to exclude st.ch materials from the hole geometry, and sometimes there will
be no alternative but to accept the time penalty.

O
Thus most basic LWR flask models can be constructed using the tools employed for the reference
flask - the box and rod bodies; nest, array and cluster part types; square and plate hole geometries. For
example consider a flask similar to the reference flask but with a more complex compartment
construction. Let pans 1-8 again define the fuel elements, part 9 define a vertical separating wall for
the top and bottom row of elements, pan 10 a venical separating wall for the central two rows. Further
let pan 10 define a horizontal wall at the top and bottom of the flask, part 12 a hodzontal wall between
the elements and part 13 a corner section, e.g.:

11 13 11 13 11 ,

7 9 8 9 7

12 13 12 13 12 13 12

4 10 2 10 2 10 4

12 13 12 13 12 13 12

3 10 1 10 1 10 3

12 13 12 13 12 13 12

5 9 6 9 5

11 13 11 13 11

._- _ _ _ . _ - __ __-
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- This could be accommodated within a four body cluster as for the reference flask by forming the )
following three arrays: .i

l
.

ARRAY 5 21 11 13 11 13 11 ||

59695 .I
1
|

ARRAY 7 51 12 13 12 13 12 13 12
310.110'110 3 >

12 13 12 13 12 13 12

410 210 210 4
12 13 12 13 12 13 12

ARRAY 5 21 79897
11 13 11 13 11

This would lead to a similar geometry layout to that for the reference flask, so although the reference
'

,

flask model was quite simple it can be used as a template for more complex systems.

O
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!

6. OUTPUT EXAMINATION
!

a) Introduction
,

|

The input data file for the reference flask as listed in Appendix A was submitted for execution by
| MONK 6. This section will follow through the output from this calculation, selected pages from which

|
are included in Appendix C. The process of input data checking and processing will be considered and
each table of computed quantities will be examined; where appropriate optional variations to the stan-'

dard output will be described.

-

b) Input Data Verification and Processing

MONK 6 contains a large number of built-in input data verification checks which as far as pc 'ble
ensure that the data supplied is acc(ptable. This means the code checks the data supplied againa the
rules of construction as laid down in the User Guide [9], as well as performing a large number of trivial
checks to try to locate mis-typed or missing infonnation. What is not checked, and indeed what would
be impossible to check, is that the data makes good criticality sense; that is for the user to ensure.
During execution certain extreme calculations will cause the code to terminate prematurely, and al-
though the real physical cause for the termination may not emerge from the code's diagnostic
messages, what is printed will nonnally be a good guide to enable the user to locate a data error. g
It is the intention of the code authors that all the input data verification error messages should be
self-explanatory. That happy state of affairs may not have been quite reached yet, but any user prob-
lems that do occur normally result in improved or additional diagnostic messages. Thus a list of error
messages, apart from being too voluminous, should be unnecessary. However although the reference
calculation runs to normal completion, the cause of potential user errors will be considered when
appropriate in this section.

It should also be noted that although the code can check much of the data for consistency,if itt of
data are omitted by the user or if additional illegal data are supplied the code termination message may
be quite confusing. This is because within any section ofinput data the code can only examine what it
has read against what it expected to read if the two are of different type (e.g. one a keyword and one
a number) then the code's interpretation of the error may only point in the direction of the real error
rather than locate it precisely.

The first pages of output contain various headings and general information regarding the ANSWERS
service, the status of the code and details of the version being employed. A message box updated by
the local system administrator is also included which should contain information concerning any cur-
rent problems and errors

The output listing proper starts with a listing of the input data supplied to the code. As well as being a
useful summary of the data (plus comments), it can be helpful in locating input errors as in some parts
of the code errors are flagged before a full interpreted listing of the, data is printed.

!
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The code continues by rewinding this input file and reading each section of data in tum, with any
comment lines being printed as they are read. Note that the code employs a free format data reading
package (called DECIN) and the input is largely keyword driven. Thus as the code often looks ahead
to see whether an optional keyword has been specified, comment lines sometimes appear in the output
at odd locations. The initial comment lines (and there must be at least one) are now mirrored in the
output file. The next page contains a banner detailing the type of calculation (normally FISSION
tracking for a k-effective calculation), and the time and date, followed by a statement giving the
number of single length storage locations available.

Most of the MONK 6 inpet data and output scores are stored in a single large FORTRAN array within
the code. On most installations the size of this large array is fixed at some dimension which will be
suitable for the vast majority of criticality calculations. The size of this array can also have an effect
on the computer usage efficiency of the code, especially on workstations, and so it has been chosen so
that an average workstation can accommodate a MONK 6 calculation without a serious degradation in
performance. For particularly large calculations a version of the code with a much larger array may be
required, provided that the host computer has sufficient memory resources.

The single large array contains a mixture of FORTRAN integers (normally 4 bytes each), single pre-
cision reals (normally 4 bytes) and double precision reals (8 bytes). The majority of the space required
by a MONK 6 calculation (e.g. > 95%) is taken by the point-energy nuclear data. Due to its large
volume (there are 8220 ener;y groups employed) and because the raw source data is only available in

p limited precision, the real nuclear data are stored as single precision numbers. All of the remaining real

Q data are stored as double precision numbers, and all of the code processing is performed using double ;
'

precision arithmetic. This is done to reduce the probability of encountering rounding problems close
to geometric boundaries and to make it extremely unlikely that any scored quantity will become sat-
urated in normal calculations. Saturation here means that a very large number is having a very small -
number added to it, and the difference in magnitudes is outside the precision of the arithmetic; in this
case the very small number will effectively be set to zero which can lead to biased scores.

The first message concerning the storage therefore gives the number of single length locations (nor-
mally 4 bytes) as the nuclear data are to be read and processed first. This is followed by an interpreted
summary of the material data specified in the input data headed by a list of all the nuclides available
in the point energy library. This gives for each nuclide a data file number (DFN) and nuclide name; if
NUCNAMES is being employed the DFN is redundant. A list of the nuclides available in alphabetical
order together with their atomic weights is given in the Chapter 1 Appendix A of the User Guide [9].

Two tables are then given in the material data interpretation, the first of which reproduces the material
data supplied by the user with the method of specification for each material (i.e. CONC, ATOM or
WGT) and the density (for the ATOM and WGT options) on the left. The second table is similar

,

except that it just gives nuclide concentrations (in atoms / barn.cm) for each material, the ratios for the -
ATOM and WGT options having been converted. Note that the temperature appears in the first table;
this is always 293K and cannot be changed by the user at present. This section ends by specifying the
units of the geometry dimensions (centimetres or inches).

At this point the code has read all the problem-specific nuclear data but has not accessed the point-
energy library (except to produce the nuclide index). The next step is to read the data required for eachv

nuclide employed from the library and create and store the probability sampling distributions and'
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score contribution tables employed during the Monte Carlo tracking; a description of the data stored
is given in Chapter 1 of the User Guide [9]. The library contains cross-sections for each reaction of
each nuclide; each nuclide may of course have a different number of reactions tabulated although all
will have at least an elastic scatter and a parasitic absorption reaction. In a idition the library has gen-
eral nuclide data and secondary particle information, including their distrit ution by energy and angle.
All of this needs to be read and combined to create tables suitable for rapia s ccess during the calcula-
tion proper. Some of the data tables created will be material specine (e.g. mean free paths, expected
number of fission secondaries (used to score k-effective)), whilst other tables will be nuclide specific
(e.g reaction probabilities) and reaction specific (e.g. secondary emission data). The amount of data
involved for an average calculation is quite large (~4Mbytes), and processing it requires a large
nurnber of operations to be performed.

When the processing is complete a summary of the data is produced by DICE (the point-energy col-
lision processing package). This lists the built-in adjustments to the basic nuclear data that have been
employed by the code (see Chapter 2 and 3 of the MONK 6 Supporting Document [2]); a standard set
of adjustments are built into MONK 6 to create a library suitable for a large range of crit 'ityi

calculations. The actual number of single length locations employed and th time taken to process the
nuclear data are given. For the reference transport flask the nuclear data occupies over 800,000 loca-
tions, and this is after considerable optimisation and compression within DICE.

A summary of the material data now appears which supplements the user-supplied input with infor-
mation taken from the library. The proportion by atom (normalised) appears for each nuclide of each
material, as does the density of each material, even where these items- were not supplied by the user.
This can be a useful check that any concentrations supplied in the input data were sensible. This sec- ;

tion of the code concludes by printing the number oflocation remaining in the main FORTRAN array
for the other data and the scoring space; note that for the reasons described above this has now been
converted into double length storage locations. .

Due to the amount of space occupied by the nuclear data there is always the possibility for big cases
that the main FORTRAN array will not be large enough for the materials and nuclides specified. This
will normally be reported by a terminating error that starts:

'

NOT ENOUGH SPACE IN THE MAIN ARRAY FOR NUCLEAR DATA

and finishes with:

INCREASE SIZE OF MAIN ARRAY AND RESUBMIT.

Some computers have a storage allocation facility called dynamic allocation. In these cases the actual
size of the single large array can be supplied as control or input data by the user, and in these cases the
user can simply increase this value and resubmit the calculation. For most of the micro-computer
implementations of MONK 6 this is not the case and a new version of the code is needed with a main
array fixed at some larger value. In both cases there is obviously a real physicallimit on the maximum
size that the main array can take, imposed by the virtual or real memory size of the host computer.

An alternative to using a version of the code with a larger array is obviously to reduce the ame of

-- - -- - _ - _ _ _ _ _ _ _ _ - _ _ - - _ _ _ _ _ _ _ _ - _ - _ _ _ - _ _ _ - . _ _ - _ _ _ -
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V nuclear data that the case actually needs. The amount of space required by a nuclide varies greatly as
different nuclides have different numbers of reactions tabulated, and different quantities of secondary
particle data. In addition there is a certain amount of material data, the size of which depends on the
number of nuclides in the material. An approximate fonnula that can be used to estimate the likely -
space required is:

SPACE (in single length locations) = (3* Number of materials + 6* Number of nuclides +

Total number of nuclide occurrences) * 8220

where in the reference flask calculation the number of materials is 6, the number of nuclides is 11 and
the total number of nuclide occurrences is 15 (material I has 3 nuclides, material 2 has 2, matedal 3
has 5, material 4 has 3, material 5 and 6 each have 1).

Note that the error on the space predicted by this formula is estimated at about 20%, so it is not very
useful for accurate predictions, but it can be used to choose the optimum way of reducing te amount
of nuclear data by removing materials, nuclides or a mixture of the two from the model. If any nuclide
other than one present in a trace quantity is to be removed from the model then some knowledge of the
nuclear interaction properties of that nuclide is required, so that the approximation is acceptable from
a criticality viewpoint.

The next section of the output is an interpreted summary of the simple body geometry. This summary
is not produced until all the simple body geometry has been read, and so any errors in the input data

' Idp that cause the job to terminate will appear before the geometry data is printed. The summary of the
data is self-explanatory with the properties of each part being listed in turn. The volume of each |

scoring region is computed wherever possible. For bodies that overlap within a cluster it is not possible
to calculate volumes analytically and so the appropriate space in the table contains the ordinal clump j

number and the dominance integer, except for the container which just has the title OVERLAPPED as
it does not explicitly belong to any one clump and always has the highest dominance integer. If any
bodies are rotated the transformation data are printed in a sub-table after the appropriate part table; |

otherwise the title NO ROTATIONS appears. Atray part types are printed with the direction with the j
largest dimension appearing across the page. The simple body geometry summary is completed by the -

'

i

details of the boundary conditions, even when the default free-boundary conditions apply. At this
point in the code some further simple geomeuy checks are made, for example checking that the array
part types fit together properly and that any overlap data are consistent. |

'|
|

The simple body geometry summary is followed Ny an interpreted summary of the hole geometty data |

which is printed for each hole geometry as its data are read. Therefore any error messages that may )
appear will refer to the current hole geometry. This table is again self-explanatory and follows the
order of presentation in the input data, although some of the terminology used for certain of the older !
hole geometries may not exactly match that used in the more recent User Guide [9]. Some consistency
checks are made for each hole, for example checking that pins within the lattice-type holes do not
overlap, and the hole preliminary data material lists are checked for consistency with the materials
used by the hole and any subsidiary holes.

N] At this point in the calculation the main simple body geometry checking is performed. This consists[
of comparing each pair of bodies within each nest and cluster and determining using a numerical,

minimisation algorithm, whether the bodies overlap or not [10]. The result is compared with that ex-
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pected according to the rules of construction for the part type (taking account of any overlap d. for
a cluster) and if the data is invalid an error message is printed if an error is discovered the calculation
is not terminated immediately, and the remaining parts are checked first. Passing successfull) through
this section only means that the geometry obeys the rules for the creation of nest and clusters; the
geometry could still be engineering nonsense and this aspect must be checked by using SCA! '6.

The edit data section normally consists of entirely default options. The code prints how the action
counts (reaction rates) are to be scored in energy partitions; the default number of partitions is three
corresponding to a fast, intermediate and thermal zone. The values can be changed by employing the
edit data PARTITION keyword. This can be used to split up the default nine group scheme (see
Chapter 3 Unit I note 3 of the User Guide [9]) into any number of partitions. For example to score the

| reaction rates in just one partition (i.e. the whole energy range from 0 to 15MeV) the data required are:
!

|
EDITPARTITION 19

|
| where the keyword EDIT introduces the edit data section (i.e. it has been assumed that it does - yet

exist), the number 1 means just 1 panition and the number 9 means that the partition runs from energy
group I through to 9. For two partitions the data could be:

EDIT PARTITION 2 8 9

giving a thermal and epi-thermal partition. For a energy split of one partition per energy group: g
EDIT PARTITION GROUPS

could be specified.

If some other inherent group structure is required this needs to have been specified in Unit 1 Item 8 of
the input data; the edit panitions are then based in these groups rather than the default scheme.

The default energy group structure for the neutron fluxes is the reaction rate energy partitions a=,any
change made there using the PARTITION keyword will also apply to the fluxes. If it required to score
the neutron fluxes in the default energy group scheme (nine groups) or some other group scheme
defined as above then the OPTIONS keyword is re quired to change the sixth trigger from 2 to -2 so
the data would be:

EDIT OPTIONS * * * * * -2

The most useful of the other EDIT data options is the CATEGORY keyword which requests that the
calculation be categorised according to certain characteristics of the system; this information can be
used to investigate possible biases in the nuclear data and to identify systems outside the current val- !

idation range of the code.

The control data section merely summarises the supplied and default calculation control parameters.
The defan!t mode of tracking for k-effective calculations is superhistory tracking with a maximum of

!

|
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ten generations per stage; there will rarely if ever be any need to change this number. The value of ten
has been chosen as a best compromise between efficiency and the need to produce a stable and
unbiased calculation. The other superhistory parameter is the u-value multiplier (the number of neu-
trons produced per fission collision) which should be equal to 1/k-effective to ensure that neutrons
survive the required number of generations. The code can soon determine its own value for this and all
that is required is a starting approximate value. The default starting guess of 1.0 is suitable for the
majority of normal criticality calculations, but for certain survey calculations a better estimate of
1/k-effective may improve the efficiency of the settling stages. For example for as case where it is -
expected that the k-effective is very low, say-0.3, then the following data would improve the settling
efficiency:

SUPERHIST 10 3.0

However provided that a sensible initial source distribution is supplied there will be no need to amend
the default value for the majodty of systems.

The phrase:

NO STATISTICS WILL COUNTED UNTIL STAGE 1

p in the control data printout means that the stages before stage 1 (e.g. stages -1 and 0) will be used only() to settle the initial source guess, and will not be used to calculate any of the scored quantities. The
phrase:

SOURCE USED TO START FIRST STAGE ONLY

means that under normal circumstances the initial source guess willjust be employed as the source for
the first settling stage (e.g. stage -1), after which the neutrons that pass through ten generations will
form the source for the next stage. In extreme cases a poor source selection and an inappropriate value

( for the u-value multiplier may mean that no neutrons actually pass through ten ge> :ra' ions;in this case
the source that was used to start the previous stage will be re-employed.

The final part of the input summary contains details of the initial source guess. Normally the user
supplies a spatial distribution (e.g. MULTIFISS, FISSILE, VOLUME or POINT) and accepts the de-
fault energy and directional distribution. This default is that the energy is selected from a typical U235
fission spectrum and the direction is distributed isotropically. It is possible to change both of these
items although it will rarely be necessary to do so for the majority of criticality calculations.

The final statement gives the number of locations used by the non-nuclear data. This includes all of
the data and the space allocations that will be used to accumulate the scored quantities and their stan-
dard errors. For the reference flask this amounts to 7336 double length locations (equivalent to 14672
single length locations), compared with the 807129 single length locations required for the nuclear
data. Thus over 98% of the storage used is taken by the nuclear data, which is fairly typical for a

- point-energy MONK 6 calculation.

I
During the course of the non-nuclear data reading it is of course possible that the large FORTRAN
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array 'will become full; this will be flagged by an error message of the fomu

INSUFFICIENT SPACE IN MAIN ARRAY -INCREASE SIZE AND RESUBMIT

Similar comments apply to those for the similar failure during the nuclear data reading section, as any
reduction in the total size of the model will almost certainly mean some reduction in the nuclear data,
unless a particularly large ;eometry model has been created. If this latter situation applies it is worth
noting that scoring space needs to be assigned for the various quantities, some of which depend of the
number of scoring regions, the number of energy partitions or both. In addition for each scored quan-
tity (e.g. the flux in scoring region I gmup 1 or the boundary crossings into scoring region 1) four *

double length locations are required. These hold the current superhistory score, the cumulative total
score, the cumulative sum of squares and the cumulative sum of cross products of score with sample
v eight (see later in this section when the scoring of k-effective Is described). Thus is some cases the
balance of storage may be such that some small economy in the scoring space (e.g. reduce the number
of energy partitions) may be enough to fit the model into the available space.

This concludes the input data listing, and this is marked by the large MONK OUTPUT banner occu-
pying a page to itself. The remainder of the printout contains all the quantities that have been scored
duri:, the course of the Monte Carlo tracking; copies of certain tables from the reference flask cal-
culation are included in Appendix C. The first page of scored results lists the collision counts for the
settling stages. Nomially this is of little value but can give some indication on the suitability of the
initial source guess. g
The first table giving results for the scoring stages (stage 1 onwards) lists the total collision counts for
each stage, both individually on the left and cumulatively on the right (Appendix C Table 1). The
STAGE column is exactly what it says and the SAMPLE column gives the total number of neutron
fission-to fission histories. A default superhistory consists of about 10 such histories as the wvalue
multiplier is employed to approximately simulate a critical system. Each fission-to-fission history
consists of a single generation neutron emerging from a fission and finishing when escaping, being
captured or causing further fission.The SCAT / SCATTER column gives the total number of single
neutron emission scattering events (clastic and inelastic), the CAP /CAFTURE column gives the aum-
ber of parasitic capttuc events (normally (n,y)), and the FISS/ FISSION column gives the num r of
fission events,

t
'

i

j The next two columns (CHILD / CHILDREN and SCORE) are used to form two estimates of k-
| effective. The CHILDREN are simply the total expected number of neutrons emerging from all the
i real fission events (with the superhistory wvalue multiplier removed), and this total is used to form the

simplest estimator of k-effective, which is the ratio of the number of neutrons in one generation to the
i number in the preceding:

|

| k = total number of neutrons emerrine from fission = CHILDRENm

| total number of neutrons SAMPLE o
|

The numeratorin k can be obtained another way by scoring the expected number of fission neutronsm
to emerge from a collision at every collision, rather than the actual number emerging from just the

| fission collisions. This leads to a quantity in the table headed SCORE and another estimm of
1

b



_

Page 52 of 71

O
k-effective:

k_ = SCORE
SAMPLE

k and k are both unbiased estimators of k-effective (i.e. they both have an expected value equalm m
to the true k-effective), and on average are equally efficient (i.e. they will normally have very similar
standard errorr). The printing of the values of the k-effective estimators is reserved for the next table.
The remaining items in the first table give the event count for escaping neutrons (leakage), and
multiple-emission scatter events ((n,2n) and (n,3n)).

The outcome of all neuunns tracked is accounted forin this first table. Each of the SAMPLE neutrons
is eventually captured, causes a fission or escapes from the system. The definition of SAMPLE is that
is is a count of the single generation neutrons, thus neutrons emerging frorn multiple emission scat.
tering events are of the same fission generation as the neutron that caused the event, and therefore part
of the same S AMPLE. Therefore a simple neutron balance applies to this first table:

SAMPLE = CAPTURE + FISSION + TOTESC - TOTN2N - 2*TOTN3N

Although this table contains no actua' beffective estimators explicitly it is a useful global summary
of the calculation and the fate of the neutron samples.

,

The second of the main stage-by-stage tables (Appendix C Table 2) gives the main k-effective esti-
mators and their standard errors. The following is a formal definition of all the k-effective estimators
produced by MONK 6.

During the course of each superhistory four basic quantities are scored in order to calculate k-
effective. The are:

(i) H, - the total weight of the m* superhistory, which is the sum of the weights of all the histories ;
in the superhistory; this is the quantity head SAMPLE in the first output table |!

i

(ii). , - the total expected real fission production in the m* superhistory, which is the weight
multiplied by u for all real fission events (FISSION)

)

|
(iii) F,,- the sum over all collisions of the expected fission yield at each collision for the m* i

superhistory; this is the value VI/I, at the collision point multiplied by the neutron weight
(SCORE)

(iv) L,- the sum over all collisions of the expected nett absorption at each collision for the m*-

superhistory; this is the value (I, - I, - 2I, ...'.)/I, at the collision point plus the real
leakage (if any) at the end of the superhistory multiplied by the neutron weight.

O
, Note that F, and L,, are rcored (appropriately weighted) at hole pseudo collisions, so that these artifi-

cial collisions are not er tir:ly wasted.

- _ _ _ -_ _ _ -_-



.

Page 53 of 71

!

O|
At the end of each superhistory the four cumulative totals are updated, in order to estimate the mean
values:

IH,, IR,, IF,, IL,

the four sum of squares totals are updatrJ. in order to estimate the variances:

IH,*, IR,*, IF,,', IL,'

and the six cross-product totals are updated,in order to estimate the covariances:

IH,R,, IH,F,, IH,L,, IR,F,, IR,L,, IF,L,

The end of each stage is used to produce a monitor point showing the progress of the calculatio. .he
means, variances and covariances are calculated at these point as follows (with X and Y taken to mean
any of H, R, F or L and N is the number of superhistories):

-

X = IXJN

S,' = [ NIX,'- (IX,)* } / N(N-1) h
S,, = ( NIX,Y,, - IX,IY,, ) / N(N 1)

which gives the best estimates of <X>, o, and c,, respectively.

These are combined in various ways to produce the k-effective estimators and their varim;es.

The two basic k-effective estimators described above can now be defined as:

k = IRJIH,m

k_ = IFjlH,

The estimator k,,,, makes use of the fact that F, and L, are highly correlated in many systems, leading
to an unbiased estimator with smaller variance than either k or k_. k,,is defined as:m

k,,,, = ( IF, + XI(H, - L,) } / IH,
,

where 1 is a constant. In the MONK 6 output a quantity A (the nett absorption per sample)is printed
which is defined as:

) A = ILj!H, '

| >

|
:

|

|
. _ _ - _ _ _ - _ _ - - _ - - _
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and as A accounts for all the possible fates of the sample it has an expected value of 1.

If R is also included into a further estimator to take advantage of its smaller correlation with L, and
F,,, tile recommended estimator k is obtained:m

k, = { AIR, + (l-a)IF, + I(H, - L,) ) / IH,
,

where a, are constants.

The above estimators are termed individual sample estimator because the sum of squares and cross-
products are accumulated at the end of each independent sample (i.e. superhistory). This assumption
that the superhistories are independent has a small enough error to be neglected for practical purposes
when ten generations per superhistory are performed. For fewer generations, and especially for single
generation ordinary tracking, there may be some biasing of the mean and variance introduced by this
assumption.

The second stage by-stage table contains all the k-effective estimators and the constants used in their
calculation. Thus the columns headed by the k-effective estimators are as defined above; A,a and are
the constants used to form k,,,, and km, and R(S,A), R(C,A) and R(C,S) are the correlation coeffi-

9 cients between the estimators k and A, k and A and k and k, respectively.m m m

In many cases, due to the limited correlation between k and A, k_ is only slightly more efficientm
than k,g however it is never less efficient and so k is regarded as the standard MONK 6 k-effectivem
estimator. The variance reduction achieved by k over k or k is often a factor of between 2 andm m m
5 on the running time to achieve a given standard error. This is achieved simply by extracting the
maximum information from the scored quantities.-

( This second table can be employed to check on the adequacy of the settling and Monte Carlo sampling
of the problem. Problems can be caused by lack of settling and most importantly _ employing insuffi- <

cient neutrons per stage (see section 4c). The advice already given should alleviate the majority of>-

problems, but the code cannot be treated as a black box. If insufficient settling was performed the
initial stages of the calculation will be overly contaminated with neutron distribut ons other than thei

fundamental one; this can be detected by large fluctuations in the values of the k-effective estimators.<

Some variations will always be visible due to the random fluctuations of the Monte Carlo sampling
and because the other distributions cannot be entirley eliminated, but it should always be believable
when the statistics are taken into account. -

'

Although the k estimator is recommended for k-effective calculations the other estimators are allm
unbiased estimators and their values should be consistent within the statistical uncertainties. Further
'he expected value of A is I as it accounts for the ultimate fate of all the neutrons in the problem, and

. this can be checked within the statistical uncertainty. If problems are observed here then it is likely that
msufficient neutrons per stage have been employed to represent the neutron distributin and the cal-- x

culation may well be biased; it cannot be stressed too much tha; a large number of neutrons per stage
I will help eliminate settling / sampling problems for most calculations.

;

. - . - .
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In addition to the k-effective and A estimators the constants and correlation coefficients should also
appear fairly well settled as the calculation progresses. However the main checks are applied to the
four k-effective estimators (which all have the same expected value) and the value of A, together with
their standard errors and the question that needs to be asked is 'are the values statistically sensible?'.

Upon examining the reference output, the k-effective estimators are all consistent, as the differences

between their final values are well within the statistical uncertainty (e.g. the difference between k,
and k is 0.0039 and the standard error on the difference is the square root of the rum of the vari-m

ances which is 0.0055). The value of A is within one standard etter ofits expected value (which should
be the case 68.3% of the time); remember A should only fall outside two standard errors of unity about
one time in twenty if sufficient neutrons per stage have been employed. In addition the values of A,cz
and are reasonably well settled (this is difficult to quantify) and there are no wild swings in kg
Thus on the evidence of this table the run would appear to be acceptable although there are a number
of other things to check later.

The following two tables contain further information which can be of use when examining the output
for adequacy of sampling and settling. However with the introduction of superhistory tracking and
provided the guidelines concerning the size of the neutron population are adhered to they are now of
more limited use.

The first of these tables (Appendix C Table 3) gives estimates of k-effective and A from the scores for

ea:h stage independently. Provided sufficient settling has been performed and enough neutrons per
g

su ge have been utilised the values should be acceptable estimates of k-effective and A based on typ-
ict lly several hundred superhistories, and no large variations should be observed; such variations can

ea ily be effectively hidden within the cumulative table. For the reference calculation the stage values
di.fer very little, with those for the first stage statistically indistinguishable from those for the last, and
with little observable variation during the calculation. This gives further confidence in the sampling of
tae problem.

The second of these tables and the final stage-by-stage table gives the variation of the main estir-ors
with the number of settling stages (Appendix C Table 4). Here the user is presented with a pict e of
what would have happened if more (and less) settling stages had been performed. The main use of this
table is to exadne the variation of k-effective with the number of settling stages. The line corre-
sponding te 2 settling stages is obviously the actual result given in the first k-effective table, and for
the reference case increasing or decreasing this number has little effect on the values, suggesting again
that the settling is satisfactory. It will be seen that the minimum variance estimates are obtained for 0
settling stages. Unless the starting source is exceptionally poor this will almost always be the case due
to the heavy dependence of the variance on the number of superhistories. However this does not mean
that this vetue should be used as the best estimate of k-effective, because unless the starting source was
extremely good, an unacceptable bias will almost certainly be present at that stage.

The final page of the k-effective print contains a banner giving the final value of k_ for easy refer-
ence, and gives the time taken,last stage number and last random number. These last two values have
also been saved in the restart file if that is produced. A restart file (which enables the calculation to be

continued from where it left off) can be requested by supplying the ,k.cyword PUNCH in Unit 4.2 Item
g

9 of the input data. This means that a file (possibly quite large) containing the cturent neutron :tri-
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bution and all the scored quantities to date will be saved, and this file may be used to obtain a more
precise calculation by restarting the run. This is the only reason for performing a restart run. If a case
has visibly not settled it should be re-run from scratch with more neutrons per stage and/or more ;

settling. A better approach than extending a calculation is to perform independent calculations and 1
combine the results as described in section 4e. More than one consistent independent calculation not
only adds g eatly to the confidence in the result, but also gives a funher chance for any unexpected
sampling problems to be revealed. Note that the restart file will be produced automatically whether it
was requested or not if the time allowed for the job expires before the requested number of stage can
be completed, or when the job satisfies a requested standard error limit inside the requested number of
stages (using the STDV option in the control data). 'Ihe production of a restart file will be noted on the
L-effective banner page, before the final random number is printed.

In order that the results from a calculation can be employed to give confidence limits for safety mar-
gins (i.e. k + 3c), a reasonable size calculation is required; otherwise the 99.7% confidence lirrut
arising from the central limit theorem may be invalid. It is recommended that a precision of at least
0.005 should be aimed for as adequate for criticality assessments, with a precision of 0.003 being
achieved whenever possible. With the advent of much cheaper computing (e.g. a workstation is esti-
mated to give computing over fifty times cheaper than a mainframe operated by a bureau), some of
these savings should be put back into doing better calculations. It is recommended that this means
using superhistory tracking with ten generations, more neutrons per stage (2600 for all but the most
trivial geometries), more settling stages (at least 2) and longer calculations (to a precision on k_ of
0.003). The final criterion could also be reached by a combination of two independent runs, each

(] individual run calculated to a precision on k_ of 0.0045. For today's top performance workstations
this can be comfortable achieved for most problems in well under an hour of computer time.

The first of the MONK 6 detailed scoring tables gives the spatial distribution of the initial source by
scoring region. These region numbers are defined in the geometry summary and refer to the space
within the simple body boundary that holds the contents of that body (e.g. for a nest the scoring region
is the annular space between the simple body boundary and the next one in). For the reference case
this table is given in Appendix C Table 5 and shows the distribution of the 600 source points within
the flask. Obviously the level of information contained here is determined by how the geometry is
constructed, so having employed the SAME keyword some sub-division of the spatial distribution is'

available; however some parts have been employed twice so the score for those parts is a combination
of the score from the two locations; therefore this table (and the other based on scoring regions)
required careful interpretation. The MULTIFISS source spread over the flask should result in about
600/14-43 source points per element (note that this is less than one per pin on average). Examination
of the table for the reference calculation shows that scoring regions 1,4,7,10,13 and 19 (containing the
fissile material zones within parts 1,2,3,4,5 and 7) do each have about 86 source points (2 occurrences
each) and scoring regions 16 and 22 (parts 6 and 8) have about 43. Provided that the source was
conectly specified any variations from the expected values are only random fluctuations; however this
table is a good check as to whether the source was correctly specified.

In common with the other scoring region-based tables (except the neutron flux) the scores are effec-
tively carried up the hierarchie geometry part tree (see the diagram in section 4a). Region 25

.
corresponds to part 9, which is the anay forming the bottom row of elements consisting of pans 5,6
and 5 again. Thus the score for region 25 is the sum of the scores for parts 5 and 6, namelyl40=98+42.

, Similarly region 26 conesponds to the central anay and region 27 the top row. Region 28 conesponds
to the simple body in the cluster holding the array of region 27 and so the scores are the same; similarly

:

, -- - - - - -
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for regions 29 and 30, Finally region 32 is the inner body of the nest that holds the fuel elements and
so its score is 600. The standard deviation in each case is simply that arising from the Poisson distri- i
bution (Vn). !

'Ilie second of the auxiliary tables gives the boundary crossings for the simple bodies. It should be
noted that this table and those that follow are by default normalised to 10,000 neutron samples. This
is done to give some scale to the scon s and enable calculation of varying sizes to be readily compared.
The boundary crossing table can be used to assess the degree ofisolation of various components of a
system, for example to examine the separation effectiveness of a thickness of water or an absorbing
plate. For the reference calculation this table is given in Appendix C Table 6. This clearly demon-
strates, due to the large numbers ofIN and OUT boundary crossing for the various & cents within the
multi clement bottle that there is a large interaction between the elements (as expected).

In order to make effective use of this table the definition ofIN and OUT needs to be fully appreciated.
For a nest and a simple cluster (i.e. no overlaps) the boundary crossings are easily defined, as they
refer to neutrons crossing simple body boundaris; nc: :nat they do not refer to neu*rons er ing
scoring regions as the following drawings show. For a nen :he scores are accumulated as follows:

. . _ _ _ .

@

@ fOUT1
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| IN 1 OUT2

_

and for a simple cluster as follows:
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However for general clusters the scores need more careful interpretation as they are accumulated by
scoring region for bodies forming clumps, as the following two diagrams show:

@

@ @ OUT3
%N3 OUT1

IN 1 OUT2
LN 2

*O e
O OUT4

IN 4 OUT
OW2IN 2 OUTI

I
IIN 1

This apparent anomaly occurs because the cluster geometry tracking algorithm has no laiowledge of .
the relative positions of the overlapping bodies. On exit from a scoring region within a clump (which
does not necessarily correspond to crossing a simple body boundary) the algorithm will search for the
next body to enter in exactly the same way as if the bodies were distinct. The boundary crossings -
therefore reflect this.

The boundary crossings can also be employed to examine the sampling within the system to a lirrdted
extent, by ensuring that bodies expected to see a lot of neutron activity actually do so. In the reference
case this is indeed the case with the central elements (parts 1 and 2) seeing more neutron activity in
terms of boundary crossings than the other parts, due to their more reactive locations (i.e. completely.' '1

surrounded by other elements).

. O-
I Having decided to impose full specular reflection on the outer boundary of the system (for a pessi-
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mistic criticality calculation) some information on the number of neutrons reaching the outer bouiaary i
of the system has been lost. Results from a similar calculation with a free boundary condition were as |

follows for part 13:
|

REGION IN OUT
1 956 1584

2 939 1359

3 838 1238

4 0 135

5 0 135

This shows that of the 1238 neutrons (per 10,000 samples) that enter the main flask wall only 135
(-10%) reach the outside. Thus it is clear that the Hask wall thickness is sufficient to isolate the fuel
elements from the outside as far as criticality interaction is concerned. This information is missing
from the reference calculation as the IN and OUT scores will mainly consist of neutrons conti 'lly.

entering and leaving the flask and others just bouncing around the reflective boundary:

1
1

1
,

: OUT5
! -
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> OUT5
| OUT 4

9

w

IN 4
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.

The final part of the boundary crossings table gives the energy distribution by panition of the neutrons
reaching the outer boundary of the system, but it excludes those being reDected back by a ful'" re-

>

1
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flective boundary. Thus for the reference flask the scores are zero. For the calculation mentioned
above with a free boundary, of the 135 neutrons leaving the system 93 were in the fast partition
(>0.1MeV) and 42 in the intermediate partition (between 0.1MeV and 0.4 eV).

In some calculations this final part of the table can be used to examine the validity of employing a
particular thickness of reflector or of employing non unit albedo coefficients to simulate additional
reflector. The albedo coefficients approximately represent the return probability for an incident ther-
mal neutron, otherwise biases of unknown size may be introduced. To avoid these problems it is
recommended that sufficient real material reflector thickness be included in the model for assessment
calculations, thus completely avoiding the use of the non-unit albedo coefficients, ahhough for survey
and design work their use may be more appropriate. In the reference model the full body thickness of
the flask has been included and an infinite array of such flasks has haen modelled in the calculation.

~

The next table presents the material action counts or reaction rates for all the materials in the problem.
This information is presented for each nuclide in each energy partition for each material. All of the
possible reactions tabulated in the DICE library are put into one of six generic types: capture, fission,
elastic scatter, inelastic scatter, (n,2n) and (n.3n). An example table for material 1 (the fuel) from the
reference calculation is contained in Appendix C Table 7.

This table can be employed to distinguish between different parts of the same material by the simple
technique of duplicating materials. If the U235 fission rate was required separately for the central four

O fuel elements then an additional material (material 7) could have been specified which was an exact
copy of material 1. Then for pans 3 to 8 the contents of the inner body of the nest could have been a
new hole (hole 4) which had material 7 in its pin material. Note that part 3 would now need to be LIKE
part I rather than the S AME as part 1, and parts 4 to 8 would now be the same as part 3. The revised
input data for parts 3 to 8 could be:

LIKE 1 BH4 2 3
SANE 3
SAhE 3
SASE 3
SANE 3
SAME3

and the fuel material action counts would now be split between material 1 and 7 according to the
location of the fuel element.

,

|

As far as checking is concerned the material action count table should be used to ensure that all
materials behave as expected, e.g. if gadolinium is present in some quantity and the material data have
been correctly specified then gadolinium should score a large number of capture reactions. Ifit does
not then there could be an error in the material or geometry specification.

I
l

The neutron gain value printed for each energy partition is the neutron balance for the reactions within

O 18 t emer8x eertitie . it 's cemgetea as:

t

GAIN = FlSSION CHILDREN + (N,2N) + 2*(N,3N) - CAPTURE - FISSION

4
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Note that although the FISSION CHILDREN is printed as an integer it is scored as a real number (u,
the expected number of fission children). Only an integral number of neutrons can be tracked (ran-
domly sampled from the real value), but less variance is introducec' by actually scoring the real
expected value. As the neutron gain is also printed as an integer, due to the rounding of the individual
fission children scores that make up the gain, the gain sum may not appear to tally exactly. It is the
printed gain that is the better estimate than that computed from the printed integral values.

The region action count table presents similar information concerning reaction rates but now by scor-
ing region (Appendix C Table 8). The number of reaction types has been reduced by combining the
various types of scattering reaction into a single quantity for clarity. In a similar way to the use of the
previous table for material sampling, this table can be employed to check for geometry sampling. As
for the boundary crossing table, what is obtained here is dependent on how the geomeny was con-
structed, so if specific information is required (e.g. reaction rate by fuel element) this must be
considered at the geometry modelling stage. Note that this table also has the information carried up the
hierarchic geometry part tree.

This table can be employed to see whether that various sections of geometry have been adequately
sampled. If the sampling appears to be not as expected, it must be determined whether it acmally
matters as far as criticality safety is concerned. As stated in the geometry modelling description, for
symmetric geometries lack of sampling uniformity about the plane of symmetry is unimportant, and
this has been eliminated from the reference calculation by the duplication of parts. Superhistory track- g
ing will normally seek out the most reactive part of the system [11,12] provided sufficient neutrons
per stage are employed and sufficient settling has been performed. The region action count table can
be used to check whether that has actually happened. If the distribution of fissions by scoring region
is examined for the reference calculation, the following picture emerges (in fissions per 10,000
neutrons):

,

*190 232 190

220 372 372 220

215 376 376 215

180 231 180

,
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Note that where parts are employed twice the score has been halved. This shows that as expected the
central elements are the most reactive as they are completely surrounded by other elements. Of the !
other elements the central positions in the top and bottom row are most reactive (slightly more so than i

the central side locations) as they are surrounded on three out of four sides by other elements. Within
the statistical uncertainties there appears to be symmetry about the horizontal centre of the fuel ele- ]
ment cluster, indicating that the fact that water is not present above the top row is unimportant. This is
because most of the moderation is taking place within the fuel elements.

The next table lists the neutron fluxes by energy partition and scoring region (Appendix C Table 9
contains the printout from the first page of the reference flask calculation). The flux is a track length

|
estimator meaning that the actual distance travelled within a scoring region (the track length) is used '

as the measure of the flux. For this table the scores are not carried up the hierarchic geometry part tree
and so bodies containing subsidiary parts appear to have zero flux (and are therefore not listed in the
table). The reason for this is that the flux is accumulated at every boundary crossing as well as at every
collision (i.e. at the end of every track length), and so there would be a significant scoring overhead
for complex geometries if the full table was scored. This treatment for the neutron flux is considered
acceptable due to the limited use made of this table for most criticality applications. It is of more use
for comparisons with other codes and methods and for validation ptuposes.

The neutrons parameters table that follows gives a summary by material of the collision information
presented earlier. It also presents .t quantity headed 'Mean Energy of Neutrons Causing Events' which

q is exactly what is says it is and is oflittle if any value. Remember that a mean value based on neutron
V energies which may vary by several orders of magnitude can be heavily biased by one large contri-

bution, and except for reactions with energy thresholds it is difficult to put these values to any sensible
use. The table is mainly preserved for historical reasons.

This is followed by the k-effective plot by stage number which can be used to spot fluctuations and
sampling problems in a similar way to the use of the main stage-by-stage tables. The plot for the
reference calculation is given in Appendix C Table 10.

,

i For the reference calculation the final piece of information is the categorisation output (note that this
is optional); the table for the reference calculation is given in Appendix C Table 11. The main aim of
the case categorisation is to enable comparisons with code validation systems to be easily made.
MONK 6 will categorise a calculation by considering a number of criteria which go to make up a
description of the system. Seven different criteria are scored by considering the output from the cal -
culation and the individual scores are combined to give a category number. Obviously cases which . ;

differ only slightly in one of the category criteria may still be suitable validation for the system under
study, but the category number can alert the user to the fact that the calculation is outside the current
range of validation. Details of the categorisation criteria are available [13] together with the category
numbers for the standard MONK 6 validation cases. The reference flask calculation falls into category -
number 565 which as expected is an area well covered by the MONK 6 validation. This concludes the
MONK 6 output listing.

d
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7. CRITICALITY ASSESSMENTS

Sections 4 to 6 considered the setting up and ranning of a single MONK 6 calculation for a LWR fuel
transport flask. Normally such a calculation would 'orm part of a criticality assessment of a particular
flask, and as such would be only a relatively smail part of the whole exercise. Although expenise in
the use of the MONK 6 code is essential in criticality assessments, the assessment process consists of
much more, including the knowledge and use of other calculational methods and data sources, and the
application of detailed criticality analysis to the problem.

Procedures for performing criticality assessments vary between organisations and although the basic
structures are similar (and indeed the basic goal the same) the dcuited practices can unfortunately be
quite different] tis document is clearly not the place to ads ocate any prticular working practice, but
this section will consider the important features of a criticality assessmet t. A simplified flowchart of
the assessment process is given below:

a) Determine the requirements and
scope of the assessment

Y

b) Perform survey calculations to
*examine the system parameters and;

determine most reactive situations

|
Y

c) Perform detailed calculations for
the most reactive situations-

consider uncenainties and results *

of maloperations and accidents;

check calculations thoroughly

d) Produce draft assessment document

7
Y

e) Obtain detailed independent check

of assessment

| g-Y

f) Produce final assessment document
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the range of fuel that may be loaded into the flask; this then automatically covers all the less reactive
configurations.

The control by geometry is accomplished by the compartmentalization of the fuelinto fixed positions
within the multi-clement bottle, and for the bottle itself to be securely fixed within the flask. This'
limits the interaction effect between the elements to some extent and hence controls the leakage con-
tribution to the neutron balance; it also forms part of the engineered approach to criticality safety as
under normal operating conditions the separation of the fuel is ensured.

The control by absorption also forms part of the engineered approach to safety as under normal con-
ditions the neutron absorbers are fixed engineering features of the flask (e.g. boron steel walls, boral
sheets). One of the most effective absorption control devices is boral sheet separated by water and
here it must be ensured that water is always present; otherwise it needs removing from the criticality _
assessment and considered as an additional secondary safety feature. Due to the inability to guarantee
their presence allowance cannot be taken for dissolved absorbers in the flask.

i
b) Survey Calculations '

Survey calculations for transport flasks consist of considering: various types of fuel element; differing .
levels of fuel enrichment; sensitivity to the loss or addition of moderating material; separation changes; -

y and temperature effects. These would involve a mixture of handbook usage, simple calculations (such
as buckling / shape conversion, density analogue), deterministic computer codes (e.g. WIMS [16], J

SCALE [17]) and MONK 6 and KENO [17] calculations. The requirement at this stage is to perform
comparative or scoping calculations to investigate the properties of the system and the sensitivites to ;

various changes. Therefore definitive Monte Carlo calculations are not essential for all such consid-
i

erations and where simpler, quicker methods are applicable, or where published data aready exist,
these should be employed.

At this stage it is also possible to examine any bias in the various calculational methods that might -
influence the more detailed calculations that will be performed later, it is worth comparing some of the
simpler calculations with MONK 6 and examining the causes of any differences. It should also be I

considered whether the system is suitably covered by the MONK 6 validation database, as this clearly '
1

has a great bearing on the nature of the assessment; if no such validadon is available the user is |
responsible for performing his own, either by locating details of a suitable experiment or if necessary
commissioning a new experiment. In addition the survey calculations can be used to establish con-
servative modelling strategies by examining the sensitivity.of the reactivity to various modelling
assumptions, for example simplifying the fuel element geometry by the omission of spacer grids or
control pins; this again will aid the detailed calculations.This stage of the assessment can also be used-
to consider some of the simpler contingencies such as corrosion and distortion of the fuel elements and
compartments.

The normal assumption for criticality assessments is that all of the fuel in the flask is unitradiated. This
p is a conservative assumption in practice if the bumable poison complication can be ignored; if it cani
( not there is the possibility that the reactivity of such fuel may be higher at low burnup than when

unirradiated, and so this needs to be taken into account [18]. However in the majority of cases the -i

assumption of zero bumup is conservative and also allows maximum operator flexibility as knowledge
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a) Requirements and Scope

The safety requirements for the transpon of radioactive materials are by some considerab!c margin
stricter than those for other toxic materials, and to meet these requirements careful attention to detail
is needed in addition to sound engineering practices. It is the careful attention to detail that is the
business of the criticality assessor. The international regulations concerning the transpon of fissile
materials in all packages (including flasks) are given in the International Atomic Energy Agency
Safety Series No.6 (14], which state that ' fissile material shall be packaged and shipped in such a
manner that subcriticality is maintained under conditions likely to be encountered during normal con-
ditions of transpon and in accidents'. He regulations go on to say that 'the following contingencies
shall be considered:

a) water leaking into or out of packages

b) the loss of efficiency of built-in neutron absorbers or moderators

c) possible reanangement of the radioactive contents either within the package or as a result of
loss from the package

d) reduction of spaces between packages or radioactive contents

e) packages becoming immersed in water or buried in snow

0 possible effects of temperature changes',

Advisory material on the interpretation of the intemational regulations relating to criticality assess-
ment is given in Appendix X of the International Atomic Energy Agency Safety Series No.37 [15].
Due to the inability to measure the degree of suberiticality, the criticality assessment assumes a most
important position, and as good a study as possible is required of the likely state of the flask under both
normal and postulated accident conditions. In addition to the international regulations additional local
or national rules may apply, and these may depend on the nature of the assessment package and the
mode and route of transportation.

Fundamental to the job of criticality assessment is the task of considerin2 the neutron balance within
the system, i.e. determining the fate of neutrons arising from fission events. This fate can be consid-
ered as three pans: fission, where neutrons give rise to further neutrons; capture, where the neutrons
are removed from the system by parasitic absorption, and leakage, where neutrons escape from the
modelled system and may interact with various postulated adjacent materials.The balance that occurs
between these three activities dictates the reactivity of the system.

Criticality control is normally accomplished by the combined use of enrichment control, geometry and
parasitic absorption. The control of the maximum fuel enrichment permitted for a given flask limits
the reactivity of the fuel element by control of the fission process. Note that this cannot be considered g
as a primary control mechanism as it depends on fully-reliable adminisuative practices to ensure that W
the flask is loaded only with fuel up to the permitted maximum enrichment. Therefore the normal
practice is for the criticality assessment to consider that all of the fuel is of the most reactive type from

_ _ _ _ - _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ - _ - - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ - - _ - - - _ - - - _ _ _ _ _ _ _ _
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of the fuel element history is not required to ensure criticality safety is tnaintained (subject to any
maximum initial enrichment limits). It is also conservatively assumed that all fuel within the flask is
uniformly at tne maximum enrichment.

However this conservativism in the criticality safety assessment can amount to a relatively large effect
on the operating sub-critical limits and could be perceived as undue pessimism for the majority of fuel
shipments. Significant economic benefits can be realised if credit can be taken in the safety margins
for the bumup effects,i.e. the depletion of fissile material and the buildup of fission products and
higher actinides. The result of bumup for most fuel is a lowering in the reactivity and this could allow
each shipment of fuel to consist of more elements, meaning fewer total shipments and reduced
overheads. Moreover the risk of accidents is reduced and the radiation exposure to both the operations
staff and general population can be cut.

Although the concept of taking credit for fuel bumup appears attractive, some problems exist that need
to be resolved (19-23]. These include ensuring that the irradiation history of each element is available
before shipment; being able to calculate the isotopic composition of the irradiated fuel; the availability
of nuclear data for the fission pmducts and higher actinides present in irradiated fuel; and most im-
portantly the need for stringent administrative controls to ensure that flask misloading cannot occur.

However with the likely increase in the use of higher fuel enrichments which could fail to meet ex-
isting safety margins under the fresh fuel assumption, and with higher fuel bumup where the in-built

O
V pessimism of the fresh fuelloading will be greater, taking credit for burnup is not an option that will

be discarded and so it will soon fonn part of the surveyinr, process.

As a conclusion to this stage of the assessment it is recommended that the results and conclusions
obtained so far be checked by an independent assessor.

(c) Detailed Calculations

I
Having performed the survey calculations and gained the necessary insight into the system the con-
servative approach to safety demands that the most reactive configurations are adopted for fuller-
investigation, normally by perfonning extensive MONK 6 calculations to establish definitive results
for the extreme cases, e.g. maximum reactivity fuel elements in the most reactive configuration with
optimum moderation. The various contingencies defined in the regulations also need to be considered
together with the effects of reflection and interaction, and suitable supporting calculations need to be '
made where necessary. If a scenario can be eliminated by careful argument, reference to published
data or with reference to the survey calculations then this can reduce the number of detailed calcula-
tions required.

For fuel flask transport the assessment requires analysis of the transport, storage and load-
ing/ unloading phases and the associated accidents that may occur during handling. These include
dropping a fuel element, the multi-clement bottle or even the whole flask, and flask impacts during

O~ transportation, which each require criticality analysis as they can lead to: compartment collapse; dis-
' tortion of the fuel; the accumulation of fuel debris; loss or addition of moderation; and fire damage.

( These type of accidents may require detailed calculation using the MONK 6 code due to the geometry

a
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modelling complexity, although some further parametric-style calculations may be required to deter-
mine the sensitivity of the reactivity to particular reconfigurations.

It is essential to consider the worst-case scenario in each case. For those involving the accumulation
of fuel debris, this means determining its most reactive configuration. Studies have shown [24] that it
is only fuel elements that have developed cladding material cracks that are likely to fracture during an
impact, and it is conservatively assumed that this would apply to 4% of the fuel in a given flask
shipment. In many of the accident circumstances the use of probabilistic risk assessment is becoming
widespread as supporting evidence in the criticality assessment [25,26]. Manufacturing tolerances and
changes due to maintenance (i.e. the differences between the operational flask and the designed one)
also need to be considered as the data obtained from engineering drawings may not correspond to the
operating flask.

I Consideration must be given to the sources of uncertainty in the detailed calculations as described in
; section 2d, namely the systematic bias (B), the random error in the preparation and execution c' he

calculations (E), the bias arising frorn operational or accidental changes causing increases in reactany
(R), and the statistical Monte Carlo error (S). These must be allowed for or eliminated in demon-
strating that the sub-critical margin is maintained. If any doubts exist concerning the calculations then
independent checking is essential by employing alternative methods, data or codes, and as a conclu-
sion to this stage of the assessment it is recommended that the detailed calculations be checked by an
independent assessor. g
d) Draft Assessment Document

The assessor is now confident that sufficient calculations have been performed to prove that the flask
will remain below the sub-critical margin under normal and postulated accident scenados. A draft
assessment document is therefore produced that describes the criticality analysis and supporting cal-
culations that have lead to this conclusion. It is important that the arguments employed be unambigu-
ously developed and that the worst-case scenados be adequately described. Detailed descriptions are
also required of the calculations performed, and the document should address the applicabilit).,ad
validation of the calculational methods employed. The calculational uncertainties need to be specified
and it is essential to remember that the accuracy of the assessment lies unambiguously with the as-
sessor; if there is any doubt concerning the calculations then funher checking is essential. The
contingencies that either general or local regulations demand must be considered, even if they can be
eliminated by a simple statement. Any operating limitations that need applying to the flask and all
assumptions made dunng the assessment must be clearly stated.

,

e) Independent Checking

The assessment document and supponing calculations should now be passed to an independent as-
sessor who will re-consider the safety argument. Whilst it is normally not necessary for a full
independent assessment to be performed,in difficult cases this may be unaviodable. For well-
validated fuel transpon flasks the independent check would consist of examining the selection of
worst cam scenarios, the application of the various calculational methods and the arguments tht te
used to demonstrate the sub-criticality. The advantages of an independent assessment in difficult cases

- - _ _ _ _ _ - _ _ _ - _ - . _ - _ - _ - - - _ _ . _ .-_-.
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are that it may result in highlighting problems that the original assessor has neglected or not consid-
ered adequately, as well as producing general comments on how the document may be improved. Note
that simple mistakes in setting up calculations should have been eliminated at an earlier stage. Thei

comments of the independent assessor may lead to the original assessor performing additional survey
or detailed calculations, as well as amending the text of the document before the independent assess-
ment stage is complete.

f) Final Document

Once the two assessors (or the assessor and the checker) are satisfied with the assessment the final
document is produced and issued to the appropriate bodies. As this is the main published tecord of the
assessment the document should be as far as possible self contained. However it is clearly unreason-
able to include full calculational results or copies of published references, but the availability of these
items must be ensured, for as long as the assessment remains valid. This forms part of the assessor's
QA registry, and forms a vital supplement to the assessment document.

,

O
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8. CONCLUSION

Tnis document is intended as a guide to applying the MONK 6 criticality code to a particular problem.
Simple examples exist on the use of the code [9], but are not as detailed as the problem considered
here. In addition some attempts have been made to answer some of the questions often encountered by
new users of the code, particularly those relating to the choice between two apparently equivalent
options. In this respect the guide is of some relevance to other criticality problems, as the main choices
presented to the user are not specific to transport flask problems. The same can be said for the output
examination section which describes how the information presented in each output table is
accumulated. However this guide is in no way intended to replace the two existing main volumes of
MONK 6 documentation [2,9], which should be regarded as essential reading for a prospective code
"er, but can be regarded as a supplement where a 'real' problem is tackled from beginning to end.

The sample calculation set up for this guide has been constmeted by trying to accommodate the twin
goals of simple modelling and calculational efficiency. For the transport flask situation it has .en
possible to succeed reasonably well on both counts, but for many cases a more severe compromise in
one or both directions may be required. It is the author's view that, due to the safety related nature of
the code and the low cost of computing compared with a full assessment cost, the user should not stray
too far from the simple approach, apan from avoiding the well-documented gross inefficiencies. This
will then enable calculations to be set up and independently checked much more readily than would
be the case where unnecessarily complex geometric construction is employed. In this respect it is
hoped that this guide will provide useful information for the novice and experienced user alike, and
that the modelling strategies used for the reference calculation will have relevance to a much wider
range of criticality problems.

w
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APPENDIX A REFERENCE FLASK INPUT DATA

* Reference transport flask containing 141.WR fuel elements
s ... .... ...... . ........................ ......... .... ....

* 3.5% enriched UO2 fuel

* pin radius = 0.55cm, zirconium can thickness = 1.0cm

* pin pitch = 1.70cm, element wrapper thickness = 0.2cm
* element length = 409.5cm

* flask flooded to the top of the fuel

FISSION
610 NUCNANiES

* material 1. . CO2 fuel
* material 2... water
* material 3. . boron steel

e * material 4. s: eel
- * miierial 5. . iron

* ma'erial 6... zirconium

CONC U238 2.238E 2 U235 8.2213E.4 0 4.6054E.2 !

ATONI 0.998 01.0 HINH2O 2.0
ATOh!7.7 FE 1.2311 CR 0.3847 N10.1807 B101.109E 2

B114.436E 2
CONC FE 6.2669E-2 CR 1.6343E-2 NI 6.4342E-3

ATOh! 7.85 FE1.0
ATOh! 5.66 Z R 1.0

Chi

* Part 1 - single fuel element with boron steel compartment walls

HIST 3
' BOX ORIGIN 0.500 0.500 20.0 BH1 14.200 14.200 409.5

BOX ORIGlN 0.500 0.500 0.0 2 14.200 14.200 449.5

BOX 3 15.200 15.200 449.5

A
U

. -. . . . . . _ _ _ . . .
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*
* Pans 2 8 - exact copies of part I to produce sampling information

SANE I
SAhE I
SAhEI
SAME1
SAhE I
SANEI
SANE 1

* Part 9 - bottom row of three fuel elments

* Part 10 - middle two rows of four elements each (lower row first)
* Part 11 top row of three fuel elments

ARRAY 311 565
ARRAY 4 21 3113

4224
ARRAY 311 787

* Part 12 - assemble all elements and add steel walls and interstitial g
* water

CLUSTER 4

BOX ORIGIN -22.8 15.2 5.0 P11 45.6 15.2 449.5

BOX ORIGIN 30.4 -15.2 5.0 P10 60.8 30.4 449.5

BOX ORIGIN 22.8 30.4 5.0 P9 45.6 15.2 449.5
ZROD BH2 39.2 459.5

* Part 13 place elements in multi-elem.'nt bottle container and -

* position in flask (note flask fins ignored)

hTST S

ZROD ORIGLN 0.0 0.0 41.0 P12 39.2 459.5

ZROD ORIGIN 0.0 0.0 38.0 4 40.2 465.5
ZROD ORIGIN 0.0 0.0 32.0 2 41.2 477.5
ZROD 5 75.0 541.5
BOX ORIGIN -76.0 76.0 -1.0 0 152.0 152.0 543.5

* full specular reflection to simulate infinite array of flasks

hALBEDO 111111

.

_ _ . . _ _ _ __
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* Hole 1 - LWR fuel element positioned in centre of compartment

SQUARE 3 12 6 HTRANS 7.17.10.0
1.70 -0.85-0.85 0.55 0.65

WRAP 8 8 6.8 7.0 6.8 7.0
16262,

* Hole 2 - Horizontal steel walls and interstitial water

PLATE 2 2 4
0.01.00.0
4 31.6030.44-30.4-3-31.64 2

* Hole 3 Vertical steel walls and interstitial water

PLATE 2 2 4

1.00.00.0

4 31.6230.44-30.42-31.64 2

O EDIT CATEGORY
-120 600 0 STDV 0.0030 -1

.

* Position source randomly over all fuel elements

MULTIFISS STD
-,

REGION 1 PART 13 /
END

* SCAN data

CODE 6

/.* OX@

* Picture 1 complete flask section
* Pictures 2-5 - flask quarter radial sections

* Pictures 6-8 radial close-ups-

* Pictures 9-10. top and bottom of flask axially

-76 76 250 76 76 250-76 76 250
-50 50 250 0 50 250 50 0 250

_ O o so 2so so so 2so o'-- o
50 0 250 0 0 250-50-50 250

0 0 250 50 0 250 0-50 250

_

___m___ ___._____a---__---
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g
-5 20 250 20 20 250 -5 -5 250 '

b 20 35 250 45 35 250 20 10 250
h -5525055250-5-5250
1
'

25 7.95 511 42 7.95 511 25 7,95 471

25 7.95 70 42 7.95 70 25 7.95 30
END f
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TABLE 2
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! TABLE 3
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IEIV12mEL SAWLE EJ7TJak20BA Fca IACE STAGS

8tAGE E t COLL) STD E(sit 8tS) STD E(EE288) ATD & STD E (TEEIB) STS

............e.....................................................................................e.........

1 9.4793 0 0181 8 0424 0 8171 9 4s34 0.0128 e.9797 0.0111 0.8429 8 0124
2 6.8922 0.0144 9.8184 0,0172 4.9784 0 0107 1.0821 0.0109 0.8799 0.0103
3 8 8870 0 0144 0.8647 6 0135 9 eles 0 0112 1. seat 6 0107 0 8031 6 0109
4 0.8790 6.017e a e19e 0.0175 . 4est 0.9121 0 0928 0.0124 0.0047 8 elle

5 0 8813 9.0142 . . a t te e 8144 6. a 4 64 0.0119 1.0036 0 0101 e.ss37 e elle
4 0 0047 0.6173 9.4764 4 0184 8.9480 9. 0 L32 0.9910 6 0117 0.4873 0 0127
7 8.0541 0.0144 6 8741 s.0182 e 3452 6.8131 1.0104 6.9127 6.8449 8 9119
8 0 8410 0.017S 0 6828 4.020$ 4. e 432 0.0153 1.0188 0.0138 0.8478 0.0130
3 0.8929 0 018$ 4 4997 4 Olet 4 9070 9 4137 - 0 9933 4 ello 0.9022 0.0131

le 0.8641 0.0144 9 8795 0.6143 0 8799 4.9120 1.0037 0.0113 0 0442 9.4105
11 0 0443 6.8150 4 8437 6.0184 6 3441 0.0133 6 9148 0 8117 6.8884 0 8127
12 6 0025 9 stSS 8 8914 0 #170 e.8332 e olis 1 essi 6.0104 0.00s? e 3105
13 0 0933 9 8132 9 9002 0.8144 9 4944 4 8182 1.0126 4.0118 0,9912 0.6050
14 4 8402 0.0103 0 8848 0.0197 0 essa 9.e132 1.0253 4.0118 0.0521 0.0121
15 0 0S83 4 0134 4 0784 9 0142 e 0747 9 c111 1 te33 0 0116 0 8473 e atti

14 6 8720 4.0149 9 a327 0 0183 0.0s43 0.0149 9.9713 0 0123 e else 0 0144
11 0.8934 4 9189 0 8819 0 Otto e tass 0.0124 0. 99s s 4.0119 e . 88 43 0 0122
10 4 8144 a . 0141 0 Sete 0.6171 0.0744 6 0132 0.9938 6 elle 8.8479 9 0124

, >
%d

,

,

;

.1



. . .. . . .
. . .

. .. . . . . . . .. . . . .. . . .

- - - _ _ - - -

-

Page 4 of 12

O

TABLE 4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , , . . .

30. W . Ct0ED7MTVB 33DIVIDU34 4Am1A RaTIma.TCmA vaaTDG 30. W EETTLIES SfACB.8

sRTTLIE4 SGJ0.DO. , ,

stasta samfA E(coll) STD gisamt) sTD E(ac2ss) sTD & eTo 1Ammha ats, A) S (C, &) E tc,8) Aush asTA stfumss) OTm
............e.................................................................................................................

10 Sisa 9.8864 0.0141 0.04se e,9171 9,41s4 0.4132 9 es30 0.8124 e sole S 9921 e estl 0.9081 8.3320 0.9980 0 8478 9.0124
~

le 18941 8.0744 0.9119 0. 0184 0_0116 0.0002 4. Stet 9. 9941 0.9984 S S&31 0. 9922 6. 9084 4. 6843 9.2982 9 E389 0 8709 4 poes

17 16194 6. 8731 0.9098 6 edle 6. 0100 9.0724 4 es78 8. 9467 S.0071 9 $$44 9. 9914 9. 90 E2 0.9429 9 2347 0 4010 0 4721 4 0474
14 32418 6 4894 0 8970 0.4433 0.00s8 9.0138 6 0049 8 9949 8.0061 9.8312 0.9911 0 9864 4.9420 6.2900 0 Seat 4.0129 6 cost
IS 21941 6 0419 4.0012 0 4694 4,4819 0 0714 0.0039 9 9977 4 0954 0 D499 8 99119.9814 9.9428 S.2927 0.4744 4 4798 8 0084
14 34837 4.812e 0 e043 4.0149 0.0074 0.0?t3 6 0051 1.0004 9 coat 8 9640 e 9918 4.9017 6.9831 0.3801 0.4423 6.4753 0.0040
14 48439 0. 8143 4.4089 0. 0799 0.0845 0 8180 4.604? 1.0018 9 test 8. 9915 9. 9917 8 9044 4.9834 4.3120 4 4904 0 0114 0.0044

12 44184 9.8133 9 5088 8 0784 9.9068 6 4114 0,0044 0 9917 0 0042 4 9999 * 9911 4 9882 0.9433 S.3027 0 4430 0 8163 8 6042
11 $1472 6.8718 6 08314 ette 4 8054 0 a??4 0 4;42 0 99se 0 Otte 0.9409 0 99116 taal 6.9831 0.3144 9 4894 0 0719 0 0039

14 STS97 9.8734 4 teet 4. 8184 0.4034 9 30JS e 9040 0. 9916 6.90310.3139 9 :915 0.9884 0 9838 9.3144 0.5431 9 s1es e esas

D EJ308 e at1J 8 444s 0.81s10.0083 6 a192 4 asse 0 9994 0 0034 0 9s04 6 9012 e este 8.9034 0.3333 9.4894 e 0144 4.0034

4 51421 0 01010.0044 9. 0148 0 SOSO 4 4782 6 8031 1.0093 0.6034 0 Sete 9 9912 0.9484 9.9833 0.3334 e 4800 9 etSt 0 6938

7 73179 4.4718 0.0044 4 8784 9.6849 4 070s 9 9034 4.99910.sc33 0.9908 4.9912 0 essS 6.9832 6.3237 0 4731 e stas e oose

4 7D018 0.0728 0.8042 9 4793 0.0447 4 8793 s.0034 1 0099 9 6032 0 9912 4 9913 0.9041 6.9839 9 3269 8 4?te 4.8711 0 0032
4 08057 4.4Y29 0 66410 0733 0 9049 s $799 0 0933 e 9994 4 00310 9948 4.9918 0.9800 0.99J7 4.3131 0 4002 0 8??? O 9031
4 91753 0 0140 0.0044 0 teOS 0 0043 8 tale 9 0032 0 9995 4 0029 0 99410 9910 6 9est 0.9440 9.3083 0.44?1 4 0704 6 6e34
3 90200 $ etSt 9.0034 9 4443 0.0842 9 8807 0 00319 9994 6 00281.0104 6 9918 6.9099 6.9844 6.3001 4,7199 0.0190 9 0429
2 104323 4.0784 0 44314 0793 9 6441 e stot 4.0034 0 9905 8.00281.8149 9 9926 6.9998 0.9842 4 2918 9. ?* e t 4 8793 9 8020
3 199644 6 3139 4.0034 6.0192 8.8448 6 8003 4 0829 0 9994 8.4027 1 0131 0 9921 4.9492 0 9040 0 2014 6.1.41 8 8704 4 4027
9 112011 9.8735 0,0034 6 0185 0 0039 0.87918 telt 0 9993 8.0c2710118 8 9920 0.90910 9038 9. 2 DOS 6.730s 0 4775 4 0427

W

i

I
.

Illlii

|

!

. . _ . _ _ _ _ _



Page 5 of 12 .

/%
A ,,/ |

TABLES

!

Ocence ormswrns u unim er ause.

SM1J FI233 8001C3 GT DEV,

. . . . . . .

1 02 0

2 0 e
a 0 0
4 es 0
$ 0 0
4 0 0
1 63 0
0 0 0

0 0 0

10 11 0

11 0 0

12 0 0
13 Os le

14 0 $
to 0 0
to 42 6

11 0 0

10 0 e
'

to 02 0

20 4 0

21 0 0

22 de 1

23 0 0

24 0 $

to let 12
24 330 10

' 21 131 11

20 131 11
20 320 le

30 140 12
21 0 0

32 500 24
33 0 0

34 0 0

30 0 0

34 0 0

,

._ _ _ .--- - -



. . .
. . .

.. . . . . . . . . . . .
.

. ..

.

Page 6 of 12

..

O

| TABLE 6
1

)
I .

REMEDABY CaossDQs #M $ Tacts 1 to 14 sansALZssD TO 19,000 actracs szvTama

PAaT 1 5342cm (188) IN ST DET NT ST.DEY. CUT /IE

(Etat) 1( 1) Seed 43 4173 le 1 2283

2 ( 2) Sees 43 4171 84 1.2240

3 ( 3) 34S3 el 3972 14 1.0476 _

.,

P ART 2 maetcm (Ass) II ST DEv. CUT ST . DEV. CUT /15
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SECTION D

COMPARISON OF MONK 6B AND KENOV.a

Summary

A comparison of MONK 6B is presented in two parts: firstly, a wide-ranging overview
comparison for a set of standard criticality test cases employed in the USA; and secondly, a
detailed comparison for a hypothetical simplified fuel storage test case.

O Additional comparisons between MONK 68 and ether international criticality codes isd regularly undertaken by a OECD/NEA working group. Reports of their activites can be
obtained from: The Organisation for Economic Cooperation and Development - Nuclear
Energy Agency, Paris, France.
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COMPARISON OF MONK 6B AND SCALE 3.1 FOR A SET OF
STANDARD CRITICALITY BENCHMARK PROBLEMS '

A K Ziver

AEA TECIINOLOGY

t

Summary

This report presents the results obtained from criticality calculations for a standard set of US
code benchmark problems. The problems were modelled using MONK 6B and SCALE 3.1
systems. The MONK 6B calculations were performed using the point energy UKNDL nuclear
data library The SCALE 3.1 analysis using KENOVa and XSDRN were performed with the

.

16 group and the 27 group standard libraries.
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1 INTRODUCTION

A set of 12 benchmark problems have been employed in the United States for the comparison
of criticality safety codes. The problems cover a wide range of conditions, including bare and
reflected single units containing uranium or plutonium in metal or liquid form, and arrays of
similar units. Each problem is presented clearly giving simplified geometrical data and.
material compositions. This enables e uivalent computer models to be constructed for a
range of criticality safety codes includi both Monte Carlo and deterministic methods.

In this work the point energy Monte Carlo criticality code MONK 6B (1) has been used to
calculate the system multiplication of the test problems. Calculations were also carried out
using the SCALE 3.1 (2) package by activating its CSAS control sequences for criticality
analysis which employ XSDRN (ID S Code) and KENOVa (3D Monte Carlo Code) witho

multi group nuclear data.

This report gives a detailed description of the 12 benchmark problems and presents their
corresponding computer models as implemented in the MONK 6B and SCALE 3.1 codes. The
system multiplication factors (k-effectives) obtained using MONK 6B are presented and
compared against SCALE 3.1 (XSDRN and KENOVa) results.

2 TIIE CRITICALITY CODE SYSTEMS -

2.1 MONK 6B

The carn:nt standard version MONK 6B has been employed to perform the calculations with

(] its standard point energy nuclear data library.

2.2 SCALE 3.1

The version 3.1 of the SCALE 3.1 (2) package was used which was released by the Oak
Ridge National Laboratory in October 1986. The following Criticality Safety Analysis
System (CSAS) modules of the package were used in the present work.

NITAWL: Employs the Nordheim Integral Technique to perform resonance shielding.
calculations and processes the multi-group nuclear data.

BONAMI: Performs resonance shielding using the Bondarenko shielding factor method and
prepares the nuclear data files for use in KENOVa and XSDRN calculations.

XSDRN: The one-dimensional Sotransport code for performing criticality calculations.
XSDRN can also be used to perform lattice cell calculations to obtain cell-averaged cross
sections for use in KENOVa.

KENO Va: The standard 3D Monte Carlo code used in the US for criticality analysis. It
calculates the system multiplication factor (k-effective) using multi-group nuclear data which
are derived from ENDFB compilations and pre-processed using the modules in the
SCALE 3.1 system.-

n

U
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V 3 DESCRIPTION OF BENCIINIARK PROBLESIS

A summary of the test problems is given in Table 1, which was taken from the original
specification. The problems are geometrically fairly simple and well-defined, enabling
analysis to be performed with a range of computer m,ethods. The first seven of the 12
benchmark problems represent spherical systems compnsing either bare or water-reflected
plutonium or uranium materials. Problems 8 and 9 represent a water- reflected cylindrical
tank containing plutonium-uranium and plutonium-uranium gadolinium nitrate solutions
respectively. In problem 10 a triangular lattice of PuO -UO rods are modelled in plutonium-2 2

uranium-gadolinium nitrate solution. An array of 4 x 4 x 4 bare plutonium metal units are
presented in problem 11. Problem 12 describes 6 tanks containing plutonium nitrate solution

,

positioned as 3 x 2 array in a cell with concrete walls. Table 2 presents the materialt

specifications for each test problem. The geometrical arrangement for the benchmark
problems are shown in Figures 1 to 6.

,

t ,

3.1 The $10NK6B Models of Benchmark Problems

The nuclides used from UKNDL point energy nuclear data file are given in Table 2. The
input data listing for each case is presented in Appendix A.

3.2 The SCALE 3.1 Models
|

|The SCALE 3.1 models of the test problems are presented in Appendix B. The CSASIX and
CSAS25 sequences were employed to perform a 1D and 3D criticality calculation using both
the 16-group and 27-group libraries.

p The CSASIX sequence comprises the codes BONAMI and NITAWL for cross-section
V processing includmg resonance shielding. Then the code XSDRN is used to calculate k-

effective for one-dimensional systems. Problems 1 to 7 were modelled using CSASIX as
they can be represented in one-dimensional spherical geometry. The test problems 8 to 12 are J

three-dimensional and therefore were not modelled using the CSASIX sequence.

The CSAS25 sequence is designed to calculate system multiplication factors using the )
KENOVa multi group Monte Carlo code. It comprises the functional modules BONAMI, 1

NITAWL and KENO Va. The 12 test problems were modelled using the CSAS25 sequence. j
i
|

4 RESULTS

The results of the criticality calculations using the point energy UKNDL data with MONK 6B f
and multi-group data with the SCA.LE3.1 package (KENOVa and XSDRN) am presented in i

Tables 3 to 6. j
lIn Tables 3 and 4 the values of k-effective obtained from MONK 6B (UKNDL) are compared 4

against the KENOVa (16 Group Hansen Roach) and KENOVa (27-Group 27GROUPNDF4) . ]
results respectively. ;

Table 5 compares the values of k-effective obtained from KENOVa code using the CSAS25
analytical sequence of the SCALE 3.1 package with the two different libraries.

|

Table 6 gives the results from CSASIX analytical sequence which gives the one-dimensional
solutions based on deterministic solution of the Boltzmann transport equation. Problems 1 to
7 represent spherical systems for which one-dimensional solutions were carried out.

- - - - -
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5 CONCLUSIONS

A series of benchmark problems covering a wide range of criticality applications have been
analysed with MONK 6B and KENOVa and XSDRN. In the light of the results presented in
Tables 3 to 6. the following observations can be made:

- The results obtained for problems which do not involve piutonium solutions showed
reasonable agreement. The maximum difference in k-effective obtained for these cases was
of the order of 0.6%io.2%.

- The results obtained for the plutonium solution cases showed much worse agreement with
significant differences between MONK 6B and SCALE 3.1 of up to 3%. These larger
differences can be attributed to a combination of effects. Firstly, the larger uncertainties that
still exist in the basic thermal data for plutonium. Secondly, the limited energy resolution of
the small multi group libraries make it difficult to accurately predict k-effective for a wide
range of systems. This is supported by significant inconsistencies between the 16-group and
27-group KENOVa results for plutonium systems, and the generally reasonable agreement
between MONK 6B and experiments for such systems.

- As expected, XSDRN results agree well with the corresponding KENOVa results.

O

O
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TABLE 1 A SUMMARY OF US HENCHNfARK TEST PROBLENIS
]

l

Problem Description a

1 Water-reflected plutonium metal sphere. Plutonium density 19.74 g/cc.
Plutonium composition 5.2 w/o Pu240,0.3 w/o Pu 241,0.2 w/o Pu242 '

2 Water-reflected plutonium solution sphere. Solution Composiuon:
'

gPuS=140, gNO3/l=284, gH20A=880.8 Plutonium Composition 4.57 w/o Pu240. -

3 Bare plutonium solution sphere. Solution Composition: gPu/l=9.457
Acid Molarity=1.105 Specific Gravity =1.503. Plutonium composition:
2.521 w/o Pu240,0.075 w/o Pu241,0.014 w/o Pu242

4 Bare Uranium (U233) Solution Sphem
Solution composition gUA=17.14

5 Bare Uranium (U235) Metal Sphere l

Uranium Density = 18.75 g/cc.
6 Bare Uranium (U235) Solution Sphere

Solution Composition: gUA=20.12 '

7 Water-retlected Low-ennched, Unmoderated Mixed Oxide Sphere i

Composition: 8 w/o PuO2 in U(nat.)O2. -

8 Water-reflected Pu-U Nitrate Solution in Cylindrical Tank. No Reflector
above Solution within Solution Tank. Solution Composition: gPu/l=12.' . 'i4

. gU/=29.9 Acid Molarity=1.3 Specific Gravity =1.1030
'

.

9 Water-reflected Pu-U-Gd Nitrate Solunon in Cylindrical Tank. No Reflector
,

above solution within Solution Tank. Solution Composition gPua=77.3
gUA=176.8, gGdA=1.06. Acid molarity=3.25 Specific Gravity =1.462

10 Lattice of PuO2-UO2 Rods in Pu-U-Gd nitrate solution in water retlected ')
cylindrical tank. No reflector above rods inside the tank. Solution Composition :
gPu/l=77.63, gU/l=180.0, gGdA=1.338. Acid Molarity=3.4 Specific Gravity =1,463 '

11 Bare Cylindrical array of Plutonium Metal Units (4x4x4) :

Plutonium density 19.53 g/ce, Plutonium weight = 3 kg. ,

12 An Array (3x2x1) of Cylindrical Tanks Containing Plutonium Solution
3

,

in a Cell which has 30 cm Thick Concrete Walls. Solution Composition: i

gPua=115.1, Acid Molariry=2.01 Specific Gravity =1.260. Plutonium Composition ,

4.23 w/o Pu240,0.29 w/o Pu241,0.016 w/o Pu242 ' ;

,

-

t

c

?

>

c

I

O :

,

!
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TABLE 2 MATERIAL SPECIFICATIONS

' Benchmark Matenals Nuclide Idenufiers Atom Densities
Problem (atoms / barn em)

UKNDL SCALE 3.1

1 Plutonium PU239 PU-239 4.6980E-02 -
' M etal PU240 PU-240 2.5750E-03

PU241 PU-241 1.4900E-04
PU242 PU-242 9.9000E-06

Water HINH2O H 6.6003E-02
O O 3.3032E-03

, 2 Plutonium PU239 PU-239 3.3662E-04
Solution PU240 PU 240 1.6163E-05

HINH2O H 6.0260E-02
O O 3.7734E-02
N N 2.7595E-03

! St. Steel FE FE 5.8886E-02
NI NI 8.2374E-04
CR CR 1.7672E-02

Water HINH2O H 6.bo63E-02
O O 3.3032E-02

3 Plutonium PU239 PU-239 2.3201E-05
Solution PU240 PU-240 6.0140E-07

PU241 PU-241 1.7720E-08
HINH2O H 6.4836E-02

O O O 3.4367E-02
V N N 7.6043E-04

| Alum: mum AL27 AL 6.0260E-02
| 4 Uramum U233 U 233 4.3280E-05

Solution U234 U 234 7.1600E-07
U235 U-235 1.8000E-08
U238 U-238 2.8100E-07

HINH2O H 6.6636E-02
O O 3.3607E-02
N N 1.1780E-04

Alummium AL27 AL 6.0260E-02
5 Uranium U235 U-235 4.5447E 02

| Metal U238 U-238 2.5600E-03
'

6 Uranium U234 U-234 5.3800E-07
Solution U235 U-235 4.8066E-05

U236 U-236 1.3800E-07
U238 U-238- 2.8070E-06

HINH2O H 6.6228E-02
O O 3.3736E-02
N N 1.8690E-04

Aluminium AL27 AL 6.0260E-02

O

_- - - - - - - - - - - - - - - 1
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O Table 2 Continued
/ 7 Mixed PU239 PU-239 1.9591E-03

Oxide U235 U-235 1.6460E-04
U238 U-238 2.2450E 02

|. O O 4.9148E-02
| Water HINH2O H 6.6680E-02
I O O 3.3343E-02
l 8 Plutonium PU238 PU-238 8.3767E-09

f Uranium PU239 PU-239 2.9365E-05
| Nitrate PU240 PU.240 1.7386E-06
| Solution PU241 PU-241 1.0752E-07
L PU242 PU-242 2.1964E-08 '

U235 U-235 5.0609E-07
U236 U-236 1.4077E-08,

l U238 U-238 7.5163E-05
HINH2O H 6.3896E-02

O O 3.4957E-02
N N 1.0883E-03

St. Steel FE FE 6.3310E-02
CR CR 1.6540E-02
NI NI 6.5100E-03

~ Water HINH2O H 6.6680E-02
O O 3.3343E-02

9 Plutonium PU238 PU-238 '2.3500E-06
Uranium PU239 PU-239 1.8260E-04

O Gadolinium PU240 PU-24n 1.1180E-05
V Nitrate PU241 PU-2s i 7.1600E-07 ,

2Solution PU242 PU-242 1.1900E-07
U234 U-234 2.7000E-08
U235 U-235 3.0130E-06
U236 U-236 5.4000E-08 I

U238 U-238 4 .442E-04 j
HINH2O H 5.5178E-02 |

0 0 3.8688E-02
N N 3.7278E-03 jGD GD 4.0600E-06 4

St. Steel FE FE 6.3310E-02 I
CR CR 1.6540E-02 1
NI NI 6.5100E-03

Water HINH2O H 6.6680E-02
O O 3.3343E-02

10 Fuel PU239 PU-239 4.9900E-03 ~
PuO2-UO2 PU240 PU-240 6.9190E-04

Rods PU241 PU-241 1.0020E-04
U235 U-235 1.2430E-04
U238 U-238 1.7170E-02
O O 4.6120E-02

O

.

--- - - - -
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(T Table 2 Continued
10 Plutonium PU239 PU-239 1.8354E-04

Uranium PU240 PU-240 1.1180E-05
Gadolinium PU241 PU-241 7.ll80E-07

Nitrate U235 U-235 3.0670E-06
Solution U238 U-238 4.5340E-04

HINH2O H 5.4974E-02
O O 3.8564E-02
N N 3.7298E-03
FE FE 8.6273E-06
GD GD 5.1244E-06

St. Steel FE FE 5.8886E-02
(304L) N1 CR 8.2374E-03

CR NI 1.7672E-02
St. Steel FE FE 4.8381E-02
(316L) NI CR 7.9078E-03

CR NI 1.2649E-02
Water HINH2O H 6.6884E-02

O O 3.3442E-02
11 Plutonium PU239 PU-239 4.6053E-02

Metal PU240 PU 240 2.9263E-03
Units PU241 PU-241 2.2454E-04

PU242 PU-242 4.8612E-06
12 Plutonium PU239 PU-239 2.7682E-04

Solution PU240 PU 240 1.2214E-05

C') r"24' ""-24t 8339o8-o'
PL242 PU-242 4.5800E-08

HINH2O H 6.0070E-02
O O 3.6540E-02
N N 2.3699E-03

St. Steel FE FE 6.3310E-02
(Z3CN18/10) CR CR 1.6540E-02

NI NI 6.5100E-03
Concrete HINH2O H 9.5470E-03

0 0 4.5374E-02
FE FE 1.3431E-03
SI SI 1.2899E-02

AL27 AL 3.3567E-03
CA CA 2.6128E-03

i

!

A I
V j

,
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'(
V TABLE 3 COMPARISON OF MONK 6B AND KENO Va (16-GROUP)

Benchmark Problem MONK 6B SCALE 3.1 Dif ference in (*)
KENO Va

No Description UKNDL 16-Group - k-effective
1 Water-retlected 1.0037 0.0013 0.9935 0.0015 +0.010210.0020

Plutonium Metal Sphere
2 Water-reflected 1.004610.0012 1.005710.0014 -0.0011 0.0018

Plutonium Solution Sphen:
3 Bare Plutonium Solution 1.003810.0010 1.035410.0010 -0.0316 0.0014

Sphere
4 Bare Uranium (U233) 0.996010.0011 1.000710.all2 -0.004710.0016

Solution Sphere
5 Bare Uranium (U235) 1.006410.0012 0.999910.0017 +0.006510.0021

Metal Sphere
6 Bare Uranium (U235) 1.0015 0.0012 1.0054 0.0012 -0.0039 0.0017

Solution Sphere
7 Water-reflected Low-ennched 0.754110.0013 0.7647 0.0010 -0.010610.0016

Unmoderated Mixed-oxide
Sphere

8 Water-rellected Pu-U Nitrate 0.9992 0.0011 1.030010.0012 -0.0308 0.0016
Solution in Cylindrical Tank

O 9 Water-reflected Pu-U-Gd Nitrate 0.989310.0011 1.0025t0.0010 -0.0132 0.0014U Solution in Cylindrical Tank
10 Lattice of pug 2-UO2 Rods in 0.9725 0.0012 0.993410.0013 -0.020910.0018

Pu-U-Gd Nitrate Solution
11 Bare Cylindncal array of 0.9614 0.0012 U.9609 0.0013 +0.000510.0018

plutonium metal units
12 An Array of cylindncal tanks 0.988310.0011 0.9824 0.0019 +0.0059 0.0022

containing plutonium solutions

Note: The ectors quoted are one standard deviation (Monte Carlo statistics)
(*) k(MONK 6B)-k(KENOVa)

,

!
l |' ,

O i
i
1

!

)
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TABLE 4 CONIPARISON OF Nf 0NK6B AND KENO Vr (27.GROl'P)

Benchmark Problem MONK 6B SCALE 3.1 Difference in (*)
KENO Va

No Description UKNDL 27GROUPNDF4 k-effective
1 Water-reflected (+) 1.003710.0013 1.0056 0.0014 -0.001910.0019

Plutonium Metal Sphere
2 Water-reflected LOO 46!O.0012 1.0204 0.0013 -0.015810.0018

Plutonium Solution Sphere
'

3 Bare Plutonium Solution 88 0.0010 1.0306 0.0009 -0.026810.0014
Sphere

4 Bare Uranium (U233) 0.W60 0.0011 1.0006 0.0012 -0.004610.0016
Solution Sphere

5 Bare Uranium (U235) 1.006410.0012 1.0030 0.0015 +0.0034 0.0019
Metal Sphere

6 Bare Uranium (U235) 1.001520.001 ^ 0.9980 0.0012 +0.0035 0.0017
Solution Sphere

7 Water-retlected Low-enriched 0.754110.00 L, J.760420.0015 -0.006310.0020
Unmoderated Mixed-oxide

Sphere
8 Water-milected Pu-U Nitrate 0.9992 0.0011 1.0226 0.0010 -0.0234 0.0014

Solution in Cylindrical Tank
9 Water-reflected Pu-U-Gd Nitrate 0.989310.0011 0.998510.0010 -0.009210.0014

Solution in Cylindrical Tank
10 Lattice of pug 2-UO2 Rods in 0.9725 0 F ' O.964210.0013 +0.0083:0.0018

Pu-U-Gd Nitrate Solution
11 Bare Cylindacal array of 0.961420.0012 0.9601 2.0013 +0.001310.0018

plutonium metal units ,

12 An Array of cylindrical tanks 0.9883do.0011 1.0013 0.0019 -0.0130 0.0022
containing plu!nnium solutions

Note: The errors quoted are one standard deviation (Monte Carlo statistics)
(*) k(MONK 6B)-k(KENOVa)
(+) The KENOVa k-effective given for this problem was obtained using the 123-Group Gam.
Thermos Library. The 27-Group case failed during NITAWL precessing.

;

|

I

r3 :
'U
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(v3
TABLE 5 COMPARISON OF KENO Va 16 GROUP AND 27 GROUP RESULTS

.
Benchmark Problem SCALE 3.1 SCALE 3.1 Difference m (*)

KENO Va KENO Va
No Description 16-Group 27GROUPNDF4 k-effective

1 Water-retlected (+) 0.9935:U.0015 1.005610.0014 -0.012110.0021
Plutonium Metal Sphere

2 Water-reflected 1.005710.0014 1.020410.0013 -0.0147 0.0019
Plutonium Solution Sphere

3 Bare Plutonium Solution 1.035410.0010 1.0306 0.0009 +0.004810.0014
Sphere

4 Bare Uranium (U233) 1.0007 0.0012 1.000610.0012 M).0001 0.0017
Solution Sphere

5 Bare Uranium (U235) 0.999910.0017 1.0030 0.0015 -0.003110.0023
Metal Sphere

6 Bare Uranium (U235) 1.0054 0.0012 0.9980 0.0012 +0.0074 0.0017
Solution Sphere

7 Water-retlected Low-ennched 0.7647 0.0010 0.760410.0015 +0.004320.0018
Unmoderated Mixed-oxide

Sphere
8 Water-rellected Pu-U Nitrate 1.030011).0012 1.022610.0010 +0.0074 0.0015

Solution in CylindricalTank
s / 9 Water-retlected Pu-U-Gd Nitrate 1.0025 0.0010 0.998510.0010 +0.004010.0014

Solution in Cylindrical Tank
10 Lattice of PuO2-UO2 Rods in 0.993420.0013 0.9642 0.0013 +0.029210.0018

Pu-U-Gd Nitrate Solution
11 Bare Cylindncal array of 0.9609 0.0013 0.960110.0013 +0.0008 0.0018

plutonium metal units
12 An Array of cylindncal tanks 0.982410.0019 1.001310J.)019 0.018910.0027

containing plutonium solutions ;

Note: The errors quoted are one standard deviation (Monte Carlo statistics)
(*) k(KENOVa 16 GROUP)-k(KENOVa 27 GROUP)
(+) The KENOVa k-effective given for this problem was obtained using the 123-Group Gam-
Thermos Library. j

i

O
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O. !
TABLE 6 COMPARISON XSDRN 16-GROUPJND 27 GROUP RESULTS |

)

iBenchmark Problem SCALE 3.1 SCALE 3.1 Difference in
No Description XSDRN XSDRN k-efrective (*)

16- GROUP 27 GROUP
1 Water-retlected 0.9966 1.0039 -0.0073

Pl.itonium Metal Sphere
2 Water-retlected 1.0055 1.0208 -0.0153

Plutonium Solution Sphere
3 Bare Plutonium Solution 1.0366 1.0290 +0.0076

Sphere
4 Bare Uranium (U233) 1.0031 1.0012 +0.0019

Solution Sphere
5 Bare Uramum (U235) 0.9999 1.0060 -0.0061

Metal Sphere
6 Bare Uranium (U235) 1.0071 0.9991 +0.0080

Solution Sphere
7 Water-reflected Low-ennched 0.7634 0.7592 +0.0042

Unmoderated Mixed-oxide
Sphere

n (*) k(XSDRN 16 GROUP)-k(XSDRN 27 GROUP)U

,

O

- - - - _



|

Page 15 of 59

|

|t

V
|
|

~

|--

r,= 4.11

r = 24. I1 L
'

2
Plutonium
Metal

Water

EI'

Problem 1 Water Reflected Plutonium Metal Sphere

WJ..< g
1.568

-

1
rg r

2 Steel Wall
r
1 #

r,= 14.692 , 3 ;
s

Plutonium -

-

r = 39.6922
Solution-

3

-w

Y

-

Problem 2 Water Reflected Plutonium Solution Sphere

Aluminium Wall

r = 61.01i
#2. r \'

r,= 61.79 s. t
s i

Notes: Dimensions in cm
7 Drawing not to scale

Problem 3 Bare Plutonium Solution Sphere

Jg.1 MONK Models of Problems 1.2 and 3



Page 16 of 59 :

/~~,

L]
"* "*

r,= 34.595
'' fr = 34.925 I N2 N U233 Sulution

'

Problem 4 Bare U233 Solution Sphere

8.71 U235 Metal

Problem 5 Bare U235 Metal Sphere

19 N
v Alt nium Wall

..

r = 34.595
I

r = 34.925 .

r, r
k1

%2

U235 Solution

'N NN ,

Problem 6 Bare U235 Solution Sphere

r = 19.4 - .' -i .

,. ,y..- --

T
r = 39.4 |M A 74

2 g wwy
-

Notes: Dimensions in cm
N ~ Drawing not to scale

(
Problem 7 Water reflected, Low-enriched,Unmoderated Mixed Oxide Sphere

Fie. 2 NIONK Nfodels of Problems 4.5.6 and 7

. __



Page 17 of 59

v)i I
-

g J q- - - - '

s >.

Q VOID | 0.07

k,Q l +
N N

I kk Ak
2 60.96.- k.( '

' k I .: k

f 'I:Pu-U Solution '- 20.(;20.t .

g fiO61 | .! ('- i
'

f} .95.20 3( '

g
4.- g;

x .. N

N
.

_ _

1

Problem 8 Water Reflected Pu U Nitrate Solution in Cylindrical Tankg-
\ l

( JL | 0.ii'

|'20.
:

VOIDg g
k k'
d t

} }t' .I ' {
x (61.0281 i \ Notes:m

. D Dimensions are(
- .l.- -

N incm
-

s
k 20.03 Drawing not to( -[ !

- k - $ 106.6. - .n i t a- -. k SCd*~

g jPu-U;Gd Solution? - (I ~

g _. Q
[75.3E- '|)- <s : g

s i s,

'

- w.; ( t. Steel( ' '

*

Q
1|Ij

_ k
' '

,

( p: 3; ::: y ^ +
h%%\\\1\%%%\'0.D5N%%\

''

20. Water
~

l .j
Problem 9 Water Reflected Pu U Gd Nitrate Solution in Cylindrical Tank ]

!

|Fie 3. MONK Models of Problem 8 and 9

1

|



Page 18 of 59

O t i
0 7,Q j q

I'
'

@lQ' D
s VOID J.07
( l Triangular Lattice o:(

{ l UO - PuO Rods

g 1 (se below) (
m 55.5 . ((

I
L - h{

' 20. ( 20.0E
-

1

{ ji0s 7f)I. 4 .

$
-

9.8u l't ist2ii 3:

k | 8PuMGd S lution'
'

q q
'

:

l.q q;,

q ;y y . l; y y 4h '

Tow Nu & r
h\$%%%%\%\%%I426%%%% Nf Fuel Rodsq

: - - - .,3
-- - Present=301-

' _ _ _ LO.0M~' % Water (n t all shown)
: _ _ _ _ _ _ _. %w ___ _

,

n
A PLAN VIEW OF THE PART OF THE LATTICE

p_______________________q
Steel Clad

1

I I
Rod =0.2475

,

\ @ @- @ @|
| |

/ Pitch =3.044

!@ * ---@ @ l
L_______________________!

Notes:
Dimensions are
incm
Drawing not to.p)q scale

;

Fig 4. NIONK Nfodel of Problem 10 .!

|
,



.. . . _ _ . . _ - . _ . . . _ _ _ - ~ .,. . _ _ . _ _ . _ _ _ . . _ . . , .. .. ._. _.

l

Page 19 of 59

-|. . 12.51

PITCH = 12.51

AL

X->-
o

6.525

i

.

:
'

.|

Z * "
| -/

50.04

^

Plutonium Cylindrical units

h AL

u

7 86 31.44-

- .

,

Notes: Dimensions
are in cm '

Drawing not to
1

y
'

ELEVATION '
;

Fie. 5 NIONK Nimiel of Benchmark Problem 1Q
,

| I
|

1

< ,4 r t 4.w s.-w-,:am . , - , - - - . - - - , - , - - .,,e,.-,s- .,-,e- - - , --n. - - - - ~- -- ---- e,e n.-m--- . . - . _- - - - - - - - - - - - - - - - - - - - - - - -.



._

Page 20 of 59

. Mg
{j PLAN

,, jM, Notes: Dimensions in cm Drawing not to scale
cI;4$ o. -

.i1

':: . C 928 >
4

Cylindrical tanks containing Pu Solution y

L'';[' '

% c----,.e.
eee

I
,,,

'''''

il2.49 1050
I ,I"

'

Q |H -gg. I| 10.0 (Separation Dista 1ce)
bO 0I?I X

M
i | M

|,. L_-__J y
w.

: Concrete Wall : 3d.I$5$
,_-

ELEVATION

I:'30.0
'

.y - ., -

-----

\\\\\( ) Steel Wall hNN Z

g |g(s
J N | ~77,,s-

,
|

j
Q JL-

L

.g,i, g4_._ .5.5 8_ _.,,, x.

''
i N 501.0|

101.7' 4 y

h { l Xl ig
I s -| Q

' ''

t

k V i Y ( lI

h \\\\\T @ 'I

$?$kI | Jg
I

$?I$?I
% y

si$4 L
:

10.0 (Separation Distance)
100.0

;

O - t
.. ...

: Concrete Wall:

|
|



. - . . - .

,

1

!

!
Page 21 of 59

i

q
|

APPENDIX A THE DESCRIPTION OF MONK MODELS

Problem 1.

The benchmark problem I was modelled using two nested spheres representing the
plutonium metal in the middle and the reflector (water) outside with radii 4.11 and 24.11 cm.

Problem 2.

The MONK model of problem 2 consists of 3 concentric spheres of radii 14.568,14.692 and
39.6922 cm which are modelled as a NEST. The inner sphere contains the plutonium solution
inside a steel container. The outer sphere contains the reflector region (water).

Problem 3.

A bare plutonium solution was represented as a sphere of radius 61.01 cm. The aluminium
shell outside was also represented as a sphere of 61.79 cm radius. In MONK the spheres were
defined as a NEST.

Problem 4.

The MONK model of problem 4 is composed of two concentric spheres representing the
uranium solution inside and the aluminium shell outside. The radii of spheres were modelled
as 34.595 and 34.925 cm respectively using the NEST option of the code.

p Problem 5.
'(

A bare uranium metal was represented using a sphere of radius 8.71 cm.

Problem 6.

The geometry of this problem was represented using two nested spheres of radii 34.595 and -
34.925 cm. The inner sphere contains the U235 solution. The outer sphere represents the
aluminium shell.

Problem 1

The problem 7 represents a bare plutonium solution sphere in an aluminium shell. The
MONK model of this problem consists of two concentric spheres of radii 19.4 and 39.4 cm
respectively.

Figures 1 and 2 show the MONK models of the benchmark problems.1 to 7. Each problem
was modelled using free boundary conditions at the external boundaries. The VOLUME
source option was used as the starting source in unit 4 of the MONK input data.

Problem 81

The problem 8 represents a water-reflected plutonium-uranium nitrate solution in a
cylindrical tank. The MONK model of problem 8 contains four nested cylinders as shown in
Figure 3. The first and second cylinders represent the plutonium uranium solution and the

,

voided region above the solution respectively. The third cylinder represents the stainless steel
tank. The fourth (outer) cylinder represents the reflector (water) region which covers the full
height of the tank. The dimensions of the regions are given in Figure 3.
Problem 9.

,
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(O The geometrical arrangement of problem 9 is similar to problem 8. The fissile system
V contains plutonium uranium-gadolinium nitrate solution in a water reflected tank. The |

geometry of this problem was represented by four nested cylinders described as (ZROD) in j

the MONK code. The first and second cylinders represent the fissile solution and the voided i

region above the solution respectively The third cylinder was modelled to represent the
stainless steel tank. The reflector outside was represented as the fourth cylinder. The
dimensions of each region are shown in Figure 3.

Problem 10.

The benchmark problem 10 represents a triangular latdce of PuO2-UO2 rods in plutonium-
uranium-gadolinium nitrate solution in a stainless steel cylindrical tank. The tank is water-
reflected with no renector above the rods. The detailed description of the tank showing the
key dimensions is presented in Figure 10. The MONK model of this problem consists of two
parts. The first part describes the water-reflected steel tank in four nested cylinders (ZROD).
The first cylinder describes the triangular lattice inside the Pu-U-Gd solution as the HOLE
data. The second cylinder gives the voided region above the rods. The third cylinder
describes the stainless steel tank. The reflector (water) outside the tank and the voided region
above the reflector are represented as the outer most cylinder. The contents of the fourth
cylinder was defined as a PLATE HOLE data.

De second part of the geometry describes the HOLE data. First the triangular lattice is
described using the TRIANGLE hole facility of the code. The finite number of rods were
presented in the tank using the WRAP option in the HOLE data defining number of rods (11)
along one side of the hexagon. The 30 fuel rods of the total (331) were defined using a
subsidiary PLATE HOLE, the rest (301) rods were represented as a subsidiary GLOBE
HOLE using the MATS option. In the PLATE HOLE data the fuel rods were replaced with

.

the nitrate solution. The GLOBE HOLE was used to define the rod and the clad regions of
the fuel lattice. The final HOLE (PLATE HOLE) data was used to define the reflector and
the voided regions outside the tank. Figure 10 shows the geometric arrangement of the
MONK model. A plan view of the part of the triangular lattice is also shown in this figure.

Problem 11.

The problem 11 represents an array of (4 x 4 x 4) bare plutonium metal units as shown in
Figure 5. The MONK model of this problem is desc:. bed in three parts. The first part
represents a metal unit of the array as a cylinder (ZROD) inside a box. The second part
describes the 4x4x4 array which is constructed from part 1, using individual units. The part 3
gives the array inside the box which is defined to include the whole array given in part 2.

Problem 12.

The problem 12 n presents 6 tanks containing plutonium solution in two lines (3x2) with 10
cm edge to edge spacing (see also reference 4). The cylindrical tanks are positioned at the
centre of a cell which has 30 cm thick concrete walls. The MONK model of this problem was
constructed in three parts. The first part desenbes one member of the array as NESTED -
cylinders containing the solution, the tank wall and the part of the voided repn outside. The -
array (two lines) 3x2x1 was described in part 2 using the ARRAY facility of the code which
was based on the unit given in pan 1. The part 3 of the model represents the the whole array
inside the cell with 30 cm thick concrete walls represented as nested boxes. The geometry
and the dimensions of this problem are shown in Figure 6.

O

.
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/ APPENDIX A MONK 6B Input Data Listings UKNDL Library

* Problem 1
. ..................................................
* Water-reflected plutonium metal sphere
* Sphere diameter: 8.220 cm
* Plutonium density: 19.74 g/cc , 5.20 w/o Pu-240

0.30 w/o Pu-241, 0.20 w/o Pu-242*

. ...................................................
* MONK DATA:
.

* UNIT 1 MATERIAL COMPOSITIONS
. .................................

FISSION
2 6 NUCNAMES

MAT l' Plutonium*

MAT 2 Water*

.

* MAT 1
CONC PU239 0.04698 PU240 0.002575 PU241 0.000149

PU242 0.0000099

* MAT 2
CONC HINH2O 0.066063 0 0.033032

..........................................................

CM
..........................................................

f'"' ........**...** UNIT 2 - SPECIFICATION OF PROBLEM GEOMETRY
..................

*

* PART 1
.

NEST 2
1 SPHERE 1 4.110
2 SPHERE 2 24.110

ALBEDO 0.0
..............................................................

* END OF GEOMETRY MODEL (UNIT 2)
... **........** ..................... .......................

UNIT 4*

.

EDIT CATEGORY
-1 20 1000 0 STDV 0.003 -1

VOLUME
REGION 1 PART 1 /
END

.

* END OF MONK DATA i

.

.....................................................

>

, gT

,

_ - . - . , --
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r
a * Problem 2
\ * ..................................................

* Water-reflected plutonium solution sphere
* Sphere diameter: 11.5 inches
* Wall thickness: 0.049 inches 304L St. Steel
* Solution composition gPu/1 = 140, gNO3/1 = 284.0

gH20/1 = 880.8*

* Plutonium Composition: 4.57 w.o Pu240
* .......-...........................................
* MONK DATA:
.

* UNIT 1 MATERIAL COMPOSITIONS
. .................................

FISSION
3 8 NUCNAMES

MAT 1 Plutonium Solution*

* MAT 2 St. Steel
* Mat 3 Water
.

* MAT 1
CONC PU239 3.3662E-04 PU240 1.6163E-05 HINH2O 6.0260E-02

0 3.7734E-02 N 2.7595E-03

* MAT 2
CONC FE 5.8886E-02 NI 8.2374E-03 CR 1.7672E-02

* MAT 3
CONC HINH2O 0.066063 0 0.033032
..........................................................

( CM
..........................................................

............... UNIT 2 - SPECIFICATION OF PROBLEM GEOMETRY

..... **..........

.

PART 1*

.

NEST 3
1 SPHERE 1 14.568
2 SPHERE 2 14.692
3 SPHERE 3 39.6922

ALBEDO 0.0
***...........................................................

* END OF GEOMETRY MODEL (UNIT 2)
..............................................................

* UNIT 4
EDIT CATEGORY
-1 20 1000 0 STDV 0.003 1

VOLUME
REGION 1 PART 1 /
END

* END OF MONK DATA
.....................................................

I

|
,

- ~ +
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/~ * Problem 3-
p

1 .

. ..................................................

* Bare. plutonium solution sphere
* Sphere diameter:.48.0 inches
* Wall thickness: 0.303 inches aluminium
* Solution compositions gPu/1 = 9.457, Acid Molarity = 1.105

Specific Gravity = 1.503*

* Plutonium Composition: 2.521 w/o Pu240, 0.075 w/o Pu241,
0.014 w/o Pu242*

. ...................................................

* MONK DATA:
.

* UNIT 1 MATERIAL COMPOSITIONS-
. .................................

FISSION
2 7 tMCNAMES

* MAT 1 Plutonium Solution .t
* MAT 2 Aluminium Wall

~

*

* MAT 1
CONC PU239 2.3201E-05 PU240 6.0140E-07 PU241 1.7720E-08

HINH20. 6.4836E-02 0 3.4367E.02 N 7.6043E-04-

* HAT 2
CONC AL27 6.0260E+02
..........................................................

CM
..... ................................. ..................

*************** UNIT 2 - SPECIFICATI0tl 0F PROBLEM GEOMETRY
. g ..................

* PART 1
.

NEST 2

1 SPHERE 1 61.01
2 SPHERE 2 61.79

ALDEDO 0.0

..............................................................

* END OF GEJfETRY MODEL (UNIT 2)
..............................................................

* UNIT 4
EDIT CATEGORY

-1 20 1000 0 STDV-0.003 -1
VOLUME
REGION 1 PART 1 /
END

.

* END OF MONK. DATA
.....................................................

.- ..

.

. -



.- . - . . . . .. .. . .. .-

Bige 26 of 59

.

,

* Problem 4
' . .................................................-.

* Bare U233 Solution Sphere
* Sphere diameter: 27.24 inches
* Wall thickness 0.13 inch aluminium
* Solution composition gU/1 = 17.14
. ...................................................
* MONK DATA:
.

* UNIT 1 MATERIAL COMPOSITIONS
. .................................

FISSION
2 8' NUCNAMES '

MAT 1 U233 Solution*

MAT 2 Aluminium Wall*

J .

* MAT 1
CONC U233 4.3280E-05 U234 7.1600E-07 U235 1.8000E-08 :

U238 2.8100E-07 HINH2O 6.6636E-02 .0 3.3607E-02
N 1.1780E-04

,.

* MAT 2
CONC. AL27 6.0260E-02

< ..........................................................

CM
'..........................................................
,

*************** UNIT 2 . SPECIFICATION OF PROBLEM GEOMETRY ,
..................
* t

4 * PART 1
.

NEST 2

1 SPHERE 1 34.595
# 2 SPHERE 2 34.925

ALBEDO 0.0

..............................................................-

* END OF GEOMETRY MODEL (UNIT 2)
..............................................................

* UNIT 4
EDIT CATEGORY

-1 20 1000 0 STDV 0.003 1

VOLUME
REGION 1- PART 1 /
EtO

* END OF MONK DATA
.....................................................

'

,

i

:

1

1

!

- - - ,- _.
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* Problem 5
. ..................................................
Bare U235 Metal sphere*

Sphere diameter: 17.42 cm*

Uranium density: 18,75 g/cc*

. ............. ................................ ....

MONK DATA:*

.

UNIT 1 MATERIAL COMPOSITIONS*

. .................................

FISSION
1 2 NUCNAMES

MAT 1 U235 Metal*

+ ,

MAT 1*

CONC U235 4.5447E-02 U238 2.5600E-03
..........................................................

CM
..........................................................

*************** UNIT 2 - SPECIFICATION OF PROBLEM GECMETRY
..................

.

PART 1*

.

NEST 1
1 SPHERE 1 8.71

ALBEDO 0.0
s

..............................................................

* END OF GEOMETRY MCDEL (UNIT 2)
<......................................................***.....

.

UNIT 4*

.

EDIT CATEGORY
-1 20 1000 0 STDV 0.003 -1 ;

VOLUME I

REGION 1 PART 1 /
'

END
.

,

1

END OF MONK DATA*

.

*......... 4 .....................................a...

b

' |
1

: )
.1

I
. 1
c

= \

!

,

J
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h- * Problem 6
-N- /'

- . ..................................................
* Bare U235 Solution sphere
* Sphere diameter: 27.24 inches
* Wall. thickness: 0.13 inch aluminium
Solution Composition: gU/1 = 20.12*

. ...................................................

* MONK DATA:
*

* UNIT 1 MATERIAL COMPOSITICNS
. .................................

FISSION
2 8 NUCNAMES

|
.

MAT 1 U235 Solution Sphere*

MAT 2 Aluminium Wall*

.

MAT 1*

CONC U234 5.3800E-07 U235 4.8066E-05 U236 1.3800E-07
U238 2,8070E-06 HINH2O 6.622BE-02 0 3.3736E-02
N 1.8690E-04

;

MAT 2*

CONC AL27 6.0260E-02
..........................................................

CM
!..........................................................
'

,-["' ...************ UNIT 2 - SPECIFICATION OF PROBLEM GECMETRY 'I
..................

.

* PART 1
.

NEST 2 '

1 SPHERE 1 34.595
;

2 SPHERE 2 34.925 i

ALBEDO 0.0
;;.......................................*.. ...................

* END OF CEOMETRY MODEL (UNIT 2) )
..............................................................

* UNIT 4
.

'EDIT CATEGORY
-1 20. 1000 0 FTDV 0.003 -1

VOLUME
REGION 1 PART 1 /
END

* END OF MONK DATA - ,

-).

.....................................................

.

:O

,

,

.

w -
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. * Problam 7
- .-..................................................
"

* Water Reflected, low enriched, unmoderated mixed oxide ,

* sphere, 8 w/o 239PuO2 in U(natural)O2 |

* Sphere diameter: 38.8 cm
* Oxide density: 11.0170 g/cc

. ...................................................

* MONK DATA:
.

* UNIT 1 MATERIAL COMPOSITICNS
* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FISSION
2 5 NUCNAMES

MAT 1 Mixed Oxide Sphere*

MAT 2 Water*

.

* MAT 1
CONC PU239 0.0019591 U235 0.0001646 U238 0.022450

0 0.049148

* MAT 2
CONC HINH2O 6.6680E-02 0 3.3343E-02 ,

...............**.........................................

CM
.....................** ...***............................

' '

*************** UNIT 2 - SPECIFICATION OF PROBLEM CEOMETRY
................**

. t

* PART 1
.

NEST 2
1 SFHERE 1 19.4
2 SPHERE 2 39.4

ALBEDO 0.0
..............................................................

* END OF GECMETRY MODEL (UNIT 2)
**................***.........................................

* UNIT 4
.

EDIT CATEGORY
-1 20 1000 0 STDV 0.003 -1

VOLUME
REGION 1 PART 1 / ,

END
* END OF MONK DATA
.

* ...................................................

i

|
|

t

.. - . ._. - - - - - - - - _ _ - _ _ _ _ _ _ _ _ - _ _ _ -
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* Problem 8
. ..................................................

* Water. Reflected, Pu-U nitrate solution in cylindrical
* Tank (no reflector above solution within solution tank)

* Cylinder solution diameter 60.96 cm

* Wall thickness: 0.079 cm, 304L St. Steel
* Bottom thickness: 0.95 cm, 304L St. Steel

* Reflector th):kness: 20 cm (walls and bottom)
* Solution height: 95.20 cm
* Reflector height: 106.6 cm (from bottom of solution)
* Solution compositions gPu/1 = 12.4 gU/1=29.9

Excess acid molarity = 1.3*

Specific Gravity = 1.1030*

. ...................................................

* MONK DATA:
.

* UNIT 1 MATERIAL COMPOSITIONS
. .................................

FISSION
3 14 NUCNAMES

MAT 1 Pu-U Solution*

MAT 2 St. Steel*

* MAT 3 Water
.

* MAT 1
CONC PU238 8.3767E-09 PU239 2.9365E-05 PU240 1.7386E-06

(9 PU241 1.0752E-07 PU242 2.1964E-08 U235 5 0609E-07
\~,/ U236 1.4077E-08 U238 7.5163E-05

HINH2O 6.3896E-02 0 3.4957E-02 N 1.0883E-03
* MAT 2
CONC FE 6.331E-02 CR 1.6542-02 NI 6.510E-03

* MAT 3
CONC HINH2O 6.6680E-02 0 3.3343E-02
*.........................................................

CM
........................... ***. .........................

*************** UNIT 2 - SPECIFICATION OF PROBLEM GEOMETRY
..................

*

* PART 1
.

NEST 4
1 ZROD ORIGIN 0.0 0.0 20.95 1 30.48 95.20
2 ZROD CRIGIN 0.0 0.0 20.95 0 30.48- 106.6
3 ZROD ORIGIN 0.0 0.0 20.0 2 30.559 107.55
4 ZROD 3 50.559 127.55

.....** ........***...........................................

* END OF GECMETRY MODEL (UNIT.2) ,

..............................................................

.

* UNIT 4

EDIT CATEGORY
-1 20 1000 0 STOV 0.003 -1

_ , - . _ _ _ . . . _ , _ ,
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5

t '1.i
VOLUME

-

,,

REGION.1 PART 1 /
,

- END-

e

END OF MONK DATA*
,

*....................................................
-.

,

* END OF MONK DATA
-

* END OF MONK DATA
SCAN DATA' *

CODE 6
123456
VISAGE

1 1000
4 PLAN VIEW 1

3

0.0 35.0 18.0 35.0 35.0 18.0
0.0 0.0 18.0

VISAGE 1000
# ELEVATION 1
0.0 0.0 127.0 35.0 0.0 127.0
0.0 0.0 0.0 -[
END

..i

O:
,

t

'L

LO

, . . . _ _ _ _ . _ ~ _ _ _ _ _ _ _ ~ _ _ _ _ _ . . _ _ . _ ,______i__..:
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* Water Reflected, Pu-U-Gd nitrate solution in cylindrical
* Tank (no reflector above solution within solution tank)
.

Cylinder solution diameter: 61.028 cm )*

I
* Wall thickness 0.079 cm, 304L St. Steel '

* Bottom thickness: 0.95 cm, 304L St. Steel
* Reflector thickness: 20 cm (walls and bottom)
* Solution height: 75.3 cm
* Reflector height: 106.6 cm (from bottem of solution)
* Solution compositions gPu/1 = 77.3 gU/1=176.8
* Excess acid molarity = 3.25

Specific. Gravity = 1.462*

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
* MONK DATA:
.

* UNIT 1 MATERIAL CCMPOSITIONS,
'

. .................................

FISSION
3 16 NUCNAMES

* MAT 1 Pu-U-Gd Solution
MAT 2 St. Steel*

,

MAT 3 Water*

*
.

* HAT 1
CONC PU238 2.35E-06 PU239 1.826E-04 PU240 1.118E-05

PU241 7.160E-07 PU242 1.190E-07 U234 2.700E-08,

U235 3.013E-06 U236 5.400E-08 U238 4.442E-04
HINH2O 5.5178E-02 0 3.868SE-02 N 3.7278E-03-

GD 4.060E-06'
* HAT 2

CONC FE 6.331E-02 CR 1.654E-02 NI.6.510E-03
* MAT 3
CONC HINH2O 6.6680E-02 0 3.3343E-02
..........................................................

* CM
- ..........................................................

. . = * * . . . * . . . . . UNIT 2 . S PECIFICATION OF PROBLEM GEOMETRY

..................

.

PART 1*

.

NEST 4
1 ZROD ORIGIN 0.0 0.0 20.95 1 30.514 75.3
2 ZROD ORIGIN 0.0 0.0 20.95 0 30.514 106.6
3 ZROD ORIGIN 0.0 0,0 20.0 2 30.593 107.55
4 2 ROD 3 50.593, 127,55-

...............**...................***.......................

* END OF GEOMETRY M00EL (UNIT 2)-

....................................**........................

;[

.
~

* UNIT 4

# '
/ EDIT CATEGORY

i . -1 20 1000 0 STDV 0.003 -1
VOLUME

J

4

;

- . -- -. . - . - -
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REGION 1 PART 1 / !

i

EtID |
i*

EtID OF MONK DATA i
*

* ;

*....................................................
.

EtID OF HONK DATA*

,
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* Lattice of Puo2-UO2 rods in Pu-U-Gd nitrate solution in '

* water-reflected cylindrical tank. (no. reflector above rods
* inside tank)
* Tank Geometry:

* Inside diameter: 55.5 cm
* Wall thickness: 0.79 cm (304L St. Steel)
* Inside Height: 106.7 em

* Reflector thickness: 20 cm (walls and bottom)
* Base thickness: 1.426 cm (304L St. Steel) ,

* Reflector Height: 106 cm (from bottom of solution)
* Solution compositions gPu/1 = 77.63, gU/1 = 180.0 gGd/1 = 1.338
* Excess acid molarity = 3.4, Specific gravity = 1.463

6.

* Fuel Pins
. . . . . . . . . . . ,

Fuel pin lattice pitch: 3.048 cm (triangular)*

* Number of fuel pins: 301
Cladding:-316 St. Steel*

Fuel Column Length: 69.215*

Fuel O.D.. 0.495 cm*

Cladding 0.D: 0.584 cm*

Solution*

. ........

Critical Height: 68.862*

. ...................................................
* MONK DATA:
.

UNIT 1 MATERIAL COMPOSITIONS*

. .................................

FISSION
5 12 NUCNAMES

* MAT 1 Fuel
* MAT 2 Pu-U-Gd Solution
* MAT 3 304L St. Steel

HAT 4 316L St. Steel*
,

* MAT 5 Water
%

MAT 1*

CONC PU239 0.004990 PU240 0.0006919 PU241 0.0001002
U235 0.0001243 U238 0.01717 o- 0.04612

MAT 2-*

CONC' PU239 0.00018354 PU240 0'.00001118 PU241 0.0000007118
U235 0.000003067 U238 0.0004534 HINH2O 0.054974
0 0.038564 N 0.0037298 FE 0.0000086273:
CD 0.0000051244-

HAT 3*

CONC FE 0.058886 NI 0.0082374 Ch 0.017672
MAT 4*

CONC FE 0.048381 NI 0.0079078 CR 0.012649
MAT 5*

CONC HINH2O 0.066884 0 0.033442'

. O-
. ......+...................................................
CM '')

. ................................................ **.......

I

. ,

'

. L-.. .. . , . 4. .



- .__ _ _ - _ _ _ . . . . _ _ _ - _ - - _ _ _ - _ _ _ _ _ _ _ _ _ _ - . .-

Page 35 of 59

7%. . . . . . . . . . . . . . . * UNIT 2 - S P ECI FICATION OF PRO BLEM GEOMETRY
. ..............**..

*

* PART 1
.

NEST 4
1 ZROD ORIGIN 0.0 0.0 21.426 BH1 27.75 69.215
2 ZROD ' ORIGIN 0.0 0.0 21.426 0 27.75 106.7

E 3 ZROD ORIGIN 0.0 0.0 20.0 3 28.54 108.126
. 4 2 ROD BH4 48.54 128.126

* HOLE DATA |

g TRIANGLE 3 124
! 3.048 0.292 0.292 WRAP 11 100 100
| MATS 11
| (-3)*3 (-2)*5.(-3)*3

-3 (-2)*10 -3
! -3 (-2)*11 -3 i

(-2)*80 !
-3 ( 2)*17 -3 ~)
-3 (-2)*18 -3 1

-3 (-2)*19 -3
-3 (-2)*18 -3 ;
-3 (-2)*17 -3 ,

(-2)*80 i
-3 (-2)*11 -3 i

-3 (-2)*10 -3
(-3)*3 (-2)*5 (-3)*3 j
1 4 -3 00 j

. .q

GLOBE 2 1 4 !
1 0.2475 1 4 )

'l
PLATE 12

0 0 1 1 68.862 0 2
I

PLATE 1 5
0 0 1 1 127.426 0 5

..............................................................

* END OF GEOMETRY MODEL (UNIT 2)
.........................................................**...

*

* UNIT 4
.

EDIT CATEGORY
-1 20 1000 0 STDV 0.003 -1

MULTIFISS STD
REGION 1 PART 1 /
END

.

* END OF MONK DATA
.

.....................................................

.

* END OF MONK DATA
* SCAN DATA-

4

CODE 6 -

- - -123456
-VISAGE

' -1000

q

.. .. . ..
_ _ _ - _ _ _ _ - _ _ _ _
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'

4 PLAN VIEW 1
'

-

- -30 30 30 30 30 30 -30 -30 30
VISAGE

1000
# ELEVATION
-48 0 128 48 0 128 -48 00
END

1

|
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A-~ * Problam 11
-- . ..................................................

* 3 kg plutonium cylindrical metal units in a 4 x 4 x 4
* tare square array.
* Plutonium diameter: 6.525 cm
* Plutonium height: 4.633 cm
* Centre-centre spacing

vertical: 7.86 cm*

horizontal: 12.51 cm*

.

Plutonium density: 19.53 g/cc*

. .................................... ..............

* MONK DATA:
.

* UNIT 1 MATERIAL COMPOSITIONS
. .................................

FISSION
1 4 NUCNAMES

MAT 1 Plutonium cylindrical units*

* MAT 1
CONC PU239 4.6053E-02 PU240 2.9263E-03 PU241 2.2454E-04

PU242 4.8612E-06
..........................................................

CM
..................................................**......

'\

('J .........****** UNIT 2 - SPECIFICATION OF PROBLEM GEOMETRY
..................

.

* PART 1
.

NEST 2
1 ZROD ORIGIN 6.255 6.255 1.6135 1 3.2625 4.633
2 BOX 0 12.51 12.51 7.86

.

* PART 2
.

ARRAY 444
ti)*64

.

* PART 3
.

NEST 2
1 BOX P2 50.04 50.04 31.44
2 BOX 0 50.04 50.04 31.44

..............................................................

* END OF GEOMETRY MODEL (UNIT 2)
.....***..........................**..........................

.

* UNIT 4

EDIT CATEGORY
-1 20 1000 0 STDV 0.003 -1

_ _ _ . _
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|

' 1

l0 MULTIFISS STD ' i-

;
- REGION 1 PART 3 /

. 1

END
e

END OF MONK DATA .|
*

.

.....................................................

.

END OF MONK DATA*

.|

:.1
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;

-/ * Problem 12
6

_

. . .................................................. '

* REFERENCE: PNL-TR-452 (CEA-R-3946), J. BOULY,.ET. AL.,
* Neutron Interaction in Air of Cylindrical Containers*

. Holding Either Uranium and Plutonium Solutions **

*1 March, 1970
.-

,

* GEOMETRY: 6 tanks in two lines 3 (x.= 3 y = 2), 10 cm *

edge-to-edge spacing*

Tank i.d. = 24.98 cm*

Tank inside height = 101.7 cm*

Tank Wall Thickness (radial): 0.3 cm (Z3CN18/10 St. Steel)*

Tank Wall Thickness (top and bottom)= 1.C cm*
>

ARRAY is centred in room with (estimated) !
*

Distance, centre to X direction Walls: 464.0 cm*

Distance, centre to Y direction Walls: 525.0-em* *

Distance; tank bottom to floor: 100.0 cm*

1

Distance, tank bottom to ceiling: 501.0 cm*

Wall, floor, ceiling concrete thickness = 30.0 cm*

Solution composition: gPu/1 = 115.1, Acid Molarity = 2.01*
+

* Specific Gravity = 1.260

,

Pu composition: 4.23 w/o Pu240, 0.29 w/o Pu240,*

* 0.016 w/o Pu242
. L

. . . . ....... ._..___........__................... ;
* MCI , i:ATA:
.

-

* UNIT 1 MATERIAL COMPOSITICNS
* ..........__..........__ ..__....

FISSION
3 13 NUCNAMES

,

* MAT 1 Plutonium Solution
MAT 2 St. Steel*

* MAT 3 Concrete
.

* MAT 1 -

CONC PU239 2.7682E-04 PU240 1.2214E-05 PU241 8.339E-07
PU242 4.5BE-08 HINH2O 6.0070E-02 0 3.6540E-02
N 2.3699E-03 '

* MAT 2
CONC FE 6.331E-02 CR 1.654E-02 NI 6.510E-03

* MAT 3
CONC HINH2O 9.5470E-03 o 4.5374E-02 FE 1.3431E-03 -

SI 1,2899E-02- AL27 3.3567E-03 CA 2.6128E-03
.

Critical Height 39.24 cm*

.....................*....................................
CM '

..........................................................

* * * * * * * * * * * * * * * UNIT 2 - SPECIFICATION OF PROBLEM GEOMETRY: <

..........**......

.

~

NEST 3

.i

t

t

- e



. ,
_ . . - - .

- Page 40 0f $9

; . J

1 ZRCD ORIGIN 17.79 17.79 1.0 BH1 12.49 101.7
- 2 ZROD ORIGIN 17.79 17.79 0.0 2 12.79- 103.7

3 BCX. 0 35.58 35.58 103.7

.

PART 2*

.

ARRAY 321
(1)*6
.

PART 3*

.

NEST 3
1 BOX ORIGIN 410.63 489.42 100.0 P2 106.74 71.16 103.7
2 BOX ORIGIN 30.0 30.0 30.0 0 928.0 1050.0~ 601.0
3 BOX 3 988.0 1110.0 661.0

* HOLE DATA

PLATE 1 1
001 1 39.24 0 1 ||

..............................................................

* END CF GECMETRY MCDEL (UNIT 2)
.......**..................................................... ;

<

* UNIT 4
.

-0 IEDIT CATEGORY
-1 20 1000 0 STDV 0.003 -1

MULTIFISS STD
REGICN 1 PART 3 / ,

END
*.

* END OF Mo?E DATA
.....................................................

H

r

,

O
.

*b
.l

'

I
. , _ _ . - . -
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APPENDIX B SCALE 3.1 LNPUT DATA LISTLNGS FOR KENOVa CASES

=CSAS 25
PROBLEM 1 WATER-REFLECTED PLUTONIUM METAL SPHERE
HANSEN-RCACH INFHOMMEDIUM
PU-239 1 0.0 0.04698 END
PU-240 1 0.0 0.002575 END ,

PU-241 1 0.0 0.000149 END
'PU-242 1 0.0 0.0000099 END

H 2 0.0 0.066067 END
0 2 0.0 0.033032 END

END COMP
PROB 1 KENO 5 WATER-REFLECTED PLUTONIUM METAL SPHERE
READ PARAM RND=6 TME=400 GEN =103 NPG=300 MKU=YES

CKU=YES END PARAM
READ GEOM
SPHERE 1 1 4.11
SPHERE 2 1 24.11
CUBOID 0 1 25.0 -25.0 25.0 -25.0 25.0 -25.0
EIO GECM

,

READ BOUNDS
ALL=VAC
END BOUtOS
READ ARRAY
tmX=1 NUY=1 NUZ=1
END ARRAY

O END DATA
END

(VD.
|

i

1
'

;

J
1

L



. - ~ _ . -

Page 42 of 59 . ,

=CSAS 25
PROBLEM 2 WATER-REFLECTED PLUTONIUM SOLUTION SPHERE
HANSEN-ROACH INFHOMMEDIUM
PU-239' 1 0.0 3.3662E-4 END
PU-240 1 0.0 1.6163E-5 END
H. 1 0.0 6.0260E-2 END.
O 1 0.0 3.7734E-2 END
N 1 0.0 2.7595E-3 END
FE 2 0.0 5.8886E-2 END
NI 2 0.0 8.2374E-3 END
CR 2 0.0 1.7672E-2 END
H 3 0.0 0.066067 END
0 3 0.0 0.033032 END

END COMP
PROB 2 KENOS WATER-REFLECTED PLUTONIUM SOLUTION SPHERE
READ PAPJJi RND=6 TME=400 CEN=103 END PARAM
READ GEOM
SPHERE 1 1 14.568
SPHERE 2 1 14.692 *

SPHERE. 3 l' 39.6922
CUBOID 0 1 55.0 -55.0 55.0 -55.0 55.0 -55.0
END GEOM
READ BOUNDS
ALL=VAC
END BOUNDS
READ ARRAY

.O NUX=1 NUY=1 NUZal
- END ARRAY

END DATA
END

,

p

)

.
-

v
,

.-
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O
=CSAS 25
PROBLEM 3 BARE PLUTONIUM SOLUTION SPHERE
218 GROUP!CF4 INFHOMMEDIUM
PU-239 1 0.0 2.3201E-5 END
PU-240 10.0 6.0140E-7 END
PU-241 1 0.0 1.7720E-8 END '

H 1 0.0 6.4836E-2 END >

0 1 0.0 3.4367E-2 END
N 1 0.0 7.6043E-4 END '

AL 2 0.0 6.0260E-2 END
END COMP

PROB'3 KENO 5 BARE PLUTONIUM SOLUTION SPHERE
READ PARAM RND=6 7ME=400 GEN =103 END PARAM
READ GEOM
SPHERE 1 1 61.01

,

SPHERE 2 1 61.79
CUBOID 0 1 75.0 -75.0 75.0 -75.0 75.0 -75.0
EtO GEOM '

READ BOUNDS
ALLaVAC
END BOUNDS
READ ARRAY
tIUXal NUY=1 NUZ=1 '

END ARRAY
EtID DATA-
ElO

h

I

O
u

,

c . . , , , , - ~ - . - -
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=CSAS 25
PROBLEM 4 BARE U233 SOLUTION SPHERE
218GROUPNDF4 INFHOMMEDIUM
U-233 1 0.0 4.3280E-5 END
U-234 1 0.0 7.1600E-7 END
U-235 1 0.0 1.8000E-8 END
U-238 1 0.0 2.8100E-7 END
H 1 0.0 6.6636E-2 END
o 1 0.0 3.3607E-2 END
N 1 0.0 1.1780E-4 END
AL 2 0.0 6.0260E-2 END
END COMP
PROB 4 KENO BARE U233 SOLUTION SPHERE
READ PARAM RND=6 TME=400 GEN =103 END PARAM
READ GECM
SPHERE 1 1 34.595
SPHERE 2 1 34.925
CUBOID 0 1 75.0 -75.0 75.0 -75.0 75.0 -75.0
E!TD GECM
READ BOUNDS
ALL=VAC
END BOUNDS
READ ARRAY
NUX=1 ?UY=1 ffJZal
END ARRAY
END DATA
"o

,

:

9

9

!

O
L

6

9
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=CSAS 25
PROBLEM 5 BARE U235 METAL SPHERE
HANSEN-ROACH INFHOMMEDIUM
U-235 1 0.0 4.5447E-2 END
U-238 1 0.0 2.560E-3 END
H 2 0.0 0.066 END

END COMP
PROB 5 KENO 5 BARE U235 METAL SPHERE
READ PARAM RND=6 TME= 400 GEN =103 END PARAM
READ GEOM
SPHERE 1 1 8.71
CUBOID 0 1 25.0 -25.0 25.0 -25.0 25.0 -25.0
END GEOM
READ BOU?CS
ALL=VAC
END BOUNDS
READ ARRAY
NUX=1 NUY=1 NUZ=1
END ARRAY
END PATA
END

O

b

l
1

I

O

,

.. _ __ - --
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=CSAS 25
PROBLEM 6 BARE U235 SOLUTION SPHERE
HANSEN-ROACH INFHOMMEDIUM
U-234 1 0.0 5.3800E-7 END
U-235 1 0.0 4.8066E-5 END
U-236 1 0.0 1. 3 80 0 E-7 D1D
U-238 1 0.0 2.8070E-6 END
H 1 0.0 6.6228E-2 END
0 1.0.0 3.3736E-2 END
N 1 0.0 1.8690E-4 END
AL 2 0.0 6.0260E-2 END
END COMP
PROB 6 KENO 5 BARE U235 SOLUTION SPHERE
READ PARAM RND=6 TME=400 CEN=103 END PARAM
READ GECM
SPHERE 1 1 34.595
SPHERE 2 1 34.925
CUBOID 0 1 55.0 -55.0 55.0 -55.0 55.0 -55.0
END GECM
READ BOUNDS
ALL=VAC
DID BotTUDS
READ ARRAY
NUX=1 .NUY=1 NUZal
END ARRAY
END DATA
END

\

O
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=CSAS 25
PROBLDE 7 WATER REFLECTED, LOW ENRICHED,UtMODERATED MIXED OXIDE SPHERE
HANSEN-ROACH INFHOMMEDIUM
PU-239 1 0.0 1.9591E-3 END
U-235 1 0.0 1.6460E-4 END
U-238 1 0.0 2.2450E-2 END
0 1 0.0 4.9148E-2 END
H2O 2 1.0 END
END COMP-
PROB 7 KENO 5 WATER REFLECTED, LOW ENRICHED,UtNODERATED MIXED OXIDE SPHERE
READ PARAM RND=6 TME=400 GEN =103 END PARAM
READ GEOM
SPHERE 1 1 19.4
SPHERE 2 1 39.4 ,

CUBOID 0 1 55.0 -55.0 55.0 -55.0 55.0 -55.0
END GEOM
READ BOUNDS
ALL=VAC
END BOUNDS
READ ARRAY
NUX=1 NUY=1 NUZ=1
END ARRAY
END DATA
EPO

O

a

I
a

i
i

-.

|
?

!

-O

!

J
.
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=CSAs 25
PROBLEM 0 WATER-REFLECTED PU-U NITRATE SOLUTION IN CYLINDRICAL TANK !

''.HANSEN-ROACH INFHOMMEDIUM
PU-238 1 0.0 8.3767E-9 END
PU-239- 1 0.0 2.9365E-5 END
PU-240 1 0.0 .1.7386E-6. END '

PU-241 1 0.0 1.0752E-7 END
PU-242- 1 0.0 2.1964E-8 END
U-235 1 0.0 5.0609E-7 END
U-236- 1 0.0 1.4077E-8 END-
U-238 1 0.0 7.5163E-5 END
H 1 0.0 6.3896E-2 END
0 1 0.0 3.4957E-2 END <

N 1:0.0 1.0883E-3 END
FE 2 0.0 6.331E-2 END
CR 2 0.0 1.654E-2 END
NI 2 0.0 6.510E-3 END
H 3 0.0 6.6680E-2 END
o 3 0.0 3.3343E-2 END
END COMP
PROB 8 KENOS PLUTCNIUM SPHERE IN WATER 1

READ PARAM RND=6 TME=500 GEN =103 END PARAM
'

READ GECM
CYLItEER 1 l' 30.48 95.2 0.0
CYLINDER 0 1 30.48 -106.6 0.0
CYLINDER 2 1 30.559 106.6 -0.95
CYLItCER 3 1 50.559 106.6 -20.95

.- CUB 0ID 0 'l 200.0 -200.0 200.0 -200.0 200.0 -200.0 l
_g E!O GEOM

READ BOUNDS
ALL=VAC
END BOUNDS
READ ARRAY
NUX=1 NUY=1 NUZ=1
END ARRAY
END DATA
E!O

'

:

'

l

d
1

-I
i
!

i
' .|

,

.

-
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=CSAS 25 j
PROBLEM 9 WATER-REFLECTED PU-U-GD NITRATE SOLUTION IN CYLINDRICAL TANK
HANSEN-ROACH INFHOMMEDIUM ,;
PU-238' 1 0.0 2.3500E-6 END |
PU-239 1 0.0 1.8260E-4 END |

PU-240 1 0.0 1.1180E-5 END I
iPU-241 ll 0.0 7.1600E-7 END

PU-242 1 0.0 1.1900E-7 END )
U-234 1 0.0 2.7000E-8 END
U-235 1 0.0 3.0130E-6 END 'j

U-236 1 0.0 5.4000E-8 END
U-238 1 0.0 4.4420E-4 END
H 1 0.0 5.5178E-2 END 1

0 1= 0.0 3.8688E-2- END |
N 1 0.0 3.7278E-3 END 1

GD 1 0.0 4.0600E-6 END l

FE 2 0.0 6.331E-2 END
CR 2 0.0 1.654E-2 END .)
NI 2 0.0 6.510E-3 END
H 3 0.0 6.6680E-2 END
0 3 0.0 3.3343E-2 END
E'ID cot'P i

TROB 9 XENOS PU-U-GD NITRATE SOLUTION IN CYL. TANK I

|READ PAAAM RND=6 TME=200 GEN =40 END PARN4
READ GdOM
CYLINDER 1 1 30.514 75.3 0.0 |
CYLINDER .0 1 30.514 106.6 0.0 |

O CYLINDER 2 1 30.593 106.6 -0.95
k /. CYLINDER 3 1 50.593 106.6 -20.95

CUBOID 0 1 200.0 -200.0 200.0 -200.0 200.0 --200.0 |1

END GEOM
READ BOUNDS

_4

ALL=VAC |
END BOUNDS '|
READ ARRAY l

NUX=1 NUY=1 NUZ=1
END ARRAY
END DATA !

END |
1

-].

l
|

I
I

i
l

l

I

!

.
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=CSAS 25 i
PROBLEM 10 LATTICE OF PUO2-UO2 RODS IN PU-U-GD SOLUTION |
HANSEN-ROACH LATTICECELL 1

PU-239 1 0.0 4.9900E-3 END
PU-240 1 0.0 6.9190E-4 END i
PU-241 1 0.0 1.0020E-4 END I

U-235 1 0.0 1.2430E-4 END )
U-238 1 0.0 1.7170E-2 END l

0 1 0.0 4.6120E-2 END
PU-239 2 0.0 1.8354E-4 END
PU-240 2 0.0 1.1180E-5 END
PU-241 2 0.0 7.1180E-7 END j
U-235 2 0.0 3.0670E-6 END
U-238 2 0.0 4.5340E-4 END
H 2 0.0 5.4974E-2 END
0 2 0.0 3.8564E-2 END
N 2 0.0 3.7298E-3 END
FE 2 0.0 8.6273E-6 END
GD 2 0.0 5.1244E-6 END
FE 3 0,0 5.8886E-2 END
NI 3 0.0 8.2374E-3 END
CR 3 0.0 1.7672E-2 END 1

FE 4 0.0 4.8381E-2 END '

NI 4 0.0 7.9078E-3 END
CR 4 0.0 1.2649E-2 END
H 5 0.0 6.6884E-2 END
0 5 0.0 3.3442E-2 END -1

-/CT* END COMP )> TRIANGPITCH 3.048 0.495 1 5 0.584 4 END
.

PROB 10 LATTICE OF PUO2-UO2 RODS IN PU-U-GD SOLUTION IN CYL TANK I
READ PARAM RND=6 TME=600 GEN =103 END PARAM I

READ GEOM i

UNIT 1
CYLINDER 1 1 0.2475 68.862 0.0 )
CYLINDER 4 1 0.292 68.862 0.0 '!
CUBOID 2 1 0.65991 -0.65991 0.762 -0.762 68.862 0.0
UNIT 2
CUBOID 2 1 0.65991 -0.65991 0.762 -0.762 68.862 0.0. I
UNIT 3
CYLINDER 1 1 0.2475 68.862 0.0 1

'CYLINDER 4 1 0.292 68.862 0.0
UNIT 4
CYLINDER 1 1 0.2475 0.353 0.0
CYLINDER 4 1 0.292. 0.353 0.0
CUBOID 0 1 0.65991 -0.65991 0.762 -0.762 0.353 0.0
UNIT 5
CUBOID 0 1 0.65991 -0.65991 0.762 -0.762 0.353 0.0
UNIT 6
CYLINDER 1 1 0.2475 0.353 00
CYLINDER 4 1 0.292 0.353 0.0
UNIT 7
ARRAY 4 -1.979735 -11.43 0.0
UNIT 8
ARRAY 3 -8,57885 -22.098 0.0

UNIT 9
ARRAY 2 .-l.979735 -11.43 0.0

- . CORE 1 1 -8.57885 -22.098 0.0
- CYLINDER 2 1 27.75 68.862 0.0

HOLE 9 -10.55858 0.0 0.0

, ,
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HOLE.9. 10.55858 'O . 0 0.0

HOLE 3 13.1983 0.0- 0.0
HOLE 3 -13.1983 0.0 0.0
HOLE 3 13".1983 3.048. 0.0
HOLE 3 -13.1983- 3.048 0.0
HOLE 3 13.1983 6.096 0.0
HOLE 3 -13.1983' 6.096 0.0
HOLE 3 : 13.1983 -3.048 0.0
HOLE 3 -13.1983 -3.048 0.0
HOLE 3 13.1983 -6.096 0.0
HOLE 3 -13.1983 -6.096 0.0

HOLE 3 1.31983 22.86 0.0
HOLE 3 3.95949 22.86 0.0
HOLE 3 6.59915 22.86 0.0
HOLE 3 -1.31983 22.86 0.0
HOLE 3 -3.95949 22.86 0.0
HOLE 3 -6.59915 22.86 0.0
HOLE 3 1.31983 -22.86 0.0
HOLE 3 3.95949 -22.86 0.0
HOLE 3 6.59915 -22.86 0.0
HOLE 3 -1.31983 -22.86 0.0
HOLE 3 -3.95949 -22.86 0.0
HOLE 3 -6.59915 -22.86 0.0

HOLE 3 0.0 24.384 0.0
HOLE 3 2.63966 24.384 0.0
HOLE 3 5.27932 24.384 0.0
' HOLE 3 0.0 -24.384 0.0

:. HOLE 3 2.63966 -24.384 0.0

3 HOLE-3 5.27932 -24.384 0.0
HOLE 3 -2.63966 24.384 0.0
HOLE 3 -5.27932 24.384 0.0
HOLE 3 -2.63966 -24.384 0.0
HOLE 3 -5.27932 -24.384 0.0

HOLE 3 1.31983 23.908 0.0
HOLE 3 3.95949 23.908 0.0
HOLE 3 -1.31983 23.908 0.0
HOLE 3 -3.95949 '23.908 0.0
HCLE 3 1.31983 -23~.900 0.0
HOLE 3 3.95949 -23.908 0.0'
HOLE 3 -1.31983 -23.908 0.0
HOLE 3 -3.95949 -23.908 0.0
HOLE 3 0.0 25.432 0.0
HOLE 3 0.0 -25.432 0.0
HOLE 3 10.55864 12.192 0.0
HOLE 3 -10.55864; 12.192 0.0
HOLE 3 9.23881 13.716 0.0
HOLE 3 11.87847 13.717 0.0
HOLE 3 -9.23881 13.716 0.0
HOLE 3 -11.87847-13.717 -0.0
HOLE 3 10.55864 15'.241 0.0
HOLE 3 -10.55864 15.241 0.0
HOLE-3 9.23881 16.765 0.0
HOLE 3 -9.23881 16,765 0.0
HOLE 3 9.23881 -19.813 0.0
HOLE 3 -9.23881 19.813 0.0

.

HOLE 3 10.55864 '-12.192 0.0
HOLE 3 -10.55864 -12.192 0.0s

L . HOLE 3 9.23881 -13.716. 0.0-
'

HOLE 3 11.87847'-13.717 0.0

,-. _ =a
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HOLE 3 -9 23881 -13.716 0.0

",tg ,/ . HOLE 3. -11.87847 -13.717 0.0 -

HOLE 3- 10.55864- -15.241 0.0
HOLE 3 -10.55864 " 15.241 0.0-

HOLE 3: 9.23881- -16.765 0.0
HOLE 3 -9.23881' -16.765 0.0
HOLE 3 ' 9.23881 -19.813 00
HOLE 3' -9.23881 -19.813 0.0

CYLINDER- 0 1 27.75 106.0 0.0
,

HOLE 7- -10.55858 0. 0 68.862
HOLE 7 J 10.55858 0.0 68.862

. HOLE 8 0.0 0.O 68.862
HOLE 6 13.1983 0.0 68.862
HOLE 6 -13.1983 0.0 68.862
HOLE 6 13.1983 3,048 68.862
HOLE 6 -13.1983 3.048 68.862
HOLE 6 13.1983 6.096 68.862
HOLE 6 -13.1983 6.096 68.862
HOLE 6 13.1983 -3.048 68.862
HOLE 6 -13.1983 -3.048 68.862
HOLE 6 13.1983 -6.096 68.862 '

HOLE 6 -13.1983 -6.096' 68.862
f

.,

HOLE 6 1.31983 22.86 68.862
HOLE 6 3.95949 .22.86 68.862 r,

HOLE 6' 6.59915 22.86 68.862
HOLE 6 -1.31983 22.86 68.862
HOLE 6 -3.95949 22.86 68.862
HOLE 6 -6.59915 22.86 68.862

'. HOLE 6 1.31983 -22.86~ 68.862
" ~ HOLE 6 3.95949 -22.86 68.862-

HOLE 6 6.59915- ~22.86 68.862
HOLE 6 -1.31983 -22.86 68.862
HOLE 6 -3.95949- -22.86 68.862
HOLE 6 -6.59915 -22.86 68.862

HOLE 6 0.0 24.384 68.862 1HOLE 6 2.63966 24.384 68.862 ,1

MOLE 6' 5.27932 24.384 68.862 I
HOLE 6 0.0 -24.384 68.862 '!

- HOLE 6 .2.63966- -24.384 68.862 .d
HOLE 6 5.27932 -24.384- 68.862 'I

JHOLE 6 -2.63966 24.384 68.862 I
HOLE 6 -5.27932 24.384 68.862 l

HOLE 6 -2.63966 -24.384'68.862
HOLE 6 -5.27932 -24.384 68.862'

HOLE 6. 1.31983 23.908 68.862
HOLE 6 3.95949 231908 68.862 I

HOLE 6 -1.31983 23.908 68.862
HOLE 6 -3.95949 23.908 68.862
HOLE 6 1.31983 -23.908 68.862
HOLE 6 3.95949. -23.908 68.862.
HOLE 6 -1,31983 -23.908 68.862
HOLE 6 -3.95949 -23.908 68.862 '

HOLE 6 0.0- 25.432 68.862
HOLE 6 0.0 -25'.432 68.862

HOLE 6 10.55864 12.192 68.862
+" HOLE 6 -10.55864.-12~.192 68.862-

,

m- - ~ . u ---.a r , c- ,
-
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:

. HOLE 6' 9.23881 -13.716. 68.862 ')
.

'

;
-

HOLE 6 11.87847 13.717 68.862 'l

HOLE 6 -9.23881 13.716 68.862
HOLE 6 -11.87847 13,717 68.862
HOLE 6 10.55864 15.241 68.862
HOLE 6 -10.55864 15.241 68.862

i
HOLE 6 9.23881 16.765 68.862 1

HOLE 6 -9.23881 16.765 68.862 i
HOLE 6 9.23881 19,813 68.862

]
HOLE 6 -9.23881 19.813 68.862

,

!

HOLE 6 10.55864 -12.192 68.862 'l
HOLE 6 -10.55864 -12.192 68.862
HOLE 6 9.23881 -13.716 68.862 i
HOLE 6 11.87847 -13.717 68.862 -,

HOLE 6 -9.23881 -13.716 68.862
HOLE 6 -11.87847 -13.717 68.862
HOLE 6 10.55864 -15.241 68.862
HOLE 6 -10.55864 -15.241 68.862
HOLE 6 9.23881 -16.765 68.862
HOLE 6 -9.23881 -16.765 68.862
HOLE 6 9.23881 -19.813 68.862
HOLE 6 -9.23881 -19.813 68.862

CYLINDER 3 1 27.829 106.0 -1.426
CYLINDER 5 1 47.829 106.0 -21.426
CUBOID 0 1 50 -50 50 -50 110 -30
END GEOM
READ ARRAY

.]
- O+ ARA =1

r

NUX=13 NUY=29 NUZal
FILL'

1 2 1 2 1 2 1 2 1 2 1 2 1 '

2 1 2 1 2 1 2 1 2 1 2 1 2
1 2 1 2 1 2 1 2 1 2 1 2 1
2 1 2 1 2 1 2 1 2 1 2 1 2
1 2 1 2 1 2 1 2 1 2 1 2 1 -

2 1 2 1 2 1 2 1 2 1 2 1 2 !

1 2 1 2 1 2 1 2 1 2 1 2 1
2 1 2 1 2 1 2 1 2 1 2 1 2
1 2 1 2 1 2 1 2 1 2 1 2 1

g;
-

2 .1 2 1 2 1 2 1 2 1 2 1 2
1 2 1 2 1 2 1 2 1 2 1 2 1 i

2 1 2 1 2 1 2 1 2 1 2 1 2
1 2 1 2 1 2 1 2 1 2 1 2 1 '

2 1 2 1 2 1 2 1 2 l'2 1 2 -1

1 2 1 2 1 2 1 2 1 2 1 2 1
2 1 2 1 2 1 2 1 2 1 2 1 2 i

1 2 1 2 1 2 1 2 1 2 1 2 1
2 1-2 1 2 1 2- 1 2 1 2 1 2 .)
1 2 1 2 1 2 1 2 1 2 1 2 1

|12 1 2 1 2 1 2 1 2 1 2 1 2
1 2 1 2 1 2 1 2 1 2 1 2 1. I2 1 2 1 2 1- 2 1 2 1 2 1- 2 0
1 2 1 2 1:- 2 1 2- 1 2 1 2 1 J
2 1 2 1 2 1 2 1 2 1 2 1 2
1 2 1 2 1 2- 1 2. 1 2. 1 2 1 ~I
2 1. 2 1 2 1 2 1 2 1 2 1 2

.,

.1 2 1 2 1 2 1 2 1 2 1 2 1 .I
2 1 2 1 2 1 2 1 2 1 2 1 2

,e 1 2 1 2 1 2 1 2 1 2 1 2 1 '

END FILL

.|
1

j

.. ]
.
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.

- ARA =2
- ( NUX=3 NUY=17 NUZal. , . -

~ FILL
1 2 1
2 1-2
1 2 1

,

2 1 2
1 2 1
2 1 2
1 2 1
2. 1 2
1 2 1
2 1 2
1 2 1
2 1 2
1 2 1
2 1 2
1 2 1 >

END FILL
ARA =3
NUXs13 NUY=29 NUZ=1

'

4 5 4 5 4 5 4 5 4 5 4 5 4
5 4 5 4 5 4 5 4 5 4 5 4 5
4 5 4 5 4 5 4 5 4 5 4 5 4
5 4 5 4 5 4 5 4 5 4 5 4 5
4 5 4 5 4 5 4 5 4 5 4 5 4
5 4 5 4 5 4 5 4 5 4 5 4 5

.4 5 4 5 4- 5 4 5 4 5 4 5 4
5 4 5 4 5. 4 5 4 5 4 5 4 5

' [' 4 5 4 5.4 5 4 5 4 5 4 5 4
-- - 5 4 5 4.5 4 5 4 5 4 5 4 5

4 5 4 5 4 5 4 5 4 5 4 5 4
5 4 5 4- S 4 5 4 5 4 5 4 5
4 5 4 5 4 5 4 5 4 5 4 5 4.

5 4 5 4 5 4 5 4 5 4 5 4 5 E!
4 5 4. 5 4 5 4 5 4 5 4 5 4
5 4 5 4 5 4 5 4 5 4 5 4 5
4 '5 4 5 4 5 4 5 4 5 4 5 4
5 4 5 4 5 4 5 4 5 4 5 4 5
4 5 4 5 4 5 4 5' 4 5 4 5 4
5 4 5 4 5 4 5 4 5 4 5 4 5 >

4 5 4 5 4 5 4 5 4 5 4 5 4 .

5 4 5 4 5 4 5 4 5 4 5. 4 5
4 5 4 5 4 5 4 5 4 5 4 5 4 '

5 4 5 4 5 4 5 4 5 4 5 4 5
4 5 4 5 4 5 4 5 4 5 4 5 4 ,

5 4 5 4 5 4 5 4 5 4 5 4 5
'4 5 4 5 4 5 4 5 4 5 4 5 4

5 4 5 4 5 4 5 4 5 4 5 4 5
4 5 4 5 4 5 4 5 4 5 4 5 4

END FILL
ARA =4 r

NUX=3 NUY=15 NUZ=1 *

FILL
4 5 4
5 4 5
4 5 4
5 4 5
4 5 4

. 5 4 5
; 4 5 4

5 4 5

,



_ _ . . . _ . .. _. . _ _ _ - - . . . _ _ . . . _ .. . . _ . _ .. . . . . .

_

a,

~ Page 55 of 59 - ;

t

'

)- -4 5'4
A/ 5 4 5-

4 5 4
5 4 5
4-5 4
5 4 5
4. S 4 I

DID FILL '

END ARRAY i

READ PLOT

|XUL=-48 YUL=48 ZUL= 5 0 -
XLR=48 YLR=-48 ZLR=50
UAX=1.0 VDN=-1.0 NAX=120 END

XUL=-18 YUL=18 ZUL=50
XLR=18 YLR=-18 ZLR=50 '

UAX=1.0 VDN=-1.0 NAX=120 END

XUL=-18 YUL=18 ZUL=69.1 '

XLR=18 YLR=-18 ZLR=69.1
UAX=1.0 VDN=-1.0 NAX=120 END

1XUL=-48 YUL=0 ZUL=107 j

XLR=48 YLR=0 ZLR=-20 1
UAX=1.0 WDN=-1.0 NAX=120 END I

XULa-28 YUL=0 ZUL=70
XLR=28 YLR=0 ZLR=40
UAX=1.0 WDN=-1.0 NAX=120 DID

EITO

END PLOT.
DID DATA
END

q
'1

'

.

!

-

-

.
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=CSAS 25
PROBLM 11 PLUTONIUM CYLINDRICAL METAL UNITS ;

HANSEN-ROACH INFHOMMEDIUM
PU-239 1 0.0 4.6053E-2 END
PU-240 1 0.0 2.9263E-3 'END
PU-241 1 0.0 2.2454E-4 END
PU-242 1 0.0 4.8612E-6 END '

END COMP
PROB 11 KENC5 FLUTCNIUM CYLINDRICAL METAL UNITS
READ PAPAM RND=6 TME=600 CEN=103 NPG=330 MKU=YES

CKU=YES END PARAM
READ GECM
UNIT 1
CYLINDER 1 1 3.2625 4.633 0.0
CUBOID 0 1 6.255 -6.255 6.255 -6.255 6.2465 -1.6135
END GECM

,

READ BOUNDS
ALL=VAC
END BOUNDS
READ ARRAY
ARA =1
NUX=4 tRrl= 4 NUZm4
FILL 64R1 END FILL
END ARRAY
READ PLOT

- RUN=YES

XUL=0.0 YUL=50.04 ZUL=4.0
XLR=50.04 YLR=0.0 ZLR=4.0
UAX=1.0 VDN=-1.0 NAX=120 END

XUL=0.0 YUL=5 ZUL=49.972
XLR=50.04 YLR=5 ZLR=0.0

.,

UAXal.0 WDN=-1.0 NAX=120 END
END

END PLOT
END DATA
END

I
.

1

:

i

I

i

(( :

'I
|

i
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.

( )- =CSAS 2E
PROBLEM la AN ARRAY OF A CYLINCRICAL TANKS CONTAINING PU SOLUTION
HANSEN-PQAC4 LATTICECELL
PU-239 0.0 2.7682E-4 END.

PU-240 1 0.0 1.2214E-5 END
PU-241 1 0.0 8.3390E-7 END
PU-242 1 0.0 4.5800E-8 END
H 1 0.0 6.0070E-2 END
0- 1 0.0 3.654E-02 END
N 1 0.0 2.3699E-03 END
FE 2 0.0 6.3310E-2 END
CR 2 0.0 1.6540E-2 END
NI 2 0.0 6.5100E-3 END
H 3 0.0 9.547E-03 END
0 3 0.0 4.5374E-2 END
FE 3 0.0 1.3431E-03 END
SI 3 0.0 1.2899E-02 END
AL 3 0.0 3.3567E-03 END
CA 3 0.0 2.6128E-03 END
END CCMP
SQUAREPITCH 35.58 24.98 1 1 25.58 2 END
PROB 12 KEN 05 AN ARRAY OF CYLINDRICAL TANKS CCNTAINING PU SOLUTION
READ PARAM RND=6 THE=400 GEN =103 NPG=300 MKU=YES

CKU=YES END PARAM
READ GEOM
UNIT 1

|CYLINDER 1 1 12.49 39.24 0.0
CYLINDER 0 1 12.49 101.7 0.0
CYLINDER 2 1 12.79 102.7 -1.0

g CUBOID 0 1 18.09 -18.09 18.09 -18.09 102.7 -1.0

*} ARRAY 1 -54.27 -36.18 -1.0 !
CUBOID 0 1 464 -464 525 -525 501 -100 '

CUBOID 3 1 494 -494 555 -555 531 -130 1
END GEOM
READ ARRAY 4

ARA =1
tmX=3 NUY=2 NUZ=1 '

FILL 6R1 END FILL
END ARRAY
READ PLOT 'l

XUL=-494 YUL=555 ZUL=50
XLR=494 YLR=-555 ZLR=50
UAX=1.0 VDN=-1.0 NAX=120 END I

XUL=-494 YUL=18.09 ZUL=500
XLR=494 YLR=18.09 ZLR=-130
UAX=1.0 WDN=-1.0 NAX=120 END
END

END PLOT
END DATA
END

SD.v



.- .

Page 58 of 59

. .

.

- APPENDIX C SCALE 3.1 ONE-DIMENSIONAL CALCULATIONS (XSDRN CASES)
V

=CSAS 1X
PROBLEM 1 WATER-REFLECTED PLUTONIUM METAL SPHERE
HANSEN-ROACH MULTIREGION
PU-239 1 0,0 0 04698 END
PU-240 1 0.0 0.002575 END
PU-241 1 0.0 0.000149 END
PU-242 1 0.0 0.0000099 END
H 2 0.0 0.066067 END
0 2 0.0 0.033032 END
END COMP
SPHERICAL END
1 4.11 ONEEX*~ERMOD
2 24.11 NOEXTERMOD
END ZONE
END

=CSAS 1X
PROBLEM 2 WATER-REFLECTED PLUTONIUM SOLUTION SPHERE
HANSEN-ROACH ICLTIREGION
PU-239 1 0.0 3.3662E-4 END
PU-240 1 0.0 1.6163E-5'END
H 1 0.0 6.0260E-2 END
0 1 0.0 3.7734E-2 END
N 1 0.0 2.7595E-3 E!O
FE 2 0.0 5.8886E-2 EttD
NI 2 0.0 8.2374E-3 END
CR 2 0.0 1.7672E-2 END
H 3 0.0 0.066067 END

O O 3 0.0 0.033032 END
END COMP
SPHERICAL END
1 14.568 TWOEXTEPROD
2 14.692 ONEEXTEPROD
3 39.6922 NOEXTERMOD
END ZONE
END

=CSAS 1X
PROBLEM 3 BARE PLUTONIUM SOLUTION SPHERE
HANSEN-ROACH MULTIREGION
PU-239 1 0.0 2.3201E-5 END
PU-240 1 0.0 6.0140E-7 END
PU-241 1 0.0 1.7720E-8 END
H 1 0.0 6.4836E-2 END
0 1 0.0 3,4367E-2 END
N 1 0.0 7.6043E-4 END
AL 2 0.0 6.0260E-2 END
END COMP
SPHERICAL END
1 61.01 OPTEEXTEPROD
2 61.79 NCEXTERMOD
END ZONE
E!O

sCSAS 1X
PROBLEM 4 DARE U233 SOLUTION SPHERE
HANSEN-ROACH MULTIREOION
U-233 1 0.0 4.3280E-5 END ,

. , - U-234 1 0.0 7.160 0 E-7 ' END
U-235 1 0.0 1.8000E-8 END
U-238 1 0.0 2.8100E-7 END

_ - _._



.

Page 59 of 59

D H 1 0.0 6.6636E-2 C:D(V o 1 0.0 3.3607E-2 END
!! 1 0.0 1.1780E-4 END
AL 2 0,0 6.0260E-2 E 0
END COMP
SPHERICAL END
1 34.595 ONEEXTERMOD
2 34.925 NOEXTEPROD
END ZONE
END

3CSAS 1X
PROBLEM 5 BARE U235 METAL SPHERE
HANS EN-ROACH MULTIREGION
U-235 1 0.0 4.5447E-2 END
U-238 1 0.0 2.560E-3 END
H 2 0.0 0.066 END
END COMP.
SPHERICAL END

"
1 8.71 NOEXTERMOD
END ZONE
END

=CSAS 1X
PROBLs 6 BARE U235 SOLUTION SPHERE
HANS DI-ROACH MULTIREGION
U-234 1 0.0 5.3800E-7 E!O
U-235 1 0.0 4.8066E-5 DC
U-236 1 0.0 1. 3800E-7 C;D

[] U-238 1 0.0 2.8070E-6'END
k/ H 1 0.0 6.6228E-2 END

O 1 0.0 3.3736E-2 E!C
N 1 0.0 1.8690E-4 CID
AL 2 0.0 6.0260E-2 D:D
END COMP
SPHERICAL END
1 34.595 CNEEXTERMOD
2 34.925 NCEXTERMOD
END ZONE
CID -

aCSAS 1X
PROBL u 7 WATER REFLECTED, LOW ENRICHED,UNMODERATED MIXED OXIDE SPHERE
HANSEN-ROACH MULTIREGION
PU-239 1 0.0 1.9591E-3 END
U-235 1 0.0 1.6460E-4 EID
U-238 1 0.0 2.2450E-2 CID
0 1 0.0 4.9148E-2 EtO
H2O 2 1,0 END
END COMP
SPHERICAL DO
1 19.4 ONEEXTEFROD
2 39.4 NCEXTERMOD
END ZONE

O DID
v

.-. - .
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MONK 6B/KENOVa COMPARISON FOR A NOTIONAL FUEL STORE

A K Ziver and N R Smith

AEA TECHNOLOGY

Summary

MONK 6B and KENOVa criticality safety codes are used to model part of a notional fuel
store containing PWR fuel assemblies. The results obtained from both codes are presented
together with the input / output listings.
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1 DESCRIPTION OF TIIE PROBLEM

The problem represents 4x2 array of 3.0% enriched PWR fuel elements located between
boronated stainless steel storage compartments. The fuel elements comprise 17x17 array of
pins located on a 1.27 cm pitch and are 400.0 cm long including 2.0 cm end-caps. The pins
have an outer diameter of 1.08 cm which includes a 0.06 cm zircalloy cladding.

The internal dimensions of the storage compartments are 24x24 cm in cross-section and 420
cm in length. The compartment wall thickness is 1.0 cm and there is a 2.0 cm thick base. The
compartment has no lid. The fuel elements are surrounded by 30.0 cm water in all directions. 1

A plan view of the geometrical modelis shown below:

.
:-

a g 25m
Fuel-elements 17 x 17 Water Boronated Steel

Both MONK 6B and KENOVa can model this geometry exactly using basic options.

Two KENOVa calculations were performed:

(i) Using the 16-Group Hansen-Roach Library

- (ii) Using the 27-Group library (a standard criticality library)
.

--
_ . . _ . . _ _ _ . _ _ _ . _ _ _ _ _ _ _ _
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g- 2 MONK 6B INPUT DATA LISTING
(

..

* MONK 6B Model of PWR Fuel Elements in Water
. ...... .........._.................. ..................

* Using the UKNDL Point Nuclear Data

FISSION 4 10 NUCNAMES

* material 1 - Uo2
* material 2 - zircalloy
* material 3 - boronated stainless steel
* material 4 - water

ATOM 10.65 U235 0.0304 U238 0.9696 0 2.0
WGT 6.5 ZR 1.0
CONC FE 5.81377E-2 CR 1.57421E-2 NI 7.74679E-3

B10 4.99157E-4 Bil 2.02430E-3
ATOM 0.998 HINH2O 2,0 0 1.0

CM

........................................................................

* part 1 - single fuel element plus half-thickness compartment
(fuel; water at end; compartment)*

NEST 3
BOX CRIGIN 0.5 0.5 2.0 BH1 24.0 24.0 400.0
BOX ORIGIN 0.5 0.5 2.0 4 24.0 24.0 420.0
BOX 3 -25.0 25.0 422.0

* part 2 - assemble 4x2 array of elements in cornpartments

ARRAY 4 2 1 (1)*8

* part 3 - add remaining half-thickness of' compartment and we r

NEST 3
BOX CRIGIN 30.5 30.5 30.0 P2 100.0 50.0 422.0.
BOX CRIGIN 30.0 30.0 30.0 3 101.0 51.0 422.0
BOX 4 161.0 111.0 482.0

....................**............................................... . , .

* hole 1 - PWR fuel element

SQUARE 3 1 2 4 HTRANS 12.0 12.0 0.0
1.27 0 0 0.48 0.54
WRAP 17 17 10.795 10.795 10.795 10.795
-22444

* hole 2 - provide axial partitions in fuel region

PLATE 2 1 2
| 001 2 398.0 2 2.0 1 2

li
........................................................................ q

4

+ 1000 superhistories per stage ;
* terminating when standard deviation < 0.0015 1

_ - - - - - - - -
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Ibge 5 cf 20

.|s -1 5 100 0 STDV 0.0015.-1
( :-

. * starting source distributed within the column-- '

MULTIFISS STD
REGION 1 PART 3 /
END

*....................................................... ...............

* picture 1 - horizontal section array
* picture 2 - close-up of picture 1
* picture 3 - vertical section at top of array
* picture 4 - vertical section at base of array

* CODE 4
*/*.O
' VISAGE 1000
'O 111 200 161 111 200 00200
'30 56 200 56 56 200 30 30 200
*42 0 482 42 111 482 42 0 420
*42 0 40 42 111 40 42 0 0
*END

\

%w

P

.-

be--

m.
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|

n 3 SCA LE3.1 (KENOVa) INPUT LISTING I
u-| |.CSAs 25 I

PWRARRAY KENOVa CASE COMPARISON WITH MONK 6B |

27GROUPNDF4 LATTICECELL
U-235 1 0.0 7.22222E-4 END
U-238 1 0,0 2.30351E-2 END
0 1 0.0 4.75146E-2 END
"R 2 0.0 4.29091E-2 END |
FE 3 0.0 5.81377E-2 END j
CR 3 0.0 1.57421E-2 END '

11 I 3 0,0 7.74679E-3 END
B-10 3 0.0 4.99157E-4 END
B-11 3 0.0 2.02430E-3 END -I
H 4 0.0 6.67221E-2 END |
0 4 0.0 3.3361E-02 END l
END COMP 'i

'SQUAREPITCH 1.27 0.96 1 4 1.08 2 END
PWRARRAY KENO CASE COMPARISON WITH MONK 6B

READ PARAM RND=6 ' die 3360 CEt! 40 Elm PARAM
FEAD GEOM

|

UNIT 1
CYLINDER 1 1 0.48 398.0 2.0 |
CYLINDER 2 1 0.54 400.0 0.0 |
CUBOID 4 1 0.635 -0.635 0.635 -0.635 400.0 0.0 )
L* NIT 2 )
ARRAY 1 -10.795 -10.795 0.0 1

CUBOID 4 1 12 -12 12 -12 420.0 0.0 |
CUBOID 3 1 12.5 -12.5 12.5 -12.5 420.0 -2.0
ARRAY 2 -50 -25 -2 I

/" CUBOID 3 1 50.5 -50.5 25.5 -25.5 420.0 -2.0
I CUBOID 4 1 80.5 -80.5 55.5 -55.5 450.0 -32.0

'

END GECM
READ BOUNDS
ALLaVAC
END BOUNDS
READ ARRAY *

ARA =1
NUX=17 NUY=17 NUZal
FILL
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 l' 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1. 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 'l 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

END FILL

A
N.]

-

. _ . _
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. ARA =2
'

-

u
'

NUXs4 NUYs2 NUZs1
FILL1

2 2 -2 2

2 2 2 2
END FILL
END ARRAY .I
END DATA

i- END
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e 4 A VIEW OF MONK 6B GEOMETRY MODEL USING VISAGE 1B

|
,

In this section four figures are presented to show the geometrical model using high resolution
graphics package VISAGElB.

Figure 1 shows a plan view of the fuel assemblies arranged as 4 x 2 array.

Figure 2 shows a cross sectional view of the a fuel assembly,

Figures 3 and 4 show elevation views of the ends of the model.
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'

.

In this section three figures are presented 'to show the geometrical model obtained using the - i
-- graphical option in KENOVa.

.

Figure i shows a plan view of the fuel assemblies arranged as 4 x 2 array.

Figun:s 2 and 3 show an enlarged cross sectional view of a fuel assembly and the boronated '

steel plates positioned between the fuel assemblies.
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O- O O

[MMhd pFn9MEM kenopictout L JNM
OMIXTURE O 1 2 3 4

SYMBOL 1 2 3 4
0 UPPER LEFT LOWER RIGHT

COORDINATES COORDINATES
OX -8.0500E+01 8.0500E+01

Y 5.5500E+01 -5.5500E+01
Z 5.0000E+01 5.0000E+01

0 U AXIS' V AXIS
(DOWN) (ACROSS)

OX 0.00000 1.00000
Y ~1.00000 0.00000
Z 0.00000 0.00000

ONU= 66 NV= 120 DELU= 1.6771E+00 DELV= 1.3417Et00
1

444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444484444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444441444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444443333333333333333333333333333333333333333333333333333333333333333333333333334444444444444444444444
444444444444444444444443444444444444444443444444444444444444344444444444444444434444444444444444434444444444444444444444
444444444444444444444443444444444444444443444444444444444444344444444444444444434444444444444444434444444444444444444444-
444444444444444444444443442111111111111123411111111124442114341124442111111111432111111111111124434444444444444444444444
444444444444444444444443444211111111111243411111111244444214341244444211111111434211111111111244434444444444444444444444
444444444444444444444443444444444444444443444444444444444444344444444444444444434444444444444444434444444444444444444444
444444444444444444444443442111111111111243411111111124442114341124442111111111434211111111111124434444444444444444444444
444444444444444444444443442111111111111143411111111124442114341124442111111111434111111111111124434444444444444444444444
444444444444444444444443444444444444444443444444444444444444344444444444444444434444444444444444434444444444444444444444
444444444444444444444443444211111111111243411111111244444214341244444211111111434211111111111244434444444444444444444444
444444444444444444444443442111111111111123411111111124442114341124442111111111432111111111111124434444444444444444444444
444444444444444444444443444444444444444443444444444444444444344444444444444444434444444444444444434444444444444444444444 2f
444444444444444444444443444211111111111243411111111244444214341244444211111111434211111111111244434444444444444444444444 Ti
444444444444444444444443442111111111111123411111111124442114341124442111111111432111111111111124434444444444444444444444 g
444444444444444444444443444444422222444443422222444444444444344444444444422222434444422222444444434444444444444444444444 o
444444444444444444444443333333333333333333333333333333333333333333333333333333333333333333333333334444444444444444444444 "'

444444444444444444444443444444444444444443444444444444444444344444444444444444434444444444444444434444444444444444444444 E$
444444444444444444444443444442111111124443411111124444444424342444444442111111434442111111124444434444444444444444444444
444444444444444444444443442111111111111123411111111124442114341124442111111111432111111111111124434444444444444444444444

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . .
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444444444444444444444443444422111111124443411111122444444424342444444422111111434442111111122444434444444444444444444444
444444444444444444444443444444221112244443421112244444444444344444444444221112434444221112244444434444444444444444444444
444444444444444444444443442111111111111123411111111124442114341124442111111111432111111111111124434444444444444444444444
444444444444444444444443444421111111112443411111112444444424342444444421111111434421111111112444434444444444444444444444
444444444444444444444443444444422222444443422222444444444444344444444444422222434444422222444444434444444444444444444444
444444444444444444444443442111111111111123411111111124442114341124442111111111432111111111111124434444444444444444444444
444444444444444444444443444211111111111243411111111244444214341244444211111111434211111111111244434444444444444444444444
444444444444444444444443444444444444444443444444444444444444344444444444444444434444444444444444434444444444444444444444
444444444444444444444443442111111111111123411111111124442114341124442111111111432111111111111124434444444444444444444444
444444444444444444444443444211111111111243411111111244e44214341244444211111111434211111111111244434444444444444444444444
444444444444444444444443444444444444444443444444444444444444344444444444444444434444444444444444434444444444444444444444
444444444444444444444443333333333333333333333333333333333333333333333333333333333333333333333333334444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444$44444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444

1 PWRARRAY KENO CASE COMPARISON WITH MONK 6B
0 MIXTURE MAP

OMIXTURE O 1 2 3 4
SYMBOL 1 2 3 4

0 UPPER LEFT LOWER RIGHT
COORDINATES COORDINATES

OX ~2.4000E+01 2.4000E+01
Y 2.4000E+01 -2.4000E+01
Z 5.0000E+01 5.0000E+01

0 U AXIS V AXIS
(DOWN) (ACROSS)

OX 0.00000 1.00000
Y -1.00000 0.00000
E 0.00000 0.00000

ONU= 96 NV= 120 DELU= $.0000E-01 DELV= 4.0000E-01 yg
1 eo
444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444 2.
444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444 O'

444114114114214412411411411411421441241141141141142124124443334442142124114114114114214412411411411411421441241141141144 9
444114114114111111211411411411211111121141141141121112114443334441121112114114114112111111211411411411211111141141141144 gj
444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444
444114114112111111211411411411211111121141141141121111114443334441111112114114114112111111211411411411211111121141141144

- _ _ _ _ - . _ _ _ - _ _ _ _ _
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444114114214214414412411411421421441241241141142144144124443334442144144124114114214214412412411411421441441241241141144
444114114114214412412411411421421441241141141142144144124443334442144144124114114114214412412411411421421441241141141144e

444114114112111111211411411411211111121141141141121111114443334441111112114114114112111111211411411411211111121141141144-
444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444

'

444114114114111111211411411411211111121141141141121112114443334441121112114114114112111111211411411411211111141141141144-
444114114114214412411411411411421441241141141141142124124443334442142124114114114114214412411411411411421441241141141144
444124114214414414412412411421441441441241142142144144144443334444144144124124114214414414412411421421441441441241142144
444114114112111111211411411411211111121141141141121111114443334441111112114114114112111111211411411411211111121141141144
444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444
444114114114112111211411411411211111141141141141121112114443334441121112114114114114111111211411411411211121141141141144
444114114114114212411411411411421221141141141141142124114443334441142124114114114114112212411411411411421241141141141144
444224224214414414414422422441441441441442242244144144144443334444144144144224224414414414414422422441441441441242242244

; 444114114112111111211411411411211111121141141141121111114443334441111112114114114112111111211411411411211111121141141144
444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444-

4

444114114114112111411411411411411221141141141141121112114443334441121112114114114114112211411411411411411121141141141144
444114114114112211411411411411411221141141141141141122114443334441122114114114114114112211411411411411411221141141141144

j , 444244424424424424424424442442442442442442444244244244244443334444244244244244424424424424424424442442442442442442444244
.,'

4 - 444114114112111111211411411411211111121141141141111111114443334441111112114114114112111111211411411411211111121141141124 -

444244424424424424424424442442442442442442444244244244244443334444244244244244424424424424424424442442442442442442444244 *

- 444114114114112211411411411411411221141141141141141122114443334441122114114114114114112211411411411411411221141141141144
444114114114112111411411411411411221141141141141121112114443334441121112114114114114112211411411411411411121141141141144
444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444,

- 444114114112111111211411411411211111121141141141121111114443334441111112114114114112111111211411411411211111121141141144
444224224214414414414422422441441441441442242244144144144443334444144144144224224414414414414422422441441441441242242244
444114114114114212411411411413421221141141141141142124114443334441142124114114114114112212411411411411421241141141141144
444114114114112111211411411411211111141141141141121112114443334441121112114114114114111111211411411411211121141141141144 +

444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444
444114114112111111211411411411211111121141141141121111114443334441111112114114114112111111211411411411211111121141141144
444124114214414414412412411421441441441241142142144144144443334444144144124124114214414414412411421421441441441241142144'
444114114114214412411411411411421441241141141141142124124443334442142124114114114114214412411411411411421441241141141144 -

'

444114114114111111211411411411211111121141141141121112114443334441121112114114114112111111211411411411211111141141141144
'

444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444
444114114112111111211411411411211111121141141141121111114443334441111112114114114112111111211411411411211111121141141144,

444114114114214412412411411421421441241141141142144144124443334442144144124114114114214412412411411421421441241141141144,

444114114214214414412411411421421441241241141142144144124443334442144144124114114214214412412411411421441441241241141144 ;
444114114112111111211411411411211111121141141141121111114443334441111112114114114112111111211411411411211111121141141144 ~

444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444
444114114114111111211411411411211111121141141141121112114443334441121112114114114112111111211411411411211111141141141144
444114114114214412411411411411421441241141141141142124124443334442142124114114114114214412411411411411421441241141141144 Li
444444444444444444444444444444444444444444444444444444444443334444444444444444441444444444444444444444444444444444444444
444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444 +

-444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444
333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333 '

444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444 ,

. 444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444 2? ' ,

; 444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444 3 .

44411411411421441241141141141142144124114114114'142124124443334442142124114114114114214412411411411411421441241141141144 '. - -

444114114114111111211411411411211111121141141141121112114443334441121112114114114112111111211411411411211111141141141144- O' '

444444444444444444444444444444444444444444444444444444444443334444444444444444444444444444444444444444444444444444444444 Es r

444114114112111111211411411411211111121141141141121111134443334441111112114114114112111111211411411411211111121141141144 [$
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333444444442111444211144421114441111444111144411124441112444111244411124441112442111244211124421114442111444211144421114
333444444421111142111114211111421111141111124111112411111241111124111112411111441111144111114411111421111142111114211111
333444444421111142111114211111411111141111114111112411111241111124111112411111241111144111114211111421111142111114211111
333444444441111244111124411112441111444111144211114421111442111144211114421111442111144111124411112441111244111124411112
333444444444424444442444444444444444444444444444444444244444424444442444444244444424444442444444244444424444442444444244
333444444444224444422444442244444224444422444442244444224444422444442244444224444222444422244442244444224444422444442244
333444444441111244111124411112441111242111124211114421111442111144211114411111441111144111114411111441111244111124411112
333444444421111142111114211111411111141111114111111411111241111124111112411111241111144111114211111421111142111114211111
333444444421111142111114211111421111242111124111112411111241111124111114411111441111144111114411111441111142111114211111
333444444442111444211144421124442112444211244421124441112444111244411124441112444111444411144421114442111444211144421114
333444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
333444444442111444211144421114442112444211244411124441112444111244411124441112444111244211144421114442111444211144421114
333444444421111142111114211111421111242111124111112411111241111124111114411111441111144111114411111441111142111114211111
333444444421111142111114211111411111141111114111112411111241111124111112411111241111144111114211111421111142111114211111
333444444441111244111124411112441111242111144211114421111442111144211114421111441111144111114411112441111244111124411112
333444444444224444422444442244444224444422444442244444224444422444442244444244444424444442444444244444224444422444442244
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333444444441111142111114211112421111742111124211112411111241111144111114411111441111144111114411111441111144111114211111
333444444444112444211244421124442112444211244421124442112444211444421144442114444111444411144441124444112444411244421124
333444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
333444444442111444211144411114441111444111144411114441112444111244411124421112442111244211124421112442111444211144421114
333444444421111142111114211111421111141111124111112411111241111124111112411111441111144111114411111421111142111114211111
333444444421111142111114211111411111141111114111112411111241111124111112411111241111144111114211111421111142111114211111
333444444441111244111124411112441111444111144411114421111442111144211114421111442111144111124411112441111244111124411112
333444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
333444444444224444422444442244444224444422444442244444224444422444442244442224444222444422244442224444224444422444442244
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333444444421111142111114211111411111141111114111111411111241111124111112411111241111144111114211111421111142111114211111
333444444441111142111114211111421111242111124111112411111241111124111114411111441111144111114411111441111142111114211111
333444444442111444211244421124442112444211244421124442112444111244411124441114444111444411144441114442111444211144421124
333444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
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6 COMPARISON OF MONK 6B AND KENOVa RESULTS

MONK 6B SCALE 3.1 Ditference in (*) i

KENO Va u

k-effective
0.936910.0015 0.922110.0013 +0.0148 0.0020

0.936910.0015 0.9 L2310.0014 +0.024610.0020

The errors quoted are one standard deviation (Monte Carlo Statistics)
(*) k(MONK 6B)-k(KENOVa)

From the results given above,it is possible to make the following observations:

1. Differences in k-effectives are significant at the 3 standard deviation level for both
libraries (between 1.5% and 2.5%) with MONK 6B producing more conservative results.

2. MONK 6B validation database shows MONK 6B over-predicts critical experiments for
low-enriched UO2 systems by between 0.5% to 1.0%. This suggests that there is some
evidence of under-prediction by KENOVa for the 16-group library and strong evidence of
under-prediction for the 27-group library.
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Page 2 of 24
*** MC NESSAGE BOE HAS BEEN CONNECTED TO CHANNEL . 20 ***

*** PLEASE CONNECT THE MESSAGE BOX IN FUTURE ***

1

VERSION 034 Or <RCASD) PACKAGE' IS USED HERE (2/871
....................................................

1

.........................................
*** HARDWARE AUTHORISATION PROCEDURE ***
.........................................

"SISID* keywosd read for integer code . 1903991 23 9,

*mTSID* keyword read for integer code . 1004019 6 19,

*** SUCCESSFUL AUTHORISATION ACHIEVED FOR THE PROGRAM ON YOUR HARDWARE ***

*** The SYSTEM Identification Nueber is . 1392574372 ...

1

........................................

*** SOFTWARE AUTHORISATION PROCEDURE a.*

......................................;*

* PASSWORD * syntes read for specified password . NHYFPEX9

*** Password read & verified -- this password expires at the end of DEC 1993 ***

.............................................................

. .

* WARNING TO USERS *

. .................. .

. .

* THIS PROGRAM 38 AVAILABLE FOR .- Local Use *

. USE ONLY AND ACCESS SHOULD NOT BE O!VEN TO ANY THIRD *

* PARTY WITHOUT WRITTEN PERMISSION PROM AEE WINFRITH. *

. .

.............................................. .....e........

. .

* ISSUE DETAILS *

. ................ .

. .

, , , , .
- - - - - _ _ _ . _ _ - -
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* . THIS IS A COPY OF THE SUN P *SION OF THE PROGERM ABD *

* IS PEGIsTERED AS COPY - 31 * Phge 3 of 24
* DATE - As Belease Date for Program *

. .

.............................................................

I

1 INPUT DATA
._._____..

INPUT READ FROM
/dylan/aksiver/sonkval/pwrarr.dat

OUTPUT WRITTEN To a
/dylan/aksiver/sonkval/pwaarr.out

SYsID 1003993 23 9
sYsID 1004019 6 19
PASSWORD NHTFPEI9

. An Introduction to the MONK Monte Car]O Criticality Code

. .......... .._...__......... ____......__....__.._...____

University of New Mexico . June 1992*

. Practical III - An array of PWR fuel elementa

. ___._...__.___....___...______..____..__.....

* 4u2 array of 3.0% enriched PWR fuel elements located within
a borenated stainless steel storage compartments.
* The fuel elements comprise 17:17 array of pins on a 1.27cm
pitch and are 4.0a long including 2cm end cape.*

* The pine have an outer diameter of 0.96ca, which includes a
* 0.06cm aircelloy cladding.
. The internal dimensions of the storage compartments are
24.Ou24.0cm in esoss-section and 4.2m in length. The compartmenta

a wall thickness is 1.0cm and there is a 2.0cm thick base.

........................................................................

FISSION 4 10 NUCMAMES

a material 1 - uo2
. material 2 . zircelloy
. material 3 - baronated stainless steel
material 4 _ watera

ATOM 10.65 U235 0.0304 U238 0.9696 0 2.0
war 6.5 ER I.0
CONC FE 5.81377E-2 CR I.57421E-2 NI 7.74679E-3

BIO 4.99157E-4 all 2.02430E-3
ATOM 0.998 HINK2O 2.0 o 1.0

CM
i

| ........................................................................

,-

'

t
i

.

|
p.

I'
|
|

__ _ _ _ _ _ _ . _ _ _ - _ _ _ _ - - -
-

_- - __---_-__-_-__.______--_----_.__m
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part 1 - single fue s lesent plus half-thickstoss compartment*

(fusts water at e, compartment 3*

ment'3 Page 4 of 24
BOE caIGIN 0.5 0.5 2.0 eul 24.0 24.0 400.0
80K ORIGIN 0.5 0.5 2.0 4 24.0 24.0 420.0
son 3 25.0 25.0 422.0

part 2 - assemble 42 array of elements in compartments*

AREAY 4 2 1 (1)*8

part 3 - add remaining half-thickness of compartment and water*

s

NasT 3
BOE ORIGIN 30.5 30.5 30.0 P2 100.0 50.0 422.0
BOK ORIGIN 30.0 30.0 30.0 3 101.0 51.0 422.0
BOX 4 161.0 111.0 482.0

....................................................... ................

hole 1 - FWR fuel element*

SQUARE 3 1 2 4 HTRANS 12.0 12.0 0.0
1.27 0 0 0.48 0.54
WRAP 17 17 10.795 10.795 10.795 10.795
-2 2 4 4 4

* hole 2 - provide axial partitions in fuel region

PLATE 2 1 2
0 0 1 2 398.0 2 2.0 1 2

........................................................................

* 1000 superhistories per stage
terminating when standard deviation ( 0.0015a

-1 100 1000 0 STDV 0.0015 ~1

starting source distributed within the column*

MULTIFIS5 STD
REGION 1 PART 3/
END

.

........................................................................

picture 1 - horizontal section array*

picture 2 - close-up of picture 1*

picture 3 - ver tic al section at top of array.

p i c t ms t e 4 . vertical section at base of asray.

* CODE 4
*/*.O
* VISAGE 1000
*O 111 200' 161 111 200 0 0 200
*30 56 200 56 56 200 30 30 200
*42 0 482. 42 til 482 42 0 420

,



. ,
_ -

.. .g - ~

(l
- - C -

_-

'

g_
'

.' .

42 1* to - 42 0 0- a42 0 40
. . ..J-

<
* END '

'

Page 5 of 24
-.............................. .........................................

- * An Inteeduction to the MONE Monte Carlo criticality code
. An Introduction to the MouK Monte Carlo criticality code
. . ............................._..-_.....__ .... ....._.

University of New Mesico . June 1992j .

f 'a ical III . An atrav of PWR fuel elements..Practa ............................____......_......

4 2 array of 3.0% enriched PWA fuel elemente located within-.

a baronated steintess' steel storage compartmente.
. The fuel elements comprise 17:17 array of pins on a 1.27cm
patch and are 4.0m long including 2cm end caps.-a

* The pins have en outer diameter of 0.96cm, which includes a
0.06cm aircelloy cladding.a

1 1 * The internal dimensions of the storage compartments are
a 24.0m24.0cm in cross.section and 4.2m in length. The compartment
wal1~thicknose is'1.0cm and there is a 2.0cm thick bene.a

........................................................................
.

I'

....................................................................

....................................................................

.. ..

** FISSION TRACKING CALCULAT10N STARTED AT 13.28 O on 24/ 3/93 .*
.. ..

....................................................................

....................................................................

i

k

THEnE ARE A MAXIMUM or -1994997 SINGLE LENGTH STORAGE LOCATIONS AVAILABLE FOP THE NUCLEAR DATA

1 NUCLEAR DATA
............

........................................................................................................................

LIST OF AVAILABLE DATA FILE MUMBERS
__ .._... _______.._...... _.._....

c_

161 .(' PU239) '9159 (- u235) 25E ( s!) 9160 ( U238)| 159 ( 'u235) 160 't. |U238 ) :

i 923A ( HINH2O) 935A ( AL27) 902e (. c) 908A (. FE) 251A ( n) 1382 (, CA)
<

~
907A ( MI) 82B ( ER) 26C.( PB) 908 ( n10) 835s ( CU)-446C ( CR)

9498 ( -OD) 60A ( .. PU241) 975A ( PU242) 495 (. Bill 70A ( CD) . 23E ( F19)
.141E ( CL). 9345 ( coS9) 182E ( uA23). 213e ( W)- 274A ( PU238) 190s ( TI)

': 8 4a .(' K) 105a ( cA) Sic ( MO). 88A ( MN) 878 ( U233)- 953A ( tr2 3 4 )

: 954A ( U236) 16 7 A - ( .. 17237)' 276s (- U2 39 ). 277s (- U240) 211 ( n) . 55A (OWEOWERW)
i. 933C.(. O) 9161' (. PU239) 402c ( PU240) 930A ( TH232) 960A-[ NP237)- 1009C ( AM241)

1010A { AM243) - 9768.( -CM244) 984A (' CM245) 71B ( CD113)'- 9218 ( EU151) 9228 (- EU1533

_

._ u C _ '*r'>e% em # v v' N -Tv W eW-WT'a.ew- fy4i's -W -4 *EWr w iWr- W v'' 'W 'v'-'r- * v7-' m 1- M y- ,.t 'ew-w.u
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DiMENS10mm ARE SPECIFIED IN Page 7 of 24
+ CENTIMETRES

...........

........................................................................
a part 1 - single fuel element plua half-thickness compartment

(fuels water et ends compartment)*

1 DICE ME. VI(SYS) ABSYND VERSION 3,

.......-............_ .-_....-......

NUCLEAR DATA IS PROVIDED FOR 4 MATERIAL (S).

THESE ARE 8 2 20 CROSS.SECTION ENEROY ORoUPS FROM 1.50000Ee01 MEV TO 0.00000E*00 MEV

POINT DATA ADJUSTMENT CROSS SECTIONS FOR DFN 9159...

POINT DATA ADJUSTMENT CROSS SECTIONS FOR OFM 923...

POINT DATA ADJUSTMENT ... CROSS S ECT I ONS FOR DFN 908
POINT DATA ADJUSTMENT CROSS SEC^tIONS FOR DFN 9160...

POINT DATA ADJUSTMENT ... NU VALUEf FOR DFN 9159

THE NUCLEAR DATA OCCUPIES 741245 LOCATIONS AND TOOE 37.3 SECS OF CPU TO PROCESS
.... _.........-_ ..__ ..... .._.-... .-.........................-................

SUMMARY OF MATERIAL DATA
........................

MATERIAL _

.--...-- ..

DENSITT 1.06500E*01 GRMS/CC NUMBER OF NtiCLIDES 3 TEMPERATURE 293.0 DEGREES RELVIN

NUCLIDE NO. HAME ATOMIC NO. ATOMIC WT PROP BY NUCLIDE DFN TAPE REF NO.
........--. . . . . -- .....-- ...--.... ......----..... -.- ---..-...---

'

1 U235 92 235.04 1.0133E-02 9159 4

2 U238 92 238.05 3.2320E-01 9160A 83

1 0 8 16.00 6.6667E.01 933C 43

MATERIAL 2
-........--

DENSITY 6.50000E*00 ORMS/CC MUMnEn Or NUCLIDES 1 TEMPERATURE 293.0 DEGREES RELVIN

NUCLIDE NO. NAME ATOMIC NO. ATOMIC WT PROP BY NUCLIDE DFN TAPE REF NO.



O % "N1

IQ' w]' )
sJ

--......... --.. .--------. ......... --........ ...- ... ... ...-....

1 ER .0 91.22 1.0000E+00 a 15 Page 8 of 24

MATERIAL 3
---....-...

DENSITY 7.55114E+00 ORMS/CC NUMBER OF NUCLIDES 5 TEMPERATURE 293.0 DEGREES KELVIN

NUC LI DE NO. NAME ATOMIC NO. ATOMIC WT PROP BY NUCLIDE DFN TAPE REF NO.
--......... ---. --~~~..... -----.--- --..-..----..-. -.- --.... --...

I FE 26 55.85 6.9088E-On 908A 10

2 CR 24 52.00 1.8707E-01 446C 13

3 Nr 28 58.70 9.2059E-02 907A 14

4 BIO 5 10.01 5.9317E-03 90s 17

5 ell 5 11.01 2.4056E-02 49a 22

MATERIAL 4

---... ....

DENSITY 9.98000E-01 GRMS/CC NUMBER O F' MUCLIDES 2 TEMPERATURE 293.0 DEGREES KELVIN

NUCLIDE NO. NAME ATOMIC NO. ATOMIC WT PROP BY NUCLIDE DFN TAPE REF NO.
.....-----. ---- --........ ... - --- ... .--------.. ... -- .....---

I O 8 16.00 3.3333E-01 933C 43

2 NINH2O 1 1.01 6.6667E.01 923A 7

+++++++++++

THERE ARE THE EQUIVALENT OF 623809 DOUBLE LENGi s' STORAGE f,0 CATIONS LEFT FOR THE REST OF THE DATA

part 2 . assemble es2 array of elements in compartments.

part 3 - add remaining half-thickness of compartment and water=

........................................................................
* hole 1 - PwR fuel element

1 SUMMARY OF GEOMETRY DATA

_ _ _ _ _
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4 Page 9 of 24
LEGEND FOR PART PRINT
________--_----._____

............................................ ........e ............ e ....e ....... e ..

PARAM2SHAPg . PARAM1 * * PARAM) * PARAM4 * PARAM5 **

.e....eer*r+....a... ....e.e....e=eeea.......ee .. ........ee.e...........a.e.ee.eaeeee.
* SPHERE * RADIUS * * * * *

* ROD OR CfLINDER * RADIUS * HEIGHT . e e .

* TORUS * RADIUS 1 * RADIUS 2 * * * *

* BOX OR CUBOID a LENGTH * SkEADTH * DEPTH = * *

* TRUNCATED COME * B-RADIUS * T-RADIUS * HEIGHT * * .

* TRAPEEOIDAL PRISM * T-BASE * I-ANGLE 2T-HEIGHT * P. HEIGHT * I-ANGLE! * *

. e...... ee.e.......... .....eee.ee....en.e.... ....===aese ...e..e.ee ...... .. ..enee

PART 1 ( 3 BODY MEST)
----....

RODY REG SHAPE MATERIAL ............ 8HAPE PARAMETERS., ......... VOLUME OR .... LOCATION OF DRIGIN..... BODY IS
NO. NO. NAME CONTENT PARAM1 PARAM2 PARAM) PARAM4 PARAM5 CLtIMP&DOMNO x.COORD Y-COORD E-COORD ROTATED

l 1 BOI BNOLE 1 24.0000 24.0000 400.0000 0.5000 0.5000 2.0000 NO
+ 2.30400E+05

2 2 box 4 24.0000 24.0000 420.0000 0.5000 0.5000 2.0000 NO
+ 1.15200E+04

3 i BOX 3 25.0000 25.0000 422.0000 0.0000 0.0000 0.0000 NO
+ 2.18300E404

NO ROTATIONS
--.....---..

PART 2 ( 4 BY 2 BY I ARRAYI
...___..

X .......................... ......................................................................

Y E 1 2 3 4 5 6- 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 1 1 1 1 1

2 1 1 1- 1 1

L_ - _ - . _ ._. . - . .- _ _ . -- . _ - - _-
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THE ACTION COUNTS WILL BE ACCUMULATED IN THE FOLLOWING 3 PARTITIONS

PARTITION NUMBER GROUP MUMBERS ENERGY RANGE (MEW)

1 1 TO 2 ABOVE 1.00E-01
2 3 TO $ 4.00E-U7 TO I.00E-08
3 9 TO 9 BELow 4.00E-07

THE CASE CATEGORISATION WILL BE BASED ON THE ABOVE PARTITIONS

INDIVIDUAL STAGE ESTIMATORS WILL BE SCORED

A TABLE SHOWING K VARYING AS A FUNCTION OF THE NUMBER OF SETTLING STAGES WILL BE FRODUCED

NEUTRON FLUXES WILL BE SCORED IN THE ACTION COUNT PARTITIONS SHOWN ABOVE

THE BOUNDARY CROSSINGS.RCTION COUNTS, NEUTRON FLUIES ETC. WILL BE NORMALISED TO 10,000 SOURCE NEUTRONS
ICONTROL DATA
............

'SUPERMISTORY TYPE TRACKING WILL BE PERFORMED WITH NEUTRONS TRACKED FOR A MAXIMUM OF 10 GENERATIONS PER STAGE ( NUFACT 1.00 )=

THE STARTING RANDOM NUMBER IS 48511638
0FIRST STAGE IS .-I LAST STAGE IS 100
+ NUMBER OF NEUTRONS /STAUE IS ***

MO STATISTICS WILL BE COUNTED UNTIL STAGE 1

THIS RUN WILL STOP IF THE STANDARD DEVIATION ON K(THREE) FALLS BELOW 0.0015 FOR THREE CONSECUTIVE STAGES
OSOURCE USED TO START FIRST STAGE ONLY
0

ISouprE DATA

...........

starting source distributed within the column*

' MULTIPLE FISSILE * SOURCE.
--.---........---.........

STANDARD OPTIONS REQUESTED WITH NEUTRONS STARTING IN THE FISSILE NATERIAL CONTAINED IN THE FOLLOWING REGIONSs.

5
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O J N
Ts E S ou R*" IS A FISSION SOURCE O

THE EQUIVALENT OF 6739 DOUBLE LENGTM STORhos LOCATIONS ARE OCCUPIED BY THE NON-NUCLEAR DATA
1

... ... ........ ... .. .. ..

.... .... .......... .... .. .. ..

.. .... .. .. .. .. .. .. .. ...

.. .. .. .. .. .. .. .. .......

.. .. .. .. .. .. .. .......

.. m. .. .. .. .... .. ..

.. .. .......... .. ... .. ..

.. .. ........ .. .. .. ..

........ .. .. .......... ......... .. .. ..........
.......... .. .. .......... .......... .. .. ..........

.. .. .. .. .. .. .. .. .. ..

.. .. .. .. .. .......... .. .. ..

.. .. .. .. .. ......... .. .. ..

.. .. .. .. .. .. .. .. .. >

.......... .......... .. .. .......... ..

........ ........ .. .. ........ ..

I SUMMARY OF COI.t. I S I ON COUNTS FOR SETTLING STAGES
......................................_ .......

STAGE SAMFLE SCAT CAP FISS CHILD SCORE ESC N2N N3M
1 7002 294317 4421 2578 6351 6341 10 7 0
0 12183 507497 7508 4678 11506 11275 13 16 0

tt:as:aaas:::::::: INDIVIDUAL STAGE COUNTS ssa::: : 2 ass aa> ca:ss a : aas I ::: 2 as CUMULATIVE COUNTS sss ea aaasaaasaaa ae23a>
MTAGE SANFLE SCAT CAP FISS CHILD SCORE ESC N2N N3N SAMPLE SCATTER CAPTUNE FISSION CHILDREN SCORE TOTESC TOTN2N TOTN3N

0.9259 (0.0095)STAGE NO . ~ = 1 M. EFFECTIVE -

! 9150 371657 5722 3438 8465 8497 6 16 0 9150 371657 5722 3438 8465 8497 6 16 0

0.9317 (0.0065)2 K. EFFECTIVE37 AGE NO. = =

2 12102 48S856-7399 4710 11601 11135 12 19 0 21252 860513 33121 8148 20067 19632 18 35 0
3 K. EFFECTIVE = 0.9352 (0.0054)STAGE NO. =

3 9873 386835 6102 3773 9271 9268 8 to 0 38125 1247348 19223 11921 29338 28900 26 45 0
ETAGE NO. =- 4 R-EFFECTIVE = 0.9366 (0.0047)

4 9162 360450 5672 3497 4589 8592 8 IS O 40287 1607798 24895 15418 37927 37492 34 60 0

STAGE NO. = 5 E-EFrECTIVE = 0.9391 (0.00413
5 In084 398104 6230 3861 9502 9751 8 15 0 50371 2005902 31125 19279 47429 47244 42 75 0

6- R. EFFECTIVE = 0.9386 (0.00383STAGE NO. =-

6 10041 199055 6178 3874 9528 9228 8 19 0 60412 2404957 37303 23153 56958 56472 50 94 0
7 K-EFFECTIVE = 0.9388 (0.0035)STAGE NO. =

7 9539 375068 5968 3579 8790 8967 7 15 0 - 69951 2780025 43271 26732 65748 65439 57 109 0

0.9378 (0.0033)8 E-EFFECTIVESTAGE NO. = =

8 8911 359313 5606 3310 8141 8403 9 14 0 78862 3139338 48877 30042 73891 73841 66 123 0

. _ _ _ - - _ - _ . _ _



g -
-

d V V.
'9 K-EFFECTIVE = 0.9381 (0.0031) r%ge 13 of 24STAnt 80. =

9 51517 459021 7037 4484 11026 10708 17 0 90379 3598365 55914 3' M R4918 84549 79 140 0;0.00!E,13STAGE N- - 10 K-ErFECTsvE 0.9375=

to . 0 10 421224 6484 4036 9945 9549 to 20 0 1008a9 4019589 62398 38562 ,4863 94098 89 160 0
31 K-EFFECTIVE 0.9370 (0.0028)STAuE No. = =

31 9e54 380932 6004 3654 8992 8858 7 11 0 110543 4400521 68402 42216 103855 102956 96 171 0
12 K-EFFECTIVE = 0.9364 (0.0027)STAGE NO. =

32 9278 371773 5783 3497 8603 8662 8 to 0 119821 4772294 74185 45713 112458 111618 104 181 0
STAGE NO. = 13 K-EFFECTIVE = 0.9358 (0.0026)

13 10102 409125 6283 3830 9428 9368 6 17 0 129923 5181419 80468 49543 121886 120986 110 198 0
I4 K-EFFECTIVE = 0.9355 (0.0025)STh0E NO. =

14 10699 440246 6591 4117 10115 10015 10 19 0 140622 5621665 87059 53660 132001 131000 120 217 0
STAGE NO. = 15 K EFFECTIVE = 0.9354 (0.0024)

15 9649 181770 6001 1650 8973 9012 12 15 0 150270 6003435 93060 57310 140974 14001) 132 232 0
16 E-EFFECTIVE = 0.9351 (0.0023)STAGE NO. =

36 10453 428788 6492 3969 9759 9748 11 19 0 160723 6432223 99552 61279 150733 149760 143 251 0
STAGE NO. = 17 K-EFFECTIVE = 0.9351 (0.0023)

17 9948 395334 6151 1804 9357 9360 11 38 0 17067' 6827557 105703 65083 160090 159121. 154 269 0
STAGE NO. = 18 K-EFFECTIVE = 0.9350 (0.0022)

18 10066 398330 6270 1810 9362 9369 8 22 0 180737 7225887 111973 68893 169452 168490 162 291 0
19 K EFFECTIVE 0.9356 (0.0021)STAGE NO. = =

19 10000 393934 6168 3844 9456 9468 10 22 0 190737 7619821 118141 72737 178908 177958 172 313 0
20 K-EFFECTIVE 0.9360 (C.00213STAGE NO. - =

20 10138 407229 6266 3874 9522 9506 14 16 0 200875 8027050 124407 76611 188430 187464 186 329 0
21 K-EFFECTIVE 0.9359 (0.0020)STAGE NO. =' =

21 8723 343175 5486 3248 7980 8233 5 16 0 209598 8370225 129893 79859 196409 195696 191 345 0
22 K-EFFECTIVE = 0.9355 (0.0020)STAGE NO. -

22 9565 381725 5960 3609 8873 8885 15 19 0 219163 8751950 135853 83468 205283 204582 206 364 0
STAGE NO. = 2) K-EFFECTIVE - 0.9364 (0.0019)

23 10960 430600 6759 4210 10366 10336 7 14 I 230123 9182550 142612 87678 215648 214918 213 378 1

24 K-EFFECTIVE = 0.9361 (0.0019)STAGE NO. =

24 9420 179944 5883 3532 8686 8711 14 9 0 239543 9562494 148495 91210 224334 223629 227 387 1

25 K-EFFECTIVE - 0.9361 (0.0019)STAGE NO. -
25 9361 371436 5852 3520 8660 8719 4 15 0 248904 9913930 154347 94730 232994 232347 231 402 1

26 K-EFFECTIVE 0.9367 (0.0018)STAGE NO. = -

26 10500 422617 6455 4060 9982 10035 5 20 0 25940410356547 160802 98790 242976 242382 236 422 1

STAGE NO. = 27 K-EFFECTIVE 0.9370 (0.0018)=

27 10626 415383 6568 4064 10001 9854 13 17 1 27003010771930 167370 a02854 252977 252236 249 439 2
28 E-EFFECTIVE - 0.9377 (0.0018)STAGE NO. =

28 10621 422445 6523 4108 10094 10073 6 16 0 28065111194375 173893 106962 263071 262309 255 455 2
0.9377 (0.0017)STAGE NO. - 29 K-EFFECTIVE =

29 11178 452889 6831 4353 10683 10576 9 15 0 29182911646564 180724 111315 273754 272885 264 470 2
30 K-EFFECTIVE = 0.9373 (0.0017)STAGE NO. =

30 9180 179467 5745 3430 8438 8488 13 8 0 30100912026031 186469 114745 282192 281373 277 478 2
STAGE NO. - 31 K-EFFECTIVE = 0.9369 (0.0017)

31 9110 364090 5732 3382 8324 8520 8 12 0 31011912390121 192201 118127 290516 289893 285 490 2
32 K-EFFECTIVE = 0.9367 (0.0016)STAGE NO. =

12 10090 406259 6246 3848 9474 9382 12 16 0 32020912796?80 198447 121975 299989 299275 297 506 2
STAGE NO. = 33 K-EFFECTIVE = 0.9366 (0.0016)

33 9175 361977 5760 3421' 5419 8622 5 11 0 32938413158357 204207 125396 308408 307897 302 517 2

34 K-EFFECTIVE = 0.9367 (0.0016)STAGE NO. =

34 -10790 434458 6652 4147 10199 10170 7 16 0 34017413592815 210859 129543 318607 318067 309 533 2
35 K EFFECTIVE - 0.9367 (0.0016)STAGE NO. =

35 9797 398174 6066 3739 9192 9149 7 13 1 34997183990989 216925 133282 327799 327217 316 546 3

STAGE NO. =. 36 K-EFFECTIVE - 0.9367-(0.0015)
36 10104 412544 6210 3899 9576 9451 11 16 0 360075144C3533 223135 137181 337375 336668 327 562 3

0.9368 (0.0015)37 K-EFFECTIVE =STAGE NO. =

37 9913 387125 6153 3766 9273 9182 13 19 0 36998814790658 229288 140947 346649 345851 340 581 3

0.9371 (0.0015)38 'E. EFFECTIVESTAGE NO. ==

38 9601 377738 5928 3683 9055 9035 9 19 0 37958915168396 235216 144630 355703 354886 349 600 3

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ . _ _ _ _ _ _ _ _ _
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' V \

h HREF*AFTEM se STAHES THE STANDARD DEVIATION ON HAS FALLEN BELOW THE REQUESTED V A LS OF n.0015 FOR THREE CONSECUTIVE STAGES
THIS WM MIEVED IM 460.24 MINUTES '

A DUNP FILE FOR USE IN A RESTART RUN WILL BE WRITTEN TO THE DATA SET ALLOCATED TO UNIT 7

Tlf t FINAL MANDOM NUMBER IS 1981236573
13esaf RC E DISTRIBUTION AS SAMPLED BY RE0!ON
........................................

' REGION FIXED SOURC8 ST.DEV.
._____ ___ _______. .__..__

1 1000 32
2 0 0
1 0 0
4 1000 12
5 1000 12
6 0 0
7 0 0

TOTAL WT. OF NEUTROMS STARTED FROM FIXED SOURCE 1000 TOTat SOURCE WT. 409729= -

N.B. FIRED SOURCE NEAMS THE IMFOSED SOURCE FOR A FIESOURCE RUN
AND THE USEk SUFFLIED STARTING SOURCE FOR A FISSION TRACKING BUN.

THE FOLLOWING TABLES ARE BY DEFAULT NORMALISED TO 10,000 SOURCE NEUTBONS.
FOR A FIXSOURCE RUN THESE SOURCE NEUTRONS ARE NEUTRONS STARTED FPOM THE FIXED SOURCE,
AND FOR A FISSION TRACKING RUN IT IS THE TOTAL WT. OF NEUTRONS THACRED IN THE SCORING STAGES.
350UNDART CROSSINGS FOR STAGES 1 TO 41 MORMALISED TO 10,000 SOffBCE NEUTRONS
...........................................................................

PART 1 ' REGION (ABS) IN ST.DEV. OUT ST.DEV. OUT/IN
1 ( 1) 7910 23 10873 24 1.3746

+ { NEST)
2 ( 23 7907 23 10865 24 1.3745
3 8 3) 8316 26 9525 25 1.1453

PART 2 REGION (ABS)- IN ST.OEV. OUT ST.DEV. OUT/IN
1 ( 4) 782 6 1991 11 2.5455

+ (ARRAY)

FART 3 REGION (ABS) IN ST.DEV. OlfT ST.DEV. OUT/IN
1 ( 53 782 6 1991 11 2.5455

+ (NEST)
2 ( 63 984 7 1791 10 1.8203
3 ( 7) 0 0 9 0 0.0000

DISTRIBUTION OF NEUTRONS REACNING THE OUTER BOUNDARY OF THE SYSTEM
______________...__.____.__________________.____ .......______.__
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....... ..................................... . ... ......-------- Page 22 of 24 -

W.5. FOR e c..e t O N 3 WHICN OVERT.AP THE FLUE PRINTED B E Luos IS THE tnt AI. FLUK AND NOT THE FLUE PER U.aT VOLUME.
REGIONS CONTAINING SUBSIDIARY PARTS OR WITN ZERO FLUXES ARE NOT PRIETEO.

RE0lON REGION REGION REGION REGION
. GROUP ENERGY RANGE I 2 3 6 7

1 100.Un0 KEV - 15,000NEW 6.479E-01 2.196E-03 3.707E-01 1.795E-02 1.363E-03
........ST.0Ev......... 8.050E-G4 4.068E-04 1.447E-03 1.474E-04 1.063E-05

'l 0.400 EV 300.000 KEY 5.585E-01 2.947E-03 3.755E-01 1.797E-02 1.646E-03
..ST.DEV......... 6.627E-04 4.381E-04 1.409E-03 1.525E-04 9.758E-06.....

3 0.n00 EV - 0.400 EV 1.493E-01 1.102E-02 4.495E-02 3.691E-03 6.380E-03
....... 87.DEY......... 3.706E-04 1.962E-03 2.622E-04 3.928E-05 4.885E-05

**** TOTALS **** 1.356E*00 1.616E-02 7.911E-01 1.961E-02 9.388E-03
.... eee.
**** ST.DEV **** 1.261E-03 2.664E-03 2.360E-03 2.643E-04 6.279E-05

15EUTRON PARAMETERS FOR STAGES 1 TO 41 NORMALISED TO 10.000 SOURCE NEUTRONS
...........................................................................

NATERIA1. 1

--...--..-.

HOLE 1

HOLE 2

ELASTIC CAPTURE FISSION (M.N*) (N.2N) (N,3NI TOTAL

TOTAL NO. OF EVENTS 43901 2826 1811 2756 15 0 53309

NEAN ENERGY OF MEllTRONS
CAUSING EVENTS (MEV1 4.36474E-01 6.80858E-02 2.51368E-01 1.70771E*00 8.24131E*00 1.33975E*01 4.71688E-01

NATERIAL 2
...---....-

No t.E i
NOLE 2

ELASTIC CAPTURE FISSION (N,N*) (N,2N) (N,3N) TOTAL

TOTAL NO. OF EVENTS 9504 45 0 245 0 0 9794

NEAN ENERST OF NEUTRONS-
CAUSING EVENTS (MEV) 4.33737E-01 1.75978E-01 0.00000E*00 3.39578E*00 1.19093E+01. 0.00000E+00 5.06887E-01

, _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
_ ~. . - ,-. . . ,, , . . -
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.. . . ...e .. ... . e e .. e e ..... .........e.e e. .... .e e e...... . e e. e e e . .... .e e e e e e.e e s... .. e e e e ee e e . e e e e. e e..e e e e . e .... ..o o e. e
..e

...
*** Data LIaRART vERIrICaTIoM ImrommaTIoM ee.

, ...
t ee.

....... ................e. ......................ee..e.ee.......................ee......e..........eeeeee...........
***

DEFAULT DIRECTORT s USER 1:(ARRITER) ***
,

. . .. .. e e e e e e .. .e e e ee e. e e e e e e e .e e. ... .e. .. e e e e e e.. .. .. .. .. .. .. .. .. .. e e. ...e e e e e e e .... .... .e e e e e e. .. . . .. ...... .. .. .. .'
ese

e.e*** UNIT ese
( *** WOMBER DhT1 SET RAME UNIT FUNCTICRI ***

***
ee.

***
ese

*** XSC 14 (t!WDEFINED) WIXED CROSS SECTICES ***
***

..e
*** ALB 79 USER 1!! scale.LIBE]&! DEDO. BIN INP!PF AIBEDCS ***
**.

...
*** WTS 80 DSER1: [Sck13.LIBE]WEICWT. BIN IMPUT WEIGRTS ***
.**

eee
*** SET 16 USER 1:[ARIIVER)31516 WRITE PCRATCM DATA ***
***

ee.
*** BIN 93 (UNDEFINED) BINART INPUT DATA ***
**.

...
*** DST DS (UNDEFIBED) READ RESTART DATA ***
..e

.ee
*** LIB 4 USER 1:(AESITER]ERE04 INPCT AIGPI WORKING LIBRART ***
ese

...
*** 8 (UWDEFINED) INPUT DATA DIRECT ACCESS ***
**.

ee.
*** 9 USER 1:[AERITER}S1309 SUPER GROUPED DIRECT ACCTSS ***
eee

ese
*** 10 (UNDEFINED) ISEC MIIING DIRECT ACCESS ***
4ee

...
.. ..e e ee ee.eee.e eeeeee e.eee eeee ee.eee..ee eee....ese......e e......ee e. e ee e e ee..e e e e ee ee e e...e e. ee.........e ee ee e....

. O IO'S WERE USED PREPARING INPUT DATE

TRIS XSDEN IIDERING TkPR EDLS rutaTED 93H)4-19 AT 17.00.0S
TWE TITLE OF THE PARENT CASE IS AS F01MutS
27 NEUTROW GROUP LIBRART

BASED ON ENDF/B YERSION 4 DETE
CUMPILED FOR NRC

_ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ . . _ . _ _ _ . . _ _ _ . _ _ _ _ _ __ _ . . _ _ _ _ ._ m ,.
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Thu May 13 09:28:1 1993 E^5e 9 ,f6+
. ..... e e. . . .. .e e . es.... .. .. ...e ee ee e e .e.e.. . . .. .e . ..... . . .e ee . e e. e... .. e e e e e e e ee e e . e e e e .. ...e
see

see
*** PWeason? EERO CASE CCBEPARISON WITH tt0NE 55 ***
eee

...

.............e**eeeeeeeeeeeeeeee..............................................eeeeeeeeeeeeeeee
eseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee.......eeeeeeeeeeeeeeeeee** ..
...

..e
*** ****** SPACE AND SUPERCROUP INFOR98RTION ****** ***
es.

...
*** 1000000 WORDS IF TSE TOTEL SPACE kVAIIABLE. ***
ese

ese
*** 12969 WORDS WES2 USED FOR WGE-SUPERGROUP STORAGE. **e
ese

***
*** 907031 WORDS OF STORAGE ARE AVAILRELE FOR SUPERCDOUPED DATA. ***
oe.

ese
***

999834 WORDS OF STORAGE ARS AVAILABLE FOR CONSTRUCTING THE BUPERCROUPS. ***
++e

***
*** 986971 WORDS OF STORAGE ERE ATRIIABLE TO EACE SUPERCROUP. ***
eee

...
*** S16 WORDS ARE WEEDED FOR TWE IARGEST GROUP. ***
++e

...
*** 13701 WORDS OF STOEACE IS SUFFICIETT TO RUN THIS PaceLEM. ***
***

*e.
***

19709 WORDS CF STORACE WILL at rat TRE PROBLEM TO RUN WITE ONE SUPERGROUP. ***
ese

...
*** 19000 WORDS OF STORAGE WILL BE USED TO RUN THIS PROBLEN. ***
ee.

...
. .. . . ..e e e e e e ee e e . . ... .... . e e e ee e e e e ee e e ee e e e e se e e e e e e e e e e e e e e e e.. .. . . . . . .. .. .. .. .. .. .. .. . . ..
eeeeeeeeeeeeeeeeeeeeeee.. eeeeeeeeeeeeeeeeeeeeeeeeeeeee ***eseeseeeeeeeeeeeeeeeeee** e eee.**e
ese

ee.
*** STARTING ENDING ESEC ALBEDO TOTAL ***
*** SUPERGROUP GROUP GROUP LENGTE LENGTN IANCTR ***
***

ee.
***

ee.
*** 1 1 27 1069 O 9650 ***
**e

...
e ee eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee eeeeee s....eoo eeeeeeeeeeee see. ............eeeee.

. . O IO*3 WERE USED IW SUPERGROUPIWG ,

e.. eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeen
en ee
** ARRAY UNITS IW UNITS IW IFWITS ZW WESTING **
** NTRIBER E DIR. Y DIR. 5 DIR. LEVEL' **
ee se
** 1 17 17 1 3 **
es ee
** 2 GLORAL 4 2 '1 1 **
en ee

e n e seeee ee eeeeee eeeeee e eee e eeeee ee ee e e *e.. .. .e e e e e ee ee e e e e e.

O 10'S WERE USED I4ADING THE DATA .

. . . - . , _ . . . - , - ..
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SECTION E

NUCLEAR DATA LIBRARY

Summary

A summary is presented of the history, development and contents of the MONK 6B nuclear
data library.
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- 1 SUMMARY AND BACKGROUND
-( )
V The standard isotopic library available with MONK is based on the . United Kingdom Nuclear

Data Library (UKNDL) compilation. The history of UK Nuclear Data evaluation is long and
diverse; for the purpose of this report the de.scription starts around the mid 1960s. This era
corresponds to the early years of the UK reactor development programme.

The first UKNDL nuclear data library was issued in 1964 [1]. At that time UKNDL probably
contained the best consistent nuclear data available in the world. During 1964-73 many
evaluations and revisions were carried out which were included in NDL Tapes [2]. In 1973
Pope [3] published a document summarising the contents of the NDL-1 tape which quotes
the energy range of the cross section tabulations together with a list of tabulated reactions.
This document referred to the sources of the origins of the data used in NDL-1.

In the period from 1973 to 1979 a number of inconsistencies, mostly minor, were identified
in several of the files and a number of new evaluations (some for materials already in the
1973 edition) became available. During 1979 the Nuclear Data Group at UK.AEA Winfrith
began to revise and recompile the 1973 edition of the UKNDL and this was completed in
early 1980. This revised library contained NDL-1, NDL-2 and NDL-3 files (tapes) and a tape
mainly for dosimetry files.

In early 1980's the method development groups at UKAEA Harwell and Winfrith began a
program of work making extensive use of 1980 edition of NDL files for the production of
Monte Carlo cross-section data using the processing code MOULD. During the course of this
work further improvements were made to some of the files and a new version of the UKNDL
tapes was issued in 1981 [4].

Table 1 gives a summary of the historical evolution of the UKNDL library. More information
can be obtained from references [1] to [4]. A recent review of the UKNDL data evaluation is

.i' given in reference [5]. For the purpose of criticality calculatiens a UKNDL library was
created containing 77 nuclides including fissile isotopes and other imponant nuclides. Table
2 presents the reference sources used during the compilations for some of the important
isotopes._ A full list of the nuclides available in the UKNDL library with MONK 6 is given in
Table 3.

Results from benchmarking the MONK library based on th: UKNDL led to adjustments to
the nuclear data for U235, U238. Pu239, Pu240, Gd and Fe. These adjustments reduced the
error on k-effective from 3.5% to 2%. All adjustments were made, to produce a
systematically high k value; an important safety issue for a criticality code.

Since 1981 UKNDL libraries have been used as one source of evaluations for incorporation
into the Joint Evaluated File (JEF). The JEF library is in ENDF6 format. It is a joint Japanese
European library. The first version JEF1 was a collection of the best evaluations available in
collaborating countries together with published ENDF files. A benchmarking exercise
highlighted where further evaluation effort was needed and resulted in th: JEF2.2 evaluation
[6]; released internationally in 1993. JEF2.2 evaluations are considered to be of equal quality
to those in ENDF/B-VI and both libraries are undergoing extensive benchmarking.

Currently, MONK libraries are based on adjusted UKNDL data. However MONK is being
used with new JEF based test libraries for benchmarking the JEF2.2. This exercise should
also result in a revised MONK library for users.

A
V
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2 TIIE CONTENTS OF UKNDL NUCLEAR DATA FILES
/3
b NDL-1 : The 1981 edition of NDL-1 contains neutron cross section data for 82 materials.

About 21 files in the library were either completely new evaluations or MISSIONARY
conversions of American ENDF files (mainly ENDF III).

NDL-2 : The NDL-2 tape contains neutron cross section data for 192 fission product nuclides
compiled by an Australian group at Lucas Heights [7]. All 192 files have common energy
range 1.0263 meV to 15 MeV and they contain data only for capture, elastic. inelastic and
transpon cross sections

NDL-3 : The 1981 edition of NDL-3 tape contains 63 files of neutron cross section data. The
original notion of maintaining NDL3 as a library of files for activation detectors is widened
to include other small files; nevertheless most of the files in NDL-3 are for activation
detectors.

3 PROCESSING CODES

During the evaluation period of UKNDL data (1964-81) various processing codes were
written to prepare data for application codes. Those relevant to MONK are listed below.

CIIECK [8]

This code was written to check the internal structure of the data files as well as the cross-
sections making sure that all components of the reactions added to the total cross section at ,

every energy point.

GALAXY [9]

i GALAXY was used as the main processing tool. It generated group average cross sections
and scatter matrices at the temperature of the UKNDL evaluation. It was used for all nuclides
in the library.

GENEX /SDR and RESP [10]
!

The program GENEX is used to calculate Doppler broadened cross sections from ,sonance
parameters. The resolved and unresolved resonance calculations were made with this code.
The resonance data for most important heavy nuclides, (U-238, U-235, PU-239 etc.) were
generated using GENEX. The RESP code was developed to generate statistical resonance
parameters which were used in GENEX calculations.

ERIC2 [113

The programme was used to process resonance data for some important resonance absorbers.

MINIGAL [12]

Calculates thermal cross. sections, resonance integrals and fission spectrum averaged values
from UKNDL. These can be compared with other evaluations.

MISSIONERY [13]

The UKNDL data contains nuclides obtained form American ENDF evaluations. These
nuclear data for these nuclides were converted to UKNDL format using the MISSIONERY
code.
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fq. DICE [14]- MOULD

DICE converts the nuclear data in the UKNDL library into a form which can be used in
MONK. It is employed in MONK for accessing the nuclear data for a particular calculation.
The main part of the DICE package is the MOULD module. MOULD accepts neutron cross
section data in the UKNDL library format and converts them to the MONK library format.
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Table 1 The IIistorical Development of the UK Nteclear Data Library

'

Year UK Evahiated Format Other Major Processing Remarks
'

Data Data Choice ,

1964 UKNDL UKNDL None GALAXY, The UKNDL probably contained the best '

GENEX /SDR ~ consistent nuclear data available at this time

1975 UKNDL UKNDL ENDFB ill GALAXY Data of equal quality

'

GENEX /SDR.ERIC2 UKNDL has better QA than ENDFB 111

1981 UKNDL UKNDL ENDFB IV GALAXY Fewer new evaluation in UKNDL (Am and Ilf

isotopes) than ENDFB IV. ENDFB IV QA improved

- - _.
__ -
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fm Table 2 The UKNDL Evaluations of Some Important Nuclides
b

Mat) Energy Range,eV Reference (Source) Lab, Comments, Data Type Eval.

DFN Min Max (+) Date

U-233 1.0E-N 1.5E+07 Ainger (1969), WIN Total, Elastic, Inelastic, 1969

87B NDFWP/P97, unpublished RLY N,2N, N,3N, N, Fission, 1970

fla:t(1969),AHSB(S)R-124 WIN N, Gamma. 1973

fission cross section

U-234 1.0E-05 1.5E+07 Drake & Nichols (1970) GGA ENDFB/2 Mai1043 Converted to 1972

953A GA-8135 UKNDL format. Total,Elasitic, 1973

ENDF/D2, M AT-1043 Inelasde, N,2N, N,3N,

Douglas (1972) NDFWP(72) ALD N Fission, N, Gamma.

P21, unpublished

U-235 1.0E-04 1.5E+07 Douglas (1972) AWRE Nuclear ALD Revised to DFN-271 above 25 kev 1972

159 B Research Note NRN-402 using older file DFN66A at lower

9159 Sowerby et al(1972) AERE- HAR energies. Nu-bar revised over whole

(*) M2497 energy range. Further revised to DFN

Mather et al(1972) AWRE-O ALD 159 for N,2N cross-sections. Total

72n2 Elastic, Nonelastic, Inelastic,N,2N,

Pendleburv (1972) unpublished ALD N.3N. N. Fission. N. Gamma.

U-236 1.0E-05 1.5E+07 Drake and Nichols (1970) GGA ENDF/B2 MAT-IN6 converted to 1972

954A GA-8135 UKNDL format.
ENDF/D2 MAT-lG46 Total, Elastic Inelastic, N,2N N,3N,

Douglas (1972) NDFWP(72) ALD N, Fission, N, Gamma.

O P21 unpublished

U-238 1.0E-04 1.5E+07 Douglas (1972) AWRE ALD Revised to DFN-272 above 1972

160 A Nuclear Research Note 25 kev, using at lower energies

9160A NRN-402 the French File DFN-401.

(*) Sowerby et al(1972) AERE- HAR Further revised as DFN-160 for

N2497 N,2N cross sections.

Mather & Bampten (1971) ALD Total, Elastic, Nonelastic,

AWRE O-44/71 Inelastic, N Fission, N, Gamma.

Pendlebury (1972) Unpublished ALD

U-239 1.0E+03 1.5E+07 Pendlebury (1972) Unpublished ALD Total. Elastic, Inelastic, 1972

276 B N,2N . N,3N , N. Fission, N. Gamma.

U-240 1.0E+03 1.5E+07 Pendlebury (1972) Unpublished ALD Total Elastic, Inelastic, 1972

277 B N,2N , N,3N , N. Fission, N. Gamma.

Pu 238 1.0E-04 1.5E+07 Pendlebury (1972) Unpublished ALD Total. Elastic, Inelastic, 1972

274 A N,2N , N,3N , N. Fission, N. Gamma.

Pu 239 1.0E-04 1.5E+07 Douglas (1972) AWRE Nuclear ALD Revised to DFN-269 above 25 kev 1972
I161 A Research Note NRN-4/72 using older file DFN-65A at lower

9161 Sowerby et al(1972) HAR energies. Nu-bar revised over whole

(*) AERE-M2497 energy range. Further revised to |
'

Mather et al(1970) ALD DFN-161 for N,2N cross sections

AWRE O-86/70 Total Elastic, Inelastic, !

Pendlebury unpublished ALD N,2N , N,3N , N. Fission, N. Gamma. <

Pu 240 2.5E.10 1.5E+07 L'Ileriteau and Ribon (1970) SAC Total. Elastic, Inelastic, 1970 I
402 C CEA.N-1273 N,2N . N,3N . N. Fission N. Gamma. 1980

-

1



_

Page 8 of 9

Table 2 Continued-
_

Mat) Energy Range,eV deference (Source) Lab. Comments, Data Type Eval.

DFN Min Max (+) Date
Pu-241 1.0E-04 1.5E+07 Pope (1968) AEEW M824 WIN Extensive revisions by Pope above - 1967

60A Appendix B 50 eV to Doherty's DFN 40.

Doherty(1966) AEEW M714 WIN Total, Elastic, Inelastic, 1973
,

N.2N , N.3N , N. Fission N.Garruna.

Pu-242 1.0E-05 1.5E+07 Alter & Dunford (1967) GGA ENDFB/3 Mat 1161 Comerted to 1972

975A NAA-SR 12271 and supplement Al UKNDL format. Total, Elastic,

ENDFiB3 MAT-1161 ALD Inelastic ,N,2N , N,3N,

N fission N. Gamma. 1973

HinH2O 1.0E-N 2.0E+07 Dutland (1970)WNDGn6 WIN For 11in Water 1972

923A unpublished below 1 kev, Pope Total Elastic, N, gamma.
Story (1972) NNDEN/8 above Revised in 1980.

IKeV; angular distributions
deduced from Stewart et al

(1971) LA-4574
0 1.0E-N 1.5E+07 Slaggie & Reynolds (1965) KAPL Revised below IKeV. 1971

933C KAPL-M6452 above 15KcV Mainly ENDF/B file MAT 1013,
Dutland, Pope & Story (1967- WIN L/.SL revisions included.

1971) below 15 kev Total Elastic, Nonelastic, Inelastic,

ENDF/B2 MAT.1N6 N.Ganw'a , N.P. N.D , N. Alpha.

B-10 1.0E-N 1.5E+07 Iijima (1970) unpublished WIN Total, Elastic, Nonelastic, 1970
,,,) 90 E JAER] Inelastic, Parasitic Absorption,

N.P . N.T . N. Alpha. N.D.

Fe 1.0E-N 1.5E+07 Pope & Story (1972) WIN SIGAR is used to calculate 1972

908A unpublished resonance parameters up to

330 kev. Above 330 kev
DFN 950 was used.

Zr 1.0E-N 1.5E+07 Pope and Story (1969) WIN Total Elastic, Nonelastic, 1970
82B AEEW-M921 Inelastic. N.2N N camma. N.P. >

AL27 1.0E-N 1.5E+07 King (1964) AEEW-M445 WIN Total, Elastic, Nonelastic, N, alpha, 1967

935A Inelastic, N,2N, N. gamma. N.P.

'

(+) See below for Laboratory Codes

WIN;AEA Winfrith (UK)

RLY:AEA-Risley (UK)

GGA: Gulf General Atomic, San Diego, California (USA)

ALD:AWRE, Aldermaston (UK)

HAR:AEA-Harwell(UK)
SAC:CEN Sacley, France

AI: Atomics international, Canoga Park, Calif. (USA)

KAPL: Knolls Atomic Power Lab., Schenectady, New York (US A)

JAERI: Atomic Energy Research Inst., Tokyo, Japan

(*) For U235,U238 and Pu239 data in resonance region were generated using the GENEX code.

O,



.

Page 9 of 9

|

( Table 3 - MONK 6B Continuous Energy Nuclear Data Library
,

'

Nuclide File No. Nuclide File No.

H 211- Ag107 973A
HinH2O 923A Ag109 974A
DinD20 905A Cd 70A
T 252A Cdll3 71B
He 47 Sn 988
He3 44 Eul51 921B
He4 221D Eul53 922B
Li6 914A Gd 949B
Li7 215E Hfl74 1201B
Be9 967A Hfl76 1202B
B10 90E Hfl77 1203B
Bil 49B Hfl78 1204B -
C 902B Hfl79 1205B
N 259A Hfl80 1206B
O 933C Ta 328B
F19 23E W 213E
Na23 182E Pb 26C
Mg 986 Th232 930A-
Al27 935A U233 87B
Si 25E U234 953A .

P31 7821B U235 9159
q S32 987 U236 954A
V Cl 141E U237 167A

K 84B U238 9160A
Ca 138E U239 276B
Ti 190B U240 277B
Cr 446C Np237 960A
Mn 88A Pu238 274A
Fe 908A Pu239 9161
CoS9 934B Pu240 402C
Ni 907A Pu241 60A
Cu 835B Pu242 975A
Cu63 681B Am241 1009C
Cu65 682B Am242m ~ 4953B
Ga 105B Am243 1010A ,

Zr 82B Cm243 4963B
Nb93 79C Cm244 976B
Mo 81C Cm245 984A

,

O

a
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SECTION F

OA PROGRAMME

Summary

A description of the Quality Assurance programme for MONK 6B can be provided to MONK
code users. This comprises two parts: firstly, a general programme for all codes provided by
the ANSWERS Software Service (which includes MONK 6B);.and secondly, additional
features specific to MONK 6B in recognition of its criticality safety role.

|O
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SECTION G

MONK 6B USER GUIDE & REFERENCE MANUAL ' :

t

r

Summary

A summary of the contents of the MONK 6B User Guide and Reference Manualis presented.
The documents themselves are distributed as part of the MONK code package.
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SUMMARY OF USER DOCUMENTATION
A

The documentation which supports the use of MONK 6B comprises two volumes: !
User Guide-

Reference Manual i+

A smary 'f the contents of the two volumes is given below.

|

1.1 MONK 6 - User Guide (ANSWERS / MONK 6/1)
:

The MONK 6B User Guide contains a description of the code input data, output data and the
principal modelling facilities, including a number of example problems. The document is
divided into six chapters as follows:

Chapter 1 Point Energy Modelling

Chapter 1 gives the details of the MONK 6B nuclear data library and b use by the
collision processing section of the code (the so-called DICE module). haluded here
is: an overview of the thermalisation and resonance treatments; a description of the
material tracking algorithm; a summary of the collision mechanics; and a range of
miscellaneous item:,, including a definition of the k-effective estimators used byMONK 6B.

Chapter 2 Geometry Modelling ,

Chapter 2 describes the MONK 6B geometry modelling package, covering both
simple body and hole geometries. A description of the algorithms used in each case
is provided. The use of generally-oriented simple bodies to form structured parts is
presented, together nith the inherent limitations of such a scheme. This leads on to
the introduction of hole geometries, where each of the MONK 6B options is
described. .i

!

Chapter 3 Input Description :
J

The input data for the MONK 6B code are a free-format mixture of keywords and
numeric items. The input description is given by a means of numbered items within
sections (units), together with overvirv flow-charts; a introduction to the format is !

given at the start of the chapter. The description is presented as five units: the
'!material specifications; simple body geometry; hole geometry; control and edit data;

and geometry visualisation.

Chapter 4 Output Description

This chapter describes the MONK 6B output, which includes an integreted summary
of the input data, follow:d by a number of output tables, some of which are optional.

Chapter 5 Multigroup Pre processing Calculations

Multigroup nuclear data libraries can lee employed in MONK 6B in place of the
standard continuous energy library. The code can access the SCALE and WIMS
systems and this chapter describes the input data requirements for the various pre-
processing codes that need to be used.

O
|
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