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Summary

This document contains a collection of material to support the use of the MONK6B Monte
Carlo criticality computer code for the purposes ol analysing the safety of storage and
trinsportation operations involving low-enriched UO, fuel. The document comprises: a
general introduction to MONKG6B: a description of the MONK6B validation database with
particular reference to the intended application; a guide to the application of MONK6B to a
typical problem; a comparison of MONK6B with the KENOVa Monte Carlo code for a range
of problems; an overview of the MONK6B nuclear data library, a description of the QA
Programme for MONK6B; and a dascription of the main user manuals that accompany this
document.
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Dear Mr. Irvine:

SUBJECT: ACCEPTANCE OF REFERENCING OF THE AEA O'DONNELL TOPICAL REPORT AEA RS
5520, *TOPICAL REPORT ON THE USE OF MONKS FOR THE ANALYSIS OF
CRITICALITY PROBLEMS ASSOCIATED WITH THE STORAGE AND TRANSPORTATION
OF LOW-ENRICHED UG, FUEL®

The staff has completed its review of the subject topical report submitted by
AEA O'Donnell, Inc. in a letter of September 3, 1993. This report provides
the analysis to qualify the AEA 0'Oonnell MONKEEB 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 delineatad
in, the report and the assocciated NRC technical evaluation. The evaluation
defines the basis for accepting the report. .

. The staff will not repeat its review of the matters described in the report,
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 thrae months of receipt of this letter. The accepted
versions shall ircorporate 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'Oonnel!l 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.

Sincersiy /
| WW&/Q&W ’

C.'?Eidani. Director
Division of Systems and Safety Analysis
Office of Nuclear Reactor Regulation

Enclosure:

’ Safety Evaluation
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UNITED STATES

NUCLEAR REGULATORY COMMISSION
WASHINGTON. D C. 206550001

ENCLOSURE

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION
RELATING TO THE AEA TO'DONNE 1 _RS 5520,
"TOPICAL REPORT ON THE USE OF MONKSB FOR THE ANALYSIS OF

CRITICALITY PROBLEMS ASSOCIATED WITH THE STORAGE AND

IRANSPORTATION OF LOW-ENRICHED U0, FUEL"

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
MONK6B computer code for use in criticality studies. Included in the
submittal was a copy of the MONKSB 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 MONKEB 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.
These data, a detailed review of the supplied vser’s guide, and a limited
review of available literature sources (Refs. 1 and 2) form the basis for the
conclusions in this Safety Evaluation Report (SER), and they will be discussed
in detail below.

2. MONK6B DESCRIPTION

MONK&B uses point energy Monte Carlo for criticality calculations on a wide
variety of systems. MONK6B uses the UKNDL library, which includes data on
many nuclides, including those usually associated with criticality studies.
MONK6B 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 MONK6B 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; MONK6B, therefore,
must transform the coordinate system once a neutron crosses a boundary. The
geometry packa?e 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 model
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which are "hidden" because a method called Woodcock tracking has been used
(Ref, 3). Woodccck tracking involves artificially equating all of the tota)
cross-sections in the region to the largest total cross-sections in the
region, which reduces the number of boundaries that must ke traced and has a
favorable effect on code speed. As MONK6B 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. MONK6B
has the capability of determining whether or not the collision is real nd it
does not count artificial events by allowing the particles to continue along
their original trajectory undisturbed. Because the MONKEB hole routines can
delineate between real and artificial events, the use of hoie geometries has
no effect on the answer and the staff considers their use acceptable.

2.2 POINT ENERGY MUDELING

MONKEB uses a point energy algorithm that uses the ultra-fine group UKNDL
Tibrary consisting of 8220 data points per nuclide. All of the energy models
discussed in the topical report hava been reviewed and are considered
acceptable. MONKGB specifically examines neutron thermalization, resonance
reactions, and fission reactions by random number sampling from many «:i erent
distributions representing these effects. MONK&B 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. MONKGB combines these histories into what are termed super-histories
in an attempt to improve the estimation of the variance and the bias.
Furthermore, MONK6B has several different starting scurce and settling options
(Ref. 3). The staff has reviewed this approach and finds it acceptab?e.

MONKSB uses four different k., estimators. Two are calculated directly from
scored parameters and tw> are calculated by Tinear combinations of scored
parameters., MONK6B also calculates a variance and a bias for each value of
K- The MONK6B bias is slightly negative and it accounts for small errors

in the calculation of neutron importance (Ref. 3). The staff has reviewed the
MONKEB 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 MONKGEB
for criticality studies. The first set consists of the results from the
comparison of MONKGB to the standard problems used for criticality code
validation in the US and the second consists of data from a MONKEB 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
methodolegy, the SCALE 3.1 documentation was reviewed (Ref. §).

3.1 COMPARISON TO STANDARD CRITICALITY PROBLEMS

MONKSEB was used to model all 12 of the standard criticality problems
established for code validation. The MONKGB models were created to simulate
the geometry as accurately as possible. Comparison of MONKSB 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 Plutonfum systems, respectively, established in the validation
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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 frem 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 resurt:d in the
production of MONKG in the late 1980's. The miost recent version of the code is MONK6B
ana this is used throughout the UK nuclear industry wherever criticality problems arise.
MONKG6B is distributed and actively supported in use by AEA Technology and the code is
subject to an on-going maintenance and development programme.

For neutronics modelling, the Monte Carlo method enables considerable geometric
complexity to be represented and physically-realistic accounts of the neutren 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
computer storage and running times might impose further limitations. MONKG6B takes full
advantage of the possibilities provided by the Monte Carlo method in its modelling
repertoire.

The primary aim of MONKG6B 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 variance on
any scored parameter (MONKG6B 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
MONKG6B 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 MONKG6B 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 MONKG6B collision processinf package called
DICE. The standard MONKG6B nuclear data library is an 8220 group library based on
UKNDL and JEF evaluations. This library, together with the point-energy collision
processing algorithms, provides a very detailed modelling of the physics, so that the ultimate
accuracy of the MONKG6B code largely depends only on the numerical 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 ¢ross-checking purposes MONKG6B can also accept multigroup data from the
well-established SCALE and S libraries.

MONKG6B 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 concentrates on the most reactive parts of
a system, thereby enabling MONKG6B to be used with confidence even for highly-decoupled
Systems.
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MONKEB has been successfully used in support of the design and operation of a wide range
of nuclear facilities covering the complete fuel cycle including:

. 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 storage

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

encapsulation and consolidation

. plutonium metal production and handling

2 THE MONTE CARLO METHOD

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
Carlo method can be regarded as a numerical experiment, with statistical techniques being
employed to estimate the required 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 resuit 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 thiee-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 inodelling 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.

The Monte Carlo method is used to estimate numerical quantities by sampling from a
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:

X 8% :;Ki

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 population or true mean (u) with a
probability that tends to | as n increases:

P{limXn=u} =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 ferm a distribution which tends to a normal
distribution. Moreover this distribution of sample means will also have a mean of . but will
have a srmaller standard deviation (often called the standard error) equal to:

oNN

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 u 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 deviating from the true mear in units of 0. Thus the estimated mean is
within tone 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 central limit theorem states that the standard error reduces with the inverse of
the square root of the increasing number of stample 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 central limit hypothesis.

In summary, the ‘numerical experiment’ performed by MONKG6B consists of:

il S S
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. tracking neutron samples through the geometry
. processing collisions as they occur
. sconng eppropriate quantities in an efficient manner.

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

3 NUCLEAR DATA LIBRARY AND COLLISION PROCESSING

A reutron being tracked through matter undcrgoes 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.
Another possibility is *hat the neutron on being absorbed produces a whole set of new

neutrons, in -« "ich 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 - iated nuclear data library of MONK6B.

The standard MONK6B nuciear data library is a continuous energy library hascd on United
Kingdom Nuclear Data Library (UKNDL) and Joint Evaluated File (JEF) evaluations. A
highly detailed continuous energy representation is recommended for criticality calculations
because:

. a realistic representation of the physics is desirable
. 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 ghysical model of the neutron-nuclei
collision process and the ultimate accuracy of the MONK6B code effectively only depends
on the numerical accuracy of the basic nuclear data. The UKNDL and JEF nuclear data have
been extensively evaluated but stll contain some systematic errors (as do all other nuclear
data libraries).

The MONKG6B 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 tnnings made to
compensate for modelling inaccuracies. The sole exception is the thermal n-value for Pu239
which is stil! the sutject of controversy in criticality work; the adjustment made here will
ensure, however, that MONKG6B produces a conservative estimate of k-effective.

The MONKG6B continuous energy library uses 8220 energy groups as defined below. A
simple group averaging process is employed which means that the uitra-fine resolved
resonance Cross-section structure can be averaged out without noticeable loss of accuracy. At
higher energies a subgroup treaument is used to achieve the same end. This means that the
nuclear data library is effectively system-independent and can be used directly by MONK6B
without the need for resonance pre-processing tr>atments with their inherent limitations. The
criticality analyst simply has to select the nuclides in their appropriate proportions for the
materials of the problem.
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Group Nos. Energfﬁa.ngg 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 0.015625¢V

6654 |6654 |72.9531eV 72.9643¢V irregular joining group
6655 | 8218 |72.9643eV 14.7737MeV | equal lethargy (1/128)
8219 8219 |14.7737TMeV 14.8950MeV | irregular end group
8220 18220 |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 MONK6B continuous energy library is shown below (for U235 total
cross-section over the energy range 1 to 100 eV)

-+

4 GEOMETRY MODELLING
4.1 Simple Body Geometry

It is a key property of Monte Carlo codes that versatile and accurate geometry modeiling is
possible. The MONK6B 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
geometries. The majority of criticality calculations will employ a mixture of the two te model
anv given system.



Page 7 of 15

A MONKS6B calculation consists of simulating the movement of neutrons within a system
and recording what happens to them; in Monte Carle terminology this is called neutron
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.

E(:flicit 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 ~xternal 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
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.

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 user image.

Each simple body has its own intrinsic co-ordinate system which defines where that body is
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 internal bodies may overlap
each other to furm clumps and/or bodies may be cut back by the container.
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3 - 3 -
2
4 3
1
Nest Simple cluster Overlap cluster

The co-ordinate system of the container tody 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
iocated 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 point 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 tracking process is improved. Even in the absence of extensive repetition there are
advantages to be gained from dividing the total geometry into sub-sets. It 1s not uncommon
for a major geometry model to include hundreds of bodies. 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 st ucture is analogous to the engineering drawing practice of detailing
components and the1 combining them in drawings of larger assemblies. Advantages include
the simplification «f 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 parts. The use of local co-ordinate systems and component numbering
means that there are ‘ew 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. 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 further containerisation if possible for
optimum tracking efficiency.

Each suviple 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 body 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 pan
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
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
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w0 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 Q 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=123...
then all the equations of the form:
Bi(x+siQ)=0 ; 1=123..
have in principle to be solved to obtain the shortest distance s along the direction Q from the

point x. This is why only simple bodies are possible if the Monte Carlo tracking is to procued
with acceptabie efficiency.

4.2  Hole Geometry
Explicit tracking has certain important 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 1o be computed and compared

. Preparing and checking the data for such a case would be a formidable task and the
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 poin:-energy Monte Carlo calculation.

An alternative strategy is available in MONK6B called Woodcock tracking and this enables
the code to deal with complex geometry details. Woodcock tracking occurs inside hole
geometries and these may be used inside a simple body instead of a real material or
subsidiary part.

A hole geometry has:

. its own co-ordina ¢ systern which is located with respect to the body or part co-
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
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. lustead the code has the much easier task
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of checking inequalities as a means of determining the material presen: at a collision point,
e.g.

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.2. the neutron proceeds in (e same direction and at the same speed as
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.

This can happen when one of the real materials in the hole geometry has a much larger total
cross-section taan all 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. 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 compiex 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 uole geometry available in MONK6B 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 rule 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 controi blades. It is also very efficient when modelling fine detail such as
large arrays of fuel pins.
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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
use of hole geometries makes the input specification much easier and therefore reduces the
possibility of input error considerably, but it is the combination of the two types of geometry
that gives the MONK6B package its real power and flexibility, coupled with a
straightforward user-image.

Hole geometries provide an enormous range of possibilities for modelling complex
gcometries and in many cases there exists a choice between different modelling strategies. At
irst sight the job of optimising code performance iooks 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 sn!Jcty
situanon.

4.3  Boundary Conditions

The boundary conditions available in MONK6B 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 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.

S STARTING SOURCE OPTIONS

MONKG6B 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 curent stage. Hence the
starting source is only used to get the calculation off 10 a reasonable start.

Superhistery powering enables MONK6B to concentrate on the most reactive sof 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.
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6 CONTROL PARAMETERS

Having selected the source distribution some initial tracking stages (typically two) are
performed by MONKG6B, the results of which are not included in the scoring statiso 2. This
relirminary process is called settling and it allows time for the neutron distribution 0 move
rom 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 MONKG6B, and this work led directly to the encoding of the superhistory
powering algorithm employed by the code. Superhistory poweting prevides 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 adequate 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 nut 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
(0<0.003) the settling effects are always effectively absent.

Having run a MONKG6B calculation for a certain number of sta{gcs 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 resuits. These calculations can then be
combined as follows:

- klfﬁlz + k;/of + k)/c)z * ......
/o + 1ot + 1o + ...

‘\“/’0,7 + 1/011 + I/U_,z 2PV

a

Independent calculations using different sources adds considerably to the confidence of the
user regarding the settling issue.

7 VALIDATION

Validauon 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 comparison
against another computer program. With particular reference to MONK6B this can be
interpreted as:



Page 13 of 15

Validanon is the process of demonstraung that MONK6B can accurately reproduce
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 MONKG6B calculations for a
particular type of system, and also to be able 10 judge how accuratc these results might be,
the code package (comprising the code itielf 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 configuration. 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 MONKG6B validation database comprises data from a wide range of experimental
systems from a number of international 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
MONKG6B, interpolation and extrapolation of the validation database are much easier to
Justify than with multigroup treatments. This is because the ultimate accuracy of the code
depends more directly on the uncertainties of the nuclear data library.

In order to assist the criticality analyst in locating relevant supporting validation calculations,
a categorisation facility has been included in MONK6B. It may sound surprising that the
analyst needs assistance in this, since he is already aware of the system's composition and
geomewry. However when neutrons move around the system they see the composition and
geometry very considerably distorted by the cross-sections. The MONK6B categorisation
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 usad 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 significanty effect the calculation of k-effective, a usable scheme can be created. The
scheme adopted for MONK6B comprises the following seven properties: principal fissile
nuclide, non-fuel absorption, leakage, resonance abserption, fast fission, spectrum and
geometry type.

Each categorisation property is scored during a MONK6B calculation to produce a real
number which is a quantitative 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 Iocated. 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 MONK6B, 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 MONK6B calculation as it displays comparable
neutronic behaviour. In addition supporting validation cases can come from neighbouring
partitions if t :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 MONK6B exist called "CAN2D and VISAGEIB which are used to
produce two-dimensional pictures of the geometry model. These are either with low-
resolution on papei (SCAN) or interactively on a high-resolution computer monitor
(VISAGEB).

VISAGEIB is a high-resolution mouse/menu driven graphics tool for the generation, disElag
and man.pulation of two-dimensional slices through the geometry specification. VISAGE1
has been 1mplemented in C and uses the X-Windows and OSF/Mouf tool-kits and hence is as
portable as possible. SCAN2D and VISAGEIB images are produced using the geometry
tracking roviines of MONK6B and se are a genuine indication of the geometry seen by the
modelling codes thernselves.

The valae of these codes (especially the high-resolution graphics package) should not be
undere. timated and a comprehensive verification stage should precede all MONK6B
calculatons.

9 QUALITY ASSURED CODE MANAGEMENT

Quality Assurance (QA) is a widespread requirement in the areas of design, manufacture and
operation 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 e
within the industry. In the United Kingdom, these requirements have led to the establishr ient
of the ANSWERS Service to act as a centrally controlled repository and distribution ¢ :ntre
for all the major computer codes and data libraries used in the areas of criticality, shi~ ding
and reactor physics. In addition ANSWERS provides a code user support and aaiing
service.

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 MONKEB 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 Stan 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 documentatio. that
supports those changes are recorded and archived. ANSWERDS then commissions the version
of MONKG6B 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 requircd by the user and the code can be up ~~~ minning within a couple of
hours.

Each issue of a version of MONKG6B is distributed in rea Ul LT ot maximum user
confidence and convenience, with each step in the develc 20t and i~ “ution sequence
being performed under an effective Quality Management .- -1erv The 1+ te from source
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code to in-use load module is maintained in a fully 1 iceable form by ANSWERS for current
and archived versions of the code. Ths adoption of these QA procedures have added to the
confidence in the use of MONK6B for criticality safety assessment and are aimed at meeting
the requirements of all code users both today and in the years to come.

10 CODE DISTRIBUTION AND USER SUPPORT

The current version of MONK is MONK6B and is available through the ANSWERS Service
of AEA Technology. MONKG6B has been commissioned on a wide range of computer
hardware including mainframes, workstations and personal computers (PCs). A version is
also available for running on a parallel processing supercomputer.

The standard package issued by ANSWERS comprises:

. Executable code modules for MONK, SCAN and VISAGE

. Standard nuclear data library (8°.20 groups)

. Sample problem inputs and cutputs 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
held, including well-established hands-on workshops for those new to the code.




SECTIONB

Summary

An overview of the MONK6B 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.




SECTION C
APPLICATION OF MONK6E TO A TYPICAL PROBLEM

summary
A guide to applytng MONKG6B to a typical problem is presenied, namely the criticality safety
assessment of an LWR fuel shipping cask. The guide follows through a complete MONK6B

calculation describing each section of the modelling process in some detail. In addition a

detailed discussion of the various output tabies is given
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LINTRODUCTION

The need to be able to ensure the subcriticality of irradiated reactor fuel during transportation is of
fundamental importance to the nuclear industry. The fuel is removed from a reactor and stored in a
water pond at the reactor site to allow for some cooling and decay of short-lived radicactive isotopes.
The fuel is then removed from the pond and transported in massive metal containess 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 flasks, and hence the
amount of fuel that can be transported in one shipment These include the overall size and weight of
the flask, the heat dissipated by the fuel, the structural iniegrity of the flask and contents, and the
radiation exposure to both the operating personnel and the general population. However the need to
achieve critcality 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 t0 applying the MONK6 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 MONKS® waining course
as far as the complete beginner is concerned. The guide will follow through a complers MONK6
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 MONKG6 output.

Section two of the document gives a very brief overview of the transport flask criticality safety prob-
lem and section three discusses the process of applying MONKS6 to the problem. This will include an
overview of the code and data, validation and the calculational uncertainties. Section (our contains a
description of the general modelling capabilities of MONKG6 as a prelude to section five, which de-
scribes the construction of a mode! of a typical flask. Section four contains some information that is
available in other MONKS documents but has been included here for completeness to aliow the vari-
ou* options to be meaningfully discussed. Section six analyses the output from a typical MONK6
calculation and section seven puts the calculation in the context of a criticality assessment. Although
some of the comments made on modelling using MONK6 will be specific to the transport flask prob-
lem, many of the recommendations will be appropriate to other criticality problems.
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‘ 2. BRIEF DESCRIPTION OF THE PROBLEM

[rradiated light water reactor (LWR) fuel is transported from reactor sites to locations for storage or
reprocessing in fuel transport flasks. The movement of such flasks is governed by International
Atomic Energy Agency (IAEA) regulations, which state that all fissile material shall be iransported 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 partially flooded
with water and it is transported within a water-filled flask, the main body of which 1« iypically a
massive iron cylinder with cooling fins around most of its outer surface. Upon removal fron tie flask
the multi-element bottle is normally stored intact under water in a pond, whilst awaiting reprocessing.
Certain other types of flask have no intemal multi-element bottle, and the fuel elements are locared
within open racks; in addition some of the flask types employed in France are transported dry. How-
ever the type of flask 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 determine by measurement the reactivity of a particular flask loaded
with fuel, and so fundamental to the safe transport of fuel is the criticality safety assessment. The result

. 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 cniticality as-
sessment will be based on performing extensive computer calculations, and reasonable allow.nce
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 flask under normal conditions
and under a range of potential accident conditions, and to thereby prove that the sub-criticality safety
limuts needed by the regulatory bodies are maintained. There are strong economic incentives 10 max-
imise flask payloads and hence reduce overall transport ¢asts, and these can only be met hy a high
standard of criticality safety assessment. Of paramount importance are the potential accident condi-
tions and for this reason a criticality assessment mus: 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 modeiling. 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 uncertainties and possible mis-reporting, input data e-tors, and the postulated accident scenarios
all require carefu! 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
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 instrumers
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The following sections describe the commissioning of an LWR flask calculation and the descriptiva is
aimed at the novice user of criticality codes based on the Monte Carlo method of calculation, which is
.2 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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3. APPLICATION OF MONK6

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 . numerical experiment, with statistical techniques being employed to estimate the re-
quired quantities by sampling from appropriate probability distributions. For examp'e 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 *lonte 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 f s¢  uon.

The Monte Carle  cthod 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 xl/ngx

n

where X XX are sample values of the random variable X that is being estimated.
n

In addition when applying the Monte Carlo method 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.

Conceming the mean value the so-zalled 'law of large ~umbers’ from probability theory states that the
sample mean (Xn) approximates the population or true mean (4) with a probability that tends to 1 as n
increases:

P(limX =u)

n

i

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 @ , then the sample means will form a
distribution which tends to a normal distributior. Moreover this distribution of sample means will also
have a mean of y, but will have a smaller standard deviation (often called the standard error) equal to
0/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 u is unknown and .= standard
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deviation must be estimated in order to apply the central limit theorem. However provided the sample
mean is fairly esumated 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 tric
mean in units of . Thus the observed mean is within wne 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 oot 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 MONKG6

MONKS 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 modelied. 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
further limitations it is a false economy at a time when good computing facilities are cheaply and
easily available; no safety assessor should be forced to work without such facilities.

The primary aim of MONKG 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 neutrons fol-
lowed or tracked determines the siatistical 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 MONK6 geometry pac’__e.
The basic component of this package is a set of simple bodies, namely the sphere, box, rod, pxm.
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 pants 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 MONKG6 to
provide a lot of the more complicated fine geometric details, and to short-cut the specification of some
of the commonly-occurring items.

Neurron interactions are considered in the MONKG6 collision processing package called DICE. The
basic MONK6 nuclear daza 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 MONKS®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
extensive validation and is therefore the recommended method for criticality assessments. However
for cross-checking purposes MONKS6 can also accept data from a number of established muitiy  ip
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libraries, namely the Hansen and Roach 16-group library, the US SCALE libraries and the WIMS UK
reactor physics libraries.

MONKS 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 MONKS to highly-decoupled systems,
In addition to k-effective the MONKS6 output includes estimates of fluxes, reaction rates and boundary
CTOssings.

¢) Validation

For the user to have confidence in the results of MONKS calculations for any type of systeri, 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 configuraticn 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. M(OONKG has
been validated against a number of systems covering a range of materials and geometries that are
encountered in the nuclear industry, particularly in the areas of reprocessing, transportation and stor-
age [2-4]

For fuel ransport 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 v.ork
has continued in the USA (6] to fill one of the more important omissions. The summary document
also highlights areas where particular moderation, geometric and enrichment conditions are not cov-
ered by any expermental data. In addition the computerised CESAR database, accessible through the
Nuclear Critcality Information System (NCIS) (7], gives information on a wide range of critical
expeniments. The use of NCIS also enables UK criticality practitioners to access a flow of useful
information from other workers internationally, via electronic mail and assorted databases.

The MONKS6 validation database includes a number of experiments applicabie 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, MONK6 performs well,
predicting k-effective to an accuracy of about 1% for low-enriched uranium fuel pins with water
moderator, However care should be taken to ensure that the validation database includes suitable
systems for a particular assessment.

d) Calculational Uncertainties

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 uncentainties. This 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 MONKG against a large number of well-reported experiments some confidence in the use
of the code for certain fuel ransport calculations can be obtained. As a heavy responsibility is often
thrown onto the MONKG6 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 assumpuons: all fuel is unirradiated and at the maximum enrichmest; the fuel is
arranged in its most reactive configuration; and the moderation and reflection conditions are optimum
(l.e. the most pessimistic). The geometric flexibility of MONKG6 enables accurate or conservative
models to be created for all realistic situations, and this should be exploited.

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

k’T‘RLE - k\i()\K +B+E+R+S

where B is the systematic bias of the MONK6 code and data library and may be positive or negative
if sufficient justification can be made; E 20 is the total random error made up from random errors in
the preparation and execution of the MONKG6 calculation; R20 is the bias to allow for operational or
accidental changes causing increases in reactivity, $20 is the statistical error of the Monte Carlo
method.

The sub-critical margin requires that:

k <L
TRUE

where L is some pre-defined limit, typically 0.95 for transpori flask assessments, By examining the
validation of MONKS, 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 sysiem *~ng
assessed is covered by those cases in the validation database, but for added conservatism is nonmely
taken as zero. Note that only under extreme necessity, requir ng detailed supporting arguments, is use
made of a negative value for B.

The random error (E) in the preparation and execution of the MONKS6 calculation cannot be com-
pletely eliminated, but by a combination of standard QA practices and operational procedures it can
be made vanishingly small. These procedures include: rigorous and independent checking of input
data and calculations; re-use of standard specifications wherever pussible; extensive use of the geom-
etry display code SCANG; cross-checks with hand calculations, other codes and similar systems;
ensuring that the information upon which the model is based is accurate and representative of the
operational situation; and modelling the system as accurately as necessary.

The MONKS6 code contains a lot of internal checks on input data suitability and consistency but these
can never be exhaustive. MONKS6 has been carefully developed and tested over many years and has
been employed for thousands of criticality calculations, but still the possibility of encountering a code
error cannot be entirely discounted. However the possibility of a code error allowing the code t¢  e-
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principally by the accuracy of the nuclear data being employed, provided the geometry has beei. ac- ‘
ceptably modelled. Thus the accuracy of the calculation 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.
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4. GENERAL MONK6 MODELLING

a) Simple Body Geometry

It is a key property of Monte Carlo codes that versatile and accurate geometry modelling is p.sssible
The MONKS6 geometry package (described in some detail in Chapter 2 of the User Guide [9]) 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 geometries. The majority of criticality calculations will employ a mixture of the (wo 1o
mode! any given system.

A MONKS 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 racking 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 ncarest
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 1o occur.

Explicit tracking takes place over six simple body types: sphere, box, rod, trapezoidal prism, cuncaied
cone and torus. These are assembled into parts which can be included in other parts and 50 on until the
whole geometry is included in a global part with suitable external boundary conditions, ¢.¢.

Global Pant
Parta Part b Part ¢

) T e
;md Part ¢ { Part f Purt g Parth
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More complex use of the cluster can be made where internal bodies may overlap each other 1o form
clumps and/or bodies may be cut back by the container:

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 o it (note this assumes that the container is neither
translated or rotated, as will be recommended in section 4¢). Each body of the parr i+ first located at
the part ongin 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 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 parts 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 further containeri-
sation if possibie for optimum tracking efficiency.

Each simple body within a part has some portion of its inside delineated to hold its contents. The exact
portion depends on whether the part is a nest (where except for the innermost body the conte 1ts occupy
the annulus between the body and the next one in) or a cluster. For overlapping bodies within a ¢luster
additional rules apply based on the dominance number assigned to the relevant bodies. The portion of
. the body inside that holds the contents is termed a scoring region, and if the part is ernploycd 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
certain circumstances a subsidiary pant (the container and interior simple bodies of some other pan
which must fit exactly into the space of the simple body).

MONKS6 has a further kind 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 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 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 ig at position
x travelling in the direction Q 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:
Bx)=0 . i=123..

then all the equations of the form:
Bx+sf)=0; i=123..

have in principle to be solved to obtain the shortest distance s along the direction Q from the point
x. This is why only simple bodies are possible if the Monte Carlo tracking is to proceed at acc_epmble
speed. The input data for the simple body geometry is given in Chapter 3 Unit 2 of the User Guide [9).

b) Hole Geometry
Explicit tracking has certain important limitations:

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

2) Atternpts 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 MONKG6 called Woodcock tracking and this enables the code to
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deal with complex geometry details, Woodcock tracking occurs inside hole geomeuwies and these may
be used inside a simple body instead of a r»al material or subsidiary part.

A hole geomertry has:

1) its own vo-ordinate system which is located with respect to the body or part 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 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 free path
varies from material to material. The basic idea of Woodcock tracking is to artificially give the com-
plex geometry a constant mean free path equal to the shonest 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 matenal present at a collision point, e.g.:

r<a K8 X+y>r

The mean free path 1s the average distance between collisions so that using a value that is shorter than
it should be inroduces extra collisions called pseudo collisions, which have to be treated as non-events
(i.e. the neutron proceeds in the same dircction and at the same spaed as before the pseudo collision).
Non-events are obviously easy to process, but even so some care must be taken to prevent the intro-
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 proportion
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SQUARE 4 1234 HTRANS770
J41717 055065
14.2

SQUARE 2 23
1200 0808
332

An alemative 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 coniainer 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 ! 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
* mawenal 4 ., zirconium

NEST 2

ZROD ORIGIN770 3 08100
BOX BHI 1414100
ALBEDO1 11111

SQUARE 3 124 HTRANS770
341717 055065
142

If the above two cases are run for the same number of samples the first one with the boros in the hole
geometrv takes six umes longer than the second case with the boron in the separate simple body. Thus
there are potentially large gains 10 be made when materials such as boron, vadmium and gadolinium
are employed. If a large series of calculations is planned it is ofter worthwhile determining by trial
calculatons 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 compicated 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. Thn;

is because the absorber cross-section would only apply over that simple body space (as for the uniform
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 muke
the input specification much easier and therefore reduces the possibility of input error considerably,
out it is the combination of the two that gives the MONK6 package its real power and flexibility,



Page 19 of 71

coupled with a straightforward 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 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 comnments 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 caiculation on modem
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.

¢) Co-ordinate Systems

Every simple body is given its own intrinsic co-ordinate system, e.8.:

/ ’ G, .4?;/;:7/’: Y —
I
X
BOX

MONKS®6 allows a general part co-ordinate system against which every body of the part may be located
and orientated. However this is an unnessary generalisation and it is strongly recommended that each
part takes on the intrinsic co-ordinate system of its container body as the part co-ordinate frame. This
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 part. The use of local
co-ordinates for each part means that the user does not have 1o individually place every body correctly
in the global par, 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 further parts and so on, each time the
building blocks being positioned relative to the current parnt being defined. The local co-ordinate -
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tem approach to geometry modelling is most suitable for the kind of geometries normally encountered
in criucality 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 & 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 RHOLE (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 simpie 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 contruction is a real benefit. ' ne vse of HOLE
should be reserved for special effects, for example when the part co-ordinates are in faci global co-
ordindates being read from 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 |
BOX ORIGIN-7-70 HI 1414100

SQUARE 3 123
341717 0.550.65
WRAP44 6767
123

1s equivalent to:

NEST |
BOX BHI 1414100

SQUARE 3 123 HTRANS770
341717 055065
WRAP44 6767
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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amount of fissile material is small within a given simple body but suitable partivoning of the body
using the non-default MU.TIFISS 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 compartment

NEST 2
BOX ORIGIN220 BHI 6610
BOX 4 101010

* single absorber

NEST |
BOX 5 31010

* form compartment/absorber array

ARRAY 511
12121

* surround array with water

NEST 2
BOX ORIGIN555 P3 361010
BOX 2 462020

SQUARE 3 123 HTRANS330
10001525
13%

A POINT source specified as POINT 23 10 10 would result in the following initial source distribution
(with source points denoted as solid black circles):
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A VOLUME source specified as VOLUME REGION 1 PART 4/ would result in the following initial
source distribution

YRR )
T s

E "

LT s s )

A FISSILE source specified as FISSILE REGION | PART 4 / would result in the following initial
source distribution:
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A MULTIFISS source specified as MULTIFISS STD REGION 1 PART 4 / would result in the fol-
lowing initial source distributinn:

B %/j%/ o
% o

Z.

4 4

. N4

e) Control Parameters

Having selected the source distribution some initial tracking stages are performed by MONKS, the
results of which are not included in the scoring statistics. This preliminary process is called setding
and it allows time for the neutron distribution to move from the guessed distribution and approach the
fundemental mode. The amount of seutling 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 neuors
per stage are required to prevem the Monte Carlo statisiical error continually disrupting the
settling process.

2) Having enough sertling 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-« fective 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 maximumr number of neutrons per stage in MONKG6 but a value of 600 has been found to
be suitable for a wide range of criticality problems. Indeed there is no reason not to use at 1east this
value for all but very simple geometries where 200-300 may be more suitable to re.uce 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 MONKG calculaton 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= kio +kjo i
= lc:l . 2/o2 +k3/<'13 ERT N

| 2 2 2

/cvl -+ l/oz - 1/03 Lot

- 2 2 2

o= [ 1/( 1/0l - l/cs2 + 1/(33 + o )]

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 emplcyed will generally be the MONKG6 point-energy
library. This has been extensively validated over a wide range of systems and is controlled and ad-
munistered as pant of the MONKS6 code package. To select nuclides from this library for a particular
calculaton 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 MONKS6 format of
employing rather obscure data file numbers; in addition the NUCNAMES format is more readable. If
the nuclear data are computed by some auxiliury computer code then efforts should be made to transfer
the output from this code directly into the MONKS6 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 matenals are numbered in the order of specification in the input data. -

The boundary conditions available in MONKG include the specular or periodic reflection conditions
to provide infinite arrays in one or more direction, or to enable only pan 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 biasiag
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.

A companion code to MONKG6 exists called SCANG 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
use of SCANG should not be underestimated. The vast majority of the FORTRAN coding of SCAN6
comes directly from MONKS, so a comprehensive check on the data can be perfonned by SCANG.
More importantly the pictures produced by SCANG are caiculated by tracking through the geor  ry
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using the MONKS tracking routines; thus the geomertry depicted by SCANG is exactly that seen by the
neutrons during the MONKG6 calculation. No other method of depicting the MONK6 geometry can
provide this. SCANG 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.
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5. MODELLING A FUEL TRANSPORT FLASK

a) Introduction

The geometry of an LWR fuel transport flask is usually fairly straightforward, aithough as with most
configurations there are a number of different ways of modelling the problem using the MONKG6
geometry pd-{k;l&" The geometric dimensions of the flask are generally well-established and accurate
and efficient MONK6 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 f?..c’. within the flask is normally assumed to be unirradiated and so the material data are also
wel nown

Many of the LWR transport flasks in use in the world have very similar geometries, The main flask

structure and inner container (multi-element bottle) are cylindrical in shape, and the interior of the
multi-element bottle i1s compartmentalised in some way to accept a certain number of fuel eler. .ts.

The number of fuel elements depends on the type of bottle and the type of fuel being transported and

SO €ach Case requires assessment on s own ments

For a criticality calculation the heat-dissipating fins of the flask, the shock absorbing end sections and
the assorted ~cuw='._'_' 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
such as grid plates, spacers and control pins are also ignored which makes for a much simpler model.
In addition cerain 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 belts and locating devices
These are in any case conservative approximations due to the primarily neutron absorbing propcmcs
of the omitted materials. The main components can then be modelled as specified with considerable

accuracy I'.x o typical flask radial cross-sections are shown below:
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An alternative 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:

. 5 6 5

Hence only seven copies of part one are required which are deployed as shown above. To copy a
pre-defined part the MONKG6 option SAME is employed. Therefore specifying SAME 1 seven times
defines pants 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
necessary for examining the adequacy of the Monte Carlo sampling.

[tmay 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
wrong 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 model is easy to construct,

The fuel elements could now be assembied into a cluster part to give the main compornents of the
muiti-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.

. The next three parts of the geometry are therefore array parts. The top and bottom rows cach have three
boxes in the x-direction and one elsewhere, and the central section has four in 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- .
ametry data becomes:

* bottom row
ARRAY 311 565
* central two rows

ARRAY 421 3113
4224

* top row

ARRAY 311 787

These three arrays 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 fifieen that would result from the
original strategy). To give an idea of the gain in performance arising from this further containerisation
both cases have been run for the reference flask. The results show that the case employing the arrays
tracks the same numb:z of superhistories about 30% faster than the large cluster model. ‘

The specification of a cluster requires the user to define any number of internal 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, furtier hole geometries or subsTiary
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 mary
possibilities for overcoming the hole geometry inefficiency reqarding materials with very small mean
free paths.

A common use of the cluster interstitial material is t» 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 produces a series of infinite parallel plane boundaries,
and the spaces between the planes can be filled with rea. 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 .
cluster:
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The boron sieel 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 compartment 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 hody boundaries to create the ¢ “Zect cf
a stack or row of bodies. For example the following specification:

NEST 2
BOX ORIGIN1000 1 101010
BOX 2 301010

results in the geomerry:

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)
2, water above and below element
. compartment wall.

The internal dimensions of the compartment i< 14.20 x 14.20cm and the walls are 0.50cm thick per
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
single element/compartment construction looks as follows (not to scale):
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This becomes the following MONKS6 specification:

NEST 3

BOX ORIGINO0.505200 BH] 1421424095
BOX CRIGIN 050500 2 1421424495
BOX 3 1521524495

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 disuribution within the flask, which provides a useful check on the adequacy of the
Monte Carlo sampling, would therefore be lost.
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Apart from obvious dimensional differences the principle variations are in the materials used to form
the compartment walls and flux traps that separate the fuel elements. However most of these variations
can be incorporated into a basic template for creating a MONK6 model of the genenc flask that will
be considered in the following sections. The reference flask will be one of the simpler designs, but
having followed the basic principles in settng up such a model extra details can be readily included
without deviating too far from the basic approach.

b) The Reference Flask

e o
3 . 4 { v
aii  fuel clement (] water . boron sieel . steel/iron
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The reference flask contains fourteen LWR fuel elements as shown above. Each element consists of
an eight by eight lattice of 3.5% enriched UQ, zirconium c'ad fuel pins. The pins have a radius of
0.55¢m and the clad is 0.10cm thick; the 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 from the centre of the element. Although the daia are not taken from any particular fuel ele-
ment specification they are typical of those for a BWR element. The leftright reflective symmetry of
the flask is apparent from the drawing and this will be exploited in the modelling.

The fuel elements are of length 409.50cm and are contained symmetrically within a boron steel wailed
compartment of length 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 where fuel elements are
adjacent the wall thickness between them will be 1.00cm. In addition there are steel supports sur-
rounding the outer compartments as shown, and these extend the full length of the mult-element
bottle. The bottle contains water to the height shown when the flask is horizontal and it sits insi”” “he
main flask body separated from the flask inner wall by a 1.00cm water gap. The multi-element buttle
wall is 1.00cm thick and the flask has walls of thickness 33.80cm.

¢) The Reference Flask Simple Body Geometry

The recommended way to model any system using the MONK6 geometry packaze 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
simplz first-level parts), and then use these to construct larger parts 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 the
multi-element bottle and then place the bottle into the flask. Working this way, the use of loca! co-
orcinates is optimised and there should rarely be any need to transform part containers, as the abc 'ute
position of any part need not be considered until it is employed in sorne later part. et

As each fuel element has associated with it some thickness of compartment wall, it is convenient to
consider the compartment wall as in integral part of the fundamental building block of the geometry.
This is a simple technique that is useful on many occasions where the MONKG6 building blocks do not
necessanily equate exactly to what might be considered enygineering components, but include some
fraction of the immediate surrounding structure.

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
maps directly onto the fuel element as the lattice is finite (eight by eight pins) and resides in a zirco-
nium sleeve (wrapper).
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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 boundaries:

PLATE 6 123456
1.00.00.0
2 100-2 50-3
PLATE 3 123
0.01.000
2 10015023
PLATE 3 456
001000
1 1004 5056

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 tten the definition of the inside of the
multi-element bottle becomes:

CLUSTER 4

BOX ORIGIN-228 15250 P11 4561524495
BOX ORIGIN-304-15250 P10 6083044495
bUX ORIGIN-228-30450 P9 4561524495
ZROD BH2 39.2459.5

The multi-element bortle 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 modelie sa
uniform cylinder due to the large quantities of iron. This becomes a simple nest structure as follows:

NEST 5

ZROD ORIGIN000041.0 Pi2 3924595
ZROD ORIGIN0.00.038.0 4 4024655
ZROD ORIGIND.00.0320 2 4124775
ZROD 5 750541.5

BOX ORIGIN-760-76.0-1.0 0 152.0152.0543.5

Note that an additional voided box has been included around the flask to enable SCANG pictures to be
drawn that include the whole flask; a limitaton of SCANG 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, an. ~ith
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the expected isolation of the flask, a free boundary condition is sufficient. However it is good criu-
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 larter 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 | defines the fuel element as employed by parts 1-8. This is a square hole and
models the fuel pins, zirconium sleeve and inte stitial water, but not the compartment walls:
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The preliminary data (see Chapter 3 Unit 3.1 of the User Guide [9]) starts with a list of all the real
materials used by the hole and any subsidiary holes. If a material is 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
real materials employed in this hole, namely UQ,, zirconium and water. The remaining preliminary
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 ongin if the lu.ice
of pins in infinite (i.e. not wrapped). When a wrapper is used the hole origin is at the geometnc centre
of the rectangular outer boundary of the wrapper, 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 1o the centre of the container box. Thus the nreliminary data reads:

SQUARE 3 126 HTRANS7.17.10.0

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
whick 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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Hole geometry number 2 will be a plate hole defining the interstitial space within the multi-eleu.ent
bottle; it will provide the steel supports and the water. As there are perpendicular planes required to
produce the steel supports 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:

plane boundaries produced
by hole geometry 2

plane boundaries produced
by hole geometry 3

The preliminary data for the first plate hole (hole 2) stans 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 G (void) is not a real material. Transforr  ‘on
| data is almost never required for the plate hole as the orientation and location of the planes is Wen
| 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.

| 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
‘ 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
| 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 normal vector is (0.0,1.0,0.0). Four plane boundaries
are required 1o produce the steel supports shown above. The boundary of the side of each supporn ‘
nearest the centre of the flask coincides with that for the outer edge of the fuel element compartments
| and the support is 1.2cm thick. The plane boundaries and associated materials (i.. the material ~= the
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"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
1s 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
¥
'}
| hole 3
[ \
Y = -30.40cm
steel
bt Y = -31.60cr,
water

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

PLATE 2 24
001000
4 3160 3044 -304-3 -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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codes are often employed.

As described in section 4d the MULTIFISS starting source is the most generally useful of the many
MONKS6 options, especially for heterogeneous systems, and this has bzen employed for the reference
flask. The starting neutrons will be placed randomly within the fuel pins of the flask, which is a good
approxirmation 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.

The remaining data define the frames for a number of SCANG 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 detil 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 internal 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 SCANG 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 taxe
very little time to include with the input data and should be used liberally throughout. They help both
as a reminder when 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 MONK6 input data becomes a readable part of the
documentation of the whole assessment.

) 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
dimen-ions of the components supplied as hole geometry data. Indeed fuel elenient models could be
saved once set up as hole geometries are normally read)’ - employable in other models. The square
hule is one of the easiest of the MONK6 hole geometries .o use and provided careful use is made of
SCALI6 the fuel element variations can be easily modelled.

Where further complexity is likely to be found is in the compartment construction and additional
isolating geometric structure. The reference flask has deliberately considered a simple internal struc-
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 parts, and to use nests and array
part types as iuch 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 sraall ¢ >mputing 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 pars defining fuel ele-
ments and other parts defining compartments and other structures. This should pose few problems as
the array is a very straightforward construction which can be used o modc! quite diverse geome wies.

For small hole geometries cont>*..ing 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 tcierable. With experience it will become apparent when special
precautions are required to exclude such materials from the hole geometry, and sometimes there will
be no alternative but to accept the time penalty.

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 parts 1-8 again define the fuel elements, part 9 define a vertical separating wall for
the top and botiom row of elements, part 10 a vertical separating wall for the central two rows. Further
let part 10 define a horizontal wall at the top and bottom of the flask, part 12 a horizontal wall between
the elements and part 13 a corner section, e.g.:

? 9 8 9 1
12 13 12 13 12 13 12
N 10 2 10 1 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

1 13 11 13 11
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This could be accommodated within a four body cluster as for the reference flask by tornung the
following three arrays:

ARRAY 521 1113111311
596935

ARRAY 751 121312131213 12
310 110 110 3
12131213121312
410 210 210 4
121312131213 12

ARRAY 521 7 9 8 9 7
1113111311

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.
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The code continues by rewinding this input file and reading each section of data in tumn, 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 opticnal 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 ithe
number of single length storage locatinns available.

Most of the MONKS input 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 calculatons. 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 MONK6 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 10 its large
volume (there are 8220 energy groups employed) and because the raw source data is only available in
limited precision, the real nuclear data are stored as single precision numbers. All of the remaining real
data are stored as double precision numbers, and all of the code processing is performed using double
precision arithmetic. This is done 1o reduce the probability of encountering rounding problems close
to geometric boundaries and to raake 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 1o 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 (ceatimetres 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 each
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 z ccess during the calcula-
tion proper. Some of the data tables created will be material specific (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
number 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 MONK6 Supporting Document [2]); a standard set
of adjustments are built into MONKS to create a library suitable for a large range of crit’ ity
calculagons. The actual number of single length locations employed and th time taken to process the
nuclear data are given. For the reference transpon 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 concentratons supplied in the input data were sensible. This sec-
tion of the code concludes by printing the number of location 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 MONKS 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 physical limit on the maximum
size that the main array can take, imposed by the virtual or real memory size of the host computer.

An aliernative 1o using a version of the code with a larger array is obviously to reduce the ame  * ~f
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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 formula that can be used to estimate the likely
space required is:

SPACE (in single length locations) = (3*Number of maierials + 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 1 has 3 nuclides, material 2 has 2, material 3
has §, 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 the 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
that cause the job to terminate will appear before the geomerry 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 tha: overlap within a cluster it is not possible
to calculate volumes analytcally and so the appropriate space in the table contains the urdinal clump
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. Array part types are printed with the direction with the
largest dimension appearing across the page. The simiple body geometry summary is completed by the
details of the boundary conditions, even when the default free-boundary conditions apply. At this
point in the code some further simple geometry 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 "y an interpreted summary of the hole geometry data
which is printed for each hole geometry as its data are read. Therefore any error messages that may
appear will refer 1o 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 pirns widhin 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.

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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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 v-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-effecuve 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 sertling
efficiency:

SUPERHIST 1030

However provided that a sensible initial source distribution is supplied there wi!l be no need to amend
the default value for the majority of systems.

The phrase:
NO STATISTICS WILL  COUNTED UNTIL STAGE 1

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 will just be employed as the source for
the first seutling 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 4 poor source selection and an inappropriate value
for the v-value multiplier may mean that no neutrons actually pass through ten ge srations; 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 deta 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 MONKG6 calculation.

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 form:
INSUFFICIENT SPACE IN MAIN ARRAY - INCREASE SIZE AND RESUBMIT

Similar comments apply to those for the s.milar 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 1 group 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 cumulatve sum of squares and the cumulative sum of cross products of score with sample
weight (see later in this section when the scoring of k-effective [s 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 heen 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. Normally this is of little value bhut can give some indication on the suitability of the
initial source guess.

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 v-value
multiplier is employed to approximately simulate a critical sysiem. 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 (elastic and inelastic), the CAP/CAPTURE column gives the ~um-
ber of parasitic capuuc 2vents (normally (n,y)), and the FISS/FISSION column gives the numMmest of
fission events.

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
real fission events (with the superhistory v-value 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
number in the preceding:

ke, = total number of neutrons emerging from fission = CHILDREN

total number of neutrons SAMPLE

The numerator ink__ can be obtained another way by scoring the expected number of fission neutrons
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 estim~* of
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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 updated, in order to estimate the variances:
IH' IR IF' XL’

and the six cross-product totals are wpdated, in order to estimate the covariances:
IHR,IHF,EHL IRF_ IRL, IFL_

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, For L and N is the number of superhistories):

X = IX /N

S, = [ NIX'- (EX )" } /N(N-1)

S, =[NIEXY_ -EXZIY_}/N(N-1)
which gives the best estimates of <X>, 0, and o, respectively.
These are combined in virious ways to produce the k-effective estimators and their varian es.
The two basic k-effective estimators described above can now be defined as:

k, = IR/IH

Kepe = XF/ZH

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. ork . k., is defined as:

Kue = (ZF, +AZ(H -L) ) /ZH,

where A is a constant. In the MONKS6 output a quantity A (the nett absorption per sample) is printed
which is defined as:

A = IL/IH_ s
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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, the recommended estimator k___ is obtained:

K oa = [GZR_+(1-)ZF +PZ(H_-L))}/ZH,
where o, 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 assumpuon
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 inwroduced 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; 4.« andf are
the constants used to form k_ and k___.. and R(§,A), R(C,A) and R(C,S) are the correlation coeffi-
cients between the estimatorsk_ and A, k_ and A andk_,, and k__  respectively.

In many cases, due to the limited correlation between L3 and A, K om is only slightly more efficient
than k. ; however it is never less efficient and so k___ is regarded as the standard MONK6 k-effective
estimator, The variance reduction achieved by k __overk_ ork ., isoften a factor of berween 2 and
5 on the running time to achieve a given standard error. This is achieved simply by extracting the
maximum informaton 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 seitling and most importandy employing insuffi-
cient neutrons per stage (see section de). 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 distributions other than the
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 all
unbiased estimators and their values should be consistent within the statistical unceriainties. Further
the expected value of A is | 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
insufficient neutrons per stage have been employed to represent the neutron distributic 1 and the cal-
culation may well be biased; it cannot be stressed too much tha. a large number of neutrons per stage
will help eliminate settling/sampling problems for most caiculations.
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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
betwesa their final values are well within the statistical uncertainty (e.g. the difference between kKo
and k,,, is 0.0039 and the standard error on the difference is the square root of the sum of the vari-
ances which is 0.0055). The value of A is within one standard error of its 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.a
and f are reasonably well sertled (this is difficult to quantify) and there are no wild swings in K ou
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 tahles 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
st: ge have been utilised the values should be acceptable estimates of k-effective and A based on typ-
ici 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
d.fer very little, with those for the first stage statistically indistinguishable from those for the last, and
v/ith litte observable variation during the calculation. This gives further confidence in the sampling of
tie problem.

The second of these tables and the final stage-by-stage table gives the variation of the main estir~tors
with the number of settling stages (Appendix C Table 4). Here the user is presented with a pici..¢ of
what would have happened if more (and less) settling stages had been performed. The main use of this
table is to exarune the variation of k-effective with the number of settling stages. The line corre-
sponding tc 2 settling stages is obviously the actual resiit 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 v2lue 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 keyword PUNCH in Unit 4.2 Item
9 of the input data. This means that a file (possibly quite large) containing the current neutron  tri-
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bution and all the scored quantities to date will be saved, and this file may be used 1o Chiain 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 scrawch with more neutrons per stage and/or more
settling. A better approach than extending a calculation is to perform independent calculations and
combine the results as described in section 4e. More than one consistent independent calculation not
only adds greatly to the confidence in the result, but also gives a further chance for any unexpected
sampling problems to be revealed. Note that the restan file will be produced automatically whether it
was requested or not if the time allowed for the job expires before the requested numnbe: 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). The production of a restart file will be noted on the
k-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 + 30), a reasonable size calculation is required; otherwise the 99.7% confidence limt
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. 8 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 bui the most
trivial geometries), more sertling stages (at least 2) and longer calculations (10 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 performarnce workstations
this can be comfortable achieved for most problems in well under an hour of computer time.

The first of the MONK6 detailed scoring tables gives the spatial distribution of the ininal 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
1s 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 poirnits 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
correctly specified any variations from the expected values are only random fluctuations; however this
table is a good check as 10 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 hierarchic 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 parts 5,6
and 3 again. Thus the score for region 25 is the sum of the scores for parts § and 6, namely 140 98442,
Similarly region 26 corresponds to the central array and region 27 the top row. Region 28 corresponds
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
80 its sc::/:re is 600. The standard deviation in each case is simply that arising from the Poisson distri-
bution (vYn).

The 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 defauit normalised to 10,000 neutron samples. This
is done to give some scale to the scorms and enable calculation of varying sizes to be readily compared.
The boundary crossing table can be used to assess the degree of isolation 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 of IN and OUT boundary crossing for the varicus vic.. ents within the
mulu-element bottle that there is a large interaction between the elements (as expected).

In order to make effective use of this table the defis ition of IN 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 boundar as; nur. wnat they do not refer to neuTons ei ing
scoring regions as the following drawings sho'w. For a nes. :he scores are accumulated as follows:

and for a simple cluster as follows:

®




LUATED Wi

he boundary cross




mistic criticality calculation) some information on the number of neutrons reaching the outer bouuary
of the system has been lost. Results from a similar calculation with a free boundary condition were as

follows for part 13;

REGION
1

B W

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 flask wall thickness is sufficient to isolate the fuel
elements from the outside as far as criticality interaction is concemed. This information is missing
from the reference calculation as the IN and OUT scores will mainly consist of neutrons conti
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entering and leaving the flask and others just bouncing around the reflective boundary:

The final part of the boundary crossings table gives the energy distribution by partition of the neutrons
reaching the outer boundary of the system, but it excludes those being reflected back by a fu'™* re-

ouTs

OUT 5




s
ine o i
s y L ¢ re I (
A ¢ % ' y W 5
A\ { 4 - - it At nd 4 a\
v () B P ¥ ildle pa viey a $ v
¢ ca ) ons ¢ e § s tahls ' M emi ving
v art K N f et , ' f ’ " ’ L [
| r. i | DE( X y Afely re
' 1 P therwise biase { k wn S17¢ 0 e DI S 1S
- pandead ¢ i+ St ¥ v ' - bony t T 1 t
(# 8 ~‘ 4 : ¢a A 118 d V \ | o ‘ i L
| » r T ¥ » -y . r N I &5
wOrk ¢ . re a riate boxd v . 5
L} Fagn oo ' iaA ! ar 1 a ¢ v 4 111(
- teard tmr b roON ¥ ey p Fyr pach the
i : » s of six ¢ .- { .
F 1 ) i A ' Five r r f e
1 é \ X 1D !¢ iterial
» v . \ \ o AT X 1
. . on A . - § - the ne mn » ple
§ ¢ » e \ *Xact
! . ' N . ¢ s N ~ ™ o ’ wen a
| N + A » 4
A NS . 1 ~ t ” v
A A1
AN
\ A
\ A
' 3 A .Y { 4 i
\ } | { i thoat 1
1 eCKing 1 ¢ ¢ i ) anie shouid De u ¢ { i
i 11S behave DA d, e.g. 1if gad Im 1s ent i ty and the il ata have
[ 4 - 4 » > ™ v » » 1 roe . v » » r r '
Ll - v - en § ) core a large f capture icuon I 11 dOes
] ] Arg I
r ’ ' oA e ) . s feyr 1) , with
1
{ } { . \ l !
5 % i \ v y A | ol ) "




Page 61 of 71

Note that although the FISSION CHILDREN is printed as an integer it is scored as a real number (v,
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 rypes 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 tc check for geometry sampling. As
for the boundary crossing table, what is obtained here is dependent on how the geometry was con-
structed, so if specific information is required (e.g. reaction rate by fuel element) this must be
considered at the geomeuy 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 actually
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-
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):
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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
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. Thi« 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 wrack length
estunator 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 iree
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 vell 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 15 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 purposes.

The neutrons parameters table that follows gives a summary by material of the collision information
presented earlier. It also presents & quantty headed '"Mean Energy of Neutrons Causing Events’ which

‘ is exactly what is says it is and is of little if any value. Remember that a mean value based on neutron
energies which may vary by several orders of magnitude can be heavily biased by one large contri-
buton, and except for reactions with energy thresholds it is difficult to put these values (o 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.

For the reference calculation the final piece of information is the categorisation output (note that this
is optional); the table for the reference caiculation 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.
MONKG6 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 MONKG6 validation cases. The reference flask calculaton fails into category
number 565 which as expected is an area well covered by the MONKS6 validation. This concludes the
MONKS6 output listing.




Page 63 of 71

7. CRITICALITY ASSESSMENTS

Sections 4 to 6 considered the setting up and r1nning of a single MONKS calculation for a LWR fuel
transport flask. Normally such a calculation wouid ‘orm part of a criticality assessment of a particular
flask, and as such would be only a relatively smal part of the whole exercise. Although expertise in
the use of the MONK6 code is essential in criticality assessments, the assessment process consists of
much more, including the knowledge and use of uther 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 Jeiailed practices can unfortunately be
quite different. This document is clearly not the place to ad» ocate any particular working practice, but
this section will consider the important features of a cnticality assessmer t. A simplified flowchart of
the assessment process is given below:

a) Determine the requirements and
scope of the assessment

|
.

|
i b) Perform survey calculations to
[ examine the system parameters and

i ‘ - .
i determine most reactive situations

'

\
I
|
|
! ¢) Perform detailed calculations for
|

e

the most reactive situations; -
=== consider uncenainties and results
of maloperations and accidents;
check calculations thoroughly

¥

d) Produce draft assessment doCument g

'

¢) Obtain detailed independent check
of assessment

'

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
configuratons.

The control by geometry is accomplished by the compartmentalisation of the fuel into fixed positions
within the multi-element bottle, and for the bortle itself to be securely fixed within the flask. This
limits the interaction effect berween the elements to some extent and hence controls the leakage con-
tribution to the neutron balance; it also forms part of the engineered approach (0 criticality safety as
under normal operating conditions the separation of the fuel is ensured.

The contwl by absorption also forms part of the engineered approach to safety as under nonmal con-
diions 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.

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, scparation changes;
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],
SCALE [17]) and MONKS6 and KENO [17] calculations. The requirement ai 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-
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 MONKS and examining the causes of any differences. It should also be
considered whether the system is suitably covered by the MONKG6 validation database, as this clearly
has a great bearing on the nature of the assessment; if no such validation 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 unirradiated. This
is a conservative assumption in practice if the burnable poison complication can be ignored; if it can-
not there is the possibility that the reactivity of such fuel may be higher ai low burnup than when
unirradiated, and so this needs to be taken into account [18). However in the majority of cases the
assumption of zero burnup is conservative and also allows maximum operator flexibility as knowledge
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a) Requirements and Scope

The safety requirements for the ransport of radioactive materials are by some considerable 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 cniticality 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 transport and in accidents’. The 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
¢) possible rearrangement 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
f possible effects of temperature changes’.

Advisory material on the interpretation of the intemnational 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 subcriticality, 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 ransportation.

Fundamental (o the job of criticality assessment is the task of considerir:» the neutron balance within
the system, i.e. determining the fate of neutrons ansing from fission events. This fate can be consid-
ered as three parts: 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.

Criricality 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
as a primary control mechanism as it depends on fully-reliable administrative practices to ensure that
the flask is loaded only with fue! 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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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 1o be considered as the data obtained from engineering drawings may not correspond to the
operating flask.

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 ¢~ he
calculations (E), the bias arising from operational or accidental changes causing increases in reacu vity
(R), and the statistical Monte Carlo error (§). 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
ind2pendent 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.

d) Draft Assessment Document

The assessor is now confident that sufficient calculations have been performed to prove that the flask
wili remain below the sub-critical margin under normal and postulated accident scenarios. 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 scenarios be adequately described. Detailed descriptions are
also required of the calculations performed, and the document should address the applicabilityeg!id
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 further checking is essential. The
conungencies 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 duning the assessment must be clearly stated.

e) Independent Checking

The assessment document and supporting 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 transpont flasks the independent check would consist of examining the selection of
worst-cas» scenarios, the apglication of the various calculational methods and the arguments th: e
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. The
comments of the independent assessor may lead to the original assessor performing additional survey
or detatled calculations, as well as amending the text of the document before the independent assess-
ment stage is complete.

) 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 publiched 1ecord 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 ot ihese
iterns 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.
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APPENDIX A . REFERENCE FLASK INPUT DATA

* Reference transpon flask containing 14 LWR fuel elements

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

* 3.5% ennched UO2 fuel

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

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

* flask flooded to the top of the fuel

FISSION
6 10 NUCNAMES

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

* material 3 ... boron steel
* material 4. ::eel

* mierial § ... iron

* ma‘erial 6 ... zirconium

CONC U2382238E-2 U2358.2213E-4 0O 4.6054E-2

ATOM 0998 O1.0 HINH20 2.0

ATOM 7.7  FE 1.2311 CR 0.3847 N1 0.1807 B10 1.109E-2
B114436E-2

CONC FE 6.2669E-2  CR 1.6343E-2 NI 6.4342E-3

ATOM 785 FEI10
ATOM 566 ZR 1.0

CM

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

NEST 3
BOX ORIGIN 0.5000.50020.0 BH! 14,200 14.200 409.5
BOX ORIGIN 0.500 0.500 0.0 2 14200 14.200 449.5

BOX 3 15200 15.200 4495



* Parts 2-8 - exact copies of pant | to produce sampling information

SAME 1|
SAME 1
SAME 1|
SAME |
SAME 1
SAME |
SAME |

* 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 421 3113
4224

ARRAY 311 787

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

CLUSTER 4

BOX ORIGIN-228 15250 PIl1 4561524495
BOX ORIGIN-304-15250 PI0 608 30.44495
BOX ORIGIN-22.8-30450 P9 4561524495
ZROD BH2 39.24595

* Part 13 - place elements in multi-elem *nt bottle container and i
. position in flask (note flask fins ignored)

NEST §

ZROD ORIGIN000041.0 P12 3924595

ZROD ORIGIN0.00.038.0 4 40.2465.5

ZROD ORIGIN0.00.0320 2 4124775

ZROD 5 7505415

BOX ORIGIN-76.0-760-1.0 0 152.0152.0543.5

* full specular reflection 1o simulate infinite array of flasks

ALBEDO 111111 .






-3 20 250 20 20 250 -5 -5 250

20 35 250 45 35 250 20 10 250
-5525055 250 -5 -5 250
2579551142795511257.95471
25795704279570257.9530
END
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PICTURE 4
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SECTIOND
COMPARISON OF MONK6B AND KENOVa

Summary

A comparison of MONKG6B 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 simphfied (uel storage test case.

Additional comparisons between MONK6B and other international criticality codes is
regularly undertaken by a OECD/NEA warking group. Reports of their activites can be
obtained from: The Organisation for Economic Cooperation and Development - Nuclear
Energy Agency, Paris, France.




COMPARISON OF MONK6B AND SCALE3. 1 FOR A SET OF
STANDARD CRITICALITY BENCHMARK PROBLEMS
A K Ziver

AEA TECHNOLOGY

Summary

This report presents the results obtained from criticality calculations for a standard set of US
code benchmark problems. The problems were modelled using MONK6B and SCALE3. |
systems. The MONKG6B calculations were performed using the point energy UKNDL nuclear
data library. The SCALE3.1 analysis using KENGVa 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 equivalent computer models to be constructed for a
range of criticality safety codes including both Monte Carlo and deterministic methods.

In this work the point energy Monte Carlo criticality code MONKG6B (1) has been used to
calculate the system multiplication of th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>