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CROSS SECTION GENERATION AND NEUTRONIC CALCULATIONS WITH
NODAL METHODS

Metin K oksal

ABSTRACT
The objective of this thesis is to use analytical nodal metwod Monte Carlo tech-
nigue to obtain a hybrid method in order to generate neutrosscsections and diffu-
sion coefficients used in diffusion type of calculationse™onte Carlo code MCNP
(Monte Carlo N-Particle) which is a general purpose Monte &Caensport code de-
veloped in Los Alamos National Laboratory is used for nenitraalculations. The
slab geometry model is generated and used in MCNP to obtdineagion fluxes and
reaction rates as well as multiplication factor. Theseltesuvere used for obtaining
homogenized node cross sections for each node. Nodalidiffeguations, which use
modified one group theory, for slab and cylindrical geomate derived and utilized
in the analysis to determine diffusion coefficients of eagtien Since it is important to
make fast and accurate calculation in nuclear reactor sisalye developed a method
to perform fast and reliable cross section generation géer full core diffusion
calculation for nuclear reactor analysis.

Keywords: Nodal Methods, MCNP, neutronic calculations, cross-sactio
generation.
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NODAL Y ONTEMLER ILE TESIR KESITI URETIM | VE NOTRONIK
HESAPLAMALAR

Metin K oksal

0z
Bu tezin amaci, diizyon hesaplamalarinda kullanmak icidtron tesir kesitlerinin ve
difizyon katsayisinin bulunmasi amaciyla analitik nodal vetd&arlo tekniklerin-
den karma bir metot elde etmektir.oMonik hesaplarin yapilmasi i¢in Los Alamos
Ulusal Laboratuvari’nda gelistirilen genel amacgh Me®@arlo transport kodu MCNP
(Monte Carlo N-Particle) kullanildi. Geometry modeli yabilve rbtron akisi ve
reaksiyon orani bilgileriyle dtron ¢a@alma katsayisinin elde edilmesi icin MCNP
kodu kullanildi. Bu sonuglar nodal kod icin homojenlagtis nod tesir kesitlerinin
elde edilmesinde kullanildi. Bu analizdedikgiriimis bir grup teori kullanan nodal
difizyon denklemleri levha ve silindirik geometry iciirétildi ve her bir nodun difz-
yon katsayisinin belirlenmesi analizinde kullanildikdieer reakibr analizinde hizli ve
dogru hesaplamanemli oldundan iikleer reakbr analizinde @im kor difizyon
hesaplamalari icin hizli velyenilir bir sekilde tesir kesitiiretimi metodu gelistirdik.

Anahtar Sozdikler: Nodal yontemler, MCNP, atronik hesaplamalar, tesir
kesiti Uretimi.

Danisman: Dog. Dr. Mehmet Tombaka, HacettepdJniversitesi, Nikleer
Enerji Muhendislgi Bolum, Nukleer Enerji Mihendislgi Anabilim Dall
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Chapter 1

INTRODUCTION

1.1 Foreword

Of all modern technologies, nuclear reactor technologynisjue in having sprung
up full blown almost overnight. Only four years seperate dlage of the discovery
of fission (1938) and the date of the first chain reaction ()J948e first moderately
powered reactor (Oak Ridge Graphite Reactor) went crititaiitel943; the first really
high powered reactor started in 1944 at Hanford. Elecyriaias first produced from
fission at the Experimental Breeder Reactor | in Idaho in 1951.

More than 400 nuclear power plants currently operate througthe world,
supplying about 16% of the world’s electricity. It is well &wwn that unlike fossil
fuel plants, nuclear plants do not release carbon dioxidirs or nitrogen oxides
into the environment. The world’s increasing demand forrgneand the growing
concerns for the environment, will favor energy source$wiinimal environmental
impact and competitive economics. Nuclear power plantsacehshould play a role
in the development of energy supply in the future and needeetitihe new goals and
challenges, which the electricity energy market poses.

Nuclear fuel management plays a crucial role in meetingpaéguirements,
reducing the energy production cost and maximizing opagafiexibility of nuclear

power plants. There are two main categories in the nucledrmianagement. Out-



of-core fuel management involves activities which takeselprior to fuel irradiation
called the front-end of fuel cycle and activities that in@lperations on the highly
radioactive spent fuel and low-level waste called back-@nauclear fuel cycle. The
main goal of in-core-fuel management activities is to aohithe design objectives
(energy requirement, safety).

There are several factors related with performing in-caed fnanagement
calculations. One of them is energy requirement and it dépen utility's demand.
Once the energy demand is specified for a given period, the reactivity calcula-
tions can be performed. Then the other unknowns, such asrdrand enrichment of
the fresh fuel, fraction of the depleted fuel to be removadnable poison require-
ments and loading pattern map must be determined. Suchlai@das are required
to optimize in-core fuel cycle under some constraints tesfathe utility’s demand.
To perform such calculations, spatial power distributisméeded under steady state
operating conditions. Such a calculation is one of the maablpms of nuclear en-
gineering and is composed of two steps. The first step is c@son preparation as
a function of the types of the assembly and burnable poisOnse the homogenized
cross sections characterizing each region in the core asctida of burn-up, fuel tem-
perature and moderator temperature are generated, tloefalspatial calculations are

performed as a function of burn-up.

1.2 Nodal Method

The basic equation of diffusion theory is sufficiently aaterfor the calculation of

neutron densities in systems which are homogeneous, olyrfeanogeneous, and
which are so large that the radius of curvature of their baued is almost everywhere
large as compared with the mean free path of the neutrons. cbimditions are satis-
fied in large homogeneous reactors of the usual, ratheraegbhbhpes. On the other
hand, small enriched reactors, whether homogeneous aogeteeous, do not satisfy
these conditions. For such systems transport theory pgevadmuch more accurate

description of the neutron distribution than diffusionahge



The neutron distribution in a reactor core is one of the fumelatal quantities
required in the simulation and design of nuclear reactorseXact description of this
distribution (i.e. the angular neutron density) is prodds the Boltzmann transport

equation (1.1).

1 ~ ~ ~ ~
L0 B0, 1) 4 Q- Viplr, E,0,1) + Bulr, B)e(r, B, 1)
v
:/ dQ’/ dE'S(E' — E,.Q — Q)o(r, E', Y t) + s(r, E,Q, 1) (1.1)
47 0
where

v = Neutron speed (cm/s)

t =Time (S)

r € R3 = Space vector

Q € R? = Angular direction vector
s = Source term (neutrons/c¥s)

The angular flux defined as

A A

o(r, E,Qt) = vn(r, E,,t) (1.2)
where "
v = (E) (1.3)
m

andn is defined as
n(r, E, Q, t) = expected number of neutronsdn dE, d) around the phase space point
r, E,Q attime t.

Unfortunately, this integrodifferential equation is extrely difficult to solve
and although its numerical treatment has improved sigmifig@aver the past 30 years,
it is often replaced with approximate models. The most papaf these is thePy
approximation, which correspond to a¥" order angular expansion of the angular
neutron density, and is asymptotic to the transport equaiibis expansion leads to a
system of N first order PDEs, and in particular theapproximation leads to the first

order form of the diffusion equation. In general, the enatggendence of the angular



neutron density is discretized into groups such that a sysftediffusion equations is
obtained. These multi group diffusion equations have bberbackbone of reactor
modelling and continue to play a significant role. The diffunsmodel represents a
significant simplification of the transport equation; hoeevine scale variations in
the coefficients in combination with the large physical siz¢he reactor core pose a
complex computational problem. Yet the coarse scale ptiegesf the solution (e.g.
cell averages), that appear on a practical computationahpage significantly influ-
enced by the fine scale structure of the coefficients. Prab@mtaining two or more
significantly different length scales arise frequently hygical applications and their
treatment relies on various homogenization procedurescifigally, the fine scale
structure of the coefficients is averaged in some sense toedafi homogenized dif-
fusion problem in which the coefficients are piecewise simdanctions, typically
constants, on the computational mesh. Unfortunately, #nkest treatments of the
multigroup diffusion equations, which applied standastcdtization tecniques to this
homogenized problem, proved inadequate. Efforts to briigegap between com-
putational resources and sophisticated modelling haveuoexd a powerful class of
discritization tecniques referred to asdal methods.

Common to allnodal methods is their rigorous enforcement of cell balance,
a characteristic motivated by the underlying transportéqu. In fact, the first nodal
methods were based on a clever hybrid approach that comtyerezport physics and
diffusion theory. However, these methods are not condisteh the multigroup diffu-
sion equations, and as a result have largely been supersgdee modern, consistent
family of nodal discritizations. These particular methads based on a transverse in-
tegration procedure that reduces the multidimension&lgidn equation to a coupled
set of ODEs involving transverse averaged quantities. nbionly facilitates the use
of unknowns compatible with the popular homogenizatiomigpees (cell and edge
moments in two dimensions) but has contributed to their odi@ent. The treatment
of these transverse integrated ODEs classifies the membdhngs damily as either
polynomial or analytic nodal methods.

Since 1970s significant progress was made in developingregdically de-
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rived nodal methods. These modern or transverse integratddl methods can be
derived in a systematic way and are capable of computingi¢fesmealue and the node
averaged fluxes with high accuracy on a very coarse mesh.

From mathematical viewpoint, nodal methods of reactor jisyare special
finite volume tecniques. To fully exploit the inherent adizages of the finite volume
method for the solution of the neutron diffusion equatiocguaate and efficient tec-
niques for the calculation of flux gradients on the surfactheffinite volumes must be
provided. This problem has been solved by the constructi@anconsistent transverse
integrated one dimensional diffusion equation for eacltsmhrection. Several vari-
ants of the transverse integrated nodal diffusion theorthods can be distinguished
by the methods used for solving the one dimensional diffusiguations [6].

Reactor physics calculations provide the basic informatwrin-core fuel
management analysis. The major objective of these neatoahculations is the pre-
diction of core parameters such as reactivity, reactioaesréihence, power densities
and burnup) and isotopic compositions. The level of acquraquired and thus the
sophistication of the analysis methods to be used is probfeuific. Well developed
and very accurate neutronic computer codes are availalplertorm detailed analysis
of reactor cores. However, the high cost and complexity @aasml with the use of
these programs for multivariable optimization studiestipalarly when the general
degree of uncertainty inherent to the problem being modsletlc larger than the ac-
curacy provided, clearly points to the need to develop stm@hd more cost efficient
models based on analytical and empirical methods.

The Boltzman neutron transport equation is the fundameeilation for nu-
clear reactor analysis [1]. It is a conservation equatione angular neutron density
as a function of position, direction of motion and neutroergy, describing the inter-
action of neutrons with their environment. However, foil e situations, its solution
is either too costly or impractical, and lower order appneiions, with degree of ac-
curacy compatible with the requirements of each specifi@sin, are used in reactor
analysis. For most applications the main workhorse is therae diffusion approxi-

mation. In general, a further assumption of separabilitgpEce, time and spectrum
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effects is also necessary. Under this assumption, the saligided into regions hav-
ing similar characteristics, for which few group constartsgenerated in independent

spatially simlified computations, and then used in few grspgtial calculations.

1.3 Cross Section Generation

The microscopic cross sectiom)(is a property of a given nuclide; is the probability
per nucleus that a neutron in the beam will interact with theleus; this probability is
expressed in terms of an equivalent area that the neutres™s€he macroscopic cross
section £) takes into account the number of those nuclides predeat (Vo [cm™1]).

Our goal is to analyze nuclear reactors. In addition to thecidgtion of
the physical processes, we need to come up with a matheirfatica(a set of equa-
tions) that will help us to quntify what is happening in thactr core. The equations
we use wil contain mathematical descriptions of the rateshath neutrons interact
with the nuclei. Thus, we must describe such interactionthemaatically. One of
the purpose of this thesis is to develop a computational ogetised for the critical-
ity analysis of regular lattice configurations by solvingsk equations. According to
solve these equations one must know the constants in thes¢i@ts. The method
will be developed in the framework of one and a half group hddtusion theory, and
nodal parameters will be determined by resorting to cootirsuenergy Monte Carlo
tecniques. The main problem in generating the multi groupdgenized constants is
to define and calculate the diffusion coefficient.

For generating cross sections first step is to obtain probletapendent
group constants. By using a flat weighting function, the patens are averaged
on a fine energy group structure. Then in the second steprootest libraries are
used as a source for group constants condensation into secggioup structure using
some rough approximation to the problem dependent neutreraging spectrum as
the weighting function. At this step, energy intervals arffisiently fine so that local
variations in the neutron spectrum can be disregarded. fitegion, which defines a

group of problems for which a data set is valid, is the sintijan the smooth neutron



spectrum. Such spectrum is used for weighting in the cragdgoseaveraging process.

The problem dependent few group constants are the resuiedirtal stage
of the data reduction process, starting from the multi grdafa and using neutron
transport methods. The number of groups varies and spatmbgenization is also
performed. Equivalent diffusion equation parameters (ostopic cross sections and
diffusion constants) can be deduced. Such data are higldgted. They are calcu-
lated on a case by case basis and are normally consideredagplaration of nuclear
data. Such a simple flux and volume weighting procedure isl velhen there is no
leakage from the homogenized region. This approach integlsignificant errors in
determination of neutron flow among assemblies in a reatoeaonfigurations. This
errors are somewhat mitigated by use of assembly discatytifactors for conven-
tional reactor core analysis.

Unlike deterministic codes, it is not necessary to congiaproblem depen-
dent cross section set for Monte Carlo codes. Since it siesifall core, spectrum is
directly related to the model and it gives more accuratelt®su

According to find cross sections MCNP code used. MCNP code doies n
give cross section directly. It give reaction rates. Sinc@NW does not have required
options to obtain cross section results, the homogenizessection were obtained by
processing MCNP reaction rates and fluxes by volume-avegadiwo aspects have
been considered in developing the method: the capabiliprawide accurate results
(i.e., with a level of precision comparable to that of theedetinistic transport the-
ory or Monte Carlo methods) and the computational efficientige computational
efficiency is addressed by developing the method in the fnarieof nodal diffusion
theory, whereas the accuracy is addressed through the wayiah the nodal param-
eters are generated. In this work, the nodal constants acemputed by resorting to

continuous energy Monte Carlo techniques.



1.4 Thesis Organization

There are four chapters in this thesis. Introduction to hoashods and neutron cross
section generation are given in this chapter (Chapter 1).

The nodal method that used in this thesis is given in Chaptevi@dified
one group theory is given also given. Derivation of nodalhodtfor slab geometry is
done and a program written for slab geometry nodal cal@ratdescribed. Results for
these calculations also given in this chapter. Derivatibcybndrical geometry nodal
equations given and for comparison criticality condition ¢ylindrical system given.

In the chapter 3, basic concept and procedure for neutra@s G@ction gen-
eration are given. The usage of nodal method for determitiiagheutron diffusion
coefficient is described.

Finally, summary of the work done and conclusion are givethexchapter



Chapter 2

NODAL CALCULATION

2.1 Introduction

There are many instances in nuclear reactor analysis inhvdrie requires a full three
dimensional calculation of the neutron flux, for examplecore fuel depletion or
control rod ejection studies. Although a direct numeriaa@ugon of the diffusion
equation can be performed on a modern digital computergittiemely expensive to
do so, particularly when a series of such calculations wbeldequired for parameter
study. Accuracy in the finite difference solution requireattthe mesh spacing must
be smaller than the thermal group diffusion length[11], antypical LWR core is
about 200 thermal diffusion lengths in each of the three dsians, which results in
several million mesh points, hence several million simnétaus equations. Itis desired
a scheme for determining the three dimensional core fluxilligion that avoids the
large storage and execution time requirements of a dirat# fiifference treatment of
the diffusion equation.

Such a scheme is provided by so callestial methods. General idea is to
decompose the reactor core into relatively large subrasgionode cellsin which the
material composition and flux are assumed uniform (or at leaated in an average
sense). One then attempts to determine the coupling ceefficcharacterizing node

cell to node cell leakage and then to determine the node ogidlthemselves. The



global flux distribution and the effective multiplicatioadtor are then determined from
a nodal calculation.

In this chapter, a general derivation of modified one grougehas illus-
trated, and overview of nodal methods is provided. Then swateulations in 1-D are

made using nodal methods code.

2.2 Modified One Group Model

The major objective of the reactor physics calculationkésgrediction of core param-
eters such as reactivity, reaction rates (hence powertéEnand burnup) and isotopic
compositions. The level of accuracy required and thus tpaistication of the analy-

sis methods to be used is problem specific.

A modified one group theory method, known as tme-and-one-half group model,

can be derived from the two group diffusion equations.

fast group:
—V D1V + X101 + X121 — %(szlgf)l + v paps) =0 (2.2)
thermal group:
—V - DoV g + Egaps — X12¢1 =0 (2.2)

where )\ is the neutron multiplication factor; the average number of neutrons re-
leased per fission, D diffusion coefficient, macroscopic absorption cross section,
¥y macroscopic fission cross sectidiy, the macroscopic downscattering cross sec-
tion, and with 1 and 2 standing for fast and thermal groupspeetively.

The essential approximation of the one-and-one-half grooplel is that
thermal neutrons are absorbed at the point of removal fraast group, or, equiv-
alently, that thermal leakage is neglected (.24, = 0). Thermal leakage is an

order of magnitude smaller than fast leakage in LWRs. If we tiwein a large LWR,
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Dy ~ 0.5¢cm , B> 2 107*em ™2, while ©,, = 0.1cm ™!, then we find

—D,V%y,  DyB?
Eaz 9252 Eaz

~5x 1074« 1

Hence the neglect of D,V?¢, may occasionally be valid for the investigation of
problems in which thermal neutron diffusion does not havigaificant reactivity ef-
fect [2].

Then Eq. (2.2) becomes:

Y202 = Y1201 (2.3)

Substitutinge, from this expression in Eq. (2.1), and assumingconstant over the

reactor, gives

1 )
—DiV?¢1 + Sa1d1 + Siagh — 3 <u2f1 + uzfgzw) ¢ =0 (2.4)
a2

A very useful (and common) modification of this scheme whakes some account
of both fast and thermal leakage within a one-group treatriseabtained by using
migration area defined as

M? = Dy /(3a1 + X12)

and recalling that the local two group infinite medium nentnaultiplication factor is:

(l/zfl -+ I/Efg%)

ke = 2.5
(Xa1 + X12) (2:3)
Eg. (2.4) may be rearrange as:
koo 1

Furthermore, defining the local reactivity,
p=1-1/k,
and a modified eigenvalue, called here $ixgtem (static) reactivity,

ps=1—1/X\.

11



an equivalent expression for Eq. (2.6) is obtained, namely:

(p - ps)

(1-p)

For a critical reactor (i.eA = 1, p, = 0) above equation become:

Vi + %qﬁl =0 (2.7)

1
Vi1 + {a f ) W(m =0 (2.8)
or, equivalently,
koo — 1
V2 + %\472)% =0 (2.9)
Buckling defined as follows:
(p — ps)
B? = _W (2.10)

So the diffusion equation can be written as:
Vip— B*p =0 (2.11)

It is important to notice that the system reactivity is a nfiedi eigenvalue determining
the core criticality. Equation 2.7 may be re-arranged anegiated over the core

volume, V, to yield,

_ Iy ﬁ%qﬁldv + [, V- D1 Vidv

ps
fv %p%qbldv

From this equation system reactivity and so core critigalitecked.

(2.12)

2.3 Nodal Method For Slab Geometry

Even after the local fuel pin, clad, coolant, and so on, loggeneity is replaced by a
homogenized representation, a reactor core remains ayhigtérogeneous medium
because of the intra assembly and assembly to assembljiaaiiafuel composition,
burnable poisons, control rods, water channels, struetogeso on. The mesh spacing
in a conventional few group finite difference model of suclhoeeds constrained by

two requirements: (1) it must be sufficiently fine to reprédbe remaining spatial
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heterogeneity adequately, and (2) it must be no larger ti@altortest (thermal) group
diffusion length in order to avoid numerical inaccuracy. eéfgroup finite difference
model that could adequately describe such a core might aedi 19)° to 10° unknowns
(the fluxes in each group at each mesh point). The directisolof such a problem,
even in diffusion theory, remains a formidable computation

Over the two past decades, efficient numerical techniques haen pro-
posed to solve these equations accurately. Among thesmaigariethods, nodal schemes
were the most attractive. They are fast and accurate whictbire attractive features
of the finite element method as well as the finite differencéhoe Nodal methods
provide an efficient and accurate means of analysis whemesgactor may be repre-
sented by regularly repeating, internally homogenizedregnodes).

Nodal methods characterize the global neutron flux didfiobun terms of a
small number of parameters in each of several large regayngdes, into which the
reactor core is subdivided for this purpose. Such methodsrgély require detailed
heterogeneous intranodal flux distributions to constrechdgenized parameters for
each of the many nodes into which a reactor core may be diaaeldto calculate
coupling parameters that link the average flux solutionglja@ent nodes. The global
average nodal fluxes must then be combined with the intrdrieetarogeneous flux
solutions if a heterogeneous flux distribution is required.

According to find analytical solution of the one-and-ond-gaoup theory
equation we made some assumption: the continuity of fluxd<arrents at the nodal
interfaces,the invariance of the fast group diffusion tioeint throughout the fueled
nodes.

The one dimensional version of the one-and-one-half grapaton was
solved as follows. Each assembly was assumed to be a slab modeg widthh,.
Subscript i shows coordinate of the node. Where i shows demitke, i+1 indicates
right node, and i-1 indicates the left node. There is twoeddht solution; one for
interior node, and one for peripheral node.

Eq.(2.11) is an elliptic differential equation having aqure solution within

a closed boundary.
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The solution to Eq.(2.11) is generically;

¢i(z) = A; cosh(B;z) + G; sinh(B;x) (2.13)
By integrated this as:
B h/2
—h/2

from this integrated flux of the node may be defined as:

¢ = (2;1' sinh(BZ-h/Q)) (2.15)

Now the solution may be carried out for x direction, once toeridary conditions
are specified. Where each node would be formally coupled tsuh®unding ones.
Here, the solution will be obtained for individual nodes enthe assumption that the
necessary quantities from the surrounding nodelsgre known. The objective is to
solve for¢;, as a function of the characteristics of the node i itselfigedurrounding.
Boundary conditions (fluxes and currents are continuous @ nuaerfaces)

are written below.

For fluxes;
¢i(—h/2) = di-1(h/2) (2.16)
¢i(h/2) = ¢is1(=h/2) (2.17)
and for currents;
S Y 219
L 219

For interior nodes:
Using boundary conditions (fluxes and currents are contisad node interfaces) and

assuming as known the integrated fluxes in the neighboridg$o

Giy = (2;1"‘1 sinh(Bi_lh/Z)) (2.20)

i—1

and

Pip1 = (2§ = sinh(Bmh/Z)) (2.21)

i+1

14



The objective is to solve for the integrated flux

Q_Si = 24 smh(BZh/Q)

B;

where the only unknown isl;, which can be obtained from above equations and
boundary conditions. The result for interior node integdatiux ¢; is reproduce as

follows:

¢:;Bh?  C1+Cy

_ (2.22)
2 Cs+Cy
where the(’,, (5, C5, andC, are as follows:
- tanh(B;h;/2) , Djtanh(B;11h;11/2)
Cr=¢i—1 Biothi—ycsch(Bimthi—y) [ SRl 4 Pttt /2| (2.23)
_ an h; D, tanh(B; _1h;_1/2
Cg:¢i+1Bi+1hi+1csch(3i+1hi+1) I:t h<B}f;LZLZ/2) + L Dai_l(BZ_llillzj_ll/ ):| (224)
_ [coth(B;h;/2) | Djtanh(B;_1h;j_1/2)7 [tanh(B;h;/2) | Djtanh(B;q1hi41/2)
03_{ Bih, Di_1Bi—1h;—1 H Bihg Dit1Biy1hit1 ] (2'25)
_ [coth(B;h;/2) | Djtanh(B;1h;11/2)] [tanh(B;h;/2) | D;tanh(B; _1h;_1/2)
047{ Bihy  © Dz’+le‘T—1hii1 H Bih; T Di_1Bi_ihi1 ] (2.26)

For peripheral nodes:

Again solving for the x direction, the boundary conditiorislge interior interfaces
are the same as for the previous case. At the interface wéthethector, additional
condition is imposed as the albedo boundary condition. Veel asconstant«,,) for

relation between flux and current in the reflector interfacéodows:
J=a,¢ (2.27)

This «,, is found from reflection coefficient or albedo, which is defires the ratio

between the current out of the reflecting region to the caiirda the reflecting region:

Jout
= 2.28
= (2.28)

15



For thin reflector, very few of the neutrons are reflected atth the albedo is small.
As the reflector becomes very thick, the albedo approachyangstic limit dependent

only upon the material properties D and L as;
_ 2D

aﬁaw:T;% (2.29)
For example, the albedos characterizing infinitely thidkerors of graphite, water,
and heavy water are 0.93, 0.82, and 0.97 respectively.

The albedo can be used to replaced the detailed solutioneimetiecting
region by an equivalent boundary condition at the edge ofctire using Equation
2.28. That is, boundary condition on the flux in the previagon is just

Pl (i) 230
Used in this manner, the albedo becomes a very useful demiabfaining boundary

conditions for reactor core calculations [2].

From Eq. 2.27 and Eg. 2.30 the relation betweeand «,, can be easily

1/1—a

So if the albedo knowny,, can be calculated easily. For example, if no neutron enter

found as

the system (vacuum boundary conditien} 0 anda,, = 0.5 .

From these the result for peripheral node integrated flusbtained as fol-

lows:
s R
Lt = 2.32
2 E, + B3 ( )
E1 = (51',1Biflhi,1CSCh(Bi,1hi,1) (233)
COth(Bzhl/2> Dz tanh(Bz,lhl,l/Q)
= 2.34
T Bk DiiBahia (239
COth(Bihi/Q) 4+ D;
B — Bih; anh; tanh(Bzhz/Q) X Dz tanh(Bi_lhi_1/2) (2 35)
5 [tanh(Bihi/Q) D; :| B,th Dileiflhifl .
Bih; anh;
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Using these equations nodal integrating fluxes are catxllat

2.4 One Dimensional Nodal Program

According to find criticality of the system (hence systemctedy) a program was
written in the FORTRAN-77 [10] called SLABNOD given in the apyplex of this
thesis. This code, incorporating the nodal method illdsttan this chapter, which
allows to solve 1-D criticality problems for reactor lat&ccomposed of homogenous
regions.

The inputs for program are as follows; geometry entry (nundegegion,
number of material), maximum number of iteration, reattiwf the each node, mi-
gration area, diffusion coefficient, and ap number for boundary condition.

First of all , program initialize the nodal integrated fludwes (¢; = 1 for
i =1...n,). Using peripheral and interior node equations finddhealues. Accord-
ing to these fluxes system reactivity calculated using Equét.12. Then compare
the iteration results flux and reactivity values with presdaalues for convergence. If
these values converge stops the iteration and gives thigsi€$owchart of the program

is given in the Figure 2.1.
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2.5 Results For Slab Geometry Calculations

In this section the results of the application of the nodathoe to the 1-D slab re-
actor problems are given. The code was tested by considevimgeven-assembly

configurations typical of a BWR core in 1-D as shown in Fig. 2.2.

Type 1 Type 2
Configuration 1
I II|{Io| I I/ 1|11

i(2|1(2(1|2]|1

3

Configuration 2 Tvpe

oo

1(3|1(3(1]3]|1 |

Figure 2.2: Core and assembly configuration.

A seven assembly core is made up of two unique alternatirendsges lined
up in a one dimensional array. The type 1 assembly contaioetwichment zones
where as the type 2 assembly has one enrichment zone wittilglgmaller average
enrichment. The type 3 assembly is the same as type 1 exedpt tbntains gadolin-
ium in fuel region Il. The first configuration is a very simplase with relatively small
changes across the core. The core and assembly configsratershown in Fig.2.2
above. The corresponding cross sections and dimensionsfaseach region are
shown in Table 2.1.

Using this parameters as input to the program we run the anodor differ-
ent cases and get eigenvalues.

The same calculations with different algorithm made by Frieama and
M.S.McKinley [3]. A comparison between our results anditihesults shown in Table
2. This shows the analysis of configuration 2, for differeages. In case 1 there is one

assembly(only central one). We calculate and write theespwnding albeda). In
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Table 2.1: Fuel assembly parameters

Atribute Water | Fuell | Fuelll | Fuel llg

D(cm) 1.44 |124 [122 |13
S.(em~!) | 0.00205| 0.0238| 0.0284| 0.075
vSs(em™) | 0.0 0.0314| 0.0416| 0.00844

Thickness | 1.158 3.231 | 3.213 | 3.231

cases 2,3, and 4 we use 2,3,and 4 assembly and correspolmidg.a

Table 2.5 and 2.4 shows that our results are nearly same.

Table 2.2: Comparison of the eigenvalue

Case| Rahnema’s results Our results

1 0.8969 0.88969046
2 0.8968 0.89684498
3 0.89705 0.89702226
4 0.9022 0.902245998

Table 2.3: Comparison of the assembly integrated flux for gandition 1

Assembly| Rahnema’s results Our results
1 1.055 1.05503

2 0.984 0.9841

3 0.985 0.98464

4 0.950 0.95023

20



35 T T T T T T T T

rJ
m
T
1

S
T
1

—
in
T
|

Modal Integrated Flux

0.5

] 10 15 20 25 a0 35 40
Mode Mumber

Figure 2.3: Nodal Flux Distrubution.
2.6 Cylindrical Geometry Nodal Method

Analysis of the cylindrical geometry nodal equations isik&nto slab geometry solu-

tion. But the solution of the Equation 2.11 is as follows:
¢i(r) = AiJo(Bir) + GiYo(Bir) (2.36)

Since as a boundary condition flux must be finite at €9,must be zero. So nodal
flux in first node written as;
¢1(r) = Ay Jo(Bar) (2.37)

According to find integrated flux, flux equation integrate as:

¢i = / 2mrg;(r)dr (2.38)
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Table 2.4: Comparison of the assembly integrated flux for gondition 2

Assembly| Rahnema’s results Our results
1 2.37 2.3711

2 0.658 0.65815

3 0.357 0.3564

4 0.173 0.1723

from this equation, integrated flux of the node i may be defased

_27r

QZ_51‘ E [Ai<TiJ1(BiTi) - Tz’—IJI(Bz’—ITi—l)) +

7

Gi(riyl(BiTi) - 7"1'713/1(31‘717%71)) (2-39)

In a similar manner to slab geometry problem, derivatiorneféquations for
peripheal node and interior nodes are done and a Fortrandé&/(€'LNOD) written
for making these calculation. This code also given in thesagpx.

The one dimensional version of the one-and-one-half graymaton for
cylindrical geometry was solved as follows. Each assembly assumed to be a cylin-
drical section node, having width — r;,_; (o = 0). Subscript i shows coordinate of
the node. Where i shows central node, i+1 indicates righthteig (next) node, and
i-1 indicates the left neighbor (previous) node. There isdhdifferent solution; one
for first (central) node, one for interior nodes, and one fmigheral node.

Now the solution may be carried out for r direction, once tharzary con-
ditions are specified. Where each node would be formally @slijg the surrounding
ones. Here, the solution will be obtained for individual asdinder the assumption
that the necessary quantities from the surrounding nogig¢sife known. The objec-
tive is to solve forg;, as a function of the characteristics of the node i itself &sid

surrounding. That is4; andG; must be found.

For first node:
Boundary conditions (fluxes and currents are continuous @ materfaces and flux

must be finite at the centre r=0) are written below. For fluxes;
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Since Flux must be finite at r=Q5; must be zero. Thus,

¢1 (7") = Aljo(Blr) (240)
¢1(r1) = ¢a(r1) (2.41)
For currents;
D, d¢1 (T) = D, d¢2(7’) (242)
d?” r=rq dT r=rq

The integrated fluxes of the neighbor node (node 2) is known as

- 2
Oy = gﬂ [Az(?”zjl (Bara) — r1J1(Bar1)) + Ga(raY1(Bars) — 7’1Y1(Bg7’1>)] (2.43)
2
Alj[)(BlTl) = Ang(BQ’Fl) —l— GQ}/E)(BQT:[) (244)
D1B1A1J1(Bir1) = DaBy | As Ji(Bary) + G2Y1(B27"1)} (2.45)

From these three equation unknows A,, G, founds. Sa4; can be written as;

_ E1[1(Bar1)Yo(Bar1) — Jo(B2r1)Yi(Bar1)]

Ay — (2.46)
' LT (Brry) — Jo(Biry)[—E2Ji (Bari))
whereFE; and E, defined as follows;
_ By
E, = 2.47
! ¢2 7“2J1(Bz7”2) - 7“1J1(B27“1) ( )
7"23/1(327‘2) - 7"15/1(327‘1)
Es = 2.48
? 7“2J1(B27“2) - 7”1J1(BQ7’1) ( )
SinceA; found, flux of the first node can be written;
- 1
¢ = N A17’1J1(B17’1)] (2.49)
1

For second node:
Boundary conditions (fluxes and currents are continuousde imderfaces) are written

below. For fluxes;

Gi(ri-1) = ¢i—1(ri-1) (2.50)
Gi(ri) = Gip1(rs) (2.51)
and for currents;
Didﬁbz‘(ﬂ _ Di,ld@_l(T) (2.52)
d?” r=r;_1 d?“ r=r;_1
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dei(r) _ p,, bin(r)
d?” r=r; o d?“

And assuming that the integrated flux of the neighbor nodd€nl) is known as;

D,

(2.53)

T=r;

- 2
Pir1 = 5 [Ai+1(Ti+1J1(Bi+1Ti+1) — 1 J1(Biyari)) +
i+1
Gis1(ris1Y1(Bigirivr) — 7”1'Y1(B¢+17“i))] (2.54)
A, Jo(Biri—1) + GiYo(Biri—1) = Ai—1Jo(Bi—iri—1) (2.55)
AZJ()(Bsz) + GZ}/b(BlTl) = Ai+1J0(Bi+1T'Z‘) + G7;+1}/0(Bi+17“i> (256)

D;B; [AiJI(BiTi—l) + Gz‘Yl(BiTi—l)] =D; 1B [Ai—IJI(Bi—lri—l)] (2.57)

D;B; [AZJ1(B¢T¢) + GZ‘H(Bz‘Tz‘)}
= Di+lBi+1 [Ai+1 Jl(Bz'+17‘z') + Gi—&-l}/l(Bz’—&-lri)} (2-58)
There are five unknownsA(_,, A;, A;.1, G;, G;.1,) and five equations. Where i's are

2. According to these equations andG; are found.

Ti+1 Jl(Bz‘+17’i+1) - TiJ1(Bz‘+17”i)

S1 = Jo(Bj1ri) — eV (Brorin) = rin(BiHm)Yb(BiHri) (2.59)
52 A B) B ) () 00
53 = %JO(BW) - %L(Bm) (2.61)
S4 = %K(Bm) - %Y()(Bm) (2.62)
55— stY0oBrari) = Yi(Biry) (2.63)

Tis1Y1(Big1riv1) — 1iY1(Big1mi)

J1(Bz'—17‘z'—1) D;B;
0( " 1)J0(Bi717’i71> D, 1B, 1( " 1) ( )

D;B;

Yo (Bm_l)
D;i_1B;i_4

ST =
Jo(Bi—ﬂ“i—l)

}/I(Bi?ﬂi—l) — Jl(Bi—ITi—l) (265)
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From these4,; andG,; found as follows;

S5

Az’ = W ¢i+lBi+1 (266)
S7
S5
Gi - % ¢i+1Bi+1 (267)

Using A; andG; expressions integrated flux of node i found;

¢i = 3%1 Ai(’f’ijl (Bﬂ“z) — Ti_lrjl(Biri—l)) + Gz(rz}/i(Bzrl) - ri—lyvl(BiTi—l)) (268)

For interior nodes:
Boundary conditions (fluxes and currents are continuousds irderfaces) are written

below. For fluxes;

¢i(7’i—1) = Cbi—l(?“i—l) (2-69)
Gi(ri) = div1(rs) (2.70)
and for currents;
p, d9:(r) _p,_ () (2.71)
d’l“ r=ri_1 d?" r=ri_1
D, d@'(?") _ Di+1d¢i+1<7”) (2.72)
dr r=r; dr r=r;
And assuming that the integrated fluxes of the neighbor n¢u=de i-1 and i+1) are
known as;
- 2T
Cbi—l = B [Ai—l(ri—ljl(Bi—lrz’—l) - Ti—2J1(Bz'—17‘i—2)) +
i—1
Gi—l(Ti—lyl(Bz‘—lTi—Q - 7“1‘—23/1(31‘—17“@‘—2))] (2-73)
2

QBH—I -

B [Ai+1(7‘z+1J1(B¢+17‘z‘+1) - Tijl(Bi—&—sz')) +
i+1
Gz’+1(7’z’+1Y1(Bz'+17“z‘+1) - Tz‘Yl(Bz'HTz‘))] (2-74)

Aido(Biric1) + GiYo(Biriz1) = AicaJo(Biari—1) + G Yo(Biari—1)  (2.75)

AiJo(Biri) + GiYo(Biri) = A1 Jo(Biga7ri) + Gig1Yo(Bigari) (2.76)
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D;B;|A;Ji(Biri—1) + Giyi(Biri—l)] =D, 1B [Az’—leh(Bi—ﬂ‘i—l) +
Gze1Y1(Bzel7"zel)] (2-77)

Di+1Bi+l [Ai-‘rl Jl(Bz'+17"i) + Gz’+1Yl(Bi+17"z’)} (2-78)
There are six unknownsA(_1, A;, A;11,Gi_1, G;, G;41,) and six equations. Where i's

are greater than 1 and less than the number of nodes. Acgdaithese equations;

andG; are found.

A, = ST 6u (2.79)
€5€2 — €3€¢

G; = G4 ™ Q1% (2.80)
€5€2 — €366

Whereg;'s are as follows;

€1 = Mﬂ [Jl(Bi—lri—l)Yb(Bi—lri—l) - Jo(Bi—ﬂ“i—l)Yl(Bi—sz‘—l)} (2-81)

D;B;

€r = Y1(Bi7"i) [Y()(Bi-i-lri) - F4J0(Bi+17“z‘)] - % [Yl(Bz‘HTi) -

F4J1(Bz‘+17’i)}Yo(Bﬂ”z‘) (2-82)

€3 = Yl(Bm'—l) [Y()(Bi—lﬁ'—l) - F2J0(Bi—17’i—1)} -

Dlz)tgz—l |:Yv1<Bi717“i—1) — FyJ; (Biflri—l):| %(Birifl) (283)
€4 = %Fz [Jl(BiHTi)YO(BiHTi) - JO(Bi+17’i>Yl(Bi+17"i)} (2-84)

€5 = Jl(Bﬂ"i—l) [Yb(Bi—lﬁ—l) - FQJO(Bi—lTi—l)] -
DB Vi (Biarinn) = Foh(Biari) | Jo(Biri) (2.85)
€6 = J1(Bir;) [Y()<Bi+17"i) - F4J0(Bz‘+17’z‘)] -

Di1Biy1

D.B. |:Y1(Bi+lri> - F4J1(Bi+17”z‘)] JO(BH“@') (2-86)
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The F values written as;

= B; 4
Fy = o¢;_ 2.87
1= i1 ri—1J1(Bi—1ri—1) — Ti—2J1(Bi—171i—2) ( )
ri—1Y1(Bi—iri—1) — ri—2Y1(Bi—171i—2)
Fy = 2.88
2 ri—1J1(Bi—1ri—1) — ri—2J1(Bi—17i—2) ( )
= B
Fy = ¢; 2.89
3= il Tit1J1(Bit17i41) — 1iJ1(Big174) (2.89)
P = Tit1Y1(Big1rit1) — riY1(Biy17i) (2.90)

Tit1J1(Big1rist1) — 1iJ1(Bigirs)

Using A; andG; expressions integrated flux of node i found;

9252‘ =2 Ai(TiJI(BiTi> - Ti—ljl(BiTz'—l)) + Gi(riyl(BiTz‘) - 7”2‘—1Y1(Bz'7’z’—1)) (2-91)

B;

For last node:
Boundary conditions at the interior interface are the sanferabe previous case. At
the interface with the reflector, additional conditions ianposed: the flux in addition
to satisfying the continuity requirement at the interfaseassumed to vanish at the

distance R into the reflector. Solution for the flux in the retfde is given by
6,(r) = A Jo(Byr) + G, Yo (B,r) (2.92)
Since¢,=0 at R,G, = — A, Jo(B,R)/Yo(B,R) so
¢r(r) = Ay | Jo(B,r) — Yo(B,r)Jo(B,R)/Yo(B:R) (2.93)

Accordingly, the equations become for i=number of regiar) (

Gi(ric1) = ¢ica(rica) (2.94)

Gi(ri) = or(ri) (2.95)

2 ARt 236)
L @o7)

27

Pi—1 = B

[Ai—l(ﬁ—ljl(Bi—lﬁ—l) - Ti—zc]l(Bz’—lﬁ—z)) +
Gz‘—l(?“i—lyl(Bz'—lﬁ—l) - 7"1'—2Y1(Bi—17“z‘—2))] (2-98)
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Last condition is simply written a$ = a¢ at surface, that is

21, D, B, [Jl(Brri) —Yi(Byr:)Jo(B.R) /YO(BTR)} -
o[ Jo(Byrs) = Yol Byrs) Jo(BoR) /Yo B.R)| (2.99)

According to thesel; andG; for last node found

Gy LisiBizy |:J1(Bi,17"i71) - %JO(Biflrifl)}

2 K1
A = 2.100
S154 + 5953 ( )
o 53% [Jl(Bz‘—ﬂ‘i—l) - %JO(Bi—lri—l)} 5 101
C 5154 + 5255 (2.101)
Where S’s, T's, and K’s as follows
K, = Ti—lJl(Bi—lTi—l) - 7“i—2J1(Bi—17“z'—2) (2-102)
Ky = 7’1'71}/1(31'717“@'71) —Ti—oY (Biflri72) (2-103)
K,
T1 = %(317173;1) - FJQ(BiflTifl) (2104)
1
K,
15 = 3/1(31‘—17“2‘—1) - Fjl(Bi—lﬁ—l) (2-105)
1
D;B; T
Sl = fBi_IJl(BiTz‘,l) - Tjjo(BiTiil) (2106)
D;B; T
Sy = m}fl(&nfl) — TjYE)(Bm,l) (2.107)
Ss = D; B; Jy(B;r;) — iJo(Bz‘T‘z‘) (2.108)
2mr;
27r;

Using A; andG; expressions integrated flux of the last node can be calclieste

- 2T
O; = B Ai(riJy(Byri) — rim1Ji(Biric1)) +

Gi(rY1(Bir;) — i1 Y1(Biri—1)) (2.110)
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Figure 2.4: Geometry of the three region system

2.7 Criticality Condition For Cylindrical System

According to make cylnod code verification we derive anabjtsolution of the three
region system shown in Figure 2.4. The first and the last nadeseflecting region

and second region is multiplying medium.

¢1(r) = Arlo(Kqr) (2.111)
¢3(T’) = A3]0(K37“) + GgK()(KgT) (2112)
Jt = E 01 — 2D1% (2.113)
4 dr T=r1
Jo=1 b1 + 2D1% (2.114)
4 d’f’ r=ri
J-
B = o (2.115)
So [ s }
O1+2D0 5,
| = e (2.116)
[¢1 — 2D, W]T:n
Hence

I()(Kﬂ"l) -+ 2D1K1[1(K1T1)
= 2.117
& Io(Kyr) — 2Dy K\ I (K ) ( )
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There is vacuum boundary at= 3. So.J~ (r3) = 0.

Mg 120,98 (2.118)
4 dr |,_,.,

Using Equation 2.122 in above equation give relation betwégandG; as follows;

Io(Kng) -+ 2D3K3]1 (Kg?"g)

Gy=—A
3 3K0(K3T3) — 2D3K3K1(K37“3)

(2.119)

Define a coefficient, such as7; = vAs.
Now, write 3, atr = r, for region three.
A3[I()<K37"2) + 2D3K3[1<K3T2)] + Gg [KO(K?)TQ) — 2D3K3K1(K3T2)]

Ag[I()(KgTQ) — 2D3K3[1(K37‘2)] + G3[K0(K3T2) + 2D3K3K1(K3T2)]
(2.120)

B =

SinceG3 = yAs;

g, — Uo(Ksra) + 2Ds Ko (Far)] + 1 Ko(Karz) — 2D K3 K (Kara)] (2.121)
T [Io(Kary) — 2D5 KL (Kara)] +1[Ko(Kyrs) + 2Ds Ky Ky (Kyry)] |

For multiplying region (region two) flux written as;
Ga(1) = Ao Jo(Kor) + G2Yo(Kar) (2.122)

If we write 3; and 3, for multiplying region at- = r; andr = ry ;

AQ[J()(KQT'1> — 2D2K2J1<K27“1)] =+ GQD/O(KQT'l) — 2D2K21/1(K27"1>]

61 - AQ[Jo(KQT’l) + 2D2K2J1(K2T1)] =+ GQ[%(KQ?H) + 2D2K2}/1<K27"1)]
(2.123)
ﬂ2 _ AQ[JQ(KQTQ) — 2D2K2J1<K2T‘2)] + GQD/O(KQTQ) — 2D2K2}/1(K2T2>]

AQ[J()(KQT’Q) =+ 2D2K2J1 (KQ?“Q)] =+ G2 D/()(KQT'Q) + 2D2K2}/1<K27“2)]
(2.124)

Manipulating these two equation cancels ot and G, terms so we get

criticality condition as;

(

(KQ’I“Q) + (1 + 52)2D2K2}/1(K2r2)
(1= B1)Jo(Kari) — (14 51)2Do Ky Jy (Kary)

)

(2.125)
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01 known (from eqgn. 2.117) as a function of first region paramsetes,
known (from eqgn. 2.121) as a function of third region pararset So in the above
equationky is the only unknown and can be found.

If we take; = 1 andg, = 0, this represents the homogeneous cylinder case.
Using thesed values one can make different calculations. Using thiscality equa-
tion system reactivity and so multiplication factor and @haf the flux distribution
can be found.

Sample homogeneous cylinder flux distribution taken frotnay program

given in the Figure 2.5.

Flux

0.5 -

|
0 2 10 15 20

nade

Figure 2.5: Flux distrubution in a cylinder
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Chapter 3

CROSS SECTION GENERATION

3.1 Introduction

Monte Carlo methods of performing radiation transport dalions are heavily used
in many different applications. However, despite theivptence, Monte Carlo codes
do not eliminate the need for other methods of analysis ligerdte ordinates transport
codes or even diffusion theory codes. For example, currentt®Carlo codes are not
capable of performing transient analysis or continuousgynadjoint calculations.

One of the primary difficulties, however, in using non contas energy
methods is the need for reliable multigroup cross sectioaidiave been collapsed over
an appropriate flux spectrum. Therefore, we use Monte Cade MCNP to generate
multigroup cross section. This will make it possible for treer to take advantage of
the accuracy and ease of problem definition provided by MCNiRewglenerating multi
group cross sections for other applications such as nod&sco

The calculation of multigroup cross section for use in vasiceactor physics
codes is a task that can be rather difficult to perform. The osest calculate an
appropriate flux spectrum which is used for weighting andapsing the continuous
energy or fine group cross sections. Typically, during csession generation, the user
is not able to represent accurately the geometry of the enolideing analyzed. One

and two dimensional approximations have to be made in oalenlculate the flux
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spectrum which will be used for cross section weighting. SEhapproximations, if
made carefully, are adequate to obtain correct multigreapscsection. However, the
effort involved in generating these cross sections isstitistantial.

Monte Carlo methods offer the user a great advantage in botiqat accu-
racy and ease of problem setup. MCNP [4] uses continuous\ensrgs section data
for the radiation transport. It has a full three dimensianaldelling capability with a
large number of user definable tallies and source definitiBasic theory of the Monte

Carlo methods and MCNP is given in the appendix.

3.2 Basic Concepts

The two group diffusion model can be used to demonstrate dauwf the various
applications of the multigroup formalism. For example, treguently wishes to gen-
erate the group constants for a few group calculation usiagieutron spectrum gen-
erated by a many group calculation. Such a procedure is kr@group collapsing,
since it expresses few group constants in terms of many geooptants. Equation
below is a general simplified definition of a multigroup cregstion collapsed from

continuous energy cross section data.

N o 61
" L eBE |

Eq

¥, = group cross section
¥(E) = macroscopic cross section as a function of energy

¢(F) = neutron flux as a function of energy

To illustrate group collapsing we can write expression li@er@ne group con-

stants in terms of two group constants.

Eg
S [, Z(E)¢(E)dE (3.2)
" o(E)dE

E>

For example one group diffusion coefficient can easily datea from two group data
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In continuous energy Monte Carlo there are many differenésypf reac-

(3.3)

tions that occur and therefore many different types of csesgions. However, in
nodal methods only a limited number of cross sections ardated~or example total,
absorbtion, and fission cross sections.

Instead of calculating group cross section in a single ref@ne may wish
to calculate homogenized group cross sections over a regioeterogeneous materi-
als. If there are two region system as shown in Figure 3.1 ly@miaed cross sections

may be found as follows;

VOLUME | VOLUME 2

Figure 3.1: Heterogenous two region system
_ Vil
V4
From this equation the cell averaged cross section carydmesderived and

(3.4)

_ VS v

PP—
9T VIglh 4 V2

(3.5)

Generating multigroup cross sections is a two step prodessgep one, the
flux and the various reacation rates are tallied during gartransport. The second
step, which is performed after the calculation has been &etegh is to divide the re-

action rates by the flux, thereby calculating the macrosconpiltigroup cross section.
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3.3 Procedure

MCNP input preparation involves two parts: the model debnitand preperation of
tally cards. After the model is generated, it is used in s&eawrays for cross section
generation and tallying of the surface flux and currents.s Haiction discusses the
tallying process related to homogenized cross sectionrggoe part.

To tally the required data for homogenization, only the Fdetyally cards
of MCNP are used [4]. Witout any multipliers, the F4 cards jtewvthe track length
estimate of MCNP cell fluxes. For reaction rate tallies theratlensity data required.
By using these atom densities and multipliers for absorptiotal, and fission cross
sections, and forX; reaction rate tally cards prepared. To tally for axial nooesr
portions of the MCNP cells, tally segmentation cards are used

MCNP calculates cell volumes and surface areas as one of shethges of
the run, but it cannot calculate the volumes and areas of m&yrc, nonpolyhedron,
or infinite cells. When the cells in the model are asymmethie Molumes of this cells
are found by hand calculations if the geometry is simple.

The input files for MCNP runs are ready after the model implesatén and
preparation of the tally cards. In order to find cross secierused geometry shown
in Figure 3.2. And input prepared for this calculation givaerthe appendix. The
boundary condition for left side is reflecting boundary atiod.

The node homogenized cross sections are obtained by fluhteeigolume
averaging using the computer programs written to processIBNP tally output files.
As known the flux weighted volume averaging formula for hoemgation can be

given as the following: o
S L kil (3.6)
Zi o V@)
where,
Eg = homogenized cross section for energy group g and node j
R; = MCNP reaction rate per unit volume for cell i
vV (57) = volume of the portion of cell i that is in node |

(/) = MCNP flux density for energy group g and the portion of cell hisde j.
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Figure 3.2: The model used for the cross section generatadyigm

According to make this analysis two group structure was ubethis struc-

ture thermal group is between 0 and 0.625 eV and fast grougiveden 0.625 eV and
20 MeV .

3.4 Results

Using above relation cross sections are calculated ana giv&able 3.4. In this cal-

Table 3.1: Cross section value calculated from MCNP

Water Region

Uranyl Region 1

Uranyl Region 2

fast thermal fast thermal fast thermal
P 0.912137 | 2.072187|| 0.79533 2.1262 0.79334 1.89651
2y 5.749810~* | 0.019115| 3.503310~2 | 0.026963| 3.4838710~2 | 0.026743
v 0 0 2.54 2.431 2.54 2.431
vy 0 0 0.0020192| 0.0864 0.0019997 | 0.0856456

culation MCNP give effective multiplication factok; ;) 0.91842.

One of the main problems when using the diffusion equatiatesxribe the
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neutron balance in the system is how to define the homogedi#fedion coefficient.
The primary role of the diffusion coefficient in the balancpiation is to account for
the anisotropy of the neutron transport and the node-t@ teakage. The diffusion co-
efficient could be defined in different ways, in order to presgarameters of interest
such as reaction rate, eigenvalue, surface leakage oravetaged leakage.

Various methods have been used to define diffusion coeftgiehithough
most of the computations of diffusion coefficients are basedeterministic methods,
there are also calculational methods based on Monte Catioitpees. Three method

for calculating the diffusion coefficient for a node,
¢ A Monte Carlo normalized diffusion method

e Use of the conventional definitiof3;,)~! for the diffusion coefficient, where

the transport cross sectiah, is estimated from an MCNP simulation.
e An optimization method based on a genetic algoritms.

In the second method one must add a patch file to MCNP to findtirecosines.
After this MCNP giveY;, and then diffusion coefficient can be found [8].

In our analysis we used first method. In this method, sincescsections are
determined from the MCNP simulation of the lattice cell, &difon code (SLABNOD)
was used iteratively. One group nodal diffusion calculai®performed at each iter-
ation. And system multiplication constant and nodal fluxes@mpared to MCNP
results. According to make this iterations and comparisshedl script[9] was writ-
ten. As aresult, for uranyl region 1 diffusion coefficientifa 3.005 cm and for uranyl
region 2 diffusion coefficient found 2.09 cm. And nodal d#fifon code calculate the ef-
fective multiplication factor 0.9184265 . According to shitux distribution on uranyl
region, these regions are divided to ten node and slabnoel reodagain. These flux
distribution given in Figure 3.3. In this figure first node etnode next to the water

region in Figure 3.2 and 20. node is next to the vacuum region.
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Chapter 4

CONCLUSION

The main purpose of this study is to generate neutron cradeons and diffusion
coefficients with using analytical nodal method and Montd@&chnique.

In this thesis nodal diffusion theory is examined. Nodaludiion equations
derived for one dimensional slab geometry and cylinder ggom The one and one
half group neutron diffusion equations in one dimensiofah geometry was derived
and a new nodal program was developed for the iterativeisalof the resulting sys-
tem of equations, which yield optimally fast solver. Ressltews that the nodal meth-
ods and our algorithms working well.

For the cylindrical geometry nodal diffusion calculations derive the equa-
tions and write a program utilizing these equations. And gara the results of this
program with the analytical solution of the criticality aition for cylindrical geome-
try.

In the second part of the thesis we work on a methodology tergeéa multi-
group cross sections. According to do this we use MCNP codehnltilizes Monte
Carlo methods. Monte Carlo methods of performing radiatiandport calculations
are heavily used in many different applications. Since theary difficulty in us-
ing non continuous energy methods is the need for reliabléigmup cross sections
that have been collapsed over an appropriate flux spectremise Monte Carlo code

MCNP to generate multigroup cross section. This will makeoggible to take advan-
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tage of the accuracy and ease of problem definition provigel GNP while gener-
ating multi group cross sections for other applicationdisagnodal codes. The exact
geometry of the problem can be modeled in MCNP so, spectruaireat exactly and
reliable results are obtained in the analysis.

Since diffusion coefficient does not obtained from MCNP disewe use
different method. The slab geometry model is generated aed in MCNP to obtain
cell neutron fluxes and reaction rates as well as multipboatactor. These results
were used for obtaining homogenized node cross sectioreafdr node. Nodal diffu-
sion equations, which use modified one group theory, for atabcylindrical geome-
try are derived and utilized in the analysis to determin&udibn coefficients of each
node. Cell neutron fluxes, reaction rates, and multiplicetaxtor were obtained for
slab geometry model generating in MCNP. The fluxes and reaci@s were used in
obtaining homogenized node cross sections for each nodeseldross sections were
used in nodal diffusion code (slabnod) and system mulagilbm constant and nodal
fluxes are compared to MCNP results iteratively to determifiesion coefficients of
each node. Because of nodal codes are gives results quickigngihodology is fast

and reliable since exact neutron spectrum was used.
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Appendix A

CODE USED FOR THE ANALYSIS

For the neutronic analysis, MCNP code is used. In this appebdef descriptions of

this code are introduced.

A.1 Monte Carlo Method

In the reactor analysis the problems which we have congidee also be solved with
relative ease by another even more elemantary method: theochef the random
walk. Rather than considering the neutrons which happen to laegiven volume
element and which have definite velocities, this methodofedl the motion of the
neutron through its successive collision, from the times iemitted by the source to
the time it is finally absorbed. Computation of the distribatfunction based on the
random walk method may be adapted to the use of calculatirfpimas even in non-
homogeneous media. In this case, since successive evemegatated by accident or
chance, the method is referred to as khente Carlo method [7]. Numerical methods
that are known as Monte Carlo methods can be loosely descabsthtistical simu-
lation methods, where statistical simulation is defineduiteggeneral terms to be any
method that utilizes sequences of random numbers to petfegraimulation. Monte
Carlo methods have been used for centuries, but only in theralestlecades has the
tecnique gained the status of a full-pledged numerical otettapable of addressing

the most complex application.



A.2 MCNP

A General Monte Carlo N-Particle Transport (MCNP) code is geised widely for the
analysis of experimental data, nuclear safeguards, radiahielding, health physics
problems, magnetic fusion neutronics, reactor desigrization analysis and nuclear
instrumentation design. By aid of improved options in MCNP #mel development
of fast running computing system, the use of MCNP is beingreled to the reactor
design studies and is used as a validation tool for the systevhich the experimental
data is not easily available.

The MCNP is a general-purpose Monte Carlo transport code [#vdolves
for the generalized geometry, time-dependent and coupetran-photon problems
with continuous or discrete energy structure. The intemacdf neutron and/or pho-
ton is statistically calculated using the nuclear dataalies provided. For neutron
calculations, all reactions are accounted for based oneihetion types specified in a
particular cross-section libraries.

The name of method derives from the statistical samplingriegie, which
reminds of games of chance, where randomness would staligtoecome resolved in
predictable probabilities, therefore Monte-Carlo. The ke@arlo method is a prob-
abilistic method, which gives an estimate of the quantityndérest (reaction rates,
scalar fluxes, etc.) calculating an average value for a fmiteber of histories or tra-
jectories. The histories are randomly started and tracedrding to the elementary
laws of physics, which determine the movement of neutrodgaarother particles.

Monte-Carlo methods are very different from deterministensport meth-
ods. Deterministic methods, the most common of which, @iféusion theory, is the
discrete ordinates method, solve the transport equatiothécaverage particle behav-
ior. By contrast, MCNP code does not solve an explicit equatiohrather simulates
individual particles recording some aspects (tallieshefrtaverage behavior. The av-
erage behavior of particles in the physical system is thérned (using the central
limit theorem) from the average behavior of the simulatedigas.

The Monte-Carlo method can be used to simulate a statistioakps (such



as the interaction of nuclear particles with materials) angarticularly useful for
complex problems that cannot be modeled by computer codésisie deterministic
methods. The individual probabilistic events that cong@asprocess are simulated
sequentially. The probability distributions governingsle events are statistically sam-
pled to describe the total phenomenon, and the statis@rapkng process is based
on the selection of random numbers. In general, the numbéiadé necessary to
adequately describe the phenomena is usually quite larg@article transport, the
Monte-Carlo technique is pre-eminently realistic (a th&oat experiment). It con-
sists of actually following each of many particles from ameuthroughout its life to
its end in some terminal category (absorption, escapg, €toobability distributions
are randomly sampled using transport data to determineutwmime at each step of
its life. Figure A.1 represents the random history of a reuincident on a slab of
material that can undergo fission. Numbers between 0 and detgeted randomly to
determine what (if any) and where interaction takes plaaset on the rules (physics)
and probabilities (transport data) governing the proceasel materials involved. In
this particular example, a neutron collision occurs at €te he neutron is scattered
in the direction shown, which is selected randomly from thggical scattering dis-
tribution. A photon is also produced and can be temporatdyesl, or banked, for
later analysis. At event 2, fission occurs, resulting in #renination of the incoming
neutron and the birth of two outgoing neutrons and one phdafbre neutron and the
photon are banked for later analysis. The first fission nausaaptured at event 3
and terminated. The banked neutron is now retrieved andatyom sampling, leaks
out of the slab at event 4. The fission-produced photon hadlisi@o at event 5 and
leaks out at event 6. The remaining photon generated at &vsmtow followed with

a capture at event 7. Note that MCNP retrieves banked partstieh that the last
particle stored in the bank is the first particle taken outisTreutron history is now
complete. As more and more such histories are followed, ¢hwtron and photon dis-
tributions and the associated events become better knoWwa.qiantities of interest
(whatever the user requests) are tallied, along with estisnaf the statistical precision

(uncertainty) of the results.
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Figure A.1: The Monte Carlo method

Calculating k-effective consists of estimating the mean lpeinof fission
neutrons produced in one generation per fission neutrotedtaA generation is the
life of a neutron from the origin in fission to the end by escapasitic capture, or
absorption leading to fission. In MCNP, the computationaident of a fission gen-
eration is a k-effective cycle; i.e. a cycle is a computedheste of an actual fission
generation. Processes such as (n,2n) and (n,3n) are catsideernal to a cycle and
do not act as termination. Because fission neutrons are tat@inn each cycle to
provide the fission source for the next cycle, a single hystain be viewed as contin-
uing from cycle to cycle. The effect of the delayed neutranscluded using the total
number of neutron generated per fission and their relatigetagm. It is imperative to
emphasize that the result from a criticality calculatiomisonfidence interval for k-
effective that is formed using the final estimated k-effectind the estimated standard
deviation.

A properly formed confidence interval from a valid calcuatishould in-
clude the true answer. There will always be some probaliligy the true answer lies
outside of a confidence interval.

On the other hand, MCNP has some limitations and inconvenleariacter-

istics. The accuracy of MCNP results is limited by the stai@dtnature of the model.



Results can be obtained with any desired statistical céytgirovided that a sufficient
number of histories is followed. The larger the number ofdriss, the better the
results, however, also, the longer MCNP runs. MCNP has somanear reduction
options for increasing the accuracy without increasingiivber of histories.

MCNP can provide only the reaction rates and fluxes for eacimetbfcell
in the model. To obtain cross sections some post processiregjuired. Tallying is
possible only over the defined cells and surfaces of the méidéle desired cells can
not be modeled, the post processing of the data is requir€eN®idoes not provide
group to group scattering reaction rates. Therefore it {gossible to obtain group to

group scattering cross sections directly from MCNP results.



Appendix B

SLABNOD

A programming quote, "The best performance improvemertadtansition from the
nonworking state to the working state”.

SLABNOD is written in FORTRAN-77 programming language. It st
of three subroutines (coefref, coefleft, and coefcentarhése subroutines, according
to nodal methods, fluxes are calculated. From these fluxéemy®activity found
and then compared with previous iteration results. It cw@s until the fluxes and
reactivities converged.

In this appendix the code and sample input given.

B.1 Slabnod Code

programdi f f

implicit real (a-h,o0-2)

c par anet er (n=3)

c nmis the total nunmber of region with different neutronic paraneters
c nr is total nunber of region

c ni is the maxi numiteration nunber

i nteger sl1,s2,s9

integer |TT(0:50), | AN(50)

real FHI (0:50)

real FHI OLD(0:50), rho(0:50), m ga(0:50), difc(0:50), xl (0: 50)

open(1l,file="1lnosymld.inp’ ,form~ formatted’, status="old")



open(20,file=" 1lnosynid. out’, status="unknown’)
read assenbly types
read(1,’(3i7)’) nr,nmn
wite(20,’(3i7)") nr,nmni
read(1,’ (2i3)")(itt(i), i=1,nr)
do i=1,nr
read(1,*) xlI (i)
wite(20,’(f8.3)") xI(i)
enddo
do i=1,nm
read(1,*) rho(i),mga(i),difc(i)
write(20,*) rho(i),mga(i),difc(i)
enddo
al pha j =al pha*phi, al bedo
read(1,*) al pha
read(1, *) al pha2
wite(*,*) alpha,al pha2
write(20,*) alpha, al pha2
COVPUTE NUMBER OF ASSYS OF EACH TYPE A
XNA total # of assenblies
ian(i) total # of assenblies of type
XNA=0
DO i =1, nm
I AN(1) =0
enddo
x| engt ot =0. 0
DO I =1, nr
K=l TT(1)
IF (K. ne.0) then
I ANCK) =1 AN( K) +1
endi f
x| engt ot = xl engt ot +xI (i)
enddo
wite(20,*) 'xlengtot’, x|l engtot
wite(*,*) 'xlengtot’, xl engt ot
DO | =1, N\M
XNA=XNA+H AN( 1)
enddo
wite(*, *) total nunber of assenblies’, xna
START OF MAI N | TERATI ON ROUTI NE

do i=1,nr
fhiol d(i)=0.
fhi (i)=0.
enddo

flux initialization



1256

2100

do i=1,nr
if(itt(i).ne.0)then
fhi(i)=1./xI(i)
fhiold(i)=1./xl(i)
endi f
enddo
FL=0
FR=0
it=0
fs=0.
ft=0.
ftt=0.

do i=1,nr
sO=itt(i)
FT=FT+Fhi (1) *difc(s9)/((1.-rho(s9))*m ga(s9))
FTT=FTT+Fhi (1)*xI (i)
Fs=Fs+Fhi (1)*rho(s9)*difc(s9)/((1.-rho(s9))*m ga(s9))
enddo
we need to calculate the | eakage reactivities for the
peri pheral assenblies
f1=0.0001
rhos=(fs-fl)/ft
rhos is the reactivity of the systemas an initial guess
itt(0)=1
x| (0) =1

conti nue

ft=0.
f1=0.
fr=0.
ftt=0.
DO 2630 | =1, nr
IF (I.1E 1) goto 1111

| eft node properties

aa is used for the left node aa=(kinf/k-1)/nm garea

node size need to be used xl (i-1)

S1=I TT(I-1)
aa=(rho(sl)-rhos)/(mga(sl)*(1l.-rho(sl)))

xa=x| (i-1)

ri ght node properties
bb is used for the right node bb=(kinf/k-1)/m ga

node size need to be used xl (i+1)

if (i .ge. nr) goto 1111



S2=1 TT( I +1)
bb=(rho(s2)-rhos)/(mga(s2)*(1l.-rho(s2)))
xb=x| (i +1)
c centeral node properties
c c is used for the right node cc=(kinf/k-1)/m ga
¢ node size need to be used xlI (i)
1111 conti nue
SO=I TT(1)
cc=(rho(s9)-rhos)/(mga(s9)*(1l.-rho(s9)))
xc=xI (i)
dl=difc(s9)/difc(sl)
d2=di fc(s9)/di fc(s2)
if (i .eq. nr) then
doal phah=di f c(s9)/ al pha
call coefref(aa, cc, dl, xa, xc
#doal phah, al pha, xl eft, center,rql, rq2)
Fhi (1')=xleft*fhi(i-1)/center
wite(20,*) xleft,xcenter,’ xleft,center’
else if (i.eq.1) then
doal pha=di f c(s9)/ al pha2
cal |l coefleft(bb, cc,d2, xb, xc, doal pha, al pha2, xri ght, center,rql, rqg2)
Fhi (1')=xright*fhi(i+1)/center
el se
cal | coefcenter(aa, bb, cc, d1, d2, xa, xb, xc, xfl, xfr, xfc)
Fhi (1)=(xfl*fhi(i-1)+xfr*fhi(i+1))/xfc
wite(20,*) xfl,xfr,xfc, aa, bb, cc,dl,d2,x, 'xfl,xfr,xfc, aa, bb, cc
endi f
¢ *xxxxxxxkxxxxx { yalues updated
IF (1.EQnr) then
c | eakage reactivity cal cul ation
fl=f1+Fhi (1)*rQL*difc(s9)
endi f
if (i.eq.1) then
fl=fl+Fhi (1)*rQL*difc(s9)

endi f

2540 FT=FT+Fhi (1)*difc(s9)/((1.-rho(s9))*mi ga(s9))
FTT=FTT+Fhi (1)*xI (i)
FR=FR+Fhi (1)*rho(s9)*difc(s9)/((1.-rho(s9))*m ga(s9))

2630 CONTI NUE
RC=FR/ FT
RL=FL/ FT
wite(*,*) re,rl, ft, rc,rl, ft’
C CALCULATE REACTIVITY AS D FFERENCE OF CORE AND LEAKAGE



c

113

2855
2840

2850

99

r hosol d=r hos

rhos=RC- RL

DO I =1, nr

NORMALI ZE PONERS
Wite(20,*) i,fhi(i),ftt,xna
Fhi (1)=(Fhi (1)/FTT) *xI engt ot

Wite(20,*) i,fhi(i),ftt,xna
enddo
ftt=0
1 T=1 T+1
IF (IT.GT.NI) then
goto 2850
el se
if(it.gt.3) then

do i=1,nr
arg=abs(fhi(i)-fhiold(i))
if(arg.gt.0.000001)goto 113
enddo
ar g=abs(rhos-rhosol d)
if(arg.gt.0.0000001)goto 113
goto 2850
end if
end if
continue
do i=1,nr
k=itt(i)
if(k.eq.0) goto 2855
fhiold(i)=fhi(i)
enddo
GOTO 2100

conti nue
do i=1,nr
wite(20,'(f9.4,i3)") fhi(i),i
enddo
wite(20,*) iteration nunber,final rhos
wite(20,*) it,rhos
FORMAT( 40X, F7. 4, 2x, i 3)
stop

end

Subroutine coefcenter(aa, bb, cc, d1, d2, xa, xb, xc, fl,fr, fc)

this programis used to calcul ate

10



c

coefficients of conputational nolecule to

perform no

fc is the
fl is the
fr is the
ft is the
fb is the

dal diffusion calcul ations

val ue of
val ue of
val ue of
val ue of

val ue of

t he
t he
t he
t he
t he

coefficient for center

coefficient for the left node
coefficient for the rigt node
coefficient for the top node

coefficient for the bottom node

i nput paraneters used for eval uations

dl and d2 is ratios of diffusion coefficients , h mesh size

b=cent er

a=left and c=right, al pha=al bedo

for a given set of a, b, and ¢ we want to deternine

whi ch function is used in our calcul ations

left (a*x/
if (aa .gt
a=sqrt (

si nh(a*x)
. 0) then

aa)

if

aall =(al/sin(a*xa))

el se

a=sqrt (

aall = (al/sinh(a*xa))

endi f

if (cc .gt
c=sqrt(

-aa)

. 0) then

cc)

a gt 0 else (a*x/sin(a*x))

ccl=(sin(c*xc/2.)/(c*cos(c*xc/2.)))

el se
c=sqrt(

-cc)

ccl=(sinh(c*xc/2.)/(c*cosh(c*xc/2.)))

endi f

if(bb .gt
b=sqrt (bb

0) then
)

bblc=si n(b*xb/ 2. )/ (b*cos(b*xb/2.))

el se

b=sqrt (-

bb)

bblc=si nh(b*xb/2.)/(b*cosh(b*xb/2.))

endi f

for left

fl =aall *(ccl+d2*bblc)

left (b*x/

si nh( b*x)

if

a gt 0 else (b*x/sin(b*x))

11



if (bb .gt. 0) then
b=sqrt ( bb)
bblr=(b/si n(b*xb))
el se
b=sqrt (- bb)
bblr= (b/sinh(b*xb))
endi f

if(aa .gt. 0) then
a=sqrt (aa)
aalc=sin(a*xal2.)/(a*cos(a*xal2.))
el se
a=sqrt(-aa)
aalc=si nh(a*xal/2.)/(a*cosh(a*xal2.))
endi f

for right

fr=bblr*(ccl+dl*aalc)

if (cc .gt. 0) then
c=sqrt(cc)
cclc=-(cos(c*xc/2.)/(c*sin(c*xcl/2.)))
el se

c=sqrt(-cc)

cclc=(cosh(c*xc/2.)/(c*sinh(c*xc/2.)))

endi f

ccc=-cc
fc=ccc*((cclc+dl*aalc)*(ccl+d2*bblc) +

#(cclc+d2*bblc) *(ccl+dl*aalc))/ 2
return

end

subroutine coefref(aa, cc, dl, xa, xc

#doal phah, al pha, flref, fcref,rql, rq2)

this programis used to calcul ate
coefficients of conputational nolecule to

per form nodal diffusion calculations

i nput paraneters used for eval uations

dl and d2 is ratios of diffusion coefficients

x mesh size
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c b=center, a=left and c=right, al pha=al bedo

c dl=dij/di-1,j and d2=dij/di +1j

c for a given set of a, b, and ¢ we want to deternine
c whi ch function is used in our calcul ations

c left (a*x/sinh(a*x) if a gt 0 else (a*x/sin(a*x))

if (aa .gt. 0) then
a=sqrt(aa)
aall =(a/sin(a*xa))
el se
a=sqrt(-aa)
aall = (al/sinh(a*xa))

endi f

if (cc .gt. 0) then
c=sqrt(cc)
ccl=(sin(c*xc/2.)/(c*cos(c*xc/2.)))
el se
c=sqrt(-cc)
ccl=(sinh(c*xc/2.)/(c*cosh(c*xc/2.)))
endi f

if (aa .gt. 0) then
a=sqrt (aa)
aal=(sin(a*xal2.)/(a*cos(a*xal2.)))
el se
a=sqrt(-aa)
aal=(sinh(a*xal/2.)/(a*cosh(a*xal2.)))

endi f

if (cc .gt. 0) then
c=sqrt(cc)
cclec=-(cos(c*xc/2.)/(c*sin(c*xc/2.)))
el se

c=sqrt(-cc)

cclc=(cosh(c*xc/2.)/ (c*sinh(c*xc/2.)))

endi f
c peri pheral nodes
c flref,fcref
flref=aall
ccc=-cc

fcref=ccc*((cclc+dl*aal) +(ccl+dl*aal)*

#(cclc+doal phah)/ (ccl+doal phah))/2
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rgl=-ccc*(1.-(cclc+doal phah)/ (ccl+doal phah))/2

rg2=ccc*(cclc-ccl)/ (doal phah+ccl)/2
rg3=ccc*(cclc*cclc*ccc-1.)/

#( 1. +doal phah*ccc*cclc)/ 2
return

end

subroutine coefleft(aa, cc, dl, xa, xc

#doal phah, al pha, flref,fcref,rqgl, rq2)

this programis used to calcul ate
coefficients of conputational nolecule to

per form nodal diffusion calculations

i nput paraneters used for eval uations
dl and d2 is ratios of diffusion coefficients , x mesh size
b=center, a=left and c=right, al pha=al bedo
dl=dij/di-1,j and d2=dij/di +1j

for a given set of a, b, and ¢ we want to determ ne
which function is used in our calcul ations
left (a*x/sinh(a*x) if a gt 0 else (a*x/sin(a*x))
if (aa .gt. 0) then

a=sqrt (aa)

aall =(al/sin(a*xa))

el se

a=sqrt(-aa)

aall = (al/sinh(a*xa))

endi f

if (cc .gt. 0) then
c=sqrt(cc)
ccl=(sin(c*xc/2.)/(c*cos(c*xc/2.)))
el se
c=sqrt(-cc)
ccl=(sinh(c*xc/2.)/(c*cosh(c*xc/2.)))

endi f

if (aa .gt. 0) then
a=sqrt(aa)
aal=(sin(a*xal/2.)/(a*cos(a*xal2.)))
el se
a=sqrt(-aa)

aal=(sinh(a*xal/2.)/(a*cosh(a*xal2.)))

14



endi f

if (cc .gt. 0) then
c=sqrt(cc)
cclc=-(cos(c*xc/2.)/(c*sin(c*xc/2.)))
el se

c=sqrt(-cc)

cclc=(cosh(c*xc/2.)/ (c*sinh(c*xc/2.)))

endi f
c peri pheral nodes
c flref,fcref
flref=aall
ccc=-cc

fcref=ccc*((cclc+dl*aal) +(ccl+dl*aal)*
#(cclc+doal phah)/ (ccl+doal phah))/2
rgl=-ccc*(1.-(cclc+doal phah)/ (ccl+doal phah))/2

rg2=ccc*(cclc-ccl)/ (doal phah+ccl)/2
rg3=ccc*(cclc*cclc*ccc-1.)/
#( 1. +doal phah*ccc*cclc)/2

return

end

B.2 Input for Slabnod

4 3 9999
31
2 2
1.158
3.231
3.231
3.231
0. 242038 52.101 1.24
0.317308 42.958 1.22
-0.3121 702.439 1.44
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0. 0000001
0.5

The output of this gives the system reactivity as -0.1448@9tat isf. s =
0.87373654. And fluxes are given in the table below as expected since tiseno

leakage in the right boundary and left boundary is vacuum.

Table B.1: Fluxes of the sample run results

Node 1 2 3 4
Node Flux| 0.1613| 0.7589| 1.1587| 1.3830
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Appendix C

CYLNOD

program cyl nod
implicit real (a-h,o0-2)
par anet er (n=3)
nmis the total number of region with different neutronic paraneters
nr is total nunber of region
max nunber of region is 10
i nteger sl1,s2,s9
integer I TT(0:44),1 AN 22)
real FHI (0:44), FH OLD(0: 44), qrady(0: 44), al p(0: 44)
real rho(0:22),mga(0:22),difc(0:22),xl (0: 44),rad(0: 44)
real pi
Pl =3. 141592654
open(1,file="cylnodld.inp’,forme formatted ,status="old")
open( 20, file="cyl 1d1d. out’, st atus="unknown’)
read(1,’ (3i5)’) nr,nmn
wite(20,’(3i5)") nr,nmni
read(1,’ (2i3)")(itt(i), i=1,nr)
do i=1,nr
read(1,*) xI(i)
wite(20,’(f8.3)") xl(i)
enddo
do i=1,nm
read(1,*) rho(i), mga(i),difc(i)
wite(20,*) rho(i),mga(i),difc(i)
enddo
al pha j =al pha*phi, al bedo
read(1, *) al pha
wite(20,*) alpha
XNA=0
DO i =1, nm
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1256

2100

I AN( 1) =0
enddo
gr ady( 0) =0.
grady(1)=xl (1)
DO i =2, nr
grady(i)=qrady(i-21)+xl (i)
enddo
DO I =1, nr
K=l TT(1)
IF (K ne.0) then
I ANCK) =1 AN( K) +1
endi f
enddo
DO | =1, N\M
XNA=XNA+ AN( 1)
enddo
START OF MAI N | TERATI ON ROUTI NE

do i=1,nr
fhi ol d(i)=0.
fhi (i)=0.
enddo

flux initialization
do i=1,nr
fhi(i)=qrady(i)*besjil(qrady(i)*2.405/qrady(nr))-

& grady(i-1)*besj1(qrady(i-1)*2.405/qrady(nr))
fhi(i)=1
fhiold(i)=1

enddo

FL=0

FR=0

it=0

fs=0.

ft=0.

ftt=0.

do i=1,nr

sO=itt(i)

FT=FT+Fhi (1)*difc(s9)/((1.-rho(s9))*mi ga(s9))
FTT=FTT+Fhi (1)
Fs=Fs+Fhi (1)*rho(s9)*difc(s9)/((1l.-rho(s9))*m ga(s9))
enddo
rhos=fs/ft-0.000005
conti nue
ft=0.
f1=0.
fr=0.

18



ftt=0.
DO 2630 1=1,nr-1
S9=I TT(1)
cc=(rho(s9)-rhos)/(mga(s9)*(1.-rho(s9)))
xa=qrady(i-1)
xb=qrady(i)
if(i.eq.1) then
call coeffirst(cc,difc(s9),xb,alp(i),fhi(i),fii)

el se

call coefcenter(cc,difc(s9),xa,xb,fii,alp(i-1),fhi(i),fi2,alp(i))

fii=fi2
endi f
FTT=FTT+Fhi (1)
FT=FT+Fhi (1)*difc(s9)/((1.-rho(s9))*m ga(s9))
FR=FR+Fhi (1)*rho(s9)*difc(s9)/((1.-rho(s9))*m ga(s9))
2630 CONTI NUE
i =nr
S9=I TT(I)
cc=(rho(s9)-rhos)/(mga(s9)*(1l.-rho(s9)))
xa=qrady(i-1)
xb=qgrady(i)
al pnt 1=al p(i-1)

call coeflast(cc,difc(s9),xa,xb,fii,alp(i-1),fhi(i),fi2, alp(i))
al pnt 2=al p(i-1)
FTT=FTT+Fhi (1)
FT=FT+Fhi (1)*difc(s9)/((1.-rho(s9))*m ga(s9))
FR=FR+Fhi (1)*rho(s9)*difc(s9)/((1.-rho(s9))*m ga(s9))
FL=pi *xb*fi 2

fhinormel. 0
DO I =1, nr
C NORMALI ZE POAERS
Fhi (1)=Fhi (1)/fhi norm

enddo

RC=FR/ FT
RL=FL/ FT

rhos=r hos*0. 95+0. 05* ( RC- RL)

ftt=0.
1 T=1 T+1

IF (IT.GT.NI) then
goto 2850
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el se
if(it.gt.2) then

do i=1,nr
arg=abs((fhi(i)-fhiold(i))/fhi(i))
if(arg.gt.0.0001)goto 113
enddo
ar g=abs(rhos-rhosol d)
if(arg.gt.0.000001)goto 113
goto 2850
end if
end if
113 continue
do i=1,nr
k=itt(i)
if(k.eq.0) goto 2855
fhiold(i)=fhi(i)
rhosol d=r hos
2855 enddo
2840 GOTO 2100
2850 conti nue

wite(*,*) "fhi ,i ,it ,rho’
wite(20,*) "fhi ,i ,it ,rho’
do i=1,nr

wite(*,*) fhi(i)/pi/(qrady(i)**2-qrady(i-1)**2),i,it,rhos
wite(20,*) fhi(i)/pi/(qrady(i)**2-qrady(i-1)**2),i,it,rhos
enddo
99  FORMAT(40X, F7. 4, 2x, i 3)
stop

end

Subroutine coefcenter(cc, dl, xa, xb, fii,alpi,flux,fi2,alp2)
real pi
Pl =4. *atan( 1. 0)

if(cc.gt.0) then

c=sqrt(cc)

epsl=besj 0(c*xa)-2.*d1l*c*besj 1(c*xa)
eps2=besy0(c*xa)-2. *d1l*c*besyl(c*xa)
eps3=besj 0(c*xa) +2. *d1*c*besj 1(c*xa)

eps4=besy0(c*xa) +2. *d1*c*besyl(c*xa)
gi =fii/(besy0O(c*xa)+besj0(c*xa)*(al pi *eps4-eps2)/

& (epsl-al pi *eps3))
ai =gi * (al pi *eps4- eps2)/ (epsl-al pi *eps3)
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flux=2.*pi/c*(ai *(xb*besj 1(c*xb)-xa*(besj 1(c*xa)))+
gi *(xb*besyl(c*xb)-xa*besyl(c*xa)))

fi2=ai *besj 0( c*xb) +gi *besy0(c*xb)

fi 3=ai *besj 0(c*xa) +gi *besy0(c*xa)

epsll=besj 0(c*xb)-2.*d1l*c*besj 1(c*xb)
epsl12=besy0(c*xb)-2. *d1*c*besyl(c*xb)
eps13=besj O(c*xb) +2. *d1*c*besj 1( c*xb)
epsl4=besyO(c*xb)+2. *d1*c*besyl(c*xb)

el se

c=sqrt(-cc)
epsl=bessi 0(c*xa) +2. *d1*c*bessi 1( c*xa)
eps2=bessk0(c*xa)-2. *dl*c*besskl(c*xa)
eps3=bessi 0(c*xa) - 2. *d1*c*bessi 1( c*xa)
eps4=besskO(c*xa) +2. *d1*c*besskl( c*xa)

gi =fii/(bessk0(c*xa)+bessi O(c*xa)*(al pi *eps4-eps2)/
(epsl-al pi *eps3))
ai =gi *(al pi *eps4-eps2)/ (epsl-al pi *eps3)

flux=2.*pi/c*(ai *(xb*bessi 1(c*xb)-xa*(bessi 1(c*xa)))-

gi *(xb*besskl(c*xb)-xa*besskl(c*xa)))

fi 2=ai *bessi 0( c*xb) +gi *bessk0( c*xb)

epsll=bessi 0(c*xb) +2. *d1l*c*bessi 1( c*xbh)
epsl2=besskO(c*xb)-2. *d1*c*besskl(c*xb)
eps13=bessi 0(c*xb)-2. *d1*c*bessi 1(c*xb)
epsl4=besskO(c*xb)+2. *d1*c*besskl(c*xb)

endi f
al p2=(ai *epsll+gi *epsl2)/ (ai *epsl3+gi *epsld)

return

end

subroutine coeffirst(cc,dl, xb,alpl,fc,fii)
real pi

Pl =4. *at an(1.0)

if (cc .gt. 0) then

c=sqrt(cc)
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al pl=(besj 0(c*xb) - 2. *d1*c*besj 1(c*xb))/ (besj O(c*xb) +
2.*dl*c*besj 1(c*xb))
fii=c*xb*besj0(c*xb)/(2.*besj1l(c*xb))

el se
c=sqrt(-cc)
al pl=(bessi 0(c*xb) +2. *d1*c*bessi 1(c*xb) )/ (bessi 0( c*xb) -
2.*dl*c*bessi 1(c*xb))

fii=c*xb*bessi 0(c*xb)/(2.*bessi 1(c*xb))
endi f

f c=pi *xb*xb
return

end

Subroutine coefl ast(cc,dl, xa, xb, fii,alpi,flux,fi2,alp2)
real pi

Pl =4. *at an(1.0)

al p2=0.0

if(cc.gt.0) then

c=sqrt(cc)

epsl=besj 0(c*xb)-2.*d1l*c*besj 1(c*xb)
eps2=besy0(c*xb)-2. *d1*c*besyl(c*xb)
eps3=besj 0( c*xb) +2. *d1*c*besj 1(c*xb)
eps4=besy0(c*xb) +2. *d1*c*besyl(c*xb)

gi =fii/(besy0(c*xa)+besj0(c*xa)*(al p2*eps4-eps2)/
(epsl-al p2*eps3))
ai =gi *(al p2*eps4- eps2)/ (epsl-al p2*eps3)

flux=2.*pi/c*(ai *(xb*besj 1(c*xb)-xa*(besj 1(c*xa)))+
gi *(xb*besyl(c*xbh)-xa*besyl(c*xa)))

fi 2=ai *besj 0( c*xb) +gi *besy0(c*xb)

fi 3=ai *besj 0(c*xa) +gi *besy0(c*xa)

epsll=besj O(c*xa)-2.*d1l*c*besj 1(c*xa)
epsl2=besy0O(c*xa)-2. *d1*c*besyl(c*xa)
eps13=besj O0(c*xa) +2. *d1*c*besj 1( c*xa)
epsl4=besy0O(c*xa)+2. *d1*c*besyl(c*xa)

el se

c=sqrt(-cc)
epsl=bessi O(c*xb) +2. *d1*c*bessi 1( c*xb)
eps2=besskO(c*xb) - 2. *d1*c*besskl( c*xb)
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eps3=bessi 0(c*xb) - 2. *d1*c*bessi 1( c*xb)
eps4=besskO(c*xb) +2. *d1*c*besskl( c*xb)

gi =fii/(besskO(c*xa)+bessi O(c*xa)*(al p2*eps4-eps2)/
(epsl-al p2*eps3))
ai =gi *(al p2*eps4- eps2)/ (epsl-al p2*eps3)

flux=2.*pi/c*(ai *(xb*bessi 1(c*xb)-xa*(bessi 1(c*xa)))-

gi *(xb*besskl(c*xb)-xa*besskl(c*xa)))

fi 2=ai *bessi 0( c*xb) +gi *bessk0( c*xb)

epsll=bessi 0(c*xa)+2. *d1*c*bessi 1(c*xa)
epsl2=bessk0(c*xa)-2. *d1*c*besskl(c*xa)
eps13=bessi 0(c*xa)-2. *d1*c*bessi 1(c*xa)

epsl4=bessk0(c*xa)+2. *d1l*c*besskl(c*xh)

endi f
al pi =(ai *epsll+gi *epsl2)/ (ai *epsl3+gi *epsls)
return

end

FUNCTI ON bessi 0(x)
REAL bessi 0, x
Returns the nodified Bessel function 10(x) for any real x.
REAL ax
DOUBLE PRECI SI ON p1, p2, p3, p4, p5, p6, p7, q1, g2, 93, g4, g5, g6, q7,
a8,q9,y
Accunul ate pol ynom al s in double precision
SAVE pl, p2, p3, p4, p5, p6, p7, ql, 92, 93, g4, 95, 96, q7, 98, 99
DATA pl, p2, p3, p4, p5, p6, p7/ 1. 0dO0, 3. 5156229d0, 3. 0899424d0
1. 2067492d0, 0. 2659732d0, 0.360768d-1, 0.45813d-2/
DATA q1, 92, 93, g4, 95, 96, q7, g8, q9/ 0. 39894228d0, 0. 1328592d- 1
0.225319d- 2, - 0. 157565d- 2, 0. 916281d- 2, - 0. 2057706d- 1,
0.2635537d- 1, - 0. 1647633d- 1, 0. 392377d- 2/
if (abs(x).1t.3.75) then
y=(x/3.75)**2
bessi 0=pl+y*(p2+y* (p3+y* (p4+y* (p5+y*(p6+y*p7)))))
el se
ax=abs(x)
y=3. 75/ ax
bessi 0=(exp(ax)/sqrt(ax))*(ql+y*(q2+y*(q3+y*(q4
+y* (g5+y* (q6+y* (q7+y*(q8+y*q9))))))))
endi f

return
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END
FUNCTI ON besskO( x)
REAL besskO, x

C USES bessi 0 Returns the nodified Bessel function KO(x) for positive

o g

REAL bessi 0

DOUBLE PRECI SI ON p1, p2, p3, p4, p5, p6, p7, 9l
a2,93,94,05,06,97,y

Accumul ate pol ynom als in doubl e precision

SAVE pl, p2, p3, p4, p5, p6, p7, ql, 92, 93, g4, g5, 96, q7
DATA pl, p2, p3, p4, p5, p6, p7/-0. 57721566d0, 0. 42278420d0
0. 23069756d0, 0. 3488590d- 1, 0. 262698d- 2, 0. 10750d- 3, 0. 74d- 5/
DATA ql, 92, q3, g4, g5, g6, q7/ 1. 2533141440, - 0. 7832358d- 1
0.2189568d- 1, - 0. 1062446d- 1, 0. 587872d- 2, - 0. 251540d- 2, 0. 53208d- 3/
if (x.le.2.0) then

Pol ynomi al fit.
y=x*x/4.0

besskO=(-1o0g(x/2.0)*bessi 0(x))+(pl+y*(p2+y*(p3+
y* (pa+y* (p5+y*(p6+y*p7))))))

el se
y=(2.0/x)

besskO=(exp(-x)/sqrt(x))*(gql+y*(g2+y*(qg3+

y*(g4+y* (g5+y*(g6+y*q7))))))

endi f

return

END

FUNCTI ON bessi 1(x)
REAL bessi 1, x
Returns the nodified Bessel function I1(x) for any real x.
REAL ax
DOUBLE PRECI SI ON p1, p2, p3, p4, p5, p6, p7, 9l, 92, q3, g4, 95, 96, q7
08,99,y
Accumul ate pol ynomi als in doubl e precision
SAVE pl, p2, p3, p4, p5, p6, p7, q1, 92, 93, g4, 95, 96, 97, 98, 99
DATA pl, p2, p3, p4, p5, p6, p7/ 0. 5d0, 0. 87890594d0, 0. 51498869d0
0. 15084934d0, 0. 2658733d- 1, 0. 301532d- 2, 0. 32411d- 3/
DATA q1, 92, q3, g4, g5, g6, q7, g8, q9/ 0. 39894228d0, - 0. 3988024d- 1
-0.362018d- 2, 0. 163801d- 2, - 0. 1031555d- 1, 0. 2282967d- 1
-0.2895312d- 1, 0. 1787654d- 1, - 0. 420059d- 2/
if (abs(x).I1t.3.75) then
Pol ynom al fit.
y=(x/3.75)**2
bessi 1=x*(pl+y*(p2+y* (p3+y* (p4+y* (p5+y*(p6+y*p7))))))
el se

ax=abs(x)

real

X.
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y=3. 75/ ax
bessi 1=(exp(ax)/sqgrt(ax))*(ql+y*(g2+y*(g3+y*(qd+
& y*(q5+y*(q6+y* (q7+y*(q8+y*q9))))))))
if(x.lt.0.)bessi1l=-bessi1l
endi f
return
END
FUNCTI ON bessk1(x)
REAL bessk1, x
C USES bessil Returns the nodified Bessel function Ki(x) f
REAL bessi 1
DOUBLE PRECI SI ON p1, p2, p3, p4, p5, p6, p7, ql
& 02,93, 94,05, 96,97,y
¢ Accunul ate polynonmi als in doubl e precision
SAVE p1l, p2, p3, p4, p5, p6, p7, ql, 92, 93, g4, g5, 96, q7

or positive rea

DATA pi, p2, p3, p4, p5, p6, p7/ 1. 0d0, 0. 15443144d0, - 0. 67278579d0

& -0.18156897d0, - 0. 1919402d- 1, - 0. 110404d- 2, - 0. 4686d- 4/
DATA q1, 92, 93, g4, g5, g6, q7/ 1. 25331414d0, 0. 23498619d0
& - 0. 3655620d- 1, 0. 1504268d- 1, - 0. 780353d- 2, 0. 325614d- 2
if (x.le.2.0) then
y=x*x/4.0
besskl=(1og(x/2.0)*bessi 1(x))+(1.0/x)*(pl+y*(p2+
& y* (p3+y* (pa4+y* (p5+y*(p6+y*p7))))))
el se
y=2. 0/ x
besskl=(exp(-x)/sqrt(x))*(gl+y*(qg2+y*(qg3+
& y*(94+y* (g5+y*(q6+y*q7))))))
endi f
return
END

- 0. 68245d- 3/

X.
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Appendix D

MCNP INPUT FOR THREE
REGION SYSTEM

Cross section generation
2 9.9987e-2 1 -2 inp:n=1
1 9.9487e-2 2 -3 inp:n=1
1 9.9487e-2 3 -4 inp:n=1
0 #1 #2 #3 i np: n=0

A W ON P

*1 px O
2 px 15
3 px 25
4 px 35

nmode n

sdef x=d1

sil 0 35

spl 01

kcode 2000 1.2 50 550
EO 6. 25e-07 20

26



F4:n 2 3

sS4 11

Fmd (7.64696e-5 35 -1) (7.64696e-5 35 -2) &
(7.64696e-5 35 -6) (7.64696e-5 35 -7) &
(6.79526e-4 38 -1) (6.79526e-4 38 -2) &
(6.79526e-4 38 -6) (6.79526e-4 38 -7) &
(5.90425e-2 4 -1) (5.90425e-2 4 -2) &
(3.706467e-2 3 -1) (3.706467e-2 3 -2) &
(2.111e-3 5 -1) (2.111e-3 5 -2)

F14:n 1 2 3

SD14 1 1 1

F24:n 1

sD24 1

FrmR4 (3.332466e-2 3 -1) (3.332466e-2 3 -2) &
(6.664933e-2 4 -1) (6.664933e-2 4 -2)
F34:n 1

SD34 1

F1:n 1 2 3 4

clo1

ML 8016 3.72588e-2 92235 7.6864e-5 92238 6.8303e-4 &
7014 2.122e-3 1001 5.9347e-2

M2 1001 6.6658e-2 8016 3.3329%e-2

M3 8016 1

MB8 92238 1

M4 1001 1

Mb 7014 1
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