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ABSTRACT

The time-independent, multigroup, two-dimensional neutron
diffusion equations are solved in the particular case of a
plecewise expansion of the unknown flux solutions in bicubtic
Hermite polynomials. The matrix formulation is achieved by
applying the Galerkin method to the "weak" form of the multi-
group equations; the matrix problem is solved throush the power
iteration method and a Cholesky factorization.

Numerical results are presented, as evaluated through a
code (CHD), for several small problems and for a 1000 Mu(e)
PWR, beginning-of-life core. The main conclusions arrived at
through the numerical analysis show the feasibility of extend-
ing the domain of the piecewise expansion functions over hetero-
geneous regions, the actual spatial behavior of the cross
sections being accounted for in the inner products arising
from the application of the Galerkin method. Results are shown
which indicate the accuracy and utility of the particular
approach developed in this thesis.

Thesis Supervisor: Kent F. Hansen
Title: Professor of Nuclear Engineering
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CHAPTER 1 11

INTRODUCTION

Nuclear reactor physics problems have an inherent numerical
connotation, in the sense that they are so complex that no practical
problem can be solved by analytic solution of the relevant equatlons.
Consequently, approximation methods are of paramount importance
in solving reactor physics problems. Conversely, given some con-
venient numerical procedure to find an approximate solution to an
equation, the accuracy of the solution is strongly dependent upon
the computer capacity avalilable to carry out the computations. As
a consequence, two ways are open to improve the accuracy with
which the behavior of a nuclear reactor can be predicted: better
computer performance and inherently more accurate numerical methods.

The present thesls deals with the second alternative and tries
to demonstrate that the Finite Element Method has a potential to
improve, at least in one particular form, the accuracy with which
present, practical, time-independent neutron diffusion equations
can be solved,

Neutron diffusion equations are characterized by heterogenéities
in the regions in which solutions are sought. If the maximum
mesh size of the finlte element method were to be limited by the
size of the heterogenelty, we would have a natural minimum to the
number of unknowns of the problem, and would not be able to take full
advantage of the method's inherent high accuracy. In addition
it 1s to be expected that finite element methods will ultimately

compare advantageously with finite difference methods if they
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result in a consliderably lower number of unknowns. Therefore, one
would like to have the possibility of defining larger meshes than
the heterogenelties themselves (for a PWR in two dimensions, for
instance, over 4, 9 or even 16 fuel elements). This possibility
i1s investigated in this thesis for pratical problems.

In the remainder of this Chapter we will present the basic,
time~independent, continuous energy, hbmogeneous neutron diffusion
equation; we wlll discuss 1ts meaning and present some of the methods
most often used in 1ts solution; finally we will introduce the
Finite Element Method itself.

In Chapter II we will discuss the mathematical preliminaries
leading to the final matrix equations that have to be solved, and the
numerical methods used to achleve this.

In Chapter III we present a series of actual results that
were obtalned by the use of the computer code CHD, written in order
to implement the method in two dimensions and to test the use of
coarse meshes on realistic systems. Results are obtained for
numerous test problems; in particular we examine in some detail a
representation of the Zion 1 reactor in two dimensions, and for
three different coarse meshes: one fuel element, 4 fuel elements
in some locations, and up to 16 fuel elements in the innermost
region.

1.1) The time-independent neutron diffusion equation and the
multigroup approximation

We define a closed energy domain g = [Em1 s, E ax ], where

n m
Enin @and Epax are conveniently chosen, in terms of the physical
characteristics of the system, as lower and upper bounds of the

neutron energy.
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In usual reactor problems the mathematical model to the physical

problem 1s defined so that all the problem parameters are at least
plecewise continuous, discontinuities being allowed across the
interfaces. Therefore, we definethe open volume domain , which 1is

the union of a finite number (L) of contiguous open subdomains

n L]
1 L

a= Ua
1 1

1l =

The collection of interfaces 1s denoted Bih, and the boundary

9 is the union of the exterior boundary and the interfaces

o
o0 = 2%9 U %F

In each 91 the properties are assumed to be continuous with

discontlinuities allowed at 819.

We also define the open domain @

Q=Q0U 319

The continuous energy, homogeneous, time-independent neutron

diffusion equation can be written as (ref. 1):

-V-D(r,E)¥¢(r,E) + I (r,E)¢(r,E)

dE' £_(r,E'+E)o(r,E') + XE) [aprve (r,EN6(2,E')  (1.1.a)
£ | £

We will impose any of the following homogeneous boundary

conditions:
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¢ (£,E) = 0

]
or So ¢(r,E) = 0

(1.1.b)
In addition, for all interface points we require flux and

current continuity, i.e.

o(r~,E) = ¢(r',E)

D(r™,E) & ¢(r7,E) = D(r',E) £o(r’,E)

for g

E €
and r € 3Q

(1.1.¢)

The symbols have the following meaning:
r - generaiized spatial variable
E - energy varlable
¢(r,E) - scalar neutron flux (/cmz.s)
D(r,E) - diffusion coefficient (cm)
Et(g,E) - macroscopic total cross section (/cm)

ZS(Q,E'+E) - macroscoplc scattering cross section from E' to E

(/cm)
X(E) - prompt fission neutron spectrum

vzf(z,E) - fission neutron production macroscopic cross section

(/cm)
A = l/kerf - elgenvalue introduced to define an eigenvalue problem
keff - system multiplication factor

¥ on - outward normal derivative at a surface.
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Eq. (l.1.a) results from a balance condition applled to a

volume dr about r and to an energy interval dE about E. The
left-hand side specifies losses (or gains) by net leakage and by
removal; the right-hand side specifies blrths by inscattering
from other energles or by fissions in the whole energy domailn.

To simplify notation, Eq. (1.1) will henceforth be expressed
as |

Lé¢=20
where L is a linear operator. '

The exact solution of the boundary value problem (1.1) 1is
impossible for any real life case. To begin with, there exists no
analytic function representing the detalled energy dependence of
any of the cross sections throughout the energy domain.'_This
complexity leads to the necessity of a multigroup formalism for
the energy variable: one partitions the energy domain into a
finite set ( el,...,eG) of contiguous subdomains and builds up a
coupled set of differential equations resulting from the balance

condition applied to each subdomain, or energy group.

G
. d = .]_'
Ay#y = -¥Dy¥¢) + Ipméy =3 z Vipbo
g=1
Aoty = =¥ D00, + I 50, = I5¢y
Agog = -¥-Dg¥0g + I.5¢g = I5(g-1) %6-1 (1.2)

Where the spatial variable r 1s ;mplied in the notation, and the

groups are numbered by beginning with the highest energies. The

Ag are linear, self-adjoint cperators.
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The group solutions ¢g in Eq. (1.2) are all required to
satisfy the continulty and boundary conditions (1.1.b) and (l.l.c).
The lower indices used in (1.2) speclfy energy group.
Otherwise the symbols have identical meanings as in (1.1), except
for ng which means the total removal cross section from group

g and Zs which means the outscattering cross sections for group g.

g
In building up Eq. (1.2) we have éssumed ( and we will do so
henceforth) that all fission events give birth to neutrons in group
1 and that outscattering from any group (g)leads to group (g+l).
None of these assumptions are esseptial, in any sense, to the app-
lication of the finite element method to Eq.(1l.2). However,
they simplify calculations and data handling. VThe first one
arises frequently from the few-group structure with which multi-
dimensional diffusion calculations are usually made for thermal
reactors; the second one is very accurate in most practical cases
and is used in PDQ-5 (ref.2) and PDQ-T7 (ref.3), for instance.
It is assumed also that it has been possible to do a
reasonable homogenization by auxiliary means in order to find
the group parameters. ’
The most important method existing for the solution of Eq. 21$2)
is based on the finite difference approximation to the relevant
differential operators with the coupling coefficients generated
by the "box integration" method (ref 4). This technique 1is used
in the PDQ codes with few groﬁps and ylelds low order accuracy.
Consequently a very fine mesh has to be imposed on the system if
reasonably accurate results are to be obtained. The resultant
syétem of simultaneous equations is veryklarge so that not all data

can be held in the fast memory of the computers and sophisticated
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iterative technliques have to be used in the solution.

Nodal methods have been developed for cases when speed of
executlon rather than accuracy is the relevant factor. The
FLARE code (ref.5) is a good example of this approach: it is
essentlally a one-group, three-dimensional model, using a very coarse
mesh, and thus requiring few unknowns. The loose coupling between
the coarse nodes requires that FLARE bé "normalized" to more
accurate codes for each type of problem; this procedure introduces
an "ad hoc" component and is a serious drawback of the method.
However, the code is very fast running and satisfactory for some
calculations.

Synthesis methods are now being tried for the solution of
detailed, three-dimensional problems. In this approach one tries
to break the solution of a three-dimensional problem into two
pleces. First, a series of two-dimensional solutions 1s obtained
for typlcal cross sections of the reactor in the third dimension.
Next, the overall, three-dimensional solution is assumed to be a
linear combination of the two-dimensional solutions, and one
"hopes" the procedure to be accurate.

The drawback of the synthesis methods 1is the lack of error
bounds on the solution: one cannot be sure to improve the results
by decreasing the mesh. In the finite difference methods, on the
other hand, one can be sure to improve the solution by decreasing
the mesh, although the convergence rate 1s very low. Finite element
methods also show this nice property, the convergence rate being

usually much higher than for the finite difference method.
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Methods based on Monte Carlo simulatlons have also been
used in reactor analysis, and have sometimes drawn great
enthusiasm as being the ultimate method. It is based on the idea
of following "histories" of neutrons, with the several possible
events chosen in a random way. The accuracy which can be achieved
is thus dependent on the number of "histories" that can be followed,
and this number may be very high if a véry fine detail 1is desired.
Even on modern computers, such a calculation may become too costly,
and it is therefore not likely that Monte Carlo methods will
ultimately displace all other methods.

It seems clear that there still is room for improvement in
reactor analysis. There exlist many codes available and for
numerous calculations the speed and precision attained is acceptable.
However, there exist also areas where the present state is not
satisfactory: three-dimensional, fine mesh, multigroup, static
calculations are not yet feasible in modern computers, and three-
dimensional, time-dependent problems have barely been touched.

On the other hand, the increased concern wlth reactor Safety
today, and the increased cost of the incorporation of safety
margins in designs, will undoubtedly require the prediction of
performances with ever higher accuracy, if possible at low cost.
The solution of the static diffusion equation is probably the
single most important calculation in the whole field known as
reactor analysis, because it 15 an inherent part of depletion and
kinetics methods, because it is intrinsically three-dimensional,
and because it has to be done so often. In this thesis we will
show that finite element methods are feasible in some real-life,
static, two-dimensional diffusion problems and, furthermore, that

they show a potential for the development of faster codes.
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1.2) Finite element methods

Finite element methods have been successfully applied in many
practical problems where natural discontinuities exist in the
domain where solutions are to be found. The general idea behind
the method is very simple: given the equation of a problem, one
seeks to find approximate solutions which are defined only over
subdomains (or finite elements) of theAproblem domain. When put
together, these plecewise solutions form an approximate solution
over the whole problem domain. Methods exist by which one can
provide some continuity over the interfaces of the elements;
this requirement may not be a necessity, although it is often used
because it results in the reduction of the number of unknowns.

One central problem consists, ﬁhen, in finding appropriate,
plecewise continuous functions to use as trial functions in an
appropriate space, where the approximate solutions will be sought.
Polynomials are a natural choice becéuse they are easily inte-
grated and differentiated, they are familiar, and cah be made
complete. Other trial functions (such as sines and cosines) can
be used with relative ease and it 1is not clear yet wﬁether their
use may improve the method for neutron diffusion problems.

Among the possible polynomiai spaces, those based upon
Lagrange and Hermite methods have been applied to diffusioen
problems: the first ones are generated by using function values
at internal points, whereas Hefmite polynomials are generated by
values of the function and derivatives at the boundary of the
subdomains. A desirable property of Hermite polynomials is the
fact that derivatives and/or function continuities can be naturally
imposed on the trial functions, depending on our desire to do so

and on the degree of the polynomials.
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The reduction from the continuous to the discrete form is

genérally achieved by the application of the Galerkin method to
the "weak" form of the equation. The resultant matrix equation

appears as

>

Ax=%x

where x 1s the unknown vector solution, A an eigenvalue, and A and
F are the coefficient matrices.

Sparse coefficient matrices are a general consequence of the
application of the method, because the piecewise character of
the expansion functions assures that only neighboring points couple
together. This 1s a desirable property because it makes the matrices
relatively well-conditioned for inversions, and reduces the number
of computer operations.

In some problems there exist natural physical regions where
it is to be expected that the soluﬁion be continuous and relatively
smooth within the region. When this is the case one will probably
choose such natural regions as the expansion elements.. Nuclear
reactors, in particular, present such features: 1in the beginning-
of-1ife case of a PWR, for instance, natural expansion elements
are the fuel eiements themselves, which are taken as having constant
cross sections. As the reactor 1s depleted, flux shapes tend to get
smoother but one may still expeét to find discontinuities of cross
sections across the interfaces of the fuel elements. These facts
and the need, which was discussed earlier, for more accurate and
less expensive ways of solving the neutron diffusion equation,

makes the application of the finite element method look attractive
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beforehand. The amount of work that has been carried out to date
‘in thls area 1s not as large as, for instance, has been done in
the area of structural engineering. Several questions remain unclear,
and experiences are not completely conclusive yet.

Ref. 6 and ref. T present a very good discussion of the
method when applied to static and time-dependent neutron diffusion
problems, and to slowing down ‘problems in infinite homogeneous media,
using Hermlite piecewise expansion. Numerical examples are presented
for the one and two-dimensional static diffusion equations, as well
as for the zero, one and two-dimensional kinetics equations.

A rectangular partition of the space domain is always assumed,
and the cross sections are not allowed to vary inside the elements.
The relevant mathematical implications of the method are very well
analysed. Trial functions are presented which naturally preserve
flux and current continulity in neutron diffusion problems, whereas
practlical ways of accounting for singularities are tested.

A Lagrangian approximation for a triangular partition is
presented in ref. 8. Results are shown for four problems in two
energy groups, including a 5-region LMFBR configuration. The
results are highly encouraging both in execution time and in the
accuracy achleved in the prediction of keff'

A Lagrangian approximation with linear functions 1s also
considered in ref. 9, both for a mixed rectangular-triangular
partition and for a pure rectangular partition. The desirability

of the mixed partition 1is demonstrated.
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Triangular partitions are in general very flexible in locating

expansion elements. The introduction of a new triangle at a region
where more detail is desired will not automatically require the
introduction of nodes at regions where they are not desired. In
addition, curved geometries are easily followed.

Other ideas have been tried elsewhere; e.g. in ref. 10 results
are presented for "modulated" plecewise polynomials. Detailed
element solutions, obtained by imposing zero derivative conditions
on the boundaries of a heterogeneous region, are modified by plece-
wise Hermite polynomials and used directly as trial functions in
coarse mesh, one-dimensional, two-group calculations. The coarse
mesh is defined over the whole heterogeneous region for which the
detalled solution was obtained, so that the method does actually
yleld great flux shape detalls with coarse meshes. No error
bounds were found for this scheme but the numerical results were
encouraging.

Except for ref. 10, nowhere has there been made any attempt to
allow for the variation of parameters inside the expansion elements
so as to take full advantage of the finite element method's inherent
high accuracy. In the present thesis this interesting possibility
wlll be investigated in a general way. We will see that when the
approximation to the "weak" form of the diffusion equation is
sought, the spatial variation of the parameters can be taken into
account very naturally; furthermore, we will see that numerous

numerical experiments indicate that the scheme is worthwhile pursuing.



We will next outline in very general terms the application of
the finite element method in order to set up the general structure
of Chapter II. Given the equation of a problem, it involves
usually a 4 - step procedure.

a) Define a convenient partition of the problem domain, on a
bona fide basis, taking into consideration the characteristics
of the system, so as to arrive at expansion elements with
reasonably constant properties. This cholce is frequently natural,
as in the case of neutron diffusion problems.

Define, consequently, the open expansion elements 91, the
collection of interfaces 819 and the exterior boundary SeQ.

b) Choose convenient trial'functions for the expansion inside
the elements. At this stage considerable freedom exlists and the

choice will depend on what the user expects to be the general

23

behavior of the solution inside the elements, and on the desirability

(or not) of some continuity across the interfaces. Cubic Hermite
polynomials, for instance, should be chosen when one expects to be
able to preserve function and first derivative continuity. A
Lagrangian approximation will only preserve function continuity.

Error bounds of the approximation can be found at’ this stage.

¢) Select a procedure to set up the algebraic set of coupled

equations which will permlt the solution of the system. The
Galerkin method has been widely and successfully used, in general
in connection with the "weak" formulation which we will proceed to
introduce.

Let the model problem, for instance, be the followlng:

-V ¢ =Lp=T° ‘ (1.3)
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where L is a linear operator over the region Q. The usual
'continuity and boundary conditions are imposed: function and
first derivative continuity across interfaces and homogeneous boundary
conditions.
The boundary problem can be formulated 1n a variational form.
The functional
J = (¢, Lo) -2 (4,F)
is stationary provided
(u, L$) - (u,f) =0 (1.4)
for all u in the same space as ¢ itself.‘ The ( , ) indicate the
inner pfoducts.
An integration by barts ylelds
(6,%u) - |ug ods - (u,£) =0
5 n
Since homogeneous boundary and derivative continuity conditions
have been imposed‘we see that the surface integral vanishes and we

are left with

(Y¢,Vu) = (u,f) =0 < (1.5)

Eq. (1.5) is called the "weak" form of Eq. (1.4).
We next seek an approximate solution, in the convenient space

of piecewise functions ui(g), to Eq. (1.3).

N

$ =i£1aiu1(£) (1.6)
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The Galerkin method would require that

(ui’L$) = (ui,f) i =.1,2’000’N

There are serious drawbacks in this scheme. The expansion
functions are required to be twice differentiable aqd the interface
conditions are imposed on the approximate solution. Thus, in order
to increase our degree of freedom in choosing the expansion functions
we seek instead an approximate solution to the "weak" form Eq. (1.5).

The Galerkin method then requires

(Zui,z¢) = (ui,f) i =1,2,...,N
(1.7

The crucial fact iIn this step 1is that the space of trial functions
1s enlarged. Linear functions, for instance, are allowed in the
"weak" form, and the approximate solution is not required to obey
the derivative continuity conditions. \

d) The fourth step in the application of the finite element
method is the solution of the set of coupled equations (1.7) and

the regeneration of the approximate solution through Eq. (1.6).
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CHAPTER II

A FINITE ELEMENT APPROXIMATION

TO THE MULTIGROUP NEUTRON DIFFUSION EQUATIONS

In this chapter we will apply piecewise Hermite polynomial
approximations to the multigroup difquion equations. We first
show how the Galerkin method is applied when the multigroup
solutions are expanded in terms of piecewise trial functions;
we further show the derivation of the "weak" forms corresponding
to the equations, and discuss 1its implications and advantages.

Next we shall show the development of the convenient basis
functions for the Hermite pieceﬁise approximation of the multi-
group neutron diffusion equations, We then discuss methods to
preserve continuities of the solution and "ad hoc" ways to take
into account the singularities.

We also discuss the application of the method to cases when
the cross sections are allowed to vary inside the expansion
elements, and show what the implications of this fact are.

Finally we show the matrix formulation of the problem and the
numerical methods used for the solution of the systém in the
computer code CHD written to implement the method in two-dimensional,

multigroup diffusion problems.

2.1) The "weak" form corresponding to the neutron diffusion

equations

In this section we develop the coupled "weak" form of the

multigroup diffusion equations, arrived at when Egqs. (1.2) are
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multiplied by any allowed weighting functions and integrated gyer
the problem domain. We then show the inherent advantages of
seeking approximate solutions to the "weak" form instead of
to the diffusion equations themselves.

We first draw our attention back to Eqs. {(1.2), the basic
multigroup diffusion eqﬁations, which‘are repeated here together

with the boundary and continuity conditions.

A ¢
g=1 I&°E
Ag ¢g = zsg-l ¢g-1 & = 2,35004,G (1.2)
with boundary conditions
= 0
¢8
-§-¢ =o gz 1'2,-00'6’
n'g
r € BeQ
and continuity conditions
- _ .+
bg = %
- 3 = _ ot 2 ¢ = 1,2,.4¢,G
Dg on % = g 7 e £= TrEeene

r€ 319
The spatial variable 1s implied in the notation.

In a more compact matrix notation the multigroup diffusion

equations can be written as

Ao (r) =%F o () (2.1)

where 3 is the‘group flux vector
T
¢ = [¢, ¢2...¢G]
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where A and F are G x G matrices, and ¢ 1s required to satisfy
the same continuity and boundary conditions as Eq. (1.2).

It can be shown (ref. 7) that the multigroup "weak" form
corresponding to the multigroup equations (1.2) can be derived
directly from the continuous energy diffusion equation (1l.1)
by defining convenient weighting functlons. In this thesis we
will not use thils rigorous procedure, because it is not a crucial
step. Instead, we will assume the multigroup equations as arrived
at independently and we wlll seek approximations to the group
so;ut;ons themselves. 1In using this approach we will be unable
to present any measure of the error bounds on the solution in
the energy variable, so that in Sections 2.2 and 2.3, where
error bounds will be presented for the Hermite approximation,
we will be concerned only with the spatial variables.

‘ In particular, we will not be able to evaluate error bounds
on the elgenvalue of the system. However, the multigroup
formalism is a well-established approximation and there exist
many homogenization procedures which have been shown to present
sufficiently accurate results. The main problem in the solution
of a diffusion equation lies in the spatial approximation, and it
is with this problem that this thesis 1s concerned with.

We next seek approximate solutions to the G coupled equations
implied in Eq. (2.1) by an expansion in some conveniently chosen
N x G piecewise functions, cohtinuous in each Ql. The expansion

g

coefficients aj are not to be confused with the elements of the matrix

A, which are never used in the following discussion.
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N
Be) = B U(D)a- [8(0). .0 (1" (2.2)
where
§1=[aj]: coe a(;t]T 181’2900°’N

are the unknown coefficient vectors and

u, = Diag [uj (r) ... & ()] 1= 1,2,000.N

are the expansion matrices. .

We have seen earlier (Ch.I) that we would be very limited
in the choice of the expansion function if we were to seek approx-
1m§te-solutions directly to Eq. (2.1), because of the interface
conditions implied in this equation. The use of the Galerkin
method would require that the ihtroduction of Eq. (2.2) into
Eq. (2.1) result in

Ea ) =0 18 1.2.00-,N

>

(Hi’ A i -

where ( , ) means the inner product. (2.3)
We will now focus attention on what would be required for

the terms of (2.3) to exist. The nature of the operator A
is such that we must require that the D V § be continuous (which
is, in fact, the current continuity condition) so that the (ui,
v-D ¥V $) exisf. We will have great difficulties in finding
expansion functions which will provide this continuity: piece-
wise linear functions are excluded at once; furthermore, we will
see that in the vicinity of singular points we do not, in fact,

want to preserve current continuity.



These facts lead to the desirability of seeking solutions
in the "weak" form of Eq. (2.1) where the continuity conditions
can be relaxed. To achieve this we assume ¢ to be a solution
to Eq. (2.1). Then, for any compatible diagonal matrix w

we must have

(W, Ao -FEFE8)=0

Integrate the leakage term by parts to obtain

(LD T 9) + (W,I, )+ [dsWDYg= (N FE
s

" Because of the continuity and boundary conditions the -

integrals vanish and we are left with a bilinear form

>

a(¥W,9) = (YW, DV ¢)+ (W, I,¢)- (W,

where

In order for the terms of the bilinear form (2.4) to exist

F ¢) = 0 (2.4)

we must only require that ¢ and W and their first spatial derivatives

be squared integrable. The space of functions which satisfy these

conditions is called a Sobolev space.



31

In order that § be an approximate solution to the "weak"

form Eq. (2.4), the Galerkin method requires that

a(Uy, ) =0 1=12,...,N (2.5)
This scheme thus does enlarge considerably
the number of piecewlise functions uy that can be used in the
expansion: 1in particular, linear piecewise functions can be used
and the interface current continuity conditions do not have

necessarily to be met. We will only require function continuity.

In the next two sections we will summarize the construction
of a complete basis for the piecewise expansion of the solution
to the "weak" form of the multigroup neutron diffusion equations,
in one and two dimensions, and in terms of the Hermite polynomials
of the first and third degrees.

Ref. 6 and Ref. 7Adiscuss in great detail the construction of
such bases. We will present it in a more intuitive way, summarize
the highlights and present final conclusions.

In neutron diffusion problems we are generally faced with
reglions whose propertlies are piecewilse smooth. For a beginning-
of-1life core of a PWR, for instance, the fuel elements are generally
considered as homogenized mixtures of the actual elements, the
mixture being defined with constant nuclear properties throughout
the element. Once the reactor is depléted, the properties will
change in a non-uniform way inside the elements. However, they
will still be relatively smooth and we probably will have to

consider discontinuities at interfaces.
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Furthermore, we have imposed flux and current continuity

conditions to Eq. (2.1). These‘conditions are natural for neutron
diffusion equations and this fact, when taken together with the
piecewise smoothness ofAthe nuclear properties leads naturally
to the use of the Hermite interpolation. In this scheme, inter-
polating polynomials (called Hermite polynomials) are generated
inside the interpolation domain by thé use of function values and

derivatives at the boundaries.

2.2) Construction of a basis for the pilecewilse expansion in
. one dimension

We will now focus attention on the construction of the Hermite
cubic basis appropriate for the expansion of the unknown solution
in a one-dimensional space and lndicate afterwards the use of
linear bases and; in theknext section, the extension to two-
dimensions. Thus consider a one-dimensional interwval (xi, xi+l)
as shown in Fig. (2.1), part of a region (a,b), where we want to
interpolate an unknown function, knowing the values of the function
and of the first derivatives at both ends. It is easily seen
that the cubic polynomial is uniquely determined by these values

inside the region of interest.

Function values
and derivatives known

—
£y (x)

81
a Xy Xy41 b
Fig.2.1 - Function fi(x) and uniquely determined

cubic interpolate in region (xl,xi+1).
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The pointwise error bound of the general Hermite inter-
polation is well known and stated in ref. 6 and 7. In the maximum
norm inside (xi, x1+l) and for one-dimensional neutron diffusion

problems the interpolation error is bounded by:

H e, () - 5, (0]

Where n in our case 1is

Bn = 2m

K is a positive constant independent of 1 X441 ~ xi », and m is
such that (2m-1) is the degree of the interpolating polynomial.
We further realize that si(x) can be expressed 1in the following

way, by a sum of four polynomials:

s;(x) = £ (x) u MCIIE (x441) ui+1 (x)

1..

+ £ (xy) u )y er (%441 Uit

(x)
where the primes denote x-differentiation.

Each of the u's 1s uniquely defined; they are called element
functions in refs. 6 and 7, form a complete plecewise basis inside

(xi, xi+1), and are expressed by
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X=X X=X
i 2 i 3
3L 2 ] , X, <X <X
0- X3417% Xi417% 1 i+l
ujyy (%) = .
0 , Otherwise
(2.6.a)
—-3["1+1'x 12 2£"1+1'x 13
- - - <
WO (x) o] il Xy X3417%3 s Xy SX 2 X549
1 s, Otherwise
;Q
(2.6.b)
X-X X=X
r i 2 i 3
[ = (=== + (—=)"1(x,,.,-%X,)
1 xi+1-x1 X441 xi i+l 71
U4y (X) = 0 > Xg <X < X544
) N , Otherwise
(2.6.c)
Xy q=X Xy, =X
i+l 2 i+l 3
1+ [(z——) - (= )71 (x  ,=x%,)
uy (x) X1417% X3417%4 1+1°71
0 > X3 X< Xy
, Otherwise
(2.6.¢)

In Fig. 2.2 we plot these functions.

|
- uy®(x)
|
1 |
{
y
] T
Xy Xi41
slope=1 ‘ slope=1
S : . /
/ ul*(x) g (X) ‘L/,/
N i
T I
! X141 Xy ‘\\\\\\-—«<7//1x1+1

Fig.2.2 =« One~dimensional cubic element functions



If, now, the region (a,b) is considered as partitioned
in (N-1) contiguous sub-domains, we can approximate the unknown
solution of a problem over the whole interval by a sum of plecewise
approximations with the use of a set of u-functions in each sub-
domain.
n-1

(x) = 3 s.(x)
s =1 1

n-1

-z Leex) ud* o)+ rixp, ) W )

+ f1(i1) Qi+(x) + f'(x1+1) ui:l (x)]

where the f's are unknowns to be determined.
Function and derivative continuity are naturally preserved

.

f'(x;) = f'(xl) = f'(xi)
1 =2, N-1
(2.7)

Conditions (2.7) lead to the generation of the basis functions
appropriate for the approximation of an unknown solution inside
the interval (a,b), preserving function and derivative continuity

across the interfaces. They are shown in Fig. 2.3



0 36
uy (x) u; (x)
;
‘ /slope=1
] [ /
, L .
*1-1 ! Tie1 Fi-t AR X341

Fig.2.3 - Cublc basis functions appropriate
for function and derivative continuity

In neutron diffusion problems, however, we want to require
current continuity across the pértition interfaces. This condition
can be readily met if we redefine slightly the l-type element

functions in the following way, in two contiguous subdomains

(see Fig. 2.4).

8, ,1-
(52) uy ()oxy g <x < x4

up (x) =

(3] 1+
(ﬁ;) uy (X)axi =X X4 (2.8)

0 is a constant introduced so as to make (6/D) and (6/D+) close

to 1, for numerical reasons.
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ug(x) ui(x)

slope=0/D%

— S Sy
X1-1 X Xim1 xwi Xia1
. ~

Fig.2.4 - Cubic basis functions appropriate for
flux and current continuity across inter-
faces for a neutron diffusion problem.

. In the case of plecewise linear functions we will be able

to preserve function continuity across interfaces. The element

functions are expressed by Egq. (2.9)

X=X
i+1774
s otherwise
0 (2.9.a)
X -X
ug*(x) = xi+1-x X, <X < x
14177 L SRR S £ 51

, otherwise
(2.9.b)

When the proper coupling conditions (function continuity)

are lmposed we will have defined the basis functions for the

expansion, as shown in Fig. 2.5.
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Xi-1

{
|

Fig. 2.5 - Linear basis function appropriate for
flux continuity across interfaces.

It is shown in ref. 7 that, if the solution is approximated
through the "weak" form, and this "weak" form is positive definite,

then the error bounds of a neutron diffusion source problem are

”f(x) - s(x)H < K Z—zm

where 4x is an upper bound of the mesh sizes, and K is a

constant independent of AX.

So, in the cases considered we will have the following error

bounds.
”f(x) - S(I)“ < K Ix g {1linear)
< K, a5 (cubic)

2.3) The basis functions 4in two dimensions

The element functions in two dimensions are generated by

taking products of the one-dimensional ones in each direction.
For instance, the two-dimensional bicubic interpolate in one

element (see Fig. 2.6, element IV) is given by:

2% :% [f(px+py) ul™ (x)ub¥* (y) + f(px'*py)upx (x)

s(xy) = 2 = Uiy 141, )

ugy*(y) {p§:§Y) ?x*(x)uj*j(y) +

(px4py) px-
Tia1, 341011 (X)uJ-H (y)]

where fi,j means the value of the function at point (i,j), and
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where the superscript (px+py) on f means the pxth derivative

in the X direction and the pyth derivative in the y direction.
There are, consequently, 16 values to be known at the U
corner points: function values, the first derivative in each
direction, and the 4 mixed derivatives 82/8x8y.
It 1is shown in refs. 6 and 7 that.a two-dimensional
polynomial interpolate si(x,y) is uniquely determined, given the
appropriate corner values, and for sufficiently smooth functions

satlsfies the following pointwise error bound in any norm.

l I a(er+py)

P oY (f(x,y) - s(x,y)l! < KxAx(2mx—px)

+ KyAy(zmy-pY)

for 0 < px < mx-1

and Q < py. < my-1

Where, Kx and Ky are positive constants independent of Ax and Ay
respectively, and where (2mx-1) and (2my-1) specify the degree
of the one-dimensional polynomials in each direction.

Consequently, in the case of bilinear and bicubic interpolation

we have the following interpolation error bounds:

H £(x,y) -s(x,5)]

< K (8% + ay®) (1inear)

< Kc(Axq + Ayu) (cubic)



Lo

where K is an upper bound of Kx and Ky.

As in the one-dimensional case, basic functions for neutron

diffusion problems can be defined by imposing appropriate coupling
conditions to the element functions. The unknown solution of a
two-dimensional problem can then be apprdximated by considering
‘a convenient partition of the problem domain.

We will show the procedure for éonstruction of the basis

functions for the case of blcublc element functions.

Vist II I
y
J II1 v
y
-1
J X§-1 X Xia1

Fig. 2.6 - Two-dimensional partition

Case 1 - =
= Dy Dyyr = Pr1 Dry

This condition is satisfied at any interior or lnterface
polnts, except singular points. The basis functions which allow
current or simply derivative continuity across the 1 and j lines

are Eq. (2.10)



ugg(x,y) =

uig(x,y) =

ug;(x,Y) =

1+

ug+(x) ug+(y)

ug-(x) ug+(y)

u2+(x) ug (y)

ug—(x) ug-(y)

5% ui+(x) u§+(y)

0 1 (x) u0+(y)
u
Drp 4 J

(y)

. O

6 17 0 (y)
u, (x) u
Dy 1 J

9 0+ 1+
D, uy ( (

x) uy y)

*

ug_(x) u

x) u§-(y)

0 1~
—_— u (x) u (y)
Pry 1 J

II

III

v

II

III

Iv

II

III

Iv

L1

(2.10a)

(2.10b)

(2.10¢)
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%; ui+(x) u§+(y) > I
5%; ui-(x) u§+(y) s 1I
ui}(x,y) = : (2.104)
_8 1+ 1" -, III
o uy (x) uj (y)
8 17 1" , IV
. Dry uy (x) uj (y)

In these equations, 6 is a normalization constant chosen
so that /D = 1.
Case 2

D D

1 P11 # Pyp Pry (singular points)
It 1s easy to see that at singular points the current
continuity condition of the diffusion problem can be met by

specifying

9 )
% ¢(x,y) = _a_y ¢(x,y) =0
for (x,y) - singular point

However, we know that the analytic solution at a singular
point does not satisfy the above conditions. Further some results
to be shown later indicate that imposition of the above condition
gives poor approximate solutions.

As mentioned previously, diffuslon theory itself 1s not

valid at corners with discontinulties. We do not expect analytic
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solutions near singularities to truly represent the physical
neutron distribution. Furthermore, on a practical point of view,
in many problems one 1s more interested in overall measures

of core performance (keff’ region-wise reaction rates). 1In
these cases one may argue that, whatever the analytic singular
component of the solution, it is a localized effect and its
contribution to overall features should be very small.

On the other hand, in real life two-dimensional calculations
one will have some kind of scattered pattern of zones with different
enrichments inside a reactor, so that most of the actual points
will be singular ones. We expect the singularity to be a function
of the magnitude of the materiél discontinuities. It will have
a greater influence at water-fuel interfaces than at interfaces
between fuels of different enrichments.

One of the purposes of the present thesis was to investigafte
how one might proceed in dealing with singular points in problems
where one is mainly concerned with regionwise, averaged behaviors
(such as a depletion analysis). One might, for instance,
arbitrarily specify first derivative continuity by making all
8/D = 1 at Eq. (2.12b) and (2.12c). This approach seems intuitively
convenient for "fuel only" singular points, where the diffusion
coefficients do not change drastically.

On the other hand one may also uncouple completely the first
derivatives by "opening" Eq.»(2.10b) and (2.10¢) into four

equations.
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ui-(x) ug+(y) s II
(x,y) = ui—(x) ug-(y) , III (2.10b-)
0 » , I& IV
it o wyt ) , I
(x,y) = ui+(X) ug'(y) , IV (2.10b+)
0 s II & III
ug-(x) u§—(y) , 111
1 (x,y) = ug+(x) ui-(y) s v (2.10¢-)
0 s I & II
W ute) 1
(x,y) = WOt II  (2.1004)
0 , III & IV

(x,y)

(x,¥)
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St1ll another possibility would be to impose the zero
derivatives conditions by droping Eq. (2.10b) and (2.10c)
completely from the set of expansion functions. This approach,
however, leads to intolerable distortions both in flux shape
near the singular points and in the overall characteristics.,

In Ch. III we will show results arrived at for different
problems and ways of dealing with singular points.

The generation of basic functions at the boundaries of the
domain can be easily shown to be special cases of the expressions
given by Eq. (2.10), arrived at by coupling element functions
whose supports are non-zero.

As in the one-dimensional case, refs. 6 and 7 show that,
1f the solution to the diffusion problem 1s approximated through
the weak form, and the weak form is positive definite, then the
error bounds of a neutron diffusion source problem, for f(x,y)

sufficiently differentiable, are

2m 2m

I £0x,m sl < K, 8x°" + Ky By
Where Ax and Ay are upper bounds of the mesh sizes in each direction,
and K and Ky are constants  independent of AX and Ay respectively.

In the bilinear and bicubic cases consequently

|A

II f(x,y) -s(x,y)“°° Kl(KEE2 + 552) (1linear)

1A

Kc(Kfu + K;u) (cubic)

Where the K are convenient upper bounds of Kx and Ky in each case.
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2.4) Varying cross sections inside the expansion element

Up to this point we have tacitly assumed that the diffusion
coefficlent was a plecewise constant function. The weak form
of the problem is properly posed for more general behavior of
the diffusion coefficient. In particular, a unique solution
to the problem will exist if D(;) is-allowed to be a plecewilse
continuous, rather than piecewise constant, function.

From a theoretical view piecewise continuous diffusion
coefficients present no difficulties. From the view of the
approximation methods the inclusion merely changes the evaluation
of elements in the coefficient matrix.

The number of basis functions (and'consequenﬂly the number
of unknowns) 1s approximately equal to some integer times the
number of mesh points. We have assumed that mesh lines are always
located at interfaces. If the system has many discontinuitles
then we will have many unknowns. It is evident that if the
spacing between discontinuities is very small, then finite
difference methods may be adequate for the problem, and one
need not consider higher-order methods. Conversely, it is of
interest to attempt to use coarse meshes, and higher order
methods, in an attempt to find accurate solutions with a small
computing burden. Clearly then, for highly heterogeneous systems,
we must consider the probleﬁ of mesh intervals which extend
through discontinuities. It is just this problem that we consider

in some detall 1in this thesis.
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Our approach will be the followling: We will use element

and/or basis functions which are themselves smooth within their
interval of definition. Discontinuities in properties; within the
interval, will be accounted for in all inner products. The
approximate solution will be smoother than the actual solution;
however the effects of the discontinuities will be averaged

into the approximate solution through the elements of the

coefficient matrix.

2.5) Matrix formulation of the two-group diffusion problem
and numerical methods

In this section we present‘the matrix equation which results
from the application of the finite element method to the two-group
diffusion problem. We further present the numerical methods used
in the actual solution of the system with the computer code CHD.
We will exemplify the procedure with a simple, two-dimensional,
two-group problem, with the realization that an extension to more
groups 1is straightforward.

We consider a partition of the problem domain in Cartesian
coordinates on a "bone fide" basis. 1In a PWR, for instance, a
partition along fuel element interfaces will provide surprisingly
accurate results. Let N be the number of rows and M be the number
of columns resulting from the partition.

We next preassign some ofder to the unknowns and define

two column vectors a and a, as the ordered set of the unknown

1 ,
solutions in each group. Although it is not crucial, the form of

the matrices is easier to visualize and 1t will be assumed in this
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thesis that the ordering is done by assigning to each point all

its associated unknowns (flux, first derivatives, mixed derivative
for bicubic expansion, for instance) in some order, before moving
to the next point.

Consider now Egq. (1.2) specialized for fwo dimensions and two

groups

A0, (x,y) = F VI 05 G0LY) + VEg0p(x,y)]

Aydo(x,y) = Igy6,(x,y)

whére the spatial variation of the operators is implied.
We next approximate the fluxes by means of the plecewise

Hermite polynomials (u) defined in the previous sections:
\

, N 1I(am) 1
. XN MI(nm, )
ped= o :51 51 %nom,1%0,m, 1 (%7

where I(n,m) is the number of basis functions at point (n,m), and
where N; M, I(n,m) are'taken as being the same for both groups for
simplicity of notation.

We seek the approximate solutions in the coupled "weak" form
of the two-group equations. The Galerkin method requires that we
apply Eq. (2.5), the overall result being that the followlng set

of coupled linear equations be solved.
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. 1 1 =
[D1Y.¢1 Yunm,a ¥ [Zp® - 5 (VI8 +VIps8,)] un,m,i] =0

) 2
0,5, Yupm,1 ¥ [Epa®s = E508) “n,m,1] v
\")
for n = 1,N
m= 1,M
i = l, I(n,m) (2.11)

Where X is introduced as an approximation to A.
When the necessary products of the Hermite functions are
performed, we end up with two coupled matrix equations of the form
A, a, = = [F, a, + F, a,]
=15 xXt15 7 T2 =2
A, a, =8, 3, (2.12)
Where the A are matrices which incorporate the diffusion and
removal terms, the F incorporate the fission terms and S,
incorporates the group 1 downscattering terms.

It is useful to focus some attention on the forms of the
matrices of Eq. (2.12). They will all show an overall stripe
structure, the number of stripes depending on the dimenslons
of the problem.

Number of stripes = 3k

k = No. of spatial dimensions (1,2 or 3)



50
Additionally, the stripes themselves are formed by block
matrices whose size will depend on the number of coupling expansion
functions associated with the relevant points.

In Fig. (2.7) we show the general form of these block matrices
for a two-dimensional problem. Each position (a,b...1) represents
a block matrix, the size depending on the number of basis functions
existing at each of the coupling points. The coupling between a
general point (n,m) and its immediate neighbors (and with itself)
is shown.

In Fig. (2.8) the structure of one of the A matrices is shown for
a simple 3 x 3 two-dimensional partition. The problem is too
small so that the stripes are not evident and we show Just the
limits of the dlagonal.

It can be shown (ref. 6 and 7) that the matrices A, and A,
are always symmetric and positive definite. F2 and §l are not
symmetric in the general case and, in fact, may even not be square
if the total number of expansion functions in the fast group is
not the same as in the thermal group. Matrix El is also always
symmetric.

We choose to solve Eq.(2.12) by uncoupling the system through
_the power iteration method (ref. 11). This method has been used
successfu;ly in conjunction with finite difference methods and
can be shown to yleld, in these cases, solutions which are everywhere
positive (the fundamental modes) for any positive initlal guess,
and the corresponding eigenvalue which can thus be identified with
the’keff of the system. On practical grounds we have reasons to
expect that the same will be true in the present case, for any

initial guess corresponding to everywhere positive fluxes.
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Fig. 2.7 - Two-dimensional partition and matrix form
for unknowns ordered as: 1) all unknowns
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Matrix A (symmetric)

Limits of diagonal

stripe
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|
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iteration method réguires the following iteration

(2.13)

We next will show the numerical scheme used to solve each of

Eq. (2.13) that is, the problems

(t) _
22 =

o{® = Al (r Eit-l) + 7. oD

=2 =2

-1 (t)
A" 8 by
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When the matrices él and AQ are positive definite and
and not too large the Cholesky factorization scheme (ref. 12)
can be convenliently utilized(.). It is shown that in this case
the A's can be factorlized as
A=EE

where E is a lower triangular matrix.

The elements of E can be determined by using the algorithm

=1 5 10
55 = [y = B e
3-1
2157 I, ®1k Sjk
ey = "
Jd

The problem can then be solved in two sweeps, one forward

and one backward to insert E and g? respéctively.

(#) Matrices of up to 350 x 350 elements have been inverted
without problems in double precision.
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CHAPTER III

SAMPLE PROBLEMS AND RESULTS

The final aim of this chapter 1s to present some results on
the approximate solution of realistic, two-dimensional reactor
problems as they were evaluated with CHD. The most important example
chosen was the first-loading, beginning-of-1ife core of the Zion 1
reactor (ref.l13) the evaluation being done with 3 different kinds
of coarse meshes, on a quarter-core symmetry basis. The results
are tompared to conventional finite difference results, as obtained
with the use of the EXTERMINATOR 2, PDQ-5 and CITATION codes. For
the finite element examples the finest mesh used corresponds to a
full fuel element (about 22 cm). Subsequently, some meshes were
defined over 4 fuel elements and, finally, a very coarse mesh was
defined over the innermost 16 fuel elements.

Several questions arise when coarse meshes are used. For
instance, when two regions with varying cross sections have a
common interface, it is not at all clear whether the best continulty
condition should actually preserve current across the interface.
The same reasoning is actually valid for any mesh point surrounded
by regions with varying parameters.

Even in the simplest case, when cross sectlons are constant
inside the expansion elements, it is not clear which conditions
should be imposed across singulér points. Zero first derivative
conditions, for instance, are known to preserve the appropriate

continuity conditions of the diffusion problem. However, it is
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also known that the diffusion approximation itself does not hold

in the vicinity of these points, so that it may be appropriate
to relax such conditlons.

All these questions were investigated through a set of
appropriately defined smaller problems. In some cases the results
are compared with finite difference results, through the use of
the EXTERMINATOR 2 code, and in other céses they are compared
to very fine mesh results of CHD, which are known to be very
accurate. |

.The order in which the results are presented in the followlng
sections corresponds to an increasing complexity of the problems.

All cross sections are 1isted‘in Appendix A.

3.1) Comparisons between CHD and EXTERMINATOR 2 for a
4Y_composition problem.

In its earliest versions, CHD was tested against EXTERMINATOR
2 for the small problem shown in Fig. 3.1. The basic 18 cm measure

corresponds approximately to the width of a PWR fuel element.

dyf/dx =0
1 2 3 b 5 4+ — — -CutA
8 |7 |65 18.0
2 1
d¢/dy 18.0
=0 3 =0 y
4+ ---—cut B
18.0
b 1
18.0
5 . Y

Fig. 3.1 - The 4-composition problem geometry
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EXTERMINATOR 2 was developed at Oak Ridge, and the version

.used at MIT corresponds essentially to ORNL 4078 (ref. 14). It
is a standard finite difference code, using periodic extrapolation as
acceleration technique for the outer iterations, and row or column
successive overrelaxation in the inner iterations.

Several EXTERMINATOR 2 and CHD runs were made, the purpose being
mainly to investigate what kind of derivative continuity condition
(if any) should be used at singular points such as 22, 33, 43 and
34, It was to be expected beforehand that at singular points surrounded
by fuel elements one could get sufficiently accurate results by requiring
simply derivative continuity, because thé diffusion coefficients are
not very different for homogenizedbfuei elements of ‘different
enrichments. For singular points where there are fuel-water interfaces
one might expect that uncoupling the first derivatives should improve
the results. Continuities imposed directly on the expansion functions
result in less unknowns, whereas each uncoupling increases the number
of unknowns by 1. Thus the problem consists basically in determining
if the impositiop of continuities will not distort the results in a
way untolerable for the purpose of the calculation.

Various combinations of element functions were used throughout
the work. They are identified by code numbers, and are described
in detail in App. C.

Macroscbpic two-group cross sections were taken from ref. 10,
Table 5.1, and are close to 1ow,‘med1um and highly enriched, homogenized
PWR fuel element properties.

In Table 3.1 we compare overall features for all the runs.,.
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Table 3.1 QOverall results for EXTERMINATOR 2 and
CED for the 4-composition problem
Average
Code Solution # of fluxes at
Case condition unknowns keff reentrant
(mesh.cm) |at singular | per group water
points region
(fast/th.)
EXTERM.
- 81 1.09472
(9.0)
EXTERM.
- 289 1.08260
(4.5)
EXTERM.
(3.0) - 625 1.07972
EXTERM. 0.25973
Ref. : - 1156 1.07840
(3.0 & 1.8) 0.44608
CHD Zero first 0.30615
1 derivatives 56 1.07598
(18.0) 0.45573
CHD First deri- 0.25740
2 vatives con 64 1.07825
(18.0) tinuity. 0.44511
(41 sets)
- CHD First deri- 0.25564
3 vatives un- 72 1.07812
(18.0) coupled. 0.44631

(61 sets)
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It can be seen that, except for the case of zero derivatives
at all singular points, we can reproduce keff up to four decimal
places with CHD, using a whole fuel elemenﬁ as a mesh and thus
requiring much fewer unknowns, 1ln general by a factor over 10.

On the other hand, the significant deviation of the EXTERMINATOR
result from the reference keff’ as the finite difference mesh is
increased, 1s also very clear. In parﬁicular, the 9.0 cm
EXTERMINATOR mesh requires 81 unknowns per group, about the same

as all the CHD runs: whereas the finite element method yields
keff within less than 0.03% in cases 2 and 3, the finite difference
result is off by 1.63%.

We have also included 1n thé last column a measure of the
average fluxes at the reentrant water regions, where one may
expect the largest errors to occur. In the finite element cases
2 and 3 fast fluxes are represented witﬁin less than 1.6% whereas
thermal fluxes are represented within less than 0.05%.

It should also be realized that the distortion due to the
singular points is a very localized effect and its influence on
the overall core performance (exemplified here by keff) is rather
small.

In Figs. 3.2 and 3.3 we have plotted fast and thermal fluxes
for cuts through positions A and B, and in Fig. 3.4 we present
element-averaged results.

It is evident from Fig. 3;3 that case 1, where we have imposed
zero derivative across the singular points, is not a realistic
assumption and does not yield accurate pointwise results. For this
reason, none of the following examples was ever evaluated with

this option.
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11.0455 |12.3315 |10.0330
1.36019 1.45922 | 1.08427
0.43627 0.35520 | 0.25101

10.8738 8.4419
1.30455 | 0.83480
0.31100 | 0.21987

1.58602
0.25973
0.44608

Reference (EXTERMINATOR)

11.041 12.305 10.033
1.3568 1.4606 1.0843
0.43651 0.35385 0.25098

10.863 8.4753
1.3069 0.83484

0.31023 0.22103

1.5860

0.25740

0.44611

Case 2 (CHD)
KEY
Absorp. rate

Ave. fagt flux
Avg. ther. flux

11.022 12.265 9.9761
1.3556 1.4523 1.0755
0.43558 | 0.35318 | 0.24986

10.959 8.4350
1.2653 0.81152
0.31958 | 0.22220

1.6245

0.30615

0.45573
Case 1 (CHD)

11.055 }12.321 10.048
1.3585 1.4621 1.0851
0.43707 | 0.35437 | 0.25146

10.849 8.4510
1.3071 0.83493
2.30959 | 0.22017

1.5866

0.25564

0.44631
Case CHD

Fig. 3.4 - Element averaged results
for 4-composition problem as eva-
luated with EXTERMINATOR and CHD
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In case 3 we uncouple the first derivatives at all singular
points. It is clear that the pointwlse fluxes are better matched
in this case. Further the element-averaged results are well-
matched in case 2, where first derivative continuinity 1s imposed
across the singular points, as well as in case 3.

In Fig. 3.2 we have also included a thermal flux plot labeled
(S) for Special Case, at the fuel water interface. For this
case two extra mesh points were included at each side of the fuel
‘water interface at x = 0.0, 4.5 ecm to each side of the interface.
The pointwise error is negligible in this case. Clearly thus we
can improve local accuracy by refining the mesh slightly in the
region of large gradients.

3.2) The one-dimensional, ten-region problem

When one trles to represent a core such as Zion 1 on a
coarse mesh, the core baffle arises as an anomaly perturbing the
regular structure of the fuel elements, which would otherwise
provide an excellent partition for the problem. The explicit
representation introduces undesired fine meshes at several points
of the region.

On the other hand, the baffle has a relatively strong influence
on the system (mainly in the thermal flux distribution of adjacent
elements) so that 1t cannot be neglected. In order to account
for the baffle's presence in the finite element method ( an
inherently coarse mesh method) one can either homogenize it with
some portion of the reflectbr, or define a reglon with varying
parameters on the outside of the core, which would include the

baffle and water.
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In order to investigate how accurate a solution one could
- get by homogenizing the baffle in a real reactor, a series of
one-dimensional (*) runs were made with the dimensions, compositions
and number of regions of the Zion 1 reactor. The geometry shown in
Fig.3.4a was used, with cross sections corresponding to values
arrived at for these fuel elements (ref. 13).

All the results presented were obtained from CHD.

10,804 21.60 22573 50

ok 21. ? <7505

dg_, LN

x- ¢t T u + T ¥ t - )

d T 12 T 12 ' 11 T2 . 11 3 3 15L¢_
H—r—— . < — x————%— Mesh 1 & 2
¢ e 4 % - - "k < "

3

Fig.3.4a - One-dimensional, ten-reglon problem.

In Tables 3.2 and 3.3 we present some overall results, and
in Fig. 3.5 we present flux plots. It can be seen, 1n general,
that the baffle causes relatively important changes in the system.
Although keff can be fairly well corrected by smearing the SS
into the adjacent reflector region, pointwise flux deviations of‘

100% from the correct answer occur at fuel-baffle interface.

*) Actually, CHD does not have a one-dimensional option
incorporated. However, 1D can be simulated by using zero derivative
conditions at two opposite boundaries of a convenient two-dimensional
problem. :



Table 3.2 - Eigenvalues for one-dimensional,
ten-region problem.

65

Case 1 2 3
: Baffle and Baffle expli-
Description No baffle water homo- citly consi-
genized. dered.
"k 1.27912 1.27873 1.27866
eff

Table 3.3 - Element averaged results for one-

dimensional,

ten-region problem.

Composition

Case

11 12 | 11 12 11 12 11 13 :

3&15

7.02| 14.58]13.13{12.68 | 10.48] 9.07 6.38] 4.28 | 0.427
1

0.602] 0.543|0.562{0.472 | 0.450| 0.338]0.273 0.148

7.23115,00{13.45{12.90 | 10.54 8.94| 6.06] 3.58 | 0.431
2

0.620| 0.558]0.576{0.480 | 0.451} 0.333|0.259}0.121

7.28/15.0913.53[12.96 | 10.56| 8.93 6,011 3.37] 0.378
3

0.624] 0.562|0.57910.483 | 0.452 0.333{0.257]0.112
Absorp. rate

Thermal flux
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Fig. 3.5 - Flux plots for one-
dimensional, ten-region problem.
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From these runs we draw the conclusion that for a real reactor
one can probably arrive at sufficiently accurate results, as far as
average properties are concerned, by smearing the baffle in the
. nearby moderator region. The coarse mésh structure can thus be
maintained throughout the problem domain.

Pointwise flux results however show significant deviations
which one would like to reduce. Therefore, we will try to account
for the baffle's presence by incorporating it into a region with
varying parameters together with some portion of the nearby reflector.

In the following sections all the implications that arise when
defining regions with varying parameters willl be evaluated through
small, two-dimensional problems. First, ways will be shown to
deal with casés such as the paffle, when one is interested just
in the influence of an outside region on a core and not in the
detailed flux behavior inside the perturbing region. Second,
solutions will be shown for cases in which varying cross sections
are specified inside a fuel region .

We begin by showing in Sec. (3.3) a simple two-dimensional
problem, in which modifications will be introduced in Sec. (3.4)
and (3.5) to allow investigation of the problems we have mentloned.

3.3) The basic two-dimensional two-composition problem

One of the sample two-dimensional problems used in ref. 7

was the two-composition core shown in Fig. 3.6.
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In ref. 7 a fine finite difference result (2 cm mesh) is

compared with results from Hermite polynomlals expansions for the
cases of linear and cubic basis functions and, in the latter
case, for 3 ways of taking into account the singularity. Some

of the ke are shown in Table 3.4, and in Figs. 3.7 we show

£
thermal flux plots for x = 0 and x = 20 cm.

Set A of the expansion functions 1s defined so as to preserve

currents across the singular point by making

ii:éi: = =
X 3y 0 for x y 20 cm

As we have already seen, this option is not interesting in
actual practice, because the zero derivatives introduce great
distortions in the flux shapes. It is no longer an option in CHD.

Set B specifies derivative continuity across the singular
point and corresponds to optién 41 in CHD.

Set C uncouples the first derivatives and corresponds to
option 61 in CHD.

'As was to be expected, the best pointwise flux distribution was

achlieved with set C, although for a 20 cm mesh none of the solutions



Fig. 3.6 - The btasic two-dimensionmal, 69
two-composition problem.

Y
———
dg/dx=0
X
2 1 20.0
dg¢/dy=0
P=0
20.0
=0 !
Table 3.4 - Eigenvalues for the basic
two~dimensional problem.
Dh Bicubic expansion
{(em) Finite
difference
Set A Set B Set C
20.0 0.8962196 0.9041992 0.9023381
10.0 0.8965491 | 0.9008425 0.8980759
6.667 | 0.8968995 | 0.8999750 0.8975901
2.0 0.9004928
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Set A T T I

O.L"

0.8
0.4

0.0

] |
0.0 10.0 20.0 30.0 4b0.0(cm)

-O.Ll-

KEY: Bicublc Hermite: — — AX=20.0; ---- 48%X=13.333; —— AX=6.667;
Finite difference: AX=2.0

Fig. 3.7.a - Thermal flux plots for basic two-dimensional
problem at x=0.0
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Set A 1.0

O.8
0.6
0.4

Set B 1.2

0.6

0.4

Set C 1.0

008
O.6
0.4

-0.2457p 070 =370 SO0 0.0 (cm)

Fi.. 3.7.b = Thermal flux plots for basic two-dimensional
problem at x=20.0
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compares very well with the finite difference one. For a 10 cm

mesh, however, set C predicts very accurate pointwise results.

3.4 The basic two-dimensional problem with paffle surrounding
the fuel region '

The basic two-dimensional two-composition problem shown in
Sec. (3.3) was first modified by the introduction of a SS baffle
between fuel and reflector. Comparisons were then made between
results achieved by treating the baffle explicitly (that 1s, by
defining it explicitly as an expansion element) and by treating
it implicitly (that 1s, by taking it as part of an overall baffle
reflector expansion element where the cross sections are allowed
to vary spatially).

The geometry used 1s shown in Fig. 3.8.

Y d¢/dx=0
NI N
; 2 3 1
dg!dyeo -0 20.0
B .
T Tt :_.{_ 2 . O
18.0
Y
#=0
* R i SRR Mesh for Ref. A
*,_ % - " B
-2 ; Mesh for cases 1 & 2
X - x " 3

Fig. 3.8 - Geometry for the basic two-dimenslonal problem
with baffle surrounding the fuel region.
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For case 1 the set of functions was defined so as to explicitly

preserve current between fuel and SS across points A and B ( a

set of 421 and a set of 422 type functions, consequently)

whereas at the singular point the first derivatives were uncoupled

(a 61-type set).

For cases 2 and 3 the first derivatives were uncoupled in the

Y and X directions, respectively at points A and B (two 51-type

sets, consequently).

Reference solutions A and B were obtalned by treating the

baffle region explicitely.

Ref. A is the most accurate one and

was obtained by uncoupling the first derivatives at all singular

points (C and C').

with the same treatment for singular points C and C'.

Ref. B was obtalned with a coarser mesh but

Some results are presented in Table 3.6 and fluxes are ploted

in Figs. 3.9.
Table 3.6 - Overall results for the basic two-
dimensional problem with baffle
surrounding the fuel region.
Case Ref. A Ref. B 11 2 3
keff 0.88385 0.88395 0.87931 0.88042 0.88142
# unknowns (/group) 104 Lo 18 20 70
Abs.rate (baffle + 17.4275117.09072 18.0478 17.7249 17.7682
water)
Fast/Thermal ratio . 390 . 3860 . .
(ave, fuel Fluges) 3.390731 3.3 3 3.38638 3.40373 3.40571
Rel. running time 45 5
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Fig. 3.9.a - Thermal fluxes for basic two-dimensional
problem with baffle surrounding fuel
region (y=0.0)
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AN e 7 e

\ KEY:

W N+

Fig. 3.9.b - Thermal fluxes for basic two-dimensional
problem with baffle surrounding fuel

region (y=20.0)
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In Table 3.6 we can see that the effect of the baffle on the
keff of the system ( a reduction from about 0.9 to about 0.884)
can be taken into account approximately through the implicit
treatment of the baffle, although with an error of about 0.3%
in the best case. It should be realized however that in a real
reactor the influence of the baffle would not be as important as
in the present case, so that the errorAmight be acceptable.

Through the plots in Figs. 3.9 we clearly see how, 1in case
1, the method preserves current continuity at points A and B,
this fact leading to distortions in the flux. At ;he singular
point, however, where we do not try to preserve current, the solutions
try to accommodate themselves. A logical extension then is to
uncouple the derivatives in the Y direction at point A, and in the
X direction at point B, because as we cannot represent the flux
behavior with sufficient accuracy through baffle and water anyway
there is no reason in preserving current at fuel-ss interfaces.
This is done in cases 2 and 3: case 2 proved to be very accurate
(within about 10% at interface points) for the fuel region, but
less accurate at the reflector-baffle region; case 3 improved
the plot a little bit, especially in the reflector. However,
since we are not interested in the detalled flux behavior inside
baffle and reflector but rather in their effect on fuel, we will
probably get sufficient accuracy by using the case 2 setup.

It should also be realizéd that case 2 corresponds to a
very coarse mesh and is probably intrinsically off a correct
solution in the same measure as Ref. B is off Ref. A.

Fast flux plots are not shown but are very accurate in all

cases.
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3.5) The basic two-dimensional problem with varying cross
sections inside the fuel region

The basic two-dimensional, two-composition problem shown 1n
Sec. (3.3) 1is now modified by changing cross sections inside the
fuel region. Comparisons will be made between results obtained
by treating each sub-composition as a separate expansion element,
and results obtained by treating the variations implicitly,
that is by allowing them to occur inside coarse expansion elements.
The results should give an idea about whether_it_is possible (or -
not) to define expansion elements over more than one fuel element
in a real reactor.

The geometry used is shown in Fig. 3.10. The cross sections
were changed in concentric "rings": the fast and thermal diffusion
coefficients were increased by 10% whereas the thermal absorption
cross section was almost doubled, from the outermost "ring"

toward the inside (see Appendix A).

dg/dx=0 u
2c[ 25242 15
28| 24 24 2 5
T
X [2A[24242 15
_d2]2]2]2 5
d¢/dx= . $=0 i
T 20
¥
$=0
% o) Mesh for reference
? % Mesh for cases 1 & 2
e A.I(_‘ " 3

Fig. 3.10 - Geometry for the basic two-dimensional
problem with varying cross sections in
slde the fuel regilon.
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In case 1 we explicitly preserved current across points A
and B, and in cases 2 and 3 this requirement is relaxed by uncoupling
the derivatives in the Y direction (point A) and X direction
(point B). In all the cases first derivatives were completely
uncoupled at the singular point.

The reference solution was obtained with a very fine mesh,as
shown. First derivatives were uncoupled at the fuel-water singular
point, whereas derivative continuity was specified at all fuel-
fuel singular points.

In Table 3.7 we shown some overall results, and in Figs.

3.11 and 3.12 fluxes are plotted.

Table 3.7 - Overall results for the basic two-
dimensional problem with varying
cross sections inside the fuel region.

Case : Referencs 1 2(%) 3
keff 0.72936 0.74164 0.74271 0.72906
# unknowns(/egroup) 146 18 20 74

Abs. rate (fuel) |111.4182 | 109.94 109.98 111.423

Fast/thermal rat.| 3.49786 | 3.346 3. 3445 3.4912
(avg. fuel flux)

(#) This case is presented as a sample problem in App.D
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KEY:
Ref'erence
———— TCase 1
® Case 2

Case 3

Pig. 3.11.a = Thermal fluxes for two-dimensional
problem with varying cross sectlions
inside fuel region (x=0.0)



80
KEY:
Reference
—_—— Case 1
® Case 2
x Case 3
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FUEL WATER ®
0.0 B o p T —
1 _r_

Fig. 3.11.b = Fast fluxes for two-dlmensiohal problem with
varying cross sections inside fuel region (x=0.0)
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Fig. 3.12.a - Thermal fluxes for two-dimensional problem with
varying cross sectlions inside fuel region (x=20.0)



82

Reference
Case 1
Casge 2
Case 3

Fig. 3.12.b - Fast fluxes for two~dimensional problem with
varying cross sections inside fuel region (x=20.0)
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As it can be seen, cases 1 and 2 incorporate too coarse a

mesh for the detailed flux behavior to be represented satisfactorily,
whereas case 3 1s probably an adequate setup for most applications:
fast fluxes cannot be separated in the graphs, and thermal fluxes
show perfectly the general behavior of the reference solution,
even across singular points.

In these runs it is to be noted thét it is not essential
that the solution first derivatives be uncoupled across regular
points such as A and B, a more important parameter being the number
of subregions in the expansion element. This can be seen 1in the
behavior of runs 1 and 2: whereas the number of unknowns 1s
increased by one for each "opening", the results (mainly the
overall ones) are very close. This is due to the fact that the
flux solution is smoother in this case than in the baffle cése
shown in Sec. 3.4,

A series of runs was also made with this same geometry but
with the diffusion coefficlients kept constant throughout the
region. The results were similar to the ones just shown and will

not be presented here.

We can state now two conclusions from all the previous ruhs.
First, when representing a real reactor we will probably be able
to account adequately for the'baffle's presence by treating it
implicitly as part of an overall baffle-moderator expansion element.
We should however uncouple appropriately the first derivatives

of the solution at the bvaffle surface.
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Second, we will probably be able to achleve reasonable results
by defining one expansion element over four adjacent fuel elements.
In this case, it is not essential that the first derivative be
uncoupled. This conclusion is based upon the relatively small
changes in D between regions.

We next proceed to show the results that were arrived at for

the Zion 1 reactor in 3 different cases of region partition.

3.6) Results for Zion-1 in two-dimensions

Zion 1 is a modern PWR with a nominal capacity of 3250
Mw(th). The first cyecle, quarter-core layout is shown in Fig.
3.13 (ref. 13). Once the fuel elements are homogenized, a duarter
core, two-dimensional diffusion calculation may involve something
between 2000 and 5000 unknowns per group or more, depending on the
desired accuracy. In the present sectlion, comparisons are made
between CHD and PDQ-5 (ref. 2) and CITATION (ref. 15), for different
mesh sizes.

PDQ-5 and CITATION are both standard diffusion-depletion codes.
The first code considers the discrete points where flux is to
be calculated as located at the borders of the finite difference
volumes, whereas the second considers them located at the center
of the volumes. This means that in the first code fluxes are
calculated at material interfaces, but not so in the second code,
since material properties have to be constant inside the finite
difference volumes. This fact may cause the results to be slightly
different for otherwise identical problems.

Three runs were made with CHD, the mesh spacing being as

shown in Fig. 3.14.
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Fig. 3.13 = Zion 1 first core layout.
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Fig. 3.14 - Mesh arrangement for CHD runs (Zion 1)




In all the runs the baffle was implicitly accounted for as
a sub-region of an overall baffle-moderator expansion element.

In these cases, as has been seen earlier, current continuity
across the fuel-paffle interface 1s expected to introduce large
distortions in the flux shape. We have, therefore, uncoupled
the first derivatives of the solution at all these interface
points (using sets 51 or 61, whichever is appropriate).

Run 1 was made by specifying set 41 (derivative continuity)
for any singular point completely surrounded by fuel elements, |
and 61 (first derivatives uncoupling) otherwise.

For runs 2 and 3 first derivatives were uncoupled at all
appropriate points.

Results are shown in Tables 3.8 and 3.9, and in Figs.

3.15 to 3.19.

We will first draw some conclusions from Table 3.8. All CHD
runs do Yyield keff which are less than 0.04% off the most
accurate finite difference value, in general with a number of
unknowns between 5 and 10 times smaller. 1In particular we notice
that CITATION (44 x UL4) yields keff less accurately than CHD with
the coarsest mesh. Under the computing environment at MIT we were
able to run CHD with the finest mesh at a considerably lower cost
as compared to PDQ-5, in spite of the fact that CHD does not
incorporate any iteration acceleration technilque.

Power ratios are shown 1n'Figs. 3.15-17, whereas in Table 3.9

some relative differences are presented. We realize first that
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CHD (10 x 10) is remarkably accurate when compared to PDQ-5, whereas

it is up to 10% off at the corner elements when compared to

CITATION (75 x 75). However, PDQ-5 is also off



Table 3.8 - Overall

results for Zion 1 as evaluated
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through PDQ-5, CITATION and CHD with
several mesh sizes.
Code PDQR-5 CITAT. CITAT. CHD CHD CHD
# unknowns(/group 1936 1936 5625 348 190 128
(mesh) (Lh=Lh) | (bh=bb) | (75-75) |(10=10) | (7=7) (6-6)
keff 1.2749 11.27313 | 1.27508 1.27469|1.27474 1 1.27554
Pointwise flux L.,o 4.0 L,o 1.7 1.76 1.0
convergence (10'%
Fast/thermal flux 3.835 3.922 3.820 3.820 4,16
ratio (mid point)
Fast/thermal flux 5.133 5.191 5.181 5.183
ratio (fuel ele-
ments facing baf.)
Relative running 31 36

cost (MIT condi-
tions)
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ZION 1
1 2 3 4 5 6 ” 8
1.6271}1.759011.5320 [1.5519 | 1.2537] 1.1587]0.8039| 0.5115
1.6361}1.8002{1.5387 |1.5856 | 1.2560| 1.1758]0.7904| 0.L9skh
1.5524{1.8108|1.5524 }1.5918 1.2623| 1.1742 0.7895| 0.4871
1.5800 1.6563 }1.3945 1.3556] 1.0372 0.91661 0.4970
1.5873/1.6051 [1.3990 | 1.3818] 1.0318|0.9230 0.47854
1.6025{1.7038 [1.4087 | 1.3841| 1.0339] 0.91861 0.4705
1.40452 [1.4664 | 1.1831] 1.0779| 0.7262| 0.4455
1.4490 | 1.4966 ] 1.1813] 1.0903}] 0.7092 0.4285
1.4603 [1.5023 | 1.1859] 1.0878] 0.7078 0.4206
1.2447 | 1.2123] 0.9001] 0.7216} 0.3233
1.2439 | 1.2255| 0.8872] 0.7123| 0.3013
1.2493 | 1.2257] 0.88649] 0.7067] 0.2911
1.0777] 0.8526] 0.5340
1.0749] 0.8401] 0.5104
1.0747] 0.8379] 0.5019
0.6682} 0.3277
0.6516} 0.3042
0.6462| 0.2947
KEY
CITAT. (72 x 72
’ PDQ-5 | (44 x W
Fig. 3.15 - Region averaged to core CHD (10 x 10

averaged power ratios.

— N



: ZION 1
1 2 3 L 5
T 1 T
- 1.6873 4 1.5521 + 1.2098 J10.87838L 0.4842]
1.70549 1.5656 1.2138 0.8775| 0.4756
—+ 1 +
1.4215 1.0961 0.7108| 0.3649
B T  1.4300 B 1.0949 [0.7032T 0.3527]
| 1 1
| i T
i 1 1 0.8517 ] 0.4073
0.8468 0.3961
I I 1
f f '
| i
Fig. 3.16 - Regilon averaged to core PDQ-5 | (L4 x 44
averaged power ratios. CHD (7x 7

~— N

89



90

ZION 1
1 2 3 b
T T T T
+ 4 4- -
1.5343 1.1448 0.7828] 0.4160
- L - g
1.5480 - 1.1bks9 0.78241 0. 40357
i L | i
T 1 T T
0.8517 0.4073
{ L -
0.8408 0.3911
J. | : e
+ : + 1
1 1 |
Fig. 3.17 - Region averaged to core PDQ-5{(44 x L4
averaged power ratios. CHD {( 6 x 6

N s
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Table 3.9 - Relative differences of average
power in expansion elements of

Zion 1 as evaluated through CHD
relative to PDQ-5 and CITATION.

Position : CHD off relative to (%)
(see Figs. 3.15 CHD mesh
through 3.17)
PDQ-5 {44-kl)| CITAT.(75-75)
1-1  (3.15) 10-10 + 0.996 + 1.555
1-1  (3.16) 7=7 + 1.162
1-1 (3.17) 6-6 4+ 0.893
1-8 (3.15) 10-10 - 1.675 - 4.770
1.5 (3016) 7-? - 1-?76
10“‘ (3017) 6-6 -2-)4'76
6=7 (3.15) 10-10 - 3.123 - 10.070
3-4  (3.16) 7-7 - 2.750
23 (3.17) 6-6 - 3.977 ]
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Fig. 3.18 - Plux plots for Zion 1
as evaluated through PDQ-5 (44 x 44)
and CHD (10 x 10)

KEY:

x ® PDR-5 (4l x Ub)
CHD (10 x 10)
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Fig. 3.19 - Flux plots for Zion 1 as
evaluated through PDQ-5 (44 x 4U4),
CHD (7 x 7) and CHD (6 x 6).

KEY:
“PAST ROW 1 N\ PDQ-5 (44 x Ub)
CHD (7 x 7)
CHD ( 6 x 6)




CITATION
conclude
show the

The

compared

U

by about 7% in the worst case, so that we are lead to

that, very roughly, CHD
same order of accuracy.
coarser meshes CHD runs

to PDQ-5. However, the

(10 x 10) and PDQ-5 (44 x U4l)

show larger differences when

very largest mesh CHD set up

might provide basls for the development of reactor simulators of

the FLARE type, without the inconveniences of this code.

Flux shapes are shown in Figs. 3.18 and 3.19. ‘It is clear that

the shape ylelded by the smallest mesh CHD run 1s essentially

correct with differences of the same order as those shown in

Table 3.9 for the power ratios. The shape detall achieved by CHD

(7 x 7) where expansion elements are defined over up to 4 fuel

elements are remarkably accurate.

However, when the mesh 1is

opened still more for CHD (6 x 6) we are no longer able to follow

the fine spatial oscillatlions of the solution.
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CHAPTER IV

CONCLUSIONS AND RECOMMENDATIONS

4.1) Conclusions

From the results presented in Ch. III we draw several general
conclusions. We have demonstrated that it is possible to represent
a multi-region reactor, in two-dimensional cartesian geometry, with
a fair accuracy, using Hermite bicublic polynomials expansion on a
coarse mesh partition equivalent to a PWR fuel element. The result-
ant system of equations requires at least 5 times fewer unknowns,
for equivalent accuracy, than a system based on the finlte differ-
ence method, and thus offers the potential of faster codes. These
conclusions are drawn from Sec. 3.1 where EXTERMINATOR 2 is
compared with CHD for a 4-composition problem, and from Sec. 3.6
(case 1) where PDQ-5 and CITATION are compared with CHD for the
Zion 1 reactor. In particular for this latter case we state the
following numerical results:

a) CHD yields keff which is 0.03% off a value obtained with a
very fine finite difference mesh (CITATION) using 15 times more
unknowns.

b) CHD yields fuel element averaged fission rates which are
14 and 3.2% (for the innermost and an outside element, respectively)
off the values predicted by PDQ-5 using 6 times more unknowns.

‘We have further shown that it is possible to define expansion
elements over regions with varying cross sections, by implicitly
accounting for the variation in the construction of the coefficlent

matrices. This conclusion is drawn from Secs. 3.4 and 3.5, where
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some convenlent small two-dimensional problems are investigated,
and from Sec. 3.5 (cases 1, 2 and 3), where PDQ~5 and CITATION
results are compared to coarse mesh CHD results for the Zion 1
reactor. In particular we state the following results.

a) The core baffle of a PWR can be accounted for by impliecit-
ly treating it as a sub-region of an overall expansion region in-
corporating baffle and the nearby refiector. The baffle's
influence on the core can be well accounted for in this way, the
pointwise flux distribution in the nearby fuel elements being
remarkably accurate.

b) The definition of one expansion element over 4 fuel
elements in some reglions ylelds very accurate results both in
pointwise flux distributions and in overall reactor characteristics.
With a number of unknowns 10 times smaller CHD was able to follow
very closely pointwise flux distributions obtained with PDQ-5;
further, region-averaged fission rates were less than 3% off and
Kepse wWas less than 0.03% off the most accurate value.

¢) Very coarse meshes (up to 16 fuel elements) are feasible
for PWR's. The results are reasonably accurate (keff less than
0.0L% off the most accurate value) and the number of unknowns 1s
remarkably small (128 per group for the Zion 1 reactor on a
quarter core symmetry).

In all cases the differences in material properties were
close to what one would find in real reactors. In particular we
have used actual Zion 1, homogenized cross sections (see App. A)
whenever the Zion 1 reactor was represented.

All these results seem to indicate that it is possible to
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build a few-group, three-dimensional, reflected reactor simulator

of the FLARE type without any of the inconvenlences of present

nodal methods.

4.2) Becommendations

Problems that should be investigated followling this thesis
are: |

a) Acceleration of convergence through Chebyshev polynomials.

b) Desirability and feasibility of using different mesh sizes
for the thermal and fast groups.

c) Mesh lines that do not extend over the whole problem
domain (call it virtual mesh lines and virtual mesh points).

Assume a mesh as shown in Pig. 4.1,

X _
1 2 L
Y B T ")
Y
B F G T T
ij K L
M y 0 2 Q
R s T U

Fig. 4.1 - Regular and virtual mesh lines and
points in two dimensions
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Points (11), (21), ..., (LL) are part of a regular mesh.

The virtual point K can be incorporated into the mesh structure
without extending lines JL and GO throughout the domaln. To

achive this we define the following expansion functions:

Point Interval of definition
N 'RSTPOKJFEMR
J FGKONJF
F AEMNJKGHCBA
K NOPLHGFJN

If we want to preserve continuities across point J (for
instance) we assume the corresponding unknowns to be determined

by conditions at N and F. In other words, we make

#(I7) = #(IH)
3¢/3x(37) = 98/3x(3*)

d) Zero flux boundaries which are not straight lines but
which follow the core shape.

e) Determination of the maximum size of matrices that can
be handled with a Cholesky factorization for normal problems.

f) When these questions are answered it will probably be
worthwhile to develop a coarse mesh reactor simulator using
the general setup shown in Sec. 3.6 (case 2 or 3), still with

a direct inversion in the in-group solutions.
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MACROSCOPIC CROSS SECTIONS
Group 1
Group 2
Compo- -1 1 1
sition} D(cm) Sy(em™ ™) vZr(em™)| Zg(cm” Comments
(k= k+1
1 1.20 0.101 0.0 0.1 C.M.Kang
0.15 0.020 0.0 (water)
2 1.5 0.0623 0.0 0.06 C.M.Kang
0.4 0.2 0.218 (fuel).
2A 1.55 0.0623 0.0 0.06
0.4133 0.25 0.218
2B 1.60 0.0623 0.0 0.06
0.4267 0.30 0.218
2C 1.65 0.0623 0.0 0.06
0.4l 0.35 0.218
3 1.02130 0.00322 0.0 0.0 Zion 1 (core
0.33548 0.14596 0.0 baffle)
5 1.63 0.0383 0.0 0.0380 Water
0.275 0.0108 0.0
6 1.399 0.0261 0.00659 0.0168 Fuel (high
0.387 0.0832 0.129 enrich.)
7 1.397 0.0260 0.00553 0.0172 Fuel (medium
0.389 0.071 0.102 enrich.)
8 1.397 0.0259 0.00485 0.0179 Fuel (low
0.388 0.0532 0.0636 eanrich.)
11 1.41760 0.02597 0.00236 0.01742 Zion 1 .
0.37335 0.06669 0.10433 (2.25 %)
12 1.41970 0.02576 0.00601 0.01694 Zion 1
0.37370 0.07606 0.12472 (2.8 %)
13 1.42650 0.02560 0.00653 0.01658 Zion 1
0.37424 0.08359 0.14120 (3.3 %)
14 1.38377 0.025164 0.0 0.024241 16.5 % SS +
0.29745 0.032006 0.0 83.5 % water
15 1.45540 0.02950 0.0 0.02903 Zion 1
0.28994 0.00949 0.0 (water)




APPENDIX B
INNER PRODUCTS BETWEEN FINE LIMITS

FOR CUBIC HERMITE POLYNOMIALS
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APPENDIX C

THE CODE CHD

C.1) General description

CHD (Cubic Hermite Diffusion) solves the multigroup diffusion
equations in a two-dimensional, rectangular geometry by expénding
piecewisely the unknown solutions in bicubic Hermite polynomials
and using the Galerkin method to arrive at a discrete formulation.
The resulting equations are uncoupled through the power 1terat10n‘
method, and the in-group solutions are achieved by direct inversion
(Cholesky factorization).

When the solution 1s converged several output options are
available: fine flux expansion inside the coarse mesh, cross
sections averaging, reaction rates and average fluxes calculations;
All these outputs are normalized to én specified overall fission
rate.

In Fig. C.1 we show the general code logic.

The variable dimensioning techniques available in Fortran IV
are used in CHD. Practically all dimensioned variables are stored
in a general, one-dimensional array called A and dimensioned in a
small main progranm.

A rectangular coarse mesh partition of the problem domain is
assumed. At each point CHD will construct the appropriate set of
bicubic basis functions depending on several conditions such as
boundary conditions, user specification, or neighboring reglons

characteristics. Current continuity is imposed where appropriate.



MAIN

PREP

COEFF
re—
T r CHLSKY
MATRIX
- — iy
APRINT
—
FUNCTIONS
XF, XD, >
XFV, XDV - BPRINT
> OUTIT
i
CPRINT
EXPAN o
B DPRINT
EPRINT
CALC STOP
FPRINT
Fig. C.1 - CHD basic logic
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The coordinate system orientation shown in Fig,., C.2 1is

assumed by CHD.

N1 M1 2 MCOL —e— Y
Region (1,1) (1,2)
2
X
NROW

Fig. C.2 - Coordinate system orientation
assumed by CHD. .

The minimum number of rows or columns allowed is 2, and a
column or a row has to be specified at each boundary. Only
convex regions are allowed so that the problem domain is always
a full rectangle. Zero flux and zero curreﬁt boundaries are
allowed. ‘

The ordering of the unknowns is assumed to be done in the
following way:

1) All rows

2) All columns

3) All unknowns at each point

Unknowns at each point are assumed to be ordered as shown

below:
1.1) Flux
1.2) Current in X direction or 1.2.1) Current in negative

X direction.

1.2.2) Current in positive
X direction.

/
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1.3) Current in Y direction or 1.3.1) Current in negative
Y direction.

1.3.2) Current in positive
Y direction.

I

1.4) Mixed derivative.

At each corner point one will have 1 unknown, at each
non-corner boundary point 2 or 3, and in each internal point
4, 5 or 6. ‘ 4

Any number of energy groups greater than, or equal to, 2
may be specified. As restrictions, however, all fissions will
lead to neutrons being born in the highest energy group and any
outscattering will lead to the group immediately below. Groups
are numbered beginning with the highest energy one.

Next we present a summary of the main features of the
subroutines.

MAIN: The size of the one-dimensional array A has to be
specified according to the following minimum value (see definition
of variables in input description).

M(min) = LMAX ( 6 KGROUP + 1.5) + 1.5 LXMAX

+ LXCMAX ( 2 KGROUP + 0.5)

+ LXFMAX ( 2 KGROUP - 1.5) + JMAX ( 4 KGROUP -1)

+ JVMAX ( NVN * MVM/2 + NVN + MVM + 1)

+ NROW ¥ MCOL ( KGROUP + 7)

+ (NROW + MCOL) /2 + 7 KGROUP + 4 (c.1)
Neglect any fraction.

The statement

MSIZE = M

should also be set to this value.
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We next show some values for variables that were arrived at

for problems shown in the theslis 1in order to provide for some

insight.
Table C.1 Some Variable Values
; Problems . LMAX , LXMAX , LXCMAX . LXFMAX , M Size
- (mim,)
Ref. A. sec. 3.l 104 1350 2291 2596  20632.
Case 1, sec. 3.4 18 123 145 228 1955
Ref, sec. 3.5 146 2019 3770 3892 33912
Case 3, sec.3.1 72 8uy 1344 1616
Zion 1 (6x6) 128 1558 3183 2988 26496
(7x7) 190 2443 5775 4696 L4626
(10x10) 348 5223 13814 10098 100945

The CHD object deck requires approximately 106 k bytes,
and about all arrays are stored in MSIZE. Thus, the amount
of fast core required is, approximately

Fast core (bytes) = MSIZE # 4 + 106000
PREP: 1Is the preparation and program control subroutine.
a) Reads almost all data
b) Calculates number of bicubic functions at each
point, normalization factor 6 where necessary,
imposes boundary conditions at the expansion
functions where appropriate, and orders the

unknowns.
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COEFF: Sweeps through all the unknowns and at each one sets
up all the unknowns which will couple with the first one. Then
calls MATRIX and sets up one-dimensional (in each group) arrays
in which the non-zero elements of all coefficient matrices will be
stored. If the matrix is symmetric only the lower diagonal part
is stored.

MATRIX: Performes the actual calculations of the coefficients
with use of the following functions:

XF - bicubic basis functions inner products over the
whole range of the element.

XD - derivative of basis functions inner products over
‘ the whole range of the element.

These inner products are listed in Ref. 7 App. B.

XFV - bicubic basis functions inner products over partial
intervals of the element.

XDV - derivative of bicubic basis functions inner products
over partial intervals of the element.

The formulae for these last inner products are given in App.
B of this thesis.

CHLSKY: Calculates the lower triangular matrices corresponding
to the Cholesky factorization.

OUTIT: Reads initial flux guess (if any), iterates according
to the power iteration method and inverts the in-group matrices
using the factorized Cholesky matrices.

EXPAN: Normalizes the solution to an specified fission rate,
calculates region-wise reaction rates and average fluxes. These
calculations can only be done over each element, there being no

provision for specifying an output region over more than one mesh.
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Reaction rates are defined as

KG-1

ABSRP = z (Zp(K,r) - IZs(K,r)¢(K,r)dr
k=1 YV

+ Ir(KG,r)¢(KG,r)dr
A

KG

TRNSP =§ j; (1/D(K,r)¢(K,r)dr
K=1
Where KG = KGROUP

A collapsed macroscopic cross section is defined as

Z(K,r)¢(K,r)dr

E(st) = -
$(K,V)V

with the average flux defined as

¢(K,r)dr
T(k,v) = L

v

The collapsed diffusion coefficlent 1is defined as

(1/D(K,r)$(K,r)dr
-1
[E(st)] =

F(K, V)V



CALC: Calculates the fine flux distribution at equally spaced
points inside the coarse mesh.
All XPRINT sub-routines do just printing, except EPRINT

where the region-wise collapsed cross sections are calculated.

C.2) Input Preparation

Statements 1 and 2 in MAIN

Set dimension of A and value of MSIZE to M or more,
according to Eq. (C.1l).
Card 1 - Format 15

NRUN -~ Number of cases to be performed. Every case
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will require the input of all the data, sequentially.

Card 2 - 1415
NROW - number of rows (including boundary)
MCOL - number of columns (including boundary)

KGROUP - number of groups

JMAX - number of different material composlitions to be

read in.

(*,%%) LMAX - number of unknowns per group

(% ,%%¥)LXMAX - size of the one-dimensional array where the lower

triangular part of matrix Fl is stored (see text).

(% ,%%)LMCMAX - size of the onefdimensiOnal array (in each group)

where the lower triangular part of the Cholesky

matrices will be stored (see text).

(*%,%¥ )LMFMAX - size of the one-dimensional arrays (in each group)

where the F(2)...F(KGROUP) and S(1l)...S(XKGROUP-1)

matrices will be stored (see text).
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JVMAX - number of regions with varying parameters to

be specifiled.

(*) NVN - maximum number of internal rows specified
for any of the JVMAX regions.

(*¥) MVM - maximum number of internal columns specified

for any of the JVMAX regions.

(¥) Values used just for dimensibning purposes at this stage.
(#*#%) Actual values are printed.

CHD will not begin any operation and will print an error
message if the required value for M 1s less than specified in
MSIZE. ‘-

| If no‘variable parameter region is to be specified, JVMAX,

NVN and MVM should be input as zero.
Card 3 - 1615

NCONV - maximum number pf outer iterations allowed.
If this number if reached without convergence,
the calculation is terminated with all output.

ICMAX - (=0) - no fine flux is to be calculated inside
the coarse meshes.
(<0) - fine flux is calculated at all meshes at
(-ICMAX) equally spaced internal points.
(>0) - user will specify ICMAX sets where he
wants the fine flux to be calculated. In this
case, cards 22 have to be specified, and flux at
remaining meshes will be calculated at 5 equally

spaced internal points.



NP -

I0UT -~

ICLPS -
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(<0) - no initial guess of the solution is to be
input. Code will start with flat flux at all
points except at a boundary with a zero flux
boundary condition.
(>0) - user will provide an initial solution
guess. Cards 21 have to be input.
(<0) - user does not ﬁant the solution punched out.
(>0) - user wants solution to be punched out
in Format 6E12.5.
(<0) - code will collapse all cross sections at
all regions with varying parameters.
(>0) -~ user will specify ICLPS regions where he
wants the cross sections to be collapsed. Cardsv

23 have to be input.

The collapsing has only sense over reglons with varying

parameters, obviously.

BL

BR
BT

BB

Card 4 - 8E10.8

- left boundary condition (1.0 - zero derivative; 0.0

zero flux).

- right

boundary condition.

- top boundary condition

-~ bottom boundary condition.
Card 5-8E10.5
EPSCH - Cholesky rejection criterion. Code will reject any

value less than EPSCH in the calculation of the Cholesky

matrices.

EPSF -~ Solution convergence criterion

EPSL - Eigenvalue convergence criterion.
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CHD will assume the problem as converged when

G RN IRCE

I g(t—l)lw

< EPSF

and

<EPSL

Cards 6 - 3I5
Through cards 6 the user is able to specify the‘number and
type of the expansion functions he wants at each mesh point, with
the few exceptlions listed below. In each card one point 1is
specified as:
N - row number
M - column number
IPP - any allowed expansion function option (40,50,
60,41,51,61,421 and 422).
CHD reads type-6 cards until a blank field IS5 is found.
If the user wants the code to use 1its default options (probably

a good option when first running a problem) he should input just

one blank card.



expansion functions at the particular point.

Expansion Functions Option Definition
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The first digit of the option will specify the number of

The third and/or

second digits will specify the type of continulty assumed.

In Table C.1 we show all the allowed options.

Table C.2 - Expanslon Functions'option Definition

Continuity Condition for

SET Flux First derivative First derivative Mixed
in X direction: in Y direction derivative
4o Yes 8/9x 9/0y az/axay
41 | Yes 3/3x 3/3y (8/D)(3°/3x3y)
421 | Yes (8/D) (3/3x) 3/ 3y (8/D) (82/5 xay)
422 | Yes 3/0 x (8/D) (3/3y) (8/D)(3%/3x3y)
Open 9 /9 5
50 Yes 9 °/3x3y
9/ 9x Open
Open o8/ %y >
51 Yes (6/D)(3°/9x8y)
9/ 9x Open
60 Yes Open Open 92/axay
61 Yes Open Open (6/D)(82/3x8y)
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In options 50 and 51 the code will decide in which direction the

opening should be performed.

Input  options which are not allowed

a) Corner points should not be specified because there is no
reason for doing so. The code will always assume a 40 set, after-
wards negiecting 3 of the 4 functions-depending onthe boundary
conditions.

b) At the remaining boundary points no 60 or 61 sets should
be specified because they are equivalent ot 50 and 51 sets,
respectively, in these cases. The latter should be used.

¢) When inputing U421 or 422 options at boundary points
the user should be careful in specifying the direction of the
bending (defined by the last digit, 1 - x direction, 2 -y
directidn). If a mistake 1s made the code will use 1ts default
option.

Defaults

The code will use the diffusion coefficients in the
immediate surroundings of a point to evaluate its characteristics.

In Fig. C.3 we show a general arrangement around a point.



Table C.3 Default
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sets for expansion functions

Condition Default set
Di(r) = Dyy(r) = const.
and 422
D, = Dy Dy(p) = Dypr{r) = const.
D2 = D3
D sz 51
Otherwise ‘with uncoupling
in X direction).
D.(r) = D;-(r) = const.
- I'E 1'%
D, = Db, and 421
Dy = Dy DyrrE) = D;y(r) = const.
Dy # D3
51 ‘
Otherwise (with uncoupling
in Y direction)
D;(r) and Dyq(r) and
DIII(E) and DIv(r) 41
are constant
D,D, # DD,
Otherwise 61
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Card 7 - B8E10.8

XNORM - Overall fission rate to which all output
will be normalized.
Card 8 - 8E10.8
XI(K), K = 1, KGROUP
- Neutron emission per fission in group K.
These values will be used only to éalculate the fission rate
in the normalization process.
Card 9 ~ I5
J - Composition number.
Card 10 - 8E10.8
DI(K,J), K = 1,KGROUP
- diffusion coefficient (cm) for group K and composition
J.
Card 11 - 8E10.8
SR(K,J), K = 1,KGROUP
- removal cross section ( /cm)
Card 12 - 8E10.8
SF(K,J), K = 1,KGROUP

- fission production cross section vZ¢(/cm)

Card 13 - B8E10.8
ST(K,J), K = 1,GROUP
- Outscattering crbss section ( /cm) from group K to
K+1. |

JMAX sets of cards 9 through 13 are expected.
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Card 20

JCV (J,NV,MV), MV = 1, (MVMAX (J) + 1)
Composition number of sub-region (NV,MV) of region J.
(NVMAX(J) + 1) Cards 20 are expected.
JVMAX sets of cards 17 through 20 are expected.
Cards 21 - 6E1l2.5 (only present if NP>0)
Y(K,L), L = 1, LMAX |
KGROUP sets of cards 21 are expected.
Cards 22 - 1U4I5 (only present if ICMAX>0)
ISTR (JJ) - number of internal equally spaced sub-rows

to be considered in region JJ.

ISTC (JJ) - number of internal equally spaced sub-columns
to be considered in region JJ.

MINR (JJ) - row identification of region JJ.

MINC (JJ) ~ column identification of region JJ.

KC (JJ) - energy group.
ICMAX cards 22 are expected.
Cards 23 - 14I5 (only present if ICLPS>0)
N - row identification of region where cross sections
collapsing is to be done.
M - column idehtification of region where cross sections

collapsing is to be done.
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Card 14 - 8E10.8

HN(N), N = 1, (NROW-1)
- mesh spacling in X direction.
Card 15 - 8E10.8
HM(M), M = 1, (MCOL-1)
- mesh spacing in Y direction.
Card 16 - 161I5
JC(N,M), M = 1, (MCOL-1)
- composition characteristics of region N,M.
(<0) - code assumes a reglion with constant pror-=rties
and corresponding to composition (-Ju)
(>0) -~ code assumes a region with varying properties; the
region JC will be specified in cards 17 through 20.
(NROW-1) cards 16 are expected.
Cards 17 through 20 are not required if JVMAX = 0 and NVN = O
and MVM = 0.
Card 17 - 315
J - region with varying parameters,
NVMAX(J) - number of sub-rows in region J.
MVMAX(J) - number of sub-columns in region J.
Card 18 - 8E10.8
HNV (J,NV), NV = 1, (NVMAX(J) + 1)
- Row sub-mesh.
Card 19 - 8E10.8
HMV (J,MV), MV = 1, (MVMAX(J) + 1)

- Column sub-mesh.
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APPENDIX D

SQURCE LISTING OF CHD, SAMPLE INPUT

AND QUTPUT (only in MIT library copies)
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$408 CEPPE, TIME=2
DIMENSICN A{40000)
MSIZE=4C000
READ{S5, 1CCOINRUN
NRUN1=0
990 NRUNL1=NRUN1+1

READ(5,1000) NRow,MCOL,KCRDUPvJMAX9LMAXrLXMAX,LXCMAX,LXFMAX;JVEAX:
1NVNyMVM

1000 FORMAT(1415)

NROW1=NROW-1
MCOL1=MCCL~1
K1=KGROUP-1
K2=3%KGROUP*LMAX
NVN=NVN+1
MVM=MVM+1

IF{(JVMAX.EQ.O) JVMAX=1

L1=1
L2=L142*KGROUP*L XCMAX
L3=L2+6*KGROUPXLMAX
L4=L3+LXMAX

L5=L4+L XFMAX*K1
L6=L5+L XFMAX*K]
L7=L6+KGRCUP
L8=LT7T+IMAXXKGROUP
L9=L8+JMAXXKGROUP
L1C=L9+JMAX*KGROUP
L11=L10+JMAX*K1
L12=L11+NRONW1
L12A=1L12+NCOL1
L12B=L12A+JVMAX*ENVN
L12C=L12B+JVMAXKMYM
L 120=L12C+KGROUP
L12E=L12D+KGRCUP
L12F=L12E+KGRCUP

1 12G=L12F +KGRCUP
L12H=L12G+KGRCUP
L13=L12H+KGROLP
L14=L13+NROWXMCOL %6

L15=L 14+NROW*MCOL*KGROUP

L16=L15+(LMAX+1) /2
L17=L16+(LMAX+1)}/2
L18=L17+{LMAX+1) /2
L19=L18+(LXMAX+1)/2
L20=L19+({LXCMAX+1)/2
L21=L20+(LXFMAX+1)/2

L22=L 21+ (NROW1*MCOL1#*1)/2
L23=L 22+ ( JVMAXXNVYNXMYM+1) /2

L24=1L23+(JVMAX+1)/2
L25=L24+ (JVMAX+1}/2

MSIZEL1=L25+(NROW*MCOL+1)/2
GOTO 1100

IF{MSIZELLT.MSIZEL)
CALL PREPINRUNL K2,

IMSIZE,MSIZEL, NROW ¢ NROW14 MCOL oy MCOL 1 +KGROUP 4 K14 JMAX,

LUJVMAX S NVN,MVM,LMAX,LXMAX,

ILXCMAX s LXFMAX JA{LL),A(L2) sALL3),A(L4),A(L5),ALLE),A(LT),ALLB),
1A(L9)»A(L10)+s A(LL1),A(LL12),A(L12A),A{LL12B),A{L12C),A(L12D),



51
52
53
54
55

56
57

2A(L12E),A(L12F),A{L12G),A(L12H),
2 ALL13)sA(L14),A(LL15)+A(L16)ALLL1T7)A(LL18),

3A(L19) s A(L20) 9A(L21)4ALL22)4A(L23),A(L24),A(L25))
IF{NRUN1.LT.NRUN) GOTO 990
GCTO 1200
1100 M=MSIZE1-MSIZE
WRITE(6,1150) M
1150 FORMAT{1H1,*'*%*xERROR%** S[ZE OF ARRAY A IS TOO SMALL BY',I 653X,
1'WORDS*)
1200 STOP
ENDC
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56
60

61
62
63

€4
65
66
67

68
6%
70
71
712
13
14
i5
16
17
18
79
80
81
82
83
84
g5
€6
87
88
89
90
S1
92
93
94
S5
S6
97
93
S
100
101
102
103
104
105
106

1000

1010

1012

1024
1025

SUBROUTINE PREP{NRUN1,K24yMSIZE,MSIZE1 ,NRCW,NRCW1 .MCOL,MCOL1,
1KGROUP+K1 o JMA X, JUMAX o NVN,MVM,LMAX,

LLXMAX 3L XCMAX s LXFMAX s A9ARyFL 3 F 9S o XI9DIsSRSFy SToHNsHM, HNV , HMV,
2DA,DAA,CB,DBB4D14D2y INDs THyL XD,
2LXCCoLXCF o LLX o LLXCoLLXFoJC oy JOCV NVMAX, MYMAX,IP)

REAL*8 A{KGROUP,LXCMAX),AR{K2)

INTEGER*2 LXD{LMAX)oLXDC(LMAX) s LXDF{LMAX) s LLX{LXMAX) yLLXC{LXCMAX]),
ILLXF{LXFMAX) s JCINROW1,MCOL1)

INTEGER %2 JCV{JVMAXoNVN,MVM) s NVMAX(JVMAX) o MVMAX({JVMAX)
INTEGER*2 IP{NROW,MCOL)

DIMENSICN XI{KGROUP) yDI{KGROUP, JMAX) s SR{KGROUP,JMAX),
1SF(KGROUP 4 JMAX) ,ST{K1,JMAX)

EIMENSICN HN{NROW1}),HM{MCOL 1)

DIMENSION IND(NROWsMCOL+6)THIKGROUP,NROW,MCOL)
DIMENSION FL{LXMAX)FIKL,LXFMAX), S{K1,LXFMAX)
DIMENSION HNV {JVMAX,NVN), HMV (UVMA X, MVM) , CA(KGROUP ), DAA(KGROUP) ,
1DB(KGROUP),DBB(KGROUP) »D1 (KGROUP) +D2{KGRCUP)
READ(5,1000) NCONV, ICMAX, NP, IOUT, ICLPS
FORMAT{1615)

READ(5,1010)BL,BR,8BT,BB

READ(5,1010)EPSCH,EPSFLEPSL

FORMAT{8E10.8)

DC 1012 N=1,NROW

DO 1012 M=1,MCOL

IP{N,M)=42

INC{N,M,1)=110

INC{N,M,2)=210

IND(N,M'3)=O

INC{N+M,4)=120

IND{NsM,5)=0

INC{NsM,6)=220

IP{1l+1)=40

IP{1,MCOL)Y=40

IP(NROW,1)=40

I FINROW,MCOL } =40

I SMAX=NROW*MCOL+10

DO 1024 1S=1,ISMAX

READ(541000)NM,IPP

IF{N.EQ.O) GOTO 1025

IP{N,M)=1IPP

1I=IP{N,M)/10

IF(II.EQ.4) GOTO 1024

IND(N,¥N,2)=211

IND{N,M,3)=212

INC(NsM,4)=121

INDIN,M,5)=122

CONTINUE

CCNTINUE

READ(5,1C10) XNORM

READ(5,1010){ XI{K)K=1,KGROUP)

DO 1050 JJd=1,JMAX

READ(5,1CCQ) J

READ(5,1010)(DI{K,J)+K=1,KGROUP)
READ{5,1010) {SR{K yJ) +K=1 9y KGRGUP)
READ{5+1010) {SF(KyJ) +K=1,KGROUP)
READ{S+1010){ST{KyJ)sK=1,K1)



167
108

109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
la4

145

L46
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
1€2

1050

1060

1682
1083

1421

1430
1440

1450

1460
1470
1480
1490

1500

1510
1520
i530
1540

1550

1560
1570
1580
1590

IR

CONT INUE
READ{5+1010) {HN{N)+N=1,NROW1)

READ(5+41010) (HM( M) yM=1,MCOL1)

0O 1060 N=1,NROW1 '
READ(541CCO){ JC(NsM)yM=1,MCOLL)
IF(JVMAX.EQs1.AND.NVN.EQ.1.AND.MVM.EQ.1) GOTO 1083
DC 1082 JJ=1+JVMAX

READ(5,1000) JeNVMAX(J),MVMAX(J)
NVMAX1=NVMAX(J) +1

MVMAX1=MVMAX(J)+1

READ(5,1010) {tHNV{J,NV) 4NV=1,NVMAX1)
READ{S,1010) {HMV(J,MV)MV=1,MVMAX])
DO 1082 NV=1,NVMAX1

READ(5,1000) (JCV(JoNV,MV) sMV=1,MVMAX1)
CCNTINUE

CCNTINUE

DO 1421 K=1,KGROUP

DO 1421 N=1,NROW

DO 1421 F=1,MCOL

TH{KyNyM)=-1000.
IF(NROW1.1T.2.0R.MCOL1.LT.2) GOTO 1750
DO 17C0 N=2,NROW1

DO 1700 M=2,MCOL1
IF(IP{NsM).EQ.40.CR.IP{N,M).EQ.60) GOTO 1700
JA=JCIN,M-1)

JAA=JCI{N-1sM-1)

JB=JC(N,M)

JBB=JC(N-1,M)

IF{JA ) 1430,1430,1450

DO 1440 K=1,KGROUP

CA{K)=DI(K,—JA)

GOTO 1470

MVA=MVMAXI{JA )+l

JA=JCV(JA,1,MVA)

DO 1460 K=1,KGROUP

DA(K)=DI {(K,JA)

IF(JAA ) 1480,1480,1500

DO 1490 K=1,KGROUP
DAA(K)I=DI(K,—JAA)

GOTO 1520

NVA=NVMAX(JAA 141

MVA=MVMAX (JAA )+l
JAA=JCV{JAANVA, MVA)

DO 1510 K=1,KGROUP

DAA(K)=DI (K,JAA)

IF(J8B ) 1530,1530,1550

DO 1540 K=1,KGROUP

DB(K)=DI(K,~JB)

GOTO 1570

JB=JCV(JBsls1l)

DO 1560 K=1,KGROUP

DB(K)=DI (K,JB)

IF(JBB ) 1580,1580,1600

DO 1590 K=1,KGROUP
DBB{(K)=DI(K,—JBB)

GOTO 1620




163 1600 NVA=NVMAX{JBB )+1

164 JBB=JCV{JBB,NVA, 1)

165 D0 1610 K=1,KGROUP

166 1610 DBB(KI=DI {K,JBB)

167 1620 IF{IP{NsM)EQ.50.CR.IP(NyM).EQe51.0R.IP(NyM).EQ.61) GOTO 1670
168 IF{IPIN,M).EQ.41) GOTO 1675

169 IF{IP{N,M).EQ.421) GOTO 1655

170 IF{IP(NsM).EQ.422) GOTO 1635

171 ABS1=DA{KGROUP)/CB{KGROUP)

1172 ABS2=DAA{KGROUP) /CBB{KGROUP)

173 IF{ABS{ABS1-ABS2).6GT.1.0E-04) GOTO 1663
174 IF{ABS(1.0-ABS1).GT.1.0E-04) GOTO 1630
175 ABS1=DA(KGRQOUP)/DAAIKGROUP)

176 IF(ABS(1.0-ABS1).GT.1.0E—-04) GOTO 1650
177 IP{N,M}=40

178 GCT0 17CC

179 1630 IP{N,M)=422

180 IF{JA.LT.0.AND.JB.LT.0) GOTO 1635

181 IP{N,M)=51

182 IND(NsM,4)=121

183 IND{N,M,5)=122

184 1635 DO 1640 K=1,KGROUP

185 1640 THIK,N,M)=({DA{K)+LB(K))/2.0

186 GOTO 17C0

187 1650 IP{N,M)=421

188 IF{JA.LT.0.AND.JAA.LT.0) GOTO 1655

189 IP(NysM)=51

180 INDIN,M,2)=211

191 IND(N,M,3)=212

192 1655 DO 1660 K=1,KGROUP

193 1660 THIKsNyM)={DA(K)+LAA(K)}/2.0

194 GCTO 17CC

195 1663 IP{NsM)=4]

196 IF{JA L Te0.ANDeJAALT.0.ANDeJBoLTe0.AND.JBB.LT,0) GOTO 1675
197 IP{N,M)=¢€1

198 INDINM,2)=211

199 IND(N,M,3)=212

200 IND{NsM,4)=121

201 INC{N,M,5)=122

202 GOTO 1675

203 1670 IF{IP{N,M}).EQ.61) GOTO 1675

204 IF{ABS{DA(KGROUP)I-DAA(KGROUP)).LT.1.0E-04) GOTD 1672
205 IND(NsM,4)=120

2C6 INC(NsM,5)=0

207 GOTO 1673

2C8 1672 INLCI{N,M,2)=210

2CS INDINs,M,3)=0

210 1673 IF{IP(N,M).EQ.50) GOTO 1700

211 1675 DO 1680 K=1,KGROUP

212 1680 TH{KyNyMI=(DAIK)+DAA(K)+DB(K)+DBB{K)) /4.0
213 1700 CONTINUE

214 1750 CCNTINUE

215 IF{MCOL1.LT.2) GOTO 2150

216 DO 2100 M=2,MCOL1

217 IF{IP({1,M).EQ.40) GDOTO 1930

218 IF(IP{1,M).EQ.50) GOTO 1925



219 JA=JC(1l.M-1)

220 JB=JC(1,M)

221 IF(JA ) 1810,1810,1830
222 1810 DO 1820 K=1,KGROUP

223 1820 DA(KI=DI(K,~JA)

224 GOTO 1850

225 1830 MVA=MVMAX{JA )+l

226 JA=JCVIJA,1,MVA)

221 DO 1840 K=1,KGROUP

228 1840 DA(K)=DI (K,JA)

229 1850 IF{JB ) 1860,1860,1880
230 1860 DO 1870 K=1,KGROUP

231 1870 CB{K)=DI(K,~JB)
232 GOTO 1900

233 1880 JB=JCV{JB,1s1)

234 DO 1890 K=1,KGROUP

235 1890 DB{(K)=DI {K,JB)
236 19C0 IF(IP(1,M).EQ.41.0R.IP(1,M).EQ.51) GOTO 1915

237 IF{IP{1,M).EQ.422) GOTO 1915

238 IF(ABS(DA(KGROUP)—-DB{KGROUP)) «GT «1.0E-04.AND.BT.GT.0.5)GOTO 1910
239 IP{1,M)=40

240 GCYO 1930

241 1910 IP(1l,M)=422

242 IF{JALT.0.ANDJBLLT.0) GOTO 1915

243 IP{1.M)=51

244 IND{1sMs4)=121

245 IND(1+M+5)=122

246 1915 DO 1920 K=1,KGROUP
2417 1920 TH{K,1,M)={DA(K)+DB{K))/2.0
248 1925 INC(1sM,2)=210

249 IND({1sM+3)=0

250 1930 CCONTINUE

251 IF(IP{NROW,M) .EQ.40) GOTO 2100
252 IF{IP(NROW,M) .EQ.50) GOTO 2095
253 JA=JC(NROW1sM-1)

254 JB=JC (NRCW1,M)

255 IF(JA ) 1950,1950,1570

256 1550 0O 1960 K=1,KGROUP

257 1560 DA{K)=DI{K,—JA)

258 GOTO 1990

255 1970 NVA=NVMAX{JA )+1

260 MVA=MVMAX{JA )+1

261 JA=JCV(JA,NVA,MVA)

262 DO 1980 K=1,KGROUP

263 1980 DA{K)=DI (K,JA)

264 1990 IF{JB ) 2000,2000,2020
265 2000 DO 2010 K=1,KGROUP

266 2010 DBIK)=DI{K,-JB)

2617 GCTO 2046

268 2020 NVA=NVMAX(JB )+1
269 JB=JCV(JByNVA,1)
270 DO 2030 K=1,KGROUP

271 2030 DB(K)=DI (K,JB)

272 2040 IF({IP(NROWHsM) .EQ.41.0R.IP{NROW,M).EQ.51) GOTO 2055

2173 IF{IP{NROW,M) .EQ.422) GOTO 2055

274 IF (ABS{DA(KGROUP )-DB{KGROUP)) .6T+1.0E-04.AND.BB.GT.0.5) GOTO 2050



215 IP{NRCOW.M)=40

216 GOTO 2100

2171 2050 IP{NROW,M)=422

278 IF{JA.LT.0.AND.JB.LT.0) GOTO 2055
279 IP(NROWsM)=51

280 INDI{NROWsMy4) =121

281 INDINROWsMy5)=122

282 2055 DO 2060 K=1,KGROUP

283 2060 TH(K,NROW,M)=(DA(K)+DB(K))/2.0
28B4 2095 INDINROW,M,2)=210

285 INCINROW.M,3)=0

286 2100 CONTINUE

287 2150 CONTINUE

288 IF(NROWL.LT.2) GOTO 2500
289 DO 2480 N=2,NROW1

290 IF{IP{N,1).EQ.40) GOTO 2350
251 IF(IPIN,1).EQ.50) GOTQO 2345
292 JA=JC{(N-1,1)

293 JB=JCIN, 1)

294 IF(JA ) 2210,42210,2230

295 2210 DO 2220 K=1,KGROUP
256 2220 DA(K)=DI{K,—JA)

2587 GOTO 2250

298 2230 NVA=NVMAX({JA 1+1
299 JA=JCVIJA,NVA,1)
300 DO 2240 K=1,KGROUP

301 2240 DA(K)=DI {(K,JA)

302 2250 IF(JB ) 2260+2260+2280
303 2260 DO 2270 K=1,KGROUP

304 2270 DB(K)=DI(K,—JB)

305 GOTO 2300
3006 2280 JB=JCV(JB,1.1)
307 DO 2290 K=1,KGRCUF

308 2290 DB(K)=DI (K,JB)
309 2300 IF({IP{N,1).FEQ.41.0R.IP(Ny1).EQ.51) GOTO 2315

310 IF{IP(N,1).EQ.421) GOTO 2315

311 IF{ABS{CA{KGROUP )~DB(KGROUP)) «GT.1.0E—04.AND.BL.GT.0.5) GOTO 2310
312 IP{N,1)=40

313 GOTO 2350

314 2310 IP{N,1)=421} )

315 IF(JA.LT.C.AND.JB.LT.0) GOTO 2315

316 IP{Ns1)=51

317 IND(N,1,2)=211

318 IND(Nys1,+3)=212

319 2315 DO 2320 K=1,KGROUP
320 2320 TH(KsN,1)=(DA(K)+LBIK))/2.0
321 2345 IND(N,1o4)=120

322 IND(N+1+5)=0

323 2350 CCNTINUE

324 IF{IP(N,MCOL) .EQ.40) GOTO 2480
325 IF{IP(N,MCOL) .EQ.50) GOTO 2475
326 JA=JCI{N-1,MCOL1)

327 JB=JC {N,MCOL1)

328 IF(JA ) 2370,2370,2390

32s 2370 DO 2380 K=1,KGROUP
330 2380 DA(K)=DI{(K,~JA)



331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
341
3438
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
376
371
372
373
374
315
376
377
378
379
380
381
382
383
384
385
386

2390

2395
2400
2410
2420

2430

2440

2450

2460

24¢€5
24170
2415

2480
2500

2510

2520

2530

2540

2550

2560

2570

GOTO 2400

NVA=NVMAX {JA 1+1
MVA=MVMAX{JA )+l
JA=JCV(JAJNVA,MVA)

DO 2395 K=1,KGROUP
DA{K)=DI (K,JA)

IF{JB ) 2410,2410,2430
CO 2420 K=1,KGROUP
DB(K)=DI(K,—JB)

GOTO 2450

MVA=MVMAX(JB )+l
JB=JCV(JB, 1, MVA)

DO 2440 K=1,KGROUP
DB{K)=DI {(K,JB)
IF(IP{NJMCOL ) .FQ.41.0R. IP(N,MCOL).EQ.51) GCTO 2475
IF{IP(N, MCOL) .EQ.421) GOTO 2465
IF{ABS({CA{KGROUP)-DBIKGROUP) ) «GT o1.0E=04 . AND.BR.GT.0.5) GOTO 2460
IPIN,MCOL)=40

GOTO 2480

IP{N,MCOL)=421
IF{JA.LT.0.ANC.JB.LT.0) GOTO 2465
IP(N,MCOL)=51
INDI{N,MCOL,2)=211

IND{N MCCL,3)}=212

DO 2470 K=1,KGROUP

TH(K s NoMCOL)=(DA{K)+DB(K) )/ 2.0
IND(N,MCOL,4)=120
IND(N,MCOL,5)=0

CCUNTINUE

CONTINUE

LO 2560 M=]1,MCOL
IF(BT-0.5)2510,2510+2520
IND{1sM,1)=0
IND{1,M,3)=0
IND(14M,s4)=0
INC{1,M,5)=0

GCTO 2530

IND{1,sM,2)=0
IND(14M,3)=0
IND(1,M,6)=0
IF{BB-0.5)2540,2540,2550
IND{NROWsMs1)=0
INDINROW.M,3) =0
INDI{NROWsMe4) =0
IND{NROWsM,5})=0

GOTO 256C
IND{NROWsM,2)=0
IND(NROW,M,3)=0
IND{NROW.M,6) =0

CONT INUE

DO 2620 N=1,NROW
IF{BL-0.5)2570,2570+2580
IND(N,1,1)=0
IND{N,1,2)=0
INC{Ns+1+3)=0
IND{N,1,+5)=0



387
388
389
350
361
392
393
394
395
396
3917
398
356
400
401
402
403
404
405
4006
4C7
408
409
410
411
412
413
414
415

416

417

418

419
420
421

422
423
424
425
426
427
4238

2580

2590
2600

2610

2620

2800

GOTO 259¢C

INC(Ns1,4)=0

IND{N,1,5)=0

INC{Ns1+6)=0

IF{BR—-0.5)2600,2600,2610

IND{N,MCOL,1)=0

INC{N,MCCL,2)}=0

IND{NsMCOL,3)=0

INDINsMCOL,+5)=0

GOTO 2620

INDI{N,MCOL ,4)=0

INC{NsMCCL,5)=0

INDI{N4MCOL »6) =0

COCNTINUE

L=0

DO 2800 AN=1,NROW

DO 2800 M¥=1,MCOL

DG 2800 I=1,6

IF(IND(N.M,I).LE.Q) GOTO 2800

L=L+1

INC{NsMyI)=IND(N,My1)+1000%L
CONTINUE

LMAX=L

LMAX1=LMAX-1

L1=1

L2=L1+KGROUPXLMAX

L3=L2+ KGROUP*LMAX

L4=0L3+ KI1%*LMAX

CALL COEFF{LXINysNROWsNROWLl,MCOL MCOL1+KGROUP+K1y JJMAX,
1JVMAX,NVN,MVM,LMAX,LXMAX,

ILXCMAXy LXFMAX 9 Ay AR(LL1) AR{L2) yAR{L3) yAR{L4)sFLlsFySeDI4SRySF4STHHN,
2HMyHNV ,HMV,DA 4DAA,CB,yDBB4D1,C2,
3 INDs THoLXD o LXDF o LLX o LLXF 4 JC o JCVsNVMAX 4 MVMAX, IP)

CALL CHLSKY{LXIN, EPSCHyKGROUP L MAXsLXMAX,LXCMAXs A, AR{L1),AR(L3),
1LXDsLXDCoLLX 5 LLXC)

CALL APRINT{MSIZEJMSIZE14NRUN1oICMAXyNCCNV,EPSF4EPSL,EPSCH,BL,BRy
1BT BB s JMAX s XNORM o NROWy MCOL s KGROUP s LMAX 9 L XMAX» LXCMAX, LXFMAX,
2JVMAX NVNMVM,IND,IP)

CALL BPRINT{NROWNROW1,MCOL sMCOL1+sKGROUP yK1 4 JMAXy JVMAXyNVNsMVYM,
1 AR({LL) oXT 9DIsSRySF 9STyHNyHMyHNVyHMV,JC,JCV4NVMAX, MVMAX)

L3=L2+LMAX

L4=L3+LMAX

CALL CUTITI(NP,IOUT.NCONV,EPSF+EPSLsNROW,MCOL .KGROUP,K1,
1LMAX s LXMAX,

ILXCMAXy LXFMAX gAs AR(LL) yARIL2)4AR(L3)sAR(L4)sF1,F+S,IND,LXD,L XDC,
2LXDF s LL Xy LLXC4LL XF)

L=LXMAX/2

LC=LXCMAX/2

LF=LXFMAX/2

LS=KGROUF*NROWL*MCOL1+5

ICMAX1=ICMAX

IF{ICMAX.LE.Q) ICMAX1=1

CALL EXPAN{ICMAX , ICMAX1+XNORMsNRCOWsNROW1,MCOL,MCOL1,KGROUP K1,
1IMAX s JUMAX G NVN,MVMLMAX,ICLPS,

1 A(le1)sAR(LL),AR(L2)+AR{L3)yAR(L4) sFLUL)4FL{L)sF(1lyl),
2F{1+LF) 9S{191)eS{L1sLS)eXI sDIoSReSFsSToHNsHMyHNVyHMY,



3INDsTHeJCsJCV s NVMAXs MVMAX 9y LXDyLXDCoLXDF 4 LLXyLLXC,IP)
429 RETURN
430 END




431

432
433

434
435
436
437

438
439
440
441
442

443
444
445
446
441
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
415
476
4717
478

1000

1010

SUBROUTINE COEFF{LXIN,NROW, NROWL yMCOL,MCCL1,KGROUPsK14+JIMAX,
1JVMAX +NVN +MVM,LMA X,
LLXMAX s LXCMAX g LXFMAXy Ag AAy AF G ASy IFLAGsFL sF4SoDIsSRySFySTyHNyHM,
2HNV,HMV,D1,D2,,TDN1,TDN2,TDM1 ,TDM2,
2INDy THe LXDW L XDFoLLXsLLXF4JC 9 JCVoNVMAX,MVMAX, IP)

REAL*8 A(KGROUP,LXCMAX ) AA{KGROUPLMAX) 4 AF(KGROUP,LMAX),
LAS(K1,LMAX)

INTEGER*2 LXD(LMAX)sLXDF(LMAX),LLX{LXMAX)oLL XF{LXFMAX]),
1JC(NROWLl.MCOL D)

INTEGER*2 JCV(JVMAXsNVNyMVM) s NVMAX{JVMAX) s MVMAX{ JVMAX)
INTEGER*2 IP(NROW,MCOL)
COMMON/COMIL/LoLL NI JNNI ¢MI yMMI gy NSoNNSoyMSoMMS,NAyMA,LLMIN,LLMAX
DIMENSION DI (KGROUP, JMAX) ¢ SRIKGROUP 4 JMAX) 5 SF(KGROUPs JMAX)
1ST{K1,JMAX)

DIMENSION HN{NROW1),HM{MCOL1)

DIMENSICN IND{NROW,MCOL+6)y TH(KGROUP4NROW, MCGL)
DIMENSION F1{LXMAX)yFI{KLoLXFMAX)sS(KL,LXFMAX)

DIMENSION IFLAG({LMAX)

DIMENSICN HNV (JVMAX,NVN) o HMV (JVMAXsMVM) , CL{KGROUP) ,D2{KGROUP ),
1TDN1(KGROUP), TDN2 (KGROUP) , TDM1(KGROUP) , TDM2 (KGROUP)

DO 1000 LL=1,LMAX

IFLAGILL)=0

DO 1000 K=1,KGROUP

AAIK,LL)=0.0

AF{K,LL)=0.0

IF(KJLELK1) AS(K,LL)=0.0

LX=0

LXF=0

DO 1500 N=1,NROW

DC 1500 M=1,MCOL

DO 1500 I=1,6

L=IND(N+M,1)71000

IF(L.LE.O) GOTO 1500

NI={IND(N+M,I) —1000*L)/100
MI=(IND(N,M,I)-1000*%L—-100*NI)/10

NMIN=N-1

NMAX=N+1

IFINMINL.LT.1) NMIN=1

IF(NMAX.GT.NRCW) NMAX=NROW

MMIN=M-1

MMAX=M+]

IF(MMIN.LT.1) MMIN=1

IF{MMAX.GT.MCCOL) MMAX=MCOL

NSMIN=1

NSMAX=2

MSMIN=1

MSMAX=2

IS=IND(NsM,y1)-1000*L—100*NI—-10*MI
IF{IS.GT.0.ANC.NI.EQ.2) GOTO 1010
IF{1S.GT.0.AND.MI.EQ.2) GOTGC 1020

GOTO 1030

NSMIN=IS

NSMAX=IS

NMIN=N+{2*]5-3)

NMAX=NMIN

GOT0 1030



479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
458
499
500
501
502
503
504
505
506

5C7
5C8
5G9
510
511
512
513
514
515
516
517
518

519
520
521
522
523
524
525
526
5217
528

1020

1030

1140

MSMIN=1S

MSMAX=1S

MMIN=M+{2%]S-3)

MMAX=MMIN

CCNT INUE

LLMIN=L

LLMAX=1

DO 1180 NS=NSMIN,NSMAX

NB=N+{2*NS-3)

IF{NB.LT.1.0R.NB.GT.NROW) GOTO 1180

NA=N

DO 1160 MS=MSMIN,MSMAX

NNS=NS

MMS=MS

MB=M+(2*MS5-3)

IFIMBLTo1.0R.MB,GT.MCOL) GOTO 1160

MA=M

IFIMB.GT .MIMA=MB

DO 1080 II=146

LL=IND{(N,M,11)/1000

IF{LL.LE.O) GOTO 1080
NNI=(IND{(N,M,II)—-1000*%LL)/100
MMI={IND(NyM,II)—-1000%LL-100%NNI)/10
IS=INC{N,MyI1)-1000%LL~-10C*NNI-10*MMI
IF{IS.GCT.0.AND.NNI.EQse2.AND.IS.NE.NNS) GCTO 1080
IF(IS<GT .0, AND.MMIEQ.2.AND.IS.NE-MMS) GCTO 1080
CALL MATRIX(NsMeI 4N oM +II,NROW,NROWL1,MCOLsMCOL1,KGROUP,K1sJMAX,
1JVMAXNVN,MVM,
i LMAX s AAy AF 3 AS IFLAGsDI s SRy SF9STyHN»HM,
1 HNVyHMV,D1,02,TDNL,TDN2,TDM1,TDM25IND, TH4JC,JCV, NVMAX,MVMAX,1IP)

1080 CONTINUE

NNS=(N-NB+3)/2

MMS=(M-MB+3) /2

DO 1140 II=1,6

LL=IND{NB,MB,I1)/1000

IF(LL.LE.O) GOYO 1140
NNI=(INC(NB,MB,I11)—1000%LL)/100

MMI=( IND{NB,MB,II)-1000*LL—-100%NNI)/10
IS=IND(NB,MB,II)-1000*%LL~100*%NNI~10%*MMI
IF(ISGTe0AND.NNIEQea2.AND.IS.NE.NNS) GOTO 1140
IF(1S.GT.0.AND.MMI.EQs2.AND.IS.NE.MMS) GCTO 1140
CALL MATRIX{NsM,INByMB,IT,NROW,NROW1,MCCL,MCOL1,KGROUP,K1,JMAX,
1JVMAX, NVN yMVM,
1 LMAX 3 AA g AF 4 AS IFLAG ¢DI + SRy SF+SToHN KM,

1 HNVyHMV,D14D02,TDN1; TON2,TOM1,TOM25INDs THe JC» JCV o NVMAX4MVMAX,IP)

CCNTINUE

1160 CONTINUE
1180 CONTINUE

DO 1280 NS=NSMIN,NSMAX

NNS=NS

NB=N+{2*NS-3)
IF(INB.LT.1.0R.NB.GT.NROW) GOTC 1280
NA=N

IF(NB.GT.NINA=NB

DO 1260 MM=MMIN,MMAX



5289
530
531
532
533
534
535
536
537
538
539
540
541
542

543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566

5617
568
569
570
571
572
573
514
515
576
5717
578

IF(M.EQ.MM) GOTO 1260

MA=M

IF(MM.GT .MIMA=MM

MS={MM—M+3)/2

MMS=( M—MM+3) / 2

DO 1240 II=1,6

LL=IND(NsMM,11)/1000

IF(LL.LE.O) GOTO 1240
NNI=(IND{NsMM,T1)~1000%LL)/100
MMI=(IND(NyMM,I1)~1000%LL—-100%NNI)/10
IS=IND(NsMM, T1)~1000*LL—1O0*NNI—10%*MMI
IF({IS.GT.0.AND.NNI.EQ.2.AND.IS.NE.NNS) GOTO 1240
IF(IS<GTe0.AND.MMI.EQe2.AND.IS<NE.MMS) GCTO 1240
CALL MATRIX({NoMyIoN oMMy IT,NROWsNROWL,MCOL,MCOL1,KGROUPsK1sJMAX,

1JVMAX sNVN MV M,

LMAX AA  AF yASZIFLAG DI ¢ SRy SFeSToHNoEM,

1 HNV4sHMV,D1,C2,TDNLy, TDN2,TDM1,TDM24 INDy THy JC s JCV s NVMAX,MVMAX,IP)
1240 CONTINUE
1260 CONTINUE
1280 CCNTINUE

DO 1440 MS=MSMIN,MSMAX

MMS=MS

MB=M+(2%*MS-3)

IFIMB.LT+1.0R.MB.GT.MCOL) GOTO 1440

MA=M

IF(MB.GT.MIMA=MB

DO 1420 NN=NMIN,NMAX

IF(N.EG.NN) GCTO 1420

NA=N

IF(NNLGT.NINA=NN

NS={NN-N+3})/2

NNS={N~-NN+3)/2

0O 1400 II=1,6

LL=IND{NN.M,I1)71000

IF{(LL.LE.O) GOTO 1400
NNI=(INC{NNyM,II)-1000%*LL)}/1C0
MMI=(IND(NNo¢M,I1)-1000%LL-100*NNI)/10
IS=IND(NN,M, I1)-1000*LL—-100*NNI—-10%*MMI
IF({IS.GT.0.ANC.NNIEQe2.AND.IS.NE.NNS) GCTO 1400
IF(IS.GTo0eAND.MMILEQ.2.ANDIS.NE.MMS) GCTC 1400
CALL MATRIX{NsMyI NNyM ,II,NROW,NROWL1,MCOL,MCOL1, KGROUPyK1+JMAX,

1JVMAX +NVN MV M,

LMAXsAA AF 4 AS,IFLAGsDI +SRe SFsSToHN KM,

1 HNV,HMV,D1,C2,TCN1sTDN2,TDM1,TDM2, INDy TH4JC s JCV,NVMAX,MVMAX,IP)
1400 CCNTINUE
1420 CCNTINUE
1440 CCNTINUE

DO 1490 LL=LLMIN,L
IF(IFLAG(LL).LT.1) GOTO 1490
IFLAGILL)=0

LX=LX+1

LXF=LXF+1

LLX{LX)=LL

LLXFILXF)=LL

DO 1480 K=1,KGROUP

A(KsLX }=AA(K,LL)



579
58C
581
582
583
584
5E5
586
587
588
589
590
591
592
593
594
555
5506
597
598
599
600
601
602
603
604
605
606
6C7
608
609
610
611
612
613
614
615

1450

1460
1470

1480
1490

1493
1485
1468
1500

1600

AA(K,LL)=0.0

IF{K—-1) 1450,1450,1460
FLILX)=AF{K,LL)

GCTO 147G
FIK-14LXF)=AF(K,LL)
AF{K,LL)=0.0

IF{K.EQ.KGROUP) GOTO 1480

S{KyLXF)=AS{K,LL)
AS{K,LL)=0.0
CONTINUE

CCONTINUE

LXg{L)=LX
IF(L.EQ.LMAX) GOTO 1498
Ll=L #1

DO 1495 LLi=L1,LLMAX
IF(IFLAGILL).LT.1) GOTO
IFLAG(LL)=0
LXF=LXF+1
LLXFILXF)=LL

DO 1493 K=1,Kl

FIK LXF)=AF(K#+1l,LL)
AF(K+1,4,LL)=0.0
S{KyLXF)=AS{K,LL)
AS{K,1L)=0.0
CCNTINUE
LXDF{L)=LXF
CONTINUE

LXMAX=LX

LXFMAX=LXF
LXIN=LXCMAX—LXMAX
DO 1600 LXM=1,LXMAX
LX=L XMAX~-LXM+1

DO 1600 K=1,KGROUP
A(K LX+LXIN) =A(K,LX)
A{K,LX)=0.0

RETURN

END

1495



616

617
618
619
620
621
622
623
624

625
626
627

628
629
630
631
632
633
634
635
636
631
638
639
640
641
642
643
644
045
646
6417
648
649
650
651
652
653
654
655
656
657
658
653
660
661
662
663
6€4
665

900

910

920

930
940

1002

1004

1006
1010

1012

SUBROUTINE MATRIX{NyMyI,NNyMMoII ,NROW,NRCW1,MCOL,MCOL1,KGROUP,K1,
LIMAX s JVMAX o NVN,MVM,L MAXsAA,AF,AS, IFLAG,
201 sSR¢SFySTsHNgHM4HNV4HMV ,D1,D2,TCN1,TONZ,TDM1,TDM2,
3INDyTHe JCsJCV4,NVMAX,MVMAX,IP)

REAL*8 AA{KGROUP,LMAX),AF{KGROUP,LMAX),AS(K1,LMAX)
REAL*8 HNV1,HNV2 ,HMV1 sHMV2 4 XNy XDN s XMy XDM 4 XF 9 XD XFV,4 XDV
INTEGER*2 JC(NROW1,MCOL1)

INTEGER%2 JCV{JVMAXoNVNyMVM) s NVMAX(JVMAX ) MVMAXTJVMAX)
INTEGER*2 IP(NROW.MCOL)
COMMON/COML1/LoLLoNIoNNIsMIoMMI yNS9oNNSyMSyMMSyNAoMA,LLMIN,LLMAX
DIMENSION IFLAG{LMAX)

DIMENSICN DI{KGRCUP, JMAX) +SR{KGROUPs JMAX ), SF{KGROUP . JMAX]) ,
1ST{K1l,JMAX)

DIMENSICN HN{NROW1)yHM(MCOL1)

DIMENSICN IND(NROW,MCOL,6), TH{KGROUP NROW+MCOL)
DIMENSICN HNV {JVMAXyNVN) » HMV{ JVMAX, MVM) , C1 (KGROUP ) » D2(KGROUP ),
LTDNL{KGROUP), TDNZ(KGROUP)vTDMl(KGROUP)’TDPZ(KGROUPJ
IFILLLLTLLLMIN) LLMIN=LL

IF(LL.GTLLLMAX) LLMAX=LL

IFLAGILL)=1

JA=JC(NA-1,MA~1)

IF(JA ) 90C,90C,920

DO 910 K=1,KGROUP

DLIK)=DI{K,—JA)

D2({K)=DI(K,~JA)

GGTO 940

Nvl=1

Nv2=1

MV1=1

MV2=1

NVMAX1=NVMAX( JA 1+l

MVMAX1=MVMAX (JA J+1

IF({NA-1).LT.N) NVI=NVMAX1

IF{{NA—-1).LT.NN) NV2=NVMAX1

IF((MA-1).LT.M) MVI=MVMAX]

IF{{MA-1).LT.MM) MV2=MVMAX1

JA1=JCV{JA,NVI,MV])

JA2=JCV{(JA,NV2,MV2)

DO 930 K=1,KGROUP

D1{(K)=DI (K,JAl)

D2(K)=DI (K,JA2)

DO 1020 K=1,KGROUP

TON1L{K)=1.0

TDML{K}=1.0

TDN2({K)=1.0

TDM2(K)=1.0

GOTO (1010,1002,1C10,1004,41010,1006), I

IF{IP{N,M).EQ.421) TDNL{K)=TH{K,N,M) /D1 (K)
GOTO 1010

IF{IP{N,M).EQ.422) TOML(K)=TH{K,NyM} /D1 (K)
GCTO 1010

IF{TH(KyNsM) oGT..0) TDNL{K)=TH{K,NsM)/D1{K)

CONTINUE

G010 (1020,1012,1020,1C14,1020,1016), II
IF{IP(NNsMM) .EQ.421)
2TDN2(K)}=TH{K, NN, ¥M)/D2(K)



666 GOTO 1020
667 1014 IF(IP{NN,MM).EQ.422)
, 2TDM2{K)=TH(K, NNy, MM)/D2(K)
668 GOTO 1020
669 1016 IF{TH{K,NN,MM).GT..0)
2TDN2{(K)=TH(K, NN, MM) /D2 (K)
670 1020 CONTINUE

6171 DO 1100 K=1,KGROUP

. 672 IF(LL.GT.L) GCTO 1021
6173 IF{JA ) 10201,10201,10203
674 10201 XN=XF (NI NSy,NNI , NNS+TDNL1(K)+TDN2(K))I*HENINA-1)**(NI+NNI -1)
675 XCN=XD(NIsNSoNNI sNNS, TONL(K), TDN2(K) ) *HNINA-1)**x(NI+NNI-3)
676 XM=XF({MI4MS,MMI , MMS,TDML(K),TOM2(K) )*HM(MA—-1)**{MI+MM] -1)
6717 XDM=XD{MI ¢MS o MMI , MMS, TDM1 (K)  TDM2(K) ) ¥HM{MA-1)** (MI+MMI-3)

- 678 AAIK LL )=AA{KyLL)+ SR(Ky=JA)EXN*XM+DI{Ko—JA)*{ XNXXDM+XM*XDN)
67S GOTO 1021
680 10203 HNV1=0.0
681 DO 10208 NvV=1,NVMAX1
682 HENV2=HNV1+HNV (JA ' NV)
683 HMV1=0.0
684 DO 10205 MV=1,MVYMAX1
685 HMV2=HMV1+HMV (JA s MV)
686 XN =XFVINIsNS sNNI,NNS ,HN{NA-1)sHNV1,HNV2,TON1{K), TDN2(K)})
687 XON=XDV{NI 4NS sNNT 4NNS yHNINA—1) yHNVL,HNV2,TON1{K), TDN2(K))
688 XM =XFV(M]I4MS 4MMI 4MMS sHM( MA—1) y HMV1,HMV2,TDM1 (K) , TDM2(K))
689 XDM=XDV (M1 4MS yMM] 4MMS HM( MA-1)4 HMV1,HMV 2,TOM1(K), TDM2(K))
630 JAV=JCV(JA,NV,MV)
691 AAIK LL)=AA(K,LL)+SR (K,JAV JRXN®XM + DI (K,JAV

1 { XN*XDM+XM=XDN)
692 10205 HMV1=HMV2
693 102C8 HNVI=HNV2
694 1021 IF{K.NE.1) GOTO 1050

695 TF(JA ) 1031,1031,1033

696 1031 DO 1032 KK=1,KGRCUP

697 IF(KKe EQel.AND.LL.GT.L) GOTO 1032

698 XN=XFI{NI+NSyNNI o NNS,TDNL(K),TON2(KK)) *HN(NA-1)**(NI+NNT -1)
699 XM=XF(MI ¢MSyMMI 5 MMS,TOML(K),TDM2(KK))*tM{MA-1)*x(MI+MM] ~1)
700 AF(KKoLL)=AF{ KKoLL) +SF{KKy—JA)*XNXXM

701 1032 CCNTINUE

702 GOTO 1040

703 1033 DO 1039 KK=1,KGROUP

104 IF{(KK.EQs1.ANDLLL.GT L) GOTO 1039

105 HNV1=0.0 :

7006 DO 1038 NV=1,NVMAX1

707 HNV2=HNV1+HNV (JA 1NV}

708 HMV1=0.0

709 CO 1035 Mv=1,MVMAX]

710 HMV2=HMV1+HMV {JA ' MV)

711 JAV=JCVIJA,NVMV)

712 IF(SF{KKy,JAV) .LT.1.0E-04) GOTC 1035

713 XN =XFVINI,NSoNNI NNS,HN(NA-1),HNVL1,HNV2,TDN1(K), TDNZ2{KK))
114 XM =XFV(MI,MS ¢MMI yMMS ¢HM( MA—1) sHMV1,HMV2,TDM1(K)  TDM2(KK))
115 AF{KKsLL)=AF( KKy LL}+SF (KK,JAV ) ) A XN*XM

116 1035 HMVi=HMV2

717 1038 KENVI1=HNVZ2

718 1039 CONTINUE



719
720
721
122
723
124
125
126
127
728
729
730
731
732
733
134
735
736
137
138
739
140
741

1040
1050

1061

10€2

1065
1068
1100

CCNTINUE

GOTO 1100

CONTINUE

IF(JA ) 1061,1061,41062

XN=XF(NI,NSyNNI 5 NNS,TONL(K) TDN2{K—1) P*¥HN(NA-1)**(NI+NNI -1)
XM=XF (M1, MSy MMI 4 MMS,TDML{K) TDM2(K—1) ) *HM{MA-1) *:{MI+MM] —1)
AS{K~14LL)=AS(K=1 oLL)+ST(K—1,—~JA)*XN*XM

GOT0 1100

HNV1=0.0

DO 1068 NV=1,ANVMAXI]

HNV2=HNV1+HNV{JA sNV)

HMV1=0.0

DO 1065 Mv=1,MVMAX1

HEMV2=HMV1 +HMV {JA ' MV)

XN =XFV(NT NS, NNI,NNS  HN{NA=1),HNV1,HNV2,TCN1(K),TDN2{K-1))
XM =XFV{MI,MSyMMI 4MMS ,HM(MA—1) yHMV1,HMV2,TDM1(K),TDM2{K-1))
JAV=JCV{JA,NV,MV)

AS(K—=1,LL)=AS (K-1,LL)+ST (K~-1,JAV ) X XN*XM

HMV1I=HMV2

HNV1=HNV2

CCNTINUE

RETURN

END



142 SUBROUTINE CHLSKY{LXINSEPSCH,KGROUP,LMAX,LXMAX,LXCMAX,E,SUM,EAUX,

1L X0, LXDC,LLX,LLXC)
743 REAL*8 E(KGROUP,LXCMAX) “ \
144 REAL*8 SUM{KGROUP,LMAX)s+EAUX{KGRCUP),DSQRT,DABS
745 INTEGER*2 LXD{LMAX)y LXDC{LMAX), LLX{LXMAX),LLXC{LXCMAX)
746 DO 1050 K=1,KGROUP
141 DO 1050 Li=1,LMAX
748 1050 SUMIK,LL)=0.0
749 ~ LXC=1
750 LXDC{1)=1
751 LLXC(1)=1
152 DO 1100 K=1,KGRCUP
753 1100 E{Ky1)=DSQRT(E(K,LXIN#+1))
154 DO 1500 L=2,LMAX
155 LXA=LXD{L-1) +2
756 LLMIN=LLX(LXA-1)
151 DO 1120 K=1,KGROUP
758 DO 1120 LL=LLMIN,L
759 1120 SUM(K,LL)=0.0
760 LXB=LXDI(L)
761 LXCA=LXCC(L-1)+1
162 IFLAG=0
763 LL=LLX{LXA-1)
164 LXC1=LXDCILL)
765 LXC=LXC+1
766 LLXC{LXC)=LL
7617 DO 1110 K=1,KGROUP
768 1110 E(K LXC)=E(K,LXA-1+LXIN)}/E(KyLXC1)
169 DO 1500 LLX1=LXA,LXB
770 LLMAX=LLX{LLX1)
171 LLMIN=LLMIN+1
172 0O 1470 LL=LLMIN,LLMAX
773 [F(L-1L)1140,1125,1140
174 1125 0O 1130 LLLX1=LXCA,LXC
115 DO 1130 K=1,KGROUP
776 SUM(K S LL)=SUM{K, LLI+E(K,LLLX]1)**2
177 1130 EAUX{K)=DSOQRT{E(KLXB+LXIN)-SUM{K,LL))
778 LXC=LXC+1
1175 LXDC (L) =LXC
780 GOTO 1220
781 1140 LLXB=LXCC{LL)
782 LLXA=LXCC(LL-1)+1
783 IF(LLXC{LLXA) .GTLLLXCILXC)) GOTO 1165
784 DO 1160 LLLX1=LLXA,LLXB
185 LLLI=LLXCILLL X1)
186 IF(LLL1.GTLLLXC(LXC)) GOTO 1165
787 DO 1160 LLLX2=LXCA,LXC
788 IF{LLLINE.LLXC(LLLX2)) GOTO 1160
789 B0 1150 K=1,KGROUP
790 1150 SUM{KoLL)=SUMIK,LL)+E(K LLLX1)I*E(K,LLLX2)
791 1160 CONTINUE
792 1165 IF{LL-LLMAX)1170,1190,1170
793 117C DO 1180 K=1,KGROUP
794 EAUX(K)=—SUM{K,LL)/E{K,LLXB)

165 1180 IF(DABS{EAUX{K)).GT.EPSCH) IFLAG=1
796 GOTO 1210



157 1190 DO 1200 K=1,KGROUP

758 EAUX(K)={E(KyLLX1+LXIN)—-SUM(K,LL) ) /E(K,LLXB)
799 1200 IF{DABS (EAUX(K)).GT.EPSCH) IFLAG=1
800 1210 IF{IFLAG.EQ.0) GOTO 1470

801 LXC=LXC+1

802 1220 LLXC(LXCI=LL

803 DO 1450 K=1,KGROUP

804 1450 E(KsLXC)=EAUXI(K)

805 1470 CONTINUE -

806 LLMIN=LLMAX

807 1500 CCNTINUE

808 L XCMAX=LXC

809 RETURN

810 END




811

812
813
8li4

815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
B46
847
848
849

850
851
852
853
854
855
856
857
858
859
860
861
862

1000

1010
1011

1020

1030

1040

1050
1060

1100

1110

SUBROUT INE QUTIT{NP, IOUT yNCONV,EPSF,EPSL 4NROW,MCOL , KGROUP 4K1 4L MAX,
LLXMAX s LXCMAX s LXFMAXyE9Y 9SS YT 9SUMeFLyFs SoINDyLXDyLXDCoyLXDFoLLX
2LLXC o LLXF)

REAL*8 E(KGROUP,LXCMAX),Y(KGROUP+LMAX),SSILMAX),YI{LMAX)»SUM{LMAX)

REAL*8 YNUM,DEN,YLMD1,YLMD2,CABS

INTEGER*2 LXD{LMAX)LXDC(LMAX) o LXDF{LMAX)oLLX(LXMAX),LLXC(LXCMAX]),
ILLXF{LXFMAX)

DIMENSICN FLILXMAX),F{KL,LXFMAX),S{KLlsLXFMAX)

DIMENSIGN IND{NRCW,MCOL+6)

LMAX1=LMAX~1

IF{NP.GT.0) GCTO 1020

DO 1000 KK=1,KGROUP

D0 1000 LL=1,LMAX

Y{KK,LL)=0.0

DO 1011 N=1,NROW

DO 1011 M=1,MCOL

LL=IND{N,M,1) /71000

IF(LL.LE.O) GOTO 1011

DO 1010 KK=1,KGROUP

Y(KK,LL)=1.0

CCNTINUE

YLIM1=1.0

GOTO 1060

YLIM1=0.0

DO 1030 KK=1,KGRCUP

READ(5+1040) (Y KK,LL) »LL=14LMAX)

FORMAT(6E12.5)

DO 1050 KK=1,KGRGUP

DC 1050 LL=1,LMAX

IF(YLIML.LT.DABS{Y(KK,LL)))YLIMI=DABS(Y(KK,LL))

YLMD1=1.0E 20

YLIM2=0.0

NCONV1=0

NCONVI=NCONV1+1

IF(NCCNV1.GT .NCONV) GOTO 1500

YNUM=0.0

DEN=0.0

DO 1300 K=14KGROUP

CO 1110 L=1,LMAX

SS{L)=0.0

YI{ L)=Y(K,L)

IF{K.NE.1) GOTO 1210

C COMPUTATION OF FISSICN SOURCE

1120
1130

DO 1150 L=1,LMAX

LX=LXD{L)
SSIL)=SSIL)I+FLILX)*Y(1l,L)
IF(L.EQ.1) GOTO 1130
LX1=LXD(L-1)+1

LXx2=LX-1

DO 1120 LX=LX1,LX2
LL=LLX(LX)

SSIL)=SS{LI+#F L(LX)*Y(1,LL)
SSILLI=SS{LL)+FLILXI*Y(Ll,L)
LXF1=1

IF(L.GT.1) LXF1=LXDF(L-1)+1
LXF2=LXDF (L)



863
864
865
866
867

868
8695
870
871
872
873
8174
875
876
8717
878
879
880
881
882
883
884
8§&5
886
887
888
889
890
891
892
893
894
895
8906
867
898
899
900
901
902
903
904
905
966
907
508
909
910

911
912
913
914
915
916

DO 1150 LXF=LXFl,LXF2
LL=LLXF(LXF)
DO 1150 KK=2,KGROUP

1150 SS(L)=SS(L)+F{KK—1sLXF)*Y{KK,LL)
GOTO 1250

C CCMPUTATION OF SCATTERING SOURCE

1210 DO 1230 L=1,LMAX
LXFl=1
IF(L.GT.1) LXFI=LXDF(L—-1)+1
LXF2=LXDF (L)

DO 1230 LXF=LXF1l,LXF2
LL=LLXF{LXF)
1230 SS(L)=SS(L)+S(K-1,LXF)*Y(K-1,LL)
1250 Y{(K,1)=SS{1)/E(K,1)
0O 1270 L=2,LMAX
SUM({L)=C.0
LXCl=LXCC{L-1)+1
LXC2=LXDC(L)~-1
DO 1260 LXC=LXC1,LXC2
LL=LLXC{LXC)

1260 SUMIL)=SUMIL) +EL{K LXCI*Y(K,LL)
LXC=LXDC(L)

1270 Y{KsL)={(SS{L)-SUMIL))I/E(K,LXC)
DO 1275 L=1,LMAX
SUM(L)=0.0

1275 SS(L)=Y(K,L)
Y(KysLMAX)=SS{LMAX)/E(K,LXCMAX)
DO 1285 LA=1,1LMAX]

L=LMAX—LA+]
LXC1=LXDC(L~1)+1
LXC2=LXDC(L)}-1

DO 1280 LXC=LXC1l.,LXC2
LL=LLXC{LXC)

1280 SUM{LL)=SUMILL)+E(K,LXC)I*Y(K,L)
LXC=LXDC(L-1) ‘
Y(KsL=1)={SS{L-1)-SUM{L-1))/E(K,LXC)

1285 CONTINUE
DO 1290 L=1.LMAX
YNUM=YNUM+Y{K,L ) **2

1290 CEN=DEN+YI( L)*Y(K,L)

1300 CONTINUE
YLMD2=YNUM/DEN
DO 1400 K=1.KGRCUP
DO 1400 L=1,LMAX
Y(KsL)=Y{K,L)/YLMD2
[F(YLIM2.LT.DABS{Y{(K,L)))YLIM2=DABS(Y(K,L))

1400 CONTINUE
CALL CPRINT(NCONV1,YLIML,YLIM2,YLMD1,YLMC2)
IF(ABSIYLIM2=YLIML)/YLIM1.LT.EPSF.AND.DARS(YLMD2-YLMD1)/YLMD1

l.LT.EPSL) GOTO 1500
YLIMLI=YLIM2
YLIM2=0.0
YLMDLl=YLMD2
GOTO 1100

1500 IF{IOUT.LE.O) GOTO 1600
D0 1550 KK=1,KGRCUP




917 1550 PUNCH 1040y {Y({KK,LL)sLL=1,LMAX)
918 1600 RETURN
919 END



920

921
922

923
924
925
926
927

928

929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
§56
957
358
959
960
961
962
563
564
565
966
967
568

1003
1004
1005

1010
1020

1030

1040
1100

1103

SUBROUTINE EXPAN({ICMAX,
1 ICMAX1 s XNORMyNRCW,NROW1 4MCOL,MCOL1,KGROUP,K1,

LIMAX g JVMAX JNVN,MYNM,LMAX,
1ICLPS, XoY o TDON, TDMoTDs AVS s AVA,AVF JAVD y XINT o FL 4 X14DIsSRySFoSTyHN,
1HMyHNVy HMV g INDy TH9JC s JCV oy NVMAX o MVMAX s ISTRy ISTCoMINRyMINC,KC, IP)
REAL*8 Y(KGROUP,LMAX)

INTEGER%2 ISTR(ICMAXL1)»ISTC(ICMAX1) 4 MINR{ICMAX1),MINC(ICMAX1),
LIKC{ICMAX]1)oJCINRCOWL,MCOLL)

INTEGER%2 JCVIJVMAXsNVNysMVM) s NVMAX{JVMAX )} o MVMAX{JVMAX)
INTEGER%2 IP{NROW.MCOL)

CIMENSICN X{KGROUP,NROW,MCOL, €}

DIMENSICON TDN{2,42),TDM(2,2),TD(2,2)

DIMENSION DI{KGROUP,JMAX) +SRIKGROUP,JMAX) 4 SF{KGROUP, JIJMAX]),
1STUKL s JMAX) o X I{KGROUP)

DIMENSION AVA{KGROUP,NROW1,MCOL1) +AVF{KGRCUP,NROW1,MCOL1),
1AVDI{KGROUP,NROW1 4MCOL 1) s AVS{KGROUPNROW1,MCOL1)

DIMENSICN HN{NROWl),HM(MCCL1)

DIMENSION IND(NROWsMCOL,6) s TH(KGRCUP,NRCK+MCCL)

DIMENSICN XINT{(KGROUP ,NROW1,MCOL1)

DIMENSICN HNV{JVMAXsNVN) s HMV ( JVMA X, MVM)

DIMENSICON FL{13,13)

IF(ICMAX.LE.O)} GOTO 1005

DO 1003 J=1,ICMAX
READ{5,1004)JJ5sISTR{JI) 2 ISTCLUI)I s MINR(JIJI+MINCIJII)KC{II)
FORMAT(1415)

CONTINUE

DO 1100 N=1,NROW

DO 1100 M=1,MCOL

DO 1100 I=1,.6

{t=IND(N,M,I)/1000

1F(L)1010,1010,1030

CO 1020 K=1,KGROUP

X{KsNeM,1)=0.0

GOT0 1100

DO 1040 K=1,KGROUP

X{KeNoMoI)=Y{K,yL)

CONTINUE

CALL DPRINT{NROW,MCOL,KGROUP,X, IND,IP)

FISS=C0.0

DO 1205 N=1,NROW1

DO 1205 M=]1,NMCOL1L

J =JC{N.+M)

IF(JaLT.0) JA=—J

DO 1200 K=1,KGROUP

DO 11C8 NI=1,2

NS=N+NI-1

IF{J.LT.0) GOTO 1103

Nv=1

IFINS.GT.N) NV=NYMAX{J)+1

CCNTINUE

DC 1108 MI=1,2

MS=M+M[ -1

IF{J.LT.0) GOTO 1105

My =1

IF(MS.GTLM) MV=MVYMAXTJ)+1

JA=JCVI{JsNV,MV)



969
970
9171
972
973

974
975

576
9717
978
979
980
981
982
983
584
985

986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006

10G7
1008
1009
1010

1011
1012

1105

11C8

1110

1115

1120
1125

1140

CONTINUE

TCNINI,MI)=1.0

TDM{NI,MI}=1.0

TD {NI,MI)=1.0

IF{IP(NS+MS).EQ.421)
LTDON(NIoMI)=TH{K4NSsMS)/DI(K,JA)
IF{IP{NSsMS).EQ.422)
1TOMINIZMI)=TH{K,NSMS)/DI(K,JA)
IF{TH{K+NSsMS)GT..0)
ITO(NTIJMI)=TH{K,NSsMS)/DI(KsJA)
CCNTINUE

XA21=X{KsNsM,2)

IF{INDININ¢3) .GT .0} XA21l=X(KsNyM,3)
XB21=X({KysNsM+1,2)
IF{INC{NyM#1,3).GT.0) XB21l=X{KaNyM+]1,3)
XA’.Z-’X(K,N’M,‘})

IF{INDINSsM;5) oGT «0) XAL2=X(KeNyM,5)
XC12=X{KsN+1lyM,y4)

IF{INDIN+14My5)aGT.0) XC12=X{KyN+1sM,5)
XINT{KyNeMIZ(X{IKgNsMy 1) #X (K oNogMt1 1)+ X{(KyN#+1 My 1) #X(KyN+1,M+1,1))
1XHN(N)IRHM{M)}/ 4e + (XAZ21*TDN{1l,1)+XB21*TDN{1y2)-X(KsN+1,M,2)*TDN(2,y
21)=-X{KogN+1 oM+ 1, 2)%TDN(242) )% {HNIN)*X22HM (M) ) /24, + {XAL12*TDM(1l,1)-
IX{Ke NgM+194)XTOM(142) #XCL2%TDOM{ 29 1)=X{KyN+1,4M+1,4)%TDM{2,2)) *(HN
GIN)*HMIM)IX%2 ) /24, ¢ (X(KyNeMeB)ETDL{1y 1) =X{KsNyMF+1,6)%TD(1,2)-X1{K,
SN4+1oMyB)XTD(241) EX{KyN+L o MEL26)%TD(2,2) )X{HNIN)X%2XHM (M) *%2) /144,

IF{J)1110,1110+1140

FISS=FISS+XINT{K yNeM)XSF (K,—=J)/XI(K)

AVF{K yNsM)= SF{Ke=J)EXINTI{KsNsM)

AVO{KsNoM)= XINT(KeNyM)/DI(K,—-J)
IF{K-KGROUP)1115,1120,1120

SA=SR{Ky=J)-ST(K,—~J)

AVSIK ¢NeMIZST UKy~ J)EXINT{KsN, M)

GOTO 1125

SA=SR{K,~J)

AVA(K N.M)= SAXXINT{(KyNoM)

GOTO 1200

AVA(K4NsM)=0.0

AVF{KyNsM)=0.0

AVDIKNsM)}=0.0

IF(K.LESKL) AVS{KyNyM)=0.0

NVMAX1=NVMAX(J)+1

MYMAX 1=MVMAX({J)+1]

HNV1=0.0

DO 1190 NV=1,NVMAX1

HNV2=HNVL #HNV (J. NV)

UINL = 1o/ ({HN{N)%%2)% {HNV2**k3—HNV1%¥3)~1./{2.%¥HN(N)**3)* (HNV2¥**4—
1 HNV1%%4)

ULIN2 —1o/(HNIN)**2 )% ({HN(N)-HNV2)*%3— (HN{N)-HNV1)%**3)
1 F1o/7{2FHNIN)I*%3) % (({HNIN)—HNV2 ) *x¥4—-{HN{N)—HNV 1) **4)
UZNL = =1 /(3 .%HNIN) I *(HNV2¥*%x3-HNV1I*%3) +1./( 4. F¥HNIN) *%2) X [HNV2 X*%4—
1 HNV1#%4)

U2N2 = =1o/{3%HNIN) )X {{HNIN)-HNV2)%*3—[HN{N)-HNV1)**3}
1 1o/ (4. HNIN) %%2 ) X ( { HN{N)~HNV2) **x4— (HN{N)—HNV1)*xXx4)
HMV1I=0.0

DO 1180 MvV=1,MVMAX1

HMV2=HNV]14+HMV {JyMV)



1013
1014
1015
1016
1017
1018
1019
1020

1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1635
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045

1046
1047
1048
1049
1050
1051
1052
1053
1054
1055

1056
1057

1150

1160
1170
1180
1190
1200
1205

12C8

1210

1500

1550

UlmMl

= lo/{HM{M)%%2) X[ HMY 2%k %X I-HMV 1%%3 )~ 1o /(2 ¥HM{M) X% 3 ) X (HMV2¥*4—

1 HMV1%%4)

ULM2 = =1./7{HM{M)*%x2) R ({HMIM)—HMV2)**3— (HM{M)—-HMV]1)**3)
1 +1o/02 XHMIM) XX3) X { {HM(M)—HMV 2) % %4~ (HM( M) -HMV 1) **4)

U2ML = =1./(3%HMIM) I X{HMV2%%3-HMV1**3) 41,/ (4. FHM(M) *%2) X (HMV2**X4—
1 HMV1%%x4)

U2M2 = —1/(3.%HM(M) )X ((HMIM)—HMV2)**3— [HM(M)—HMV1)*%3)
1 +1e/04. ¥ HM (M) X %2) &k ( (HM{M)—HMV2 ) ¥4~ (HM{M)—-HMV1) **4)

T11=X{KoNgMs 1)RUIN2%XULIM2 + X{KyNsM+1,1)*ULN2*UIML + X{KsN+1,Ms1)%*
IULNI®ULIM2 + X(K,N+1,M+],1)*UINL*ULM]l
T21=XA21%U2N2*UL M2*%TDN(1, 1) +XB21*U2N2*%UIMLI*TDN(142) +X(K,N+1,M,2)

LXUZNL*ULIM2%TDN( 24 1)+ X{(KoN+1,M#+1, 2)*UN1*ULIMLI*TDN( 2,2)

TL2=XA12%ULIN2AU2M2ETDM{L s 1) +X (Ko Ny M#+1,4 ) FULIN2*U2MI*TDM{1,2)
14 XCLl2%UIN1*U2M2%TDM{ 25 1) + X{KoN#1,M#1 44) ¥ULN1*UZ2M1*TDM(2,2)
T22=X(KoeNsMy6 )EUZN2XU2M2XTD (191 ) ¢+ X{Ko Ny M+1,6 ) XU2N2*Y2M1*TD(1,2)
1+ X(KoN+ 1 gMy6) XUZNLRUSM2%ETD (24 1)+ X (Ko N+1 4 ¥+1,6)*UNL1*U2MLI*TD(2,2)
T=T11+7214T12+T7T22

JAV=JCV{J NV, MV)

FISS=FISS+T*SF{K,JAV)/XI(K)

AVFIK ¢yNoM)=AVF{K NoM) +SF K, JAV)} *T
AVD{KoNeM)=AVDIK s N,M)+T/DI{K,JAV)
IF{K-KGROUP}1150,1160,1160

SA=SR{KsJAV)}—-ST(K,JAV)

AVS{K ¢NyMI=AVS{K,NyM) #ST (K, JAV) *T

GOTD 1170

SA=SR{K,JAV)

AVAIK ¢yNsM)=AVA(K,NyM) +T%SA

HMV1=HMV2

HNV1=HNV2

CONTINUE

CONTINUE

XNORM=XNGRM/FISS

DO 1208 N=1,NROW1

DO 12C8 ¥=1,MCOL1

DO 1208 K=1.KGROUP

AVA(K ¢NoM)I=AVA(K s NeM) XXNORM

AVFIKsNsMI=AVF{K Ny M) XXNORM

AVD(KquH3=AVD(K9N’M)*XNDRM

IF{KoeLELKL) AVS(KyNyM)=AVS{KyNyM)*2XNORM

XINT{KsNy MISXINT{ KNy MIXXNORM/(HN{N)*HM(M))

CALL EPRINT{NROW,NROW1,MCOLMCOL1,KGROUP K1 ,ICLPS,AVA,AVF,AVD,
1AVSy XINTsHNsHM, JC)

JJ=0

IF{ICMAX)1210,1600,1550

INMAX=-ICMAX%2

IMMAX=-ICMAX+2

DO 1500 K=1,KGROUP

DO 1500 MN=1,NROW1

DO 1500 M=1,MCOL1

JA=JC{N,M)

Jd=JJ+1

CALL CALC{XNCRM,NROWyMCOL yKGROUP 4 JMAX,

1 JVMAX, NVNsMVM,JA, JJy INMAX, IMMAX,

IKoeNogMyHNIN) yHM{M) ¢ X9 TDNy TDM o TDy INDyTH,FL4DT o NVMAX s MVMAX,JCV, IP)
GOTO 1600
DO 1580 K=1,KGRCUP



1058
1059
1060
1061
1062
1963
1064
1065
1066
1067
1068
1069
1070

1071
1072

CO 1590 M=1,NROW!
DO 1590 F=1,MCOL1
JA=JC(N,M)
INMAX=5
IMMAX=5
DO 1560 JB=1, ICMAX
IF(MINR({JB).EC.N.AND.MINC(JB) EQ.M.AND.KC{JB).EQ.K) GOTO 1570
1560 CONTINUE
GOTO 1580
1570 INMAX=ISTR{JB)+2
IMMAX=ISTC(JB)+2
1580 JJ=JJ+l1
1590 CALL CALC(XNORM, NROW,MCOL +KGROUP ¢ JMAX,
1 JVMA X, NVNsMVM,JA,JJy INMAX, IMMAX,
LKoNoeMoHNIN) ¢ HM{M) g Xy TDNy TDM T Dy IND9THe FL9 DI+ NVMAX, MVMAX,JCV,y IP)
1600 RETURN
END



101713

1074
1075
1076
1077
1678
1079
1080
1081
1082
1083
1084
1085
1086
L087
1088
1089
1090
1091
1682
1083
1094
1065
1096
1097
1098
1099
1100

1101
1102

1103
1104
1105
1106
11c7
11C8
11G6S
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123

SUBROUTINE CALC(XNORM,NROWsMCOL y KGROUP, JMAX,
1 JVMAX o NVN, MVMyJAs JJs INMAX,

1IMMAX oK oNg My HNNy HMMy X s TDN o TDM T D9 IND s THo FLo DI o NVMAX,MYMAX ,JCV,IP)
INTEGER*2 JCV(JVMAX s NVNyMVM) s NVMAX (JVMAX ) MVMAX (JVMAX)
INTEGER*2 IP{NROW,MCOL)
DIMENSICN DI{KGROUP, JMAX)
DIMENSICN X(KGROUP.NRUW,MCOL,6)
DIMENSICN TDN{2,2),TDM{2,2),TD{(2,2)
DIMENSICN IND(NROWsMCOL+6)s TH(KGRCUP+NROW,MCOL)
DIMENSION FL{13,13)
J=10000%K+100 #N+M
IF(JA.LT.0) DA=DI{K,~-JA)
DO 1108 NI=1,2
NS=N+NI-1
IF(JA.LT.0) GOTO 1103
Nv=1
IFI{NS.GT.N) NV=NVYMAX{JA)}+1
1103 CONTINUE
DO 1108 MI=1,2
MS=M+MI-1
IF{JA.LT.0) GOTD 1105
MV=1 !
IF{MS.GT.M) My=MVYMAX{JA)+1
JAV=JCV({JAJNV,MV)
DA=DI (K, JAV)
1105 CONTINUE
TDN{NI,MI)=1.0
TOM{NI,MI)=1.0
TD (NI,MI)=1.0
IF{IPINS,MS}).EQ.421)
1TDN{NI,MI}=TH{K,NS,MS)/DA
IF{IPI{NS,MS).EQ.422)
1TDMINI4MI)=TH(K,NSsMS)/DA
IF(TH{KyNSyMS)eGTae0)
1TDINIJMI)=TH{K,NS,MS5) /DA
11C8 CCNTINUE
XA21=X{KsNeM,y2)
IF{INDI{NgyMy3).GT o0) XA21=X{KyNoM,3)
XB21=X{KsNoM+1,2)
IF{INDINyM#+1,3).GT.0) XB21=X{KeNyM+1l,3)
XAL2=X{KoeNyMy4)
IF({IND{NsM:5) «GTa0) XA12=X{KsNysM,5)
XC12=X{KyN+1yMs4)
IF{INDIN#1,M,5).GT.0) XC12=X{K,N+1,M,5)
DO 1450 IN=1, INMAX
Z=HNN#*{ IN~-1)/ {INMAX~-1)
H=HNN
UIN1=3*{Z/H)*%2—2%{Z/H)*%*3
ULIN2=3% ({H~Z)/H) %%2=2%{{H-Z)/H) **3
UNL1={—{Z/H)%%24+ { Z/H) *%3 ) *H
UZN2=({(H=Z)/H)**2—={ (H-2)/H) **3) *H
DO 1450 IM=1, IMMAX
7=HMMX{ IM~-1)/{IMMAX-1)
H=HMM
ULML=3%{ Z/H)*%2-2%{7/H)%%3
ULM2=3%( (H~Z) /H) %%¥2=2% [ {H—-Z ) /H) *%*3



1124
1125
1126

1127
1128
1129
1130
1131
1132

1133
1134

U2ML=(—{Z/H)*%2+ { Z/H)%*3 ) %H

U2M2={( (H—Z) /H) **%2—( {H~Z ) /H) *%3) *H

TL1=X{KoNoMs 1)XULIN2¥ULM2 + X{KoNoMtl, 1) 2UIN2XUIML + X{K,N#1,M,1)%
LULNL*ULM2 + X{KoN+1,M+1,1)*ULN1*U1M1
T21=XA21%U2N2%ULM2%TON( 1y 1) +XB2 1% U2N2¥UINMIXTDON(1,2) +X{K,N+1,M,2)
1HUZNLHXULM2XTDNI 24 1)+ X (Ko N#14M+1,2)%U2NL*ULM1*TDN{ 2,2)
T12=XA12%UIN2%U2M2%¥TDM( Lo 1) #X (Ko NoM1 44 ) *ULN2*XU2MI*TDM{1,2)
14+XC12XULNLAU2M2*TDM{ 24 1)+ X(K o N+ 14 M+ 1,4) *UINLI*U2M1*TDM(2,2)
T22=X{K sNoMy6 ) XUZN2¥U2M2HTD (1 41) #X{Ky Ny M#1,6 ) *UZN2XU2M1*TD(1,2)
L+X (Ko N+1oMy6) #UZNTKU2M2%TD( 25 1) # XUK oN+1 ¢ M#1 ,6)XU2N1*U2M1%TD(2,2)
FLOIN,IM)=(T114T214T124T22)*XNORM

1450 CONTINUE

CALL FPRINT(JosJJsINMAX, IMMAX,FL)

RETURN

END



SUBROUTINE APRINT(MSIZE,MSIZEl, NRUN1l,ICMAX,NCONV,EPSF,EPSL,EPSCH,

1135
1BL+BR+BT BBy JMAX  XNORMyNROW s MCOL ¢ KGROUP o LMAX oL XMAXy L XCMAX 4 L XFMAX,
2JVMAX 4 NVN,MVM,IND,IP)
1136 INTEGER*2 IP{NROW,MCOL)
1137 DIMENSION IND{NROWsMCOL,+6)
1138 WRITE(6+1000) ‘
1139 1000 FORMAT{1H1, 20Xy *PROBLEM PARAMETERS?')
1140 WRITE(6,1010)
1141 1010 FORMAT(21X,18('-*),//)
1142 WRITE{6,1015) NRUNL
1143 1015 FORMAT(5X, 'RUN NUMBER =% 13)
lL144 WRITE{6,1020) NRCHW
1145 1020 FORMAT(5X,'NO. OF ROWS —-1,13)
1146 WRITE(6,1030) MCOL
1147 1030 FORMATI(S5X,'NO. OF COLUMNS -*',13)
1148 WRITE(6,1040) KGROUP
1149 1040 FORMAT(5X,*'NO. OF GRDUPS -",13)
1150 WRITE(6,+1060) NCCNV
1151 1060 FORMAT( /45Xy *OUTER.ITER. — MAX.NC. =',13)
1152 WRITE(6,1070) EPSF
1153 LO7C FORMAT(16Xs* - CCNV.CRIT.SOL. -',E10.3)
1154 WRITE{641C75)EPSL
1155 1075 FORMAT({16Xe' — CCNV.CRIT.K-EFF -',E10.3)
1156 WRITE(6,1C78) EPSCH
1157 1078 FORMAT(/,5X,'CHOLESKI REJECTICN CRIT. -'yE10.3)
1158 WRITE{6+1160)
1159 1160 FORMAT( /45X, "BOUNDARIES{0.0—-ZERO FLUX3 1.0-ZERO DERIV.)')
1160 WRITE(6,1170) BL
11061 1170 FCRMAT(17X.'— LEFT BND. —-'yF4.1)
1162 WRITE(6,1180) BR
1163 1180 FORMAT(17Xy '~ RIGHT BND. —-'4F4.1)
1164 WRITE(6,1150) BT
1165 1190 FORMAT(17X,'- TOP BND. -'yF4.1)
1166 WRITE(6,1200) BB
1167 1200 FORMAT(17X,*'—~ BOYTOM BND. -',F4.1)
1168 WRITE(6,41202) XNORM
1169 1202 FORMAT(/, 5Xs *"NORMALIZATION(FISSICNS/SEC) —-',E12.5)
1170 WRITE(6,1210)LMAX
1171 1210 FORMAT{/,5X, *LMAX —NO.OF UNKNOWNS{/GROUP) ~%,16)
1172 WRITE(6,1215) LXMAX
1173 1215 FORMAT( SX, *LXMAX —-SIZE OF ARRAYS Fl,LLX -',16)
1174 WRITE(6,1217)LXCMAX
1175 1217 FORMAT{ SX,'LXCMAX-SIZE OF ARRAYS E,LLXC -*,16)
1176 WRITE{(6,1230) LXFMAX
1177 1230 FORMAT( 5X,'LXFMAX-SIZE CF ARRAYS FsSyLLXF -',16)
1178 WRITE(6+1233) MSIZE
1179 1233 FORMAT(5X,*MSIZE -SPECIFIED VALUE -1,18)
1180 WRITE(6,1235) MSIZEl
1181 1235 FCRMAT(11X, '"-ACTUAL VALUE USED -*»18)
1182 AL=LMAX
1183 AK=KGROUP
1184 AX=LXMAX
1185 AXC=LXCMAX
1186 AXF=LXFMAX
1187 AJ=JMAX
1188 AJV=JVMAX



1189
1190
1191
1192
1193

1194
1195
1196
1197
1198
1199
1200
1201
1202

ANV=NVN
AMV=MVM
AN=NRCH
AM=MCOL
MSIZEL=AL X (6. *%AK+ 1.5 ) +AX* 1 o SHAXCH {2 % AK+0e5) +AXFX (2 ,.%AK~1.5)
X+AJ* (4. %AK—1 . 0) +AJVER(ANVRAMV/ 2.0 +ANVH#AMV+1., CI+ANXAMX(AK+7.0)
X+ {AN+AM) /2.0+T7.0%AK+4.,0
WRITE(6,1238) MSIZEl
1238 FORMAT{11X,'"-MINIMUM POSSIBLE VALUE -*,18)
WRITE(6,+1240)
1240 FORMAT(/4+5X,*BASIS FUNCTIONS SPECIFICATICN',/)
DO 1260 MN=1,NROW
1260 WRITE{(6,1270) (IP{N,M) M=1,MCCL)
1270 FORMAT{15X,1516)
RETURN
END



1203

1204
1205
1206

12C7
1208
1209
1210
1211
1212
1213
1214

1215
1216

1217
1218
1219
1220
1221
1222
1223
1224
1225
L226
1227
1228
1229
1230

1231
1232
1233
1234
1235
12306
1237
1238
1239
1240
L24l
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251

SUBROUTINE BPRINT (NROW,NRCOW1, MCOL,MCOL1,KGROUPsK1yIMAX,JIJVMAX,NVN,
LMVMeH o XI 9DI 3 SRy SF¢ST9HNy HMy KNV HMV,JCy JCV o NVMAX, MVMAX)
INTEGER*2 JC{NROW1,MCOL1)
INTEGER%2 JCV (JVMAX, NVNy MVM) o NVMAX{JVMAX ), MVMAX{JVMAX)
DIMENSICN XI{KGROUP),DI(KGROUP,JIMAX} ySR{KGROUP,JMAX) »SF{KGROUP,
LIMAX) »ST{K1y IMAX)
CIMENSICN HN{NROW1)sHM(MCCL1),HI{MCOL)
DIMENSION HNV{JVMAXsNVN) sHMV {JVMAX,MVM)
WRITE(6,1000)
1000 FORMAT(1H1,40X,’C OM P O ST TTI ON PROPERTTIES?
WRITE(6,1010)
1010 FORMAT{41X.431{'-1*))
WRITE(6+1020)
1020 FORMAT(//+10X +*COMP. " 43X, 'GROUP?, 10Xy *DIFF.COEFF{CM)* 46X, "RMVL . XS{
1/CM) ® 46Xy *FISSK=DL{/CM)? 45X 'SCTT.K-DK+1{/CM)*)
WRITE(6,1030)
1030 FORMAT(10XsS{ "= ) 43X s5{"=1) 10Xy 14("—=1) 46Xs12{"=")46Xs14("=")4+5X,1
16(*-"))
DO 1080 J=1,JMAX
K=1
WRITE(641040) JoKoDI{KsJ) 9SRIKyJ) oSFIKyJ)sST(KeJ)
1040 FORMAT(/410X9I395X913 412X ¢FLl0e599XsF10e599X+4F10.5+49X5F10.5)
IF{Kl.LE.1) GOTO 1065
DO 1050 K=2,K1
1050 WRITE{6,1060) KoDI(KoJ) oSRIKsJD9SFIKeJ}ySTI{KsJ)
1060 FORMAT{18X., 13412X+sF10.599X9yF1l0e599XsF10.5+9X9F10.5)
1065 K=KGROUP
WRITE(6,1C70) KeDI{KsJ)sSRIKeJ)9ySF(KsJ)
1C70 FORMAT(18X, 13,12X9F10.599X3F10.5+9X+F10.5)
1080 CONTINUE
WRITE(6,1090) (XI{K)esK=1,KGROUP)
1090 FORMAT(//+10X*NEUTRON EMISSICN FCR FISSICNS IN GROUP 1,—,KGROUP
1 -'y 4F1C.3)
WRITE(6,1100)
11CO FORMAT{1H1,40Xy*M A T ER I AL S PI CTURE")
WRITE{6,41110)
1110 FORMAT(41X,33("'-"),//)
H(1)=0.0
OC 1111 NF=2,MCOL
1111 H{M)=H{M=-1)+HM(M-1)
WRITE(6,41115){H(M)4M=1,MCOL)
1115 FORMAT(18Xe12{ (" +F723+")"'41X)s//)
WRITE{6,1120)(M,M=1,MCOL)
1120 FORMAT({18X,12{I5,5X))
DO 1121 AN=2,NROW
1121 HIN)=H(N-1)+HNIN-1)
DC 1180 AN=2,NROW
WRITE(6,1130) (JCIN-14M),M=1,MCOLL)
1130 FORMAT(23X,12(15,5X))
WRITE(64,1140)H(N) 4N
1140 FORMAT{11X,"({"sF7.3,')",13)
1180 CONTINUE
WRITE(6+1200)
1200 FORMAT(1H1,+30X,*SPECIFICATIONS FOR REGIONS WITH VARYING PARAMETERS
1')
WRITE(6,1210)



1253 = 1210 FCRMAT({31X,50(*'-"))

1254 DO 1500 J=1,JVMAX

1255 0O 1250 M=1,NROW1

1256 DO 1250 F=1,MCOL1

1257 IF(JC(NsM).EQ.J) GOTO 1300

1258 1250 CCNTINUE

1259 GOTO 1500

1260 1300 WRITE{(6,1210) J

1261 1310 FORMAT(///+,10X,*REGION NO.?,13)

1262 NVMAX1=NVMAX{J)+1

1263 MVMAX 1=MVMAX ( J)+1

1264 WRITE(6,1320) {HNV(JsNV),NV=1,NVMAX1)
1265 1320 FORMAT(/,10X, *ROW SUB-MESH',8F10.5)
1260 WRITE(641330) (HMV{JsMV),MV=1,MVMAX])
1267 1330 FORMAT(/,10X,'COL.SUB-MESH® 48F10.5)
1268 WRITE(6,1340)

1269 1340 FCRMAT(/,10X,*MATERIALS PICTURE OF SUB-MESH",/)
1270 DO 1400 NV=1,NVMAX1

1271 1400 WRITE(64+41410)(JCVIJsNV,MV),MV=1,MVMAX])
1272 1410 FORMAT(20X,815)

1273 1500 CCNTINUE

1274 RETURN

1275 END



1276
1277

1278
1279
1280
1281
1282
1283
1284

1285
1286
1287
1288
1289
1290

SUBROUTINE CPRINT(NCONVI,.YLIM1,YLIM2,YLMC1,YLMD2)
REAL*8 YLMD1l,YLMD2
IF{NCCNV1.NE.1) GOTO 1050
WRITE(6,1000)
1000 FORMAT(1H1+33X,'C ONV ER G ENCE CATA")
WRITE(6,1010)}
1010 FORMAT(34X,31(*—*),//)
WRITE(6+1020)
1020 FORMAT{10X,'0OUT.ITER.NO." 43X, *INITIAL AND FINAL SOL. NORMS',4X,
L*INITIAL AND FINAL K—EFF?')
WRITE(6,+1030)
1030 FORMAT(10X,12(%=1),3X,28(*=")44X,23(*-"))
1050 WRITE(6,1060) NCCNV1,YLIM1,YLIM2,YLMDLl,YLMD2
1060 FORMAT(10Xs1644X,2(6X+sF10.7+4XsF10.7))
RETURN
END




1291
1292
1293
1294
1295
1296
1297
1258
1299
1300
1301

1302
1303

1304
1305
1306
13¢7
1308
1306
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339

SUBROUTINE DPRINT{NROW,MCOL yKGROUP X, INC,IP)
INTEGER*2 IP{NROW.MCOL)

DIMENSICN XX1{5)
DIMENSION X{KGROUP,NROW,MCOL,6)
DIMENSICN IND {NROW,MCOL,5)
WRITE(6,+1000)
1000 FORMAT(1H1,30X,'E X P AN S I ON COEFF. FOR F L UX")
WRITE(6,1010)
1010 FORMAT{30X,431('-"),//)
WRITE(6,1020)

1020 FORMAT{S5X,*GROUP?® 43Xy 'ROW® 43X, *COLUMN', 8X, *FLUX"5 11X, *COL.DER{UP)?*
195Xs "COL.DER(DWN ) *"9SX,"ROW DERILFT)',5Xs"ROW DER(RIT)'",4X,*SECCND
2DERIV.?Y)

WRITE(6+1030)
1030 FORMAT{SX 350 "=") 93Xa3 (1= )y 3Xs6{7~7)48BXsa(*'—")y11X,11{"-7),5Xy
112(9—1) 45X 012(9=")y5Xs12("—1) 44X, 13(=1))
DC 1100 K=1,KGROUP
DO 1100 N=1,NROW
DO 1100 M=1,MCOL
II=IP{N,M)/10
IF{I1.GT.10) II=11/10
II=11-3
GOTO (1034,1035,1036), I1
1036 WRITE{6+41120)KeNy Mo {X(KyNeMseI)yI=1,46)
1120 FORMAT{S5Xs13,4X913,5X91342Xs6{F15a792X)1}
GOTO 1100
1634 XX{1)=X(KsNyMyl)
XX{2)=X{KyNyM,2)
XX{3)=X(KyNsM,+4)
XX{4)=X{KsNyMyb)
WRITE(6+1050)KsNsMe(XX(I)oI=144)
1050 FORMATI(5X9sI3 44Xy 1345Xe1332XeF15.T92X92( 9X4F15.7,410X)+F15.7+2X)
GOTO 11GC
1035 IFUINC{NsM;3).EQ.C) GOTO 1080
XXT{1)=X{KsNsM,1)
XX{2)=X{KsNsyM,2)
XX{3)=X{KsNyM,3)
XX{4)=X(KyNeM,4)
XX{5)=X{K+NsM,6)
WRITE(651070)K NgMa(XX{I)sI=1,+5)
1CG70 FORMAT{SXeI344Xe1345X91392X93(F15.7+42X)+SXsF15.75,10X,F15.7)
GOTO 1100
1G80 XX{1)=X{KyNsM,yl)
XX{2)=X{KyNsM,2)
XX{3)=X{KeNyM,s4)
XX{4)=X{KosNyM,5)
XX(5)=X{KsNyMsb6)
WRITE(6+s1090)K e Ny M (XX(I)yI=1,5)
1090 FORMAT(5Xs1344Xy1345Xs13+2X, F15.7911XsF15.T7410Xy3(F15.7+2X))
11C0 CCNTINUE
RETURN
END



1340

134l
1342

1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392

980
1600
1010
1020

1120

1130
1140
1150
1170
1200
2010

2020

2100
2130

2200

2220
2230
2240

2250

SUBROUTINE EPRINT {NROWsNROW1,MCOL,MCOL1,KCROUP,K1,ICLPS,AVA,AVF,
1AVD,AVS e XINT s HNy HM, JC)

INTEGER*Z JC{NROW1,MCOL1)

DIMENSICN AVA(KGROUP4NROW1,MCOL1) sAVF(KGRCUP,NROW1,MCOL1),
1AVD(KGROUP,NROW1,MCOL 1), AVS{KGROUP,NROW1,MCOL1)
DIMENSICN XINT{KGROUP+NROWLl,MCOL1),HN(NRCW1},HM{MCOL!)
DO 980 N=1,NROW1 '

DO 980 M=1,MCOL1

DO 980 K=2,KGROUP

AVA(L14yNoM)=AVAL1,NeM) +AVA(K,N,M)

AVFILs Ny M)=AVF(14NsM) +AVF(KsNsM)

AVD{ 1 oNoMI=AVDI{1 4N,M)+AVD (KyN+M)

WRITE(6,1000)

FORMAT{1H1)

WRITE(6,1010)

FORMAT{30X,'REACTION RATES IN REGIONS?)
WRITE(6,1020)

FORMAT(30X,25('—"),//)

WRITE{(6+1120) (M,M=1,MCOL)

FORMAT{8X,10(1646X))

DO 1200 A=2+NROW

WRITE(641130) (AVA{1,N—-1,M)yN=1,MCOL1)
FORMAT(6Xs'ABSRP? 42X, 10E12.5)
WRITE(6,41140)(AVF(14N=14M)sM=1,MCOL1)
FORMAT(6X+*PRCDU® 42X+ 10E12.5)

WRITE(6+41150) (AVD{1,N-1,M),M=1,MCOL1)
FORMAT(6Xs*TRNSP' 42X, 10E12.5)

WRITE{6,1170)N

FORMAT{8X,186)

CCNTINUE

WRITE(6,1500)

WRITE(6,2010)

FORMAT({30X+*AVERAGE FLUXES IN REGIONS®')
WRITE(6,2020)

FORMAT{30X25("'—),/7)

WRITE{6,1120) (M,NM=1,MCOL)

DO 2200 N=2,NROW

DO 2100 K=1,KGROUP

WRITE(64+2130)Ks{ XINT{KyN-14M)M=1,MCCLL)
FORMAT(6X, '"GRP.",1142Xs10E12.5)

WRITE(641170) N

CCNTINUE

IF{ICLPS.EQ.O) GOTO 2500

DO 2220 N=1,NROW1

DO 2220 M=1,MCOL1]

DO 2220 K=2,KGROUP

AVA(1,NyM)=AVA(1 NyM)—AVA(KNsM)
AVF{LsNsM)=AVFI1 4 NeM)I—AVF(KsNsM)
AVD(lvN'M)=AVB(1oﬁQM)'AVD(Kanﬁ)

WRITE(6,2230)

FORMAT(1H1,30Xs'FLUX AND VOLUME AVERAGED PROPERTIES?®)
WRITE(6,2240)

FORMAT(31X,35('="),//)

WRITE(6,2250)

FORMATI{10X,*ROW CCL* +3Xs?*GROUP? 41 0X,*DIFF.COEFF(CM)?* 46X, *RMVL.XS(/
1CM)? +6X e 'FISSK-D1{/CM)? 35X *SCTT.K-DK+1(/CM)?*)



1393

1394

1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436

WRITE(6,+2260)
2260 FORMAT{10Xs3 (") 41Xs3{?—*),3Xs5("=")o10Xs14{"="),6X412{("—"),6X,

114('—*) ,5X,16('—*),/)

DO 2275 N=1,NROW1

DO 2275 ¥=1,MCOL1

DO 2270 K=1,K1

XX=XINT{KyNy MIXHNIN) *HM(M)

AVA(KsNoM)=(AVA(KyNs M) +AVS (K, Ny M) ) /XX

AVS(K 9Ny MI=AVS{KsNyM) /XX

AVF{KsNoMI=AVF{KesNsM) /XX
2270 AVDUKyNoM)I=XX/AVC(KsN,M)

XX=XINT{KGROUP Ny M)XHN{N) *HM (M)

AVA(KGRCUP 4Ny M)=AVA(KGROUP s Ny M) /XX

AVF(KGROUP,N M)I=AVF{KGROUP,N, M) /XX
2275 AVD(KGROUP,NyM)=XX/AVD(KGROUP+N,M)

IF(ICLPS.LT.0) GCTO 2400

DO 2340 NN=1,ICLPS

READ(5,42280) NyM
2280 FORMAT(1415)

K=1

WRITE(6+2290) NoMyKysAVDIKsNs M)y AVA(K, NeM)s AVF{KyN,sM),AVS{K,N,M)
2290 FORMAT{/48X9214¢3Xs13412XeF1l0e599X+sF10.599X+F10.5+9X,F10.5)

IF{Kl.LE.1) GOTO 2330

DO 2310 K=2,K1

2310 WRITE(642320) KeAVDIK sN M) yAVA(K 9Ny M) s AVF(KsNsM) s AVS{KyNyM)
2320 FORMAT{19X, I3,12XsF1Ce599XeF10e599X9F10.549X+F10.5)
2330 K=KGROUP

WRITE(6,+2320) KeAVD(K oNsM) s AVA(K N M) JAVF{K, Ny M)
2340 CCNTINUE

GOTO 25C¢C

2400 CCNTINUE
DO 2490 N=1,NROW1
DO 2490 M=1,MCOL!
IF(JCI{N,M).LT.0) GOTO 2490
K=1
WRITE({6+42230) NoyMsKyAVDIK¢NsM) AVAIK Ny M) o AVF{KsNsM) s AVS{KsNoM)
IF{K1.LE.1) GOTO 2430
DO 2410 K=2,Kl1

2410 WRITE(6,+2320) KeAVD{K yNoM) s AVA(K yNo M), AVFIKyNsM) JAVS{Ky N,y M)
2430 K=KGRCUP
WRITE(6,2320) Ko AVD(K ¢yNgM) yAVA(K9Ns M) yAVF{K, Ny M)

2490 CONTINUE

25C0 CCNTINUE
RETURN
END



1437 SUBROUTINE FPRINT(JsJJsINMAX,IMMAX,FL)

1438 DIMENSICN FLI(13,13)

1439 IF({JJ.NE.1) GOTO 1100

1440 WRITE{6,1020)

1441 1020 FCRMAT(1H1, 30X+ *FLUX VALUES FOR EQUALLY SPACED POINTS INSIDE
1 THE OUTPUT REGICNS')

1442 WRITE{6,1030)

1443 1030 FORMAT{31X,63(*'-"))

L4 44 WRITE(6,1035)

1445 1035 FORMAT(50X,* ( SET=GROUP-ROW-COLUMN)*,//)

1446 WRITE(6,1040)

1447 1040 FORMAT(3X,*SET', 1X,*SUB—ROW® y20Xs *POINT FLUXES AT SUB-COLUMN')

1448 WRITE(6,1050)

1449 1050 FORMAT(3Xs3( ") 41XeT{"=")+20X+26('="),4/)

L1450 WRITE(6,1060){JI,JI=1,13)

1451 1060 FORMAT(16Xs13(1543X)»/)

1452 1100 CONTINUE

1453 WRITE(6,+1110) J

1454 1110 FORMAT(1X,I5)

1455 DO 1200 IN=1, INMAX

1456 12C0 WRITE(6,1210) INy (FL{IN,IM),IM=1, IMMAX)
1457 1210 FORMAT( 8XsI3+43X,13(F 8.4))

1458 RETURN

1459 END



1460 REAL FUNCTION XF*8 (JI+JSsJJ14+JJS,TD1,TLC2)

1461 REAL*8 P

1462 CCMMCN/CCMP/P1(245242,2) ;

1463 M=8%*JI1+4%J5+2*JJI1+JJ5-14

14064 Goto0 (1111,1112,1121,1122,1211+41212,1221+1222+2111,2112,42121»

X212242211+221242221+42222) 4 M
1465 1111 P(l,1s141) = 13./35. '

L1466 GCTO 5000

1467 1112 P(lyls142) = S./7C.

1468 GOTO 5000

1469 1121 P{lysls241) = —-11./210.%TD2
1470 GOTO 50CO0

1471 1122 P{1ls1+24+2) = 13./420.%TD2
1472 GOTO 5000

1473 1211 P{1s24141) = S./7C.

1474 GOTO 5000

1475 1212 P(1+4241,2) = 13./35.

14176 GOTO 5000

1477 1221 Pl1y2+291) = =13./420.%TD2
1478 GOYO 5000

1479 1222 P{1424+24+2) = 11./210.%TD2
1480 GOTO 5000 :

1481 2111 P{2+1s141) = —-11.7/210.*%TD1
1482 GCTC 5000

1483 2112 P{2414142) = ~13./7420.*%TD1
1484 GOTO 5000

1485 2121 P(2+142+1) = 1./105.*TD1%*TD2
1486 GOTO 5000

1487 2122 P{2+1492+2) = —1./140.%TD1%*TD2
1488 GOT0 5000

1489 2211 P(2+424141) = 13./420.%*7TD1
1490 GGCTO 50¢0

i491 2212 P(2+2414+2) = 11./210.%TD1
1492 GOTO 59000

1493 2221 Pl2424+24+1) = —1./140.%TD1%*TD2
1494 GOTO 5000

1495 2222 Pl242+24+2) = 1./7105.*TD1*TD2
1496 5000 XF=P{JI,+JS+JJ1,JJS)

1497 RETURN

1498 END



1499
1500
1501

1502

1503

1504
1505
1506
1507
1508
L509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
15306
1537

i111
1112
1121
1122
1211
1212
1221
1222
2111
2112
2121
2122
2211
2212
2221

2222
5000

REAL FUNCTION XD*8 (JI,JSsJJI,JJS5+TD1,TD2)

REAL*8 P

CCMMON/CCMP/P(2424242)
M=8%JI+4%JS+2%JJ1+JJS-14

GOTO (1111,1112,1121,1122,1211,1212,1221,1222,2111,2112+2121,
X2122922110221212221'2222" M

P(lelslsl)
GOTO 50040
P(ly1s1+2)
GOTO 5000
Pl{lsyls2s1)
GOTO 5000
Pllys1,+2,2)
GOTO 5000
P{1,2.1,1)
G0T0 S50CC
P{1y241,2)
GOTO0 5000
Pl{le2+2+1)
GOTO 5000
Pl1424+2+2)
GOT0O 5000
P{2s1s141)
GOT0 5000
P{2+1s1¢2)
GCTO 5000
P{2+s1+241)
GOTO 5000
P{2+1+24+2)
GOTO 5000
P{292+191)
GOTO 50CC
P(2424142)
GOTO 5000
P{2¢2+2+1)
GCTO 5000
P(242+2+2)

i

=

6s/5.

—6e/5e
-1.7/10.*TD2
-1./710.%TD2
~6+/54

6e/54
le/10.%TD2
1l./10.*TD2
-1/10.%TD1
1./10.*TD1
2./15.*%TD1*TD2
~1+/30.*TD1*TD2
-1./10.*TD1
1./10.*TD1
—1/30.%TD1*TD2

2+/15.%TD1*TD2

XD=P(J1vJ59JJItJJS3

RETURN
END




1538
1539
1540
1541
1542
1543
1544

1545
1546
1547
1548
1549
1550
1551

1552
1553

1554
1555
1556
1557

1558
1559

1560
1561
1562
1563
1504
1565
1566
1567

1568
1569

1570
1571

REAL FUNCTION XFV*8(JI+JS+JJI+JJSysAH, X1y X2 TDly TD2)
REAL*8 HeX1lsX2

REAL*8 P

CCMMCN/CCMP/P(24242+2)

H=AH

M=8%JI+4%JS+2%JJ1+JJS5-14

GOTO (1111,1112,1121,1122,1211,1212,1221,1222,2111,2112,2121,
X212242211+2212+222142222)4 M

L111 Pllelylel)= #4./({ToXH¥%E) R X2 ¥XT—X1¥%¥T ) =2, /H¥A5% { X2%%6—X1 *%6 )

2 +9. 7 (5.%H®%4 ) k( X2%%5-X1%%5)
GOTO 5000
L112 Pllelyly2)= —4o/ {ToXH* K6 ) R{ X245k T—X1HXT ) 42, /H¥XSH [ X 2% X 6—X 1 %%6 )
2 — 9./ (S xH® 4 ) % X2 %k 5= X1%%¥5) =14/ (2. %H*%3) *{ X2*k4—X]1%%4)
3 +1./HEEQ2K (X2 % %3 =X 1 %*3 )
GOTO 5000
L1201 Pllele291)=(=2e7 {TakH¥kS ) %( X2%%T—X1%K¥T) + 54 /{ 6 ¥H*K4) ¥ { X2%*6— X1 ¥%6)
2 —3./ (5. %H*%3 ) £( X2%%5~X]1%*%5) ) #TD2
GOTO 5000
L1122 Pllele292)={=2e/ { Ta®kHER5) d( X2%KT=X1%%kT) #70/ (6 ¥HE%S) * [ X2%K6— X1 %%6)
2 = 8./ (5 KH% %3 ) R{ X2 XK5—X1%¥%5) 3,/ (4 kHE*2) X (X2%Kk4—X1 ¥%4)
3 )#TD2
GOTO 5000
L1211 P1e2¢1ls1)= —4a/{Ta®kH®KE) L X2HET—X1 KT ) #2 o /HEXS, (X2K%6—X 1 %%6 )
2 —9./ (5K HA®4) X[ X2%%K5—X1¥%5) =1,/ (2 %H%K3) R X2¥%4—X1%*%4)
3 1. /HER2K (X253 —X 1 %%3 )
GOTO 5000
1212 P{l92+192)= —4o/ (T RHERE) *( (H=X2) *%T—(H=X1)%¥T) 42, /H**5%{ (H-X2)**6
2 ~(H=X1)%%6) -9,/ (5. %H%%4) % ( (H=X2) ¥*5— (H-X 1 ) %%5 )
GOTO 5000
1221 PU192+241)=(#2.7 {ToHH*X5 ) ¥ X2 %K T—X1%¥T ) =5,/ (6 KH, XL ) K X2* %6~ X1 ¥%6)
2 $3./7(5.%H¥k3) %[ X2%%k5—X1%%5) + 1./ (4o XHKA2) ¥ (X2 % ¥4—X 1 ¥%4)
3 —1./(3o*H)*{ X2%%3—X 1%%3) ) *¥TD2
GOTO 5000
1222 Pl1929242)={=2e/{ Ta®*H* %5 ) % ( (H=X2) ¥k T—(H=-X1)%%*T7) 45,/ ( 6. %H¥*4) *
2 { (H=X2)%%X6={H=X1)#%6)=3./ (5. ¥H*%3) %[ (H-X2) *%5— (H—X 1) **
3 5))%TD2 '
GOTO 5000
2111 PU29slel sl )=(=24/ (T HHEK5 ) R{ X2 ¥XT=X1%%T ) #5./ (6 KH¥%4) % { X2 %6~ X1 ¥%6)
2 ~ 3./ (5 xH*%3 ) %[ X2%%k5=X1%%5) ) *¥TO1
GOTO 5000
2112 P2y 1ol 92)={ 424/ { To*H®KE ) [ X2%KT=X1¥%T ) =5,/ (6 o XH®X4) * (X2 % *6— X1 #%6)
2 $3./ (5 XH*%3) X ( X2%K5-X1%%5) + 1./ {4 KHEK2) X (X2 X %4— X1 ¥%4)
3 — 1./ (3 %H) X X2%%*3-X1%%3) )*TD1
GOTO 5000 '
2121 PU2y 1929 1)=( 410/ To®H*%4) %[ X2k T=X1%%*T) = 12/ ( 3. kHX%3) K (X2XK6-X1¥%6)
2 +1e/ (5% H#E2 ) K X2%%5—X1%%5) ) #TD1#TD2
GOTO 5000
2122 PU2919292)=( 410/ (T HHKRG ) k( X2%KT— X1%%T) = 1o/ ( 2. %H*%3) & ( X2%%6— X1 %%6)
2 £33,/ 15 %H®%2 ) R (X2%%5—X1%%5)— 1./ (&4 ¥H ) ¥ (X2 %k4—X1%%4)
3 )XTD1%TD2
GCTO 5000
2211 PU292¢191)=(—24/ ( TokH® %5 ) k(X246 T=X1%%T) 474/ (6. ¥HE%4) * (X2 X%6—X1#%6)
2 ~8e/ (S HxH®%3 ) k( X2%%5= X1%%5) +3, /(4o kH*X2) K (X2%%4— X1 %%4)
3 ) %TD1
GOTO 5000

2212 Pl2¢2+4142)=(=2/1 Ta%xH®XS ) R (H=X2) ¥%¥T—{H-X1)%%T7)+5. /{6 *H*%4) %



1572
1573

1574
1575

1576
1577
1578

2 { (H=X2)%%6={H=X1)*%6) =34/ (5 ¥H*X3 )X { (H-X2)**5-(H-X1)**

3 591*TD1 ~
GOTO 5000
2221 PU2¢2¢2s1)={ 410/ (Ta®H¥RL ) K (X2 T—X1%%T) =10/ (2o %HX%3) X (X2 X%6—X1%%6)
2 43/ (5. XH®%2 ) % X2%%5=X1%%5)— 14/ (4. FH) X X2**4—X]1%*%4)
3 )*TDL*TD2
GOTO 5000
2222 PU242+242)=0—10/ {TxH* KL )R (H=X2) **T—(H-X1)%%T)+ 1./ (3. xH* %3 ) *( {H~
2 X2)%%6—{H-X1)%%5)=1./ (S H*x%k2) %k { (H-X2)**5—~(H—X1) **5)
3 )*TD1*TD2
5000 XFV=P{J1,JS,JJI ’JJS’
RETURN
END



1579
1580
1581
1582
1583
1584
1585

1586

1587
1588

158%
1590

1591
1592

1593
1594

1595
1596

1597
1598

1599
1600
1601
1002

1603
1604

1605
1606

16C7
1608
16CS
1610
loll
1612

1613
Lol4s

REAL FUNCTION XDV*B{JI,JSsJJI,JJS+AH, X1, X2y TDl, TD2)
REAL*8 HyX1eX2

REAL*8 P

COMMCON/CGNMP/P(24,242+2)

H=AH

N=8%JT+4%JS+2%JJ1+JJS—14 .

GOTO (1111,1112,1121,1122,1211,1212,1221,1222,2111,2112,2121»

X212292211422124222142222)4 M
1111 Pllelelel)= #36./(5.%H¥%k6)%{X2%*5-X1%%5)—18./H¥X*5*([X2%*4—X]1%%*4)

2 $12. /HIKGH (X2 ¥*3—X1%%3)
GOTO 5000
1112 PUlyle1,42)= =364/ (5.%HE%6 )% (X2¥¥5-X1%%5) +18. /H¥*5K(X2%%4—X1%%4 )
2 — 124 7H¥%4% [ X24%3=- X1 #%3)
60TO 5000
1121 P(1le1s2,1)=(—18a /{5 %H¥X5) %[ X2¥*5-X1¥%5) 15,/ (2. KHFK4 ) K X2¥*4—X 1 ¥%
2 4)=4 L JH¥%3%( X2%*3=X 1¥%3) ) ¥TD2
GOTO 5000
1122 P(1,14252)=(—18./ (5. %H¥*5)% [ X2%*5—X1¥*5) 421,/ (2. ¥H¥¥4) & [ X 2%k 4—X 14X
2 4)=10../Hk%3% (X2 #%3- X1%43 ) 43 . /H¥* 2K (X2%*2-X1%%2) ) $TD2
GOTO 5000
1211 PU192,191)= —36./15.#H%%6) %[ X2%¥5-X1¥%5) +18. /HEKSK{ X2k %4— X1 %%4 )
2 —12. /H¥*4% (X2 ¥#3-X1%%3)
GOTO 5000
1212 PULlg2y1s2)= =364/ (5.%H¥%6) ¥ [ (H-X2) ¥¥5- (H-X1) ¥%5) + 18, /H*K5%({ (H-X2)*
2 *h4— (H=X1)#%4) =12, /HE*4%{ (H-X2)#%3—(H-X1) %%3)
GOTO 5000
1221 PU142,2,1)=(#+18./(5.%H¥%5) ¥ {X2¥K5—X1%%5 )~15./ (2. KHAK4) & { X 2%k 4= X 1 %
2 4)44 o JHEX IR X2#%3-X1%%3) ) #TD2
GOTO 5000
1222 P(142,242)=(~18./(5%H#%5 )k ({H-X2) ¥¥5—( H-X1) ¥*5)+15./ (2. %H¥%4) *
2 [ (H=X2)#%4— (H=-X 1) #%4 ) ~4 o /H** 3% ( (H-X2) **3— (H-X1) ¥%3 )
3 ) #TD2 |
GOTO 5000 |
2111 PU241y1s1)=(=184 /(5. kH*%5) % (X2KR5—XL¥*5) 415,/ (2. ¥H¥*4 ) K X25%4=X 1 4%
2 4)=4 . /HEX3%(X2%%3-X1%%3) ) *TD1
GOTO 5000 |
2112 P(24191+2)=(#18.7(5.%H*%5) ¥ { X2¥*5-X1%%5) =15, / (2. ¥HAK4) K [ X2%k% 4= X1 %%
2 4) 44 /HEXBR(X2#%3-X1%%3) )¥TD1
GOTO 5000
2121 PU25142,1)=(49./ (5. %H¥#4) ¥{ X2#¥5-X1#%5) =3, /H¥* 3% ( X2% k4= X1 %4 )
2 +4.7 (3 KH*#2 ) X X2¥%¥3-X1%*3) ) ¥TD1*TD2
6070 5000
2122 PU24102+2)=(49./ (5 %H# 4 ) ¥ ( X246 5- X1¥%5) =G0/ ( 2. #HH%3) X X2k k4= X 1¥%4)
2 #1107 (3 KHEK2 ) X (X2423-X1 %3 )= 1o /HH (X2¥#2-X1 ¥%2)
3 )*TD1%TD2
GOTO 5000
2211 P(2424191)=(—18. /(5. kH¥%5) % (X2¥¥5-X1¥¥5) 421,/ (2 %H*%4 ) R X2%K4—X L %%
2 4)=10./HRKIH[ X2%%3- X 1¥%3) +3 . /H¥* 2K ( X2%%2-X1%%2) ) #TD1
GOTO 5000
2212 P(2424152)=(=184 /(5. %H¥ 51 { (H-X2) ¥%5—(H-X1) ¥#5) +15./ (2. kH¥*4 ) %
2 ({H=X2)%%4—(H=X1) #%4) =4 . /H* ¥ 3% ( (H-X2) #%3— (H-X 1) %%3)
3 )*TD1
GOTO 5000

2221 Pl2924241)=1#9./ (5 xH¥%4 ) % (X2¥%5~X1%%5)~GFa/ (2 ¥H¥X3) ¥ X2%*4— X]1%%4)
2 +11a/7 (3 %H®R2 )R (X2%%k3=X1%%3 ) =1 o /HA(X2%%2-X]1%%2)
3 YXTD1*TD2



L615
lé6lo

L6117
1618
1619

GOTO 5000
2222 P(292+2+42)=(—9./ {5 %H* %4 ) % [H=X2) *¥%5-(H=-X1)*%5)+ 3, /H¥%3X{ {H-X2 ) *%4

2 ~(H=X1)%%4) =4 ./ (3 %H®¥2) % { [H=X2) *%3~ (H-X1)**3)
3 )xTD1*TD2
5000 XDV=P(JI+JS+JJI,JJS)
RETURN
END



PROBLEM PARAMETERS

RUN NUMBER
NO. UF ROWS
NO. OF CCLUMNS
NO. OF GROUPS

OUTERLITER. — MAXJ.NG.
- CONV.CRIT,SOL.
— CONV.CRIT.K-EFF

CHOLESKI REJECTION CRIT.

|
N W W

- 50
- 0.100E-03
- 0.,100E-03

- 0.,100E-05

BOUNDARIES{0.0-ZERC FLUX; 1.0-ZERO DERIV.)

- LEFT BND.

~ RIGHT BND.
TOP BND.
BOTTOM BND.

NGRMALIZATICN(FISSICNS/SEC)

LMAX —NO.OF UNKNOWNS{/GROUP)
LXMAX —-SIZE CF ARRAYS Fl,LLX
LXCMAX—-SIZE OF ARRAYS E,LLXC
LXFMAX-SIZE OF ARRAYS FsSsLLXF
MSIZE —SPECIFIED VALUE

-ACTUAL VALUE USED

—MINI MUM PCOSSIBLE VALUE

BASIS FUNCTICNS SPECIFICATICN
40 51 40

51 61 40
40 40 40

- 1.0

0
1
-0
0

(o NNl

«10000E 03

- 20
- 133
- 172
- 246
- 40000
- 33576
- 2012



COMPOSITION PROPERTTIES

CoMP, GROUP CIFF.COEFF(CM) RMVL..XS{/CM) FISS.K=->1{/CM) SCTT.K-DK+1(/CM)

i 1 1.20000 0.10100 0.C€0C00 0.10000
2 0.15000 0.02000 0.00000

2 1 1.50000 0.06230 0.0CCQ0 0.06000
2 0.40000 0.20000 0.21800

3 1 1.55000 0.06230 0.C3CCOo 0.06000
2 0.41330 0.25000 0.21800

4 1 1.60000 0.06230 0. C0CO00 0.06000
2 0.42670 0.30000 0.21800

5 1 1.65000 0.06230 0.C0C0C 0. 06000
2 0.44000 0.35000 0.21800

NEUTRON EMISSICN FOR FISSIONS IN GROUP 1,-,KGRCUP

1.000



MATERTIALS PICTURE

{ C.C00) { 20.000) ( 40.000C) (
1 2 3
1 -1
{ 20.000) 2
-1 -1
{ 40.C00) 3



SPECIFICATIONS FOR REGIONS WITH VARYING PARAMETERS

REGION NO. 1

ROW SUB-MESH 5.00000 5.00000 500000 5.C0CCC
COL «SUB—-ME SH 5.00000 5.00000 5.00C00 5.00000

MATERIALS PICTURE OF SUB-MESH

N WS W,
N D
N W W w
NINVNNN



CONVERGENGCE

DATA

UUTLITERWNO. INITIAL AND FINAL SOL. NORMS
1 1.0000000 1.718135¢C
2 1.7181350 1.4432300
3 1.4432300 1.3020120
4 1.3020120 1.2286100
5 1.2286100 1.1901770
6 1.1901770 1.16%82%0
7 1.1698290 1.1589050
8 1.15839050 1.152951¢0
9 1.1529510 1.149660C

10 1.1496600 l.1478140
11 1.1478140 1.1467680
12 1.1467680 1.146168C
13 1. 1461€80 1.1458220
14 1.1458220 1.145621C
15 1.1456210 1.1455030
16 1.1455030 1.1454330

INITIAL AND FINAL K-EFF

3 e gk o ek e %k K
1.8955043
0.7529185
Ce 7410499
0.7399612
0.7406321
0.7413442
0.7418530
0.7421836
0.7423912
0.7425195
0.7425982
0.7426460
0.7426750
0.7426925
0.7427031

1.8955043
0.7529185
0.7410499
0.7399612
0.7406321
0.7413442
0.7418530
0.7421836
0.7423912
0.7425155
0.7425982
0.T4264€0
0.7426150
0.7426925
0.7427031
0.74270S4



GROUP ROW
1 1
1 1
1 1
1 2
1 2
1 2
1 3
1 3
1 3
2 1
2 1
2 1
2 2
2 2
2 2
2 3
2 3
2 3

COLUMN

———— s o

wNMwNMuNHwNNwNMwNF

EXP ANSTITION

COEFF .

FOR F L

FLUX COL.DER(UP) COL. DER{DWN)
1.1454330 0.0000000
1.0562280 0.00C0000
0.CC00000 0.0000000
1.0562280 -0.1318337 -0.2378771
0.5029880 -0.0780584 —-0.1047543
0.C000000 0.0000000
0.C000000 -0.0348431
0.0000000 -0.0144136
0.0000000 0.0000000
0.2573733 C.0C00000
0.7405993 0.0000000
0.C000000 0.0000000
0.7405993 0.0756730 0.2156289
0.6186165 0.016495C 0.02685C8
0.C000000 C.0000000
0. 0000000 0.1251434
0.0000000 0.04395656
0.0000000 0.0000000

ROW DERI{LFT)

ROW DER(RIT)

SECOND DER1V.

0.00CC000
—-0.1318337
-0.0348431
0.0000000
-0.0780584
-0.0144136
0.0000000

0.0C00000

0.0000000

0.0000000

0.0756730
0.1251434

0.0000000

0.0164950
0.0439566

0.0000000

0.0000000

0.0000000

-0.2378771

-0.1047543

0.2156289

0.0268508

0.0000000
0.0000000
0.0000000
0.0000000
0.0188278
0.0022478
0.0000000
0.0022478
0.0003147
0.0000000
0.0000000
0.000C000
0.0000000
-0.0249411
-0.0140185
0.0000000
-0.0140185
-0.0038040




REACTION RATES IN REGIGCNS

1 2 3
ABSRP 0.10998E 03 C.10450E 02
PRODU 0.10000E 03 0.00000E 00
TRNSP 0.21168E C4 0.35758E 04

2
ABSRP 0.10450E 02 0.22135E 01
PRODU 0.CCOO00E 00 0.CCOOQOQE 00
TRNSP 0.35758E 04 0.74883E 03

3



GRPa1
GRP.2

GRP.1
GRP.2

1

2

3

AVERAGE FLUXES IN REGIONS

2
0.38355E 01 0.46288E 00
0.11468E 01 0.12831E 01

0.46288E 0C C.54992E-01
0.12831F 01 0.27394E 00

3
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FLUX VALUES FOR EQUALLY SPACED POINTS INSIDE TH

( SET=GRCUP-ROW-COLUMN)

SET SUB-ROW POINT FLUXES AT SUB-CCLUMN
1 2 3 4 5 6 7 8
10101
1 3.2921 3.5080 3.9294 4.2173 4.0324 3.0358
2 3.5080 3.7076 4.0872 4.3176 4.0656 3.0140
3 3.9294 4.0872 4.3620 4.4557 4.0700 2.9068
4 4.2173 4.3176 4.4557 4.3870 3.8671 2.6515
5 4,0324 4.0696 4.0700 3.8671 3.2944 2.18%54
6 3.0358 3.0140 2.9068 2.6515 2.1854 1.4457
10102
1 3.0358 1.0339 0.1904 0.0443 0.1345 0.0000
2 3.0140 1.02C8 0.1811 0.0367 0.1291 (C.0000
3 2.9068 0.9752 0.1609 0.0217 0.1155 (C.00CC
4 2.6515 (.8879 0.1412 0.0112 0.0975 C.0000
5 2.1854 0.74S7 0.1335 0.0167 0.0789 (.0000
o 1.4457 C.5511 0.1492 0.0501 0.0637 C.00CC
10201
1 3.0358 3.0140 2.9068 2.6515 2.1854 1.4457
2 1.0339 1.0208 09752 0.887S (£.7497 C(.5511
3 C.1904 0.1811 0.1609 0.1412 0.1335 0.1492
4 0.0443 0.0367 0.0217 0.0112 0.0167 C.0501
5 0.1345 0.1291 0.1155 0.0975 0.0789 0.0637
o 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
10202
1 1.4457 C€.5511 0.1492 0.0501 0.0637 (€.0000
2 0.5511 0.1829 0.0328 0.0116 0.0304 C.0000
3 0.1492 0.0328 -0.0049 0.0008 0.0142 C.0000
% €C.0501 0.0116 C.0008 0.0042 0.0084 (C.0000
5 0.0637 0.0304 0.0142 0.0084 0.0059 C.0000
6 0.C00C 0.00C0 0.0000 0.0000 0.0000 C.0000
20101
1 0.7412 0.7463 0.8119 1.0138 1.4275 2.1286
2 0.7463 0.7396 0.7789 0.9531 1.3511 2.0618
3 0.8119 0.7789 C.7569 0.8616 1.2088 1.9142
4 1.0138 0.9531 0.8616 0.8757 1.1313 1.7649
5 1.4275 1.3511 1.2088 1.1313 1.2492 1.6931
6 2.1286 2.0618 1.9142 1.7649 1.6931 1.7780
20102
1 2.1286 3.2636 2.4736 0.9033 -0.3028 C.0000
2 2.0618 3.2247 2.4521 0.8919 -0.3081 (€.0000
3 1.9142 3.0847 2.3553 0.8492 -0.3103 C.0000
4 1.7646 2.8088 2.1352 0.7630 -0.2884 0.0000
5 1.6931 2.3622 1.7434 0.6208 -0.2216 C.000C
6 1.7780 1.7098 1.1318 0.4102 -0.0891 C€.0000

20201
‘ 2.1286 2.0618 1.9142 1.7649 1.6931 1.7780
3.2636 3.2247 3.0847 2.8088 2.3622 1.7098
2.4736 2.4521 2.3553 2.1352 1.7434 1.1318

W N~



€.9033 0.8919 0.8492 0.7630 0.6208 0.4102

4
5 —-0.3028 —-0.3081 -0.3103 —-0.2884 —-0.2216 -C.0C891
) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
20202
1 1.778C 1.70%8 1.1318 0.4102 -0.0891 (C.00CO ’
2 1.7098 1.0986 0.5999 0.2359 0.0285 C.0000
3 1.1318 (.5999 (.2832 0.1194 0.0458 ©€.0000
4 0.4102 0.2359 0.1194 0.049C 0.0131 C.0000C
5 -0.0891 0.0285 0.0458 0.0131 -0.0190 <¢€.0000
6 0.0000 0.0000 0.0000 0.0000 0.,0000 G.0000
CORE USAGE OBJECT CODE= 105264 BYTES,ARRAY AREA= 160240 BYTES,TOTAL AR

COMPILE TIME= 4.C7 SEC,EXECUTION TIME= 8.84 SEC, WATFIV — VERSION 1 L




