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ABSTRACT

A class of consistent coarse mesh modal-nodal approximation
methods is presented for the solution of the spatial neutron flux in
multigroup diffusion theory. The methods are consistent in that they
are systematically derived as an extension of the finite element
method by utilizing general modal-nodal variational techniques.
Detailed subassembly solutions, found by imposing zero current
boundary conditions over the surface of each subassembly, are modi-
fied by piecewise continuous Hermite polynomials of the finite element
method and used directly in trial function forms. Methods using both
linear and cubic Hermite basis functions are presented and discussed.

The proposed methods differ substantially from the finite element
methods in which homogeneous nuclear constants, homogenized by
flux weighting with detailed subassembly solutions, are used. How-
ever, both schemes become equivalent when the subassemblies them-
selves are homogeneous.

One-dimensional, two-group numerical calculations using repre-
sentative PWR nuclear material constants and 18-cm subassemblies
were performed using entire subassemblies as coarse mesh regions.
The results indicate that the proposed methods can yield comparable
if not superior criticality measurements, comparable regional power
levels, and extremely accurate subassembly fine flux structure with
little increase of computational effort in comparison with existing
coarse mesh methods.
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. Until one is committed there is hesitancy, the chance to draw
back, always ineffectiveness. Concerning all acts of initiative
(and creation), there is one elementary truth, the ignorance of
which kills countless ideas and splendid plans: that the moment
one definitely commits oneself, then Providence moves too. All
sorts of things occur to help one that would never otherwise have
occurred, A whole stream of events issues from the decision,
raising in one's favor all manner of unforeseen incidents and
meetings and material assistance, which no man could have dreamt
would have come his way. I have learned a deep respect for one of

Goethe's couplets:

Whatever you can do, or dream you can, begin it.

Boldness has genius, power, and magic in it.

— W.H. Murray



Great importance attaches to the material comforts of life,

and equanimity, unconcern, security are all sacrificed to them.

The American lives even more for his goals, for the future, than

the European. Life for him is always becoming, never being.

— Albert Einstein 1921

"When someone is seeking,” said Siddhartha, "it happens
quite easily that he only sees the thing that he is seeking; that
he is unable to absorb anything, because he is only thinking of
the thing he is seeking, because he has a goal, because he is
obsessed with his goal. Seeking means: to have a goal; but
finding means: to be free, to be receptive, to have no goal.
You, O worthy one, are perhaps indeed a seeker, for in striving
toward your goal, you do not see many things that are under

1"
your nose.

— Hermann Hesse
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Chapter 1
INTRODUCTION

1.1 Preface

The large variety of approximation methods and techniques used
in computational reactor analysis and simulation has caused the area
of numerical reactor physics to become one of the most exciting
areas in applied nuclear reactor physics today. The application of
numerical analysis is most important in two phases of reactor design;
feasibility studies and safety analysis. The primary consideration of
the reactor physicist has been and must continue to be the safety of
the reactor during and after any foreseeable nuclear accident. A
realistic safety analysis can be obtained only if all the physical
processes occuring within the reactor can be adequately described
and related. Since all of these processes can be shown to be
dependent upon the neutron density distribution throughout the reactor
core, a detailed solution of the spatial neutron flux is vital. 1

The dynamic characteristics of a reactor strongly depend upon
the spatial approximation and solution of the neutron flux. Approxi-
mation methods utilizing gross averaging of the flux near localized
strong absorption and production regions, such as cruciform control
rods or small water channels, can lead to inaccurate results. Large
errors may result from the use of such methods in spatial kinetics
problems such as depletion and xenon oscillation calculations. Much

attention has therefore been focused upon approximation methods
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which can obtain detailed spatial neutron flux distributions within
large reactor cores.

The Boltzmann neutron transport equation2 is considered to be a
sufficiently detailed description of the physical processes occuring
within a nuclear reactor, and naturally is most difficult to solve.
The P-1 and diffusion theory approxima’cions3 greatly simplify the
transport equation into more tractable equations which have been
found to approximate adequately the flux distributions for most
large-core reactors such as PWR, BWR, and LMFBR core geome-
tries. The advent of high speed digital computers has enabled wide-
spread use of diffusion theory because of its simple mathematical
form and straightforward numerical solution techniques inherent
with its use.

The treatment of the spatial approximation in diffusion theory is
the primary concern of this report. There is in existence an
increasingly abundant variety of such approximation methods
currently in use. Fine mesh rne’chods,4 for example, can yield very
accurate results through the use of extremely large numbers of
unknowns. However, such methods may well exceed the storage
capacity of present day computers, as well as being exceedingly costly.
Coarse mesh methods and particularly synthesis techniques,5 on the
other hand, have recently become attractive as the number of un-
knowns can be drastically reduced, although the accuracy of many of
these methods is in doubt.

The purpose of this report is twofold: first, to present the general

development of variational approximation methods used to derive
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difference approximations to the neutron diffusion equation; and second,
to extend this development in order to develop systematically a class of
consistent coarse mesh approximation methods which can approximate
accurately the detailed spatial neutron flux and can also be easily
incorporated into present day computer codes. As this report will

deal only with the spatial approximation, the inclusion of time depend-

ence will be set aside for future study.

1.2 The Time-Independent, Multigroup Diffusion Theory Equations

The energy discretized multigroup P-1 approximation to the
Boltzmann neutron transport equation excluding time dependence can
be written in standard group notation for each energy group g as

follovvs:3

i‘g(r) + Dg(r)_?(bg(r) =0 (1.1a)

G G
. ‘ 1 \
V-jr)+Z (r)¢ (r) - L (r)¢ [(r)=<% vE, (r)¢ ,(r)
~ ' Jg g% I e S P N L
g':l g':l
g'*g
(1.1Db)
where the group index g runs from the highest energy group, 1, to the
lowest energy group, G. The symbols and notation used throughout this
report are summarized in Appendix A, Equations 1.1 are the standard
‘P-llequations which relate the vector neutron current _ig(r) for each
energy group g with the scalar neutron flux ¢g(r), The current may be

eliminated via Fick's law, Eq. 1.1la, in order to obtain the multigroup

diffusion equation:

G G
1
- . D - = -
\ (r)Ve¢ (r)+Eg(r)¢g(r) § Egg,(r)tbg,(r) 3 xg ,E_-

g':l g
g'#+G

VEfg'(r)d)g’(r)

(1.2)



Equation 1.2 can be written in operator matrix notation as

-V - D(r)Ve(r)+ [M(r)-T(r)] &(r) = 5 B(r)a(r)

> =

where ID, IM, T, and IB are G X G group matrices defined by
D(r) = Diag[D,(r) ... Dg(r) ... D_(r)]

IM(r)= Diag[Z (r) ... Eg(r) oo Io(7)]

G
o “Lilr) L L 5(r) )
-Z,,(r) 0 .. -Z, (1)
T(r) = 21 2G
__EGl(r) —EGZ(I‘) .. 0 |
)[R v ]
B(r) =
X
\ G/

and &(r) is the group flux vector

&(r) = Col[¢1(r) . ¢>G(r)]

14

(1.3)

(1.4a)

(1.4b)

(1.4c¢)

(1.4d)

(1.4e)

In problems where no upscattering is present, Egg,(r) =0 for g < g',

and T becomes G X G lower triangular.

It is also convenient to define the group current vector J(r)

J(r) = Col[j,(x) ... j;(r)]

(1.4f)

and the G X G group absorption, scattering and production matrix A(r)

A(r) = M(r) - T(r) - %IB(P)

(1.4g)
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Equations 1.1 and 1.2 may then be written simply as

J(r) + D(r)Ve(r) = 0 (1.5a)

V-J(r) +Alr)a(r) = 0 (1.5b)
and

-V - D(r)Va(r) + Alr)e(r) =0 (1.6)

respectively. These forms of the group diffusion equations will be
used throughout this report. The boundary conditions on &(r) are of
the homogeneous Neumann or Dirichlet type,6 while the normal com-
ponent of the current J(r) is required to be continuous across all

internal interfaces.

1.3 Solution Methods

All of the solution methods which can be employed in order to
obtain approximate solutions to the time-dependent, multigroup
diffusion equations may be conveniently classified as belonging in the
area of either nodal analysis or modal analysis, or a combination of
the two: modal-nodal analysis. The principal concept in each of
these analyses is that the neutron flux, a continuous function of
many variables, may be approximated as a set of unknown coef-
ficients and/or functions of possibly fewer variables. The ultimate
goals of such approximation methods are to produce easily solvable
coupled equations which relate the unknowns to each approximation
and yield results of acceptable accuracy at a low cost. Various

commonly used methods and their drawbacks are discussed below.
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1.3.1 Nodal Methods

Nodal methods involve the local approximation of an average flux
at points called nodes, where each node represents a distinct region
within the reactor in which the average flux is definéd. An ordered
set of nodes connected by a grid of mesh lines is then used to approxi-
mate the spatial flux behavior. The accuracy of such methods is
generally governed by the internodal coupling or neutron current

approximation inherent in each method.

A. Conventional Finite Difference Equations

The common finite difference equations used in diffusion
theory can be derived using Taylor series expansion, variational
techniques, or box integration methods about each spatial node. 7
The second-order diffusion term at each node is replaced by three-
point difference equations relating consecutive nodes in each spatial
direction. The resulting band-structured matrix equations exhibit
many advantageous mathematical properties and can be solved with
the use of simple solution algorithms.

The attractiveness of these difference equations is further
enhanced by the fact that, for properly posed problems (including
proper boundary conditions), the approximation can be shown to
converge to the solution of the differential equation as the mesh size
approaches zero. Also, the accuracy of the approximation can be
shown to be in general of order G(h),8 thus error estimates for the
approximation are available. It is for these reasons that these
equations are frequently invoked as ''exact' solutions to diffusion

equation problems. The main disadvantage, however, is that, as the
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number of nodes increases, the amount of labor and cost involved in
order to obtain an accurate solution increases geometrically. A point
of diminishing returns is then quickly reached where further accuracy
is prohibitively expensive. Another disadvantage is that any known
physical insight or a priori detailed flux behavior cannot be used with
this approximation.

A formal derivation of the conventional difference equations is

given in section 2.3 of Chapter 2.

B. Gross Coupling Models

In gross coupling or coarse mesh nodal techniques an attempt
is made to decrease drastically the number of nodes needed for
solution without significantly decreasing solution accuracy. Many such
methods have been proposed by postulating various forms of neutronic
coupling or communication interaction between nodes.

1. Phenomenological Modelg’ 10,11

From a physical viewpoint, the reactor can be divided into
several distinct regions, each represented by a node located some-
where in that region. Equations of balance relating state variables
of interest (average neutron flux, regional power, etc.) can then be
written for each region and between region nodes. Internodal coupling
is governed by a set of coefficients, say pij’ which may account for
the number of neutrons born in region i which appear in region j. A
set of algebraic equations can then be written which describe the

coupled core dynamics of the nodal interactions.
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The principal drawback of such methods lies in the definition of
the interaction parameters pij' Although the describing equations of
the phenomenological model can be directly formulated from diffusion
theory,12 the method of calculating the coefficients pij remains
unclear. However, the physical simplicity of this model has made it
very appealing in coupled kinetics methods development. Much of the
work in this field is based on deriving approximations which reduce

to this simple conceptual model.

2. Effective D/L Coupling13
These methods are very similar to finite difference approxi-

mations in that the structural forms of the resulting difference
equations are identical. In order to compensate for the use of large
internodal mesh spacing, the reactor constants, and the diffusion
coefficients in particular, may be altered so that they correspond in
an average sense to those obtained from a fine mesh calculation, 14
In this way it is hoped that the gross internodal coupling will be suf-
ficiently improved to compensate for the large mesh spacings.

It has been shown that such methods can indeed improve inter-
nodal coupling for large mesh regions; however, the results are

generally not satisfactory since the coupling constants are dependent

in an unpredictable way on changes in the properties of the nodes.

3. Fission Source Coupling15
The assumption that the reactor flux can be separated into
partial region fluxes due to nodal fission sources permits a consistent

derivation of nodal coupled kinetics equations from multigroup
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diffusion theory. Fission modes can be found from detailed flux
solutions which are then used to account for internodal coupling.
This method gives reasonably accurate results for fast and thermal
reactor transients, although the number of nodes necessary to
achieve an accurate solution must increase as the form of the spatial

flux becomes more detailed.

4. Multichannel Coupling16

By partitioning the reactor into regions called channels and
allowing only adjacent channel-to-channel interactions, coupling
coefficients pij can be found which represent the net leakage of
neutrons from channel i into channel j in terms of the corresponding
averaged channel fluxes. The coupling coefficients can be calculated
using diffusion theory or variational techniques which yield the dif-
fusion equations as stationary conditions. This model is appealing in
that it can be shown to reduce to the conventional difference equations
when a regular grid of small channel regions is used.

The above examples of gross coupling models are generally
unsatisfactory because they require the use of average fluxes defined
within large regions of the reactor. More acceptable results are
obtained by utilizing known or a priori detailed spatial flux shapes in
the regions in the approximation method.

1.3.2 Modal Methods’

Modal methods imply an extensive rather than local approximation

to the spatial neutron flux. In general the flux is represented by a

combination of known functions defined over the regions of interest
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with unknown functions as mixing coefficients. Depending upon the
approximation employed, relationships among these coefficients can
be derived which are hopefully simpler to solve than the original

equation.

A. Helmholtz Modes 18

The diffusion equation for a completely homogeneous reactor
formally has an infinite solution set of eigenvalues and corresponding
orthogonal eigenfunctions, called Helmholtz modes, which satisfy the
homogeneous boundary conditions. For the general case of a hetero-
geneous reactor, the spatially dependent flux can be approximated as
a linear combination of these modes. The major difficulty with this
approach is that a large number of modes is required in order to
approximate the solution flux, and thus the appeal for this simplistic

modal approach is quickly lost.

B. Lambda19 and Omega Modes20

Although included in the class of modal approximations, these
methods require the use of known spatial solutions for time-
dependent analysis. Lambda modes belong to the set of detailed flux
solutions of the time-independent diffusion equations which correspond
to different lambda eigenvalues.

A set of detailed flux solutions can also be found from the time-
dependent diffusion equations by allowing the time-dependent flux to be
separable and given in the form ewt. The solutions of the resulting

equations, called w modes, correspond to different omega eigenvalues.
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Both of these methods have successfully been used in the transient

analysis of coupled nodal kinetics,

C. Synthesis Methods®’ 2!

The use of synthesis techniques for the derivation of modal
approximations is the most exciting and fastest growing area of
reactor analysis methods development. This can be attributed to the
fact that all diffusion theory approximation schemes, both modal and
nodal, and those including time dependence, can be ultimately derived
from one single variational principle. Each approximation scheme is
therefore dependent solely upon the form of the trial functions used to
represent the flux, current, and weighting functions (or adjoint
functions) in the synthesis procedure. The outstanding advantage of
the synthesis method is that knowledge of a priori detailed flux
shapes or other physical insights can be incorporated directly into
the approximation method,

1. Multichannel Synthesis22

This method may be viewed as a modal extension of the multi-
channel gross coupling method. Assuming the flux to be separable in
its variables (x,y,z), the number of unknowns can be reduced by
specifying detailed flux shapes in any dimension. A common example
assumes that in each channel, k, of the reactor the flux trial function,
Uk(x,y,z), can be expressed as the product of a known transverse flux,

wk(xgy), with an unknown spatially dependent axial flux, pk(z), as:

Uk(x,y,Z) = pk(z)l//k(X,y) (1.7)
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The specification of the flux in two dimensions reduces the problem to
an approximation involving only one dimension. If, however, the flux

is approximated by a full spatial solution times an unknown constant,
Uk(X,y,z) = Fkll/k(x,y,Z) (1.8)

the method reduces to an approximation similar to the multichannel
nodal method. Figure 1.1 illustrates the resulting flux shape charac-
teristics of such a method for the one-dimensional case.

The major disadvantage of these multichannel synthesis methods
lies in the fact that in general the flux is discontinuous at channel

interfaces. 23,24

Therefore the adjacent channel coupling currents,
which then must be continuous across these interfaces,Jr are defined
in terms of averaged channel fluxes. Although these methods can
produce detailed flux distributions in each channel, their accuracy
appears to be not much better than nodal multichannel methods because A
of the averaged gross neutronic coupling requirements inherent in

these methods. 25

2. Overlapping Multichannel Synthesis 26,27

The interchannel neutronic coupling can be improved by
requiring that the flux trial functions be continuous across channel
interfaces. This can be accomplished by modulating the known
expansion functions, (pk, by piecewise continuous normalized poly-

nomial functions, Py which are nonzero only within coupled channels

TVariational techniques used with diffusion theory in general do
not allow the flux and current to be simultaneously discontinuous.
Further clarification is given in section 2.2 of Chapter 2.



Uk(Z)

/\/\*
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Figure 1.1. Illustration of One-Dimensional
Multichannel Synthesis

Uk(Z)
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Region k

Figure 1.2. Illustration of One-Dimensional
Overlapping Multichannel Synthesis
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of interest, providing the expansion functions are continuous over all
channels for which the corresponding polynomial functions are nonzero.,
Such polynomials are required to be normalized to unity at the coupling
interface and zero along the external boundary of the channels in order
to preserve flux trial function continuity.

In one dimension represented by the continuous variable z and

K mesh regions bounded by the nodes z, where k = 1 to K+1, for

k
example, the simple linear functions
zZ -z
Z _Zk_l zk_ISZS 2y
k k-1
Z -z
k+1
p..(z) - 7z, <z < 7 (1.9)
k Zyi1 T %k k k+1
0 otherwise
satisfy these conditions. The flux can then be approximated as
K
Ulz) = ), F) p (2l (2) (1.10)

k=1
where the set of Fk's are the unknowns of the method. The resulting
flux shape characteristics of this approximation are illustrated in
Figure 1. 2.

Approximations based on this synthesis method are dependent
upon the class of overlapping polynomial functions used as well as the
form of the current trial functions employed. The form of the current
is extremely important in that it specifies the coupling interaction

between regions and in this sense governs the usefulness and accuracy



25

of the approximation. Work performed with this method to date has
used current trial functions of a form similar to those of the flux trial
function. Although the results of these investigations have been
encouraging, such methods do not reduce to more simple known
approximation methods. In addition, the band-structured matrix
equations which arise from the use of such methods do not exhibit
mathematical properties desired of such approximation schemes

and may be difficult and costly to solve.

1.3.3 Modal-Nodal Methods

Approximation methods have also been developed in which the flux
has a known extensive definition, or shape, and the unknowns are local
flux values averaged in accordance with their corresponding extensive
definition. Such modal-nodal methods retain all of the advantages of
modal methods while generally reducing the number of unknowns and
producing matrix equations which have desirable mathematical
properties for numerical approximation and solution,

The finite element method is the best example of a modal-nodal
approximation. Greater accuracy than that of conventional difference
techniques can be obtained by allowing the flux in each region of
interest to be represented as a polynomial which is continuous at
region interfaces. The forms of the flux approximations and the
resulting difference equations which arise from the use of the finite

element method are described in detail in section 2.3 of Chapter 2.
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The purpose of this report is to present an original and consistent
class of modal-nodal coarse mesh approximation methods which retain
given or known detailed flux structure within the regions of interest,
while providing detailed neutronic coupling between adjacent regions.
These methods are consistent in that they are derived from a general
variational principle and are a systematic extension of the finite ele-
ment method as applied to diffusion theory reactor analysis.

For purposes of simplicity, the methods will be developed for the
case of one-dimensional, time-dependent, multigroup diffusion theory,
although it is expected that these methods can be extended to the
general spatially dependent kinetics problem with relative ease.

The remainder of this report is organized as follows. Chapter 2
summarizes the use of variational principles and synthesis techniques
in time-independent diffusion theory. The difference equations of the
finite element methods applied in one dimension are derived using
modal-nodal trial function forms in order to illustrate the use of these
techniques. The forms of the proposed approximation methods are
given in Chapter 3. The resulting finite difference equations are pre-
sented and boundary conditions discussed for approximation methods
involving both linear and cubic Hermite basis functions. The numeri-
cal properties of the resulting matrix equations, as well as their
numerical solution scheme, and useful programming techniques are
discussed in Chapter 4. Chapter 5 presents results of the proposed
methods for four representative one-dimensional PWR configuraticns,
and compares the results with those of coarse mesh finite element
methods. Finally, Chapter 6 presents conclusions and recommendations
as well as comments concerning the possibility of extending the pro-

posed methods to multidimensional geometries.
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Chapter 2

VARIATIONAL DERIVATION OF FINITE DIFFERENCE
APPROXIMATIONS IN TIME-INDEPENDENT
MULTIGROUP DIFFUSION THEORY

The application of variational calculus to the describing equations
of physical systems is perhaps the most general and powerful method
of obtaining approximate solutions in mathematical physics. Vari-
ational methods seek to combine known ''trial functions' into approxi-
mate solutions through the use of a variational functional which charac-
terizes the equations of the system.

Essentially, variational methods consist of first finding a charac-
teristic functional whose first-order variation when set to zero yields
the describing equations of the system as its Euler equations. A
class of trial functions, given in terms of known functions and unknown
coefficients (or functions), is then chosen to approximate the solutions
of the describing equations. These trial functions are then substituted
into the wvariational functional, and its first variation is set to zero.
Allowing arbitrary variations in all of the trial function unknowns
results in a set of relationships among the unknowns. These relation-
ships when solved then yield the "best' obtainable approximate solution
within the space of trial functions given.

Variational methods can be thought of as a class of weighted
residual methods since ”Weighting functions" appear in the functional
and in the equations that result from setting the first variation of the

functional to zero. The weighting functions are determined by the
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form of the functional itself; or equivalently, by the set of Euler
equations selected to describe the system. In non-self adjoint
problems, the adjoint equations are generally included in the set of
Euler equations. The inclusion of corresponding ”adjoint trial
functions' in the functional results in adjoint weighting in the vari-
ation equations and allows greater approximation flexibility of the

variational method,

2.1 Calculus of Variations Applied to Diffusion Theory

The time-independent multigroup diffusion equations as given by

Eqg. 1.3 can be written as

B (2.1a)

1
]I‘I@:’x

where

H=-V.-DV+M-T (2. 1b)

Since the multigroup diffusion equations are not self-adjoint, it is

convenient to introduce the adjoint diffusion equations

she
sk

I[_I>.:¢>I: _ %]B @:g (2. za)

where IH%< and IB>'< are the adjoint operators corresponding to IH and 1B,
respectively, and are defined as:3
eml--v-DY+M-TT (2. 2b)

ot (2.2¢)

Il

H

H

B

since ID and IM are diagonal. & is the group adjoint flux vector, or

importance vector, which must obey the same boundary conditions

as @.28
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The exact solutions &(r) and <I>*(r) of the diffusion equations and
the adjoint diffusion equations can be approximated by flux and adjoint
flux trial functions denoted as U(r) and U*(r) using a variational
functional of the form

>::T
[ U" HUar
_ R
T (2.3)
[ U" BUdr
R

¥4 [U,U*] =

>

where it is assumed that the group-theory flux trial function vectors
Ubk and U as well as the group current vectors ]DEU* and DVU are
everywhere continuous, and that U* and U vanish outside the reactor
region R. Allowing arbitrary trial function variations, denoted by
5U" and 6U, making Errl stationary first with respect to u* and then

with respect to U I'esults29 in the following equations:

>{<T
J sU" " [HU-4 BU] dr = 0 (2.4a)
R

>§:.T 1 >§£T
J (U7 m-3U Blevudr=o0 (2. 4b)
R

The above equations, containing the desired Euler equations, are the
equations upon which the approximation method is based.

A significant characteristic of this approximation form is the
property of exact solution reproduction. Although general choices of
the trial functions U and U* result in approximate eigenvalues which
may differ substantially from the exact solution eigenvalue, the exact
solutions, when chosen within the given class of trial functions, are
yielded as the result of the approximation along with the exact solution

eigenvalue.
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The nature of the above approximation depends solely upon the
forms of the flux trial functions given. Each trial function can be
defined in terms of unknown coefficients (or functions) and known
functions. Independent variation of the unknown coefficients of the
adjoint trial function in Eq. 2.4a will yield the "pest' flux solution
obtainable for that class of flux and adjoint flux trial functions given.
The corresponding "best' adjoint flux solution can be found in an
analogous manner using Eq. 2.4b. These techniques are illustrated
in the next section.

Another functional incorporating the flux and adjoint flux diffusion

equations can be defined as

F,[u*,u] = fR ot [HU - 5 BU] dr (2.5)
Although the forms of the above functionals differ, it can be shown
that both produce the same variation equations, Egs. 2.4, when made
stationary. The form of "JZ and its first variation are much less
complex than the form and first variation of Fl. For these reasons,

functionals of the form of "fz will be used in this report.

2.2 Discontinuous Trial Functions

The addition of discontinuous flux trial functions into the class of
allowable trial functions for use in diffusion theory variational
methods greatly enhances and generalizes the versatility of such

methods, 25

However, special provisions must be made in the approxi-
mation method itself in order that such trial functions can be properly

1 23,24,30 . s .
used, In order to account for the discontinuities in the flux

(and in general also the current) trial functions, it is necessary to
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include special terms specifying continuity conditions directly within
the approximation method. This can be accomplished through the use
of a variational functional whose Euler equations include the P-1
equations and continuity conditions for both flux and current. A
general functional of this type which allows discontinuous flux,

current, and adjoint trial functions can be derived from previous

Wor*kgo’ 31 and is given as follows:
S sk Sk T » ES T -1
FIU,UV V.e.8l= [ {U [V-V+AU]+Y - [VUSD V] Hdr
R
A >§<T :}<T
+ frn-{[U+ e+U. (I-a)](V,-V_)
*T >:<T
+{v, B+V_ (1-B)(U,-U_)}ds (2.6)

where U* , U, Y*, and V are the group flux and group current approxi-
mations to q;k, o, Q*g and J, respectively, and where the first
integral extends over the volume R of the reactor and the second
extends over all interior surfaces T upon which discontinuities are
defined. 1. is the unit vector perpendicular to interior surfaces, and
quantities evaluated on sides of surfaces toward which 7 is pointing
are denoted with the subscript (+). Quantities evaluated on sides of
surfaces from which 7 is pointing are denoted with the subscript (-).
@ and B are in general G X G undefined variable matrices, and I is in
general a G X G unit matrix, which allow a general treatment of the
discontinuities.

The restrictions generally imposed upon trial functions for use

in functionals of this type are the following:
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1. The trial functions must be piecewise continuous.

2. The trial functions U and Y* as well as U>:< and V are not

allowed to be discontinuous at the same point,

b >'<T
3. The components of UT\_f’" and U V normal to the exterior

surface of the reactor must vanish,

Due to restriction 2, the general quantities o and 8 always cancel
and are never used within these approximation methods.

The first variation of # can be found in a straightforward
manner, and can be simplified to the following form which indicates
the desired P-1 and adjoint P-1 equations and the trial function

continuity conditions as Euler equations:

>}<T >:<T _1
s = [ {60 [V-V+AU]+6V - [VU+D V]
R

>:<T >:<T _1 >}<T >}<T
+[-vU" +Vv" D ']-6V+[-V-V  +U A]sU}dr

r.kT :{<T
+frﬁ- {oUu" (v,-V_)+eV  (U,-U)

¥ (Uf—Ui)T 5V +(V'-V)6U}ds (2.7)
In most applications, only approximations to the flux and current
solutions are desired. In such instances variations in only the adjoint
trial functions need be taken. Setting the first variation of ¥ equal to
zero under these conditions and imposing the above trial function
restrictions results in the following variation equation for flux and

current approximations:
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>'<T >:<T _1
[ {eu" [v-v+AU 46V - [YU+D V] }dr
R

~"‘T >‘<T
+ [ a-{su" (V,-V)+6V (U,-U_)}ds =0 (2. 8)
r

The above approximation can also be expressed independently of adjoint

trial functions. If the adjoint trial functions are defined as

= U (2.9a)

vio= -y (2. 9b)

then Eq. 2.8 reduces to the Rayleigh-Ritz Galerkin method, a weighted
residual method based upon flux weighting.

Regardless of the choice of weighting, the variation equations can
be further simplified for those approximation methods which require

the currents to obey explicitly Fick's laws:

Vv = -DVU (2.10a)

v’ = spvU” (2. 10b)

Under these conditions the variation equations for discontinuous flux

and discontinuous current trial functions reduce to

>:<T ;}:T ._1
[{sUu" AU-6V" -D 'V}dr
R

Sk sk T >:<T
+ frﬁ (U -6U,) V+6V (U,-U_)}ds =0 (2.11)

If in addition the flux is required to be everywhere continuous, the

variation equations reduce to the appealing forms

:}:T *T -1
[ {su" AU-sV D 'vidr=o0 (2.12a)
R
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or equivalently
>:<,T sk T
[ {sU" AU+(Y6U) - D(VY U)}dr =0 (2.12b)
R
Variation equations 2. 11 and 2. 12 are the approximation equations

which are used with the finite element methods and the proposed

approximation methods.

9.3 The Finite Element Approximation Methods52+ 33

This section introduces the notation and techniques used in con-
junction with the modal-nodal variational analysis of the finite
element method approximations in one-dimensional multigroup
diffusion theory. These fundamentals are presented in these simple
approximations before applying them to the more general proposed
approximation method in the next chapter.

The one-dimensional problem is defined by the continuous variable
z and divided into K adjoining regions which are in general inhomo-

geneous. KEach region k is bounded by nodes Z) and 21 and has

+1

width hk = 241

variable x within each region k as

" 7y It is convenient to define the dimensionless

< = Z;lzk (2.13a)
k
so that region k can be described in terms of z as
2 S 2SSzt h =2 (2.13b)
or equivalently in terms of x as
0sxs<1 (2.13c)

for each of the regions k, k=1 to K. This notation will be used

throughout this report.
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2.3.1 The Conventional Finite Difference Equations

The conventional nodal flux-averaged, three-point, finite difference
equations of one-dimensional diffusion theory can be derived from
Eq. 2.8 using discontinuous flux and current multigroup column vector

trial functions of the following form:7’ 81

Ulz) = Fy 2y ‘;‘ k- 17 [ 2y 5y )
> <z<3’ : k=1 to K+1.
z1 if k= 1; \,ZK+1 if k=K+1/
U (z) = Fk 0 otherwise
(2.14)
V(z) = Gk
. . zk<z<zk+hk; k=1toK,
Vv (z)=Gk 0 otherwise

The forms of these trial functions are illustrated in Figure 2. 1.
Inserting these trial functions into variation equation 2.8 results

in the equation

L

:kT 2
6F, {[ A Fn

.  dx+G -G}
K 3
+ 2 6F {f Ay Fi by 1dx+f0 A F h dx +G, -G, }
>}<T
0P L), APy dx+ G,y G}
2
T
+Z 6G, {le G h, dx+F,  -F } =0 (2.15)

k=1

TShif’ting the domain of definition of the trial functions results in

other approximation schemes with equivalently averaged nuclear
constants.
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Region k

k-1 “k Zk+1

Figure 2.1. Conventional Nodal Finite Difference
Approximation Trial Function Forms
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Independent variation of all Fk and Gk then results in a system of
2K+1 equations and 2K+3 unknowns (including G, and Gy, ;). The
choice of boundary conditions supplies the missing equations. Zero
flux boundary conditions can be imposed by setting Fl = FK+1 =0,
which also requires 6F1 = 6FK+1

GK+1’ and results in a system of 2K-1 equations and 2K-1 unknowns.

= 0 thereby eliminating GO and

Symmetry boundary conditions can be imposed on the left by G0 = -G1

and on the right by G -GK, resulting in a system of 2K+1 equations

K+1
and 2K+1 unknowns.
Elimination of all Gk’ k=1 to K, results in the standard three-

point difference equations

blF1 + 01F2 =0 (2.16a)
aka +bka+ck Kl - 0; k=2toK (2.16Db)
F_+Db F =0 (2.16¢)

qK+1"K K+17 K+1

where Eqgs. 2.16a and 2. 16c are used for the cases of symmetry
boundary conditions. The G X G matrix coefficients {ak, K’ k} are
of the form A - %— B and are defined assuming homogeneous regional
nuclear constants in section 1 of Appendix B. The matrix form of
Fqgs. 2.16 for the use of zero flux boundary conditions on the left and

symmetry on the right is illustrated in Figure 2. 2.

2.3.2 Multichannel Polynomial Synthesis
The one-dimensional neutron flux c1>k(z) defined as nonzero only
within each region k for each region (k=1 to K) can be approximated

within each region as a polynomial of order N by the power series



NN
NN

aK+1BK+1

e

J—

CK+1

Figure 2.2. Matrix Form of the Conventional Finite Difference Equations.

Boundary gonditions chosen are zero flux on the left and
symmetry on the right.

+ b, F,. + ¢

ap Fry k
ap41 Fi
where: bk = Bk -

8¢
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N
(N),_y . ¥ i :
Uy (z) = 1%'0 a g (2.17)

where the distinction between z and x is understood since 0 < x < 1
within each region k. Such approximations are not useful in diffusion
theory because: (1) the resulting matrix equations relating the ay i's
contain full matrices similar to Hibert matrices which may be very
difficult to solve; and (2) such matrices are almost always highly
singular and may produce numerical instabilities in the solution

method. These difficulties can be eliminated by employing poly-

nomials in the trial functions in the following form:

N
vV s ) Nwr (2.18)
. 1 1
i=0 k+ﬁ

(N)(

; x) are polynomials in x of degree N. This form is

gN)
1

where the p

convenient because for a particular selection of the p,  '(x) the

unknowns F . can be defined as the approximate flux solution evalu-

k+N_
ated at points z, + ﬁ within region k. For high order approximations,

1 >0, the flux can be made continuous by imposing the following

(N)(X):

restrictions on p;

1 =1
o) (%) E for £=01to N (2.19)
! 0 4#i

The specific polynomial flux approximations of this form through

degree N=3 are given below:

Uf{O)(x) = Fk (2.20a)
U(l)(x) = (1-x)F, + xF (2. 20b)
k k k+1 :
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Uf{z)(x) = (1—3x+2x2)Fk+(4x—4x2)Fk+%+(—x+2x2)Fk+1 (2.20¢)
(3) =(_ll 2 9.3 45 27 3
U (0) = (1-42 x+9x 2X)Fk+(9X 5 x )F
9 2 27 3 9 2. 9.3
+(—2—x+18x ——Q—X)Fk+2+(x §x +§x )Fk+1
3
(2.20d)

An immediate drawback of these approximations lies in the defi-
nitions of the corresponding current trial functions. Given a flux
polynomial approximation of degree N, polynomial approximations for
the current can be of order zero through N, and may even be of higher
order than the flux approximation. Each set of chosen trial function
pairs ultimately results in a characteristic complex band-structured
matrix problem which may or may not have desirable numerical
solution properties and is usually very difficult to solve.

Such problems can be eliminated by noting that the use of vari-
ational analysis attempts to force the current approximation to obey
Fick's law. The obvious solution is direct use of Fick's law in the
trial function forms

d

Vk(z) = —]Dk(z) I

Uk(z) (2.21)

which results in simple band-structured matrix equations relating
only flux unknowns. The use of current polynomial approximations
of order N-1 as given in Eqs. 2. 20 with flux approximations of order
N, however, does not improve the situation.

The accuracy of these difference equations can be found first by
eliminating all non-integer subscripted unknowns, then expanding

the resulting three-point difference equations in a Taylor series about
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node k, and comparing results to the exact three-point difference

7,35 By comparison of

solution known for the one-dimensional case.
terms containing equal powers of hk’ it can be shown that the N=1 and
N=2 polynomial approximations are accurate to order 6(h2) while the
N=3 approximation is accurate to order 9(113).

The approximation of a function by a polynomial of order N leads
immediately to the concept of basis functions. The N+1 polynomial
functions which multiply the N+1 unknowns in Eq. 2. 18 form a basis
for the approximation and can be called basis functions. The sim-
plicity of basis functions becomes apparent in an error analysis of

the approximation as follows, An approximate solution U(N)(z) of

order N to the exact one-dimensional solution &(z) can be expressed

as
K
tNiz) = ) ez oMz (2. 22a)
k=1
where Q{{N)(Z) is a basis function of order N centered about node z, .

By Taylor series expansion about any node, it can be shown36 that

if @, (z) satisfies:

K fo
AN Q{{N)(z) - (hi) for lal <N (2.22b)
k=1 k

then U(N)(z) is an approximation to &(z) accurate to order 9(hllj+1 ).

Basis functions found using Egs. 2. 22 are unique for each N and
generally extend over surrounding regions. The forms of the basis
functions for N < 3 are summarized below and illustrated in Figure 2. 3.
Since the following basis functions are symmetric, only the right half,

z = Zy s is expressly given.



42

1 z sZ<zk+—§—h

{
N = 0: Qf{m(z) = k ¥ (2.23a)
0] otherwise
(1) (150 2 S 2S 7y
N=1: (z) = § (2. 23b)
L 0 otherwise
(3 2 < 7z < L
z X 2y Z Zq + 2hk
N=2: @)= l(ﬁ—x)z 2z +ih <z<z (2.23¢)
: k 2 \2 k 27k YT %k+1 '
1/1_\2 1
§(§ X) T4l S 2SS Zpqq by,
0 otherwise
[ (B0-saxPasx®) g <a<g
36 k k+1
N=3: (3)(2) = E"—-1—(4 24x+30x —llx ) z € z < 7 (2.23d)
‘ 36 k+1 k+2 :
1 < <
36( 1+3x- 3X +x ) 2149 S 2 7.3
0 otherwise

where 0 € x < 1 within each region k in the above cases.

Use of these basis functions results in approximate solutions
which are continuous for N = 1 and whose derivatives dU(N)(z)/dz
through dN_ lU(N)(z)/dzN—1 are also continuous. In high order
approximations in diffusion theory, it is advantageous to retain flux
and current continuity and employ basis functions defined over two
adjacent regions in order to produce three-point difference equations.

This can be accomplished in the N=3 approximations with the cubic

Hermite basis functions.



1
(0), .
Qk (z):
) |
] {
“k-1 “k Zk+1
4- 1
(1), ..
Qk (z):
I
“k-1 “x “k+1
+ 1
3
(2), .. 4
Qk (z): 1
l 3 1 ) 2 l
i T i | | [ \ |
Zk-9 -1 2y “k+1 Zk+2
6
(3), \.
Qk (z):
| 1 1 I
“%-3 “)-2 k-1 % Zk+1 Zk+2 2143

Figure 2.3. Basis Functions of Eqs. 2.23
for N = 0, 1, 2, and 3
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The above cubic basis function Qi{g)(z) can be constructed from a

combination of either cubic B splines,

H

H

nomials, (z) and Q (z) as follows: 5
(3)(> tal () +2aB -1l ()
where:
2 (z) = 2 Qfl(z) + g QE+1(Z) -3 fol(‘z)

QB(Z), or cubic Hermite poly-

(2.24)

(2.25)

The forms of these cubic B and Hermite polynomials are given below

and illustrated in Figures 2.5 and 2. 6.

Again, only the right half of

the functions are expressly given as QE and Qk ! are symmetric,

H

while Qk

where again 0 <

is antisymmetric.

k k+1
Zg+1 S 2 S Piao
otherwise

<z <
Zk Z Zk+1

otherwise

SEVAES 4

k

otherwise

z k+1

x < 1 in each region k.

(2.26)

(2.27a)

(2.27Db)

The fact that the cubic Hermite polynomials form a basis for the cubic

basis functions and extend over only two adjacent regions makes them

very attractive for use in diffusion theory approximation methods.



QE(Z):

- 1
2
3
i | | |
1 | ] I
“k-2 “1-1 %) Zk+1 21 +9

Figure 2.4, Cubic B Spline QE(z) of Eq. 2.26

Figure 2.5, Cubic Hermite Basis Functions

Hl H2
Q. (z) and Q. (z) of Egs. 2.27
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2.3.3 The Linear Basis Function Approximation
The group flux trial functions defined as nonzero within each
region k can be expressed in modal-nodal form in terms of linear

basis functions as

Uk(z) = (1-X)Fk +xF (2.28a)

k+1
; k=110 K,

et (2.28Db)

Uk(z) = (1—X)]5‘k +xF

where F, is the approximate group flux column vector at node 71 and

k
0 € x < 1 with each region k. Although the flux trial functions are
continuous, the current trial functions defined within each region by

Eqgs. 2.10 are not, and are given by

v, (2) = i D, () [F -F ] (2.28¢)
; k=1toK,
sk _ 1 b Sk
v, (2) = E; ]]Dk(x)[Fk+1—Fk] (2.28d)

Insertion of these trial function forms into variation equation

2.12a results in the equation

K 1
\ / _ Sk sk T _
L Jamsmexery 1T AL [A-0F
xR b3 T 1 ~
tloF-el g, 5 ]Dk(X)[Fk"FkH]} dx = 0 (2.29)
h
k

k

equations and K+1 unknowns which can be written as:

Allowing arbitrary variations in all F, results in a system of K+1

by +e Fy =0 (2.30a)
Fg +b =0 (2.30¢)

ax+1Fk TPk P41
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where the G X G matrix coefficients {ak,bk,ck} are of the form
A - —>1:B and are defined assuming homogeneous regional nuclear
constants in section 2 of Appendix B. Zero flux boundary conditions

can be imposed by use of only Eq. 2.30b with Fl = FK 1 0, while

+

symmetry boundary conditions require the use of the other equations

as well., The matrix form of these equations for the boundary

conditions of zero flux on the left and symmetry on the right is given

in Figure 2. 6.

2.3.4 The Cubic Hermite Basis Function ApproximationSS’ 39
The cubic Hermite polynomials can be incorporated into modal-

nodal flux trial functions which allow continuous flux and continuous

current by defining the flux trial functions within each region k as

e au2.5.3 2 .3
Uk(z) = (1-3x"+2x )Fk + (3x“-2x )Fk+1
2 3, 6 -1 2 3, 6 -1
+(-x+2x7-x% )H]; ]Dk (X)Gk+(X -x )q]Dk (X)Gk+1 (2.31a)
sk _ B 2 3 e 2— 3 3¢
Uk(z) = (1-3x"+2x )Fk + (3x7-2x )Fk+1
o.2..30.6 -1k 2 309 -1 %
+ (-x+2x°-x )h ]Dk (X)Gk+ (x“-x )h IDk (X)Gk+1 (2.31b)

k k

where k = 1 to K,
Fk is again the approximate group flux solution vector at node 21

and G, is proportional to the approximate group current solution

k

vector at node 2y, - Application of Fick's law defines the current

trial functions for each k as



-B-z— Y2 ]
NN
o B vy
NN
| C’K+15K_J_r_1_‘
Figure 2.6.

Eqgs.

where: a, =
k

by

>I= Zl= Pl

k

2 to K+1,

® K+1K+1 ]|

Matrix Form of the Linear Finite Element Method Approximation.
2.35 for the case of zero flux on the left and symmetry

boundary conditions on the right.

8%
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1
hy

V,(2) = 2= D, ()(6x-6x") [F) | -F

k+1 k]

2)9G (2.31c)

2 _
+ (1-4x+3x )OGrk + (-2x+3x ohl

& 2 Sk ES
Vi (z) = Hi— D, (x)(6x-6x ) F _Fk+1]

K1 (2.31d)

+ (-1+4x—3x2)0G; + (2x—3x2)9G

Continuity of flux and current are automatically guaranteed since

U0) = Uy by _4)=Fy
U (0) =Ty _y(hy_y) = Fy
(2.32)
v, .(0) = Vi _q(hy ) = 6Gy
V*(O) _ V>:: (h ) _ —QG*T
kT Yk-1Vk-17 k

The normalization constant 6 is introduced in order to produce stiff-
ness matrices having small condition numbers and can be chosen

such that 1.

__9_ ~
D, (0)
Insertion of these trial function forms into variation equation

2.12a results in a lengthy equation which can be written as follows:

1-Such a choice of —Gi; allows the matrix of coefficients to be
positive definite. Cf., Chapter 4.
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LT

6F, {b1 F +b2 G, +cl F,+c2,G,}
:::T

G, {b3 F +b4 G +c3,F +cd Gy}

T

6F, {al F, _,+a2, G, _ +b1 F

a2 +b2, G, +cl, F, . +c2, G

k k7k "7k k+1 k k+1}

T

8G, {a3, F, _,+a4, G, _ +b3

1B F, +b4 G, +c3, F, +c4 G

k k 7"k k+1 k k+1}

T
. +a2 G, tb1l b2

6F i alp 1 Frta2y Gretblp  Fre 1 #02 Gy b

T

Gy {ady  Frrady, G +b3

K+1 T k4K 41O P31 Fra TP

g+1CK+11 = O
(2.33)
where the G X G matrix coefficients {al, ce s c4} are of the form
1

A - 5% B and are defined assuming homogeneous regional nuclear

constants in section 3 of Appendix B.

The choice of either zero flux, Fk= 0 as well as 6F:;= 0, or zero
current, Gk= 0 as well as 6Gi:= 0, boundary conditions for k=1 or
K +1 along with arbitrary variations of the remaining Fk and Gk
results in a system of 2K equations and 2K unknowns. Figure 2.7
illustrates the matrix form of such a system for the case of zero flux
on the left and zero current on the right boundary conditions.

The basis functions and approximation techniques presented in
this section are applied to the proposed approximation methods in the
next chapter. Also, various techniques for treating zero flux and
symmetry boundary conditions are discussed. The matrix properties

of the equations resulting from the above finite element approximations

and their solution methods are discussed in Chapter 4.
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c41 G1
b22 cl2 c22 F2
b42 c32 c42 G2

alk a2k blk b2k clk c2k Fk B
aBk a4k b3k b4k c3k c4k Gk )
o ’ \'1
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alK' aZK blK. sz; CIK. ZFK
aSK a4K bSK b4K 03K GK
al a2 b1K+1. jEK+lJ

K+17"K+1

Matrix Form of the Cubic Hermite Finite Element Method Approximation.

Eqgs. 2.39 for the case of zero flux on the left and symmetry boundary
conditions on the right.

where: an, = an, - 1 6n,’
’ k k X 'k n =1 to 4;
- 21
bnk = Bnk T €Ny and
on = Sl k = 1 to K+1,
D = M T X Sk

16
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Chapter 3

DEVELOPMENT OF A CONSISTENT COARSE MESH
APPROXIMATION METHOD

3.1 Formulation

32,33 to approximate

The finite element methods have been shown
accurately flux solutions and criticality measurements of multigroup
diffusion theory when applied to problems allowing homogeneous
nuclear material within the mesh regions. Use of such homogeneous
material, while simplifying the calculation of the matrix elements
(since numerical integrations are not required), may result in limiting
the region mesh sizes allowed unless some type of homogenization
procedure is used. If the mesh spacing is chosen such that some or
all mesh regions are heterogeneous, then direct application of the
variational techniques given in Chapter 2 results in weight averaging
the nuclear constants with products of the basis functions and their
derivatives, as given by the approximation. Although such a pro-
cedure is a direct application of the finite element technique, the
accuracy of such methods depends upon the placement of the mesh
regions and may vary significantly as their placement is altered.

A more useful homogenization procedure which is commonly used
in reactor diffusion theory analysis allows the nuclear material within
each mesh region to be homogenized by flux weighting with an assumed
flux shape determined a priori within that region in order (hopefully)

to preserve reaction rates.
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In large reactors the core can be thought of as composed of a
lattice of heterogeneous fuel subassemblies containing fuel, clad,
coolant channels, and/or absorption control rods. KEach subassembly
can be divided into several distinct homogeneous regions whose few-
group microcell macroscopic nuclear constants are found by multi-
group energy-dependent calculations. 40 Detailed subassembly
solutions, (l/k(r), are then found for each subassembly k by assuming
that the current on the boundary of the subassemblies is zero. Flux
weighting the nuclear material in each subassembly with the corre-
sponding detailed subassembly solution for each subassembly region
then results in regional homogeneous nuclear constants ( Ek> which

may better approximate the physics of the region.

fk wk(r)Ek(r) dr
(3.1)

¢, (r)d
J e

(Zy) =
Proper use of detailed flux weighted constants can lead to accu-
rate criticality measurements, but the detailed a priori fine flux
structure within each region is lost since it appears only in cross-
section homogenization and not in the approximation. Attempts to
retain the fine flux structure have only recently been proposed in
several multichannel synthesis approximations. 27,41,42,43
Unfortunately, each of these approximations are approximations in
themselves and do not reduce to desirable approximations if the

detailed flux solutions are themselves constant, as would be the case

in large homogeneous regions.
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Just as the discontinuous multichannel synthesis approximation
method can be shown to reduce to low order difference equations
(of the type which could result using the finite element method with
constant or flat basis functions) when constant trial functions are
used, approximation methods are presented below which retain the
given detailed flux structure and also reduce to the higher order
finite element approximations. The use of linear or cubic Hermite
basis functions in the approximation provides flux continuity and
results in better approximation accuracy.

The approximations are presented and discussed for the case of
one-dimensional, multigroup diffusion theory. Extension to higher
dimensions remains a problem that will require some further study.
The approximations which are the linear basis functions are con-
sidered in the next section, while the approximations using the cubic

Hermite basis functions are considered in section 3. 3.

3.2 The Proposed Linear Basis Function Approximations

The proposed approximation method utilizing linear basis
functions and defined as nonzero within each mesh region k, k=1

to K, is given by the following modal-nodal trial function forms:

Uy (2) = ¢, () [ 9 (0)(1-)F +¢ " (Dx F ] (3. 2a)
ic Sk Sk - 1 £ >k -1 S
U (z) = ¢, () [ (0)1-x)F +y, ()xF, ] (3.2b)

Vi (z) = n (x) [ l//];l(O)(l—x)Fk+ 901;1(1) xFy 4 ]

1 -1 -1
+H;]Dk(x)d/k(x)[t//k (O)Fk— Vi (1)Fk+1] (3.2c)
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b IS s 1 E >:<_1 ok
Vi (z) = nk(x)[(l/k (ON1-3)F) +¢y (1)ka+1]
1 P s 1 B NS 1 sk
+§Dk(xwk(x”‘”k (DF, - (0F, ] (3.2d)
where:
X = (z—zk)/hk (3.2e)
and 0 s x< 1, as 2, S 2SS 2y 09 for each region k = 1 to K.

Fk is the unknown approximate group flux column vector at
node Z1cs and z//k, d/k, nk, and n, are G X G diagonal matrices composed
of the detailed group flux ¢g k(z) and group current ng k(z) solutions,
and their adjoints, defined as nonzero only within region k., Because
of the variable transformation between z and x, wk(O) represents
(//k(zk), and wk(l) represents lpk(zkﬂ); neither of which, for the
moment, is allowed to be zero for any region. The detailed current

solutions are given from the detailed flux solutions by Fick's law as

d(//k(Z)
nk(z) = —]Dk(z) Iz (3.3a)
ap,(2)
m(z) = +D, (z) —3 (3. 3Db)

As a result, the current trial functions are related to the flux trial
functions by analogous expressions.
Continuity of the flux is imposed by the form of the trial functions
since
Uk(O) =U

h =F (3.4a)

k—l( k—l) k

- (3. 4b)

U (0) = Uy g0y _4) = Fy

The current trial functions, however, are discontinuous. It is evident
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by comparison to Eqgs. 2.28, that this approximation reduces to the

linear basis function finite element method if the detailed flux solutions

for each group are taken to be constant.

Insertion of these trial function forms in Eq. 2.12a results in the

following variation equation:
K 1 ( :}:T >:<T_1 *T
WA 1 G O AU ()

71 T

tup Gy (Dx6F, AU, ()

[ >:<T >;:T-1 T ‘>:<T-1 T
+ Lnk (X)(//k (0)(1-x) - k]D (X)([/k <x)¢k (0) 6Fk 1D (X)V (x)
- \
Sk T >:<T B 1 1 3 T sk T ) 1 T S
+ Lnk (x)ll/k (1)X+B£ ]Dk(x)wk (x)wk (1) ID (X)V (x) dx=0
(3.5)
This equation can be written in the form
>"T
SF [b1F1+c1F2]
K LT
+ ) OF [ayF)  4b Fi 4o Fy ]
k=2
1>2<T
0Py lag  Frtbr Freg] = 0 (3.6)

where the G X G matrix coefficients {a k’ k} are integral quantities

of the form A - X B and are defined in detail in section 1 of Appendix C,
External zero flux boundary conditions are easily imposed by

setting F1 = FK+1 = 0. This requires that F1 and Fk—H must then also

be zero, which in turn requires the 6F1 and 6F;<<+1 coefficients in
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kqgs. 3.5 and 3.6 to vanish. Allowing independent variations in the
remaining Fk’ k = 2 to K, results in a matrix problem of the form
illustrated in Figure 2.6 which would contain K-1 equations and K-1
unknowns.

Zero current boundary equations are found using symmetry
considerations. If, for example, a zero current or symmetry

boundary condition is imposed on the right at z then a "boundary

K+1°
condition equation' can be derived by assuming a pseudo-region

k = K+1 of width hK having mirror image properties of region K about
741 with corresponding symmetric flux and antisymmetric current
properties of the detailed flux and current solutions. These properties

in pseudo-region K+1 can be related to properties of region K as a

function of x in each region as

Dy 41 (6) = D (1-%) (3. 72)
Dy (0 = A (1-x) (3.7b)
and
Uppq(0) = Up(1-%) (3. 8a)
Upy, () = Ug(1-%) (3. 8D)
VK+1(X) = -VK(I-X) (3.8c)
Vipq () = ~Vie(1-x) (3. 84)

The addition of pseudo-region K+1 to the summation in Eq. 3.5 results
in the calculation of coefficients K1 and bK+1 in Eq. 3.6. Detailed
definitions of the G X G zero current coefficient matrices bl’ cys

Ay and bK+1’ all of which vanish for the case of zero flux boundary

conditions, are also given in Appendix C.1. If symmetry is imposed
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on both sides of the problem, independent variations in Fk fork =1
to K+ 1 result in a matrix problem of K+1 equations and K+1 unknowns
of similar form as illustrated in Figure 2. 6.

Other boundary conditions may be imposed on the approximation,
including albedo and reflector boundary conditions, which specify the
flux to current ratio at the boundaries. Such conditions will always
lead to a variation equation of the form of Eq. 3.6, where in general
the matrix coefficients ay, b2’ bK’ and Ck as well as the boundary

coefficients bl’ and b +1 will have modified definitions.

€17 AK+1 K

A serious drawback of the approximation given by Eqgs. 3.2 is
that it does not allow the use of detailed flux solutions containing
explicit zero flux boundary conditions. For this reason the exact
solution, wk(z) = cpk(z) for all k, is excluded from the class of admis-
sible trial function forms. However, such detailed solutions can be
allowed by modifying the trial function forms in the boundary regions.
If a detailed solution wl(z) is given in the first region with the zero

flux condition ¢,(z.) = 0, for example, the trial functions of Eqgs. 3.2
1'%1 d

could be modified for region k=1 as

U, (2) = gol(x)go;lmFZ (3.9a)
sk K >:<_1 .

U () =y (x)y; (DF, (3.9Db)

V()= =y () F, (3.9¢)
Sk Sk >)<_1 Sk

Viz) =0y (DF, (3.9d)

In this way, the imposed zero flux boundary condition is explicitly

given by wl(z) rather than in the form of the trial function. Similar
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trial functions can be given for an explicit zero flux boundary condition
in the last region, k=K.

The use of these special trial functions in the boundary regions
alters the definitions of the matrix coefficients b2 and bK as given in
Eq. 3.6. Detailed definitions of these coefficients when these special
trial functions are used are also included in Appendix C.

Regardless of the types of boundary conditions imposed, Eqg. 3.6

results in an N X N matrix problem of the form

AF:XIBF (3.10)

where A and IB are independent of A. The order N of the matrix
equations is dependent upon the chosen boundary conditions, and is

given for various choices in Table 3. 1.

Table 3.1. Matrix Order N of the Proposed Linear Basis
Function Approximations as a Function of the
Imposed Boundary Conditions.

1 — Explicit or Implicit Zero Flux
2 — Symmetry

Boundary Condition Type Matrix Order
on Left on Right N
1 1 G X (K-1)
1 2 G XK
2 1 G XK

2 2 G X (K+1)
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3.3 The Proposed Cubic Hermite Basis Function Approximation

The proposed modal-nodal approximation method utilizing the

cubic Hermite polynomials

pl(X) =1 - 3x2 + 2X3

pz(x) = 3X2 - 23

(3.11)
p3(X) = ox + 2x2 - x5
_ .2 .3
p4(x) = x X
and their negative derivatives
_ 2
ql(x) = 6x - 6%
_ 2
q2(X) = -6x + 6%
(3.12)

q3(x) =1-4x + 3x2

q4(x) = _2x + 3x°

and defined as nonzero only within each mesh region k, is given by
the below regional trial function forms. Fk and Gk are again the
unknown group column approximate flux and current solutions at Zy
respectively, and the remaining symbols have been previously
defined. As in the cubic Hermite finite element method described
in section 2. 3.4 of Chapter 2, 6 is an optional normalization

parameter.
U (2) = 0 [0y (0)p )F + (Dpy()Fy

+1, 0D 10y (0)p, ()G, +hy 6D, 1)y H(1p, ()G, ]

(3.13a)



UI;(Z) =

Vk(z) =

V;;(z) =

3 S -1 K sk -1 sk
v ) [y (0 p (D F+g (D Py F)

- ‘>§<_1 F3 — >l<_1 sk
+h, 0D 0N, (0) py(x)Gy+hy 61D, (1), (1)p, ()G ]

m 60 [971(0) py () T+ (1) py () F

+h 01D 1(0); (0) py(x)Gy +h oD, (1) @1 (1)p,(x) Gy, ;]

k
+ D, ()¢, () [ ¢710) g, ()F, += (1) g0 (x)F

k k hk k 1 k hk k 2 k+1
+ eﬂa"kl(o)wl"{l(o) q3<x)Gk+ G]D_kl(l) w;{l(l) q4(X)Gk+l ]

b >}<_1 >k ::<_1 Sk
m () [¢, (0)p ()F, +yy (1) py(x)F ),

-1 _1 sk

+h, D1 (0) Uy (0)p, ()G +hy 6D (1) 4y (1)p, ()G, ]

Sk >}<_]' B >;<_1 b
- DﬁX”’k‘X’[i Ve <0)q1<x>Fk+§-}; v (D) a,(0F)

- >:<_1 b3 = :{c—l b
+91Dk1(0)<pk (O)qS(X)Gk+6]D£(1)(//k (1) q, ()G, ;]
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(3.13Db)

(3.13c)

(3.13d)

Again, for the moment, t//k(O) and (//k(l) and their adjoints are not al-

lowed to be zero in any region,

The forms of these trial functions impose both flux and current

continuity since:

Uz ) = Uy (2 ¥hy )= By

Up(z) = Uy (2 4 +hy )= F)
Vizy) = V4 (zy gty 1) = Gy
Vk(zk) = Vk-l(zk—1+hk—1) = -G,

(3.14a)

(3.14b)

(3.14c)

(3.14d)
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where it is assumed that at region mesh points the detailed current

solutions are zero:

nk(zk) = nk(zk+hk) =0 (3.15a)

n(z,) = m (2, +h,) = 0 (3. 15b)
for all regions k=1 to K,

Also, by comparison to Eqs. 2.31, it is evident that this approxi-
mation reduces to the cubic Hermite finite element method when the
wk‘s are constant, and the nk's are correspondingly zero.

The insertion of the above trial function forms into variation
equation 2. 12a results in a lengthy equation which can be simplified
to the following form:

A
6F [b11F1+b21G1+c11F2+c21G2]
A

+ 6G"1‘ [b3,F +b4,G, +c3 Fo+cd G, |

+a2, G, _,+bl F| +b2, G, +cl, F,  +c2, G, .|

(a1 F)_;+a2) Gy _(+b1) F) +D2) G, +el, F . +c2, Gy o

+
AR
o
ey

~

T
K [a3ka 1724, Gy 1+b3ka+b4ka+c3ka 1Hed Gy +1]

‘>‘<T
ko1 [8lg o Ftai  Getblp  Fro #b2p (G |
>‘<T

+ 6GK+1[

+6G
+ 6F

31 PRk 1GR3k Frop P4 Gy 1 = 0

(3.16)

where the detailed definitions of the twelve integral G X G matrix

coefficients {al ,c4k} of the form A - %B for all k are given

k: o

in section 2 of Appendix C.



63

Boundary conditions for either zero flux or symmetry are easily
imposed by setting either Fk or Gk, respectively, to zero with k=1
for the conditions on the left at z, or k=K +1 for conditions on the right

at zp The corresponding variations for k=1 and k=K +1 then

+1°

i,

vanish. Allowing arbitrary variations in the remaining Fk and Gk n
Eq. 3.16 results in a system of 2K G X G matrix equations relating
2K G column vector unknowns, as illustrated in Figure 2. 7.

Explicit zero flux boundary conditions imposed by (//1(21) =0 or
wK(ZK+1) = 0 can be incorporated into the approximation by modifying
the trial function definitions in the boundary regions. The modified

flux trial functions in the first region, for example, are

U () = vy (0[Y DF y+h 01 (0007 (0)p 4 ()G, +h DT (1w (1)p, (x)G, )

Sk sk >§<_1 sk - >:<_1 sk - ;:<_1 Sk
L) = 9 Gl W) (DF y+h, 0D (0] (0)p,(x)G ) +h, 6D (1)) (1)p,(x)G,]

(3.17)

where the current trial functions are again given by Fick's laws. Use
of modified trial function forms of this type in the boundary regions
results in 2K equations with different definitions of c313 a22, b12,
b22‘9 and b32 as well as blK, b2K, C2K’ and a3K+1, which are also
included in Appendix C,

Other boundary condition restrictions may be imposed on this
approximation, but the matrix form of the resulting difference

equations will remain unchanged. Only the coefficients defined for

k=1,2,K, and K+1 will in general be altered.
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The matrix equations resulting from this approximation can always

be written as

AF = SBF (3.18)

=

where A and IB are (G X 2K) by (G X 2K) matrices, independent of X,
and F is the G X K column vector of unknowns containing both Fk and
Gk column vectors for each k. The matrix properties and solution
methods of the matrix equations derived in these proposed approxi-

mation methods are discussed in the next chapter.
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Chapter 4

NUMERICAL SOLUTION TECHNIQUES

The matrix properties of the difference equations resulting from
both the proposed approximations and the finite element methods in
one dimension, as well as the solution schemes used to solve these
equations, are summarized in the following section. Various calcu-
lational and programming techniques used in conjunction with these
approximation methods and their solution schemes are presented and

discussed in section 4. 2.

4.1 Solution Methods and Matrix Properties

The matrix equations which result from the approximations given

in this report are of the form

AF =

BF (4.1)

>

and are solved using the fission source power iteration method without

7,44

fission source renormalization, The method of solution is illus-

trated schematically in Figure 4.1. Other definitions of the iteration

(1) 45

eigenvalue \'"° can be found elsewhere,

Figure 4.1 illustrates that an outer iteration solution scheme?b is
used, and that the geometry and nuclear properties of the reactor are
not altered. Since the fission source is not normalized by the iteration
eigenvalue during the iterations, X(i) converges to the effective multi-
plication factor, keff’ of the problem. Had fission source renormal-

ization been included, by __S_(i)= ]Bg(i)/x<i'1) for example, then )\(1)
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e r— ] = ] 4] Outer Iteration

f‘(ﬁl) = A_l §_(i) Matrix Inversion

~(i+1) )

w_ (LBE
(1)
(1, B F)
S(i) _ %E(Hl) _ E(i)

RO - L) ()

ST Q) |
No lg° | < Tol. € Yes
\l )\(1)_>\(1—1)| < Tol. €,

Convergence

Figure 4.1. Solution of A F = % IB F Using the Fission Source
Power Iteration Method Without Fission Source

Renormalization.
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would converge to unity. The keff of the problem would then be simply
the product of all of the iteration eigenvalues. 46,47, 48

The matrix inversions required within the iteration scheme were
performed directly. Although overrelaxation methods are usually
employed only in iterative matrix inversion schemes (or inner
iterations),49 an overrelaxation parameter w, 1 € w < 2, is available
in the outer iteration in order to hasten the convergence of the solution
vector,

The power method is very appealing to neutron diffusion flux cal-
culations because it converges to the largest or fundamental eigenvalue
IN 1> I)\il , i# 0, and the corresponding eigenvector F  of the given
matrix problem. The convergence rate is governed by the dominance
ratio, defined as irr;asc |>\i/>\0| , in such a way that smaller ratios result
in faster convergence. Although the power method will always converge
when )\o is positive and unique, specific matrix properties of A and IB
are sufficient but not always necessary to insure convergence to a posi-
tive keff and everywhere positive neutron flux approximation.

In many problems the order of A may be quite large, and solution
methods which require the direct inversion of A may not be practical.
For the purposes of this report, as in most multigroup calculational
schemes, neutron up-scattering will not be permitted. The inversion
of A is then performed by successive group-iteration techniques.

The equations given in Eq. 4.1 have been defined as ordered first
by spatial indexing followed by group indexing within each spatial index.

It is convenient to reorder these equations so that they are ordered

first by group indexing followed by spatial indexing within each group.
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After reordering, Eq. 4.1 can be written as

(IL+M)F = TF ++ BE (4.2a)

where

A=IL+IM-T (4. 2b)

and: IL, the stiffness matrix, results from leakage; IM, the mass
matrix, results from absorption; T is the group-to-group scattering
transfer matrix; and IB is the fission source production matrix.
Assuming K spatial unknowns in each of the G groups, IL and IM are
G X K block diagonal matrices composed of G KXK matrices ILg and

]Mg of the form

]L=Diag[1L1,...,ILG] (4.3a)
]1\/I=Diag[]1V[1,...,lMG] (4.3Db)
and T and IB are in general full block matrices composed of G2 KXK

matrices ng, and Ing, , respectively. Since only downscattering is
permitted, T becomes lower block triangular; T __, = 0 whenever

g’ 2 g. The matrix inversion, F , can then be solved

for the GK unknowns
g+ _ Col[?f(lﬁl) Egﬂ)] (4. 4)

by solving successively the following system of group equations:

G

(i) _ (k)
s\t = T ,+B F
=g ,Z': ( gg' gg')—g’
g'=1
i+1; g'< g
where: k = (4.5)
i; g >¢g

[_Do for g=1 to G:
i
I
|
|
|
I
|
|

L —8 g g 8
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where the updating of the group fission source by the iteration index
k= 1i+1 for g’ < g generally enables a faster rate of convergence of
the outer iteration than k=1,

The desirable convergence properties of a positive eigenvalue
and everywhere positive flux solution when using the above group
iteration method depend upon the properties of the KXK spatial

g
g’ = 1to G. Using the Perron-Frohenius theorem,50 it can be shown

matrices for each group g: I. ;M ;and T ,andB_,, for
g gg g8

that if ng, and Ing, are all nonnegative for each group g and ]Lg
and IMg are both Stieltjes or S-type matricesJr for each group g, then
the power method will converge to a positive eigenvalue, >\O > 0, and
a corresponding positive eigenvector, —Eo > 0. These matrix proper-
ties naturally depend upon the form of the spatial approximations
employed and generally differ for different approximation schemes.
The conventional finite difference approximation has become
popular because the spatial matrices which arise from its use exhibit
these desirable properties regardless of the size of the mesh regions
chosen. The spatial matrices resulting from the linear finite element
method, however, are known to exhibit these properties only if the

mesh size is restricted by

h, < max {V6 £ .} (4.6)
k g=1t0 G gk
. . . 2 _ )
where Qg,k is the diffusion length, ﬂg,k_ Dg,k/zg,k’ for group g in

mesh region k. The spatial matrices resulting from the cubic Hermite

TA Stieltjes matrix is a real, irred(u%i(})le, positive definite matrix
with nonpositive off-diagonal elements. "’
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finite element method do not exhibit these ' desirable' characteristics,

Since the eigenvector F contains current as well as flux unknowns,

convergence to an all-positive solution vector is not desirable.

The properties of the spatial matrices for each group g resulting

from the proposed approximation methods can be found by general-

izing the proposed trial function forms in each group as

K -
-T +T
U = P F +P ©F 4,
g(z) kZ=1 [——g,k(x—g,k -g,k—g,k+1_ (
S Ii\ _>:<T b3 +::r<r 3¢ 7]
Ugl®) = g:l [l—jg,k(X)Eg,NEg,kEg,kﬂ, (.

where the Eg | are in general column vectors of length N given by:

2

ng (N =1) (4.

>

Fox~
for the linear basis function approximations, and

F ., =Col|

_g,k G

(N = 2) (4.

Fg,k’ g,k]

for the cubic Hermite basis function approximations. Similar defi-

Ta)

7b)

8a)

8b)

nitions hold for the _li‘g - The Ez k(x) are column vectors of length N

>

whose elements are functions of z (or x) defined as nonzero only within

region k which provide the basis for the approximations. The defi-
nitions of the _P;: k(x) for the proposed approximations are given as

follows:

N = 1; Linear Basis Functions:

]

P60 = (1-x)y (0, 4 (x) (4.

+ _ -1

9a)

9b)
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N = 2; Cubic Hermite Basis Functions:

- _ -1 -1,y -1
Eg ()= Col[pl(x)ll/g,k(O)wg,k(x) »hy OPB(X)Dg,k(O)wgyk(O)(//g,k(x)]

2

(4,10a)
PT . (x)=Collp,(x)y 1 (1 (x),h 0p,(x)D L (1w L (1) (x)]
Tok 27 W ke )V P YRy gk Ve k Ve k

(4.10b)

where l//g k(x) and Dg k(X) are the detailed flux solutions and diffusion
coefficients of group g, the polynomials pl(x) through p4(x) are defined

in Egs. 3.11, and 0 s x < 1 within each region k. Similar definitions

, +3
hold for the _ZF_’g (X

2

Equations 4,7 can be written in matrix form as

Ug(z) = IPg(x)Eg (4.11a)
U;l: _ ]P* F::: 4. 1b
g(z) g(X)_g (4.11Db)
where:
Eg: Col(Fggl,...,Fg’K_}_l) (4.12a)

and IPg(x) is the K by N(K+1) matrix defined by

[-T +T ]
Eg,l(x) Pg,l(X) 0
P (x) = \\ (4.12b)
-T +T
5 0 Pg,K(X) Pg,K(X)_

IP*(X) is defined similarly. Insertion of these trial function forms into

variation equation 2, 12b for each group g results in
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e A T G )

5F [ . D IPF +IP. A P ,F ,.dz=0 (4.13)
T8 k8 g ge g ;e e

where ]Dg and Agg' are KXK diagonal matrices of the form

]Dg = ]Dg(x) = Diag[Dg’l(x), e ,Dg,K(X)] (4.14a)

and

A =N ,x)= Diag[Agg,’l(x), Lo, A (x)] (4. 14Db)

gg gg gg' K
The guantity I‘Pg represents the derivative of ]Pg(z) with respect to z,

and the integration over K denotes integration over the entire range

K+1-

( By gy -+ ngfg,) (4.14c)

in region k

are the group material constants in mesh region k, and are usually

dependent on x, Agg' can thus be conveniently expanded as

A N, (4.144d)

Allowing arbitrary variations in each element of Eg for each

group g in Eq. 4.13 results in the matrix equations

G
T. +M )F = T F,, g=1toG 4.15
(gt ML, Zl( gg' " v gg) ' ° (4.15)

as described in Egs. 4.1 through 4.5, where:

'>'<T .
L = [ P D IP dz (4.16a)
g ‘k g g ¢
>:<T A
™M = [ P AYP dz (4.16b)
g 'k g g &g
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T

sk S
T ,=[ P nr>,P,d 4.16¢)
gg' fK g Tgg' g’ (4.16¢
>:<T F
B ,=/ ™ A" ,P,dz (4.16d)
gg' kg g e

These matrices are N(K+1) by N(K+1) block tridiagonal of similar form
whose N XN submatrices are integrals of NXN dyads. The K row of
the product /A ,F , is, for example:

g8 —8&

I 1 3 T !
[A 'F = 3 f h A.

+ - q
gg —-g']k Yy ko1 gg',k—l(X)—Pg,k—1(X)Eg’,k—1(X)dXgF

AN s

g k-1
(1 T
+ f}f h A (X)P+ (X)P+ L (x)dx
}\ k-1""gg k-1"" =g, k-1""=g" k-1
1 % T \;&
+ fO hy Aggr (P GIP L, (0 dxj For i

” h

;'f1 K T )
+ 4 h A, . (x)P (x)P ,  (x)dx ; F , (4.17)
E‘\ 0 k™ gg’ k g,k gk / g’ k+1

These matrix relationships allow presentation of the following matrix

properties,

Theorem 1: ng and IMg are guaranteed to be positive definite when-
ever the detailed weighting functions w*,k(Z) have a
similar shape to that of the detailed flux solutions wg}k(z)g
as given by:

Uy (7)< Cy (g (@) (4.18)

where Cg | 1s a positive constant for each energy group g and each

region k.
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o E
Proof: Under these conditions, P. , =C_ . P~ . .
- —g:k g:k—g’k

hence,

P = c P (4.19a)

where

(Eg = Diag(Cg (4.19Db)

i Cy i)

First consider ]1\/1g° Given any arbitrary constant nonzero vector g,

TT.A
g

T A
M g = (P _q)" IP qdz (4.20)
and since (Dg and Ag are both positive block diagonal matrices with

diagonal submatrices, their product can be factored into

N7 1
ctaB = [(AA(E )2} (c n?)? (4.21)
g g g g gg
Therefore,
T Az T Az
M q = C AP C NP qld 4.22a)
4 Fed fK(gg) ggg[(gg) gﬂ:]Z (4. 22
- [ R'Raz (4.22b)
K

which is always greater than zero for arbitrary nonzero gq. Hence,
by definition, ]1\/1g is positive definite. A similar proof holds for ]Lg
using Eq. 4. 16a.

The following corollaries immediately result.

Corollary 1: If Rayleigh-Ritz Galerkin weighting, U = U, is used in

the approximation, then ]Lg and T.[VIg are positive definite.
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Corollary 2: ILg and HVIg resulting from the finite element methods
using linear and cubic Hermite basis functions are both positive

definite.

Corollary 3: If ]Lg and IMg are positive definite, then so is the matrix

(]Lg+IMg). These three matrices are then also symmetric.

It is also interesting to note the properties of ]Lg and ]Mg for
cases of symmetry; that is, when the material properties and detailed
flux solutions are symmetric about the center of each coarse mesh
region k. Such symmetry occurs in regular repeating reactor geome-

tries, and is denoted by:

Dg’k(x) = Dg,k(1~x) (4.23a)
and

Ag,k(X) = Ag,k(l'X) (4.23b)
Hence,

wg,k(X) = wg,ku—x) (4.23c)
and

Mg ) = 7 (17%) (4. 23d)

and similarly for the weighting fluxes and currents. Under such con-

ditions, the E; k(x) and .13;3; k(X) support functions can be found by

3

inspection of Egs. 4.9 and 4. 10 to obey the following symmetries:

For N=1:

¥ .- -
_Pg,k(x) = gg 1 (1-x) (4.24a)

2

s
Pl )= -PL (1x) (4. 24b)
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For N=2;

F (107 o .
Pl = (O _J_P (1) (4.24d;

where the following symmetries of the polynomials defined in Eqgs. 3.11

have been used:
pl(x) = p2(1-x)

pg(x) = —p4( 1-x)

(4.25)
ql(X) = —qz(l-X)

qB(X) = g, (1-x)

Similar identities with identical signs hold for the weighting quantities
iﬂ( A
Eg’ k(X/.

Thecrem 2: For cases of symmetry, as given above, the matrices
o, ™M _, T _ ,, andIB_ , are all symmetric regardless of the relation
g g g8 gg

of (Z/;k(x) to wg,k(x)'

Proof: Referring to Eq. 4.17, I[,Jg, for example, is symmetric only if

1 L X .. T 1 % T
() p" N - >~ (%) ax
fo thg}k\X)Eg,k(X)Eg,k(X)dX fo hkDg’k(x)Eg,k(x)_}i’g’k(x)dx,
(4,28}

This can be shown for any N by changing variables in one of the
integrals from x to 1-x' and using the symmetry properties of

Egs. 4.23 and 4.24. Similar proofs hold for the other matrices.
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It is unfortunate that the above symmetry conditions do not allow
direct proof that ILg and IMg have positive diagonal elements and are
also diagonally dominant (for at least one row) for arbitrary positive
and symmetric detailed flux solutions. Under such conditions, ILg and
lMg would then be positive definite, since they are block tridiagonal
with nonzero diagonal elements and hence irreducible. Instead, these
conditions can be used to obtain a set of algebraic equations which, for
completely arbitrary detailed flux solutions, must be satisfied in order
that ]Lg and ]Mg be positive definite.

The requirement that ILg and ]Mg be positive definite is useful
only in the inversion of (]Lg+ IIVIg). Although the inversion can always
be performed using Gaussian elimination techniques, the property of
positive definiteness allows the use of Cholesky's method, discussed

in the next section, which is faster and requires less computer storage.

4,2 Calculational and Programming Techniques

Calculation of the one-dimensional subassembly detailed fluxes,
currents, and adjoint solutions, as well as detailed "exact'' or refer-
énce solutions, were performed using the program REF2G described
in section 1 of Appendix D. Assuming subassembly k to be divided
into N homogeneous intervals at nodes ti and of width hSi’ the program
uses fine mesh linear finite element approximations to calculate the
detailed flux solutions for each group. Omitting group subscripts, the
detailed flux solution for each group in subassembly k is represented

by a set of N+1 points

wk(X)={wki:i=1,N+1} (4.27)



where (/)k(x) is linear between points. Detailed group current solutions

nk(x) are represented by a set of N points
nk(x):{nk,i:izl,N} (4.28)

which are found from the converged flux solutions by Fick's law

1 i _
Mk Eé_ka,,iWk,i. Ve i1 b3

3

i=1,N (4.29)

where Dk,i is the diffusion constant homogeneous in interval i.
nk(x) is of constant value, nk,i’ within each interval. The forms of
these solutions are illustrated in Figure 4. 2.

In order to approximate the symmetry boundary conditions imposed
on the detailed subassembly flux solutions, small intervals hs1 and hsN
are defined at the edges of each subassembly. The detailed current
solutions can then be made to have zero boundary values by setting
77k, 1 and nk,N to zero, However, since the currents in each interval
are defined as inversely proportional to the mesh size, the calculated
boundary currents using this scheme may not be small enough to be
negligible,

Fxplicit zero current boundary conditions can be imposed on the
detailed current solutions by transforming the above discontinuous

current nk(x) into a continuous current solution nk(x) represented by

a set of N+1 points

() :{nk’i_; i=1toN+1} (4.30)

where El{(x) is linear between points, as also illustrated in Figure 4, 2,
By seeking to minimize the mean square error between nk(x) and gk(x)
within each interval i, variational techniques yield the following set of

N-1 equations for each group:
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/_ Wk’i J wk N+1
wk,l ?— . / g

e N

i i+1
tl 1 tN+1

Interval i

7K f = T “en
K -

ot Subassembly k of width h

1
X == (z - z,)
hk k

0= x=<1; for each subassembly k; k = 1 to K,

_ 1 3
y = s, (t t.)

0< y < 1; for each interval i in subassembly k; i = 1 to N.

Figure 4.2. Subassembly Notations and Detailed Solutions
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1. . ~ 1 ~ 1 ~
(E hs’i_l)nk,i—l + “?I(hsi—l +hsi>nk,i + (6 hsi)”k,iﬂ
:<lh€ ) +<—1—hs> - i=2to N (4.31)
9 1851 )M i-1 T g DS ) 55 a

These equations, given the nk,i from Eq. 4.29, are easily solved for
the ?’k,i’ i =2 to N, where Ek, 1 and 5k,N+1 are set to zero. Both
forms of the detailed currents, nk(x) and ﬁk(x), are allowed for use
in the proposed approximation methods.

The proposed methods using linear and cubic Hermite basis
functions have been programmed into computer codes LINEAR and
CUBIC which are described respectively in sections 2 and 3 of
Appendix D.

The matrix elements required for use in the approximation
methods are integrals of products of subassembly detailed solutions
and polynomial functions. These integrals are calculated, for each
index k, from the basic integral unit

1

BIU, = fo £, (x)g, (x)C, (x) x" hy_dx (4.32)

where the functions fk(x) and gk(x) represent flux and/or current
solutions for same or different groups. These functions may be either

constant within each interval

fk(x):{fk’i: i=1to N} (4.33)

or of linear form within each interwval

=7 - -] =
£,60 ={(1-9)fy s +yfy jyri=1to N} (4.34)

where y = % (t—ti), as defined in Figure 4. 2. Ck(x) represents a
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group nuclear constant which is homogeneous in each interval

Cp(x) = «{ck,i :i=11to N} (4.35)

and n is a positive integer exponent in the range 0 < n < 6. Since the
following remarks concern only subassembly k, the index k is dropped
for simplicity.

The basic integral unit can be broken into integrals over each

interval by transforming variables from x to y. The result

N

1
BIU, = . hs, fo £.(y)gy(y)C;(t; ths )" dy (4.36)

1

k h}l{’l ;
can be integrated analytically by expanding (ti+hsiy)n into a binomial
series. The results of these integrations for any n depend only on
the given forms of f(x) and g(x), and are summarized in Table 4.1.

The coarse mesh flux-weighting homogenization calculations were
performed using the above basic integral unit with n = 0. In these cal-
culations a linear form of f(x), representing the detailed subassembly
flux solutions from REF2G, and a constant value of g(x)=1 were used.

Once the elements of the matrices of the approximation methods
have been formed, considerable computer storage can be saved by
collapsing the sparse band-structured matrices into full matrix form
using row index transformations. In this way, a NXN tridiagonal

matrix I resulting from the use of linear basis functions can be stored

as the NX 3 matrix IL" by

(IL')ik = (IL)ij (4.37)

where k =3+ 2 -1i, and k values outside 1 € k € 3 are omitted.
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Table. 4.1. Calculation of the Basic Integral Unit in Subassembly k.

Constant f(x) and constant g(x) in each interval i:

NF/
=—1—Z |heiieiCy Z b 274 nef

h}? ; 1 i (£+1

Linear f(x) and constant g(x) in each interval i:

{ n f
1 n,n-4, 4 i i+1 L
BIU, = — .zlxhsgC z—ob t8 " hs [(“1)(“2) (“2)}}

n-£ ., £ 2f;g;
i i | (L+1)(L+2)(L2+3)

fg1+1 fir18; +fi+1gi+1J

where

n!

b -
2! (n-2)!

n
I

is the binomial series coefficient.
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Similarly, a NXN matrix IL. of half-band width equal to three, which
results from the use of cubic Hermite basis functions, can be stored

as the NX6 matrix ., as given above, where in this case:

!1 for i odd
k=j-i+3+} (4.38)

) for i even

and k values outside 1 € k € 6 are omitted.
In those cases where the mass and stiffness matrices are both

positive definite, Cholesky's method of matrix factorization,
L=GG. (4.39)

where Il is positive definite and & is lower triangular, can be used to
solve the matrix inversion for each group in the power method. The
matrix elements gij: ((]})ij are calculated from the elements 'Qij: (]L)ij

by the following algorithm: o1

— For each j=1 to N:

(4.40)
For each i=j+1 to N:

j-1

_
|
| e N |
| 8ij | iy~ & BikBjk |/ &y
| k=1

Similar algorithms of a more complex form are used in the computer

codes in conjunction with the matrix collapsing schemes given above,
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Chapter 5

NUMERICAL RESULTS

9.1 Nuclear Constants and Subassembly Geometry

The effectiveness and accuracy of the proposed approximation
methods were examined using one-dimensional, one- and two-group
reactor configurations composed of representative PWR fuel sub-
assemblies. Four separate subassemblies with identical geometry
but different number constants are considered. Each subassembly
is represented as an 18-cm, homogeneous fuel region of low,
medium, or high enrichment, surrounding a 1-cm centrally located
absorption rod or water channel. Two-group regional nuclear
constants used to represent such PWR subassembly geometries are
given in Table 5.1, o2 where all fission neutrons are assumed to be
born in the fast group. These constants were collapsed into repre-
sentative one-group constants using the standard infinite medium

group reduction procedure for two groups:

(L) * (_i—i—a-) (£ +az,) (5.1)

where El and E2 are macroscopic cross sections for the fast and
thermal groups, respectively, and « is the infinite medium thermal
to fast flux ratio. 23 The resulting one-group regional constants for
the fuel and rod regions are given in Table 5.2, where the flux ratios
of the three fuel regions have been averaged in order to collapse the

absorption rod constants.



Table 5.1. Representative Two-Group, 18-cm, PWR
Subassembly Regional Nuclear Constants.
X,=1.0; x, =0.0.
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1 2
Region Material Lo VI, D a1
Fuel A: Low w/o .0259 .00485 1.396 .0179
.0532 . 0636 . 388
Fuel B: Medium w/o . 0260 . 00553 1.397 .0172
.0710 .102 . 389
Fuel C: High w/o .0261 . 00659 1.399 .0168
.0832 .129 . 387
Absorption Rod . 0452 0.0
.999
Water .0383 . 1.63 . 0380
.0108 0.0 .275
Fast group constants appear first for each region material,
followed by thermal group constants. Fission neutrons are
assumed to be born in the fast group only.
Table 5.2. Representative One-Group, 18-cm, PWR
Subassembly Regional Nuclear Constants.

Region Material ET uEf D
Fuel A: Low w/o .0329 .0199 1.14
Fuel B: Medium w/o .0348 . 0244 1.20
Fuel C: High w/o .0357 .0272 1.23
Absorption Rod .235 0.0 1.0
Water .0136 0.0 .414
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Four subassembly configurations, labeled A through D, were used
in the one- and two-group test configurations, and are illustrated in
Figure 5.1. Subassemblies labeled A, B, and C contain homogeneous
fuel of low, medium, and high enrichment, respectively, surrounding
the 1-cm absorption rod while subassembly D contains low enriched

homogeneous fuel surrounding a 1-cm water channel.

5.2 Subassembly Detailed Solutions and Homogenized Nuclear Constants

The detailed flux and current solutions for each subassembly were
found using the computer code REF2G with symmetry boundary
conditions and a 68-mesh region per subassembly geometry as indi-
cated in Figure 5.2. The resulting one-group detailed flux solutions
for each subassembly are shown in Figure 5.3. The resulting two-
group detailed flux and adjoint flux solutions for each subassembly are
shown in Figures 5.4 and 5.5, respectively.

Homogeneous subassembly group constants for use in the finite
element approximations were found by flux weighting the group cross
sections in each subassembly by the corresponding subassembly
detailed group flux solutions. The resulting homogenized one-group
constants for each subassembly are given in Table 5, 3, and the
resulting homogenized two-group constants are given in Table 5.4,
The results of homogenizing the diffusion coefficient as the transport
cross section, 1/{1/D), as well as by direct homogenization, (D),
are included in the tables. The results of both schemes were found to
differ at most by only 2% . The directly homogenized diffusion coef-

ficients, (D), were used in the finite element approximations.
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Subassembly Type A:

Rod
Fuel A g Fuel A
|
Subassembly Type B: Rod
Fuel B § Fuel B
l
SubaSsembly Type C: Rod
Fuel C § Fuel C
i1
Subassembly Type D: Water
Fuel A Fuel A
0.0 8.5 9.5 18.0 cm

Figure 5.1. Subassembly Configuration Geometries
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Figure 5.4. Subassembly Detailed Flux Solutions
for the Two-Group Case

The fluxes are normalized by fast flux
values so that the thermal fluxes appear
in the lower portion of the figure.
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Subassembly Type D
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Table 5. 3.

Homogenized Subassembly One-Group
Nuclear Constants.

Subassembly (ET> (V2f> (D) 1/{1/D)
A . 04149392 .01905379 1.134047 1.133253
B . 04341140 . 02335046 1.191397 1.189765
C . 04431869 .02602374 1.220054 1.217887
D .03184731 .01881458 1.100401 1.040479
Table 5.4. Homogenized Subassembly Two-Group
Nuclear Constants.
Xl—l.O; X2=0.0.
Sub- (£ (veg) (D) (£,)  1/1/D)
assembly T f 21
A .02688787 ,004601752 1.379526 .01698379 1.371911
.06812834 .06255182 . 3980863 .3919533
B .02698495 .005246314 1,379480 .01631765 1,37185
.08647802 .,1002221 . 3996499 . 3931874
C .02708207 ,006251160 1,379433 .01593619 1.371787
.09893614 .1266822 .3980142 .391310
D ,02657213 .004587110 1.412467 .0189895 1.410790
.05034835 .05932253 . 3804001 .3775656

Fast group constants appear first for each subassembly,
followed by thermal group constants.
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Before applying the proposed approximation methods to complex
reactor geometries, test runs were performed in order to evaluate
the differences between using either flux or adjoint flux weighting,
and using current solutions of either constant or linear form in each
subassembly interval, as described in section 4.2. The test problem
consisted of three consecutive Type A subassemblies with symmetry
boundary conditions imposed on each end so that the converged eigen-
value X\ (keff) should be identical to that of the detailed flux solution
of subassembly A, Entire subassemblies were chosen as the mesh
regions so that the proposed synthesis methods should converge to
flux values of unity, and current values of zero. The numerical
results of these tests for the one- and two-group cases are summa-
rized in Table 5.5. Although the choice of weighting function did not
influence the results for either approximation, use of current
solutions of the linear form enables better eigenvalue accuracy. In
addition, the results when using currents of linear form converged
to flux values of unity and current values of zero, as expected, while
results using the constant current form produced errors of about 0.5 %
in the converged flux and 0. 01 % in the converged current at interior
points., Although the difference in accuracy between the use of these
different current forms is small, the small flux and current errors
resulting from the use of the constant current form may lead to larger
errors in larger and more complex problems. For the above reasons,
the linear current form was used in the following case studies. Adjoint
weighting was also used. Although the use of adjoint weighting has not
been shown to guarantee the success of Cholesky's method in the
numerical solution scheme, no difficulties with its use were ever

encountered.
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Table 5.5. Test Results Using Three Consecutive Type A Subassemblies.

%X = [ Ogup. A~ Conv. Msub, A ) X 100%.
Synt}?esis. Weighting Form of Converged 7%\
Approximation Function Currents A
ONE GROUP: KSub. A~ 0.459194
Linear FLUX Constant .459363 -.036%
Linear FLUX Linear .459254 -.013%
Cubic FLUX Constant .459363 -.036%
Cubic FLUX Linear .459254 -.013%
TWO GROUPS: XSub, A= 0. 751095
Linear FLUX Linear .751284 ~-,025%
Linear ADJOINT Constant .7513818 -.038%
Linear ADJOINT Linear .751284 -.025%
Cubic FLUX Linear .751284 -.025%
Cubic ADJOINT Constant .7513818 -.038%

Cubic ADJOINT Linear .751284 -.025%
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5,3 Case Studies and Results

Four one-dimensional reactor configurations, each made up of
different combinations of types of subassemblies, are considered in
the case studies below. One-group calculations were performed only
for the first case, and two-group calculations were performed in all
cases. Entire 18-cm subassemblies were used as coarse mesh
regions in each case, while the effect of using half-subassembly
mesh regions was also included in Case 1., The geometry and sub-
assembly configurations of the case studies are shown in Figure 5. 6.

Three separate approximation methods were used to calculate
converged detailed flux solutions for comparison in each case. They
are:

1. The proposed approximation methods using heterogeneous

nuclear constants and subassembly detailed flux solutions

for coarse mesh solutions.

2. The finite element methods using subassembly homogenized

nuclear constants for coarse mesh solutions.

3. The linear finite element method for fine mesh reference

solutions,

Calculations of both the proposed approximation and the coarse mesh
finite element method using linear basis functions were performed
using program LINEAR, while the corresponding cubic Hermite basis
function approximations were performed using program CUBIC. The
fine mesh reference solutions were calculated using program REF2G,
and the results of these approximations were compared and analyzed
by program ANALYZE., Descriptions of these programs are given in

Appendix D,
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Case 1 :
Symmetry SubassemblylSubassemblyfSubassembly
Type A Type B Type C Symmetry
0 18 36. 54. cm
Case 2:
Svmmetr Subassembly|Subassembly|Subassembly
Y y Type D Type B Type C Symmetry
0. 18. 36. 54. cm
Symmetr
Case 3 : y Y—P‘
Z.ero
Flux Water] C C C A A A D II)
0. 18. 36. 54. 72. 90. 108. 126. 144.
153. cm
Case 4 : Symmetry _’I
Zero Water] D D D C D D A
Flux
1
|
0. 18. 36. 54, 2. 90. 108. 126. 144,
153. cm

Figure 5.6. Geometry of the Four Case Studies
Composed of Types of Subassemblies
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The results of each case study are divided into the two approxi-

mation method categories as defined below.

1. The linear basis function approximation
A. Linear FEM:
(The linear finite element method using homogenized
coarse mesh nuclear constants)
B. Linear Synth:
(The proposed approximation method using hetero-
geneous coarse mesh nuclear constants and detailed

coarse mesh solutions)

2. The cubic Hermite basis function approximations
A, Cubic FEM

B. Cubic Synth

The results of the approximations in each category are compared to

the reference solution by examining:

1. The converged eigenvalues X (keff’) and their percent
normalized eigenvalue error,

Th = O gef~Mcony)/ M Res X 100%

2. Composite graphs of the converged detailed group flux

solutions Ug(z) normalized to equivalent power levels

3. The fractional normalized power levels P(k) calculated for

each 18~cm subassembly k by
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G
Z VE (Z)U (z)dz
Sub., k o=1
Pk) = (5.2)
% v, (z)U (z)dz
An Subs. =, & &
g=1
and their percent normalized errors
%nP(k) = (P(k)Ref- P(k)conv)/P(k)Ref X 100% (5.3)

5.3.1. Case 1: Three different subassemblies of Types A, B, and C

with symmetry boundary conditions.

The graphical results of the one-group approximation methods for
this case are shown in Figures 5.7 and 5.8, while the results of the
two-group approximation methods are presented in Figures 5.9 -5.12,
Only the coarse mesh boundaries are labeled in the figures, which
indicates that entire 18-cm subassemblies were used as the coarse
mesh regions. Two-group results using only half-subassemblies as
the ccarse mesh regions are shown in Figures 5.13-5.16. The
reference solutions were calculated using 150-mesh regions, as
defined by the symmetric partitioning

5(1 cm) + 4(.5 cm)+ 4(.25 cm)+ 4(.125cm) + 8(. 0625 cm)

in each of the three subassemblies. The converged approximation
eigenvalues and fractional normalized subassembly power levels for
the one- and two-group calculations are summarized in Table 5.6,
The fractional powers, P(k), for each subassembly are listed in the
reference solution column, while the percent errors, %P(k) are listed

in the approximation columns.
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Table 5.6. Results of Case 1,
Method Reference Linear Linear Cubic Cubic
1t
Results FEM Synth FEM Synth
ONE-GROUP RESULTS:
N . 9559045 .556943 557154 .558647 558761
ToX -- . 376% .338% . 072% .0519%
P(1) . 084 -12.19% ~-11.9% -3.07% -2.449%
P(2) . 294 -4, 29% -3.93% -.,2419 -.4349%
P(3) .622 +3.67% +3,47% +.528% +,. 534%
TWO-GROUP RESULTS:
A .917267 .914489 ,915221 .916717 .917059
To N -- . 302% .223% . 060% .023%
P(1) . 134 -6.93% -5,63% -1,43% -1,13%
P(2}) . 3156 -1,63% -1,39% -.0729% -.120%
P(3) . 549 +2.63% +2,17% +.391% +,347%

Two-Group Results Using Half-Subassembly Mesh Regions

I3 .917267 .916356 .916427 .916669 .917294
LLRN -- .093% .092% . 065% .003%

P(1) . 134 -2.38% -2.69% -1.51% -.461%
P2} .315 -.475% -.602% -.063% -.047%
P(3) . 949 +.851% -2.63% -3.22% +1,40%
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It is apparent from these results that the proposed approximation
methods, and in particular the method utilizing the cubic Hermite
basis functions, approximate to a high degree of accuracy the detailed
reference spatial flux. Comparison of the eigenvalue and fractional
power results in Table 5.6 indicates that comparable if not superior
measurements are obtained using the proposed methods in this case.

It is interesting to note the effects of employing the given sub-
assembly heterogenecus nuclear constants rather than subassembly
homogenized nuclear constants for use in the finite element method
calculations., Under such conditions, the finite element method
becomes identical to the proposed methods in which the heterogeneous
nuclear constants and constant or flat subassembly solutions are used.
Two-group calculations using the cubic Hermite approximation method
were performed for Case 1 and are presented in Figures 5.17 and 5.18.
This scheme was found to give very poor detailed flux results,
converge to an eigenvalue 21% in error, and yield an average of 20%
error in the fractional normalized power levels in each subassembly.
This example clearly illustrates the necessity for the use of homoge-
nized constants in the finite element method, or equivalently, the
importance of the subassembly detailed solutions in the proposed

approximations.
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5.3.2. Case 2: Three different subassemblies of Types D, B, and C

with symmetric boundary conditions.

The results of the two-group approximations for Case 2 are pre-
sented in Figures 5.19-5.22, where entire subassemblies were taken
as the coarse mesh regions. The reference solutions were calculated
using the same reference mesh geometry as in Case 1. The converged
eigenvalues and fractional normalized power levels in each sub-
assembly are summarized in Table 5.7. These results better illus-
trate the superiority of the cubic Hermite basis function approximations
over the linear basis function approximations, and the superiority of

the proposed approximations over the finite element method in all

aspects.
Table 5.7. Two-Group Results of Case 2.
Method Reference Linear Linear Cubic Cubic
Results FEM Synth FEM Synth
N . 969986 .965260 .970236 .966816 ,969578
%\ -- . 4817% -,026% .326% . 0429,
P(1) . 381 +11,26% +3.46% +6, 07% +.643%
P(2) . 296 -11.59% -5,59% -3.08% -, 157%

P(3) . 322 -2.66% +1.03% -4.34% -.616%
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5.3.3. Case 3: Half-core reflected PWR composed of an 18-cm water
reflector, the seven subassemblies C,C,C,A,A,A,D,
and half of subassembly D. Zero flux boundary
conditions are imposed outside the reflector, and
symmetry is imposed in the center of the last D-type

subassembly,

The Case 3 results of the two-group approximations using full
18-cm coarse mesh regions in all but the last 9-cm region are pre-
sented in Figures 5,23 -5.26, and summarized in Table 5.8. The
reference solutions were obtained using 198 mesh regions given by

the symmetric partitioning
2(2 cm) + 2(1 cm) + 4(.5 cm) + 2(. 25 cm) + 2(.25 cm)

in each of the subassemblies, and 18 (1 c¢cm) regions in the reflector.
The use of many subassemblies containing absorption rods through-
out the reactor, except in the center subassemblies where water channels
are present, results in central peaked fluxes with large gradients and,
by comparison, a relatively small thermal neutiron peak in the reflector,
Both coarse mesh methods were found to overestimate the flux in
the subassemblies near the reflector, and underestimate the flux in
the central subassembly regions regardless of the type of basis function
approximations used. The larger inaccuracies of the linear basis
function methods can be in part attributed to the fact that these methods
cannot approximate the peaked thermal flux in the reflector, and result
in large flux values in the subassemblies nearest the reflector. The
cubic Hermite basis function approximations, however, are betier able

to approximate both the thermal flux reflector peak and the complex
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Table 5.8. Results of Case 3.

Method

Reference Linear Linear Cubic Cubic

Results FEM Synth FEM Synth
N .941640 .931429 .938561 .935873 .928020

070)\ - 1.08070 .32% .61070 1.44%
P(1) .01699 -461.% -514.% -37.4% -85.1%
P(2) . 02513 -192.% -179.% -32.8% -98.6%
P(3) . 02890 -149.9% -133.% -26.0% -79.6%
P(4) . 0224 -50.2% -36.9% -13.5% -31.5%
P(5) . 04969 .8.52% 8.24% -2, 78% -7.63%
P(6) . 1465 7.47% 13. % -.494% . 259%
P(7) .4362 26.4% 22.9% 5.01% 8.40%
P(8) . 2740 18.6% 20.1% 1.99% 13.1%

neutron leakage across the core, and give better results. Table 5.8
indicates that the cubic Hermite basis function approximations better
approximate the detailed reference sclutions, and that results

obtained using the cubic Hermite finite element method were for this
case better than those obtained using either of the proposed approxi-
mations, The ability of these methods to approximate large thermal

flux peaks in the refliector regions is considered in the next case.
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5.3.4. Case 4: Half-core reflected PWR composed of an 18-c¢m water
reflector, the seven subassemblies D,D,D,C,D,D, A,
and half of subassembly Type A. Zero flux boundary
conditions are imposed in the center of the last

Type A subassembly.

The Case 4 geometry produces a large but detailed thermal flux in
the half-core region and a large thermal peak in the reflector region, as
seen from the results in Figures 5.27-5.30. The reference solutions
were calculated using the reference mesh geometiry as given in Case 3.
The results of the approximations are summarized in Table 5. 9.

The results show that the linear basis function approximations
cannot approximate accurately the thermal flux reflector peak and
result in large flux and fractional power errors in the subassemblies
near the reflector. The cubic Hermite basis function approximations,
on the other hand, are better able tc approximate this thermal peak
and result in much more accurate power levels, especially in the first
subassembly region.

The Case 4 results typify the approximation accuracy of both the
finite element method and the proposed approximation method. In
general, the cubic Hermite basis function approximations are superior
te the linear basis function approximations, and the proposed methods
give comparable or superior results as compared to those cbtained
irom the finite element method using the same class of basis functicns.,
In this case, the proposed method using cubic Hermite basis functions
was able to estimate the reference eigenvalue within 0. 04%, closely
approximate the detailed reference flux solution to within a few percent
at all spatial points, and result in fractional normalized power levels

in each subassembly with less than 5% error.
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Table 5.9. Results of Case 4.

Method Reference Linear Linear Cubic Cubic

Results FEM Synth FEM Synth
X .979108 .980618 .985849 .976896 .978689
%N\ -- -.15% -.69% .22% . 04%
P(1) .098 -23.4% -21.4% -13.3% 5.54%
P(2) . 160 -1.53% 2.39% -.893% -1.08%
P(3) .193 11.5% 7.11% 1.83% -3.35%
P(4) .211 -19.5% -10.6% -7.23% -1.60%
P(5) .168 17.4% 10. 3% 3.86% 3.79%
P(6) .118 10.6% 4.96% 5.97% -1.01%
P(7) .039 1.45% 3.44% 1.65% 3.25%
P(8) .010 18.1% 11.8% 2.30% -2.72%
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

6.1. Characteristics of the Proposed Approximation Methods

The use of detailed subassembly flux solutions or other a priori
flux shapes directly in the spatial shape or trial function form of flux
approximations in reactor physics has resulted in many coarse mesh
approximation schemes which are classified in the broad area of
overlapping multichannel synthesis. The proposed approximation
methoeds are similar to existing synthesis methods of this kind, but
are unique in that they reduce to conventional and well understood
approximation methods in regions where little or no spatial flux
information is given, or in completely homogeneous regions. In
contrast, the overlapping synthesis methods proposed to date do not.
This characteristic is especially important in calculations involving
homogeneous regions, of which reflector regions are a prime
example,

The proposed approximations are very similar to coarse mesh
{inite element method approximations in which detailed flux behavior
has been used to flux-weight the nuclear constants in each region.
The methods are conceptually different and become equivalent only
when all of the coarse mesh regions are homogeneous.

The matrix equations resulting from the use of the proposed
methods are identical in form to those resulting from the finite ele-

ment method utilizing similar basis functions. In addition, the matrix
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elements of the proposed methods are curiously different from those
of the finite element methods using detailed flux-weighted nuclear
constants. Although the spatial mass and stiffness matrices of the
proposed methods for each group have been proven to be positive defi-
nite only for the case of Galerkin flux weighting, the use of adjoint
weighting in all of the cases considered did not alter these properties.
In addition, the proposed methods were found always to converge to a
positive eigenvalue and to flux shapes which were everywhere positive,

The numerical results indicate that the proposed methods are
able to predict accurate criticality or keff measurements and regional
power levels as well as to approximate the reference detailed flux
shapes for each group with a high degree of accuracy. The results
indicate that in general, use of the proposed methods results in
superior criticality estimates over those obtained by the use of the
finite element method with flux-weighted constants; this behavior was
observed for each type of basis function approximation. Moreover, .
cach of the proposed methods is in general vastly superior to its finit.e
element method counterparts in approximating the actual detailed flix
behavior and regional as well as total power levels.,

Detailed flux behavior could be reintroduced into the results of
the homogenized finite element methods by normalizing the detailed
subassembly solutions in each coarse mesh region to match the power
levels of the converged results in each region. The detailed solutions
resuliing from such a procedure would be discontinuous at the region
boundaries and may, to some extent, exhibit the fine flux structure

present in the results of the proposed methods. However, the results



132

are not expected to be as good as an approximation as those of the
proposed methods, since the current coupling or diffusion approxi-
mation is not made until after the coarse mesh homogenization pro-

cedure,

6.2 Applicability and Limitations

Because the matrix forms of the equations which result from the
use of the proposed methods are identical to those which result from
the use of the finite element methods, the proposed approximations
can be incorporated into existing finite element approximation
schemes. Although additional integrations must be performed in the
proposed methods, they can be reduced to sums of known products so
that little additional computation time is required.

As in any coarse mesh approximation method, inaccuratie results
can cccur when the coarse mesh region sizes chosen are too large.
For a given region size, the accuracy of the results for any approxi-
mation scheme is unknown. The accuracy of the finite element methods
is known to improve geometrically as the mesh size is decreased,
resulting in a useful error criterion for the method. A disadvantage
of the proposed methods is that no such error criterion has been
developed. The inability to predict error estimates has always been
& major drawback of synthesis techniques. However, the use of such
methods, and use of the proposed methods, has been shown to be justi-

fied through proper physical insight and experience.
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6.3. Recommendations for Future Work

Obviously the next step is the application of these proposed
methods to two-dimensional diffusion problems. However, the cne-
dimensional problem still contains areas which may deserve closer
attention. One such area is the examination of the matrix properties
of both the finite element method and the proposed approximation
methods which are necessary in order to guarantee convergerce to
a positive eigenvalue and an everywhere positive flux solution. An-
other area is the development of error criteria for the proposed
methods. The close similarity between the proposed methods and
the finite element methods may allow an extension or generalization
of characteristics which hitherto have belonged only to the finite ele-
ment methods.

The usefulness of the proposed methods depends on their applica-
bility and accuracy in two- and three-dimensional diffusion problems.
Just as the finite element approximations can be derived in two- or
three-dimensions using variational modal-nodal techniques, so can
the proposed methods for multidimensional problems. The proposed
trial functions could be defined as continuous at mesh nodes, but may
in general be discontinuous along mesh line interfaces. In order thaf
the flux and current trial functions not be allowed to be discontinuous
at identical spatial points, the current trial functions would then have
to be defined as continuous across these interfaces. The use of the
proposed class of trial function forms in the two-dimensional problem
will raise the challenge of extending the spatial overlapping synthesis

methods of this type to multidimensional reactor problems,
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Appendix A

TABLE OF SYMBOLS

Energy group index which runs from the highest

to the lowest energy group as g = 1 to G.

Scalar neutron flux in energy group g

(neutrons/cm2 - sec).

Vector neutron current in energy group g

(neutrons/cm2 . sec).

Diffusion coefficient for neutrons in energy

group g (cm).

Macroscopic total removal cross section in

energy group g (cm™ 1),

Macroscopic fission-production cross section in

energy group g (cm_l).

Macroscopic transfer cross section from energy

group g’ to energy group g (cm—l).
Fission spectrum yield in energy group g.

The eigenvalue or criticality of the diffusion

problem.

Scalar group flux column vector of length G and

its adjoint.

Vector group current column vector of length G

and its adjoint,
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AN(r) G XG group material removal, scattering, and

production matrix.
D(r) G XG diagonal group diffusion coefficient matrix,

U(r), U (r) Scalar group flux and weighting flux trial function

column vectors of length G.

V(r), _\_/'>'<(r) Vector group current and weighting current

trial function column vectors of length G.

k One-dimensional spatial index which runs from
the leftmost first region to the rightmost K-th
region, as k=1 to K.

z The one-dimensional axis variable divided into
K regions such that each region k is bounded

by nodes Zy and Zir1

X A dimensionless variable defined in each region

k as x=(z- zk), such that 0 € x < 1

SRIAC

VAR < .
as Zp S ZF Zyp

F Approximate one-dimensional group flux solution

at node Zk’

Gk Approximate one-dimensional group current

solution at node Zy -

wk(z), w;;(z) Detailed one-dimensional subassembly flux and
weighting flux solutions in coarse mesh region k
whose form is linear within each homogeneous

subassembly interval.

nk(z), n;(z) Detailed one-dimensional subassembly current
and weighting current solutions in coarse mesh
region k whose form is constant within each

homogeneous subassembly interval,
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;zk(z), 5;(2) Detailed one-dimensional subassembly current
and weighting current solutions in coarse mesh
region k whose form is linear within each

homogeneous subassembly interval.

A Discretized matrix form of the GXG group dif-

fusion, absorption, and scattering matrices.

B Discretized matrix form of the GXG group

fission-production matrix.

I

The unknown approximate group flux solution
vector which may contain group current

unknowns.

% N Normalized eigenvalue percent error:
Tox = ()\Reference B )\Method) / XReference X 100%.
P(k) Fractional power produced in coarse mesh
region k when the total power produced has

been normalized to unity.

% P(k) Normalized fractional power percent error:

% P(k) = [P(k) - P(k)

Reference Method] / P(k)Reference

X 100%.
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Appendix B

DIFFERENCE EQUATION COEFFICIENTS RESULTING FROM
USE OF THE FINITE ELEMENT
APPROXIMATION METHODS

The GXG matrix coefficients resulting from the conventional
finite difference approximation, the linear finite element approxi-
mation, and the cubic Hermite finite element approximation in one-
dimensional multigroup diffusion theory are defined below in
sections B.1, B.2, and B. 3, respectively. The coefficients are
given in terms of assumed homogeneous regional nuclear constants
through the use of the GXG group matrices ]Dk and Ak’ where ‘Ak =
™, - T

K K~ %Bk, which are defined in Chapter 2 and are constant
for each region k, where k = 1 to K.

More general definitions of these coefficients may be found from
the coefficients resulting from the use of the proposed approximations,

given in Appendix C, by requiring that (//k(z) be constant and nk(z) be

zero in each region k.

B.1, Coefficients of the Conventional Finite Difference Equations
(as defined by Eqgs. 2.16)

Interior Coefficients; k = 2 to K:
ay = =Dy /hy

1 .
by =gy by +AR) + Dy /hy o+ D) Sy

c = - IDk/hk
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Symmetry Boundary Condition Coefficients:

-1
by =5 h) +D,/hy

il

-]Dl/h1

By = T ]DK/hK

1
P 1 = 5 hghy + Dy /hy

Coefficients of the Linear Finite Element Method Equations

(as defined by Eqgs. 2.30)

Interior Coefficients; k = 2 to K:

1 i
ay =g By by " Prog /by
b, =Li[A,_ h _ +A h |+D, /b, +D, /h
g = 3 Py gy g ARy k-1/Pp-1 T Py/hy
_ 1 _
cy = by - Dy /by

Symmetry Boundary Condition Coefficients:

=1
b, = 3l\.lh1 +]Dl/h1

=1 _
c; =ghhy - Dy/hy
_1 _
ap 1 = 58khk - Px/hk
1
br 1 = 3Lk + Py/hg



B.3. Coefficients of the Cubic Hermite Finite Element

Method Equations (as defined by Eq. 2.33)

Interior

Coefficients; k=2 to K:
9 6
7o Byk-10k-1 ~ 5 Pg-1/Bk-1

13 9 -1 1
(' 50 Py-1P-1Pr-1 F '1’6)9

%'S'(Ak—lhk 1y hk) : (D _1/hy 1+]Dk/hk>

11 2 1
210 (Ak 1P - 1]Dk 1 Akhk]Dk )9

9 1
11 Py Tﬁ) 6

1 -1 3 11

= 720 Pr-18k-1P%-1Px-1 7 30%-1Pk-1
11 (-1 .2 “1.2

71 <]Dk—1hk—1Ak 1~ Dy thk)e

k k'Ak ]Dk )
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Zero Flux Boundary Condition Coefficients:

2 2

/1 _-1.3 -1, 2 -1
1041“(105 D, "hy Ay D "+ 5 hy Dy )9

oy (it ) o
A L
adg 4y~ 2112‘36 Dby Ay - 1_10> 0

adp 1 T (‘ Téﬁ ]D—lhIS{AK]DI-{l - '3% hK]DI_{l) 0°

/1 -1.3 1, 2 “1N\ 2
by g <105 Dy he A Dy + 35 hye Dy ) 0

Symmetry Boundary Condition Coefficients:

13 6
bl, = z=Mh, +=D, /hy
_ 9 8
cly = wxgfihy -z Dy /hy

/13 2 -1 1
C21"(420"‘1“11131 10)‘9

-9 _6

alp g = 7 fghk - 7 Pg/hy
(13 2 -1, 1

aZgiq * "~ 130 B Pk 10) 6
_ 13 6

bly ) = 35 dghg + 5 Dy/hy
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Appendix C

DIFFERENCE EQUATION COEFFICIENTS RESULTING FROM
USE OF THE PROPOSED APPROXIMATION METHODS

The G XG matrix coefficients resulting from the proposed approxi-
mation methods using (1) linear basis functions, and (2) cubic Hermite
basis functions, in one-dimensional multigroup diffusion theory are
defined below in sections C.1 and C, 2, respectively.

The coefficients are given as integrands of functions of x where
the integration of every coefficient-integrand over a region

1
Coefficient = fo [ Coefficient-Integrand (x)] dx
is understood.

In order to simplify the forms of the coefficient-integrands, it is

convenient to define the following G XG matrices:

LT

K, (x) = ¢ () A (x)hy ¢, (x)
>:<T -1

]Lk(X) =y (x) D, (X)hk nk(x)
>j:T

P, (x) = ¢y (X)nk(X)
:}:T

R, (x) = n, (X)wk(x)

\V(T
R, (x) = i vy (OD, (x)Y, (x)

for each region k. In each approximation below, two sets of poly-

nomial functions pl(x) .. p2N(x) and ql(x) - qu(X) are given
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which represent the basis functions of the approximation and their
negative derivatives, where N = 1 for the linear basis function approxi-
mations and N = 2 for the cubic Hermite basis function approximations.
The G XG coefficient-integrands are then listed in terms of these
matrices and polynomials by the GXG collapsed matrices IEi’j(x)

k

defined as
Iy 060 = By (0P GO () = py(x)p (L () + 0 (00 (TP )

- pi(X)qj(X)Qk(X)+qi(X)qj(X)le(X)

for given values of i and j for each region k, where k= 1 to K. It

should be noted that ]Ell{’J(X) is not symmetric about i and j; i.e.:

0 I(x) # B x) ,  for i# .

C.1, Coefficient-Integrands of the Proposed Approximation

Method Equations Using Linear Basis Functions
(as defined by Eq. 3.6)

" These coefficients are given in terms of the polynomial functions

py(x) = (1-x)
Po(x) = x
q,(x) = 1
qy(x) = -1

for use in the ]Ei{’;‘(x) below.
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Interior Coefficient-Integrands; k=2 to K:
-1
_ =T 2,1
a, (%) = ¢, (DB 1) L (0)

-1 —1

T E2>2 -1
v T ES 2 e L )+ v O EL 0 v ()

b (X)_
-1

e () = v OB 2 ¢ (1)

Symmetry Coefficient-Integrands:
-1
_ T 1,1 -1

cl(x) = ck(x) . where k=1

aK+1(x) = ak(x); where k= K+1

—1
byey () = U (DIEL 2w (1)

Implied Zero Flux Boundary Condition Coefficient-Integrands

(Corresponding with the modified trial functions of the type
in Egs. 3.9)

-1 —1
by(x) = ¢y (D) [ K, () - Ly (0] w] 1) +gy (0B T py o)

-1 -1

bK(X) = wKrI—‘l(l)IEI%-zl(X) wI—{l-l( 1) +(//;<<T(O) [ IKK - ]LK] w;{l(O)
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C.2, Coefficient-Integrands of the Proposed Approximation Method

Equations Using Cubic Hermite Basis Functions (as defined
in Eq. 3.16)

These coefficients are given in terms of the polynomials pl(x)
through p4(x) and ql(x) through q4(X), previously defined in Eqgs. 3.11

and 3.12, for use in the IEL’J(X) below.

Interior Coefficient-Integrands; k = 2 to K:
-1
_ *T 2,1 -1
aly(x) = ¢y 7, (DE 1 (x)y, —,(0)

—1

a2, (x) = ¢, L (MES 36y (D! (0)6
L -1

b1, () = gy L (WEE 2604 L (W + o O EL Mg 0)
-1

b2, () = wr (DS 2o v (DY (1o

—1
+ o 0L 2y 0Dy N0y 0

~1
e1,(x) = ¢ (O EL 20 v (1)

-1
c2 (X)‘tl/k (O)IE (X)l[/k (1)]D (1)6

-1

a3, (x) = wk 1(1)113k 1(1)]E 1 )6

K- 1( W1
!

a4, () = v LD L EL 300w (0Dt (0)62
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-1
_ *T -1 4,2 -1
b3, () =y, (WD L MED 2y (1)

-1
o LD MO ES M)y Moy 6

-1

ba, (x) = w;f1<1)11);1(1)m§;‘f(x)w;{}l(l)lDl'{fl(l) 62

-1
+u D0 E 360y o) Dy (0) 67

-1
e3,(x) = ¢y (O D (0B 2(x) ur H(1)

-1
c4y (x) = ¢ () D, OV ED *) vy )y Dy (1) 67

Zero Flux Boundary Condition Coefficient-Integrands:

-1
b4, (x) = ¢} (O D0 B 36w 0 D] H0) 62

cSl(X) = c3k(x); where k=1
C4l(X) = c4k(x); where k=1
33K+1(x) = aSk(x); where k= K+1

a4 4 where k = K+1

K+100) = 2t (05

-1

by, () = g (DO EER Y60 v o t1) 62



Symmetry Boundary Condition Coefficient-Integrands:

-1
b1, = v, O ED v o)

cll(x) = clk(x); where k=1

021(X) = c2k(x); where k =1

a1K+1(X) = alk(x); where k= K+1

a2K+1(X) = a2k(x); where k=K+1

1
blp 160 = e D ES 2yl (1)

Implied Zero Flux Boundary Condition Coefficient-Integrands

(corresponding with the modified trial functions of the type in

Eq. 3.17):
C3l(X) = c3k(x); where k=1
a22(x) = ,a2k(x); where k=2
blz(x) = blk(x); where k=2

b22(x) = b2k(x); where k=2

b32(x) = b3k(x); where k=2

blK(X) = blk(x); where k=K
bZK(x) = b2k(x); where k=K
CZK(X) = c2k(x); where k=K

b3K(X) = b3k(x); where k=K

a3K+1(X) = a3k(x); where k=K +1

and where <

and where <

py(x) =10
py(x) = 1
qq(x) =0
Lq2(X) =0
py(x) =1
Py(x) =0
q,(x) =0
qqe(x) = 0
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Appendix D

DESCRIPTION OF THE COMPUTER PROGRAMS

The computer programs REF2G, LINEAR, CUBIC, and ANALYZE
are described respectively in the following four sections. The pro-
grams are written in FORTRAN IV, allow double precision calcu-
lations, and were used with the I.B.M. 360/65 and 370/155 FORTRAN
G compilers at the M.I. T. Information Processing Center. Sample
storage requirements and execution times of the programs are summa-
rized in Table D, 1,

The power method employed in the first three programs allows a
maximum of 300 iterations to converge, and program execution con-
tinues after this limit. Initial group flux shapes are sinusoidal or flat,
depending upon the boundary conditions chosen.

The input and output data of each program are divided into data

blocks for ease of representation as described below.

D.1., Description of Program REF2G

REF2G finds the reference solutions of the one-dimensional, two-
group diffusion equations of each case study, or the detailed sub-
assembly solutions of each subassembly, using the linear finite
element approximation method. The program allows up to a total of
two hundred homogeneous fine mesh regions and employs combi-
nations of both zero flux and symmetry boundary conditions. Identical

material regions can be automatically repeated with no additional input.



155

Options for plotting graphically the history of the converging spatial
flux as well as the converging eigenvalue are also available, In
addition, the program allows the calculation of the adjoint flux and
current solutions.

The approximate current solutions are linear within each mesh
region and are calculated from the converged flux solutions using
Eqgs. 4.29 and 4.31. The converged flux and current solutions and
the converged adjoint solutions can be punched out for future use as

described below,

A, Reference Solution Input Block

Card Type 1: Format (20A4)

An Appropriate Problem Title

Card Type 2: Format (215, 3E10.3, 5I5)

KR  Total number of homogeneous fine mesh regions.
KR = 200.

IBC  Boundary Condition Option

1. Zero flux on both boundaries

2. Zero flux on the left, symmetry on the right
3. Symmetry on the left, zerc flux on the right
4

Symmetry on both boundaries

EPS1 Iteration tolerance to be met by differences between
elements of successive iteration solution vectors:

1 for all j

EPS2 Iteration tolerance to be met by the mean square

error beitween successive iteration sclution vectors:

(1) (i-1)1213
{2 [#fP- w0152 <



Table D, 1. Sample Storage Requirements and Execution Times of the Programs
for Two-Group Results. Obtained using the M.I.T. I.B.M. 360/155,

Storage Requirements in Bytes (without overlays):

REF2G: 260 K
LINEAR: 200 K
CUBIC: 250 K

ANALYZE: 205K

C.P.U. Execution Times in Minutes:

REF2G: Detailed Subassembly Solutions (68 regions)?: .120
Case 1 Reference Solution (150 regions)b: .238
Case 4 Reference Solution (198 regions)b: . 644
LINEAR: Case 1 Synthesis (Homogenizedc) Method (3 regions): . 284 (.157)
Case 4 Synthesis (Homogenizedc) Method (9 regions): . 296 (.209)
CUBIC: Case 1 Synthesis (Homogenized®) Method (3 regions): 1.227 (.183)
Case 4 Synthesis (Homogenizedc) Method (9 regions): 1.464 (.328)
ANALYZE: Case 1 Linear (Cubic Hermite) Basis Functions: . 087 (.108)
Case 4 Linear (Cubic Hermite) Basis Functions: .122 (.139)

a. Including adjoint flux and current calculations.
b. Not including adjoint calculations.

c. Including . 126 minutes for calculation of the two~-group homogenized constants,

¥G1
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EPS3 Iteration tolerance to be met by the difference
between successive iteration eigenvalues:
l)\(i)_ )\(i—l)l < e
3
IPLOT Allows printed graphical display of the converging
flux solution:
0 No display
1  Plot only the resultant normalized flux

2 Plot a normalized history of the converging flux

JPLOT Allows printed graphical display of the history of the

converging eigenvalue when JPLOT = 1.
IPUNCH  Allows punched output when IPUNCH = 1,

ISEE Allows printing of storage information:
0 No information printed
1 Input regional properties are printed
2 Input regional properties as well as the
Common/B5/ storage arrays and the
Common/B3/ power method matrices

are printed,

NOADJ Adjoint calculations are performed when NOADJ =0,
and bypassed if NOADJ = 1,

Card Type 3: Format (2512)

ITF(k) The consecutive type-number of each region from
left to right as k = 1 to KR. Allows for repeating

identical regions with no additional input.

Card Type 3 is repeated KR/25 times (rounded off to the next highest

integer).

Card Type 4: Format (2F10.5)

CHI(1), CHI(2) The fission yields X1 and Xy for the fast and thermal

groups, respectively.
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An Input Region Data Block:

Repeated for each different material region; max [ITF(k)] times.

Card Type 5: Format (I5)

k The consecutive mesh region number (counting from

from left to right) for identification purposes.

Card Types 6,7: Format (3F10.5, 4E10. 3, /, 30X, 3E10. 3)

The geometry and nuclear constants for region k:

z(1)  Beginning spatial coordinate of region k (cm)
z(2)  Ending spatial coordinate of region k (cm)
H  Width of region k (cm)
A(1) Fast-group macroscopic total cross section in
region k (cm_l)
F(1) Fast-group macroscopic production cross section,
vEf, in region k (cm_l)
D(1) Fast-group diffusion coefficient in region k (cm)
S Fast-to-thermal macroscopic scattering cross
section in region k (cm—l)
A(2) Thermal-group macroscopic total cross section in
region k (cm—l)
F(2) Thermal-group macroscopic pllﬂoduction cross
)

section, vE,., in region k (cm

f:
D(2)  Thermal-group diffusion coefficient in region k (cm)

End of an Input Region Data Block.
Power Method Input Block: Optional

Card Type 8: Format (F10.5)

w Outer iteration overrelaxation parameter 1 € w< 2,
Default is w= 1,25,

Card Type 9: Format (D25, 14)

)\(O) Initial eigenvalue guess. Default is )\(0) =1.0.
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Card Type 10: Format (4E20.10)

((F(g,i),i=1to N), g=1to 2) Initial group flux solution guess without
zero flux boundary values. Default is
F=1,0,

End of Power Method Input Block.

B. Reference Solution Output Block

When IPUNCH = 1, REF2G punches out the number of fine
mesh regions, KR, under Format (I5) followed by the converged flux
solutions ¢(g, k) and corresponding current solutions E(g,k) for each
group g and spatial node k including boundary conditions. When ad-
joint calculations are included, the results are punched out under

Format (4D20. 10) as
(g, k), (g, k), ¢ (g,K),7 (g,k), k=1 to KR+1), g= 1 to 2)

where the notation denotes case reference solutions as well as detailed
subassembly solutions. When the adjoint calculations have been by-

passed, the results are punched out under Format (2D20, 10) as
((Y(g,k),n(g,k), k=1 to KR+1), g=1 to 2)

A total of 2 KR + 3 cards are punched out.

D.2. Description of Program LINEAR

Program LINEAR forms and solves the difference equations
resulting from the proposed approximation method using the linear
basis functions. The program allows up to twenty-five coarse mesh
regions, each of which is allowed to be broken into not more than one

hundred homogeneous intervals. Combinations of both zero flux and
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symmetry boundary conditions as well as use of the modified trial
function forms in the boundary regions are allowed. Spatial flux and
eigenvalue iteration history plots are also available.

The program allows a choice of the type of weighting, Galerkin or
adjoint, to be used in the approximation. Also, either form of the
detailed subassembly current solutions nk(x) or ?)k(x) is allowed. In
addition, identical coarse mesh regions with identical detailed sub-
assembly solutions can be repeated implicitly.

LINEAR also calculates results of the linear finite element method
when suitable input is used. Such results can be obtained by using
homogenized coarse mesh region nuclear constants and defining the
detailed group flux solutions to be constant and the detailed currents
to be zero (or by setting ITC = 0).

Punched results using detailed subassembly solutions constitute a

Synthesis Method Output Block, while punched output resulting from

the reduction to the finite element method with homogenized regional

constants constitutes a Homogenized Method Output Block,

A, Homogenized or Synthesis Method Input Block
Undefined input parameters are identical to those previously

defined in the REF2G input.

Card Type 1: Format (20A4)

An Appropriate Problem Title

Card Type 2: Format (215,3E10. 3, 615)

KR Total number of coarse mesh regions. KR s 25,
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IBC 1-4 As previously defined
5 Modified trial function (no tilting) in the first
region, symmetry on the right
6 Zero flux on the left, modified trial function
in the last region

7 Modified trial functions in both boundary regions

EPS1
EPS2
EPS3
IPLOT
JPLOT
IPUNCH
ISEE

ITW Type of approximation weighting desired:
0 Flux (Galerkin)
1 Adjoint

ITC Form of the detailed current solutions in all sub-
assemblies:
0 mx), n;;(x) as calculated by Fick's laws
1 ﬁk(x), ﬁi;(x) as given from REF2G output

Card Type 3: Format (2512)

ITF(k) The consecutive type-number of each coarse mesh
region from left to right as k=1 to KR. Allows for
repeating identical subassemblies with no additional

input.
Card Type 3 is repeated KR/25 times (rounded off to the next highest

integer).

Card Type 4: Format (2F10.5)

CHI(1), CHI(2)
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* An Input Subassembly Region Data Block:
Repeated for each different coarse mesh region; max [ITF(k)]
k

times.

Card Type 5: Format (215)

k The consecutive coarse mesh region number

(from left to right).

N The number of homogeneous intervals in sub-
assembly k. N s 100,

Card Types 6,7: Format (3F10.5, 4E10.3, /, 30X, 3E10. 3)

The subassembly geometry and nuclear constants
within each interval corresponding to the detailed

subassembly solutions.
Repeated for each interval as i = 1 to N:
z(i)  Beginning spatial coordinate of interval i (cm)
z(i+1)  Ending spatial coordinate of interval i (cm)
H(i)  Width of interval i (cm)

A(1,i) Fast-group macroscopic total cross section in

interval i (cm 1)

F(1,1) Fast-group macroscopic production cross section,

vEf, in interval i (cm 1)
D(1,1) Fast-group diffusion coefficient in interval i (cm)

S(i) Fast-to-thermal macroscopic scattering cross

section in interval i (cm_l)

A(2,1) Thermal-group macroscopic total cross section

in interval i (cm_l)

F(2,i) Thermal-group macroscopic production cross

section, VL, ininterval i (cm_l)

D(2,i)  Thermal-group diffusion coefficient in interval i (cm)
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Card Type 8: Format (4D20, 10)

The detailed subassembly solutions.
((Y(g,k), (g, k), ¥ (g,k),7 (g,k), k=1to KR+1), g=1 to 2)

A subassembly's Reference Solution Output Block without

the first card.
END of an Input Subassembly Region Data Block,
Expected Solution Input Block: Optional

Card Type 9: Format (D25, 14)

)\REF Expected eigenvalue solution. Default is "epE L 0.

Card Type 10: Format (4E20.10)

((F(i,g),i=1toN),g=1to2) Expected group flux solution without
zero flux boundary values. Default

is F =1.0.
END of the Expected Solution Input Block.

%% Power Method Input Block: Optional

As previously defined in the REF2G input.

#x% KND of the Power Method Input Block,

B. Homogenized or Synthesis Method Output Block
When IPUNCH = 1, LINEAR punches out the total number of coarse
mesh regions, KR, under Format (I5) followed by the resultant flux
solutions including boundary conditions. The flux solutions are punched
cut under Format (2E20, 7) as
(F(1,k),F(2,k), k=1to KR+1)
These cards represent either a Homogenized or Synthesis Method Output

Block, depending upon the type and form of input data used.
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D.3 Description of Program CUBIC

Program CUBIC forms and solves the difference equations result-

ing from the proposed approximation method using the cubic Hermite

basis functions. The program is very similar in form to program

LINEAR and uses similar input.

A. Homogenized or Synthesis Method Input Block
The input to CUBIC is identical to that of LINEAR except for the

following:
1. The boundary condition options are restricted by 1 < IBC < 4,

2. The normalization constant 6 can be included on Card Type 4

after CHI(2) under Format (3F10.5). Defaultis 6= 1.0.

3. Both the expected group solutions and the initial group solutions
of the Expected Solution and Power Method Input Blocks, respectively,
are of the form ((F(g,i),i=1to N), g=1 to 2) without either zero flux
or zero current (or symmetry) boundary conditions. The solution
vector is made up of alternating flux and current values as described
in section 3.3 of Chapter 3. Default values are flux values of unity

and current values of zero.

B. Homogenized or Synthesis Method Output Block

When IPUNCH = 1, CUBIC punches out the total number of coarse
mesh regions, KR, under Format (I5) followed by the resultant flux
and current solutions including boundary conditions. The solutions are

punched out under Format (4E20.7) as

(F(1,k),F(2,k),G(1,k),G(2,k), k=1 to KR+1)
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where F(g,k) represents the flux, and G(g, k) the current solution of
group g at node k.

As in the case of LINEAR, these KR+2 output cards represent
either a Synthesis or Homogenized Method Output Block, depending

upon the type and form of input data used,

D.4 Description of Program ANALYZE

ANALYZE compares the results of the reference solution,
homogenized finite element method, and the proposed synthesis method
for each case study where either linear or cubic Hermite basis functions
have been used in the latter methods. For each of these three methods,
the program first forms the complete detailed flux solution and then
normalizes the flux distributions for each method such that their total
power levels are unity. The fractional (normalized) power levels
produced in each coarse mesh region are then calculated, compared,
and listed. Finally, the detailed group fluxes of each method are
plotted graphically relative to one another using the Stromberg-Carlson

Computer Recorder, SC-4020, facility at M.I. T.54

The graphic results
for each group are normalized by the largest group-flux value such that

the equivalent total power levels are preserved.

A. ANALYZE Input

The input to ANALYZE is read from five device units: 1,2,3,11,
12,13, and 5. Input and output data of the reference and approximation
programs are read from the former six units while the standard input

unit, 5, is reserved for SC-4020 plotting information,
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The input is described by "Header Cards' and previously defined
Input and Output Blocks. Header cards consist of one or more cards

defined as follows:

Header Card 1: Format (415)

Method Indicates the type of basis function approximation:
1 Linear

2  Cubic Hermite
NK Total number of coarse mesh regions involved.

NR Total number of fine mesh regions involved. NR = NK

except for reference solution calculations.

NAP Number of additional points to be plotted within each
coarse mesh region. Used with the homogenized finite
element method calculations. NAP < 0 denotes that
the additional poinis are to be used in the first region

(reflector) only.

Header Card 2: For use in device unit 3 input when NR # NK.
Format (1615).

NRNK(k) The number of fine mesh regions which make up each
coarse mesh region k, as k=1 to NK.
The program is dimensioned to accept up to 200 fine mesh regions
(or intervals) per coarse mesh region, up to 25 coarse mesh regions,
and up to a grand total of 1000 fine mesh regions in each case study.

The form of the ANALYZE input is given as follows:



Input Data for Unit 1:

Header Cards

[Homogenized Method Input Block:l

Input Data for Unit 2:

Header Cards

I:Synthesis Method Input Block:l

Input Data for Unit 3:

Header Cards

[Reference Solution Input Block:]

Input Data for Unit 11:

I:Homogenized Method Output Block:l

Input Data for Unit 12:

E:Synthesis Method Output Block:l

Input Data for Unit 13:

I—Reference Solution Output Block]

Input Data for Unit 5:

No SC-4020 plots are generated if this data is omitted.

Card 1: Format (20A4)

An appropriate title written above each plotted graph.

166
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Card 2: TFormat (2F10.5)

XINCH Total width of the graph in inches including labels
(limited to 7.45").

YINCH Total height of the graph in inches including labels
(limited to 7.45").

Card 3: Format (I10, F10.5)

NCELL Total number of coarse mesh regions. NCELL < 25,
(NCELL < 0 indicates that the last region is of width
 WCELL))

WCELL Width of each coarse mesh region in cm.,

Card 4: Optional. Format (110, 7F10.5)

NLL Number of vertical light lines to be added to the plotted
graphs. NLL < 100,

XL(i) Spatial location (cm) of the light lines; i = 1 to 7.

Card 5: Format (8F10.5)

XL(i) As above when NLL > 7,
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Appendix E

SAMPLE INPUT AND OUTPUT DATA BLOCKS
FOR PROGRAMS REF2G, LINEAR, CUBIC, AND ANALYZE

(Included in only the first six copies of this report.)



SAMPLE REF25

E.le REF2G SAMPLE INPUT AND OUTPUT DATA BLOCKS

———— ———— o~ —— - -

REFERENCE SOLUTION INPUT BLOCK:

CASE 1 STubY:

150
1111
5555

6 6 6 66717

4
1
5

TAR
1.E
2 222
555 %
17

E

£
5
3
*
8

O W W e

3
4
8

@® W

) E‘S
4 4
33
99

4 4
3 2
9 9

IOE—B

DIFFERENT SUBASSEMBLIES.

1

150
1

55555555
22211111

1010101C10101010

1010101010101010 99 998888 777766666
11111111111212121213131313141414141515151515151515
15151515151515151414141413131313121212121111111111

1.0
1
0.0

6
0.0

18
0.0

51
0.0

56
0.0

1

0.0

1.0

0.5

J.125

0.0625

0«5

1.0

0.5

0.25

0.125

0.0625

1.0

2459
5.32

2+ 59
5.32

2.59
5.32
2+59
3.32

D-2
D=2

D=2
D=2

D-2
D-2

D-2
D=2

D-2
D-1

D-2
D=2

D-2
D-2

4.85
6.36

4.85
6.36

4.85
6.36

4.85
6.36

D-3
D-2

D-3
D-2

D-3
D-2

D-3
D-2

DO
DO

D-3
D-1

D-3
D-1

FINE MESH

1 0
1.396 D 0
3.88 D-1
1.396 D 0
3.88 D-1
1.396 D 0
3.88 D-1
1.396 D 0
3.88 D-1
1.0 DO
1.0 DO
1.397 D O
3.89 D-1
1.397 D O
3.89 D-1

REFERENCE SOLUTION.

1

0.0

1.72

1.72
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60
0.0

64
0.0

68
0.0

101
0.0

106
0.0

110
0.0

114
0.0

118
0.0

0.25
0.125

0.0625

0.25
J.125

0.0625

0.25

0.125

0.02625

1.0

0.5

0.25

0.125

0.0625

D-2
D-2

D-2
D~-2
D-1

D-2
D-2

D=2
D=2

D-2
D-2

D-2
D-2

D-2
D-1

5.53
1.02

5.53
1.02

6.59
1.29

6.59
1.29

6.59
1.29

6.59
1.29

0-3
D-1

D-3
D-1

DO
DO

D-3
D-1

D-3
D-1

D-3
D-1

1.397
3.89

1.397
3.89

e
[ I )
[oe ']

1.399
3.87

1.399
3.87

1.399
3.87

1.399
3.87

0.0
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SAMPLE REF2G SUBASSEMBLY SOLUTION INPUT BLOCK:

CELL A TWO GRJJP CELL SOLUTION: FUEL A + CRUCIFORM ROD. THWO GROUP CONSTANTS.,

68 4 l.E-8 l.E-8 1.E-8 1 1 1 0 0
123333444555555606667TT7T1T7T17T1717
788888 88888888888 7TT7TT7T17T7TT1TT1T1
6666555555 44333321
1.0 0.0
1 1
0.0 0.0525 0.0625 259 D-2 4.85 D-3 1.396 D 0 1.79 D=2
2 1
0.0 0.9375 0.9375 259 D-2 4.85 D-3 1.396 D 0 1.79 D-2
5.32 D-2 6.36 D-2 3.88 D-1
3 1
0.0 1.0 1.0 2.59 D-2 4.85 D-3 1.396 D 0 1.79 D=2
5.32 D-2 6.36 D-2 3.88 D-1
7 1 ‘
0.0 0.5 0.5 2.59 D-2 4.85 D-3 1.396 D 0 1.79 D-2
532 D-2 6.36 D-2 3.88 OD-1
9 1
0.0 0.25 0.25 2.59 D-2 4.85 D-3 1.396 D D 1.79 D-2
15 1
0.0 0. 125 0.125 259 D-2 4.85 D-3 1.396 D 0 1.79 D-2
19 1
5,32 D-2 6.36 D-2 3.88 D-1
27 1
0.0 0. 0625 0.0625 4.52 D=2 0.0 DO0O1.0 D O 0.0 DO
' 9.59 D-1 0.0 DO1l.0 DO
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SAMPLE REF2G REFERENCE SOLUTIGN OUTPUT BLOCK (SAMPLE SUBASSEMBLY SOLUTION):

——————— ———— — ——— - — - T~ —— — — ———— -

68

DO
0.20623190~-02
0.6351434D-02

0.1000000) 01
0.9999906) 00
0.9976040D0 00

0.0

63 ADDITIONAL FAST GROUP DATA CARDS

0.9976240) J0
0.999990623 D)
0.10000600D 01
0.309014%450 J0
0.30900723 00
0.3071103D0 00

-0.6351434D-02
-0.2062319D-02
DO

Do
0.4484312D-03
0.1418028D-02

0.0
0.0

63 ADDITIONAL THERMAL GROUP DATA CARDS

0.30711032 20
0.3090072)5 00
0.3090145D0 00

-0.1418028D-02
~0.44384312D-03

0.0 DO

0.6840883D
0.6840819D
0.6824493D

0.6824493D
0.6840819D
0.6840883D
0.1000000D
0.9999762D
0.9938377D

0.99383770
0.9999762D
0.1000000D

20
00
00

00
00
00
01
00
00

00
00
01

DO
~-0.1410808D-02
-0.4344942D-02

0.0

0+43449420-02
0.1410808D-02
DO

b o
—0.1451165D-02
-0.4588871D-02

0.0
0.0

0.4588871D-02
0.1451165D-02

0.0 DO
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E.2. LINEAR SAMPLE INPUT AND OUTPUT DATA BLOCKS

- — i ————— o — J— ———_ T — o~

CASE 1 STUDY: THREE DIFFERENT SUBASSEMBLIES. HOMOGENIZED FINITE ELEMENT METHOD

3 4 l.E-5 l.E-5 1.E-8 1 1 1 0 1 1
123
1.0 0.0
1 1
0.0 18.0 18.0 »268878D-1.4601750-2.1379520 1.169837D-1
+681283D-1.625518D-1.398086D C
1.0 29 J.0 DO 1.0 DO 0.0 DO
1.0 DO 0.0 DO 1.0 DO 0.0 DO
1.0 20 0.0 DO 1.0 DO 0.0 DO
1.0 DO J.0 DO 1.0 DO 0.0 DO
2 1
0.0 18.0 18.0 +269849D-1.524631D0-2.137948D 1.163176D-1
«864780D-1.100222D 0.399649D0 O
1.0 DO 0.0 DO 1.0 DO 0.0 DO
1.0 D3 J.D DO 1.0 DO 2.0 DO
1.0 DO 0.0 DO 1.0 DO 0.0 DO
1.0 DO 0.0 DO 1.0 DO 0.0 DO
3 1 '
0.0 18.0 18.0 .270820D-1.625116D-2,.1379430 1.159361D-1
«989361D0-1.126682D 0.398014D O
1.0 DO 0.0 DO 1.0 Do 0.0 DO
1.0 DO .0 DO 1.0 D ¢ 0.0 DO
1.0 D0 J.0 DO 1.0 DO 0.0 DO
1.0 DO 0.0 DO 1.0 DO 0.0 DO
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SAMPLE LINEAR METHOD OUTPUT BLOCK:

3

0.2444087D 00
0.40608565D )
0.7838067) 00
0.1000000D 01

—— - — - ———— —— ———— - — -

0.6758041D-01
0.90239887D0-01
0.1339626D 00
0.1563839D 00
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Ee3.

PR ————

CASE 1 STuDY:

———————— -

CUBIC SAMPLE INPUT AND OUTPUT DATA BLOCKS

THREE DIFFERENT SUBASSEMBLIES.

3 4 l.E-5 1.E-5 l.E-8
123
1.0 U.0
1 68
0.0 0.06250 0.06250 0.259E-01
0.532E-01
0.06250 1.00000 0.93750 0.259E-01
Je532E-01
64 ADDITIJNAL CARD PAIRS OF TYPE A
17.00000 17.93750 0.93750 0.259E-01
J.532E-01
17.93750 18.000J0 0.06250 J.259E-01
0.532E-01
0.1000000D 01 0.0 DO

0.9999906) J2)

0.9976040D 00

63 ADDITIONAL FAST GROUP DATA CARDS

0.9976040D 00
0. 99999036) 00
0.1000000D0 01
0.3090145) J0
0.30900720 00
0.3071103D 00

2.2062319D-02
0.6351434D-02

-0.6351434D-02
-0.2062319D-02
DO

DO
0.44843120-03
0.1418028D-02

0.0
0.0

1 1 1 0

0.485E-02 0.140E 01
0.636E-01 0.38BE 00
0.485€-02 0.140E 01
0.636E-01 0.388E 00

SUBASSEMBLY SYNTHESIS.

1 1

0.179E-01

0.179E-01

SUBASSEMBLY INTERVAL MATERIAL INPUT

C.485E-02 0,140t
0.636E-01 0.388E 00
0.485E-02 0.140E 01
C.636E-01 0.388E 00
0.6840883D 0Q
0.6840819D 00
0.6824493D 00

0.6824493D 00
0.6840819D 00
0.6840883D 00
0.1000000D 01
0.9999762D 00
0.9938377D 00

63 ADDITIONAL THERMAL GROUP DATA CARDS

01 0.179E-01

0.179E-01

0.0 DO
-0.14108080-02
-0.4344942D-02

0.4344942D-02
0.1410808D-02
Do

DO
-0.1451165D-02
-0.4588871D-02

0.0
0.9

» L
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0.3071103) 00
1 0.3090072D 00
0.30901450 00

2 68
0.0 0.06250
.06250 1.00000

64 ADDITIOINAL CARD PAIRS

17.00000 17.93750

17.93750 18.00000
0.10000000 01
0.9999912) 00
0.99774740 00

63 ADDITIONAL FAST GROUP ODATA CARDS

0.9977474) 00
0.9999912J J0
0.1000000D 01
0.2294488D 00
0.2294442D0 00
0.22826300 00

-0.1418028D-02
-0.4484312D-03

0.0 DO
0.06250 0.260E-01
Je T10E-01
0.93750 0.260E-01
0.710E-01
JF TYPE B
093750 0.260E-01
0. 7T10E-01
0.06250 0.260E~01
0. T10E-01
0.0 DO

0.19386598D-02
0.5978934D-02

-0.5978%34D-02
-0.1938698D-02
DO

DO
0.2792649D-03
0.8868016D-03

0.0
0.0

0.9938377D
0.9999762D
0.190000000

0.553E-02 0.140E
0.102E 00 0.389E
C.553E-02 0.140E
0.102E 00 0.389E

00
00
01

01
00

0.4588871D-02
0.1451165D0-02

0.0 DO

0.172E-01

01 0.172€E-01

00

SUBASSEMBLY INTERVAL MATERIAL INPUT

0.553E-02 0.140E

0.102E 00 0.389E

0.553E-02 0.140E
0.102E 00 0.389¢E
0.6579158D
0.6579100D
0.6564338D

0.6564338D
0.6579100D
0.6579158D
0.10000000D
0.9999801D
0.9948319D

63 ADDITIONAL THERMAL GROJP DATA CARDS

0.2282630D 00

0.22944%42) J0

0.2294488) 00
3 68

0.0 0. 06250

-0.8868016D-03
-0.27926490-03

0.0 DO

0.0625) J.ZblE—Olk

0.9948319D
0.9999801D
0.1000000D

0.659E-02 0.140E

01 0.172E-01

00
01
00
00
00
00

00
00
00
01
00
00

00
90
01

0.172E-01

0.0 DO
-0.1275500D-92

—0.3933635D0-02

0.3933635D-02
0.12755000-02
0 DO
0 DO
-0.1217112D-02
-0.3864921D-02

0.
0.

0.3864921D-02
0.1217112D0-02

0.0 DO

01 0.168E-01
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0.06250

1.00000

64 ADDITIINAL CARD PAIRS

17.00000 17.93750

17.93750 18.00000
0.1000000D 01
0.9999915) 00
0.9978665) 00

63 ADDITIJONAL FAST GROUP DATA CARDS

0.99786650 00
0.9999916) 00
0.1000000) 01
0.19377963 0O
0.1937762D 00
0.1928897) 00

0. 832E-01
Je261E-01
0.832E-01

0.93750

OF TYPE C
0.93750 0.261E-01
J.832E-01
0«261E-01
0+832E-01

DO
0.1837899D-02
0.5673004D-02

0.06250

0.0

-0.5673004D-02
-0.1837899D-02
DO

DO
0.2081888D—-03
0.6627953D-03

0.0
0.0

0.129€ 00 0.387E

00

0.659E-02 0.140E 01 0.168E-01

0.129E 00 0.387E

SUBASSEMBLY INTERVAL

0.659E-02 0.140E
0.129E 00 0.387E
C.659E-02 0.140E
0.129E 00 0.387E
0.6615058D
0.6615002D
0.6600944D

0.6600944D
0.6615002D
0.6615058D
0.1000000D
0.9999824D
0.9954074D

63 ADDITIONAL THERMAL GROUP DATA CARDS

0.19288970 00
0.1937752D 00
0.1937796) 00

0.0

-0.6627953D-03
-0.2081898D-03
D 0

0.9954074D
0.9999824D
0.1000000D

00

01
00
01
00
00
00
00

00
00
20
01
00
00

00
00
01

MATERTAL INPUT
0.168E-01

0.168E-01

0.0 DO
-0.1215781D-02

-0.3752725D-02

0.3752725D0-02
0.1215781D-02
0 D92
0 Do
~-0.1074364D-02
~-0.3420356D-02

0
O.

0.3420356D-02
0.1074364D-02

0.0 DO
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SAMPLE CUBIC METHOO

———

0.2503191D 00
0.40354800 20
0.7785649) 00
0.1000000D 01

OUTPUT BLOCK:

- —— . ——— . ——

0.0
-0.2202874D-01
-0.2731031D-01

0.0

0.7648905D-01
0.1062932D0 00
0.1642353D 00
0.1946404D 00

0.0

0.5636188D-03
0.3579210D-03

0.0
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E.%. ANALYZE SAMPLE INPUT AND CUTPUT

SAMPLE ANALYZE INPUT (CASE 1 CUBIC METHCDS RESULTS):

—— ——— - o - —

//G.FTO1FO01 DD *
2 3 3 35
CASE 1 HOMOGENIZED LINEAR FINITE ELEMENT METHOD INPUT BLOCK

/%

//G.FT02F001 DD * |
2 3 3 0
CASE 1 LINEAR SYNTHESIS METHUD INPUT BLOCK

7%

//G.FTO3F001 DD %
1 3 150 0
50 50 50
CASE 1 REFERENCE SJLJTION INPUT BLOCK

/%

//G.FT11F00L DD *
CASE 1 HOMOGENIZED LINEAR FINITE ELEMENT METHOD OUTPUT BLOCK

7%
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//G.FT12F001 DD ¢
CASE 1 LINEAR SYNTHESIS METHOD QUTPUT BLOCK

L ]

/%

//G.FT13F001 0D *
CASE 1 REFERENCE SJLUTION OUTPUT BLOCK

*

®

/%

//G.SYSIN DD *
TWO GROUP CASE 1 CUBIC RESULTS.

6'0 6.0 '

3 18.0

6 8.5 9.5 26.5 27.5 44,5 45,5
/*x
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ANALYZE PRINTED OUTPUT: Case 1 with Linear Basis Functions.

RESULTS OF THFE INTEGRATED POWER TN EACH NF THF 3 REGINNS:

~ CALCULATED POWER LEVFLS, AND NUMRER OF SUBREGIONS PFR REGINN:

REGION: HOMNGENTZED RFESULTS: SYNTHESIZED RESULTS:
. 1 1 0.1158776F 00 68 0. 1086056F 0N 0
2 1 0.2585564E 00 68 0. 24467T225F 00 02404295 F mﬁf
3 1 0.4313925F 00 AR D0.4112111F 00 50 0.41873Q§§;Q§4
+:
TOTALS: 3 D.8058265E 00 204 0e 7645 392E 00 150 0 .7615775FE 00

e g —

FRACTIONAL POWFR LEVELS:

REGION: HOMOGENFNUS RESULTS: SYNTHESIZED RESULTS: REFERENCE RESULESR .o

1 0.14379S7€ 00 0.1420537€ 00 0.1344807E
2 0.3208586E 00 0.3200914F 00 0.3156993F 00
3 0.5353416F 00 0.537854RE 00 0.5498100E 00 4
A
-~ 0.9999999E 00 0.99990090F 00 0.9599999£.00 '

SSSEEE, .5 .
2ne

FRACTIONAL POWER NORMALIZED PERCENT FERRNRS:

. REGION: (REF=HOMD ) /REF 2 (REF-SYNTH)/REF %

=046929624E Q01 ~ - - M0,3631 2000 0F . .
. =0s1634251FE 01 e A 384 243B-0) 7 ¢
‘ z 21764868 DY

b




ANALYZE PRINTED OUTPUT:

Case 1 with Linear Basis Functions.

EXECUTING GENERAL ANALYSIS AND FLUX PLNTT ING PRDOGRAM:

TITLE OF PLOTTING RUN TS:

REACTOR GEOMETRY PARANETERS:

NCELL = 3
WCELL = 18,00000
XMIN = 0.0

XMAX = 54,00000
YMIN = 0.0

YMAX = 1.00000
NLL = 6

(XL(T),T=1,NLL) =
8,500C0 9.50000

| THREF DIFFERENT SURASSFMRLYS PROBLEM, |

26.,50000

27.50000

44 ,50000

45,50000

e

81
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Appendix F

SOURCE LISTINGS OF THE PROGRAMS

FORTRAN source listings of programs REF2G, LINEAR, CUBIC,
and ANALYZE are listed in only the first six copies of this report in
the following four sections.

A figure of a subroutine overlay structure precedes each listing

in order to indicate the construction of each program.
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F.1. SOURCE LISTING of Program REF2G




MAIN

Level 1 |
I
SYNTH POWER CURT ouTpPUT POWER7 CURT7 OUTPT"
ERROR PLOT PLOT"7
REPEAT |
BHSET
GIFO Level 2 _
GIF1
GIF2
PRTOUT SOLV3D
NORMAL
NORM2
PHIPLT
PRTPLT
PUNCH

Figure F.1l. Structure of Program REF2G.

G681



oo

PROGRAM REF2G:3

TWO GROUP DETAILED REFERENCE AND SUBASSEMBLY SOLUTION PROGRAM.

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

TIMING EXECUTION

TIMINGLIL)
SYNTH
TIMING(IZ)
PURWER
TIMINGL(I3)
CURT
TIMING(14)
UJTPUT
TIMINGLIS)
PUWERT
TIMING(I6)
CURTY

TIMING(LIT)

ouTPT?7
TIMINGLISB)

WRITE (06,30)

30 FORMAT {1H1,'TIMING PRUOGRAM EXECUTION:",/)
J=12-

Il

WRITE(6,701) J
J=13-12

WRITE (6,702)

J=14-13

WRITE (6,703)

J=15-14%

WRITE (6570U4) .

J=16-15

WRITE (6,705} .

J=17-16
WRITE (65,7060 J
J=18-17
WRITE(6,707) J

701 FORMAT (1lH ,°?

SYNTH HAS TAKEN',16,°" /100 SECONDS.')

REF20001
REF20002
REF20003
REF20004
REF20005
REF20006
REF20007
REF20008
REF20009
REF20010
REF20011
REF20012
REF20013
REF20014
REF20015
REF20016
REF20017
REF20018
REF20019
REF20020
REF20021
REF20022
REF20023
REF20024
REF20025
REF20026
REF20027
REF20028
REF20029
REF20030
REF20031
REF20032
REF20033
REF20034
REF20035
REF23036
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702
703
104
705
706
707

720

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

1A

{LH
(1d
{1H
(14
(id

- % W w e

POWER HAS TAKEN',164' /100 SECONDS.')
CURT HAS TAKEN',I6,' 7100 SECONDS.')
QUTPUT HAS TAKEN',I5,°® /100 SECONDS.')
POWERT HAS TAKEN',16," /7100 SECONDS.')
CURTT HAS TAKEN',I164* /7100 SECONDS.')
JUTPUTT7 HAS TAKEN'",1I5,' /100 SECONDS.')

CALL TIMING(120)
J=120-11

WRITE(6,720) J

FORMAT (1HO,?

sTopP
END

THIS RUN HAS TAKEN',16,' /100 SECONDS TO RUN.')

REF20037
REF20038
REF20039
REF200490
REF20041
REF2004%42
REF20043
REF20044
REF20045
REF20046
REF20047
REF20048
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SUBRUUTINE SYNTH SYNT0001

C LINEAR FINITE ELEMENT METHOD: SYNT0002
C*******************************4******** SYNTOO003
C ADJOINT QUANTITIES OF VARIBLES ARE DENOTED BY 7 RATHER THAN *. SYNTO004
C THUS: PHI7 (RATHER THAN PHI%*) IS THE ADJOINT OF PHI. ETC. SYNTO0005
IMPLIGIT REAL*8 (A-H,K-Z) SYNTO0006
COMMON /BL/7 IBCIPLOT JPLUT »IPUNCH, ISEE,NOADJ SYNTO0007
COMMUN /827 KRyNN SYNT0008
COMMON /7B3/ L1(201,3), L2(201,43)y F1(201,3), F2(201,43), T(201, 3) SYNT0009
COMMON /B5/7 KAUO(2,200),KAL{2,200)4KA2(2,200),KB0(2,200), SYNTO0010

X KBI(ZQZOU)sKBZ(Z;ZOO),LAO{ZvZQO"LA1(21200)1LAZ(29290)0 SYNTOO011

X SRO(29200) 9SR1(249200),5R2(2,200),P12,200),P1(2,200), SYNTQO012

X QU2,200)921(2,200),R{2,200),P0(2,200),P07(2,200),PH{2,200), SYNTQ013

X PHT(2,200)3sAL12,200),8L(2,200)4CL{2,200)4AF(2,200),4BF{2,200), SYNTOO014

X CF{24200):AT(200),BT7T(2001),CT{200), SYNTQO015

X BLO(2), cLOt 2), BFC(2), CF0(2), 8T0(2), SYNTQO016

X C10(2), SYNTQ017

X ALK(2), BLK{2), AFK(2), BFK{2), ATK(2), SYNTO0018

X BTK{2) SYNT 0019
COMMON /B7/ HH{200),DD{(2,200) SYNT 0020
COMMON /JCHIFZ CHI(2) SYNTO0021
COMMON 7BH/ X{(2), H(1) SYNT 0022
COMMON /ER/ EPS19EPS2,EPS3 SYNTQ0023
DIMENSION PAL(2492) yPHIT(2,2)9CUR(2,2),CURT(242), SYNT0024

X Al241)sF(2,1)4D(291)9S(251)yDI(251)5XU(2,2) SYNT0025
DIMENSION ITF{200), KTF(200) SYNT0026

REAL TITLE(20) SYNT Q027
INTEGER KRyKyKS 9KS19KRD NN SYNTOQ028
INTEGER NUMITF, KTF,NOADJ SYNT0029

READ (5,200) TITLE SYNTD030

200 FORMAT (20A4) SYNT0031
WRITE (6,201) TITLE SYNT0032

201 FORMAT (1H1,20A4,//7) SYNTQ3033
C READ IN THE NUMBER OFf REGION TRIAL FUNCTIONS AND TYPE OF B.C.S. SYNT0034
C AS WELL AS THE TOLERANCES AND THE OUTPUT TYPES DESIRED. SYNT Q035
READ (5.,1) KRyIBCyEPS1,EP52 yEPS3, IPLOTJPLOT, IPUNCH, ISEE,NOADJ SYNT0036
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1 FORMAT (215493D10.34515)
READ IN THE TYPE-NUMBER OF EACH TF REGION:
READ (5,100) (ITF(I)yI=1,4KR)

100 FORMAT (2512) .
READ IN THE FISSION YIELD FOR EACH GROUP:
READ (5,101) CAI(1l), CHIC(2)

101 FORMAT (2F10.5)
KRO=KR-1

C

WRITE (642)

KR 9

18C

2 FORMAT ('OVARIATIONAL SYNTHESIS PROGRAM #2G(200):',5X,"USING *,13,

X
X
X
X

X

X
X

20 FORMAT (/7/,'0TOLERANCES TO POWER ARE :
*51PD10.3,/ 428Xy 'EPS3 =
YQOUTPUT PARAMETERS TO POWER ARE:
'1119/,34X1'IPUNCH =

X
X
X
X
X

X

WRITE (6,22) CHI(1),
22 FORMAT (/,'0OFISSION YIELDS ARE:

IF
IF
IF
IF
IF
IF

! SUBREACTIR REGIONS,
*OBUUNBRY CONDITION NUMBER (IBC) IS

OR TRIAL FUNCTIONS.'4/»
"Il,'-"//'

*OMATERIAL PROPERTIES AND TRIAL FUNCTIONS FOR EACH SUBREGION FO
XLLOW:",/,
' OUMATERIAL PROPERTIES ARE HOMOGENEOUS IN THE INDICATED REGIONS.
X%/
'OFLUX TRIAL FUNCTIONS ARE LINEAR IN EACH SEGMENT OF THE SUBREG
XIONS. ',/
* OCURRENT TRIAL FUNCTIGNS ARE FLAT IN EACH OF THE ',
*SUBREGIUNS ')
WRITE (69200 EPSL4EPS2,EPS34IPLCTyJPLCT,IPUNCH,ISEE,NOADJ

28X, 'EPS2 =
34Xy *JdPLIT

34Xy *ISEE =
34X, *NJADJ

22X, *CHI(2)

((KReLEs2)oAND.(IBC.EWQ.1))

{KReGTL200)

({IBCaLT«1) e OR{IBC.GTo%))

Y9114/,

"yIl,'.*)
CHI (2)

=1 ’F}.O.S)

EPS1 = *,1PD10e3y/,
', 1PD10+34/»
IPLOT = %,11,/,
',11,/,

CHI(1) ='9F10n5'/’

CALL ERROR{1l,KR)

CALL ERROR(24KR)

CALL ERRORI(6+1)
CALL ERROR(6,2)
CALL ERROR(6,3)

CALL ERROR(T,1IBC)

SYNT0037
SYNT Q033
SYNTO0039
SYNT004)
SYNT0041
SYNT0042
SYNT0043
SYNT0044
SYNT0045
SYNT Q046
SYNTO047
SYNTQO048
SYNT0049
SYNT0050
SYNTJ051
SYNT0052
SYNTO0053
SYNTQ0054
SYNT0055
SYNT0056
SYNTCO57
SYNTO0058
SYNTQ059
SYNT0060
SYNTO0O061
SYNT0062
SYNT0063
SYNTO064
SYNT0065
SYNT 0066
SYNTJ067
SYNT0068
SYNT 0069
SYNTCO70
SYNTOO071
SYNTQJ0T72
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21

25

110

X

3

DUMMY NURMAL VECTOR: XU = UNITY. (FOR THE INTEGRATION FUNCTICNS.)
DO 21 1G=1,2
DO 21 1I=1,2

XUl1Go11)=1.0
SET FLUXES TO UNITY FOR SYNTH 26:
DO 25 15=1,2
DO 25 11=1y2
PHILIG,11)=1.0
PHITLIG,11)=1.0
COUNTER OF THE NUMBER OF TYPE-NUMBERS OF EACH TF REGION:
NUMITF=1
WRITE (6,9)
FORMAT (1)
BEGIN TJ) READ IN THE TF REGION DATA AND FILL THE ARRAYS,
DEPENDING JON THE TYPE-NUMBER OF EACH TF REGION.
DO 50 1I=1,KR
IF {ITFLI)LEJ.NUMITF) GO TO 110
FILL THE ARRAYS FROM OLD TF REGICN
J=ITF(I)
CALL REPEAT(IGKTF{(J))
GO0 TO 50
READ IN THE TF REGIUGN'S DATA FOR NEW TF REGION TYPE-NUMBERS:
NUMITF=NUMITF+1
KTF{NUMITF-1)=1
READ THE SUBREGION NUMBER AND THE NUMBER OF REGIONS IN THE SUBREGION.
READ {5,1) K
KS=1
IF (KS«GT.100)
KS1=KS+1
CHECK FOR IMPROPER SEQUENCING OF
IF (I<NE.K) . CALL ERROR{4,1)
READ IN THE GEOMETRY AND THE MATERIAL PROPERTIES OF THIS REGION:
READ (593) (X(J) e X{JI+1)oHIJ D) sAl19J) oF(15J)9D(14Jd)sS(14d),
A(24J) 9F125J)3D(24J)9J=14KS)
FORMAT (3F10.554E10e34/ 330X +3E10.3)
ARITING JUT THE INPUT INFORMATION:

TYPES:

CALL ERRUOR{3,1)

INPUT DATA:

SYNT0073
SYNTO0OT74
SYNT0075
SYNTO0076
SYNTOOQ77
SYNTQOO078
SYNT Q079
SYNT0080
SYNT0081
SYNT0082
SYNTQO083
SYNT0084
SYNT0085
SYNT 0086
SYNTQ087
SYNT0O088
SYNTO0089
SYNT0099
SYNT0091
SYNT0092
SYNT0093
SYNT0094
SYNTO0095
SYNT0096
SYNT 0097
SYNT 0098
SYNTO0099
SYNTO0100
SYNTO101
SYNTO102
SYNTQ103
SYNTO104
SYNTO105
SYNTO0106
SYNTOQ107
SYNTO108

PAGE 1990



X

IF

(1SEE.EQ.0) GO TO 14

WRITE (6510) KoKRyKSy{JgX{J)sXU{JI#+1) sH{J)»A(L19J)4F(1yJ)sD(1,Jd),

S‘l'J"A(Z,J)'F‘ZiJ)'D‘Z’J)’J=1'KS,

10 FORMAT (*OINPUT MATERIAL PROPERTIES FOR SUBREGION NUMBER *',13,

B XK PP D DK P XK X XK

b -
[7¢

., OF THE 94,13,® USED."+//,

5Xy*THIS SUBREGION IS DIVIDED INTC '*,13,' HOMOGENEGQUS SEGMENTS
FOLLONS:%,7/,

5Xy *FAST GRUOUP CONSTANTS APPEAR FIRST:',//,

' REGION #* 95X, *INTERNAL BOUNDARIES',13X,*WIDTH',3X,

"ABSORB. CX (1/CM)*,3X,*FISSION CX (1/CM)*,6X,*DIFFUSION (CM)?*,
4Xs9SCATT. CX (L/CM)*,/,

SXe I g LAX ot XUI) "X " X(I#1) ", 11X, "H(I)*y13X,*A(IG,1)*,13X,
YFLIGe 1) 913X 'DUIG 1)y 14X ?*S{1s1)*y//,
{1693F15.434D20.8¢/951X93D20.8})

END OF THE IN-OUT SECTIGN.

14 CONTINUE

13

DEFINING MISC. ARRAYS fFUR THE INTEGRATION FUNCTIONS:
LEGNTH JF THE SUBREGION: HT

HT=X{KS1l)1-X{1)
HH{K)=HT

DD{1,K)=D(1,1)
DD(2,K)=D(2,1)

INVERSE OF D ARRAYS:

DO 13 J=1,KS
DI{1l,Jd)=1./0(1,J)
DI(29J)=1./D(25J)

FURMATION OF THE INTEGRATION FUNCTICNS:

CALL BHSETI(KS) .

DO

DO FOR ALL ENERGY GROUPS:
50 15=1,2

KAOUIGsKI=GIFO(IGHPHIT,PHI A 4KS)
KAL{IGyK)I=GIFLLIGyPHIT,PHI 4 A4KS)
KA2(IGyK)=GIF2(IGyPHITyPHI A4KS)
KBO{IGyKI=GIFO{IGsPHITsPHI s F4KS)
KBL{IGyK)=GIF1{IGyPHIT,PHIy FyKS)
KB2(IG6yKI=3IF2L IGyPHIT)PHI 5 F4KS)

SYNT0109
SYNTO110
SYNTO111
SYNTO112
SYNTO113
SYNTO114
SYNTO115
SYNTO116
SYNTO117
SYNTO118
SYNTO119
SYNT0120
SYNTO121
SYNTO122
SYNTO0123
SYNTO124
SYNTO125
SYNTO126
SYNT0127
SYNT0128
SYNTO0129
SYNTO130
SYNTO0131
SYNTO0132
SYNTO133
SYNTO134
SYNT0135
SYNTO136
SYNTO137
SYNTO138
SYNT0139
SYNT0140
SYNTO141
SYNTO142
SYNT0143
SYNTO144
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50

51
52

X
X

60

RUIGKI=GLIFOUIGyPHIT,PHI Dy KS)/ LHT*HT)
NO SCATTERING IN THE LOWEST GROUP:

IF (IG.EQ.2) GO TO 50

SRO{IGyK)=GIFO(IGyPHITsPHI ySyKS)

SRI(IGyKI=GIFLIIGyPHIT,PHI sy S4KS)

SR21UIGyK)=GIF2({ IGyPHIT,PHI 5y S4KS)

CONTINUE

NUMITF=NUMITF-1

WRITE (6551) NUMITF

FORMAT (* LTHERE ARE ONLY',13,' DIFFERENT TRIAL FUNCTICN REGIONS.®)

WRITE (6452) (I,ITF{I),I=1,KR)

FORMAT (/,*OTABLE OF THE TRIAL FUNCTION REGION TYPES:',//,
3Xs"TF REGION' 34X 'REGIUN TYPE—-NUMBER®,//,
(17,12X,17))

DETERMINATION OF THE B.C. OPTICN PARAMETERS:
NN IS THE MM AND FF MATRIX BLOCK SIZE.

IF {IBC.EQel) NN=KR-1

IF (IBC.EQ.%4)  NN=KR+1
FORMATION OF THE COEFFICIENT VECTORS:

THE INTERIOR COEFFS:

DO 60 16=1,2

DO 60 K=2KR

J=K-1

AL{IGoKISKALLIIG9J)=KA2{1Gy»Jd )-R(1IG,yJ)

BLIIGsKI=KA2(IG s J)+RIIG,JI+KAD(IGyK)—2.*%KAL{IGK)+KA2(IGyK)

+R{IG,4K)

CLIIGoKI=KALIIG K)—-KA2LIG,K)-R{IGyK)

AF{IGsK)=KB1llIG9J)-KB2L1GyJ)

BFIIGyK)=KB2{I16G+J)+KBO(IGyK )—2.*KBLIIG,K)+KB2{ IG4K)

CF{IGsK1I=KBL{IG ¢K)=KB2{1IGyK)

AT{K)=SR1{1sJ)-SR2{14J)

BT{K)=SR2(1yJ)+SRO(1,K)=2.%SR1{1,K)+SR2(1+K)

CT{K)=SR1(1,K)-SR2(1,K)

CONTINUE
THE LERU FLUX COEFFS:

SYNTO145
SYNTO146
SYNTQ147
SYNTO148
SYNTO149
SYNTO15)
SYNTO151
SYNTO0152
SYNTO153
SYNTO154
SYNTO155
SYNTO156
SYNTO157
SYNTO158
SYNTO159
SYNT0160
SYNTQl61
SYNTOl162
SYNTQ163
SYNTO164
SYNTO165
SYNTO166
SYNTO167
SYNTO168
SYNTO169
SYNTO170
SYNTO171
SYNTQ172
SYNTO173
SYNTO174
SYNTO0175
SYNTO176
SYNTO177
SYNTOQ178
SYNTO179
SYNTO180
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61

62

DO 61 1I6=1+2
BLOGIG)I=KAD{IGr 1)—2*KALIIG 91 )+KA{ IGy 1)4R{IG,1)
BFOLIG)=KBO(IG,1)-2.*KBL{IG,1)+KB2(1G,1)
CLOLIG)I=KAL(IGy1)-KA2{IGs1)-R(IG,1)
CFOLIG)=KBLLIIG,1)—-KB2(IG,1) -
BTO(1)=SRO{1,1)-2.%SR1{1,y1)+SR2(1,1)
CTO{1)=SR1i(1,1)-SR2(1,1)

THE ZERO CURRENT COEFFS:
K=KR
DO 62 1G=1,2
ALKL{IG)=KAL{IGsK)=KA2{IG,K)-R{IGyK)
BLK{IGI=KA2{1GyKI+R(IGyK)
AFKUIG)=KBLI1G,K)=KB2(IG,K)
BFK{IG)I=KB2(1GsK)
ATK({1)=SR1{1+KJ)—=SR2(1,K)
BTK{1)=5R2{1,K)

ZERO MATRICES:
L1{1l,1})=0.
L2{1,1)=0.
F1(1,1)=0.
F2{l1,1)=0.
T (1,1)=0.
L1{NNy3)=0.
L2{NNs3)=0.
F1{NN,3)=0.
F2{NNys3)}=0.
T (NN: 3)=0.

FILL ALL THE MATRICES FOR POWER:
J=1

DETERMINE THE LEFT BOUNDARY CONDITIONS:
If {IBC.LT.3) GO TO 67
L1{Jy2)=BLO(]1)
L2{J,2)=BLO(2) .
F1{(J,2)=BFJ{(1)
F2{J,2)=BF0(2)}
T{J,2)=8BT0(1)

SYNTO181
SYNTO182
SYNTO183
SYNTO184
SYNTO0185
SYNTO186
SYNTO187
SYNTO188
SYNTQ189
SYNTO190
SYNTO191
SYNTO192
SYNTO0193
SYNTO0194
SYNTO195
SYNTO196
SYNTO0197
SYNTO198
SYNTQO199
SYNT 0200
SYNTO0201
SYNT0202
SYNT0203
SYNT0204
SYNT0205
SYNTO0206
SYNTQ207
SYNT0208
SYNT0209
SYNTO0210
SYNT0211
SYNT0212
SYNTO0213
SYNTO214
SYNTO0215
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67

69

70

FOR ALL THE INTERIOR EQUATIONS:

L1(Js 3)=CLULL)
L2144, 3)=CLO(2)
F1{J, 3)=CFO{(1)
F2ild, 3)=CFO(2)
T(Jdy 3)=CT0(1)
J=J+1

DO 70 K=Z,KR

IF (JeEuW.l)

L1ld, 1)=ALl1,K)
L2(Jy 1)=ALI12,K)
F1{Jd, 1)=AF(1,K)
F2l{Jdy 1)=AF12,K)
TlJds 1)=ATIK).

L1{J,2)=BL(1,K)
L2(Jds2)=BLL2+K) .
Fl{de2)=8BF(1,K)
F2{d,2)=BF({2,K)}
Tid,2)=BTLK)

L1(Jy, 3)=CL{1,K)
L2(J, 3)=CL(24K)
F1(Jy 3)=CF(1,K)
F2(Jy 3)=CF(24K)
T{d, 31=CTIK)
J=J+1

CONTINUE

DETERMINE THE RIGHT BUUNDARY CONDITIONS:
IF ({IBC.EQe1)+OR.{IBC.EQ.3))

L1(d,
L2{J,
F1(J,
F2lJ,
TiJdy

1)=ALK(1)
1)=ALK{2)
1)=AFK(1)
1)=AFK(2)

1)=ATK(1)

L1{J,2)=BLK(1)
L2{Jd,y2)=BLK(2)
F1{J,2)=BFK(1)

GU TO 69

GO TOC 80

SYNTO0217
SYNTO0218
SYNTOQ219
SYNT0220
SYNTQ0221
SYNT0222
SYNT0223
SYNT0224
SYNT0225
SYNT0226
SYNTO0227
SYNTO0228
SYNT0229
SYNT0230
SYNTO0231
SYNTO0232
SYNT0233
SYNTO0234
SYNTO0235
SYNT0236
SYNT0237
SYNT0238
SYNT0239
SYNT0240
SYNT0241
SYNT0242
SYNT Q243
SYNTO0244
SYNT0245
SYNT0246
SYNT0247
SYNTQ0248
SYNT0249
SYNTO2590
SYNTO0251
SYNT0252
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F2lJy2)=BFK(2) SYNT0253
T{Je2)=8BTK(1) SYNT0254
CUNTINUE SYNTQ255

PRINTS OUT THE SYNTH K ARRAYS, AND THE MATRICES GIVEN TO POWER SYNTO0256

FOR 1SEE = 2. ' SYNT 0257
IF (ISEE.EQe2) CALL PRTOUT SYNT0258
RETURN SYNT0259
END SYNT 0260
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CVvwo~N o

101
102
103
104
105
106
107
110

SUBROU
ANN
60 T0
WRITE
GO 10
WRITE
60 1O
WRITE
GO 710
WRITE
GO TU
WRITE
60 10
WRITE
60 TO

TINE ERROR(IJ)
QUNCES INPUT ERRORS AND TERMINATES PROGRAM EXECUTION:
(192139415969 798,9)0,1
{6,101)

10

{69102) J

10

{69133) J

10

{69104) J

10

(6,105) J

10

(62106) J

10

CONT INUE

CONTIN
CONTIN
WRITE

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

UE
Uk
{64110)

{* IMUST HAVE > 2 SUBREGICNS FOR ZERO FLUX B.C.S. INVALID.')

(*1NUMBER OF SUBREGIONS =',13,' > 25. INVALID.')
(*1SUBREGION NUMBER® y13,' HAS > 25 SECTIONS. INVALID.')

{* LINPUT ERROR IN REGION SEQUENCING AT REGION'415,'.')
(*1Z2(1) = 0. IN REGION I ="413,°%. INVALID.?)

("1THE TOLERANCE: EPS',I1,* IS < 1.0E-16. [INVALID.")
{(*1BOUNDRY CONDITION COPTION =',12,* < 1 OR > 4. INVALID.")
(140, *PROBLEM TERMINATED."')

CALL EXIT

RETURN
END

ERROQ001
ERRO0002
ERR0O0003
ERRO0004
ERROO005
ERRO0006
ERROQOO7
ERRO0008
ERRO0009
ERRO0010
ERRO0O11
ERRG0012
ERROO013
ERROOO14
ERRO0Q015
ERROOO16
ERRO0017
ERROQO18
ERROQO19
ERRO0020
ERRO0021
ERR0O0022
ERR0O0023
ERRO0024
ERRO0025
ERRO0026
ERROQ027
ERRO0028
ERRO0029
ERRO0030
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SUBRUUTINE REPEAT(K,L) REPECOOL
SETS THE 7857/ ARRAYS {(K) EQUAL TO PAST STORED ARRAYS (L): REPEDOO2
IMPLICIT REAL*8 (A-Z) REPEQDO3
COMMON /B5/ KA0{29200),KAL(25200),KA2(2,200),KB0O(2,4200), REPEOOO4
X KB1(2,200),KB2(2,200),LA0(2,200) 4LA1(2,200),LA2{2,200), REPEQOOOS
X SRO(25230)+SR1124200)95R2(2,200),P(2,4200),P1(2,2001}, REPEQOOS
X Q{29200)0Q1025200) 9R129200),P0(2,200),P071(2,200),PH(2,200), REPEDOO7
X PH7(2,200) REPEQQOSB
COMMUN /B7/7 AH{20D),0D{2,200) REPEQOO9
INTEGER Kyl 906 REPEQO10
DO 10 G6=1,2 REPEQOL1
KAO(GsK)=KAOI(G,L) REPEDO12
KAL{GsKI=KAL{Gy L) REPEQO13
KA2{G9K)=KA2{5,L) REPEDOO14
KBO{G+K)=KBO(GsL) REPEQO15
KBLl{G,K)=KBL(G,yL) REPEQDLS
KB2{6G K )=KB2IG, L) REPEOOL7
LAOLGsK)I=LAO(G,L) REPEQO18
LALIGyKI=LALIGyL) REPEOO19
LA2(G,K)I=LA2(G,L) REPEOQ20
IF {G.EQ.2) GO TO 5 REPEQO21
SRO(G+KI=SRI{G,yL) REPEDO22
SRI{G,K)=5R1(G,L) REPEO00O23
SR2{G4K)=SR2{Gy L) REPED024%
CONTINUE REPEQO25
PIGsKI=P{GyL) . REPEDO26
PLIGK)=PLl(G,yL) REPEDQ27
Q{G,K)I=QI(G,L) REPEQO28
QL{GyK)=Q1(GyL) REPEOQO29
RIG,KI=R{Gy LI REPEOO30
PO(GsKI=PO(G,yL) REPEQO31
POTI(G,K)=POT{G,L) REPEQD32
PHIGsK)=PHI{G,L) REPEOQ33
PH7(GsK)}=PHT7(G,L) REPEQO34
CONTINJUE REPEQQ35
HH(K)=dH(L) REPEQO36
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DD(1,K)=DD(1,L) REPEQO37
DD(2,K)=DD(2,L) REPEQO38
RETURN REPE0O39
END REPE0O040
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SUBRUUTINE BHSET(K)

FIRST OF 4 ANALYTICAL INTEGRATICN RCUTINES.
IMPLICIT REAL*8 (A-H,L-1)
COMMON /7BA/ X12)sH{1),H2(1)+H3{1)sH4(1),H5(1)
DO 1 1I=1,K
H2{I)=X{I+1)*%¥2-X{1)%*2
H3(I)=X{1+1)%%3=X{1)**3
He(1)=X{I+1)¥¥4=X{1)**4
HS (I )=X{1#1)%%5-X{1)**5
CONTINUE
RETURN
END

BHSEOOO1
BHSEQ002
BHSEQCO003
BHSEQ004
BHSEOQO05
BHSEQOO0b
BHSEOQODO7
BHSEQOQ08
BHSEQO009
BHSEQO10
BHSEOQO11l
BHSEQO12
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DOUBLE PRECISION FUNCTIUN GIFOUIG,YeZyCyK)

IMPLICIT REAL*8 {(A-H,L-1)

COMMON /BH/ X{(2)sH{1)yH2(1)sH3(1),H4{1),H5(1)

DIMENSION Y{292)y Z(242), C(2,1)

SUM = 0.0

DO 1 1I=1,K

SUM=CLIGe I)¥IY(IGsI)*ZLIG, I )*HII)+H(I) *(Z(IG,1)*
X (YUIGs E+1)~YLIGy 1) )+YLIG I )X ZUIG,I+1)-Z(IGy1)))/2.
X +HOL IR IYUIG, I+#1)-YUIG, 1) )*(Z{IG,I1+1)—Z{IG,1))/3.) + SUM
1 CONTINUE

GIFO = SUM

RETURN

END

GIF00001
GIF00002
GIF00003
GIF00004
GIF00005
GIF00006
GIF00007
GIF00008
GIFO0009
GIF00010
GIFJ0011
GIF00012
GIF00013
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DOUBLE PRECISION FUNCTION GIF1{IG,YZ,CyK)

IMPLICIT REAL*8 (A-H,L~-Z)

COMMON /BH/ X{2)9H(1)sH2{1) sH3(1),H4(1),HS5{1)

DIMENSIUON Y(2,2)s Z(242)y Cl241)

SUM = 0.0

DO 1 I"‘l)K

SUM=CLIGs I)*I{H2{I) /2.~X{L)*HIT) ) *Y{IG,I)*Z(1IG,1)
X t{ZUIG 1) %Y (IG, 141 )-Y(IG, 1)) +Y(IG, I)¥*
X (ZCIGyI+ 1) =2 CIGe I )% (Lo /ZHIT DI X(H3(I)/3.-H2(II*(X(I)+X(1))/2.
X +XCIIEXULI*XHUII I UYL IGy I +1)-Y(IG 1) )*{Z(IG,I+1)-2(1G,1))
X ®(HA(L )/ 4e=rA3 (1) R (2. %X( 1) 4X(1)) /3 +H2UT ) * (X (T ) EX{T)#2.%X( 1)
X ¥X(LD)/2.=X4 L) EX{IIX(I)*H{T) )/ (H{T)*H(I))}) + SUM
1 CONTINUE

GIF1L = SUM/(XI{K+1)-X(1))

RETURN

END

GIF10001
GIF10002
GIF10003
GIF10004
GIF10005
GIF10006
GIF10007
GIF10008
GIF10009
GIF10010
GIF10011
GIF10012
GIF10013
GIF10014
GIF10015
GIF10016
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KX XK X X X X

DOUBLE PRECISIGN FUNCTION GIF2{IGyYZ2CyK)

IMPLICIT REAL*¥8 {A-HylL~Z)

COMMON /BH/ X{2)H{1)yH2(1)9yH3(1),H4(1),H5(1)

DIMENSION Y(292)y Z1242), C(2,1)

SUM = 0.0

DO 1 1I=1,K

SUM=CUIGeI)*{Y(IG IV *ZUIGs I VX(H3(I)/3—X(1)xH2(I)+X{1)xX{1)*H(1))
F{le /HII)DIRL ZUIG LIV R(Y{IGoI41)=YIG,I))+Y(IG,I)*{Z(IG,I+]1)
—Z(I69 1)) )% HGII)/4a—=H3TT) (2. %X{1)+X(I1)) /3. +H2(T)X(X{1)%X(1)
24 ¥X(LIRXCI))I/2~=XELI*X L) *X(TID*H( 1))+ {1/ (H(I)*%2))
K(YUI6sI41)=-YUIGI))*(2ZLTIGyI+1)-2{IG,1))*(HS5(]I)/5.
~He{I)*¥(X(LI+X(I)})/72+H3{TI*(XILI®RX{1L)+4 %X (1) %X{I)+X(I)%X(]I))
J3a=HZ2LII*(XLL)RXLTIRX(T ) +X{1) %X (1) *X(1))
+XL0)EXCL) X (I} 2X{I)=H{1))) + SUM

CONTINUE

GIF2 = SUM/LIXIK#L)=X(1))}%x%2)

RETURN

END

GIF20001
GIF20002
GIF20003
GIF20004
GIF20005
GIF20006
GIF20007
GIF20008
GIF20009
GIF20010
GIF20011
GIF20012
6IF20013
GIF20014
GIF20015
GIF20016
GIF20017
GIF20018
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SUBRUUTINE PRTOUT
PRINTS UUT THE /B5/ ARRAYS AND THE MATRICES GIVEN TO POWER:
IMPLICIT REAL¥B (A—-H,K-Z)
COMMUN /7B2/ KRy N
COMMUON /7B3/ L1{20143), L2120193), F1(201,3), F2{201,3), T{(201,3)
COMMON /B5/ KAOD(2,200),KAL(2,200),KA2(2,200),KB0O{(2,200),
X KB1(Z2,200)4KB2(2,200),LA0(2,200),LA1(2,200),LA2(2,200),
X SRU(25200)y5R1(2,200),5R2(2,200),P12,200)4P1(2,200),
X QU 29200)5Q11025200),R(2,200),P0124200),P07{2,200),PH{2,200]),
X PHT1(2,200)
INTEGER KRy Gy N
KA AND KB ARRAYS:
WRITE (6,10)
10 FORMAT (1 G 94X s 1% ,12X s *KAO(GeI)?y12X,*KAL(GsI)"y12X,
X SKA2(G 91 ) 512Xy "KBOLGyI ) 912X, *KBLIG»I)*,12X,*'KB2{G,I)")
DO 11 ©6=1,2
WRITE (6,12)
11 WRITE (6915) (6o IsKAOIG,I) s KALLIG 1) sKA2(G,I)oKBO{G,I),KBLIG,I),
X KB2{Gy1)sI=1)yKR)
12 FORMAT (' ')
15 FORMAT (21546D20.7)
LA AND SR ARRAYS:
WRITE (6920)

- 20 FORMAT ('1 G* 94X '1%,12Xy "LAO(GI) 12Xy *LALIG,1)"512X,

X SLA2(391) 0 912X *SROLGI) " 912X *SRI{G,I)*,12X,?*SR2(Gy11)")
6=1
WRITE (6912)
WRITE (6915) (GsIsLAO(GsI) s LALIGI) sLA2(Gy1)},SRO{G,1),SRLIG,1I),
X SR2(Gs1I)s1I=1,KR)
6=2
WRITE (6412)
WRITE (6925) (GoIsLADIGI)LAL(GyI)4LA2{(Gy1),I=1,KR)
25 FORMAT (215,3D20.7)
Py Qdy AND R ARRAYS:
WRITE (6430)
30 FORMAT ('1 G' 94Xy 'I',;14Xy"P(Gel) ' 313 Xs*PLl(GsI)*414X,*QI{G,1)?,

PRTO0001
PRT00002
PRT00003
PRT00004
PRT00005
PRTO0006
PRT0O0007
PRT0O0J08
PRTO0009
PRTOO0O010
PRTO0011
PRT0O0012
PRT0O0013
PRTO0014
PRTOO0015
PRT00016
PRTOO0017
PRTO0018
PRTO0019
PRTD0020
PRT00021
PRT0O0022
PRT00023
PRTO0024
PRT00025
PRT00026
PRT0O0027
PRT00028
PRTO0029
PRT00030
PRT0O0031
PRTO0032
PRTO0033
PRT00034
PRTO0035
PRTDO0036
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X

31
35

40
X

41
45

50

55

60

70

80

90

13Xs'QLUG 1) 914X, "RIG,1)")
DD 31 G=1,2
WRITE (6412)

WRITE (6435) (G914P(GeI) PLUG,I)9QUG,1)9QL(GsI)sR{GyI),yI=1,KR)

FORMAT (215,5D20.7)
PO AND PH ARRAYS:
WRITE (6540)

FORMAT (°'1 G 94Xy 1% 13X 'PO(GHI) *y12X,*POT(GI)"413X,*PHIG,1)",

12X *PHTLG 1))
DO 41 6=1,2
WRITE (6,12)
WRITE (6545) (GoI4PO{GyI)}sPOTIG,I)yPHIG,I)sPHT(Gy1),I=1,KR)
FORMAT {215,4D020.7)

PRINT OUT THE /B3/ MATRICES:
WRITE (6,50) .
FORMAT (*IMATRIX L1:%',/)
WRITE (6955) ({L1{1,J)9J=143)41I=1,N)
FORMAT (3E12+43s TX9y3E12.3,7X93E1223)
WRITE (6460) .
FORMAT (*1MATRIX L2:3',/1)
WRITE (69455) ({L2(14J)yJ=1,3),1I=1,4N)
WRITE (6,70) .
FORMAT ('1MATRIX Fl1l:27,/)
WRITE (6355) ((Fl{I4J)9Jd=193)s1=1,4N)
WRITE (6,80) .
FORMAT (*1MATRIX F2:1,/)
WRITE (6455) ((F2{19J)3d=193),1=1,N)
WRITE (6,90}
FORMAT (*1MATRIX T:',/7)
WRITE (6455) ({ T{led)sd=1,3),1I=1,N)
RETURN
END

PRTO0037
PRTO0038
PRTO0039
PRTO0040
PRTO0041
PRTO0042
PRTO0043
PRTO0044
PRTO0045
PRTO0046
PRTO0047
PRT0O0048
PRT00049
PRT00250
PRT0O0051
PRT00052
PRT00053
PRT00054
PRTO0055
PRT00056
PRTO0057
PRT0O0058
PRT0O0059
PRT0O0060
PRTOO0061
PRTO0062
PRT00063
PRTO0064
PRTO0065
PRTO0066
PRTOO006T
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OO OOOO0

505

550

SUBROUTINE POWER
SOLVES THE 2*N MULTIGROUP EQUATICNS: M¥PHI = (1/LAMDA)*F*PHI
BY THE FISSION SOURCE PUWER METHOD
USING SIMULTANEOUS OVERRELAXATICN.
WHERE: ™M AND F ARE DUUBLE PRECISION 2N BY 2N BLDCK MATRICES;
AND: PHI IS THE 2N FLUX (FAST AND THERMAL) VECTCR.
Li*PHI1 = CHIL*(F1*PHI1 + F2%PHI2)
—T*PHIL + L2*¥PHI2 = CHIZ2*(F1*PHI1 + F2*%PHI2)
METHUD FULLOWS WACHPRESS, PAGE 83. SOLUTION BY GROUP ITERATION.
IMPLICIT REAL*8 (A-H,L-Z)
COMMUN /B1/7 IBC,IPLOT,JPLOT,I1PUNCH,ISEE
COMMON /B2/ KRyN
COMMON /B3/ L1(201,3), L2(201,3), F1(20143)y F2(20143)y T(201,y 3)
COMMON /B4/7 PHI(2,201), PSI{24201), LAMDA, ICOUT
COMMON /BS5/ S1(201), ERROR(2,+201), Z(201)
COMMUN /867 TEl1(2, 5)07E2(215)97E3(53:IN(5)
COMMUN /B7/ HH( 200)
COMMON /CHIF/ CHI(2)
COMMUN /7ER/ EPS1.EPS2,EPS3
COMMUN /T/ I1,14
COMMUN /FSTR/ PHISTR{2,201,46)
COMMON /ESTR/ LAMSTR(300), EFSTR{2,300), EFMSTR(2,300), ERLAM(300)
COMMON /READ5S/ R5
DIMENSION PSI1{(201), PSI2(201), SQ(2), DPHI(2), ERRMAX(2)
INTEGER N
R5=1.
DEFAULT OPTIONS FOR PUWER PARAMETERS:
ALPHA=1.25
LAMDA=1.0
HX=040
DO 505 1I=1,KR
HX=HX+HH(I) .
DG 555 16=1,2
IF (IBC.NE.4) GO TO 551
DO 550 1=1,N
PHI{IGys1)=1.0

POW
POW
POW
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POW
POW
POW
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POW
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POW
POW
POHW
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POW
POW
POW
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POW
POW
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POW
POW
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0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0015
0017
0018
0019
0020

0021

0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036



OO

551

552
555

5006
502
503

510
511

10

11

GO TO 555
X=3.1415926/HX
[F (IBLC.NE.1) X=X/2.0
SUM1=0.0
DG 552 K=1,KR
SUM1=SUML+4H({K)
PHI{IG,K)=DSIN{ SUM1xX)
CONTINUE
READ IN: OVERRELAXATION PARAMETERS 3 ALPHA {QOUTER ITERATION)
INITIAL GUESS AT EIGENVALUE; LAMDA
INITIAL NURMALIZED FLUX 3 PHI(1-N)
READ (54506,END=510) ALPHA
READ (54502:END=510) LAMDA
READ 15,503) (PHI(1l,1I),I=L4N)}
READ (54503) (PHI(2,1),1=1,N)
FORMAT (F10.5)
FORMAT {(E25.14)
FORMAT ((4E20.10))
G0 TG 511
R5=0.
CONTINUE
STORING FOR PRINTING THE MULTIGRCUP FLUX SHAPE.
DO 11 1G=1,2
DO 1G I=1,sN
PHISTR(IGs192)=PHI{1G,1I)
FILL RUNNING COORD IN PHISTR
KR1=KR+1
DO 11 I=1,KR1
PHISTR{IGs1+1)=DFLOAT(I)
IK IS THE FLUX PLOTTING CCUNTER.
IK=1
STORES THE ITERATION NUMBER FOR FLUX HISTORY PLOTTING:
IN(1}=0
STORES TEMPORARY ERRORS FOR FLUX HISTCRY PLOTTING:
TE1(1,1)=0.
TE1(2,1)=0.

POW
POW
POW
POMW
POW
POW
POW
POW
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POW
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POW
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100

701

20

TE2{1l,1)=0.
TE2(2+1)=0.

TE3(1)=0.0

EIGENVALUE OF THE PREVIOUS ITERATION:
LAMB4=LAMDA

THE MAXIMUM NUMBER OF ALLOWED ITERATIONS: ICMAX
ICMAX=300

PRINT OUT THE POWER METHOD PARAMETER INFORMATION:
WRITE (65700) ICMAXALPHA,LAMDA, (PHI(1,1),1I=1,N)
WRITE (65701) (PHI(241)41=14N)
FORMAT ('1EXECUTING MULTIGROUP FISSION SOURCE POWER ITERATION METH
X0D.*9///

X 5Xs *MAXIMUM NUMBER UF ALLOWABLE ITERATIONS:2',/,
X 1UXQ.ICHAX 3',14,1//9
X 5Xs YOUTER ITERATION RELAXATICN PARAMETER:',/,
X 10X YALPHA =%,FT.34//,
X 5Xs *INITIAL GUESS AT EIGENVALUE:z',/,
X 10Xy "LAMBDA =%,E22.149//
X 5X* INITIAL GUESS AT THE GROUP FLUX SHAPE CONNECTION POINTS:',
X //:8Xe *FAST GROUPzt,/,
X LOXe 'FIK) 'S =%,4E25.149/+(18%X94E25.14))
FORMAT {*0',7X, *THERMAL GROUP:',/,

>

10X *FIKI®*S ='34FE25.1497/+(18X44E25.14))
BEGIN ITERATION LOOP,
ICOUT=0
ICOUT IS THE OUTER ITERATION CCUNTER.,
ICOUT=1CaUT+1
IF (I1COUT.LT.ICMAX) GU TO 100
FORM THE ITERATION SOQOURCE VECTOR, S3 AND ITS L-2 NORM, SUMI1:
SUM1=0.
DO 15 1I=1sN
S(1)=0.
[10=1
11=3
IF {1<EQ.1) 10=2
IF (1.EQ.N} . 1i=2

PON
POW
POW
POW
POW
POW
POH
POW
POW
POW
POW
POW
POW
POW
POW
POW
POW
POW
POW
POMW
POW
POW
PONW
POW
POW
PON
POW
POW
POW
POW
POW
POW
POW
POW
POW
POW
PAGE 207

0073
0074
0075
0076
0077
0078
0079
0080
0081
0082
0083
0084
0085
0086
0087
0088
0089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
o101
0102
0103
0104
0105
0106
0107
0108



14
15

25

26
27

28

DO 14 J=10,11
K=I—-2+J
S{I)=SUI)+FL{1J)*PHI(LyK)+F2{19J)*PHI {2,K)
SUML=SUML+S (1) %%x2
SUM1=DSQRTI{SUM])
SUMLI=SUMi*{CHI(1)+CHI(2))
SULVE FUR THE NEW GROUP FLUX VECTCORS: PSI:
FAST GRUUP; SOURCE VECTOR:
DO 25 1I=1sN
Z{1)=CHI{L)%S(])
FAST FLUX:
CALL SOLV3U(N,L1,PSI1s2)
THERMAL GROUP3; SOURCE VECTOR:
DO 27 1I=1sN
Z{1)=0.
I10=1
1i=3
IF (1.EQel) 10=2
IF (1+EQeN) 11=2
DG 26 J=10,11
K=I-2+J
ZU1)=201)+T(1,43)%PSI1{K)
ZL)=ZU1)+CHIL2)*%S5(1)
THERMAL FLUX:
CALL SOLV3DIN,L2,PS12,2)
FORM NEW SOURCE VECTOR FRCM THE NEW UNNORMALIZED FLUXES; PSI:
SUMZ=0.
DO 29 I=1sN
S(I)=0.
I0=1
11=3
IF (1.EQ.1) 10=2
DO 28 J=10,11
K=I-2+J
S(I)=SUL)+#FLLTI2J)%PSIL(K)+F2(1,J)%PSI2{(K)
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29 SUMZ2=SUMZ+S{1)**2
SUM2=DSQRT {SUM2)
SUM2=SuM2* {CHI(1)+CHI(2))
CALCULATION OF THE EIGENVALUE:
LAMDA=5UMZ27/ SUML
LAMSTRUICUUT)=.AMBA
ERRL AM=DABS (LAMDA-LAMB4)
PUT PSI1 AND PSI2 INTU BIGGER PSI:
DO 30 1I=1sN
PSI(Ll,1)=PSILL(I1)
30 PSI(Z+1)=PSI12(1)

PUINT BY POINT SIMULTANEOUS RELAXATIGON FLUX ITERATION:

X=ALPHA

DO NOT RELAX DURING THE FIRST THREE ITERATIONS:

IF (ICOUT.LE.3) X=1.0

CALCULATE THE NEW GROUP FLUX ITERATES AND GROUP ERRORS:

DO 40 1G6=1,2
SQliGI=0.
DO 40 1I=1,N
ERROR(IG L)=PSILIGyI)/LAMDA~PHI{IG,I)
SQUIG)=SQIIG)+ERROR(IG,I)*%2
PHI(IGy I)=PHI(1Gs1I) + X*ERROR(IG,I)
AND FOR PLOTTING PURPOSES:
PSICIG,I)=PHILIG,I)
40 CONTINUE
DO 34 16=1,2
34 SQUIG)=DSQRTLISQLIG))
NORMALIZE PSI:

NORMALIZES BOTH ARRAY GROUPS TO 1.0:

CALL NURM2{(PSIsN)
DO 36 16=1+2

ERRMAX(IG) .= THE MAX ERROR BETWEEN THE GROUP ITERATION FLUXES:

ERRMAX{IG)=ERROR{IGy1)

DO 36 1I=2yN

IF (DABS(ERROR{IG,I)).GT.ERRMAX(IG))
36 CONTINUE

ERRMAX(IG)=DABS{ERROR(1IG,1))
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IF (IPLUT.NE.2) GO TO 45 POW Ol81

C THE FOLLOWING IS FOR NICELY PLOTTING THE GROUP FLUX HISTORY. POW 0182
DU 41 16=1+2 POW 0183

DU 41 1=1sN POW 0184

41 ERRORL16s 1 )=PSILIG,1) POW 0185

C ERRUR NOW CONTAINS THE NEW NORMALIZED FLUX ITERATE PHI. POW Q186
JK=1K POW 0187

IF (IK+EQ.0) JK=5 POW Q188

DO 42 1I6=1,2 POW 0189

DU 42 [I=1sN POW 0190

IF (DABS{ERROR(IGI)=PHISTR{IG,1,JK+1)).GE.0.01) GO TO 43 POW 0191

42 CONTINUE PONW 0192

c FLJX HAS NOT CHANGED ENOUGH FCR PLOTTING. POW 0193
GO TO 45 POW 0194

C SAVE THE NORMALIZED FLUX FOR PLOTTING: POW 0195
43 IK=IK+1 POW 01956
INCIK)=1CO0UT POW 0197
TE3{IK)=ERRLAM POW 0198

DU 44 16=1,2 POW 0199

TELLIG IK)I=ERRMAX{IG) POW 0200
TE2(16,+1K)=5Q(1G) : POW 0201

DO 44 1I=1,N POW 0202

44 PHISTREIG 19 IK+1)=ERROR{IG,I) POW 0203

IF {(IK.NE.5) GO TO 45 POW 0204

C PLOT THE LAST FIVE SAVED FLUXES: POW 0205
CALL PHIPLT(S5) POW 0206

IK=0 POW 0207

45 CONTINUE POW 0208

C ERROR CRITERIA FOR ACCEPTANCE OF CONVERGENCE. POW 0209
IFLAG1=0 POW 0210
IFLAG2=0 POW 0211
[FLAG3=0 POW 0212

C STUORE THE ERRORS FCR COMPARISON: POW 0213
c ERROR BETWEEN ITERATICON EIGENVALUES: POW 0214
ERLAM{I1CUUTI=ERRLAM POW 0215

DO 46 16=1,2 POW 0216
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46

50

55

60

70

MAXIMUM ERROR BETWEEN ITERATION FLUXES:
EFSTRUIGy ICOUT)=ERRMAX(IG) .

MEAN SQUARE ERRUOR BETWEEN ITERATION FLUXES:
EFMSTRIU1IG,ICOUT)I=SQLIG)

CONTINUE
IF ((ERRMAX{1)<LTLEPSL) cAND.(ERRMAX(2).LT.EPS1)) IFLAG1=1
IF ({(SQU1).LT.EPS2).AND.(5Q(2).LT.EPS2)) IFLAG2=1

IF (ERRLAM.LT.EPS3) IFLAG3=1
IFLAG4=IFLAGL*IFLAG2*IFLAG3
IF {IFLAG4.EQ.1) GO TO 50
OTHERWISE CONTINUE THE ITERATION.
LAMB4=LAMDA
60 10 20
CONTINUE
CONVERGENCE ACCOMPLISHED.
NURMALIZE THE CONVERGED FLUX VECTCR:
CALL NORMAL(PHI 4+N)
PLOT ANY LEFT OVER FLUX HISTORY PLOTS:
IF ((IPLIT eEWe2)«AND(IKNEO0)}) CALL PHIPLT(IK)
BOUNDRY CONDITION INSERTICNS.
1ER=0
IER ALLOWS BeCe INSERTIUNS FOR YES AND NO CONVERGENCE:
IF (IBL.EW.#) GO TO 90
IF (IBC.NE.3) GO TO 60
PHI{1¢sKR+1)=0.
PHI{2:KR+1)=0.
GO0 TO 90
DO 70 1I=1,.N
J=N+1-1
PHI(1,3%1)=PHI(1+J)
PHI(2,J%#1)=PHI(2,J)
PHI{l1l,1)=0.
PHI(2,1)=0.
IF (IBC.NEal) GO TO 90
PHI(L,KR+1}=0.
PHI(29sKR+1)=0.
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C

C

90 IF (IER.EQ.1)

RETURN

NO CONVERGENCE ACCOMPLISHED:

100 CONTINUE

101 FORMAT {(1Hl,*POWER METHOD DID NOT CCNVERGE FOR THIS CASE AFTER?',
149" ITERATIONS.?'// 31X, *EXECUTICN TERMINATED *)

102

X

NORMALIZE THE UNCONVERGED FLUX:

CALL NURMAL (PHI
ICOUT=1C0UT-1

GO TO 102

#N)

WRITE (6,101) ICOUT

IER=1
G0 TU 55
CONTINUE

FOR PRINTING OUT THE EIGENVALUE HISTORY AND THE FINAL FLUX SHAPE:

IF (IPLUT.EW.OD)
IF (JPLOT.EQ.O)
RETURN

END

IPLOT=1
JPLOT=1
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SUBROUTINE CURT
SOLVES FOR THE CURRENT FROM THE INPUT H(K)*S AND D(K)'S
USING F(K)*S FROM POMWER:

CUR
CUR
CUR

CURRENT 1S LINEAR (LEAST SQUARES — VARIATIONAL) AND PUT INTC ARRAY C. CUR

IMPLICIT REAL*8 (A-H,0-1)
COMMON /B2/ KR
COMMON /B4/ Fl2,201)y C(2,201)
COMMON /B57 T(201,3), S1{201), S2(201), C1{201), C2(201)
COMMON /7B7/ H(200), D(2,200)
FROM THE MATRIX PROBLEM FOR LINEAR FIT OF STEP DATA:
M=KR
N=KR+1
Ti{l,1)=0.
T(Ng3)=0.
Til,20=t{1)/3.
Til,3)=H{1l) /6.
TI(Ny 1)=H{M)/b.
TiNs2)=r(M}/3.
S1(1)=D{Lly1d*xiF(1ly1)=Fl1l,y2))72.
S2{1)=D(2,1)*(Fl2,1)-Fl{2,2))/2.
SLINI=D(L4MI*(F {1 ,M)-Fl1l,M*+1))/2.
S2(NI=D(2,M)*(F(2,M)-F(2,M%+1))/2.
DO 20 1=2,M
J=1-1
Ttly 1isH{JI/6.
TlI2)={H{J)+H(I)})/3.
T(I, 3)i=H(I)/6.
SI(I)=(D(Lyd)®(F(LlyJd)-Flly, 1))4D(1,I)%(F(1,1)-F(1,1I+1)))/2.
S2(L)=(U(24J)%(Fl24J)-Fl2,1))4D{(2, 1)*{F(2,1)-F(251+1))})/2.
CONTINUE
CALL SOLV3D(N,T,Cl,51)
CALL SOLV3DINsTC2,52)
DO 30 1I=lsN
Cll,I1d=Cl(1)
Ci2,1)=C2({1)
RETURN

CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
PAGE 213

0001
0002
0003
0004
0005
0006
0007
0008
0009
00190
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
00390
0031
0032
0033
0034
0035
00356



END ' CUR 0037
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SUBROUTINE OUTPUT
PRINTS THE RESULTS OF THE METHOD.

IMPLICIT REAL*8 (A—-H,L-Z)

COMMON /817 IBCoIPLOTJPLOUT,IPUNCH,ISEE,NCADJ
COMMON /7B2/7/ KRN

COMMON /B4/ Pl {2,201), CUR(2,201), LAMDA, ICOUT
COMMON /ZER/ EPS1,EPS2,EPS3

COMMON /ESTR/ LAMSTR({300),EFSTR{2,300),EFMSTR(2,300),ERLAM(300)
INTEGER Ns N3JADJ

KRO=KR-1

KR1=KR+1

WRITE (6,1) "

FORMAT (*1RESULTS OF THE MULTIGROUP METHOD:')
WRITE (6910) 1ICOUT

FORMAT {//7,% PROBLEM TERMINATED AFTER®*,I5,
X ¢ DUTER (POWER) ITERATIONS TO:Y)
WRITE (6,20) LAMDA

FORMAT (/4+10Xs*LAMDA = ?,1PE21.14)

PRINT OUT EIGENVALUES.
CALL PLOT
WRITE (6,30) .

30 FORMAT (*1RESULTS AFTER PRUBLEM TERMINATION:z?y/,

50

110

111

X SONUMBER® ¢9X» *THERMAL FLUX"94X,* THERMAL CURRENT®, 12X,
X YFAST FLUX®,TX9*FAST CURRENT',/)

WRITE (6950) (KyPHI(24K) CUR(29K)9PHI(1,K)CUR(14K);K=1,KR1)

FORMAT (17,1PE21.790PE19.7,1PE21.7,0PE19.7)

PRINT OUT THE STORED ITERATICN ERRORS:

WRITE (65110) EPS1,(EFSTR(2+1),1I=1,1ICO0OUT)

WRITE (6,111) EPS1.{EFSTR(1,1),1=1,1C0OUT)

WRITE (69112) EPS2,(EFMSTR{2,51),1I=1,IC0UT)

WRITE (6,113) EPS3,(EFMSTR(191),1=1,ICCUT)

WRITE (6,114) EPS3, (ERLAM{1),1I=1,1IC0OUT)

FORMAT (*1MAXIMUM ERRORS BETWEEN THE THERMAL FLUX ITERATIONS:?Y,
X 25X *TOLERANCE USED = *,1PE12.449//4 {1P5E20.5))

FORMAT (' 1MAXIMUM ERRORS BETWEEN THEE FAST FLUX ITERATIONS:?*,
X 25Xy *TOLERANCE USED = *,1PE12.44//4 (1P5E20.5))
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112 FORMAT ('1MEAN SQUARE ERROR BETWEEN THE THERMAL FLUX ITERATIONS:®,
X 18X, *TOLERANCE USED = ', 1PE12.449//+» {(1P5E20.5))
113 FORMAT (* 1MEAN SQUARE ERROR BETWEEN THE FAST FLUX ITERATIONS:*,
X 18Xy *TULERANCE USED = ' ,1PE12.44//+ (1P5E20.5))
114 FORMAT (*1ERROR BETWEEN THE ITERATICN EIGENVALUES:?,
X 28Xy *TULERANCE USED = *,1PEL12.4+//y (1P5E20.5)})
IF (NUADJ«EQ.O) RETURN
OTHERWISE ADJOINT CALCULATIONS ARE NOT EXECUTED:
WRITE (64120)
120 FORMAT (*1ADJUINT CALCULATIGONS HAVE BEEN BYPASSED.',//,
X ' PROGRAM TERMINATED.')
IPUNCH = 1 PUNCHES OUT THE FAST FLUX FOR SYNTH 16 INPUTS:
IF {IPUNCH.EQ.1) WRITE (7,124) KR
IF (IPUNCH.EQ.1) WRITE (7,125) (PHI{1,1),CUR(141I),I=14KR1)
IF (IPUNCH.EQel) WRITE (7,125) (PHI(2,1),CUR(2,1),I=14KR1)
124 FORMAT (15)
125 FORMAT (2020.10)
CALL EXIT
RETURN

END
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SUBRUUTINE PLOT

PLOTS UUT THE EIGENVALUE HISTORY AS A TABLE AND A GRAPH,
AS WELL AS PLOTTING OUT THE FINMNAL MULTIGROUP FLUX SHAPES.

IMPLICIT REAL*8

A-HsL-L)

COMMUN /B1l/ IBC,IPLOTJPLOT »IPUNCH

COMMON /B2/ KR

COMMUN /B4/ PHI{2,201), P51(2,201), LANMDA, ICOUT
COMMON /B5/ B(300,2)
COMMON /ESTR/ LAMSTR{300)
DIMENSIUN C{201+3)

IN ORDER TO SAVE SCME SPACE:
EQUIVALENCE (BiL1),C(1))

INTEGER ND
ND=201

WRITE (691) (LAMSTR{I),I=1,IC0UT)
1 FORMAT ('OTABLE OF EIGENVALUES DURING THE POWER ITERATION:?,
//+(1P5E25.14))

IF (JPLUT.EQ.O)
DO 10 I=1l,1C0UT
BlIyl)=1
B(I+2)=LAMSTRII)
CALL PRTPLT(14B,yI
WRITE (6411)

FORMAT {*OPLUT OF THE EIGENVALUE HISTORY THROUGH THE ITERATIONS.')

IF {IPLIJT.EQ.0)
KR1=KR+1
DO 30 1I=1,KR1
Clisli=1l
ClI92)3PHI(1,1)
Cll,3)=PHIL2,1)

60 TO 20

COUT,2,IC0UT»04+3004+241)

RETURN

CALL PRTPLTI(2yCsKR193:KR1,09NDy3,2)

WRITE (60,31)

31 FORMAT ('OFINAL CONVERGED CONNECTING FLUX POINTS;

X

5Xs *FAST FLUX:S
RETURN
END

ot 9/ 35X *THERMAL FLUX:

..l)

FIK)e'9//»
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DO 555

SUBRUOUTINE PUWERTY
*%% ADJOINT PRUBLEM **%x
SOLVES THE 2%N MULTIGROUP ADJOINT ECUATIONS:
M¥PHI = {1/LAMDA)*F*PHI
BY THE FISSION SOURCE POWER METHOD
USING SIMULTANEOUS OVERRELAXATICN.
WHERE: M AND F ARE DQUBLE PRECISION 2N BY 2N BLOCK MATRICES;
AND: PHI IS THE 2N ADJOINT (FAST AND THERMAL) VECTOR.
L1%PHIL — T*PHI2 = CHIL*F1%PHI1 + CHI2*F1*PHI2
L2%PHI2 = CHIL*F2*%PHI1 + CHI2%F2%PHI2
IMPLICIT REAL*8 (A—-H,L-Z)
COMMON /7B1/ 1IBC,IPLOT,JPLOT,IPUNCH,ISEE
COMMON /B2/ KRN
COMMUN /B3/ L1(20143)y L2{(201,3), F1(201,3), F2(201,3), T{201,3)
COMMON /B47/ PHI(2,201), PSI{2,201),4 LAMDA, ICOUT
COMMON /7857 S(201), ERROR{2,201), 2(201)
COMMON /Bo/ TEL(2,5),TE2(2,5)+TE3(5),IN{5)
COMMON /B7/ HH( 200)
COMMON /CHIF/ CHI(2)
COMMUON /ER/ EPS1,.EPS2,EPS3
CUMMON /17 11,14
COMMON /FSTR/ PHISTRI2,201,6)
COMMON /ESTR/ LAMSTR({300), EFSTR(2,300), EFMSTR{2,300), ERLAM{(300)
COMMON /READS5/ R5
DIMENSION PSI1(201), PSI2(201)y SQ(2), DPHI(2), ERRMAX(2)
INTEGER N
DEFAULT OPTIGNS FOR POWER PARAMETERS:
ALPHA=1.25
LAMDA=1.0
HX=0.0
DO 505 1=1,KR
HX=HX+dAH(IL) .
I16=1,2
IF (IBC.NE.4)
DO 550 1I=14N

GO TO 551

550 PHILIG,1)=1.0

POW70001
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POWT70015
POW70016
POWT70017
POWT0018
POWT70019
POWT70020
POWTO021
POW70022
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551

552
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506
502
503
510

10

i1

60 TO 555
X=3.1415926/AdX
IF (IBC.NE.1l) X=X/2.0
SUM1=0.0
DO 552 K=1,KR
SUM1=SUML+HH(K)
PHI(IG,K)=DSIN(SUM1*%X)
CONTINUE
IF (R5.EWQ.0.) GO TO 519

READ IN: OVERRELAXATIUN PARAMETERS

INITIAL GUESS AT EIGENVALUE; LAMDA
INITIAL NORMALIZED FLUX 3 PHI(1-N)

READ (5,5069END=510) ALPHA
READ (5,502:END=510) LAMDA
READ (54503) {PHI(1,1),1I=1,N)
READ (54503) (PHI(25,1)s1I=14N)
FORMAT (Fl1l0.5)
FORMAT (EZ25.14)
FORMAT ((4E20.10))
CONTINUE

STORING FUR PRINTING THE MULTIGRCUP FLUX SHAPE.
DO 11 16=1,2
DO 10 1=1sN
PHISTR{IGs142)=PHI(IG,I)

FILL RUNNING COORD IN PHISTR
KR1=KR+1
DO 11 1I=1,KR1
PHISTR{IG,1,1)=DFLOAT(1)

IK IS THE FLUX PLOTTING COUNTER,
IK=1

STORES THE ITERATION NUMBER FOR FLUX HISTORY PLOTTING:
IN(1)=0

STURES TEMPORARY ERRORS FOR FLUX HISTORY PLOTTING:
TE1(l,1)=0.
TE1{(2+1)=0.
TE2(1,1)=0.

ALPHA {OUTER ITERATION)
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TE2(2,1)=0.
TE3(1)=0.0

EIGENVALUE UF THE PREVIOUS ITERATION:
LAMB4=LAMDA

THE MAXIMUM NUMBER OF ALLOWED ITERATICONS: ICMAX
ICMAX=300

PRINT UOUT THE POWER METHOC PARAMETER INFORMATION:
WRITE (b9 700) ICMAX,ALPHA,LAMDA, {PHI(1,+I}sI=1,4N)
WRITE {6,701) (PHI{2,1),I=1,4N)

700 FORMAT (' 1EXECUTING MUTIGROUP ADJOINT FISSION SOURCE POWER ITERATI

701

20

XON METHOD.'9///»
SXs"MAXIMUM NUMBER UOF ALLOWABLE ITERATIONS:',/,
LOXs YICMAX =%,144/7/,
5Xs YOUTER ITERATION RELAXATICON PARAMETER:",/,
10X PALPHA =" ,FT7.34//,
5Xs YINITIAL GUESS AT ADJOINT EIGENVALUE:?',/,
10X, 'LAMBDA =? ’522014’// ]
55Xy * INITIAL GUESS AT THE GRGUP FLUX SHAPE CONNECTICN POINTS:z*,
/798Xy *FAST ADJOINT GRUOUP:" 4/,
LOXs'FIK)'®S ='34E25.149/+(18X94E25.14))
FORMAT (*0?,7X, *THERMAL ADJOINT GROUP:'4/,
X LOX, *FIK)®*®S =9,4E25.149/+118Xy4E25.14))
BEGIN ITERATICGN LOOP.
ICOUT=0
1COUT IS THE OUTER ITERATION COUNTER.
ICOUT=1C0UT+1
IF (ICOUT.GTL.ICMAX) GO Ty 100
FORM THE GROUP TOTAL SOURCE S, AND ITS L-2 NORM SuUMl:
AND THE THERMAL ADJOINT SCURCE VECTOR Z:
SUM1=0.
DO 15 1[=1sN
{1)=0.
S{i)=0.
10=1
I1=3
IF (1.EQ.1) 10=2

MOFC ) DX 3 M X XK
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IF (I1.EQeN) 11=2
DO 14 J=10,11
K=[=-2+J
ZAL)=Z(1)+F2{1,J)*{CHI( 1) *PHI{1,K)+CHI(2)*PHI{24K))
S(II=S{I)+FL{I,J)*(CHI(L1)*PHI{1,K)+CHI(2)%PHI(2,K))
S{HI=Sti)+2( 1)
SUML=SUML+S(1)%**2
SUM1=DSQRT{ISUML)
SULVE F3GR THE NEW GROUP ADJOINT FLUX VECTORS; PSI:
THERMAL ADJUINT FLUX:
CALL SOLV3DIN,L2,PSI2,2)
FAST ADJOUINT GROUP; SOURCE VECTOR:
DO 27 1I=1,N
St1)=0.
Z{1)=0.
10=1
I1=3
IF (l1.EQ.1) 10=2
IF (LeEW.N) . 1I1=2
DO 26 J4=10,11
K=l=2+J :
S(I)=S(I)+CHI(L)*F1(I4J)*PHI(1,K)+CHI(2)*F1{[,J)*PSI2(K)
L{L)=401)+T L 1,4 )%PSI2(K)
LII)=24(1)+S(1)
FAST ADJOINT FLUX:S
CALL SULV3D(NsL1,PSI1,2)

FURM NEW GROUP TOTAL SUURCE S FRCM PSI*S, AND ITS L-2 NORM SUM2:

SUMZ=0.

DO 29 I=1sN
St1)=0.

10=1

11=3

IF (I1.EQ.L1) 10=2
IF {1.EQeN) 11=2
DO 28 J=10,11
K=l=2+J
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SUII=SUI)+{FLUL 9J)#F2(1,J) ) *{CHI(1)*PSI1{K}+CHI(2)%PSI2(K))
SUMZ2=SUM2+S()%%2
SUM2=DSWRT{SUM2)
CALCULATION OF THE EIGENVALUE:
LAMDA=SUM2/5uUM1
LAMSTRUICUUT)I=LAMDA
ERRLAM=DABS (LAMDA-LAMB4%)
PUT PSIL AND PSI2 INTU BIGGER PSI:
DO 30 I=1sN
PSI{1l,1)=PSIitlI)
PSI(2,1)=PS12L1)
POINT BY POINT SIMULTANEOUS RELAXATICON FLUX ITERATICN:
X=ALPHA
DO NOT RELAX DURING THE FIRST THREE ITERATIONS:
IF (ICOUTLE«3) X=1.0
CALCULATE THE NEW GROUP FLUX ITERATES AND GROUP ERRORS:
DO 40 15=1,2 '
SQEIG)=0.
DO 40 1I=14N
ERROR(IGo I)=PSI(IGyI)/LAMDA-PHI(IG,1)
SQUIGI=SQA(IGI+ERROR(IG, I )*%2
PHI(IGs I)=2PHI(IGsI) + X*ERROR(IG,I)
AND FOR PLOTTING PURPOSES:
PSI(IG,1)=PHILIG,I)
CONTINUE
DO 34 16=1,2
SQUIG)=DSQRTISQLIG))
NORMALILZE PSI:
NORMALIZES BOTH ARRAY GROUPS TO 1.0:
CALL NORM2{PSIsN)
DO 36 1IG=1+2
ERRMAX(1G) = THE MAX ERROR BETWEEN THE GROUP ITERATION FLUXES:
ERRMAX(IG)=ERRUOR(IGs1)
DO 36 1I=24N
IF (DABS(ERRUR{IGI))GTLERRMAX(IG)) ERRMAX(IG)=DABS(ERROR(IG,1))
CONTINUE
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IF (IPLUTaNE.2) GO TO 45
THE FOLLOWING IS FOR NICELY PLCTTING THE GROUP FLUX HISTORY.
DO 41 16=1,2
DO 41 I=1,N
ERRURIISG1)=PSI(IG,I)
ERRUR NOUW CONTAINS THE NEW NORMALIZED FLUX ITERATE PHI.
JK=1IK
IF (IK4EQs0) JK=5
DO 42 16=1,2
DO 42 1I=14N
IF (DABS(ERROR{IGyI)-PHISTRIIG,I JK+1)).GE-0.01) GO TO 43
CONTINUE
FLUX HAS NOT CHANGED ENOUGH FCR PLOTTING.
GO TU 45
SAVE THE NORMALIZED FLUX FOR PLOTTING:
IK=IK+1
IN(IK)=ICOUT
TE3UIK)=ERRLAM
DO 44 1G=1,2
TEL(IGIK)SERRMAXI(IG)
TE2(16+1K)=SQ(IG)
DU 44 I=1l4N
PHISTRIIG 19 IK+1)=ERRORI{IG,1I)
IF (iK.NE.5) GO TO 45
PLUT THE LAST FIVE SAVED FLUXES:
CALL PHIPLTIS)
IK=0
CONTINUE
ERROR CRITERIA FOR ACCEPTANCE OF CONVERGENCE.
IFLAGL=0 '
IFLAG2=0
IFLAG3=0
STORE THE ERRORS FOR CUMPARISCN:
ERROR BETWEEN ITERATICN EIGENVALUES:
ERLAM{ICOJUT )=ERRLAM
DO 46 16=1,2
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MAXIMUM ERROR BETWEEN ITERATION FLUXES:
EFSTRU1G, ICOUT)=ERRMAX(IG) -
MEAN SJUARE ERROR BETWEEN ITERATION FLUXES:

EFMSTR{1G,1COUT )=5QL1G) )
CONT INUE {
IF ((ERRMAX(1).LT.EPSL).AND . (ERRMAX(2) .LT.EPS1))  IFLAGL=1
IF ((SQ(1).LT.EPS2)+AND.{5SQ(2).LT.EPS2)) IFLAG2=1

IF (ERRLAM.LT.EPS3) IFLAG3=1
IFLAG4=IFLAGL*IFLAG2*IFLAG3
IF (IFLAG%.EQ.1) GO TO 59
OTHERWISE CONTINUE THE ITERATION.
LAMB4=LAMDA
GO T0 20
CONTINUE
CONVERGENCE ACCOMPLISHED.
NURMALIZE THE CCNVERGED FLUX VECTCR:
CALL NURMAL {(PHI4N)
PLOT ANY LEFT OVER FLUX HISTCRY FLOTS:
IF ({IPLOT.EQe2) +AND.(IK.NELO)) CALL PHIPLT{IK)
BOUNDRY CUONUDITICN INSERTICNS. ‘
IER=0
IER ALLINS B.C. INSERTIUNS FOR YES AND NO CONVERGENCE:
IF (IBC.EQ.%4) GO TO 90
IF {IBC.NE.3) GO TO 60
PHI(LsKR+1)=U.
PHI(2,KR¢+1)=0.
60 TO 90
DO 70 1I=1sN
J=N+1-1
PHI(1yJ#1)=3PHI{ 14J)
PHI(2,J+1)=PHI(254)
PHI{1s1)=0.
PHI(2,1)=0.
IF (IBC.NE.1) GO TO 9
PHI{1:KR+11=0.
PHI{2,KR+1)=0.
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C

90 IF (IER.EW.1) GO TO 102

100 CONTINUE

101 FORMAT (1Hi,*POWER METHOD DID NOT CCNVERGE FOR THIS CASE AFTER?,

102

X

RETURN

NO CONVERGENCE ACCOMPLISHED:

NORMALIZE THE UNCONVERGED FLUX:
CALL NORMAL (PHI 4N)
ICOUT=1C0UT-1
WRITE (6,1901) ICOUT

I4,"
IER=1
GO T0 55
CONTINUE

FOR PRINTING OUT THE EIGENVALUE HISTORY AND THE FINAL FLUX SHAPE:
IF (IPLIT.EQ.O)
IF (JPLUT.EQ.O)

RETURN
END

ITERATIONS.* /791X, *EXECUTICN TERMINATED ')

IPLOT=1
JPLOT=1
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SUBRUUTINE CURTT

SOLVES FOR THE ADJOINT CURRENT FRCM THE INPUT H(K)*S AND D{(K)'S

USING F(K)*'S FROM POWERT:

CURRENT IS LINEAR {(LEAST SQUARES — VARIATIONAL) AND PUT INTO ARRAY C.

IMPLICIT REAL*8 (A-H,0-1)
COMMON /82/ KR
COMMUN /847/ F{24201)y C(2,201)

COMMON /85/ T(201,43), S1i(201), S2(201), C1(201), C2(201)

COMMON 787/ H(200), D(2,200)

FRUM THE MATRIX PROBLEM FCR LINEAR FIT OF STEP DATA:

M=KR

N=KR+1

t( 1' 1}=00

T‘N!3,=0.

Tl,2)=H{(1) /3.

Tl{1l,3)=Hl1)/6.

TiN, 1)=H(M)/6.

TIN,2)=H{M)/3.
S1(1)=D(1l,s1)*(F(1ly1)-Fl1l,2))/2.
S2{1)=D(2,1)%{F(241)-F(2,2))/2.
SLINISD Ly MI*{F(1,M)-F(1lsM¥+1))/2.
S2INI=D{2yM)*(F{2,M)-F(24M+1))/2.
DO 20 1I=24M

J=1-1

T{I, 1i)=HlJ)/6.
TiI,2)=(HIJI+HIT)) /3.

T(I, 3)=H(I}/6.

SLUI)=(D(1,d)*%{F(1,J)-F (L, I))+4D(1, 1)*(F(l,1)-F(1,1+1)))/2.
S2(1)=(D(2,J)*¥(F(2,J)-F(2,1))4D(2,1)*(F(2,1)-F(25,1+1)))/2.

CONTINUE

CALL SULV3DIN,TC1,51)
CALL SOLV3DIN,T,C2,52)
DO 30 1I=1sN
Cll,1)=-Cl(I) .
Ct2,1)=-C2(1)

RETURN
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SUBROUTINE OUTPTT
PRINTS THE RESULTS OF THE ADJOINT METHOD:
IMPLICIT REAL*8 (A-H,L-1)
COMMON /7B1/7 IBC,1IPLOT,JPLOT »IPUNCH
COMMON /B2/ KReN
COMMON /B47/ PA1(2,201), CUR(2,201), LAMDA, ICOUT
COMMON /ZER/ EPS1,EPS2,EPS3
COMMON /Z/ESTR/ LAMSTR(300),EFSTR{2,300) 4EFMSTR(24300),ERLAM(300)
INTEGER N
KRO=KR-1
KR1=KR+1
WRITE (641)
FORMAT ('1RESULTS OF THE MULTIGROUP ADJOINT METHOD:*)
WRITE (6,10) ICOUT
FORMAT (//,® PROBLEM TERMINATED AFTER',I5,
X ' QUTER (POWER) ITERATICNS T0:1')
WRITE (6,20) LAMDA
FORMAT {/,10X,*ADJOINT LAMBDA = ?',1PE21.14)
PRINT OUT EIGENVALUES.
CALL PLOT7?
WRITE (6430) .
FORMAT (* 1RESULTS AFTER PROBLEM TERMINATION:',/,
X 5Xy "ADJOINTSz2'4/,
X ' ONUMBER?® 39X ¢ YTHERMAL FLUX" 94X, * THERMAL CURRENT',12X,
X *FAST FLUX®'y 7X9*FAST CURRENT?®,/)
WRITE (6450) (KyPHI(29K)2CUR(29yK)oPHI{1,K),CUR(15K) K=1,KR1)
FORMAT (1791PE21.T+0PEL19.741PE21.7,0PE1S.7)
PRINT JUT THE STORED ITERATICN ERRORS:
WRITE (651100 EPS1,{EFSTRL2,1),1=1, ICOUT]}
WRITE (6,111) EPS1,(EFSTR{1,1),1I=1,ICOUT)
WRITE (69112) EPS2,{EFMSTR{2,1),I=1,IC0UT)
WRITE (691i3) EPS3,(EFMSTRI{1,1),I=1,1ICCUT)
WRITE (6,114) EPS3,(ERLAM(I)»I=1,ICCUT)
FORMAT (* 1MAXIMUM ERRORS BETWEEN THE THERMAL FLUX ITERATIONS:',
X 25Xy *TULERANCE USED = *,1PE12.4+//+ (1P5E20.5))
FORMAT (® IMAXIMUM ERRORS BETWEEN THE FAST FLUX ITERATIONS:?®,
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25Xy *TOLERANCE USED = * 4y 1PE1244+//y
112 FORMAT {(°®1MEAN SQUARE ERRUR BETWEEN THE THERMAL FLUX ITERATIONS:?®,
18Xy "TULERANCE USED = *,1PEL12.4+//,
113 FORMAT (®1MEAN SQUARE ERRUR BETWEEN THE FAST FLUX ITERATIONS:?,
18X, *TOLERANCE USED = 7 ,1PE12.4+//»
114 FORMAT (*1ERRUR BETWEEN THE ITERATICN EIGENVALUES:?',
28Xy *TOLERANCE USED = ', 1PE12.49//

CHECK FUR CALL TO PUNCH:

IF (IPUNCH.EW.1)
RETURN
END

CALL PUNCH

{1P5E20.5))
{1P5E20.5))
(1P5E20.5))

({1P5E20.5))
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SUBROUTINE PLOT7
PLUTS OUT THE EIGENVALUE HISTORY AS A TABLE AND A GRAPH,
AS WELL AS PLOTTING OUT THE FINAL MULTIGROUP FLUX SHAPES.
FOR THt ADJOINTS:
IMPLICIT REAL*8 {A-H,L-2)
COMMON /B1l/ 1BC,IPLOT,JPLOT s IPUNCH
COMMUN /B2/ KR
COMMON /B47/ PHI(2,201), CUR{2,201), LAMDA, ICOUT
COMMON /857 B1300,2)
COMMON /ESTR/ LAMSTR{300)
DIMENSION C{201,3)
IN URDER TO SAVE SCME SPACE:
EQUIVALENCE (B(1),C(1))
INTEGER ND
ND=201
WRITE (691) (LAMSTR{I),I=1,1IC0UT)
FORMAT ('Q0TABLE OF EIGENVALUES DURING THE POWER ITERATION:?',
/77, 01P5E25.14))

IF (JPLUT.EQ.Q)

DO 10 1I=1,1C0UuT

B(Irl,=i

B(Is2)=LAMSTRI{I)

CALL PRTIPLT(LsB,ICOUT2,1C0UT$0,300,42+1)

WRITE {(6,11)

FORMAT ('QPLUT OF THE EIGENVALUE HISTORY THROUGH THE ITERATIONS.')

IF (IPL3T.EQ.O0) RETURN

KRi=KR+1

DO 30 I=1,KR1

Cli,1)=I

ClI,2)=PHI{L1,1}

ClI3)=PHI(2,1)

CALL PRTPLT(2,0 yKR153,KR1409NDy3,2)

WRITE (6431)

FORMAT (*QFINAL CONVERGED CCNNECTING FLUX POINTS;: F(K)e'y//»
5Xe " FAST FLUX: otV of s5X s Y THERMAL FLUX: -—')

GO TO 20
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RETURN PLT70037
END PLT70038
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SUBRUUTINE SULV3D(N,A,X,Y)

SOLVES THE N DUUBLE PRECISICN MATRIX EQUATIONS: A*X = Y,
FOR X - GIVEN THE N BY N TRIDIAGCNAL MATRIX A

AND THE SOURCE VECTOR Y.

METHOD IS FORWARD ELIMINATICN FOLLOWED BY BACKWARD SUBSTITUTION.

CF — WACHPRESS, PAGE 23.
REAL*8 Ay X Yr H’ P! D
DIMENSIUN A(201,3), X(201), Y(201), H(201), P(201)
IF (A(1,2).EQ.0.0) GO TO 10
H{1)=-A(1+3)/A(1,2)
PL1)=Y(1)/A(1,2)
DO 1 M=24N
D=A(Ms2)+A(M, 1)*H(M-1)
IF {D.EQeJ.0) GO TO 20
P{M)=(Y(M)-A(M, 1)%P{M-1))/D
IF (M.EQ.N) 6O TO 1
H{M)=—A(M, 3)/D
1 CONTINUE
X{N)=P{N)
DO 2 I=24N
M=N+1-1
2 X{M)=P(M)+H(M)*X(M+1)
RETURN
IN CASE OF ANY IMPENDING ZERO DIVISORS:
10 WRITE (6:11)
11 FORMAT (°OFIRST ELEMENT OF A, A(l,1), IS ZERO."y/»
X 5Xs*BETTER FIX IT BOSS.')
GO TO 30
20 WRITE (6,210 M
21 FORMAT (" 0ZERC DIVISOR ENCOUNTERED IN EQUATION M =1',13,'.%,/,
X 5Xs *BETTER FIX IT BOSS.!')
30 WRITE {64931)
31 FORMAT (*OEXECUTION TERMINATED.')
CALL EXIT
RETURN
END
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SUBROUT INE NORMAL{PHIsN) NORLJ001
NORMALIZES THE GROUP FLUXES TO ONE. NOT BOTH GROUPS. NORL Q002
REAL*8 PHI(25201), A NORLOOO3
A=DABS(PHI(1,1)) NORLOOO4
DO 1 I6=1,2 NORLOOO5
DO 1 I=1sN NORLOOO6
IF (DABS(PHI(IG,I)).GT.A) A=DABS(PHI(IG,I)) NORLOOO7
CONTINUE NORLQOOS8
DO 2 1I6G=1,2 NORLOO009
DG 2 1I=1sN NORLOO10
PHI(IGeI)=PHILIGyI)/A NORLOO1l1
RETURN NORL 0012
END NORLOO13
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SUBRUUTINE NUORM2{PSIsN)

NORMALIZES BOTH ENERGY GROUPS OF PSI TO 1l.0.

REAL*8 PSI(29201),
DO 1 1I6=1+2

A(2)

A({IG)=DABS(PSI(IGy1))

DO 1 I=1yN
IF (DABS(PSI(IGsI))eGT.ALIG))

CONTINUE

DO 2 1IG=1,.2
DO 2 I=1sN
PSI{IG1)=PSILIG,1)/7A(1IG)

RETURN
END

A{IG)=DABSIPSI(IG,I))
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SUBRUOUTINE PHIPLT({L)

PLOTS THE GROUP FLUX HISTORY, WITH UP TO 5 GROUP FLUXES PER

FAST AND THERMAL GROUP FLUXES ARE PLOTTED SEPERATELY.
L IS THE NUMBER OF FLUXES TO BE PLOTTED.
L IS BETWEEN 1 AND 5.

IMPLICIT REAL*8 (A-H,0-1)

COMMON /B17 18BC

COMMON /B2/ KRy N

COMMON /B57 S(201), A(201,6)y B{201,6)

COMMON /7B6/ TEL(2,5)9TE2{2,5),TE3(5),IN(5)

COMMON /ER/ EPS1,EPS2,EPS3

COMMON /FSTR/ PHISTR(2,201,6)

DIMENSION SYMBOL(5)

INTEGER SYMBOL /9.0 ,%9 0,048 048 0%y

ND=201

KR1=KR+1
SET UP B.C. CONDITIONS

IF (IBC.EQ.4) GO TO 5

IF {IBC.EW.3). GO TO 3

DO 2 1G=1ly2

DO ¢ K=1l,L

DO 1 1I=1,.N

J=N+1-1

PHISTR(IG s J+1sK+1)=PHISTR{IGyJr»K+1)

PHISTR{IGys 19K+1)=0.

IF (IBC.EQ.2) GO TO 5

DO 4 1G=ls2

DO 4% K=1,L

PHISTRUIGsKRLgK+1)=0.

- CONTINUE

FLUXES IN PHISTR HAVE BEEN NORMALIZED IN POWER.
PUT THE FAST FLUX IN A, AND THE THERMAL FLUX IN B:
Li=L+1
DO 10 K=1l,L1
DO 10 I=1,KR1
A{I,K)=PHISTR{1y14K)

PLOT,.

PHIPOOO1
PHIP0O0O2
PHIPO0OO3
PHIPOOO4
PHIPQQ05
PHIPOOOS
PHIPOOO7
PHIPO008
PHIPOOO09
PHIPOO1D
PHIPOQOO11
PHIPOO12
PHIPOO13
PHIPOO1l4
PHIPOO15
PHIPOO1l6
PHIPOO17
PHIPOO18
PHIPQO19
PHIP0020
PHIPQJ021
PHIP0O022
PHIPQ023
PHIPOO024
PHIPOO25
PHIPOO026
PHIPOO27
PHIPO028
PHIP0D29
PHIPO030
PHIPOO31
PHIPO0032
PHIPOO33
PHIPOO34
PHIPQO35
PHIPQO36
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10 BUIK)=PHISTR(2 1K)
PLOT THE L FAST FLUX SHAPES ON ONE GRAPH:
CALL PRTPLTI(OsAsKRL1sL1,KR1, 0yNDy6,2)
WRITE (6,20) .
20 FORMAT (/,°0FAST FLUX ITERATICN HISTCRY PLOT.',/)
WRITE (6,30)
30 FORMAT |
X *OKEYz2? 35Xy SYMBOL®,5X,* ITERATIGCN NUMBER:', 7TX,'ERROR CRITERIA',
X L1Xy "ERRUOR® 3 13X *TOLERANCE?)
DO 35 1I=1,L
35 WRITE (6,4U) SYMBOL(I)oIN{I)oTEL(1,1),EPS1,TE2({1,1),EPS2,
X TE3(I),EPS3
40 FORMAT (/7 912X9A15315X913,16X 9 "FLUX? 314X ,41PD15.595X91PD15.5,4/
X 4TXe"MEAN SWe FLUX" 35X 31 PD15.595X31PD15.5,97»
X 47Xy *EIGENVALUE® 48Xy 1PD154595X91PD15.5)

PLOT THE L THERMAL FLUX SHAPES CN THE OTHER GRAPH:
CALL PRTPLT{0,B ¢sKR1yL1yKR1L9O9sND,6,2)
WRITE (b6450)
50 FORMAT (/»'OTHERMAL FLUX ITERATICN PLOT.?',/)
WRITE (65,30)
DO 55 1I=1,yL
55 WRITE (6940) SYMBOL{I),IN(I),TEL(2,1),EPS1,TE2(2,1),EPS2,
X TE3(I),EPS3
RETURN
END

PHIPOO37
PHIPOO038
PHIPQO39
PHIPO040
PHIPOO041
PHIPQOQ42
PHIPO0O043
PHIPOO44
PHIPO0OO45
PHIP0OO46
PHIP QD47
PHIPOO48
PHIPOO49
PHIPOO50
PHIPOOS51
PHIPO052
PHIPOO53
PHIP 0054
PHIPOOS55
PHIPOOS56
PHIPOO57
PHIPOOS58
PHIPQO059
PHIPOOQ6D
PHIPOOS61
PHIPO0062
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OO0 O0000

SUBRUOUTINE PRTPLTINO9ByN )My NLoNSyKXyJIX,yISP)
C*x%%x*MODIFIED VERSION FROM THAT OF SSP OR ANY OTHER SOURCE ¥%%k%k
CONVERTS DOUBLE PRECISIUN B ARRAY TO REAL*4,
PLOT SEVERAL CROSS-VARIABLES VERSUS A BASE VARIABLE
NO — CHART NUMBER (3 DIGITS MAXIMUM)

B — MATRIX OF DATA TO BE PLOTTED. FIRST COLUMN REPRESENTS

BASE VARIABLE AND SUCCESSIVE COLUMNS ARE THE CROSS-

VARIABLES
N — NUMBER OF
M - NUMBER OF
NUMBER OF
NL - NUMBER OF
LINES ARE

(MAXIMUM IS 9).

ROWS IN MATRIX B

COLUMNS IN MATRIX B (EQUAL TO THE TOTAL
VARIABLES). MAXIMUM IS 10.

LINES IN THE PLCT. IF O IS SPECIFIED, 50
USED. THE NUMBER CF LINES MUST BE EQUAL TO

OR GREATER THAN N
{USUALLY USE NL=N, AND ISP FCR SPACING.)
NS - CODE FOR SORTING THE BASE VARIABLE DATA IN ASCENDING

ORDER

0 SORTING IS NOT NECESSARY {ALREADY IN ASCENDING
ORDER).
1 SORTING IS NECESSARY.

KX- DIMENSION

OF B MATRIX FRCM CIMENSION STATEMENT.

IT MUST BE UF THE FORM B(KX,JX)

JX— DIMENSION

OF B MATRIX FRCM DIMENSION STATEMENT.

IT MUST BE UF THE FORM BIKX,JX)
ISP- CODE FOR SPACING LINES WHILE PLOTTING:
1 SINGLE SPACE
2 DOUBLE SPACE
3 TRIPLE SPACE

eessETC.
REAL*8 B

DIMENSIUN OUT(101),YPR{11)y IANG{9),A( 1500),B{KX,JX)
INTEGER IDUM/®LY/sTANG/ " ot 5 "= g%+ 0y "%, k0, 1A%,08%,'C*,'D"/

INTEGER 0OUT
I=1

DO 39 J=1,M
DO 39 K=1l4N

PRTPO001
PRTPO00O2
PRTPQ003
PRTP0O004
PRTPOOO05
PRTPQ006
PRTPOOO7
PRTPUO0B
PRTPOOO9
PRTPOO10
PRTPOD11
PRTPOO12
PRTPQO13
PRTPOO14
PRTPOO15
PRTPOO16
PRTPOO1L17
PRTPQOO18
PRTIPQO19
PRTP0020
PRTP0O21
PRTP0022
PRTPO0O23
PRTP0O24
PRTPQO25
PRTP0026
PRTPOD27
PRTP0O0O28
PRTPO0O29
PRTP0O3D
PRTPOO031
PRTPQOO32
PRTP0033
PRTPO034
PRTPOO35
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39

- N -

8

10

11

12
14
15

16
18

20

AlL)=B(K,yJ)
I=1+1
CONTINUE
FORMAT{1H1 60X TH CHART ,1i3,7/7)
FORMAT(1H ,Flls495X,101A1)
FORMAT(1H )
FORMAT(IH ,16X,101H+ + +
+ + + + +
FORMAT{1H 39X,11F10.4)
NLL=NL
IFINS) 16, 165 10
SORT BASE VARIABLE DATA IN ASCENDING ORDER
DO 15 I=1sN
DO 14 J=lIsN
IF(ALLI)-A(J)) 14, 14, 11

L=1-N
LL=J-N
DO 12 K=1,M
L=L+N
LL=LL+N
F=A(L)
A(L)=A(LL)
AlLL)=F
CONTINUE
CONTINUE

TEST NLL
IF(NLL) 20, 18, 20
NLL=50

PRINT TITLE
WRITE(6,1)ND

DEVELOP BLANK AND DIGITS FCR PRINTING
BLANK=0

FIND SCALE FOR BASE VARIABLE
XSCAL={A(N)=A{1))/{FLOATINLL-1))

FIND SCALE FOR CROSS—-VARIABLES
YMIN=1.0E75

+)

PRTPOO37
PRTP0O038
PRTP0O0O39
PRTP004D
PRTPOO41
PRTPO042
PRT1P0043
PRTPOO44
PRTPOO4S5
PRTPO0O46
PRTPO047
PRTP0O048
PRTPOO49
PRTPOO50
PRTPOO51
PRTP0O052
PRTP0OS53
PRTP0OOS54
PRTPOO55
PRTPOOS56
PRTPOOS57
PRTPOO58
PRTPOO59
PRTPOO6D
PRTPOOS1
PRTPO062
PRTPOO063
PRTP0O0O64
PRTPQO65
PRTPO0O66
PRTPO067
PRTP0O0638
PRTP0O0O69
PRTPOO70
PRTPOOT1
PRTPOQT2

PAGE 238



40

50
55
57

56

60

61

YMAX==1.0E75

Ml=N+1

M2=M*N

DO 40 J=M1,M2

IF {AlJ).GT.YMAX) YMAX=A(J)
IF (A(J).LT.YMIN) YMIN=A(J)
CONTINUE

YSCAL={ YMAX-YMIN)/100.0

CHECK TJ SEE IF THE SPREAD IN Y IS TODO SMALL FOR PLOTTING:

IF (YSCAL.EQ.0.0) GO TO 100

OTHERWISE, A DIVIDE CHECK WILL OCCUR AFTER STATEMENT 56.
FIND BASE VARIABLE PRINT POSITICN

XB=A{1l) .
L=1
MY=M-—1
[T=15P-1
DO 80 I=1,NLL
F=1-1
XPR=XB+F®*XSCAL
IF(A{L)-XPR-XSCAL*0.5) 50,50,70

FIND CROSS-VARIABLES
DO 55 IX=1,101
OQUT(I1X)=BLANK
CONTINUE
DO 60 J=1.MY
LL=L+J*N
JP={(A(LL)-YMIN)I/YSCAL)+1.0
OUT(JPI=1ANGLJ)
CONTINUE

PRINT LINE AND CLEAR, OR SKIP
IF{L.EQ.N) . 60 TO 61
L=L+1
IF(A{L)-XPR-XSCAL*0.5) >57,57,61
CONT INUE
WRITE(6,2) XPR, {0OUT(IZ),12=1,101)
IF (iT.EQ.0) GO TO 65

PRTPOOT3
PRTPIOT4
PRTPOOT5
PRTPOOT6
PRTPOOT7
PRTPOOTS8
PRTPOOT9
PRTP0080
PRTP0O81
PRTPO082
PRTP0083
PRTPOOB4
PRTP0085
PRTP0OOB6
PRTP0087
PRTP0OCSS
PRTP0089
PRTPJ099
PRTP0091
PRTPC092
PRTP0093
PRTP0094
PRTP0095
PRTP 0096
PRTP0097
PRTP0098
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PRTP 0104
PRTPO105
PRTP0106
PRTPO107
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64
65
70
80

90

DO o4

Iv=1,1T

WRITE (6,3)
60 TO 80
WRITEL6,3)
CONTINUE

PRINT CRUSS-VARIABLES NUMBERS

WRITEL6,7)
YPR{1)=YMIN
DO 90 KN=1,9

YPRIKN+1)=YPR{KN)+YSCAL*1J.0

YPR{L11)=YMAX

WRITE(6,8)LYPR{UIP),IP=1,11)

RETURN

100 WRITE (6,101)

101 FORMAT (°ONDO PLOT IS GENERATED BECAUSE THE SPREAD IN THE Y VARIBLE
X IS TOU SMALL.'s/510Xs*(I.E- — EQUALS ZERO UNDER REAL*4.)%,//,
SEXECUTION CONTINUING.')

X

5X»
RETURN
END

PRTPO109
PRTPO110
PRTPO111
PRTPO112
PRTPO113
PRTPO114
PRTPO115
PRTPO116
PRTPO117
PRTPO118
PRTPO119
PRTP0O120
PRTPO121
PRTPO122
PRTPO123
PRTPO124
PRTPO125
PRTPO126
PRTPO127
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10

SUBRUOUTINE PUNCH
PUNCHES THE FLUX AND CURRENT AND ADJOINTS OUT AFTER CONVERGENCE.
CALLED BY IPUNCH=1l.

IMPLICIT REAL*8 (A-H,0-2)

COMMON /7B2/7 KR

COMMON /B4/ F(24201), C(2,201)

COMMON /7B47/ FT7(2+201)s C7(2,201)

WRITE (7,1) KR

FORMAT (15)

N=KR+1
PUNCH QUT THE FAST FLUX:

WRITE (7510) (FU19J)sCli,d}) +FT{143J)4CT7(14Jd)sJ=14N)
PUNCH OUT THE THERMAL FLUX:

WRITE (7,10) (F{29J)4,C{254) +FT(2,J),CT{24J)35J=1,N)

FORMAT (4E20.7)

RETURN

END

PNCHOOO1
PNCH0002
PNCHO003
PNCHO004
PNCHO005
PNCHOO006
PNCHO007
PNCHO008
PNCHO009
PNCHOO10
PNCHOO11
PNCHOO12
PNCHOO13
PNCHO0O14
PNCHOO15
PNCHOO16
PNCHOO17
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F.2., SOURCE LISTING of Program LINEAR




Level 1

SYNTH
ERROR
REPEAT
BHSET
GIF
FACT
PRTOUT

Level 2

Figure F. 2,

POWER
SOLV3D
NORMAL

OUTPUT
PLOT
PUNCH

PHIPLT

NORM2
PRTPLT

Structure of Program LINEAR.
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30

701
704
706
707

720

PROGRAM LINEAR:
TWO GROUP PROPUSED METHOD USING LINEAR BASIS FUNCTIONS.
CALL TIMING(IL)
CALL SYNTH
CALL TIMING{I%)
CALL POWER
CALL TIMING(I6)
CALL TIMING(IT)
CALL OUTPUT
CALL TIMING(IS8)
TIMING EXECUTION
WRITE (6,30)
FORMAT (1H1,°TIMING PROGRAM EXECUTICN:',/)
J=14-11
WRITE(6,701) J
J=16-14
WRITE(6,704) J
J=I7-16 -
WRITE(64706) J
J=18-17
WRITE(6,707) J
FORMAT {(1H o' SYNTH HAS TAKEN®',16,' /100 SECONDS.'*)
FORMAT (1H ' POMER HAS TAKEN®',16,* /100 SECONDS.?')
FORMAT (LH ' CURENT HAS TAKEN®,I5,' /100 SECONDS.')
FORMAT (1H ,* OUTPUT HAS TAKEN',15,' /100 SECONDS.')
CALL TIMING(IZ20)
J=120-11
WRITE(6,5720) J
FORMAT (1HO,* THIS RUN HAS TAKEN',16,% /100 SECONDS TO RUN.')
sToP
END

LINEDOOL
L INEOOOZ2
LINEOOD3
LINECOO4
LINEOGO5
LINEQOO6
LINEOOO7
LINECOOS
LINEQOOOS
L INEOOLO
LINEDOLl
LINEOO12
LINEOOL3
LINEOOLl4
LINEQO15
LINEQGO1®
LINEOO17
LINEOO18
LINEOD19
LINEOO20
LINEOO21
LINEOD22
LINEQOO23
LINEOO24
LINEQO25
LINEQO26
LINEQO27
LINEQO28
LINEOO29
LINEQO3D
LINEDO31
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SUBRUUTINE SYNTH

OO0

THUS 3

*¥ % ¥ % ¥ X% ¥ ¥ ¥ X

PROPOSED LINEAR SYNTHESIS METHOD:
k %k %k ¥k k %k %k % % % %k ok % ¥k % %k ¥ ¥ ¥ ¥k k¥ % %k ¥k %k ¥k %k %X X
ADJOINT QUANTITIES OF VARIBLES ARE DENOTED BY 7 RATHER THAN *,

PHI7 (RATHER THAN PHI*) IS THE ADJOINT OF PHI. ETC.

IMPLICIT REAL*¥8 (A-H,K-Z)
/B1/7 IBC,IPLOTJPLOT »IPUNCH, ISEE

COMMON
COMMON
COMMON

b

COMMOUN

b I O G S

COMMON
C GMMUN
COMMON
COMMON

X
X

EQUIVALENCE (PHI(L)sL1(1)),
{CURI(1),L2(1)),
(XU(L)»F1L1)),
(FL1),F2(1)),
(S(1),7T41))»

) X X X

/82/

KRy NN

/B3/ L1126526):L2(26126)5F11(26426)4F2(26426),

/857

F3126426)sF4(26426)4T126426)

KAO(2,25) s KAL12+425)4KA2(2,25)sKB0(2+25),KB1(2,425),
KB2(2+25),LA0(2,25),LA1(2,25),LA2(2,25),SR0O(1,25),
SR1(1+25),5R2¢1,25),KC0{1,25),KC1(1,25),KC2(1,25),
K00(1’25)1KDI(1'25}'K02(1’25’v
Pl2:25)4,P1(2925):Q(2:25),
Q102525)9R(2925),P0(2+25)+P0T12425),PH{2,25),
PHTU2325),ALL2 +425)sBL(2,25)+CL{2:25),AF(4,25),
BF(4925)yCF{4,25),AT(25),BT{25),CT(25),

ALK{2), BLKI2)y AFK(4), BFK{4}, ATK(2),
BTK(Z}aBLO(ZJ!CLO(Z),BFG‘4),CFO(4,vBTO(Z)’CTO(Z)?
Co(2), CH{2)

JCHIF/ CHI(2)
/XAXIS/ HX, HR(25)
/BH/ X{(101), H{101)
JER/ EPS1,EPS2,4EPS3
DIMENSION PHI(2,4101),PHIT(2+101),CUR(2,101),CURT(2,101),
A{2,100),F(2,100),D12,100),5(2,100),D1(2,100),
XU{ 2, 100)
DIMENSIGN V{2),V1(2),V2{2),V312)
DIMENSIGN 1TF(25) s KTF{(25)
C IN ORDER TUO SAVE SPACE:

{(PHI7{(1),L1(301)),
(CURT(1)y L2(301)),
(A{1),F1(301)),
(D{(1),F2(301)),
{(DI{1),T(301))

SYNTO0001
SYNT0002
SYNTJ003
SYNT0004
SYNT Q005
SYNTQ006
SYNT0007
SYNTO0008
SYNT0O009
SYNTQO10
SYNTOO11
SYNTOO012
SYNTOO013
SYNTOO014
SYNTOQO015
SYNTQO016
SYNT0O017
SYNTQO18
SYNTO0019
SYNT0020
SYNT0021
SYNT0022
SYNT0023
SYNT0024
SYNT 0025
SYNT0026
SYNT 0027
SYNT0028
SYNTD029
SYNTO0030
SYNT0031
SYNT0032
SYNTQ033
SYNT 0034
SYNT0035
SYNTO0036
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200

201

100

101

2

I K DC W D X X

16
17

116
X

REAL TITLELZD)
INTEGER KR3yKgKS sKS1yKRO, NNy NUMITF,KTF
READ (5,200) TITLE
FORMAT (20A4)
WRITE {6,201) TITLE
FORMAT (1H1,20A4,//)
READ IN THE NUMBER OF REGICN TRIAL FUNCTIONS AND TYPE OF B.C.S.
AS WELL AS THE TOLERANCES AND THE OUTPUT TYPES DESIRED:
READ (591) KRsIBC,EPS1,EPS2 ¢EPS3,IPLCT,JPLOT,IPUNCH,ISEE, ITW,ITC
FORMAT (215,3D10.34615)
IF (IBC.EQ.3) IBC=2
READ IN THE TYPE-NUMBER CF EACH TF REGION:
READ (54100) (ITF(I)sI=1+KR)
FORMAT (2512)
READ IN THE FISSICN YEILDS FOR EACH GROUP:
READ (5,101) CHI{1), CHI(2)
FORMAT (2F10.5)
KRO=KR-1
WRITE (6,2) KRy IBC, ISEE, ITW, ITC
FORMAT (' OUNE DIMENSICNAL TWO GRCUP LINEAR SYNTHESIS PROGRAM:',//,

5Xs "NUMBER UF COARSE MESH REGIONS: KR = ',12,/,
5Xy Y BOUNDARY CCNDITION NUMBER: IBC = 4,124/,
5Xy YAMUUNT UF OUTPUT REQUESTED: ISEE = *5124//
5Xs * TYPE OF WEIGHTING FUNCTICNS: ITh = *9124/
5Xs* TYPE OF CURRENT FUNCTICNS: ITC = *,124//,
5Xy "REGIONAL INPUT MATERIAL PRCPERTIES AND FLUX SHAPES FOLLOW',

/95X IF ISEE > 03%y//,
5Xy "FLUX SHAPES ARE LINEAR IN EACH INDICATED SUBREGICN.')
IF {ITC.EWQ.0) WRITE (64106)
IF (ITC.EQe1l) WRITE (6417)
FORMAT {5X, "CURRENTS ARE GCUNSTANT IN EACH INDICATED SUBREGION.')
FORMAT (5X, YCURRENTS ARE LINEAR IN EACH INDICATED SUBREGICN.')
IF (ITW.EW.0) WRITE (6,ll0)
IF (ITW.EQ.1) HWRITE (6,117)
FORMAT (7 95Xs"WEIGHTING FLUX = FLUX3'9/+5Xy *WEIGHTING CURRENT = -
CURRENT.?)

SYNTJ037
SYNT0038
SYNTOD39
SYNTC040
SYNT0041
SYNT0042
SYNTO0043
SYNT 0044
SYNT0045
SYNT0046
SYNTO0047
SYNTO0048
SYNT 0049
SYNTQ05)
SYNTO051
SYNT0052
SYNTQO053
SYNT0054
SYNTO0O055
SYNT0056
SYNTQO057
SYNTJ058
SYNT0059
SYNT00690
SYNT0061
SYNT0062
SYNT0063
SYNT0O064
SYNT 0065
SYNTQ066
SYNTO0067
SYNT 0068
SYNTO069
SYNTCC70
SYNT 0071
SYNTO0072

PAGE 246



117 FORMAT (/45X *WEIGHTING FLUX = ADJOINT FLUX3 '3/ ¢5Xy*WEIGHTING CURR

20 FORMAT (//,°UTULERANCES TU POWER ARE :

22 FORMAT (/,*OFISSICN YIELDS ARE:

21

23

X

X
X
X

X

ENT = ADJOINT CURRENT.?)
WRITE (6920) EPS1,EPS2,EPS3,IPLOT,JPLOTyIPUNCH
H EPS1 = '11P01003:/1
28X9 "EPS2 = ",1PD10.3,/:28Xy"EPS3 = *,1PD10.3,/»
'OQ0UTPUT PARAMETERS TO POWER ARE: IPLOT = ',11,4/,
34X 'JPLOT = "3114/7:34X,*IPUNCH = *,11)
WRITE (6,22) CHIt1), CHI(2)
CHI{1) ='4,F10.54/»
22Xs 'CHI(Z2) =',F10.5)
IF ((KReLE«s2)AND<{IBC.EQ.1))
IF (KR+GT<25) CALL ERRUR{Z2+KR)
IF (EPS1.LT.1.0E—16) CALL ERROR{(6,1)
IF (EPSZ.LT.1.0E-16) CALL ERROR(6,2)
IF {(EPS3.LT«1.0E—-16) CALL ERRQOR{6,3)
IF ((IBCeLTel)eORL{IBC.GTL7)) CALL ERROR(7,18BC)
DUMMY NURMAL VECTOR XU = UNITY. (FCR THE INTEGRATION FUNCTIONS)

CALL ERROR{1,KR)

DO 21 1G=1,2
DO 21 1I=1,5100
XULIG,11)=1.0
ITCO0=2
ITCi=2
IF (ITC.EQ.1) GO TO 23
ITCO=0
ITC1=1
COUNTER OF THE NUMBER OF TYPE-NUMBERS OF EACH TF REGION:
NUMITF=1
HX=0.0

BEGIN TO READ IN THE TF REGICN DATA AND FILL THE ARRAYS,
DEPENDING ON THE TYPE-NUMBER OF EACH TF REGION.

DO 50 1I=1sKR

IF (ITF{1).EQ.NUMITF) GO TO 110
FI1LL THE ARRAYS FROM OLD TF REGICN TYPES:

J=1TF (1)

CALL REPEAT(I4KTF{(J))

60 TU 50

SYNTO0073
SYNTO0074
SYNTO0075
SYNTQQ76
SYNTQOO77
SYNTOC78
SYNTOC79
SYNTO0C80
SYNT 0081
SYNT0082
SYNT0083
SYNT0084%4
SYNTQO085
SYNTQ086
SYNTOC87
SYNTQO088
SYNTOC89
SYNT0090
SYNTQQ091
SYNT0092
SYNTCQ93
SYNT 0094
SYNTO0Q0S5
SYNT 0096
SYNT Q097
SYNTC098
SYNT0099
SYNT0100
SYNTO101
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SYNTQ103
SYNTO1l04
SYNTO105
SYNTO106
SYNTO107
SYNTOJ108
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READ IN THE TF REGIUN'S CATA FOR NEW TF REGION TYPE-NUMBERS:
110 NUMITF=NUMITF+]
KTF{NUMITF-1)=1
READ THE SUBREGION NUMBER AND THE NUMBER OF REGIONS IN THE SUBREGION:
READ (541) Ky KS
IF (KS.6T.100} CALL ERROR{3,I)
CHECK FUOR IMPROPER SEQUENCING OF INPUT DATA:
IF (I1.NEsK) CALL ERROR{4,1) .
READ IN THE GEOMETRY AND THE MATERIAL PROPERTIES:
READ (543) (X{Jd) o X{I+1)oHIJ ) sAlL4J) 9Fl15J)4D(1,J)+S(1l,sd),
X Al{29J) ¢sF12+9J),D({2,4J)9J=1,KS)
3 FORMAT (3FL0.594D10.39/930X43D10.3)
READ IN THE REGIONAL GROUP TRIAL FUNCTIONS:
KS1=KS+1
READ {594) (PHIU1pJ)sCURLL,J)4PHITI1,J),CURTI(1,+d)+J=1,KS1)
READ (594) (PHI(2,J)4CURLEZ2,J)4PHIT(2,J)sCURT(2,4),4=1,KS1)
4 FORMAT {4D20.7)
IF {ITW.EQ.1) GO TO 120
FORM WEIGHTING FUNCTIONS FRCOM THE GIVEN FUNCTIONS:
DO 119 16=1,2
DO 119 J=1,KS1
PHIT{IGJ)=PHI( 1IG,+J)
119 CURT(IGd)=-CUR(IGyJ)
120 IF (ITC.EQ.1) GO TO 5
FORM THE REGICN CONSTANT CURRENTS:
DO 7 16=1,2
DO 6 J=1,KS
CUR{IGsJI=—DlIGeJ)*¥{=PHI{IGyJ)I+PHI{IG,yJ+1))/H{J)
6 CURTUIGJ)=+DUIG,J)X{—PHIT(IG,J)+PHITLIG,J+1))/H{J)
CUR(IGiKS11=0.0
7 CURT(IGyKS1)=0.0
WRITING DUT THE INPUT INFCRMATICN:
5 IF {IStE.EQ.0) GO TO 14
WRITE {6910} KsKRyKSel(JsX{J) o X{J41)sH{J)sA(L1sJ)F{lsJ),DB{1,J),
X SC1leddsAl25d)9sF(293)90{(29J)49J=1,KS)
10 FORMAT {'1INPUT MATERIAL PROPERTIES FOR REGION NUMBER ',13,
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'y OF THE *9139' USED.', 7/

S FOLLUNWS:',//,
5Xs "FAST GRUUP CONSTANTS APPEAR FIRST:z2t',//,
' SUBREGION #',5X; VINFERNAL BOUNCARIES' 10X "WIDTH® 43X,
' TUOTAL CX (1/7/CM)*,3X,*FISSICN CX (1/CM)*',6X,*DIFFUSICN (CM)?*,
4Xs ' SCATT.CX (1/CM)2,/,
S5Xe I 911X o' XUIDVgOXo ' XU T#+1) 511X H(TI) 913X, 'A{IG,1)"413X,
CELIGaI) V913 Xe*DUIGLI) 5 14X,"S5(1,1)%4//»
(1693F15.4,4D20.89/451X43020.8))

IC DK D I D I D 3 M XK

DO 15 1I6=142
15 WRITE (6911) 1GyKsKRy {JgX{J)sPHI(IGyJ)sCUR(IGsJ)PHITIIG,J),
X CURTLIGsJd) »Jd=1,4KS1)
11 FORMAT (*1INPUT TRIAL FUNCTIONS FOR GRCUP',12,' FOR REGION®*,I3,
X * QUT OF THE®",13," USED21,//,
X ' INDEX" 35Xy *COORD®,16X, *FLUX® 313X, "CURRENT® 48Xy WEIGHT FLUX?',
X 5Xe* WEIGHT CURRENT',//,{164yF10.5,4D20.7))
14 CONTINUE
END OF THE IN-OUT SECTION:
DEFINING MISC. ARRAYS FOR THE INTEGRATION FUNCTIONS:
LEGNTH OF THE SUBREGION: HT
HT=X{KS1)=-X{1)
HR{K) =HT
HX=HX+HR{K) :
INVERSE JF THE D ARRAYS:
DO i3 J=1,KS
DI{1leJd)=1e/D(1,J)
13 DI1i{2yd)=1./70(2,5J)
FORMATION OF THE INTEGRATICN FUNCTICNS:
CALL BHSETIKS) .
DU FOR ALL ENERGY GROUPS:
DO 50 16=1,2
KAOLIGsK)=GIF(0 IGyPHIT,159A4PHI4KS,2)
KAL(IGyK)=GIF{1,IGyPHI7 1G5 A4PHI,KS,2)
KA2{ IGyK)=GIF(29IGyPHIT91GsAyPHI 4KS,2)

5Xs*THIS REGION IS DIVIDED INTO *,13,' HOMOGENEOUS SUBREGIONS A
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50

51

52

KBO(IGyKI=GIF(J ¢ IGyPHIT,IG,FyPHIZKS,2)
KBLIIGsK)=GIF(Ll,IGoPHIT,IG,F,PHIKS,2)
KB2(IGyK)=GIF(291GsPHITy 1Gy FyPHIKS,2)
LAO(IG,K)I=GIF(Q ¢1GoCURT,16+DICUR,KS,ITCO)
LAI( IQ.K]-’-GIF( IOIGQCUR7) IG,DI,CUR:KS,ITCO)
LA2(1GyK)SGIF{29IGyCURT 3159 CIsCURKS, ITCO)
P{IGsK) =GIF(O.IG.PH17.IG,XU,CUR:KS:ITCI)/HT
PLUIGYK) =GIF{l o IGoPHIT,IG 9 XUsCURHKS,ITC1)/HT
QUIGK) =GiF(Q,IG,PHI,iG;XU,CUR?,KS,ITCI)/HT
Ql{IGsK) =GIF{19IGyPHI 1G9 XUsCURT9KSHITC1)/HT
R{IGyK) =GIF(09IGePHIT 16, DyPHI¢KS42) /HT%%2

STORE THE TERMINAL POINTS FOR LATER USE:
PO{IGsK)=PHIL1G 1)
POTIIGsKI=PHITLIG,1)
PH{IG,K)=PHILIG,KS1)
PHTUIGyK)=PHIT{1G,KS1)
IF (KeEWQe1l) COUIG)=CURLIG,1)
IF (NUMITF-1eEQITFIKR)<ANDITC.EQ.C) CHUIG)=CUR(IG+KS)
IF (NUMITF-1.EQ.ITF{KR).AND.ITC.EQ.1) CH{IG)=CUR({IG,KS1)

FOR THE UFFﬁDIAGGNAL MATRIX ELEMENTS:
IF (I6.EQ.2) GO TO 50
SRO(IGK)=GIF(0924sPHITy1+5SsPHIVKS,2)
SRI(IGeKI=GIF(1924PHIT51,5,PHIKS,2)
SR2(IGyKI=GIF(2929PHITy1+S+sPHI4KS,2)
KCO‘IG!K)=GIF(O:1,PHI712'F3 PHIKS,2)
KCLUIGyKISGIF Ly loPHIT2,F 4 PHIKS,2)
KC2({1GsKI=GIF(2919PHIT2,F4PHIJKS»2)
KDO(IG,K):GIF(O.Z,PHIT.I,F,PHI'KSyZ)
KD1{ IG'K)=GIF‘1)ZvPHi19 1,F, PHI KS,2)
KD2( IG;K)=GIF(2,2,PHI7,1.F. PHI,KS,Z)
CONTINUE
NUMITF=NUMITF-1
WRITE (06,51) NUMITF
FORMAT (" 1THERE ARE ONLY',13,* DIFFERENT TRIAL FUNCTICN REGIONS.')
WRITE (6952) (19ITF(I),1=1,KR)
FORMAT {/,'0TABLE OF THE TRIAL FUNCTICN NUMBER TYPES:'3//,
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X 3Xs'TF REGION® y4X9*REGION TYPE-NUMBER',//,
X (17512X917))
PRINTS DUT THE /BS/ ARRAYS:
IF (ISEE.GE.2) CALL PRTOUTI1)
NN IS THE MATRIX BLOCK SIZE:
NN=KR '
IF (IBC.EW.4) NN=KR+1
FORMATIUN OF THE COEFFICIENT VECTORS:
THE INTERIOR COEFFICIENTS:
IX=2
1Y=KR
IF (IBCoEQelORIBCLGEL.S) 1Y=KR-1
DO 60 1IG=142
DO 60 K=IX,IY
J=K~-1
VIIG)I=L/(PHTLIGJ)*PO(IG,J)) -
VILIG)=1e/{PHTLI1GoJ)XPHIIG»J))
V2{IG)=1./7LPOTLIGeK)*PO(IG,K))
V3(16)=1.7(POT(IG,K)*PH{IG,K]))
ALUIGYK)I=(KALLIIGJ)=KA2{IG 9 J)=R(IGyJI+LA2{IG,J)-LAL{IG,J)
X  =Ql{IGyJd)+PLUIG,J)=PL{IG,J))%V(IG)
BLUIGyK)I=UKA2{1GsJ)=LA2(IG,J)4QL{IG4J)=PLUIG,J)+R{IIG,J)I*VLI(IG)
X +lKAU(IG.Kl%2.*KA1(IG,K)*KAZ!IG,K)—LAO(IG.K)+2.*LA1(IG,K)
X —LA2LIGeK)H+QL{IGoK)—=QLIG oy KI4PLIGsKI=PLLIG,K)}+R{IG,K)})XV2({IG)
CLUIGKI=(KALIIGK)=KAZ2{IGy)K)-RIUIGyKI)+LA2{IG,K)-LAL{IGK)+Q(IG4K)
X ~QL{IGyK)+PLUIG,K) )*V3{IG)
AF(IGsK)=(KB1(IGyJ)-KB2(1G,J))*V(IG)
BFUIGK)=KB2{IGsJIXVI(IGI+{KBO(IGyK)—2.*KB1{IG,K)+KB2{IGsK)})
X *V2(1I6)
CRUIGyKIS(KBLLIG,K)—=KB2{IGsK))I*XV3{IG)
IF {IG.EJd.2) GO TO 60
ATIKI=ISR1I(14J)-=SR2(1,J) )}/ (PHT(2,J)%F0(1,4))
AF{39K)S(KCLUIG 9J)=KC2(IGyJd))/(PHT(1,J)%P0(2,4))
AF (4, K)=(KDLUIG9J)=KD2(IGs JII/IPKT(2,J)%P0(1,J))
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BTIK)=SR2(1sJ)/ (PHT1294)%PH(1,J))
X +{SRO{1sK)=2.*SR1{1,K)+SR2(1,K))/(POT(2,K)*PO(1,K))
BF(34K)=KC2(IG6yJ)/(PHT(1,J)*PH(2,J))

X +(KCOUIGsKI=2%¥KCLLIG 1K) +KC2{ IG,K D)/ (POT(1,K)*PO(2,K))

BF{4+K)=KD2( 16y J)/IPHT(2,J)*PH(1,J))

X +(KDOCIGsK)I=2.*KD1( IGsK ) +KD2(IGsK)) /{POT(2,K)*PO(1,K))

CT(KI={SRLI{1sKI=SR2(14K) I/ {POT(2,K)*PH{1,K))
CFIU3,K)={KCLIIG ¢K)=KC2(IGyK)I/(POT(1,K)*PH{2,K))
CFlasK)S(KDLEIGoK)=KD2(IGyK)II/IPOT(29K I¥PH(1,K))
60 CONTINUE '
THE ZERDJ FLUX COEFFS:
NONE NEEDED AS F{l,1) AND F{2,1) BOTH = 0.0.
IF (IBC.EQ.l) GO TO 64

IF («NOTe(IBCeEQe5.0R.IBC.EQ.T)) GC TO 66

ZERD FLUX COEFFICIENTS FOR NO TILTING ON THE LEFT:
DO 61 1G=1,2
VIIG)I=1le/{PHTIIG1)¥PH{IG,1))
VI(IG)=1/(POTL1G,2)*PO(1G,s2))
V2{IG)=1e/71POTL 1G22)%PH{1G,2))

BLOCIGI=(KAOLIGs1)=LAO(IGy L)) *VIIG)I+{KAOLIGy2)—2.%KA1(1G,y2)
X +KA2(1G92)-LA0O(IG2)+2.*%LAL(IG2)-LA2(1Gy2)+P(16+2)-PL{1G,2)

X =QUIGy2)+QLlIG2)#R(1G,2))I*V1LIG)

CLOUIGISIKALIIG92)-KA2(IGs2)+LA2(1G,2)-LAL{IG,2)+P1(1G,2)

X +Q(I692)-QlL1G42)-RLIGy2))*V2(16)

BFO(IG)=KBO(IG,1)%V(IG) +(KBO(1G,2)~2.%KB1{1G,2)+KB2{1G+2))*V1{IG)

61 CFOLIG)I=(KBLLIG2)-KB2(156,2))*v2(IG)
BTO(1)=SRO(1,1)/{PHT{2,1)%PH(1,1))

X +{5R0O(1,2)-2.%SR1(1,2)+5R2{1,2))/7{P0T(2,2)*P01{1,42))
BFO(3)=KCOl1l,1)/{PHT(1,1)*PH(2,1))

X +{KCO(192)-2.%KCL{1,2)#KC2(1,2))/(POT(1,2)%P0(2,2))
BFO(4)=KDO(1s1)/{PHT(2,1)%PH(1,1))

X +(KDU(192)=2%KD1(1,2)¢KC2(1,2))/7(P0T(2,2)%P0(1,2))
CTO(L1)=(SR1(1,2)—-SR2(1,2))7(P0OT(252)*PH{1,2))
CFO{3)=(KCil1,2)-KC2(1,2))7/ (POT(1,42)%*PH{2+2))
CFO(4)=(KD1(1,2)-KD2(1,2))/ {POT(2,2)*PH(1,2))
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66 IF (IBC.LE.5) GO TO 69

FOR THE LAST REGION TO BE NOT TILTED:
K=KR-1
DO 67 16=1,2
VIIG)I=1la/IPHTUIGK)*PO(IG,K))
VI(IG)=1./{POTLIGyKR)I*¥PO(IG4KR))
V2{IG)=1+/(PHTLIG,K)*PH{IG,K))
ALUIGoKR)={(KALL IGsK)—KA2{IG ¢K)—LAL{IG,K)+LA2{IGyK)-P(IG,K)
X +PLIIGsKI=QLIIGsK)=R{IGsK))IXV(IG)
BLIIGsKR)I=LKAOL IGyKR)—LAOIIGKR))I*VILIG)+(KA2{IGyK)-LAZ2{1IG4K)
X  —PLUIGyKI+QLLIG,K)#RUIG,K)I*V2{IG)
AFLIGIKR)=(KBLIIGK)=KB2LIG+K))*V(IG)
BFUIGIKR)I=KBO(IG,KRI*VL{IG)+KB2{1IG,K)*V2{IG)
IF (IG.EQ.2) GO TO 67
AT ( KRI={SRLUIGyK)—-SR2{IGsK) I/ (PHT(2,K)*PO(1,K))
AF{3,KR)I=(KCLIIG9KI-=KC2(IGsK)I/{PHT(1,K)%P0O(2,K))
AF{49KR)={KDLIIGyK)I=KD2(IG+K)I/IPHT(2,K)}%PO{1,K))
BT(KR)= SRO(IG'KR)I(P0712¢KR)*PO(I,KR})
X +SR2CIGIKIZEPHTL2,K)*¥PH{1,4K))
BF{3,KR)=KCOLIGsKR)/{POZ{1,KR)*PO(2,KR))
X  #KC2(IGsKI/IPHT(1,K)*PH{2,K))
BF{43KR)=KDO{IGsKR)/Z{POT(2,KR)*PC{1,KR))
X +KD2 (16 K)/ {PHT{24K)}*PH{1,+K))

67 CONTINUE

GO TO 64 |
THE ZERO CURRENT COEFFS:

69 K=KR

D0 62 I6=1,2

VIIG)I=1o/{PHT(IGyK)I*POLIGsK))

VI{IG)I=1a/(PHTIIGK)*PH(1IGyK))

ALK{IG)I=(KALUIGsK)=KA2{IGs K)—RIIGyK)+PL{IG+K)-PUIGyK)+LA2{IG,4K)
X —LAL{IGeK)=QL{IG,K))*V{IG)
BLKUIGI={KA2{IGyK)I+R{IGyK}—PL{IGsK)-LA2{IGsK)}#+Q1{IG,K))I*V1I(IG)
X +CH{IGI/ PHILG4KR)

AFK({IG)=(KBl(1b,K)}-KB2{IbyK)I*VIIG)

62 BFK{IGI=KB2{16,K)*V1{IG)
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63

b4

65

ATK{1)={SR1(1,K)-SR2(1,K))/{PHT{2,K)*PO{1,K))
AFK{3)=(KCL1{1,K)=KC2{1,K) )/ (PHT{1,K)*P0(2,K))
AFK{4)={KD1{1,K)=KD2(1,K))/ (PHT{2,K)*PO(1,K))
BTK{1)=SR2{1,K) /(PHT(2,K)*PH{14K))
BFK{3)=KC2(19K)/{PHT{1,K)¥PH{2,4K))
BFK(4)=KD2(14K) Z{PHT(24K)*PH{1,K))
IF (IBC.NE.4) GO TO 64

ZERU CURRENT CN THE LEFT COEFFS:
K=1
DO 63 16=1,2
V2(IG)=1/7(PITLIGK)*PO(IG4K))
V3{IG)=1.7{POTLIG,K)*PH{IG,»K))
BLO{IG)=

+IKAOLIGyK)I=2.%KAL{IG oK) +KA2(IGyK)-LAO(IG,K)+2.*LAL(IG+K)
—LA2L1GsKI+QLUIGsK)=QUIGsK)+P(IG oK) —-PLLIG,K)+R(IG+K) )*V2(IG)

CLOLIG) =(KALEIG,K)—KA2{IGsKI-RIIG,K)+LA2{IG,K)-LAL{IGyK)+Q(IGyK)

X
X
X -CO0M416)/P0L1Gy1)
X

—QLLIGyK)+PLUIG,K))I*V3(IG)

BFOLIGI)= V2{IG)*{KBO{IG,K)—-2.*¥KB1{IG,K)+KB2(1G4K))

CFOLIG) =(KBLLIGyK)-KB2{IGsK})I*V3(IG)

BTO(L)={SRU{LsK)I—2*%SRL{1,K)+SR2(1,K))/(POT(2,K)*PO{1,K))}
BFO(3)=(KCO({19K)—2*%KCL{1,K)I+KC2(1,K))/(POT(1,K)*PO(2,K))
BFO(4)=(KDO(1sK)—=2.%KDL{ 1,K)+KD2(14K)) /{POT(2,K}*P0O(1,K))

CTO(L)=(SRL{L9sKI=SR2(1,K)}/ (POTL2,K)*PH(14K))
CFO(3)=(KCL1{1,K)=KC2{1yK))Z{POT{1,K)*PH(2,K))
CFO(4)=(KD1(1,K)=-KD2(1,K)} )/ (POTL12,K)*PH(1,K))
LERO MATRICES:
DO 65 I=1,NN
DO 65 J=1sNN
L1{I,J0=0.0
L21{1,J)=0.0
F2{14J1=0.0
F3(1,J)=0.0
Fallsd)=0.0
T(I:J)—‘-0.0
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FILLING THE MATRICES FOR POWER:
DETERMINE THE LEFT BC:

J=1

IF {IBCoLE«2.0R.IBC.EQ.6)

L1(J,12=BLOLL)
L2(Js1)=BLO{2)
F1{Js1)=BFO(1)
F2(Jy1)=BF0(2)
F3(Jsl)=BFI(3)
Falds 1)=BFO(4)
T{Js1)=BTO(1)

L1{Jde2)=CLO(1D
L2(Js2)=CLO(2)
F1(J,2)=CFO(1)
F2(Js2)=CF0(2)
F3(J4+2)=CFO(3)
F4lJs2)=CFOL4)
T(J,2)=CT0O(1)

J=Jd+1

FUR ALL INTERNAL EQUATIOGNS:

DO 70 K=IXy1Y

IF (J.EWQ.1l) GU TO 76

Ll{JdsJd—1)=AL{1,K)
L2{Jsd=1)=ALL2,K)
F1(JyJ—-1)=AF(1,K)
F2ldysJd=1)=AF(2,K)
F3{JsJd—-1)=AF(3,K)
Faldeyd—1)=AF(4,K)
TidyJd-11=AT(K)
L1(Jgd) =BLULsKD |
L1{Jd,Jd+1)=CLI{1,K)
L2{dyd)=BL{2,K)
L2{JsJ+1i)=0L{2,4K)
F1liJyJ)=BF{1,K)
Fl{d,Jd+1)=CFil1l,K)
F2lJ9Jd)=BF{24K)

GC TC 175
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F2(JyJd+1)=0CF(2,K)
F3(JdyJd)=BF{3,K)
F3{JsJ+1)=CF(3,K)
F4{JeJ)=BF(4,K]
F4(JdsJd+1)=CFl4,K)
TtJsJd)=BT(K)
T{Jad+1)=CTIK)
J=Jd+1
CONT INUE
IF (IBC.EQelesORIBC.EQ.5) GC TC 500
FOR THE LAST EQUATION: (K=NN):
K=NN
LI1{K ,K -1)=ALKI(]1)
L1{K oK )=BLKI(1)
L2IK K —1)=ALK{(2)
L2(K 3K )=BLK{(2)
F1(K oK —1)=AFK{1)
F1{K ,K )=BFKI(1)
F2(IK 2K —1)=AFK(2)
F2(K oK )=BFK(2)
F3(KsK=1)=AFK(3)
F3{KsK)=BFK{(3)
FalKoK-1)=AFK{4)
Fa{KsK)I=BFK(4)
T(K 3K —1)=ATK{1)
T(K »K )=BTK(1l)

500 CONTINUE

PRINTS OUT THE /B3/ MATRICES:
IF {(ISEE.GE.2) CALL PRTOUT(2)
RETURN
END

SYNT0397
SYNTQ398
SYNTO0399
SYNTQ400
SYNTO0401
SYNTO0402
SYNT0403
SYNT 0404
SYNT0405
SYNT0406
SYNT 0407
SYNT04038
SYNT0409
SYNTO0410
SYNTO0411
SYNT0412
SYNTO0413
SYNTO414
SYNTO0415
SYNTO416
SYNTO417
SYNTO0418
SYNTO0419
SYNT0420
SYNT 0421
SYNTO0422
SYNT 0423
SYNTO424
SYNT 0425
SYNT 0426
SYNT0427
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SUBRUUTINE ERROR{(I,J) ERROJ001

ANNOUNCES INPUT ERRORS AND TERMINATES PROGRAM EXECUTICN: ERRO0002

GO TO (192939495169 74859)y1 ERROQO003

1 WRITE (6,4101) ERROQ0004
60 TO 10 ERRO0O005

2 WRITE (64102) J ERROQ006
6O TO 10 | ERROQ007

3 WRITE (6451030 J ERROQOO08B
GO TO 10 ERROJ009

4 WRITE (64104) J ERROQO10
60 70 10 ERROOO11

5 WRITE (69105) J ERRO0O12
60 7O 10 ERRODO013

6 WRITE (6,5100) J ERROO0014
60 TO 10 ERROOO15

7 CONTINUE ERROQO16

8 CONTINUE ERROOO17

9 CONTINUE ERRO0O18
10 WRITE (6,110]) ERROQ019
101 FORMAT ('1MUST HAVE > 2 SUBREGICNS FCR ZERO FLUX B.C.S. INVALID.') ERRO0020
102 FORMAT ('1INUMBER OF SUBREGIONS =',13,' > 25. INVALID.?) ERRO0021
103 FORMAT (' 1SUBREGICN NUMBER!' ,13," HAS > 25 SECTIONS. INVALID.') ERROQ022
104 FORMAT (*1INPUT ERROR IN REGICN SEQUENCING AT REGION®*,I5,%'.7) ERRO0023
105 FORMAT (*1Z2(I) = O« IN REGICN I =%,13,"., INVALID.') ERRO0024
106 FORMAT (*1THE TOLERANCE: EPS',114* IS < 1.0E-16. INVALID.') ERRDQ025
107 FORMAT (*1BU0UNDRY CONDITIUN OPTICN ='412,* <1 OR > 7. INVALID.') ERRO0026
110 FORMAT (1HO,*PROBLEM TERMINATEC."') ERRO0027
CALL EXIT ERR0OQO28
RETURN ERROCO29

END ERRGO0030
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SUBROUTINE REPEAT(K,L)

SETS THE /B5/ ARRAYS (K) EQUAL TO PAST STORED ARRAYS (L):

IMPLICIT REAL¥8 (A-Z)

COMMOUN /B5/ KAOQ(2525),KAL12,25)5KA2(2425),KB0(2425),KB1(2,25),
KB2(2925)sLA0(2+,25),LAL{2,25),LA2(2,25),SR0O(1,25),
SR1{1425),5R2(1+25)4KC0(1425),KC1(1,25),KC2(1,25),
KDO(1925)sKD1{1925)9KD2{1,25),
P(2925)9PL(2925)4Q1(2,25),

QL{2+25)y RL2425)y PO(2,25)y POT(2925)4PH{2,25),
PHT(2,25)

COMMON /XAXIS/ HX,HR{25)

INTEGER Kpl G

HR(K)=HR(L)

HX=HX+HR{K)

DO 10 6=1,2

KAO(GsK)=KAO({G,yL)

KAL{GsKI=KAL{G,L)

KA2(GK)=KA2{G,yL)

KBOIGK)=KBO{G,L)

KBLIGsKI=KBL(G,L)

KB2(GsK)=KB2{GyL)

LAO{GsK)=LAOLGyL)

LA1(GeK)=LALLGsL)

LA2{GsK)=LA2{GyL)

IF (6.EQ.2) GO TO 5

SRO{GyK)=SRO(Gy L)

SR1{GsKI=SR1(GyL)

SR2{GysK)=SR2{G, L)}

KCO(GoK)=KCOLGyL)

KC1{GoK)=KLC1i{G,L)

KC2{G4K)=KC2{G,L)

KDO{GK)=KDO{G,sL)

KD1{GsK)=KD1(G,L)

KD2{GoK)=KD2(GyL)

CONTINUE

PIGsKI=P(GyL)

REPEQOO1
REPEQOO2
REPEQ003
REPEQOO4
REPEOQUOS
REPEQOOG
REPEOQOO7
REPEOOOS
REPEOOO9
REPEOO10
REPEOO11
REPEOOL12
REPEQO13
REPEOO1l4
REPEOOL5
REPEQJOL6
REPEOQOC17
REPEQO18
REPEQOL9
REPEQO20
REPEQO21
REPEOO22
REPEQO023
REPEDO24
REPEQO25
REPEQ026
REPEQD27
REPEQO28
REPE0029
REPEOO30
REPEQO31
REPEDO32
REPEQO33
REPEQOO34
REPEQO35
REPEQOO36
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PLIG+KI=PLIG,L)
Q{G,K)=QlG,L)
Q1l{6,K)=Q1l(06,L)
RIGyK)I=RIG,L)
PO(GKI=POLGHL)
POTLGyK)=POT{GyL)
PHIG KI=PHIG,L ) .
PHT{LGsK)=PHT(G,L)
CONTINUE

RETURN

END

REPEQO37
REPEOO38
REPEOQO39
REPEQ040
REPEOO41
REPEDOD42
REPEQO43
REPEQO44
REPEQO45
REPEQO46
REPEQO47
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SUBROUTINE BHSET({K) BHSE0O01

SETS UP THE /BH/ ARRAYS FCR GIF: BHSEQ002
IMPLICIT REAL*8 (A-H,L-Z) BHSEQGO3
COMMON /7BH/ X{101), H{101), Z{(101) . BHSEQD004
DO 1 1I=1,K BHSEOQO005
Z{n)=X{1)-X{(1) BHSEO0006
RETURN BHSEOQO007
END BHSEQOOS8
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DOUBLE PRECISION FUNCTION GIF(NyGlysFyG24CyeGyK,yITC)
INTEGRATES: FUGleJ)*C(G2yJ)%GIG24J) * (Z/H)**N

OVER ALL K SUBREGIONS J

WHERE Z RUNS FRCM 0 TO X{K+1)-X{1) IN THIS REGION.
WHERE THE FORM OF F AND G IN REGICN J IS GIVEN BY ITC:

ITC = 02 F AND G ARE B0TH CCNSTANT.
ITC = 12 F IS LINEAR AND G IS CUNSTANT.
ITC = 23 F AND G ARE BOTH LINEAR.

IMPLICIT REAL*8 (A-H,0-2)
COMMUON /BH/ X{(101),H{101),2(101)
DIMENSION F{24i01),6(2,101)+C(2,100)
INTEGER Gl96G2 '
N1=N+1
SUMJ=0.0D0
IF (ITC.EQ.0) GO TO 40
IF (ITC.EQ.1) GO TO 20
LINEAR F AND G IN REGIOJNS J:
DO 10 J=1,K
A=F{GlyJ)*6(G2,J)
B=F{GleJ)*5l G2y J+1)+F{Gl,Jd+1)2*G{G2,J)
D=F(GlyJ+1)*G(G2yJ+1)
SUML=0.0D0
DO 5 1I=14N1
L=1-1
M=N-L
IF (H{J)eEQeV<0 -AND.L.EQ.O) GO TC 1
EH=H(J ) **L
GO TO 2
1 EH=1.0
2 IF (Z(J)eEQ.0.0AND.M.EQ.O) GO TO 3
EZ=2{J)%*M
GO TO 4
3 EZ=1.0
4 SUML=SUML+FACTIN)/(FACT(M)*FACT(L))*EH*EZ*
X (2.D0O*%A/DFLIAT{{L+#3) % (L+2)*(L+1))+B/DFLOAT{{L+3)*(L+2))
X  +D/DFLOAT({L+3))

GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
PAGE 2¢1

0001
0002
0003
0004
0005
0006
0007
goos8
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0029
0021
0022
0023
0024
0025
0025
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036



5 CONTINUE
SUMJ=SUMI+H(J)I*CUG2,yJ IRSUML
10 CONTINUE
GO TO 100
LINEAR F AND CONSTANT G IN REGICAS J:
20 DO 30 J=1,K

SUML=0.0D0

DO 25 1=1,Ni
L=1-1

M=N-L

IF (H{J)eEQeOeU+ANDLLEQ.D) GO TC 21
EH=H(J) *%L
60 TO 22

21 EH=1.0

22 IF (Z1J)eEdeU+0.ANDaM.EQ.0) GO TO 23
EZ=Z(J)**M
60 TO 24

23 EL=1.0

24 SUML=SUML+FACT(N)}/(FACT{M)*FACT(L))*EH*EZ*

X (FlGLl,J)/DFLOAT((L+1)*{L+2))+F(G1l,J+1)/DFLOAT(L+2))

25 CONTINUE
SUMJ=SUMJ+H{JI*C(G2,J)*G(5G2yJ)*SUML
30 CONTINUE
60 TO 100
CONSTANT F AND G IN REGICNS J:
40 DO 50 J=1,K

SUML=0.0D0

DO 55 1I=14N1
L=1-1

M=N-L

IF (H{J)eEQeDU0ANDLL.EQ.OD) GO TO 51
EH=H{ J) ¥*L
GO T0 52

51 EH=1.0

52 IF (Z(J)eEQeDe0 ANDM.EQ.D) GC TC 23
EZ=2(J)**M

GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
PAGE 262
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0040
0041
0042
0043
0044
0045
0046
0047
00438
0049
0050
0051
0052
0053
2054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
2065
0066
0067
0068
0069
0079
0071
6072



GO T0 54

53 Ei=1.0
54 SUML=SUML+FACT(N)/(FACT(M)*FACTIL))*EH*EZ*

55

50
100

X

{1./DFLUATIL+1))
CONTINUE
SUMJ=SUMJ+H{JI*F(GLsJ)*C(G24J)*G{G2,J) *SUML
CONTINUE
GIF=SUMJ/{X{K+1)-X{1))**xN
RETURN
END

GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
GIF
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DOUBLE PRECISIUN FUNCTION FACT(N) FACTQOO01
COMPUTES N FACTORIAL: FACTQ0O002
FACT=1.000 FACTQ003
IF (NeLE.1l) RETURN FACT0004
DO 1 1I=2.N FACT 0005
FACT=FACT*DFLOAT(I) FACT0006
RETURN FACT0007
END FACTO008
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SUBROUTINE PRTOUTHLIP)
IP = 1: PRINTS OUT THE /BS5/ ARRAYS.
IP = 2: PRINTS OUT THE /837 MATRICES GIVEN TO POWER.
IMPLICIT REAL*8 (A—-H,K-1)
COMMUN /B2/ KRy N
COMMON /B3/7 L1(26426)9L2(26926)4F1{26526)4F4(26,26),

X F21264926)4F3126426),T126,426)

COMMON /7B5/7 KAO0(2425),KAL(2425)9KA2(2,25),KB0{2525),KB1(2,25),
KB2{2925),LAU(2+25),LA1(2,25),LA2(2,25),SRO(1,25),
SR1(1925)4ySR211425)+KC0(1925)4KC1(1,25),4KC2{1,25),
KDO(1425),KD111,425)4KD2{1,25),
Pl2,25),P112,25),Q(2,25),

W1l{(2425)y R12925)y PO(2+25)y POT(2425),PH(2+425]),
PHT(2,25)

COMMUN /7XAX1I5/ HXsHR(25)

INTEGER KRy Gs N

60 TO (1001,1002),1P

KA AND KB ARRAYS:

DX D X X

1001 WRITE (6,10)

10 FORMAT (1 GY 94Xy "I, 12Xy *KAOL(G,I) % 12X, 'KAL{G,I)',12X,
X TKAZ2{G 910 912X o KBO{G 912 " 912X "KB1(G,I)*,12X,'KB2{C,1)?)
DO 11 6G=1l,2
WRITE (6,12)
11 WRITE (6915) (GeloKAOIGyI) s KAL(G,1) ¢KA2{Gy1),KBO(G,1),KB1(Gy1),
X KB2{Gys1)yI=1,yKR)
12 FORMAT (* ')
15 FORMAT (215:;6D20.7)
KC AND KD ARRAYS:
WRITE (6416)
16 FORMAT ('1 GV X o' Iy 12Xy "KCO(G2I) 912Xy ?KCL1{GoI)?,12X,
X VKC2(G591) 2 o1 2X9*'KDOUGI) * 912X *KDLIGyI)"512X4'KD2(G,1)?*)
6=1
WRITE (6,121}
17 WRITE (6515) (G IsKCOIG+1) s RKLCLIG I ) oKC2(Gy1)4KDOI(G,1),KD1(G,1),
X KD2{GyI),1=1,KR}
LA AND SR ARRAYS:

PRT0O0001
PRTO0002
PRTO0003
PRT00004
PRTO0005
PRTD0006
PRTO0D07
PRT00008
PRTOQ0009
PRTO0010
PRTOO0011
PRTO0012
PRTO0013
PRT00014
PRT00015
PRTOQ016
PRTO0017
PRTOO0018
PRT0O0019
PRTO0020
PRTQ0021
PRT0O0022
PRY00023
PRT00024
PRT00025
PRT0O0026
PRT00027
PRT000238
PRTO0029
PRT00030
PRT00031
PRT00032
PRT0O0033
PRTO0034
PRTO0035
PRT0O0036
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WRITE (6,20])
20 FORMAT (*1 G gdaX gV I%,12X, 'LAO(G,1) %, 12X, 'LAL{G,1)*,12X,
X VLAZ(G 1) 912X9"SROIGID* 912X *SRI(GyI)?"912X,*SR2(Gy1I)")
6=1
WRITE (6412)
WRITE (6915) (G IoLAO(GyI) s LAL(G,I) 4LA2{G,I),SRO{Gy1),SRL{G,1I),
X SR2{Gs1),I=1,KR)
6=2
WRITE (6,12)
WRITE (6925) (GyIoLAO{GI)oLALIG,1),LA2(G,1),I=1,4KR)
25 FORMAT (215,3D20.7)
Ps Qs AND R ARRAYS:
WRITE (6,+30)
30 FORMAT ('1 G 94X ' I%,14X,"PIGI)? 413Xy *'PL{G,1)",14X,*Q(G,1)7,
X 13X *'QLiG1) 314X *'RIG1I)Y)
DO 31 06=1,2 s
WRITE (b6,12)
31 WRITE (6335) (6G9yIsP(GyI)4PLL{G,I),Q(Gs1)},Q2(Gs1),R(G,1),I=1oKR)
35 FORMAT (215,5D20.7)
POy PHy AND HR ARRAYS:
WRITE (6,40)

40 FORMAT ('1 G 94Xe'I%413Xy 'POIGI)?y12Xs'POT(G 1) 413X, 'PHI(G,I)",

X 12Xs *PHTLGs 1) 915Xy *HREI) ')
DO 41 G6=1,2
WRITE (6,12)
41 WRITE (6945) (GeI9PO{GyI)sPOT(Gs1)4PH{G,I),PHT(G,I),HR(I),I=1,KR)
45 FORMAT (215+45020.7)
G0 TO 100
PRINT QUT THE /B3/ MATRICES:

1002 WRITE (6450)

50 FORMAT (®"1MATRIX L1:%,/)
DO 51 I=1,sN

51 WRITE {6455) (L1{IyJ)ed=1yN)

55 FORMAT (10D12.39/7,(2X,10D012.3))
WRITE (0,60)

60 FORMAT (*IMATRIX L2:3%,4/)

PRT00037
PRTOGO38
PRTO0039
PRTD0040
PRT0O0041
PRTO0042
PRTOO0043
PRTO0044
PRTO0045
PRTO0046
PRT00047
PRTO0048
PRTO0049
PRTO0050
PRTO0051
PRT00052
PRTO0053
PRTO0054
PRTO0055
PRTO0056
PRTOJ057
PRT0O0058
PRTO0059
PRT00069
PRTDO061
PRT00062
PRT00063
PRTO0064
PRTDD065
PRTO0066
PRTO0067
PRTO0068
PRTO0069
PRTO007)
PRTDOO71
PRTO0072
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61
70
71
80
81
82
83
84
85
90

91
100

DO 61 I=1sN

WRITE (6555) (L2(1sJ)9d=1eN)
WRITE (6,70)

FORMAT (! IMATRIX Fl1:2',/)

DO 71 I=1,N

WRITE (6455) {(FL1{I5J)sd=1sN)
WRITE (6,80)

FORMAT (* IMATRIX F2:',/1)

DO 81 1I=1l,N

WRITE (69455) (F2(13Jd)sd=1sN)
WRITE (6482)

FORMAT (*1MATRIX F3:%,/)

DO 83 1I=1,N

WRITE (6955) {(F3(143J)sJd=14N)
WRITE (6,84)

FORMAT (*1MARTIX F421,/)

DO 85 I=1,N

WRITE (6455) (F4ll4Jd)d=1,N)
WRITE (6,490)

FORMAT (* IMATRIX T:%,/)

DO 91 1I=1yN

WRITE (6955) (TilIeJd)sJd=1,N)
RETURN

END

PRTO0073
PRTO0074
PRTOO075
PRTOO076
PRTO0077
PRT00078
PRTOQOT9
PRT0008)
PRT00081
PRTO0082
PRT00083
PRTO0084
PRT00085
PRT00086
PRTOOCS87
PRT0O0088
PRT0O0CS89
PRTOCO90
PRTO0091
PRT00092
PRT00093
PRT00094
PRTOCO95
PRTO0096
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SUBROUTINE POWER
SOLVES THE 2%N MULTIGROUP EQUATICNS: M*PHI = (1/LAMDA)XF*PHI
BY THE FISSION SOURCE POWER METHOD
USING SIMULTANEOUS OVERRELAXATICN.
WHERE: M AND F ARE DOUBLE PRECISION 2N BY 2N BLOCK MATRICES;
AND: PHI IS THE 2N FLUX (FAST ANC THERMAL) VECTCR.
L1*%PHI1 = CHIL*{(F1*PHI1 + F2%PHI2)
~T#PHIL1 + L2%PHI2 = CHI2*(F3*PHI1 + F4*PHI2)
METHOD FOLLUWS WACHPRESSs PAGE 83. SOLUTION BY GROUP ITERATION.
IMPLICIT REAL*8 {A-H,L-21)
COMMON /B1/ IBCIPLOT,JPLOT»IPUNCH,ISEE
COMMUN /B2/ KRyN
COMMUN /B3/7 L1126526),L2(026426)4F1(26926)4F41(26,26),
X F2(26926) 4F3(26926),T126,26)
COMMUN /B47 PHI(2,26), PSI12,26)y LAMDA, ICOUT
COMMON /B57 S126), ERROR{2,26), 2(26)
COMMON /Bo6/ TEL(245)+TE2(2,5)+TE3(5),IN(5)
COMMON /CHIF/ CHI(2)
COMMON /XAXIS/ HXsHR(25)
COMMUON /ZER/ EPS1,EPS2,EPS3
COMMON /FSTR/ PHISTR(2426,6)
COMMON /ESTR/ LAMSTR{300), EFSTR{2,300)y EFMSTR{2,300), ERLAM(300)
COMMON /TRUE/ TRULAM, TRUPHI(2426)s PHICON{2,300), LAMCON(300),IFT
DIMENSION PSI1{26), PSI2(26)y SQ(2), DPHI(2), ERRMAX{2)
INTEGER N ‘
DEFAULT OPTICONS FOR THE TRUE EIGENVALUE AND FLUXES:
TRULAM=1.0
DO 5 16=1,2
DO 5 1I=1,N
TRUPHILIG,1)=1.0
DEFAULT OPTICNS FOR PUWER PARAMETERS:
ALPHA=1.25
LAMDA=1.0
DO 555 16=1,2
IF (IBC.NE.4) GO TO 551
DO 550 1I=14N

POWEQOO1
POWEODD02
POWEOOO3
POWEQOO04
POWEDOO05
POWEQODS
POWEOOO7
POWEQOOS8
POWEOQOO09
POWEQOLD
POWEOO1l
POWEOOL2
POWEOO13
POWEOOLl4
POWEODD15
POWEQO16
POWEQOL7
POWEQOLS
POWEOO19
POWEDOD20
POWEOOZ21
POWEQD22
POWEOD23
POWEDO24
POWEQO025
POWEQOQ26
POWEDO27
POWEQO28
POWEQO029
POWEQO30
POWEOOD31
POWEQO32
POWEOO33
POWECO34
POWEOO35
POWEOQO36
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550

551

552
555

500

501

506
502
503
510

10

11

PHI(16,1)=1.0
GO 70 555
X=3+1415920/HX
IF (IBC.NE.1)
SUM1=0.0

DO 552 K=1,KR
SUMi=SUML1+HR{K)
PHILIGsKI=DSIN{SUM1*X)

X=X/2.0

CONTINUE

READ IN THE TRUE (EXPECTED) EIGENVALUE AND FLUX VECTOR (MINUS 0 BC*S):
IFT=0
READ (5,500,END=501) TRULAM, (TRUPHI(1,I)s1I=1,N)

READ (54503,END=501) (TRUPHI(241),I=14N)
IFT=1
FORMAT (E254144/,(4E20.10)0)

READ IN: OVERRELAXATIUN PARAMETERS ; ALPHA (OQUTER ITERATION)
INITIAL GUESS AT EIGENVALUE; LAMDA
INITIAL NORMALIZED FLUX 3 PHI{1-N)

READ (5,506 ,END=510) ALPHA
READ {(5,502,END=510) LAMDA
READ (5:503) {PHI{1,1),1=1,N)
READ (5,503} (PHI{2,1),1=1,N}
FORMAT (Fl0.5)
FORMAT (E25.14)
FORMAT ((4E20.10))
CONTINUE

STORING FOR
DO 11 16=142
DO 10 1I=1,N
PHISTRIIG,142)=PHI{IG,I)

FILL RUNNING CODORD IN PHISTR
KR1=KR+1
DO 11 1I=1,KR1
PHISTR{IGs1,1)=DFLOAT(I)

IK IS THE FLUX PLOTTING CCUNTER.
IK=1

PRINTING THE MULTIGRCUP FLUX SHAPE.

POWEOO37
POWEQD38
POWEDO39
POWEQO040
POWEDO41
POWEQO42
POWEOO43
POWEDOO44
POWEODO45
POWEQO46
POWEOQO47
POWEOQO48
POWE 0049
POWEQQS50
POWEOOS1
POWEQO052
POWEQO53
POWEODO54
PONWEQO55
POWEODO56
POWEQOS57
POWEOO58
POWEOQO059
POWEQ06D
POWEOOS1
POWEQQ62
POWEQOOD63
POWEDOG64
POWEOQO65
POWEQC66
POWEQQ67
POWEQO68
POWEQOS69
POWECOT70
POWEQOT1
POWEQOT2
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700
X

X
X
X
X
X
X
X
X
X

701
X

20

SIGRES THE ITERATICN NUMBER FOR FLUX HISTORY PLOTTING:
IN(1)=
STDRE) TEMPDRARY ERRORS FOR FLUX HISTORY PLOTTING:
TEL{l,1)=0.
TE1(24+1)=0.
TE2(1ly1)=Vs
TE2(2+1)=0.
TE3(1)=0.0
EIGENVALUE OF THE PREVIOUS ITERATION:
LAMB4=LAMDA
THE MAXIMUM NUMBER OF ALLOWED ITERATIONS: ICMAX
ICMAX=300
PRINT QOUT THE POWER METHOD PARAMETER INFORMATION:
WRITE (69700) ICMAXyALPHA,L AMCA, (PHI{1,I)sI=14N)
WRITE (6,701} (PHI{2,1),1=1,4N}
FORMAT (" 1EXECUTING MULTIGROUP FISSION SCURCE POHER ITERATION METH
OD. 'l//t
5Xe " MAXIMUM NUMBER OF ALLCWABLE ITERATIONS:'" s/
10X, " ICMAX ="14)///'
5XyYOUTER ITERATION RELAXATICN FARAMETER:'y/,
IOXQ'ALPHA =',F7o31//1
5Xe* INITIAL GUESS AT EIGENVALUE:"./,
10X, "LAMBDA =% ,E22.1497/7»
5X, " INITIAL GUESS AT THE GROUP FLUX SHAPE CONNECTICN POINTS:*,
/798Xy *FAST GROUPz2?',/,
LOXe'FIK)I®®S =?94E25.149/+118X,4E25.14))
FORMAT {'0%,7Xs *THERMAL GROUP:',/,
10X9*FIK)2'S =% ,4E254149/+(18X94E25.14))
BEGIN ITERATICN LOOP.
I1COUT=0
ICOUT 1S THE OUTER ITERATICN CCOUNTER.
ICOUT=1CoUT+1
IF (ICOUT.GT.ICMAX) GO TO 100
SULVE FOR THE NEW GROUP FLUX VECTORS: PSI-
FAST GRJUP; SOURCE VECTOR:
DO 25 1=1sN

POWEQCT73
POWEQOD74
PCWEQOGTS5
POWEQO76
POWEOQOCT7
POWEQO78
POWEQOT9
POWECO80
POWEOCS1
POWEQ(O82
POWEDOOB3
POWEQOB4
POWEQO8S
POWEQ085
POWEOO8B7
POWEQOSB8
POWEOCS9
POWEQQ90
POWEQDJ91
POWEQQ92
POWEC093
POWEQ094
POWECO95
POWEQO96
POWEQO97
POWEQQ98
POWEQQ99
POWEO 100
POWEO101
POWEQ102
POWEO103
POWEOD104
POWEOLO5
POWEO106
POWEQ107
POWEQ108
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24
25

26
27

28

30

S{I)=0.0
DO 24 J=1yN
S{I)=SUI)+FLiI¢J)*PHI(LyJ)+F2(14J)%PHI(2,J)
S(II=CHI(1)*S(I)

FAST FLUX:
CALL SOLV3D(NsL19PSI1,sS)

THERMAL GROUP; SOURCE VECTOR:
DO 27 I=1,.N
S{1)=0.0
Z{1)=0.0
DO 26 J=1,N
SUI)=SUI)¢F3(1sJ)*PSIL{J)+F4{I,J)*PHI(2,J)
LUID)=ZL1)+T(1eJ)%PSIL(U)
ZUI)=2(1)+CHI(2)*S(1)

THERMAL FLUX :
CALL SOLV3DINsL2,PSI2,2)

CALCULATIOUN OF THE EIGENVALUE:
SUM1=0.0D0
SUM2=0.000
DO 28 1I=1,N
SUM2=SUM2+PSIL{I)*PSIL{I)+PSI2(1)*PSI2(1I)
SUMLI=SUML+PSIL(I)*PHI(1,1)+PSI2(1)*PHI(2,1)
LAMDA=SUMZ2/ SUMIL
LAMSTR(ICOUT)=L AMCA
ERRL AM=DABS (LAMDA-LAMB4)

PUT PSI1 AND PSI2 INTO BIGGER PSI:
DO 30 1I=1sN
PSI(l,1)=PSI1(1)
PSI(2,1)=PSI2{1)

POINT BY POINT SIMULTANECOUS RELAXATICN FLUX ITERATION:
X=ALPHA

DO NOT RELAX DURING THE FIRST THREE ITERATIONS:
IF (ICOUT.LE.3) X=1.0

CALCULATE THE NENW GROUP FLUX ITERATES AND GRCUP ERRORS:
DO 40 1G=1,2
DU 40 I=1,N

POWEO109
POWEO110
POWEQL11ll
POWEO112
POWEOL113
POWEQL114
POWEO115
POWEO11l6
POWEO117
POWEQ118
POWEOL19
POWEQ120
POWEO121
POWEQ122
POWEQ123
POWEQL24
POWED125
POWEOQ126
POWEQL127
POWEQL128
POWEO129
POWEOQ130
POWEO131
POWEO132
POWEQL133
POWEO134
POWEO135
POWEO136
POWEOL137
POWEO138
POWEOQL139
POWEQ140
POWEQLl41
POWEO142
POWEQ143
POWEOQL44
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40

38
39

35
36
37

41

42

PSICIGy I)=PHILIGyI)+X*{PSI(IG,I)/LAMDA-PHILIG,1))
CALL NURMAL(PSI 4N)
DO 39 16=1+2
ERRMAX{1IG)=0.0
SQl16)=0.0
DO 38 1I=1sN
ERROR{IGy 1)=DABSI(PSI(IG,I)—PHI{IG,1))/PSI(IG,1))
IF (ERRUR{IGyI)+GTLERRMAX(IG)) ERRMAX(IG)=ERROR(IG,1)
SQUIG)=SQUIG)+ERROR(IG, [ )**2
UPUDATE THE FLUX ITERATE:
PHI(IGyI)=PSI(IGyI)
SQUIGI=DSQRTISQ(IG))
NURMALIZE PSI GROUPS TU UNITY:
CALL NOURM2{PSIs TRUPHIsN)
IF (IFT.EQ.0) GO TO 37
DLAM=LAMDA-TRUL AM
DO 36 1G=1i+2
DPHI(1IG)=0.0
DO 35 1I=14N
DPHIC(IG)=DPHILIG)+{PSI{Ioy1I )-TRUPHI(IG,I))**2
DPHI{IG)=DSURTI{DPHI(IG))
IF (IPLOT.NE.2) GO TO 45

THE FOLLIWING IS FOR NICELY PLOTTING THE GROUP FLUX HISTORY.

DO 41 16=1.2
DO 41 1I=1,N
ERRORLIGy1)=PSI(IGsI)

ERRUR NUW CONTAINS THE NEW NORMALIZED FLUX ITERATE PHI.

JK=IK

IF (IK.EQ.0) JK=5
DO 42 1G=1,2

DU 42 1=1sN

IF {(DA3S(ERROR{IGI)-PHISTR{IG,I,4JK+1)).GE.0.01) GO TO 43

CONTINUE

FLUX HAS NCOT CHANGED ENDUGH FCR PLOTTING.
GO TO 4>

SAVE THE NORMALIZED FLUX FOR PLOTTING:

POWEO145
POWEDL4O
POWEO147
POWEO148
POWEO149
POWEO150
POWEOLS51
POWEQ152
POWEO153
POKEQ154
POWEO155
POWEOQ156
POWEOQ157
POWEQ158
POWEOL159
POWEO160
POWEOl61L
POWED162
POWEO1l63
POWEQLl64
POWEO165
POWEOQ166
POWEOLl67
POWEO168
POWEOQO169
POWEO170
POWEOLT1
POWEO172
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43

44

45

IK=1K+1
INCIK)=ICOUT
TE3(IKI=ERRL AM
DO 44 16=1,2
TEL{IG, IK)=ERRMAX(IG)
TE2(I16,1K)=SQ(IG)
D0 44 1I=1,N
PHISTR(IGy I,y IK+1)=ERROR(IG,1I)
IF (IK.NE.5) GO TO 45
PLOT THE LAST FIVE SAVED FLUXES:
CALL PHIPLT(S)
IK=0
CONTINUE
ERRUR CRITERIA FOR ACCEPTANCE CF CONVERGENCE.
IFLAGL=0
IFLAG2=0
IFLAG3=0
STORE THE ERRORS FOR COMPARISCN:

ERROR BETHEEN ITERATICN EIGENVALUES:
ERLAM{ICOUT )=ERRLAM
DO 46 1G=1,2

MAXIMUM ERROR BETWEEN ITERATIDh FLUXES:
EFSTRUIGy ICUUT) =ERRMAXIIG) -
MEAN SQUARE ERROR
EFMSTR({IG,ICOUT)=SQ(IG)
MEAN SQUARE ERROR
PHICON{IG,ICOUT)=DPHI(IG)

BETWEEN ITERATION FLUXES:

BETWEEN THE ITERATION FLUX AND

46 CONTINUE

ERRJR BETWEEN THE
LAMCON{ICOUT)I=DLAM
IF {(ERRMAX{1)o LT EPS1) .AND< {ERRMAX(2).LT.EPS1))
IF ((SQU1).LT.EPS2).AND.(5Q(2).LT.EPS2))
IF (ERRLAM.LT.EPS3)  IFLAG3=1
IFLAG4A=1FLAGL*IFLAG2*IFLAG3
IF (IFLAG4.EQ.1) GO TO 50

OTHERWISE CONTINUE THE I TERATICN.

GIVEN TRUE FLUX:

ITERATION EIGENVALUE AND GIVEN TRUE EIGENVALUE:

IFLAGL=1
IFLAG?2=1

POWEQL1B1
POWEQ18B2
POWEO183
POWEO184
POWEQOL185
POWEQO185
POWEQLl87
POWEOQO188
POWECQL189
POWEO190
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GO O OO0

50

55

60

70

71
72

73

90

LAMB4=LAMDA
GO TO 20
CONT INUE
CUNVERGENCE ACCOMPLISHED .
NURMALIZE THE CONVERGED FLUX VECTOR:
CALL NORMAL ( PHI 4N)
PLOT ANY LEFT OVER FLUX HISTORY PLOTS:
IF ((IPLIT<EQe2) -AND.{IK.NE<Q)) CALL PHIPLT(IK)
BOUNDRY CGNDITION INSERTICNS.
[ER=0 |
IER ALLOIWS B.C. INSERTIONS FOR YES AND NO CONVERGENCE:
IF (IBC.EQ.4) GO TO 90
IF (IBC.NE.3) GO TO 60
PHI(L,KR+11=0.
PHI(2,KR+1)=0.
60 TO 90
DO 70 I=1,N
J=N+1-1
PHI(L,J#1)=PHI(1,J)
PHI(2,J+1)=PHI(2,J)
IF (1BC.EQ.5.0R-IBC.EQ.7T) GO TO 71
PHI(1,1)=0.0
PHI(2410=0.0
60 TO 72
PHI(Ls1)=PHI(1,2)
PHI(2,1)=PAI(2,2)
IF (1BC.NE.1) GO TO 73
PHI(1sKR+1)=040
PHI(2sKR+1)=040
GO TO 90
IF (IBC.LT.6) GO TO 90
PHI(1sKR#1)=PHI(1,KR)
PHI(29KR+1)=PHI (2,KR)
IF (IER.EQ.1) GO TO 102
RETURN
NUO CUNVERGENCE ACCOMPLISHED:

POWED217
POWEO218
POWEO219
POWEQ220
POWED221
POWEQ222
POWED223
POWEQ224
POWEQ225
POWEQ226
POWEQ227
POWE(0228
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POWED230
POWEO231
POWEQ232
POWEOD233
POWEQ234
POWEO0235
POWED236
POWED237
POWED238
POWEQ239
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POWEO251
POWEQ252
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160 CONTINUE POWEO253

C NORMALIZE THE UNCCONVERGED FLUX: POWEQ 254
CALL NORMAL {PHI yN) POWEOD255
ICOUT=ICOUT~-1 POWEO0256

WRITE (6,101) ICOUT POWEOD257

101 FORMAT (1H1,*POWER METHOD DID NCT CCNVERGE FOR THIS CASE AFTER?', POWEQ258

X I49* ITERATICONS.*4// 91X, * EXECUTICN TERMINATED *) POWEO259
IER=1 POWE0260

GO TO 55 POWEQ261

102 CONTINUE POWEO262

C FOR PRINTING OUT THE EIGENVALUE HISTORY AND THE FINAL FLUX SHAPE: POWEQ263
IPLOT=1 POWEQ264
JPLOT=1 POWEQ265
RETURN POWEQ266

END POWEQ267
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OO0

SUBROUTINE SOLV3D{NesAsX,Yi
SOLVES THE N DOUBLE PRECISICN MATRIX ECUATIONS: A*X = Y,
FOR X — GIVEN THE N BY N TRIDIAGCNAL MATRIX A
AND THE SOURCE VECTOR Y.
METHUD IS FORWARD ELIMINATICN FOLLOWED BY BACKWARD SUBSTITUTION.
CF — WACHPRESS, PAGE 23.
REAL*8 Ay Xs Yy Hy Py D
DIMENSIUGN Al265,26)y X{(26)s Y(26), H{26), P(26)
IF (A(1,1).EQ.0.0) GO TO 10
H{1)=-A{152)/A(1,41)
Pl1)=Y(1L)/AlLl,1)
DO 1 M=2,N
D=A(MsM)+A{MyM-1)%*H{M-1)
IF (D.EQ.0.0) GO TO 20
PIMI=(Y(M)-A{M, M~-1)%P(M-1))/C0
IF (MeEW.N). GO TO 1
HiM)=-A(M,M+1)/D
1 CONTINUE
X{N)=PI{N)
DO 2 I=24N
M=N+1-1
2 X{M)=P(M)+H(M)*xX(M+1)
RETURN
IN CASE OF ANY IMPENDING ZERC DIVISCRS:
10 WRITE (6911)
11 FORMAT (*OFIRST ELEMENT OF A, A(l,1), IS ZERO.'s/,
X 5Xe BETTER FIX IT BOSS.?')
GO TO 30 |
20 WRITE (6521) M
21 FORMAT (®0ZERU DIVISOR ENCOUNTERED IN EQUATION M =',13,%.%s/,
X 5Xy,YBETTER FIX IT BOSS.')
30 WRITE (6,31)
31 FORMAT (*OEXECUTION TERMINATED.')
CALL EXIT
RETURN
END

SCLVQ001
SOLV0002
SOQLVQO003
SOLV0004
SOLv0005
SOLV0006
SCLV0007
SOLV0008
SOLvO009
SOLvVOO10
SOLvVO011
SOLvo012
SOLVO0013
SGLVOO01l4
SCLVO015
SOLVO016
SoLvool7
SOLvVO018
SOLV0019
SaLvo0290
SOLvoo021
SgLvoo22
SOLv0023
SOLV0024
SOLvo025
SoLvQoo026
SOLvo027
SCLv0028
SOLvV0029
SOLvVo0030
SOLVOC31
SOLVQ032
SOLV0033
SOLV0034
SOLV0035
SOLVIQ36
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SUBRUUTINE NURMAL (PHI,sN) NORLOOO1
NORMALL ZES THE GROUP FLUXES TO CNE. NOT BOTH GROUPS. NORLO302
REAL*8 PHI(Z2,26)y A NORL 0003
A=DABS(PHI(1,1)) NORLOOO4
DO 1 1G=1,2 NORL 3005
DO 1 I=1sN NORLGOO06
IF (DABS(PHI{IGs1I))eGT.A) A=DABSI(PHI(IG,I)) NORLOOO7
1 CONTINUE NORLOOOS
DO 2 16=1y2 NORLOO0O09
DG 2 1I=1sN NORLOO1D
2 PHILIGI)=PHILIG,I)/A NORLOO11
RETURN NORLOO12
END NORLOQO13
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SUBRUUTINE PHIPLTI(L)
PLUTS THE GROUP FLUX HISTORY, WITH UP TO 5 GROUP FLUXES PER
FAST AND THERMAL GROUP FLUXES ARE PLOTTED SEPERATELY.
L IS THE NUMBER OF FLUXES TO BE PLOTTED.
L IS BETWEEN 1 AND 5.

IMPLICIT REAL*8 {(A-H,0-2)

COMMON /BLl/ IBC

COMMON /7B2/ KRsN

COMMON /B5/ Si(26), Al26,6), B(2646)

COMMUN 786/ TEL(245),TE2(2,5)+TE3(5),1IN(5)

COMMON /ER/ EPS1,EPS2,EPS3

COMMUN /FSTR/ PHISTR(2,264+6)

DIMENSIUN SYMBOL(5)

INTEGER SYMBOL /%e" ' =%+ 0 §0,'%x?/

KR1=KR+1

SET UP B.C. CONDITIONS
IF (IBC.EQe4) GO TO 5
IF (IBC.EQ.3) GO 7O 3
DO 2 16=1+2
DO 2 K=1l,lL
DO 1 1=1sN
J=N+1-1
PHISTRUIGsJ+1sK+1)=PHISTR(IGyJsK+1)
PHISTR{IG21,K+1)=0.
IF {IBC.EJd.2) GO TO 5
DO &4 16=1,2

DO 4 K=1,L

PHISTRUIG sKR1sK+1)=0.

CONTINUE
FLUXES IN PHISTR HAVE BEEN NORMALIZED IN POWER.
PUT THE FAST FLUX IN A, AND THE THERMAL FLUX IN B:

Li=L+1
DG 10 K=1,L1
DO 10 1I=14KR1

ALT,K)=PHISTR{11,K)
BUIsK)=PHISTR{2y14K)

PLOT.

PHIPOOO1
PHIPQ002
PHIPOOO3
PHIPOO04
PHIPOOO5
PHIPGOOOS
PHIPOOO7
PHIP(0OO08
PHIPOOO9
PHIPOO10
PHIPOO11
PHIPOO12
PHIPOO13
PHIPOO14
PHIPOO15
PHIPQOO16
PHIPOOL17
PHIPOO18
PHIPOOL19
PHIPDOO02D
PHIPOO21
PHIPOO22
PHIPOD23
PHIPOO24
PHIPOO025
PHIP0026
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PHIPOO28
PHIPOO29
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PHIPQOO32
PHIPOO33
PHIPOO034
PHIPOO35
PHIPDO36
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PLOT THE L FAST FLUX SHAPES CN ONE GRAPH:
CALL PRTPLTIOsAsKRL9sL1,KR19092646,2)
WRITE (6,20)
20 FORMAT (/9 'OFAST FLUX ITERATIGN HISTCRY PLOT.',/])
WRITE (6,30)
30 FORMAT |

X YOKEY3? 45Xy ¢ SYMBOL' 35X, * ITERATION NUMBER:',7X,*ERRCR CRITERIA?',

X 11Xy *ERROR® y 13X, * TCLERANCE"®)
DG 35 1I=1,L
35 WRITE (6940) SYMBOL(I),IN(I),TEL{(1,1),EPS1,TE2{1,1),EPS2,
X TE3(I),EPS3
40 FORMAT (/412XsA1915X913916Xs"FLUX" 314X 91PD15.595X91PD15.5+/
X 47Xy *MEAN SQe FLUX® 35X 31PD15.595X91PD15.54/
X 47Xy "EIGENVALUE® 48Xs1PD15.5+45X51PD15.5)
PLOT THE L THERMAL FLUX SHAPES CN THE OTHER GRAPH:
CALL PRTPLT(0+B8 +KR1yL1,KR17092649642)
WRITE (6,550)
50 FORMAT {/,'0OTHERMAL FLUX ITERATICN PLOT.'y/)
WRITE (64530)
DO 55 1I=1,L
55 WRITE {6,40) SYMBOL(I),IN{I),TEL1(2,1),EPS1,TE2(2,1),EPS2,
X TE3(I),EPS3
RETURN
END

PHIPOO37
PHIPOO38
PHIPOO39
PHIP0040
PHIPOO41
PHIPOO042
PHIPOO43
PHIPQO44
PHIPOO45
PHIP 0046
PHIPOO47T
PHIPOO48
PHIPOO49
PHIPOO50
PHIPOO51
PHIPQOOS52
PHIPOO53
PHIPO0S4
PHIPOOSS
PHIPOOS56
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PHIPOOS58
PHIPOO59
PHIPOO060
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1

SUBRUUTINE OUTPUT
PRINTS THE RESULTS OF THE METHCD.
IMPLICIT REAL*B (A-HyL-1)
COMMON /B1/ IBC,IPLOT,JPLOT sIFUNCH
COMMON /B27 KRsN
COMMUON /B4/ PHI(2,26), PSI{2,26)y LAMDA, ICOUT
COMMUN /ER/ EPS14EPS2,4,EPS3
COMMON /ESTR/ LAMSTR(300),EFSTR(2,300) +EFMSTR(2,300),ERLAM(3CO)

COMMUON /TRUE/ TRULAM, TRUPHI(2,26), PHICCN(2,300), LAMCON(300),IFT

INTEGER N

KRO=KR-1

KR1=KR+1

WRITE (6,1)

FORMAT (' 1RESULTS OF THE MULTIGROUP METHOD:')
WRITE (6,10) ICOUT

10 FORMAT {(//,* PROBLEM TERMINATED AFTER',I5,

X ' QUTER (POWER) ITERATICNS T0:z*)
WRITE (6,200 LAMCA

20 FORMAT (/+10X,*LAMDA = *,1PE21.14)

PRINT OUT EIGENVALUES.
CALL PLOT
WRITE (6530)

30 FORMAT ('1RESULTS AFTER PROBLEM TERMINATION:'y/,

X ' ONUMBER " 95X s *THERMAL FLUX POINTS®,5X, *FAST FLUX POINTS')
WRITE (6550) (KyoPHI(24yK),PHI{14K)}sK=1yKR1)

50 FORMAT (15,1PE26.7,1PE21.7)

IF {IPUNCH.EQ.1) CALL PUNCH
CALCULATE THE FINAL TO EXPECTED FLUX RATIOS:
NORMALIZE BOTH PHI GROUP FLUXES FOR TRUPHI COMPARISON:
CALL NORM2{PHI, TRUPHI¢KR1) .
Kl=1
K2=KR1
IF (IBC.LE.2) Kl1l=2
DO 60 16G=1+2
IF (IBC.LE.2) PSI(IG,l)=1l.0

ouTPO001
ouTP0002
ouTPO003
OuUTP0004
ouTP 0005
ouTP0006
ouTP 0007
ouTPO008
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IF ({IBC.EQ.1).0R.(IBC.EQ.3))
I=0
DO 60 K=K1,yKZ2
I=1+1
60 PSILIGyK)I=PHI(IGsK)/TRUPHI(1G,s1)

WRITE (6470) (I14PSI(241},PSI(1ly1),I=14KR1)
70 FORMAT (*1RATIOS OF THE TERMINATED GROUP FLUX TO THE EXPECTED GROU

XP FLUX3%,//,

PSItIG,KR1) = 1.0

X 10X, '— AN INDICATION OF THE ACCURACY OF THE CONVERGENCE -*,///,

X ]

PRINT OUT THE STORED ITERATICN ERRORS:
WRITE (643110) EPSLy(EFSTR{241),1=1, ICOUT)
WRITE (69111) EPS1,{EFSTR{l1,1I),1I=1,ICOUT)
WRITE (69112) EPS2,{EFMSTR(2,1),1I=1,ICCUT)
WRITE (69113) EPS3,(EFMSTR{1,1),1I=1,ICCUT)

WRITE (65114) EPS3,(ERLAM{I),I=1,ICCUT)

KY 512Xy * THERMAL RATIO", 15X, *FAST RATIO®*//4(15,2E25.10))

110 FORMAT (*1MAXIMUM NORMALIZED ERRORS BETWEEN THE THERMAL FLUX ITERA

XTIONS:?',
X 25Ky *TOLERANCE USED = ' 4 1PEL12.4+//,

(1P5E20.

5))

111 FORMAT (*1MAXIMUM NORMALIZEC ERRORS BETWEEN THE FAST FLUX ITERATIO

XNS:9,

X 25Xy "TOLERANCE USED = % ,1PE12.4,//,
112 FORMAT ('1MEAN SQUARE NORMALIZED ERRCR

XERATIONS:?, ”

X  18Xy'TOLERANCE USED = ', 1PE12.447/,
113 FORMAT (*1MEAN SQUARE NORMALIZED ERRCR

XTIONS:?,

X  18Xy'TOLERANCE USED = * 3 1PE12.44+//7,

(1P5E20.

BETWEEN

{1P5E20.

BETWEEN

(1P5E20.

5))
THE THERMAL FLUX IT

5))
THE FAST FLUX ITERA

5))

114 FORMAT (°®1ERROR BETWEEN THE ITERATICN EIGENVALUES:®,

X 28X, *TOLERANCE USED = ' ,1PE12.4,//,

{1P5E20.

5))

PRINT OUT THE GIVEN TRUE EIGENVALUE AND FLUX:

IF (IFT.EQ.0) RETURN

WRITE (65115) TRULAMy {(TRUPHI(3-Js1)yJ=152)yI=1,4N}
115 FORMAT (*1THE GIVEN TRUE EIGENVALUE:',//,15X,

X * TRULAM ='.E22‘14'///,
X TOTHE GIVEN MULTIGROUP FLUXES:*',//,

ouTPO037
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X 13Xy *THERMAL * 916Xy *FAST* y//,12D2C.1C))
PRINT OUT THE STORED CUNVERGENCE ERRORS:
WRITE (69120) (PHICON{2,1),1=1,ICCUT)
WRITE (65121) (PHICON(1,1),1I=1,IC0UT)
WRITE (69122) (LAMCON(I),I=1,ICCUT)
120 FORMAT {(*1MEAN SQUARE ERROR BETWEEN THE THERMAL ITERATICN FLUX AND
X THE GIVEN TRUE THERMAL FLUX:2'3//,(1P5E20.5))
121 FORMAT ('1MEAN SQUARE ERROR BETWEEN THE FAST ITERATION FLUX AND TH
XE GIVEN TRUE FAST FLUX3',//4+(1P5E20.5))
122 FORMAT (*1ERROR BETWEEN THE ITERATICN EIGENVALUES AND THE GIVEN TR
XUE EIGENVALUE:' ,//,(1P5E20.5))
RETURN
END

QuTPOOT3
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SUBROUTINE PLOT
PLOTS OUT THE EIGENVALUE HISTORY AS A TABLE AND A GRAPH,
AS WELL AS PLOTTING OUT THE FINAL MULTIGROUP FLUX SHAPES.

IMPLICIT REAL*8 (A-H,L-Z)

COMMON /B1/7 IBCIPLOTJPLOT IPUNCH

COMMUN /7B2/7 KR

COMMON /B4/ PHI(2426)s PSIL12426)y LAMDA, 1COUT

COMMUN /78B57 BL300,2)

COMMON /ESTR/ LAMSTR{300)

DIMENSIUN C{26,3)
IN OKRDER TU SAVE SCME SPACE:

EQUIVALENCE {B(1),C{(1))

WRITE (641) (LAMSTRII)},I=1,1C0UT)

FORMAT {(*OTABLE OF EIGENVALUES DURING THE POWER ITERATICON:?®,

//s(LP5E25.14))

IF {(JPLUT.EQ.O0) GO TO 290

DO 1u I=1l,1IC0UT

BlI,1)=1

B{I1:2)=LAMSTR(I )

CALL PRTPLT(1,B,ICOUT,.2,IC0UT,0430042,1)

WRITE (65110

FORMAT {°0PLOT OF THE EIGENVALUE HISTORY THROUGH THE ITERATIONS.!')

IF (IPLUTL.EQe0) . RETURN

KR1=KR+1

DO 30 1=1ysKR1

C{i,1)=1

ClI,2)=PHILtL, 1

ClI3)=PHIt2,1)

CALL PRTPLTI(25C sKR1 93 3KR1y092693,2)

WRITE (6,31)

FORMAT {(®OF INAL CCNVERGED CUNNECTING FLUX POINTS: F(K).',w//,
5Xs *FAST FLUX: e?4/95Xy " THERMAL FLUX: =—t)

RETURN

END

PLOTO001
PLOT0002
PLOT0003
PLOTO004
PLOTO005
PLOTO006
PLOTO007
PLOT0008
PLOT 0009
PLOTO010
PLOTOO11
PLATOO012
PLOTOO13
PLOTOO014
PLOTO015
PLOTOO16
PLOTOO017
PLOTOO018
PLOTOO19
PLOTO0020
PLOT 0021
PLOT 0022
PLOT 0023
PLOTO0024
PLOT 0025
PLOTO0026
PLOT 0027
PLOTO0028
PLOTO029
PLOTO0030
PLOTO031
PLOTO0032
PLOT D033
PLOTO0034%
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100

SUBROUTINE PUNCH
PUNCHES OUT INPUT AND OUTPUT DATA.

COMMUN /B2/ KR

COMMUN /7B4/ F(24+26)

REAL*8 F
KR1=KR+1

WRITE (79s1) KRy {F{1lyI),F(2,1)51I=1,KR1)
FORMAT (15,/7,1(2E2C.7))

WRITE (65100)
FORMAT (/775"

RETURN
END

THE QUTPUT HAS BEEN FUNCHED OUT ONTO CARDS ')

PNCHO001
PNCHQ0O02
PNCHOOO03
PNCH0004
PNCHOOQO05
PNCHO006
PNCH0007
PNCHOO008
PNCHO009
PNCHOO10
PNCHOOL11
PNCHOO012
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SUBRUUTINE NURM2{PSI yTRUPHI yN)

NORMALIZES BOTH ENERGY GROUPS OF PSI TC 1l.0.
DITTO FOR TRUPHI ON THE FIRST CALL.

REAL*8 PSIt2,26)y TRUPHI(2,26), A(2)

DATA K 70/

K=K+1

DO 1 1IG=1,2

A(IGI=DABSI{PSI{IG,1))

DO 1 I=1sN

IF (DABS(PSI{IG,1))eGTA{IG)) ALIG)=DABSI(PSI{IG,I))
CONTINUL

DO 2 1G=1,2

DO 2 1I=1sN

PSILIGe1)=PSILIG,I)/ALIG)

IF (K.NEel) RETURN

DO 5 16=1,2

A{IG)I=0.

DO 5 1I=1,N

IF (TRUPHILIG,I1)«GTALIG)) A{IG)=TRUPHI{IG,I)
CONTINUE

DO 6 16G=1,2

DO 6 1I=1leN

TRUPHI{IG,1)}=TRUPHILIG,I1)/A(IG)

RETURN

END

NDR20001
NOR20002
NOR20003
NOR20004
NOR20005
NOR20006
NOR20007
NOR20008
NOR20009
NOR20010
NOR20011
NOR20012
NOR20013
NOR20014
NOR20015
NOR20016
NOR20017
NOR20018
NOR20019
NOR20020
NOR20021
NOR20022
NOR20023
NOR20024
NOR20025
NOR20026
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OO

SUBROUTINE PRTPLT{NOsByNsMyNLoNSsKX9JXyISP)
* IDENTICAL TO SUBROUTINE PRTPLT PREVICUSLY LISTED IN PROGRAM REF2G.

RETURN
END

PRTPOOO1
PRTPOOO2
PRTP0OOO3
PRTPO0O4
PRTPOOO5
PRTPO0OOS6
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F.3. SOURCE LISTING of Program CUBIC




MAIN

Level 1
SYNTH POWER CURENT ouTPUT
REPEAT VPROD PLOT
BHSET SOLVE PUNCH
GIF FORMG
FACT SYMG
MATFIX LOWTRI
PRTOUT UPPTRI
NORMAL
PHIPLT
Level 2 L -
NORM2
PRTPLT

Figure F.3.

Structure of Program CUBIC,

88¢



30

701
704
706
107

720

PROGRAM CuUBIC:

TWO GROUP PRUPUSED METHUD USING CUBIC HERMITE BASIS FUNCTIONS.

CALL TIMING (I1)
CALL SYNTH
CALL TIMING (I4)
CALL POWER
CALL TIMING (I6)
CALL CURENT
CALL TIMING (IT7)
CALL GUTPUT
CALL TIMING (I8)
TIMING EXECUTION
WRITE (6+30)
FORMAT (1H1,*TIMING PROGRAM EXECUTICON:z®,/)
J=14-11
WRITE(6,701) J
J=16-14
WRITE{6,704) J
J=17-16
WRITE(6,706) J
J=18-17
WRITE(6,707) J
FORMAT (1H »* SYNTH HAS TAKEN®,16,' /100 SECONDS.®)
FORMAT (1H ,* POWER HAS TAKEN',16,* /100 SECONDS.®)
FORMAT (1H ,* CURENT HAS TAKEN',I5,% /100 SECONDS.')
FORMAT (IH ,* OUTPUT HAS TAKEN',I5,' /100 SECONDS.')
CALL TIMING (120)
J=120-I1
WRITE(6,720) J

FORMAT {1HO," THIS RUN HAS TAKEN',16,° /7100 SECONDS TO RUN.')

sSTop
END

CUBI10001
CUBI0002
CUBI 0003
CUBI0004
CUBI0005
CUBI0006
CUBI0007
CuBI10008
CUBI0009
CUBIO0010
CUBIOOL1
CUBIQO12
CUBI0O013
CUBI0014
CUBIOO15
CUBIO0016
CUBIOO17
CUBIO0018
CUBIOO19
CUBI0020
CUBI0021
CUBI0022
CUB10023
CUBI 0024
CUBI 0025
CUBI0026
CUBI 0027
CUBI 0028
CUBI0029
CUBI0030
CUBIO0O031
CUBI0032
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GO0

SUBROUTINE SYNTH
PRUOPUSED CUBIC HERMITE SYNTHESIS METHOD:

k %k k& & k& Xk Kk ok Kk %k & % ¥k % ¥k %k ok % k % % ¥ k %k %k ok %k k &k %k %k X% %k %k Xk X% %k ¥ %
ADJOINT QUANTITIES OF VARIBLES ARE DENOTED BY 7 RATHER THAN *,
THUS:s PHI7 (RATHER THAN PHI*) IS THE ADJOINT OF PHI. ETC.

IMPLICIT REAL*%*8 (A-HyK-Z)

COMMUN /B17 IBC, IPLOT,JPLOT,IPUNCH, ISEE

COMMON /7B27 KRyNN

COMMON /B3/7 LT(5046492)y FT(5C46454)y TU50,46)

COMMON /78B5/

KAO(2925) 9KAL(2,25)3KA2{2525),KA3(2,25)4,KA4(2,25),KA5(2,25),
KA6(2925)3KB0{2925)4KBLTU2925)+KB2{2425),KB3(2,25)4KB4{2,25),
KB5(2925) sKB6(2925)9LA012+25)9LA1{2425)4LA212,25),LA3(2,25),
LA4(2925)3LA5(2,25),LA0(2+25)+P0(2,25) ,P1{2,25) ,P2(2,25) ,
P312425) (»P4(2425) ,P5(2+25) +P6(2+425) ,Q0(2,25) +Q1(2,25) ,
Q2{2+25) +Q3(2425) ,Q412+25) 4Q51(2425) ,Q61(2,25) ,R0{2,25) ,
R1{2+25) 3sR2(2925) 3R312+25) sR4(2425) +SR0O{(1,25),SR1(1,25),
SR2{1925) 9ySR3(1425),5R4{1925)ySR5(1425)ySR6(1,25),KC0{1,25),
KCL{1:25)sKC2{1925),KC31{ 1,25),KC4(1,25),KC5(1,25),KCH(1,25),
KDO(1525)9KD1(1425),KD2(1925) 4KD3{1925)¢KD4(1,25),KD5{1925),
KD6{( 1,25),

P0(2325)  4PH12425) yPOT(2425)4PHT(2,25),D00(2,25) 'DH(ZtZS) )
CO(2)y CH(2)s TITLE(20), ITF(25), KTF(25)

COMMUON /CHIF/ CHI(2)

COMMON /XAX1IS/ HX, HR{25)

COMMON /BH/ X(101), H{101)

COMMUN /ER/ EPS1.EPS2,EPS3

DIMENSION PH{(Z,IOI)iPHI?(Z,IOI)vCUR(Zvlol)'CURT(Zv101)

DIMENSION A(25100),F(2,100)+0(2,100),5(2,100),DI{2,100),XU{(2,100)
IN ORDER TO SAVE SPACE:

EQUIVALENCE (XUl1)yLT(1)), (A{1),1LT70201)), {F{1),LT{401)),
X (DIL1),FTL1)), {(D(1),FTL201)), (S(1),FT{401))
REAL TITLE
READ (5,200) TITLE
200 FORMAT (20A4)

MDD HK D XK I MM ¢ XK X

SYNT0001
SYNT0002
SYNTG003
SYNT0004
SYNT0005
SYNTQ006
SYNT0007
SYNT0008
SYNT G009
SYNTO0010
SYNTO0O011
SYNTO0012
SYNTOO013
SYNT0O14
SYNT0015
SYNTOO016
SYNTQO017
SYNTO0O018
SYNTO0019
SYNTO0029
SYNTQ021
SYNT0022
SYNT0023
SYNT0024
SYNT0025
SYNT0026
SYNTO0027
SYNT0028
SYNT0029
SYNT0030
SYNTO0031
SYNTQO032
SYNT0033
SYNT0034
SYNTO0035
SYNTQ036
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WRITE (6,201) TITLE
201 FORMAT (1H1,20A4,//7)
. READ IN THE NUMBER OF REGICN TRIAL FUNCTIONS AND TYPE OF B.C.S.
AS WELL AS THE TOLERANCES AND THE OUTPUT TYPES DESIRED:
READ (591) KRyIBC,EPSL1,EPS24EPS3,IPLCT JPLOToIPUNCH,ISEE,)ITW,ITC
1 FORMAT (215,3010.3,615)
IF (IBC.EQ.3) IBC=2
READ IN THE TYPE-NUMBER CF EACH TF REGION:
READ (54100) (ITF(I)ysI=14KR)
100 FORMAT (2512)
READ IN THE FISSICN YEILDS FOR EACH GROUP:
AND THE MATRIX NORMALIZATION PARAMETER: THETA (DEFAULT = 1.0)
READ (55101) CHI(1), CHI(2), THETA
101 FORMAT (3F10.5) .
IF (THETA.EQ.0.0) THETA=1.0
KRO=KR-1
WRITE (652) KRy IBCy ISEE, ITW,s ITC
2 FORMAT (*OUNE DIMENSICNAL TWO GROUP CUBIC SYNTHESIS PROGRAM:',//,

X 5Xy *NUMBER UF COARSE MESH REGICONS: KR = ',124/,

X 5X9 * BOUNDARY CONDITICN NUMBER: IBC = '3124/,

X 5Xs Y AMOUNT OUF OUTPUT REQUESTED: ISEE = %4,124//,

X 5Xy*TYPE OF WEIGHTING FUNCTICNS: ITW = '4,12,4/,

X 5Xy*TYPE OF CURRENT FUNCTIONS: ITC = 41247/,

X S5Xe* REGIONAL INPUT MATERIAL PRCOPERTIES AND FLUX SHAPES FOLLOW?®,
X /45X 1F ISEE > 0:%,//,

X 5Xe *FLUX SHAPES ARE LINEAR IN EACH INDICATED SUBREGICN.'®)

IF (ITC.EQ.0) WRITE (6,106)
IF (ITC.EQ.1) WRITE (6,17)
16 FORMAT (5Xs*CURRENTS ARE CONSTANT IN EACH INDICATED SUBREGION.')
17 FORMAT (5Xs?CURRENTS ARE LINEAR IN EACH INDICATED SUBREGICN.')
IF (ITW.EQ.0) WRITE (6,116) -
IF (ITH.EQ.1) WRITE (6,117)
116 FORMAT (/35X *WEIGHTING FLUX
XCURRENT.?)
117 FORMAT (/95Xy*WEIGHTING FLUX
XENT = ADJOINT CURRENT.®)

FLUX3 %9 /795Xy *WEIGHTING CURRENT = -

ADJOINT FLUX3®4/ 95Xy "WEIGHTING CURR

-
-

SYNT0037
SYNTOO038
SYNT0039
SYNT0040
SYNT0041
SYNT0042
SYNT 0043
SYNT 0044
SYNTO0045
SYNT0046
SYNTO0047
SYNTQO048
SYNT0049
SYNTO0050
SYNT0051
SYNT0052
SYNT0053
SYNTQ0054
SYNTQ055
SYNTQO056
SYNTO0057
SYNTQO058
SYNT 0059
SYNTQ0O060
SYNTQO061
SYNTQ062
SYNT0063
SYNTQO64
SYNTO065
SYNTQ066
SYNTOO067
SYNT0068
SYNT 0069
SYNTQCT7Q
SYNTOO071
SYNTO0072
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20 FORMAT (//7,*O0TOLERANCES TO POWER ARE 3

22 FORMAT (/,'0FISSION YIELDS ARE:

21

23

X
X
X

X
X

WRITE (6920) EPS1,EPS2,EPS34IPLOT4JPLOT,IPUNCH

EPS1 = ¢ ’1P010.3111
28Xy YEPS2 = %" ,1PD10.3y/ 928X, 'EPS3 = *,1PD10.34/
"O0UTPUT PARAMETERS TO POWER ARE: IPLOT = *,11,/,
34X 'JPLOT = *3119/7934Xs*IPUNCH = *,11)

WRITE (6922) CHI(1), CHI(2), THETA

CHI(1) ="9yF10.5+/,

22X9'CHIL2) ='9F10.59/ '
*OINPUT THETA PARAMETER (FCR MATRICES) =',D15.7)

IF ((KReLEs2)<AND.{IBC.EQ.1)) CALL ERROR(1,KR)

IF (KR.GT.251 CALL ERRUOR{(24KR)

IF (EPS1.LT.1.0E-16) CALL ERROR{641)

IF (EPS2.LT.1.0E-16) CALL ERROR(642)

IF (EPS3.LT.1.0E-16) CALL ERROR(6,3)

IF ({(IBCelTe1l).0OR.{IBC.GT.4)) CALL ERROR(7,IBC)
DUMHY,NURﬁAL VECTOR XU = UNITY. (FOR THE INTEGRATION FUNCTIONS)

DO 21 1G=1,2

DG 21 11I=1,100

XUlIGsII)=140

1TC0=2

ITC1=2

iF (ITC.EQ.1) GO TO 23

1TCO0=0

ITCi=1
COUNTER OF THE NUMBER OF TYPE-NUMBERS OF EACH TF REGION:

NUMITF=1

HX=0.0
BEGIN T3 READ IN THE TF REGICN DATA AND FILL THE ARRAYS,
DEPENDING UN THE TYPE-NUMBER (OF EACH TF REGION.

DO 50 I=1,sKR

IF (ITF{1).EQ.NUMITF) (60 TO 110
FILL THE ARRAYS FROM OLD TF REGICN TYPES:

J=ITF (i)}

CALL REPEATLIKTF(J))

GO T0 50
READ IN THE TF REGIGN'S CATA FOR NEW TF REGICN TYPE-NUMBERS:

SYNT0073
SYNT0074
SYNTOO75
SYNTOOQ76
SYNTQO77
SYNTO0O078
SYNTQO079
SYNT00890
SYNT0O81
SYNT0082
SYNTQ083
SYNT0084
SYNTQ085
SYNTQ086
SYNTO0O087
SYNT(088
SYNTOC89
SYNT 0090
SYNTO0091
SYNT0092
SYNT Q0093
SYNT00S4
SYNT G095
SYNTQ096
SYNTO0097
SYNTO0098
SYNT0099
SYNT0100
SYNTO101
SYNTO102
SYNTO0103
SYNTO104
SYNTO105
SYNTO0106
SYNTO107
SYNTO108
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110 NUMILTF=NUMITF+1
KTFINUMITF—1)=1
READ THE SUBREGICN NUMBER AND THE NUMBER OF REGIONS IN THE SUBREGION:
READ (5,1) Ky KS
IF (KS.GT«100) CALL ERROR(3,I)
KS1=KS+1
CHECK FOR IMPROPER SEQUENCING OF INPUT DATA:
IF (I.NEe.K) .  CALL ERROR(4,1)
READ IN THE GECMETRY AND THE MATERIAL PROPERTIES:
READ ‘513’»(X(J)’X(J*l)iH‘J),A(ltJ)!F(IOJ)'D(le,OS(IQJ’)
X A{2,J)9F(29J),D(24J)4J=1,KS)
3 FORMAT (3F10.5,4D10.34/7,30X,3D010.3)
READ IN THE REGIONAL GROUP TRIAL FUNCTIONS:
READ (544) (PHI(11J)vCUR‘loJ)gPHI7(1:J)1CUR7(11J)$J=1vK51)
READ (5:4)»(?HI(2,J3vCUR(ZvJ}'PHI7(2:J1’CUR7(23J)rJ=1,KSI)
4 FORMAT (4D20.7)
IF (ITW.EQe.1) GO TO 129
FURM WEIGHTING FUNCTIGNS FRCM THE GIVEN FUNCTIONS:
DO 119 16=1,2
DO 119 J=1,KS1
PHITLIGsJ)=PHICIG,J)
119 CURT{IG,J)=-CURI(IG,J)
120 IF {(ITC.EQ.1) GO TO 5
FORM THE REGION CONSTANT CURRENTS FROM THE FLUXES:
DO 7 16G=1:2
DO 6 J=1,:KS
CUR{IGyJI==D(IGyJ)I*{—PHILIGyJ)+PHI(IG,J+1))/HLJ)
6 CURTLIGed)=¢DIIGJ)*(—PHIT(IG,J)+PHIT(IG,J+1))/H(J)
CURLIIGyKS511=0.0
7 CURT(IG,KS1)=0.0
WRITE OUT THE INPUT INFORMATICN IF ISEE .GE.2:
5 IF {ISEE.LE.1l) GO TO 14
WRITE {6,10) K:KR:KS:(J:X(J),X(J+1)1H(J)1A111J)vF‘le)vD(I’J’v
X SULlsJd)sAl29J0)9F(2,J)9D(29J)9d=1+KS)
10 FORMAT ('1INPUT MATERIAL PROPERTIES FOR REGION NUMBER ',13,
X 'y OF TAE *913," USED.'y//,

SYNTO0109
SYNTO110
SYNTO111
SYNTO112
SYNTO113
SYNTO114
SYNTO115
SYNTQO116
SYNTO117
SYNTO118
SYNTOL19
SYNTO0120
SYNTO121
SYNTO122
SYNTO123
SYNTO124
SYNTO125
SYNTQ126
SYNTO127
SYNTO128
SYNTO0129
SYNTO139
SYNTO131
SYNTQ132
SYNTO133
SYNTO0134
SYNTO135
SYNTO136
SYNTO137
SYNTO138
SYNTO0139
SYNT0140
SYNTO0141
SYNTO142
SYNTO143
SYNTO1l44

PAGE 293



OO0

X 5Xy*THIS REGION IS DIVIDED INTO *,13,' HOMOGENEOUS SUBREGIONS A

XS FOLLUWS3' 4//,
5Xs YFAST GROUP CCNSTANTS APPEAR FIRST:'4//,
" SUBREGIUN #',5X, *INTERNAL BOUNCARIES',10X,*WIDTH?',3X,

4Xy Y SCATT.CX (1/CM)*,7,
SXe ' I8 g L1X e XU )® g9X o XUTI+1) " 411X, "H{1)®"y 13X, *A(IG,1) 413X,
YE(IGe L)%y 13Xs*DUIG, 1)y 14X, *SIL,1)%,//,
(1693F1544,4020.8,/,51X,3D20.8))
DO 15 16=1,2
15 WRITE (6511) IGsKsKRy{J9X{J)sPHI(IGsJ) sCUR(IG,J),PHITLIG,J),
X  CURTUIGyJd)gJ=1,KS1)
11 FORMAT (*1INPUT TRIAL FUNCTIONS FCR GRCUP®*,I2,' FOR REGICN',I3,
X v OUT OF THE®, I3, USED:'4//,

P A I S b B A

X * INDEX® 95Xy *COORD*y1l0X, " FLUX®" 513X, 'CURRENT*48Xy"* WEIGHT FLUX',

X  5Xe' WEIGHT CURRENT?,//4(164F10.544020.7))
14 CONTINUE

END OF THE IN-OUT SECTIOGN:
DEFINING MISC. ARRAYS FOR THE INTEGRATION FUNCTIONS:
LEGNTH OF THE SUBREGION: HTY

HT=X{KS1)-X{1)

HRI{K)=HT

HX=HX+HR{K)}
INVERSE OF THE D ARRAYS:

DO 13 J=1:K$

DIl1,Jd)=1./D(1,J)

13 DI(24d)=1./D12,4)

FORMATION OF THE INTEGRATICON FUNCTICNS:

CALL BHSETI(KS)
DU FOR ALL ENERGY GROQUPS:

DO 50 1IG=1,2

KAQUIGsK)=GIF{OsIGoPHIT,IG9A,PHIKS,2)

KAL{IGyK)=GIF(1lIGsPHI7,159AyPHI 4KS,2)

KA2{IGsK)=GIF{29IG4PHIT,1GyA,PHI4KS,2)

KA3(169sK)=GIF{341GyPHI7,IGsAyPHIKS,2)

KA4{IGyK)I=GIF{49IG,PHITHIGsAy,PHIZKS,2)

* TOTAL CX (1/CM)*33X,*FISSION CX (1/CM)*,6X,*DIFFUSICN (CM)*,

SYNTO145
SYNTC146
SYNTO147
SYNTO148
SYNTO149
SYNTQ0150
SYNTO151
SYNTO152
SYNTO153
SYNTOQ154
SYNTO155
SYNTQ156
SYNTO157
SYNTQ0158
SYNTO0159
SYNTO0160
SYNTOl61
SYNTO162
SYNTO163
SYNTO1l64
SYNTO165
SYNTO166
SYNTO167
SYNTO0168
SYNTO0169
SYNTQ170
SYNTO171
SYNTO172
SYNTOL173
SYNT 0174
SYNTO175
SYNTQ176
SYNTO177
SYNTC178
SYNTO179
SYNTO18)

PAGE 254



KAS(IGyK)=GIFL59IGsPHITyIGs AsPHI 1KS2)
KA6 (169 KISGIF(69IGyPHITIG)A9yPHIZKS,2)
KBO(IGyK)SGIF{QyIGyPHIT 16, FyPHI1KS42)
KBLUIGsK)=GIF{1lsIGyPHIT»1GsF4PHI$KS+2)
KB2(16sK)I=GIF(2s16GyPHIT 16, FsPHI,KS,2)
KB3(IGsKISGIF(391GoyPHIT,1Gy F9PHIKS,2)
KB‘&‘I(”K):{)IF(‘Q’ IGQPHI7' Ib' FgPHI,KSqZ)
KBS (1GsK)=GIFIS s IGyPHIT 154 FePHIZKS,2)
KBO{IGyK)I=GIFL6sIGyPHIT,1G, FyPHIKS,2)
LAOLIGsK)SGIF(O 9 IGyCURT,I59 DIoyCUR,KS,ITCO)
LAL{IGK)=SGIF({1,I1G9CURT,IG9DIsCUR,KS,ITCO)
LA2{1GsK)=BGIF{29IGyCURT, 1G9 DI4CUR,KS,ITCO)
LA3{IGsKISGIF(39IGsCURT 15,5 DI,CUR,KS,1TCO)
LA4{IGsK)=GIF{49sIGsCURT4IG,DIsCUR4KS,1ITCO)
LAS{IGsK)=GIF{59IGyCUR741IG,DICUR4KS,ITCO)
LAG{IGsK)=GIF(69IGyCURT yIG DI CUR4KS,ITCO)
PO(IG,K)=GIF(0:IG,P“!7:IG:XU,CURQKSf!TCI’/HT
PLUIGsKISGIFIL2IG,PHIT,1IG9 XUsCUR,KS, ITC1)}/HT
PZ(ngK)‘GIF(Z;IG:PHI7,IG:XU9CUR,KS'ITCI)/HT
P3(16GsK)=GIF(39IGyPHIT) 154 XUsCUR4KS,ITC1)/HT
P4(IG:K)=GIF‘4,IG:PHI?.IG:XU,CUR!KSQITCI}/HT
PS(IG:K)=GIF‘5:IG.PHI7,IG,x01CﬁR'KS'ITCl)/HT
PolIGyK)ISGIF(69IGyPHIT IG5 XUsCURyKSyITCLI/HT
QOLIGeKISGIF(O9yIGsPHIyIGy XU9CURT9KS,ITCL1)/HT
Ql(IG.K):SIF‘;:IG:PHI.16;XU,CUR79KS,[TC1’/HT
Q2(I69KI=GIF(29I1G9PHI s IGeXUsCURT9KS, ITCL1)/HT
Q3({IGsK)I=ZGIF({3916yPHIZIGy XUyCURT9KS,ITC1)/HT
04(iQ!K)=GIF‘§9IG:PHI'IG,XU,CURT,KS,ITCI)/HT
QS‘IG,K’=GIF(5'IG'PHI,IG,XU,CUR7'KS'ITC1)/HT
Q6{IG9sK)=GIFIH69IGyPHI 4 IGs XUyCURT$KS,ITCL)/HT
ROLIGsKISGIF{Q 9 IGyPHI72IGs CyPHIKSy2)/HT*%2
R1(IGsK)SGIF({19IGsPHIT9IG s Dy PHIKS2) /HT*%2
R21IGeK)=GIF(231GyPHITs1GyD9PHIyKS2) /HTX*%2
R3{IGsKI=GIF(3¢IGoPHITyIGy DyPHIZKS2)/HT*%*2
Re(IGyKI=GIF(49I1GsPHIT9IGy DyPHI 4KS42) /HT**2
STORE THE TERMINAL POINTS FOR LATER USE:

SYNTO181
SYNTO182
SYNTO183
SYNTQ184
SYNTO185
SYNTO186
SYNTO187
SYNTO188
SYNTO189
SYNTQ199
SYNTO191
SYNTQ192
SYNTO193
SYNTO194
SYNTO195
SYNTQ196
SYNTO197
SYNTQ198
SYNTO199
SYNTG0200
SYNT0201
SYNT0202
SYNT0203
SYNT0204
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PO{IGsK)=PHI(IG,1)
POT{IGyKI=PHITIL1G,1)
PH(IG:K3=PHI(IGQK51)
PHTLIG,K)=PHIT{IG,KS1)
DO(IGsK)I=DL1Gel)
DH{IG+K)=DILIG4KS)

IF (KeEQel) . COUIG)=CURI(IG,1)

IF (NUMITF-1.EQ.ITF(KR).AND.ITC.EQ.Q)
IF (NUMITF-1.EQ.ITF(KR).AND.ITC.EQ.1)
FOR THE OFF DIAGCNAL MATRIX ELEMENTS:

IF (I6G.EQ.2) 6O TO 50

SROI
SR1{
SR2{
SR3{
SR4{
SR51
SRé6t
KCOl
KC1{
KC2{
KC3{
KC4(
KC51{
KCol
KDO{
KD1d(
KD2(
KD3(
KD4{
KD5(
KD6(

19K)=6IF(092+PHIT14S,PHI4KS,2)
1,&)=GIF(1.2,PHI7.1'S,PHI,KS.Z)
l’K’=GIF‘2!2'PH17:1.S'pH[gKSQZ)
I'K)gﬁlF‘3'2;PHI?'lgS:PHlfKSQZ)
l'K,gle‘4QZQPH1711)S'PHIQKng)
I.K)=GIF(S,2.PHI7.1.S,PHI.KS,Z)
1'K)=GIF‘6'2'PH!7]1'S)pHI'KS'Z)
l,K)=GIF‘0g1gPHI7.2'F9PHI,KS,Z)

1eK)=GIFUlLlelePHIT,2,F s PHIKS,2)
vl'K’=GIF‘291,PHI7.2nF3PHIQKS'Z’

l.K)=GiF(311gPHI7g2,F'PHI,KS,Z)
I'K)=GIF(4'19P“I792'FQPHI'KSQZ’
1sK)=GIF(5s19PHIT,2,F,PHI KS,2)

1eK)SGIF(6919PHIT2,F s PHIKS,2)

ng)=GIF‘Og2.PHI7)1,F:PHIOKS'Z)
Lo K)=GIF(Ll92sPHIT31,F,PHIKS,2)
1.K3=GIF‘2:Z,PHI?:13F:PH[,KS:2)
l’K)=GIF‘3’2'PHI7,ltF,PHI,KSQZ)

1sK)IZGIF {4 924PHIT,14F o PHI4KS,2)

1,K)=GIF(5,2,PHI7:1:F,PHI'KS)Z)
Lo KI=GIF(6929PHITy1,FyPHIKS,2)

50 CONTINUE
NUMITF=NUMITF-1
WRITE (6,51) NUMITF

51 FORMAT (% 1THERE ARE ONLY',13,' DIFFERENT TRIAL FUNCTION REGIONS.')

CH{IG)=CUR(IG¢KS)
CHUIG)=CUR(IG,yKS1)
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(a

(] O OO0 Ao

WR1

TE (6952) (1sITFLI) 1=1,KR)

52 FORMAT (/,*OTABLE OF THE TRIAL FUNCTION NUMBER TYPES:',//,

56

X
X

X
X
X
X

3 2 XK W ¥

X

IF

NN=

DO
I=1

DO

I=1
J=K
v=1
Vi=
V2=
V3=
LT

LT

LT

3Xs*TF REGION® 34X, *REGION TYPE-NUMBER',//,
(17:12X,173) .

TO PRINT OUT THE /B5/ ARRAYS:

(ISEE.GE«2) CALL PRTOUTI(1)

DETERMINATIONS OF THE B.C. CPTICN PARAMETERS:
NN IS THE BLOCK SIZE OF THE POWER MATRICES.
2%KR

FUIMATION OF THE COEFFICIENT VECTORS:
FILLING THE MATRICES FOR POWER:

FOR BOTH ENERGY GROUPS:

60 IG=1y2

THE MATRIX ROW INDEX:

FOR ALL THE INTERIOR COEFFICIENTS:
60 K=2y9KR

+1

-1

«/IPHT{1GsJ)*PCLIG,J))

Lo/ (PATLIG,J)*¥PH{1G,J))

1e/(PUT(IGyK)*PO(IGyK))

Lo /{POTUIGsKI*PHIIG,K) ) -
I1lsI6)=13e%KA2(169J)=2.%KA3(IGyJ)—Fe*KAG(IG+J)+12.*KA5(1GyJ)
=4 ¥KAG{ 1G9 ) =(3.%LA2{1 G 9yJ)—2*%LA3(IGyJ)-9.*LAL(IG,J)+12.%
LAS{IGsJ)=4e ¥LAGLIGJ) )= (6¥PLIIG3J)-6%P2(1GyJ)—18.%P3(1G,J)
+30.%¥P4(169J)-12.%P5{ 159 J))-(18.#%Q3{1G»J)-30.%Q4(1GyJ)+12.%
Q5(IG,J))?!36.*R2(IG.J)?72.*R3(IG,J)*36.*R4(IG,J)l)*V
I152:115)=(=3.%KA3{1GyJ)+8 *¥KAGIIG 3 J)—To*KAS(IGyJ)+2.%KA6(1GyJ)
—(=3.%LA3{1GsJ)+8.¥LA4G( 16y J)-T*LAS(1GyJ)+2.*LA6(IGyJ))
~(=6e*¥P2{ 16y J)+18.%P3{ 1G9 J)—18.*P4(IGyJ)#6.%P5(1GyJ))
—{3.%Q2(169J)-14.%Q3( 169 J)+1T7.#Q4{1G+J)-6.%Q5(1G,J))
~(6*¥R1{1G9J)—30.%
R2{1GyJ)+42.%R3(1GyJ)=18.%R4{1G,J) ) )*V*HR(J) /D0(IG+J)
193416)=09e%KA4(IGyJ)—12*KAS{IGyJ)+4*KAOG(IGyJ)—(S.*LA4(IG,J)
—12.%LAS({ 1G9 J)+4¥LAG{IG ) )= (18o*P3(1G4J)—30.*%P4(IG,J)+12.%
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P I D MK I X X

KX X X xKod X X MM M X XK M X X X

PSUIGyJ ) ) +(18.*%Q3(1G4J)-30.*Q411G,J)+12.*%Q5(1G,J))
+36.¥R2(163J)=T2.%R3{1G, J)436.*R4(IGyJ))*V] +
(KAD{IGIK)I=6*¥KA2{1G59K) #+4.*¥KA3(IG K )+9.*¥KA4({ IGyK)—12.*KAS5(IG4K)
+4.*¥KAGIIG)K)—(LAO(IG)K)—6*%LA2{ I1GyK)+4.*LA3(IG4K)+9.*LA4(1G,4K)
—12.%LAS{IGy K)#4.*%LAG(IG 1K) ) #+6 . ¥PLIIG 1K) =6 ¥P2( 1G4y K)—18.*
P3{16sK)+30. %P4l IGsK)—=12.#P5{IGsK)—(6.*QL(IGsK)—6.*Q2(IG4K)
=18.%Q3{16K)#30.%Q4(IGsK)-12.%Q5(IG9yK))+36.*%¥R2{IG4K)=T2. %
R3(IGyK)I+36. *¥R4{IG,K) )*V2

LTUI 9441G)={3.%KA4G{1G9J )—54 ¥ KAS( 1G9 J)+2.%KAB(IGyJ)-(3.*%LA4G(IG,J)

~5.%LAS(IGyd )+2.%LAG(IGJ) )—(6.%F3(1G9J)-12.%P4(1GyJ)+6.%
P5(16yJ))=(=6.%Q3(16,J)+13.%Q4(16,J)-6.%Q5{1G,J) )1
-12.*%R2(16,J)

+30.#R3( 169 J)-18.%R4(1GyJ)) ) ¥VI*HR{J)/DHIIG,J)

+(~CALUIGK) +2.¥KA2({ IG 9K 1 #2. *KA3(IG ¢K)—B.*¥KA4(IG,K)+T. *
KAS(IG9K)=2¢ *KA6LIG,K)={—LAL(IG,K)#2.%LA2(IGsK)+2.*LA3(IG,yK)
—8e*LAG(IGsK)#T*¥LASIIG ) K)—2.%LA6(IGyK) )=6*P2(1GyK)+18.%
P3(I16sK)=18.%P4(IGsK)+0.#*P5(IGsK)-{QO(IGsK)~4.%QLIIG,K)+14. %
Q3(1G,KI=17.%Q4lIGsK)+6. *Q5(1G,K) )46 *¥R1(IG,K)-30.*R2(1G,K)
+42.%R3{16sK)=18.*¥R4{ 16, K) ) *¥V2*#HR(K) /DO(IG+K)

LT(I 95+16)=13.%¥KA2{IGyK) =2 ¥KA3 [ TIGyK)—9.*KAL{IGsK)+12.*KAS5(1G,K)

~4.%¥KAG(169K)=(3.¥LA2{IGsK)—2.*%LA3( IG,K)-9.%¥LA4G(IG,K)+12.%*
LAS{IG 9K ) =4 *¥LAG( IG,K) ) +18.*%P3(1G,K)—30.*%P4( IG,K)+12.*P5(1G,4K)
{6 %QLIIGIK )—6%¥Q2( G K)=18.%Q3(IG,K)+30.*Q4(IG,K)~12.%
Q5(1GeKII=(36e*R2{IG,KI-T2.*RI{IGC1K)+36.*¥R4(IG4K) ) )*V3

LT{1 y6416)=(KA2{IGyK)—KAB(IGsK)—3*KAG{IGyK)+5.*KAS(IGyK)—-2.%

KABL1GeK)=(LA2{IGK)-LA3(IGyK)=3*LA4G{IGyK)+5.*LAS(IGyK)-2.%
LAG(IG9K) )26 o ¥P3{ 1G9 K)—12.#P4(IG oK) #6.*¥PS{IGK)-{—2.%QL{IGyK)+
3.%Q2{169K)+6*%¥Q3({IG oK) —13.*Q4(I6G9sK)+6.%¥Q5( [GyK))-12.*R2( IG,K)
+30.¥R3(IGoyK)—18.%R4( 1G4 K) )*V3*HR(K)/DH{IG,+K)

FT(191916)=(3.%KB2(1GyJ)—2%KB3(IG,J)—9.%KB4(I1GyJ)+12.%KB5(1GyJ)

X

X

~4¥KBO{IGed ) )*V

FTU192+916)=(=3.%KB3(1GyJ)+8*KBA(IG4J)—T*KBS(IGyJ)+2.%KB6(1GyJ))

*VEHR{J)I/DO(1GyJ)

FTU193,16)5(9%KB4(16GyJ)—12.*%KB5(I1G+J) +4.*¥KB6{1G,J))*V1

X
X

+(KBOLI6IKI—6.¥KB2(IGeK ) +4.*KB3(IGyK)+9.*KB4{IG,yK)
=12.*%KB5(1GyK)+4.*¥KBO{IIG oK) ) *V2
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X
X

X

X

X

) §
X
X
X
X
X

X
X

FTily4916)={3.%KB4(IG9J)=5+*KBS{IGyJ)+2.%KB6{1GyJ))
*VI¥HR(J)/DHUIGs ) +{—KBLLIGyK)+2.#KB2(I1GyK)+2.*KB3(IG,K)
~8.%KB4(1GoK)+Te*¥KB5{ Gy K)—2.*¥KB6{IG,K))*V2*¥HR(K)/DO(1G,K)

FTUI155916)3(3e%KB2{IGyK)—-2*KB3(ICyK)—G*KBL4(IG,K)+12.*KB5(1GyK)

—4.*KB6(1beK))I*V3

FT{I1969i6)=(KB2(IGsK)=KB3( IGyK)-3.%KB4(IGyK)+5.*%KB5(1G,K)
~2.%KBo{ 169K ) )*V3*HR(K) / DH{IG+K)

IF (16.EQ.2)
={3.%SR2(169J)~-2.*SR3(IGsJ)—9*SR4(IG,J) +12.*SR5{1G,J)
~4.%SRO(1G9J) )/ (PHT(2,J)*%PC(1,4))

={=3%SR3(IGyJ)+3. *¥SRA{LIGyJ)-T*SR5{1GyJ)+2.%SR6{1G+J))
¥HR(J)/(PHT(2,3)%PCL1,J) *C0(1+J))
={9.*¥SR41LIGJ)=12.*SR5(IGyJ)#+4.*SR6(1GyJ))

T, 1)
Tii,2)

Ti1,3)

G0 TOo 57

/{PHT(2,J)%PH(1,J))

+(SRUL1GIKI—=6*¥SR2{IGsK) +4.%¥SR3(IG, K)+9.*SR4(1G4K)

~12.%SR5(IGyK)+4.%SR6(1G+K))/{POT(2,K)*PO(1,K))

=(3.%SR41LIGsJ)=5.%SR5{1GyJ)+2.*¥SR6{1G,J))

#HR{JDV/{PHT(29J)*PH(L,J) ¥DH{1,J))

+{=SRI(IGIK)I+2.*¥SR2{1GsK ) +2.*SR3(1G+K)

~8.*%SR4LIGHKI+T*¥SR5LIGy K12 *¥SR6E(IGyK) ) *HR(K)

J{POTL2,K)%PO(1,K)*D0O(1,K))

=l3.*SRZ(IG,K)-Z.*SR3(IG,K)~9.*SR4(IG,K)+12.*SR5(IG’K)

-4, %SRO6(16GsK))/(POTI2,K)*PH(1,4K))

={SR2{ IGyK)=SR3{IG sK)=3.#SR4{ IG,K)+5.*SR5(1G+K)
—2.%SR6(1G9K) I *HRIKI/(POT(2,K)*¥PH{14K)*DH{1,K)})

FT(Lely 3)3(3.*KDZ(IG,JJ—Z.*KB3(IG,J)~9.*KD4(IGvJ)+12.*KDS(IG:J)
~4.%KD6(1G9d)V/(PHT(2,J)%P0(1,J))

FT(I 42y 3)=(=3.%KD3(1GyJ)+8.¥KL4(1GyJ)—T*KDS5(1GyJ)+2.*KL6{IGyJ))
*HREJVZ(PAT( 2,4)*%P0L1,J) *D0O(1,J))

FT(Is3s 3)=(9.%KD4(1G4J)—12+#KDS{1G»J)+4.%KD6{16yJ))
/U{PAT{2,J)%PHI{1,J))
+(KDO{IGsK)—6*KD2{IGsK) +4.*%KD3( IGsK)+3.*KD4{1G,K)

—12.%KD5{ 169 K)+4 . *KD6{ 16 +K) )/ (POT(2,K)*PO(1,K))

FT(Ils%y 3)=(3.%KD4(1GyJ)=5.%¥KL5(IGsJ)#2.%KD6(1GyJ)})
*HR(JI/{PAT{ 2, J)%*PHI{ 1+J) *¥DH{1,J))
+{—KDL{1GyK) +2.*¥KD2(I1Gy K ) +2.*KD3{ 1G,4K)

T(I,4) .

Tils5) .

TlIsb):
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X —8e*KDGl IGK )+ To*KD5{ [y K)—-2.*¥KDE(1GyK) I*HR(K) SYNTO0361

X /(POT(2,K)*PO(1,K)*DO(1,K)) SYNT0362
FTU1+5, 3)=(3.%KD2(IGsK)=2.*KC3(I1G,K)=9.*KD4{IG,K)+12.*KLS5(1G4K) SYNT0363
X  —4.%KD6(IGyK))/Z({POTI2,K)*PH(1,K)) SYNT 0364
FT(I46y 3)=(KD2{IGsK)=KD3(1GyK)=3.%KD4(IGsK)+5.*KD5(1G,K) SYNT0365
X  —2.%K06(164K))*HR(K) Z(POT(2,K)*PH(1,K)#DH(1,K)) SYNT0366
FTilols 4)=(3.%KC2(1Gsd)=2.*KC3(1GyJ)=9.*%KC4{1GyJ)+12.%KC5(1GyJ) SYNT0367
X —4.¥KC6(169J))/(PHTIL,J)*PC(2,J)) SYNT0368
FTULs2s 4)=(=3.%KC3(1Gs J)+8.¥KC4(1G,J)=T.*KC5(1GyJ)+2.%KC6(16,J)) SYNT0369
X *HR(J)/(PHT(1,J)1%P0(2,J)%D0(2,J)) SYNTO0370
FT(I93s 4)=(9.%KCA(IG,J)=12.#KC5(1GsJ) +4.%KC6(1GyJ)) SYNT0371
X /UPHT(L,J)*PH(2,J)) SYNTO0372
X +(KCOUIGsKI=6<*KC2(IGsK) +4o*¥KC3 (16, K)+9.*KC4 (16 ,K) SYNT0373
X  =12.%KC5(E169K)+4.%¥KCO6{16,K))/(POTIL,K)*PO(2,K)) SYNTO374
FT{ls4s 41=(3.%KCA{1G9J)=5.#KCS(IG,J)+2.*KC6({IGyJ)) SYNT0375
X *¥HRUJ)/(PHT(1,J)*PH(2,J) *DH(2,4)) SYNT0376
X  +(-KCL(IGsK)+2.%KC2( 1G,K ) #2.*KC3 (16 ,K) SYNTO377
X —B.¥KC4(IGoK)+T.*KC5 (16, K)—2.%KC6( [G4K)IXHR (K) SYNT0378
X  /(POTU1,K)*¥PO(2,K)*D0(2,K)) SYNT0379
FT{L45s 4)=(3.%KC2( 164K )=2.*KC3(IG,K)=9*KC4(IG4K)+12.%KC5(1G,K) SYNT0380
X  =4.¥KC6{16+K))/(POT{L,K)*PH(2,K)) SYNT0381
FT(I146y 4)=(KC2{IGyK)—KC3{I1GyK)—3.*KC4(IGyK)+5.%KC5(IGsK) SYNT0382
X  =2.%KC6(1GsK))I*HRIKIZLPOT{1,K)*PH[2,K)*DH(2,K)) SYNT0383
57 I=I+1 | SYNT0384
LTULs1,0G)=(KA2{IGsJ)~KABLI16,J)-3.%KAG{1G,J)+5.*KA5S(I1GyJ)—2.% SYNT0385
X KA6{IGsJ)=(LA2(IG,J)=LA3(1G,J =34 A4L1G,J)+5.%LAS(IG,J)-2.% SYNTO386
X LA6(IGsJ)1=2.#PLUIG,J)+3#P2(1G,J)+6.%P3(1G,J)—-13.%P4(1G,J)+6.% SYNTO0387
X  P5(16sd)=16.%Q3(16yJ)=12.%Q4(1G,J)+6.%Q5(1G,J))-12.*¥R2(1G,J) SYNT0388
X  +30.%R3(1GsJ)—-18.%R4(IG s J) ) XVEHR(J) /DH{1GyJ) SYNT0389
LT(Ls2+16)=(=KA3{IG,J)+3.%KA4(1GsJ)=3.*%KAS(1GyJ)+KAG(1G,J) SYNT0390
X —(=LA3(1GsJ) +3.%LA4( Gy J )-3.#LAS(1G,J) +LAG( [G,J) )+2.%P2(1GyJ) SYNT 0391
X —T.#P3(1GsJ)+8.%P4(1GsJ)=3.%P5(1GyJd)=(Q2(1G,J)=-5.%Q3(1G,J) SYNT0392
X 47.%Q4(15,J)=3.%Q5(16,J) }=2.%R1{1G, J)#11.%R2(1G,J)—18.* SYNT 0393
X R3(IGyJI+9%R4(1G,J) )*VEHRIJI*HR(J)/(DO(1Gy J)*DHIIG,J)) SYNT0394
LTLI 33916)=(3.%KA4{1G,J)=5.*%KAS{IGyJ)+2.%KABIIGJ)—13.*LA4(1G,J) SYNTQ395
X =5.%LAS(169J)+2.%LA6( 15+ J) 1=6.%P3(1GyJ) +13.%P4(1G,J)—6.% SYNT 0396
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P5{1Ged) +(6.%Q3(169J)=12.%Q4{ 1G9 J)+6.%Q5(169J))—(—12.*R2{1GyJ)
+30.%R3( 1G9 )—18*R4{1G4J)))*V1%.HR(J) /DHIIG,J)
+{=KAL{IGsK) #+2.*KA2{1G,K)#2.*¥KAZ(IG K )-8 ¥KA4{ IG,K)+T.*
KAS{IGyK)=2e ¥KAGTIG)K)={—LAL{IGyK)+2.%LA2(IG,K)+2,*LA3(IG,K)-8.
XLAG(IGeK)+T o *¥LAS{IGyK)—2*LAG{IGK))+PO(IG 1 K)—4.*PL{IG,K)+14.%
P3(163K)I=1T< *P4{IGsK) +6 o *¥P5(1GsK)~(-6.%Q2(I1GyK)+18.*Q3(1G,K)
~18.%Q411GsK)+6.%Q5(1G2K ) I+6*RL{IG1K)~30.*%R2{IG,K)+42.%
R3(IG9K) =18+ %R4(1GoK) )*¥V2¥HR(K) /DOl IGyK)

LT(1s491G)=(KAS(IGsJ)=2.%KAS(IG9J)+KA6(IGyJ)-(LAG(IGyJ)-2.%
LAS{ LG J ) +LAGIIGsJ))=2.%¥P3(IGyJ)+5.%¥P4{IGJ)—3.%P5{IGyJ)—(-2.%
Q3 1G9y d)45.%Q4(16G9J)=3.%Q5(1GyJ) 144 *¥R2(IGyJ)I—-12.*%R3(IG,J)+9.%*
R4({1GsJ))®VLI*(HR(J)I/DH{ IG,yJ) ) *x%2
+(KAZUI69K)=4o*¥KAB{IGK ) +6 *¥KAG{ IGoK)—4.*KAS(I1G,K)+KAG(IG+K)
~(LAZ2LIG9K)=4<*¥LA3(IGsK) +6*LAG{IGy K)=4.%LAS(IG,K)+LAG6( IG,4K))
“Pl{IG)K)#6.%¥P2{IGsK)=12+*P3(IGsK)+10.%P4{IG+K)=3.*P5(1GyK)
—(~QLIIGsK)+6.%¥Q2(1GsK)—=12.%Q3( IGyK ) +10.*Q4( IGyK)—3.%Q5(1G4K))
+RO(IGsKI=Bo *¥RL(IG,K)+22. #R2( 16+ K)—24.*¥RI(IG+K)+9.*¥R4(IG,K) ) *
V2% (HR(K) /DO IGyK) )**2 ,

LT(I95,16)=(=3.%KA3{IG4K)+8 . *¥KA4L(IG,K)—To*¥KAS{1GsK)+2.%KA6{IG,K)
—(—3.%LA3(I6+K)I+8.*LALI IGyK)-T*LASU{IGsK)#2.*%LA6(1G,K))
+3.%P2{ 1G9 K) =14 *¥P3( 16y K)+1T*P4LIGsK -6 *P5(1G,K)+{—-6.*
Q216+ K) +18.*Q3(IGyK)-18.%Q4 {16y K)+6.%¥Q5(IGyK) )-{6.*R1(IG,K)
~30.%R2(IGsK)+42.*R3I{ IG s K)-18.*¥R4{IGyK)) ) %*V3*HR(K) /DO(IGyK)

LTI 3621605 (=KA3(IGyK)+3.%KA4{IGsK)=3.*KA5(IG,K)+KA6( IG,4K)
~{=LA3LIGIKI+3.*¥LAG{IG,K)=3.*LAS(IG,K)+LA6(IG,K))
+P2(159K)=5. %P3 (IGsK ) +7 o ¥P4( 165K )-3 #P5( 1G9 K)={2.%Q2(1G,K)
~T%Q3{I6sK) +8.*QA(IG yK)=3.*¥Q5(IG 9K ) J=2.%RL(IG,K)+11.*R2{ IGyK)
—18.%R3{1GsK )+9.%¥R4{ 154K ) )*¥VI*HR (K) *#HR(K) /(DO(164K)*DH{1G4K))

FT(L919IG)=(KB2(IGyJ)—KB3{IGsJ)=3.*KB4(IGyJ)+5.%KBS5(1G,J)

X —2.%¥KB6(IGyd ))%XVEHR(JDI/DHIIG,J)

FT{1,2:06)={~KB3(1GyJ )43 .%¥KB4(IGyJ)—3.*KB5(1G,J)+KB6{1G,J))
X kVEHR({J)*HR{JI/(DO(IGyJ) *DH{1G,J))
FT{I43516)=(3.%KB4{IGyJ)—5.*KB5(1GyJ)+2.*KB6(1GsJ))

X ®kV1¥HR{J)/DHUIGyJI+{—KBLIIGyK)+2.*¥KB2{IG4K)+2.*KB3(1G,4K)

X  —8e*KBG(IGyK)I+To*KB5(IG s K)—2.*%KB6(IG4K))I*V2*HR(K)/CO{IG,4K)

FT{l34:1G)=(KB4{IGyJ)-2.%KB5{IGyJ)+KB6(1G,yJ))

MO M X I M X X X KD D XK X X X XK

> X X X o X X

SYNT0397
SYNT 0398
SYNT0399
SYNT 0400
SYNTO0401
SYNT0402
SYNTO0403
SYNT 0404
SYNT0405
SYNT 0406
SYNT0407
SYNTO0408
SYNT0409
SYNTO0410
SYNTO411
SYNTO0412
SYNTO0413
SYNTO414
SYNT0415
SYNTO0416
SYNTO0417
SYNTQ418
SYNTO0419
SYNT0420
SYNTO0421
SYNT0422
SYNT (0423
SYNT0424
SYNT0425
SYNT 0426
SYNTO0427
SYNTQ428

. SYNT0429

SYNTO43)
SYNT0431
SYNT0432
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X *V1* {HR{JI/DH(IGyJ) ) *%2+ (KB2(IG,K)—4.*KB3(IG4K)+6.*KB4{ IG,K) SYNT0433

X =4, %KB5(IGsK)+KBO(IG,K) ) *V2*(HR(K) /DOl 1IG,K) )**%2 SYNT 0434
FT(I195916)=(=3.%KB3(IGsK)+8.*KB4{ IC,K)-T*KBS{IGyK)+2.*%KB6{1GyK)) SYNT0435
X  *V3%dR(K)/DO(I1G,K) SYNT 0436
FT(I36516)=(=-KB3(1GsK)+3.%KB4(IG,K)—3.*%KBS{IG,K)+KB6(IG,K)) SYNT0437
X ®V3¥HRIK)*®HR (K)/(DO(IGsK)*CH(IG,K)) SYNT0438
IF {I6.EQ.2) GO TO 60 SYNT0439
TUIs1)=(SR2{IGs J)-=SR3(1GyJ)—3.*SR4(IGyJ)+5.%SR5(1G4J) SYNT 0440
X —=24%5R6{165J))I*HRUINZ(PHTI2+J)*PC(14J)*DH(2,J)) SYNT0441
T{I42)=(=SR3(IG9sJ)+3.*SR4( [G9J)-3.*SRS(IG4J)+SR6(IGsJ)) SYNT 0442
X *¥HREJ)*%2/ (PHT{24J)%P0(1+J)*D0(1,J)#DH(24J)) SYNT0443
T(I43)=5(3.%SR4{ 1G9 J)=5.%SR5{IGyJ)+2.%SR6(1G,J)) SYNT 0444
X  *HREJV/(PHTUI2,J)%PH{1,J) *DH(2,J)) SYNT 0445
X  +{-SRI{IGoK)I+2.%SR2{IGyK)+2.*SR3(IG+K) SYNTO0446
X  =8.%¥SR4{IGsKI+T*SR5(I55K)—-2.%SRE6(IGyK) I*HR{K) SYNT 0447
X  /{POT{2,K)*PO{1,K)*D0(2,K)) SYNT0448
T{I14)=(SR4L1GsJ)—2.%SR5{L1G+J)+SR6(1GyJ)) SYNT0449
X ®HR{JI**2/ (PHT(2,J)*PH( 1,J)*DH{2,J) *DH(1,J)) SYNT 0450
X  #(SRZ2{IGyK)=4.%¥SR3(IG,K) SYNT0451
X  +0.¥SR4{IGsK)—4.*SR5LIG,K)+SR6{IG,K)) SYNT0452
X  ®HRIK)*%2/(POT(2,K)*PO{ 1,K)*D0(2,K) *DO(1,K)) SYNT0453
T{I195)=(=3.%SRI(IG,K)+3.*%SR4A(IGoK)~T.*SR5(IGyK ) +2.*SRE(1G4K)) SYNT Q0454
X  *HRUIK)IZ(POT(2+,K)*PH(1,K)*D0{2,K)) SYNT 0455
TUI60=(=SR3(IGyKI+3.%SR4(IGsK)I-3.*SR5{IGsK)+SR6(IG+K)) SYNT0456
X  ¥HR{K)*%2/(POT{2,K)*¥PH( 1,K)*D0(2,4K) *DH{1,K)) SYNT 0457
FT(Igls 3)=(KD2{IGyJ)-KD3(IGyJ)-3.*KD4(1GyJ)+5.%KD5(1G,yJ) SYNT0458
X  —=2e%KD6(I6GsJ))*HRIII/ (PHT(2,J)%PC{1yJ)*DH(2,J)) SYNT 0459
FT{I42y 3)=(-KD3(IGyJ)+3.%¥KC4(I1G+J)-3.*KD5(1GyJ)+KD6(1G,J)) SYNT0460
X  *HR{JI*¥2/(PHT(2,J)%PO(1+J)*D0(1,J)*DH(2,4)) SYNTG461
FTUI43, 3)=(3.%KD4(IG9J)=5.*KL5(1GyJ)#2.%KD6{1GyJ)) SYNT0462
X  *HRUJ)/(PHT(24J)*PH{1,J) *DH{2,J)) SYNT 0463
X  #(-KDLUIGyK)#2.*KD2(IGyK)#2.*KD3{IG4K) SYNT0464
X  —Be*¥KD4(IGyK)I#+T*KD5(1Gs K)-2.*KD6(1GsK) )*HR (K) SYNT 0465
X  /(POT(2+,K)*PO(1,K)*D0O{2,K)) SYNT 0466
FT{ls4y 3)=(KD4(1G4J)=2.%KDS{IG,J)+KD6(IGyJ)) SYNTQ467
X  ¥HRUJ)I*%2/(PHT(29J)*PH( 1,J)*DH{2,J) *DH{1,J)) SYNT0468
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X

X
X

X
X
X

X

X
X
X
X

X
X
X
X
X

X

+(KU2{169K)=4*¥KD3{I1GyK) +6 . ¥KD4( 1G4 K)
=4, %KD5(16sK )+KDO6L IG9K) ) ¥HR{K) *%2
/(POTI2,K)*P0O(1,K)*D0(2,K)*D0(1+K))

FT(I+59 3)={-3.%KD3(IGyK)#+8*KD4(IGsK)~T*¥KDS{IG,K)+2.%KD6{15yK))
FHRIK) Z{PIT(2,K)*PHI 1,K) *D0(2,K))

FT(I 65 3)5(—KD3(IGyK)+3.%KCA(IG,K)—3.*KDS(IGyK)+KD6(1G4K))
¥HR{K) *¥%2/(POT{2,K)*PH{ 1 ,K)*D0{2,K) *DH{1,K))

FT(ls1, 4)=lKCZ(IGle~KC3(IG;J)—3.*KC4(IG;J)*S.*KCS(IG:J)
-2.*&56(16;4))*HR(J)IlPH?(IQJ)*PC(ZgJ)*DH(I:J))

FT(Is2y 415{—-KC3{1GpJ)+3.%KCA(IGJ)—3.*KC5(IGyJ)+KCOHLIG,J))
*HRUJI¥%2/ (PHT(LsJ)*PO(2,J)%D0{24J) *#DH{1,J))

FTU143s 4)=(3.%KC4{IG1J)=3+*KCS5(IGyJ)+2.%KC6(1GyJ))
*¥HR(JI/Z(PHTL 1,J)*¥PH{2yJ) *DH{1,J))
+{-KCLIIGK) #2.*%KC2{ 151K ) +2.*KC3 ( IG,4K)
—8o¥KCA(IGK)+To*¥KC5( 1G5 K)-2.*KC6{1G4K) )*HR(K)
/(POT{1,K)*P0O(2,K)*D0(1,K))

FT(Is4s 4)=LKC4LIG4J)—2.*%KCS(IG+J)+KCO6(IGyJ))

*HR{J)*%2/ ({PHT(1,J)*PH(2,J)*DH{1,J) *DH{2,J))
+{KC2( 16 9K)=4<*KC3(1GyK) +6.*KC4( IG,K)
~4.¥KLSLIGsKI+KCOHLIG 1K) ) *#HR(K) *%2
/(POTUL,K)*PO(2,K)*DO{1,K)*D0{24K))

FTUL 959 4)={=-3*%KC3{IGyK)+8*¥KCH{IGsK)=T*KC5{IGyK)+2.*¥KCO6{IGyK))
*HRIK)/{POT(1,K)*PH(2,K) *D0(1,K))

FTUIe6s 4)=(=-KCI{I6sK)I+3.%KC4IIG,K)—3*KC5{IGyK)+KCE(1IG4K))
*HRUK) #¥%2/ (POTL14K)*PH({2,K)*DO(14K) *DH{(2,K))

60 CONTINUE

> X XX X

IF (IBC.EQ.4) GO TO 63
ZERO FLUX COEFFICIENTS UN THE LEFT:

DO 61 16=1s2

V2=1./(POT(1Gy1)*POLIG,1))

V3=1./(PUT(IGy L)*PH(IGs1))

LT(194s16)=(KAZ{IGy1)=4.*KA3(IGy1)+6.%KA4(1Gy1)~4.*KAS(IG,1)
+KA6LIGyL)=(LA2(1Gs1) =4« *¥LA3(1Gy 1) 46 %L A4{1Gs1)—4.*LAS(1G,s1)
+LA6(1591))-PLIIG, 1) +6.%P2(1Gy1)-12.%P3(1Gy1)+10.%P4(1Gy1)
~3.¥P5(1691)—(=QL{IGs 1) +6.%Q2(1Gs1)-12.%Q3( 1G5 1)+10.*Q4(1G,s1)
~3.%Q5(1691) J+RO(IG,L)=8*RLIIG,1)4#22.%R2(1Gy1)—24.*R3(IGs1)

SYNT0469
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X +9.%R4 (1G5 1) )*V2*(HR(L)/DO(IGy1) )**2 SYNTO5905
LTU1955150=(—3.%KA3(IGy1)+8*KA4{IG,1)—T*KAS({[Gy1)+2.*KA6(1G,1) SYNTO0506
X —(—3.¥LA3(IG91)48.%LA4{IGs1)—=To*LAS(IGy1)+2.*LA6(1Gy1)) SYNTG0507
X +3.%P211Gy1)—14.%P3(IG)1)+1T7.*F4(IGy1)—6.%P5({IGs1)+{-6.% SYNT0508
X Q{1691 )+18.%Q3(I16y1)-18.%Q4(IG91)+6.*Q5(1Gy1))—(6.*R1L{1G,1) SYNT0509
X “30.%R2( 1691 )442.#%R3(I5y1)-18.%R4(1G,1)))*V3*HR(1)/DO(IG,y1) SYNTO510
LTU1,651G)=(-KA3(IGs1)+3.%KA4(IGy1)-3.*KA5(IGy1)+KA6(1G,y1) SYNTO511
X —{=LA3(IGs1)#3.%LAG{ IGy1)-3.*LAS{IGs1)+LA6{IGy1))+P2(IG,y1) SYNTQ0512
X =5.%P3 {16y L) #T*¥P4{IGsL)—3.%P5(1G,1)-(2.%Q2(1Gy1)-7.%Q3(1Gy1) SYNTO513
X +8.%04(1691)=3.%Q5(1Gs1) )-2.%R1{IGy1)+11.*R2(1Gy1)—-18.%R3({1Gy1) SYNT0514
X +9,¥R4{IGy1) )*V3I*HR{ 1)*HR(1)/(DO(IG,1)*DH{IG,y1)) SYNTO0515
FT{ly4+916)=(KB2{IG9sl)—4.*%KB3(IGy1)+6.*%¥KB4(IGy1l)—4.*KB5(1G,1) SYNTO516
X +KBolIGy1))*V2*{HR{1)/D0(1G,1))*%*2 SYNTO0517
FT{195516)=(-3.%KB3(IGy1)+8.%KB4(IGy1l)-T*KB5(1Gy1)+2.*%KB6{1Gy1)) SYNT(518
X *V3%HR{1)/00(1G,1) SYNTO0519
FT(ls65IG)=(-KB3(IGy1)+3.%KB4(1Gy1)-3.*KB5(1G,1)+KB6{1G»1)) SYNT0520
X *V3%HR{L)*HR (L) /(DO(IGy1)*CH(IGy 1)) SYNTO0521
IF (16.EQ.2) GO TO 61 SYNT0522
T{ls4)=(SR2UIGs1)-%.%SR3(IGs»1)+6.*SR4(IGy1)-4.*SR5(1Gs1) SYNT0523
X +SRO(IG, 1) J¥HR(1)*%2/ (POT(2,1)*PC(1,1)%D0(2,1)%D0(1,1)) SYNTO0524
T(L950={~3.%SR3(IGs1)48.*SR4{IG41)-T.*SR5{IGy1)+2.*SR6{1G,y1)) SYNT0525
X *HR{1)/(POT(2,1)%PH(1,1)*00(2,1)) SYNTQ0526
T{136)5{-SR3(1G91)}4#3.%5R4{IG+1)-3.*%SRS5(IG,1)+5SR6{1G,1)) SYNT0527
X *HR{ 1) *%2/(POT(2,1)%PH(1,1)%D0(2,1) *DH{(1,1)) SYNT 0528
FT(1l9%s 3)5U(KD2{IGs1)=4.%KD3(1Gy1)}+6.*¥KD4(1Gy1)—4.*KD5(1Gs1) SYNTQ0529
X +KD6( 169 L) )*HR{ 1) **2/(P0OT(241)*PC(1,1)*D0(2,1)%*D0(1,1)) SYNT0530
FT{1l95s 3)=(=3.%KD3 {16y 1)+8*KD4(IGy1l)-T.*KD5(1Gy1)+2.*KD6(1Gy1)) SYNTO0531
X *HR{L)Z(POT(291)%PH(1,1)*D0(2,1)) SYNTO0S32
FT{le6y 3)=(-KD3({IGy1)+3.%KD4(IGs1)—-3.*KDS(1Gs1)+KD6{1G,1)) {  SYNTO0533
X ¥*HR(1)*%2/ (POT(2,1)*PH(14+1)*D0(2,1)*DH{1,1)) SYNT0534
FT(ls4y 4)=(KC2{IGy1)—4o*KC3{IGy1)+6.*¥KC4L{IGs1)-4.*KC5(1IGy1) SYNTO0535
X +KCO6LIG» L) IxHR(1)*%2/(P0OT(1,1)*%PC(2,1)*D0(1,1)*D0{(2,1)) SYNT 0536
FTiLls5s 4)=(-3.%KC3(IG,1)+8.%KC4(IG41)-T*KC5(IGy1)#2.%KCH{IGy1)) SYNTQE37
X ¥HR{L)/{PUT(141)%PH(2,1)%*D0(1,1)) SYNT0538
FT{156y 4)=1-KC3(IGy1)+3.%KC4(IGy1)—3.*KC5(IGy1)+KCH(IG,1)) SYNTO539
X *HR( L) *%2/(POT{1,1)%PH(2,41)%D0(1,41) *DH(2,1)) SYNT0540

PAGE 304



61

63

CONTINUE
60 TO 65

ZERO CURRENT COEFFICIENTS CN THE LEFT:
K
I

1
1
DO 64 16G=1,2

V2=1./(POT{IGsK)*PO(IGyK))

V3=1./{POT(IGK)*PH{IGyK))

LT {ls4+1G)=
(KAOUIGK)=0oe*KA2{IG oK) +4.¥KAB(IGyK)+9.%KA4( IG,K)-12.%KA5( IGyK)
+#4,%KA6L IG5 s K)—(LAO(IG)K)—6*LA2( 16y K)+4.%LA3(1G,K)+9.*%LA4(IG,K)
12 %LAS{IGy K)#+4 . XLAG(I1G9K) )46 *¥PLL IG,K)—6.*P2{IGyK)—18.%
PB(IG:K)*30.*P4(IG’K)°12.*P5(IG,K)-(b-*Ql(IG,K)—b.*QZ{IGsK)
—18.%Q3{I6GsK)+30.%Q4( I6+K)-12.*%Q5(1GyK))I+36.*R2(1G,K)-72.%
R3(IGyK)+36.%R4(IG4K)I*V2 —COUIG)/PC(IG,1)

LT I 359150503 %KA2({IG,)K)—2*KA3[IGsK)=G.%¥KAG{IGK)+12.*KA5(1G,sK)
4 *kKAL L IGsK)=(3.*%LA2{IG ¢y K)—=2.*LAZ{ IGyKI)—-9.*LAG(IG,K)+12.%
LAS{IGsK)=4o%LAS(IG,K) ) +18.%P3(1G+K)—=30.%P4(1G,K)+12.*P5{1G,K)
*(6.*@11[9:&3‘6.*Q2(IG.K)-18.*Q3(IG’K)+30.*Q4(IG,K)—IZ.*
Q5(IG9K)I)=(36%R2(IGyK)—=T2.¥RI{IC,K)+36.%R4(IG,K)))*V3

LT (L 36016)=(KA2(IGyK)=KA3(IGsK)=3.*KA4(IG,K)+5.*KAS(IGyK)-2.%

X KAb(IG.K)*iLAZ(IG.K)—LAB!IG,K)—B.*LA4(iG.K)*S.*LAS(IGyK)—Z.*

X LAG(IG K) 146 e*¥P3{IGsK)-12*¥P4{IGsK) 46 ¥PS(IG,K)—{—2.*QL{IG,K)+

X

X

KX X M XK X

MM W X

3.%Q2(169K)+6e*Q3 (IG5, K)—13.%Q4{ IG,K)+6.%¥Q5(1G4K) )-12.*%R2{IGHK)
+30.%R3(I16G9K)=18.*R4{ 1G9 K) )*¥V3*HR{K) /DH{I1G,+K)
FT{l,4,16)=
X +(KBOUIGsK)—6*¥KB2(IG9K ) +4.*KB3{1GyK)#+9.%¥KB4{IGyK)
X —12.%KB5( 169 K)#4.*¥KB61IG,K} I *V2
FT(I9591G)5(3.%KB2{IGsK)=2.%KB3{IGyK)—F*KB4{IG,K)+12.*%KB5(1GsK)
X -4 kKBS (16,K) )*V3
FT{11691G)=(KB2{IGsK)=KB3(1GsK)=3.*%KB4(IGyK)#5.*KB5{1G,K)
X —2.%KB6{1GyK) )*V3I*HR(K) /DH{IG,4K)
IF {IG.EQ.2) GO TO 64
TlI:4d=
X +{SRO{IGs)K)—6*SR2{IGsK ) +4.*¥SR3(IG,K)+9.*SR4{1G4K)
X —12.%SR9{1Gy K)+4.%SR6{1GyK))/(POT(2,K)*P0O(1,K))

SYNTO0541
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*x

T(I45) ={3.%¥5R2{IGsK)I=2.%SRI{IGyK)=9.*SR4(IG4K)+12.*SR5(IG,K)
—~4,kSR6(IG4K))/Z(POT(2,K) *PH{1,K))

T{I,6) ={SR21L IGyK)—=SR3{IGsK)I=3.%SR4{IGyK)+5.%SR5{1G,4K)
~2+¥%SRO(IGK)IXHR(K)Z(POTL2:K)*PH{1,K)*DH{1,K))

FTily4, 3)=
+(KDOCIGaK)—6*KD2{IGsK) +4.*¥KD3{ IGyK)+9.,*KD4{1G4K)
—12.%KD5{ IGs K)+4.%KDO({IG+K))/Z7{POT(2,K)%P0O(1,K) )

FT{195s 3)={3%¥KD2(IGsK)—2.*KD3(IGsK)—=9.%¥KD4(IG,K)+12.*KD5(1G,K)
4 kKDO6L IGsK))/(POT(2,K)}*¥PH{1,4K))

FTUI 36, 3)=(KQZ(IG'K}~K03(IG,K3’3.*K94(1G1K)+5.*KD§([G:K)
—2.%¥KD6{ 169K} I*HRIK) /(POT(2,K)*PH(14K)*DH(1,K))

FTlls4ay 4)=
FIKCO IGoK)=6*¥KC2{IG sK) +4.%KC3{ IGy K )49, *KC 4 {IGyK)
~12.¥KC5(1GyK)+4.*¥KCO6{IGsK))/IPOT(1,K)*PO(2,K))

FT(135r 4)=(3.%KC2ULIGyK)—2.¥KC3{IGsK)—G . %¥KC4L{IG 1K) +12.*KC5{16G,K)
4. %KLO6L1GoK))/(POT(1,K)*PH(2,K))

FT{Is0y 4)=(KC2{IGsK)I=KCI IGyK)—3*KCL(IGyK)#+5,%KCS5{1G,4K)
—2.¥KCBLIGsK)I*HRIKI/ZIPOTILoK)IXPH(2,K)*DH(2,K))

64 CONTINUE

C

70
65

FIX UP THE TWO FIRST COLUMN ENTRIES TO MATCH F(1) (NOT G(1)):
DC 70 16=1,2
DO 70 I=2,3
LT{I4241G)=LTUI+1,41G)
FT(192016G)3FT(14+1,4106)
IF (16G.EQe.2) GO TO 70
TlI42)=Tl1,1)
FT{I42y 3)=FTi{lsl, 3}
FT‘I)Z: 4)=FT‘I'1' 4)
CONTINUE
I=2%KR
J=KR
K=KR
IF (IBC.EQe2.UR-IBC.EQs4) 6O TO 74
LERO FLUX COEFFICIENTS ON THE RIGHT:
DO 72 1G=1l4+2 '
V=17 (PHT{IGyJ)*PO(1IGyJd))
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V1=1e/{PAT{IGeJ ) *PH{1GyJ)) SYNTO0613

LT{Is1lsIGI=IKA2{IGsII=KAS(IGsJ)—3.%KAG({IGyJ)+5.*KAS(IGyJ)— 2.% SYNT0614
X KAGLIGsJd=(LA2UIGsJ)=LA3S(1GsJ)-3.%LA4{IG,J)+5.%LAS{IG,J)—2.% SYNT0615
X  LAGUIGeJ) 1=2e*PLIIGyJ)#+3.%P2( 1G9 J)4+6.*P3(IG4J)—13.%P4(IG,J)+6.% SYNT0616
X P5(169Jd)=(6%Q3{IGyJ)—-12%Q4{1GyJ)+6.*Q5(1G3J))—12.%R2(1GyJ) SYNT0617
X  #30e%R3(IG9J)=18%R4 (1G9 J))IXV*HR(J)/DHIIG,J) SYNT0618

LT(I92416)=(~KA3(IGsJ)#3.%KA4IIGyJ)—3.*KAS(IG,J)+KAG(IG,J) SYNT0619
X ~(=LA3{IGsJ)+3.%LA&G{IGyJ)—3.*LAS(IGyJ)+LAGI1GyJ))+2.%P2(1G,yJ) SYNT 0620
X —Te*¥P3 (16 J) #8e*P4lIG ) —=3.%P5{IGsJ)—=1(Q2(IGJ)—5.%Q3(1G,J) SYNT0621
X +7.%Q4(I159J)=3.%Q5(169J) )-2.*R1(1GyJ)+11.*R2{IGyJ)—-18.% SYNT0622
X  R31LIGpJ)+9.%RL{IG,J))I*XVEXHR(JI)I*HR(J)/(DO(IGyJ )*DH{IG,J)) SYNT0623

LTUI 3351G)={KA4(IG9J)=2*KAS{IG9J)+KAG{IGeyJ)—(LAG(IGyJ)—2.% SYNT0624
X  LAS(IGsJ)+LAGLIGyJ))I=2.%P3(IGsJ)+5.%P4(1G,J)=3.%P5{IGyJ)—(-2.% SYNT 0625
X Q3(IG9J)+5.%Q4(169J)-3.%Q5(1G9J) )4+4.%R2(1GyJ)~12.%R3(IGyJ)+9.* SYNT 0626
X  R4lIG,JIIRVI*(HR(JIV/DH{IG,J) ) %%2 SYNT0627

FTUIL91916)=(KB2UIGyJ)=KB3{IGyJ)=3.%KB4{IGyJ)+5.%KB5(1GyJ) SYNT0628
X  —2.%KB6(IGeJ ) )*VEHR(J)/DHIIG,J) SYNT0629

FT{I2916)=(-KB3{I1GsJ)+3.%¥KB4IIG,J)—3.%KBS5{1G,J)+KB6{IG,J)) SYNT 0630
X  #Y¥HRIJ)*HR(JDIZ(COLIG,J ) *CH{1GyJ)) SYNT0631

FT{143916)0=(KB4{IGyJ)=2.%KBS({IGsJ)+KB6(IGyJ)) SYNT0632
X *V1*(AR(J)/DHI IGyJ) ) **2 SYNT0633

IF (IG.EQ.2) GO TO 72 SYNTG634

T{Is1)=(SR2(IG¢J)-SR3I{IG»J)—3.*SR4{IGyJ)+5.%SR5{1G4J) SYNT0635
X  —2.%SR6{1GyJ))*HRIJI/ (PHT{2,J)*PC(1,J)%DH(2,J)) SYNT 0636

TiI92)5(-SR3{I6G 9 J)+3.*¥SR4{1GyJ)-3.%SR5{1G,J)+SR611G,J)) SYNTQ637
X *HR(J)*%2/ (PHT(2,3)%P0O(14J)*DH(2,J) *D0(1,J)) SYNT0638

T(I43)=(SR4(IGyJ)—2%¥SR5(IGyJ)+SR6(1GyJ)) SYNT0639
X *HR(J)**Z/(?H?(Z,J)*PH(lyJ)*DH(Z,J)*DH(lgd)) SYNT0640

FT(Isly 3)=(KD2(IGyJ)=KD3{IGyJ)=3.%KD4(IGyJ)#+5.%KD5(1GyJ) SYNT0641
X —2e%KD6L1G9J))*HRUJI/(PHT(2:,J)%PC{1,J)%DH(2,J)) SYNT0642

FT{Is42y 3)=(~KD3{IGyJ)+3.%KD4{IG,J)-3.*KDS{IGyJ)+KD6(1G,J)) SYNT0643
X *HR{J) X2/ (PHT(2,J)*P0{1+J)%*DH(2,J)%*D0(1,J)) SYNT 0644

FTiI+3y 3)5(KD4(IGyJ)=2.%KDS{IG,J)+KD6(1G,J)) SYNT 0645
X EHR{J)*% 2/ (PHT(2,J)*%PHI 1 +J)*DH{2,J) ¥DHI 1,J)) SYNT 0646

FTllsle 43=1KC2(IG3J)=KC3(IG1J)=3.*KC4(IGyJ)+5.*KC5({1Gyd) SYNTO&47
X =2.%KCO6{IGoJ))*HR(J)/Z{PHT(1,J)%PC(2,J)%DHI(1,J)) SYNT 06438
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73

14

FTiI 929 4)={—-KC3{IGsJ)+3.%KCa{IGyJ)=3.*KCS5(1G,J)+KC6(IGsJ))
X *HR(JY X2/ (PHT{1,J)%PO( 24, J)%DH{1,J)*D0OL2,J))

FTUI43s 4)5{KCAUIGyJ)-2.%KC5{IGyJ)+KCOH(IGyJ))

X ¥HRIJI* %2/ (PHT( 1 J)*PH( 2 9J)*DH{1,J)*DH(2,4))
CONTINUE
FIX JP THE LAST TWO COLUMNS TO MATCH G(K+1) (NOT F(K+1)):

[ 1=2%KR-2

12=11+1

DG 73 16=iq:2

DO 73 1I=11,12

LTU{I+5:16)=5LTI1+6,1G)

FTUI1:5+1G)=FTII 96,1G)

IF {iG.EQ.2) GO TO 73

Tl15)=TiI46)

FT(l9e59 3)=FTUIL 46, 3)

FT{l45, 4)5FT{1,6, 4)

CONTINUE

GO T0 80

ZEROD CURRENT COEFFICIENTS ON THE RIGHT:

DO 62 16=1e2

V=1e/(PHTLIGyK)*¥POL1IG,K))

V1=1/(P4T(1GyKI*PH(IGyK))

LTI 215 I6)3(3.%KA2{IGyK)—2.*KA3(IGyK)}=F.¥KAL(IGsK)+12.%¥KA5(16,K)
X ~4FKAGLIGeK )= {3 ¥LA2{ I 9sK)=2. %L 23{ IGsK)—9.*¥LA4(IG,K)+12.%*

X LAS(leK)*ﬁé*th(chKl)*(6.*P1(IGvK)—6.*?2(IG'K)-IB.*P3(IGaK)
X +30. %P 41 169K)=12.%P5(I6sK) )=(18.*Q3{IGsK)}—30.*%¥Q4(IG,K)+12.%
X Q{IGIKII—{36.%R2IIG,KI—T2.*RI{ICyK)436.*%R4{IGs,K}))*V

LT{I92916)0=2{-3e*KA3{IGyKI*+8 *KAG{IG9sK)=T.*KAS(IG,K)+2.2KAH(IG,K)
X ~{=3%LA3LIGC oK) #B*¥LAG IG oK) =T *LAS{IGyK) 42 . XLAK(IG 1K) ) —(—6,.%
X P2(IGsK)+18e*¥PI3(IGyK) =18 %P4 {IGyK)+6.%P5(IG oK) )—(3.%Q2(IG,4K)
X =14 *U3LIG K )+ 1T *QelIG s K)=6.%05{ 16 9K) )~{6.*R1{IG,K)—-30,.%

X R2U1G9K)#42. *RI{LIGK)—18 . ¥R4{IG,K) ) ) *VEHR(K) /DO{IG4K)

LT(I 939161 ={9%KAG{IGsK) =12 «¥KAS{IG K} +4.%¥KAG{IGyK)—(9.%LA4{ IG,K)
X —12e%¥LAS IO K) 44 *LAGIIG oK) ) —{18.*P3{IGyK)—30.*P4(IG,K)#12.%
X P5(IGsK) I+ 18*Q3UIGK)=30.*%¥Q4(ICyK)+12.*%Q5(1GyK))

X +36¥R2(UIGsK)I=T2*R3LIG ¢ K)+36.%¥R4{IG4K))*V]1 +CHUIG)/PH{IG,KR)

SYNT0649
SYNT0650
SYNT0651
SYNT0652
SYNT0653
SYNT0654
SYNT0655
SYNT0656
SYNT0657
SYNT0658
SYNT0659
SYNT0660
SYNT0661
SYNT0662
SYNT0663
SYNT0664
SYNT0665
SYNT0666
SYNT0667
SYNT0663
SYNT0669
SYNT06T0
SYNTO0671
SYNT0672
SYNT0673
SYNT0674
SYNT 0675
SYNT0676
SYNT0677
SYNT0678
SYNT0679
SYNT0680
SYNT0681
SYNT0682
SYNT0683
SYNT0684
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FT{Is1lsI6)={3.%KB2{IGyK)=2+*KB3(IGyK)-G.*KB4{IG4K)+12.*%KB5(1G,K)
X  —4.*%KBS5(1GsK))*V
FT(192916)={=3c*KB3{IGyK)#8*KB4{IG K)=T.%¥KB5{I1GyK)+2.%KB6{IG4K))
X  ®=VEHR(K)IZD0( IG4K)
FTlI193:16)2{9e*KB4IIG,K)—12*KBS{IGyK)+4.*%KB6{1GyK))I*V1
IF (I6.EQ.2) GO TO 62
TUI51)=(3.%SR2LIGyK)—2.%SR3(IG,K)-9.*SR4(IGyK)+12.*SR5(1G+K)
X —4.%¥SR6(IGyK)I/IPHTI2,K) *P0O(1,K))
TUI52)=(-3.%SR3{IG,K)+3.%SR4(IG,K)—T.*SRS(IG4K)+2.*SR6{1G,K))
X *HRIKIZUPHTL124K)*PO(1,K)*D0(1,K))
T(I43)={9.*SR4{IGyK)—12.%3R5{IGyK)+4.%*SR6{IG,K) )
X /{PHT{2yK)*¥PH(1,K))
FTligly 3)5(3.*¥KD2(IGsK)=2.*KD3{IG,K)-9.*KD4{ IGyK)+12.*%KD5(I1G+K)
X  =4.%KD6(IGyK))I/IPHT(2,K)*P0O(1,K))
FT(I92s 3)={-3.%KC3(IGyK)+8.#KD4(IG4K)=T.*KDS5(1GyK)+2.*KD6(1GyK))
X *HR{K)/Z{PHT{24K)*PO(1,K)*DC(1,K))
FTUI 93y 3)5(9.%KD4(IGyK)—=12¥KD5({1G oK) +4.%KDO(IG4K))
X J{PHT(2,K)*¥PH{1,K))
FTllels 41={3e%KC2{IGyK)=2%KC3{IG,K)—S*KCAH(IGyK)+12.%KC5{1G,4K)
X —4o%KC6{IGoK) )/ (PHT(1,K) *PO(2,K))
FTUIs2y 4)3(=3.%KC3{IGyK)+8*KC4L{IG,K)-T*KC5(I6GyK)+2. *KC6(1G,K) )
X *HR(K)/(PH?(I,K)*PU(Z.K)*DO!ZyK))
FTUI1s3y 4)=(9.%KCA(IG,K)—12*KCS5{IG oK) +4.*KCO(IGyK))
X  J(PHT(1lsK)®PH(2,K))
62 CONTINUE ‘
80 CONTINUE
INCLUDE THETA AND PHI (PHI = —1) IN THE MATRIX FORMATIONS:
THE ABOUOVE EQUATIONS ARE CERIVED USING PHI = -1.
PHIPHI=+1.00D0
IF (THETANE<l1.0) CALL MATFIX{THETA,PHIPHI)
TO PRINT OUT THE /B3/ MATRICES:
IF (ISEE.GE.2) CALL PRTOUT(2)
RETURN
END

SYNT0685
SYNT 0686
SYNT0687
SYNT0688
SYNT 0689
SYNT 0690
SYNTQ691
SYNT 0692
SYNT Q693
SYNT0694
SYNT 0695
SYNT0696
SYNT 0697
SYNT 0698
SYNT0699
SYNTO700
SYNTQ701
SYNTO0702
SYNT(0703
SYNTO704
SYNTO705
SYNTOQ706
SYNTO707
SYNTOQ708
SYNTQ709
SYNTO710
SYNTO711
SYNTO712
SYNTO713
SYNTO714
SYNTO715
SYNTO716
SYNTO717
SYNTO718
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101
102
103
104
105
106
107
110

SUBROUTINE ERROR(I,4)

ANN
60 10
WRITE
60 TO
WRITE
GO 710
WRITE
GO 70
WRITE
6O 710
WRITE
G0 T0
WRITE
GO TO

OUNCES INPUT ERRORS AND TERMINATES PROGRAM EXECUTION:
{1029334:596579859)51
{65101)

10

(6,102) J

10

{6,103) J

10

{69104) J

10

(69105) J

10

{6,1006) J

10

CONT INUE
CONTINUE

CONTIN
HWRITE

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

UE
(6+110)

A*1MUST HAVE > 2 SUBREGICNS FOR ZERO FLUX BeCeSe. INVALID.')

(*INUMBER OF SUBREGICNS =%,I3,* > 25. INVALID.')
(*1SUBREGION NUMBER® 4134' HAS > 100 SECTIONS. INVALID.')
(*LINPUT ERROR IN REGICN SEQUENCING AT REGION',I5,'.%)
(*14(1) = 0o IN REGICN T ="91I3,"'. INVALID."')

(*1THE TOLERANCE: EPS',I1,' IS < l.0E-16. [INVALID.')

(* 1BOUNDRY CONDITION COPTICN =9,12,* < 1 OR > 4. INVALID.')
{1HO0, "PROBLEM TERMINATED.')

CALL EXIT

RETURN
END

ERRO0001
ERRO0002
ERRO0003
ERRO0Q04
ERROO005
ERROQ006
ERRO00O07
ERROQ008
ERROO009
ERRO0010
ERROOO11
ERROQ012
ERR0O0O013
ERROOO14
ERRO0015
ERROOO16
ERROO0017
ERRO0QO18
ERROO019
ERR0O0029
ERRO0021
ERROQ022
ERRO0023
ERRO0024
ERROQ0025
ERRO0026
ERROQ0027
ERR0OQ028
ERRO0029
ERRO0030
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SUBROUTINE REPEAT(K,L)

SETS THE /B5/ ARRAYS (K) EQUAL TO PAST STORED ARRAYS (L):
IMPLICIT REAL*8 (A-Z)

COMMON /B5/

KAOL2925) 9KAL(2925) yKA212925)4KA3(2,25)4KASG(24925)9KAS5(2,25),
KA6(2925) 9KBO0(2525)sKBLI2+25)+KB2(2425),KB3{2,25)yKB4(2,25),
KB5(2925) 9KB6(2425)9LA012425)9LA1(2,25),LA2(2,25),LA3(2,25),
LA4(2:25)9sLAS(2,25),LAG12,25),P0(2,25) 4PL1(2,25) ,P2(2,25) ,
P3(2425) sP412425) 4P5(2925) 2P6(2425) +Q0(2,25) ,Q1(2,25) »
Q202:25) .3Q3102+25) 3Q4124+25) 4Q5(2+25) 5Q6(2,25) ,R0(2,25)
R1(2+25) 4R212425) sR3{24+25) »R4(2,25) 4SRO(1,25),SR1{1+25),
SR2{1925) ¢SR3(1925)9ySR4{1925)sSR5({1,25),SR6(1,25),KC0(1,25),
KCL{1925)9KC2014925)4KC3{ 1925),KC4(1,25),KC5{1,25),KC6{1,25),
KDD(I:ZS).KQI(I,ZS).KDZ(1,25),K03(1,25).K04{1'25),K0511,25).

KD6(1425),

PO(2525) +PH12,25) ,POT(2425),PHT(2,25),D0(2,25)
COMMON 7 XAXIS/ HX,HR(25)

INTEGER KybL oG
HR{K)=HR({L)
HX=HX+HR{K)

DO 10 G=1,2
KAO‘G,K)=KAO‘G'L)
KAL(GyK)I=KAL(G,L)
KA2{GsK)=KA2{Gy L)
KA3(GK)=KA3(G, L)
KA4‘G,K)$KA4‘GpL,
KAS(GK)I=KA5({GyL}
KAG6{GsK)=KA6(G,L)
KBO{GsKI=KBO(GsL)
KBI(G'K1=KBI‘QyL’
KB2{GsK)}=KB2(G, L)
KB3(6sK)=KB3(GyL)
KB4{Go+K)=KB41{G,L)
KB5{GsK)=KB5(G,sL)
KB6{G2K)=KB6(Gy L)
LAO(G+K)=LAO{G,L)

#DH{2,25)

REPEQOOL
REPEQOO2
REPEQGOO3
REPEOCO4
REPEOOOS
REPEQO06
REPEQOO7
REPEOOOS
REPEQ0D9
REPEOO10
REPEQOO11
REPEQO12
REPEOO13
REPEQO14
REPEOO1S
REPEOO1l6
REPEQOL7
REPEQOO138
REPEOO19
REPEDO20
REPEOO21
REPEDQ22
REPEOO023
REPEQO24
REPEOD25
REPEQO26
REPEQO27
REPEOOZ28
REPEODO29
REPEOO3D
REPEQO31
REPEOO32
REPEOD33
REPEQO34
REPEOO35
REPEDO36
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LALlbLsK)=LAL(G,L)
LA2{G,K)=LA2(G,L)
LA3(GsK)=LA3(G,yL)
LA4{GyK)=LA4IG,yL)
LAS{GsK)=LA5(GyL)
LABLIG,K)=LABIG,L)
PO{G+KI=PO(GyL)
PlLIGsKI=P1(G,sL)
P2{G4K)=P2(GoL)
P3(6,KI=P3(G,yL)
PalGeKI=P4LG,L)
P5({6GsK)=P5(G,sL)
P6(GsK)I=POIG,L)
QO{GsK)=Q0(G,L)
Ql{GsKI=QL(G,L)
Q2{69K)=Q216,4L)
Q3(62KI=Q3(GyL)
Q4(G,K)=Q4lG,yL)
QB(G:KJ=Q5(G,L)
Q6{G4K)=Q61(G,yL)
RO(G+K)I=ROLG,L)
R1{GsK)=R1iG,L)2
R2{G4KI=R2{GyL)
R3(GsK}=R3{GL)
R4 (GsK)=R4(GysL)

IF (GeEQe2). GO TO 5

SRO(GsKI=SRO(GyL)
SR1{6GsK)=SR1{G,L)
SR2{GK)=SR2(G,s L)
SR3{64K)}=SR3(G,sL)
SR4(GsK)=SR4(G,L)
SR5{G¢K)=SR5(G, L)
SR6{GyK)}=S5R6{G,yL)
KCO{GaK)=KCOLG,L)
KC1{GsK)}=KCL1{(G,L)
KC2{GsK)}=KL2(G, L)

REPEQO37
REPEOO38
REPEDO39
REPEOO40
REPEQOO41
REPEDO42
REPEQO43
REPEQO44
REPEQO4S
REPEQD46
REPEQO47
REPEQO48
REPEQO49
REPEOO50
REPEOOS1
REPEDO52
REPEOO53
REPEOOS4
REPEOQO55
REPEQOS6
REPEOOS57
REPEQOS58
REPEQOQO59
REPEQO060
REPEOOG6L
REPEDO62
REPEQO63
REPEQO64
REPEOO65
REPEQO66
REPEQOOS7
REPEQO68
REPEQD69
REPECO70
REPEQOO71
REPEQOT2
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KC3{6KI=KC3(G,L)
KC4{GsKI=KL4I(G,L)
KC5(GsKI=KC5(Gy L)
KC6{G4K)=KC6{G,yL)
KDO{G+K)I=KDO(G,L)
KD1{GKI=KD1LIG,L)
KD2(6GsKI=KD2{GyL)
KD3({GoK)I=KD3({G,L)
KD4{G,K)=KD4(G, L)
KD5{6¢+K)}=KD5{G,y L)
KDO6{ L KI=KDO6LIG, L)
CONTINUE
PO(G,KI=PO(G,L)
POT(GKI=PUTIG,L)
PH{GsK)I=PHIG,yL)
PHTLGsK)=PHT (G, L)
DO(GsK)=DO(G,L)
DHIG ¢ K)=DHI{G,L)
CONTINUE

RETURN

END

REPEDOT3
REPEQO74
REPEQO75
REPEQOT6
REPEQOT7
REPEQO78
REPEQO79
REPEQQGS8O
REPEQOS81
REPEQ0Q82
REPEOOSB3
REPEQO84
REPE0QO085
REPEOQO86
REPEQOO8B7
REPEQO8S8
REPEQO89
REPEQ09D
REPEODO91
REPEQ092
REPEQO93
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SUBROUTINE BHSET(K) BHSEOOOL

SETS uUP THE /BH/ ARRAYS FOR GIF: BHSEO0002
IMPLICIT REAL*¥8 (A-H,L-2) BHSEQJ003
COMMON /8H/ X(101), H(101), Z(101) BHSEO004
DO 1 1I=1,K BHSEQO0O05
Z(I)=X(1)-=-X{1) BHSEOO0O06
RETURN - BHSEQOO7
END BHSEQ008
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DOUBLE PRECISION FUNCTION GIF{NyG14F+G2+CyGsKsITC)
* [IDENTICAL TO SUBROUTINE €EIF PREVICUSLY LISTED IN PROGRAM LINEAR.

RETURN
END

GIF 0001
GIF 0002
GIF 0003
GIF 0004
GIF 0005
GIF 0006
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DOUBLE PRECISION FUNCTION FACT(N) FACTO001

COMPUTES N FACTORIAL: FACTO0002
FACT=1.000 FACTO0003
IF (NeLE.1l) RETURN ‘ FACTO00204
DO 1 1I=2,N FACT0005
FACT=FACT*DFLOAT(I) FACT 0006
RETURN FACTO007
END FACTC008
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SUBRUUTINE MATFIX(THEATA,PHI)

MODIFYS THE MATRIX ELEMENTS OF THE /B3/ MATRICES BY THEATA AND PHI.
PROPER CHOICE OF THEATA PROVIDES EASIER INVERSION OF THE MATRICES.

MATRIX SOLUTION SHOULD BE INDEPENDENT CF PHI.

USE OF PHI > O RESULTS IN POSITIVE CEFINITE MATRICES.

COMMUN /B1/ IBC
COMMON /B2/ KR,NN
COMMON /7B3/7 A(5046,7)
REAL%®B A, THEATAPHI ¢XsY 1
NO=NN-1
DO 10 L=1,7
DO 5 1=2,N0O
X=THEATA
Y=1.0D0
IF {(MOD(1,2).EQ.0) GO TO 1
X=THEATA*PHI
Y=PHI
DO 2 M=2906,92
A{IsMsL)=X%ALI5 ML)
DO 3 N=l,592
AlTIsMeL i=Y*A(I 9 MyL)
CONTINUE

BUUNDARY CONDITION EQUATICGNS:
X=1.000
¥=1.0D0
Z=THEATA .
IF {IBC.6T.2) GO TO 6
X=THEATA*PHI
Y=PHI
=X
Ally4sL)=X%A(1y 44L)
Ally5e0L)=Y%A({ 1y 54L)
Alls6,L)=L%Al1,6,4L)
X=1.0D0
Y=THEATA
i=X

HOWEVER:

MATF0001
MATF0002
MATF0003
MATF0O004
MATFQ0O005
MATF0006
MATFO0007
MATFO0008
MATF0009
MATFO0O010
MATFOO011
MATF0O012
MATFOO13
MATFOO1l4
MATFOO15
MATFOO16
MATF0OO17
MATFQO18
MATFDO019
MATF0020
MATF0021
MATF 0022
MATF0023
MATF002%
MATF0025
MATF 0026
MATFO027
MATFO0028
MATFO0029
MATF0030
MATFO0031
MATF0032
MATFO0033
MATF0034
MATF0035
MATF 0036
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IF (IBC.EQe2.0R.IBC.EQ.4) GO TO 7
X=PHI

Y=THEATA*PHI -

=Y

A(NNys LsL)=X*¥A(NNsl,L)
A(NN92,L)=Y*A(NNy2,L)
A(NNy3,L)=2%A(NNy3,L)

CONTINUE

RETURN

END

MATF0037
MATF0038
MATFO0039
MATF Q040
MATF0041
MATF0042
MATF0043
MATF0044
MATF0045
MATF Q046
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DB MK DX XK XK XK I X ¥ X

1001

11
X

21
X

SUBRUUTINE PRTICQUTLIP)
IP = 1 PRINTS OUT THE /B5/ ARRAYS USED IN MATRIX FORMATICNS.
IP = 2 PRINTS OUT THE /7837 MATRICES GIVEN TO POWER.

IMPLICIT REAL%*¥8 (A—H,K-2)

COMMON /B2/ KR, N

CUMMON /B37 L1{5046)y L2{504+6)y F1(50,6), F4(5046)y F3({50,6),

F20(5096), T(50,6)

COMMON /B5/
KAOL 2925) 1KA1(2425) 3KA212+25)3KA3{2,25) yKA4(2,25)9KA5(2,25),
KA6(2325) 4KBOU2925)9yKB112+25)9KB2{2,25),KB3{2,25)+KB4(2,25),
KB5(2:25) sKB6{2925) LA 2425)sLA1(2+925):sLA2(2,25)5LA3(2,25),
LA4(2425) 3LAS12+925),LA6(2,25)4PC(2,25) 4,PL(2,25) ,P2{2,425) »
P3(2425) +P4(2,25) ,P5(2,25) ,P6(2,25) ,Q0(2,25) ,Q1(2,25) ,
Q2(2925) 9Q3(2425) ,Q4(2+25) ,Q5(2,425) 4Q6(2,25) ,R0{2+25) »
R1l2525) sR2(2525) yR3(2+25) +R4(2,25) 4SRO(1,25),SR1(1,+25),
SR211925)9SR3(1,25),5R4(1+,25),5R5(1,25),SR6(1,25),KC0(1,25),
KCLl{1925) sKC2({1925)yKC3(1925),KC4(1425),KC5(1,25),KCH(1,25),
KDO(1,25)sKD1(17,25),KD2(1,25),KD3(1,25),KD4(1,25),KD5({1,25),
KD6(14251),
POl2925) sPH(2925) yPOT(2425)4PHT7(2+25),00(2,25) ,DH{2,25)

COMMUN /XAXIS/ HX,HR{25)

INTEGER KRy Gs Ny K

60 TO 11001,1i002),y IP
KA'S:

WRITE (6510)

DO 11 6=1,2

WRITE (65100) (GoKyKADIG oK) sKALIGyK)sKA2{GsK) KA (5K} KAL{GyK ),
KAS(G9K) s KAGIGsK) s K=1,KR)
KB*S:

WRITE (6,20)

DO 241 ©6G=1,2

WRITE (65100) (GyKyKBO{GsK) +KBLIGsK)sKB2{GyK)yKB3{GyK),KB4(GyK]),
KB5( 652 K) s KBO (G oK) 3K=14KR)
KC?®*S:

WRITE (6422)

G=1

PRTO0001
PRT0O0Q02
PRTO0003
PRTO0004
PRT00005
PRTO0006
PRT0O0007
PRTD0008
PRTOQ0009
PRTO0010
PRTO0011
PRTO0012
PRTO0013
PRTO0014
PRT0O0015
PRT00016
PRTO0017
PRTO0018
PRT00019
PRT00020
PRT0O0021
PRT0OQ022
PRTO0023
PRT00024
PRTO0025
PRT00026
PRT00027
PRTD0028
PRT00029
PRTO0030
PRTD0031
PRTO0032
PRTO0033
PRT00034
PRT0O0035
PRTO0036
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23 WRITE (65100) (GoyKeKCO(G9K) oKC1{GsK)sKC2(GyK) o KC3{GyK)9KC4(GyK]),
X KC5{GeK) s KCOHLG oK) 9K=1,KR )
KD®S:
WRITE (6,24)
G=1
25 WRITE (64100) (GeKoKDOIGsK) yKDL{GC+K)yKD2{GyK)yKD3{G,K)KD4(GyK]),
X KUS(GeK) o KD6 (G 9K) sK=1,KR)
LA'S:
WRITE (64530)
DO 31 G6=1.2
31 WRITE (65100) (GeKsLAOLIGK) 9LAL(GyK)oLA2(G,K)yLA3(GyK)9LASG{G,4K),
X LASIGsK) LA6 (G 9K) yK=1 KR}
SR*S:
WRITE (6940}
G=1
41 WRITE (69100) (GeKsSRO(GsK) ySR1I(GK) 9SR2{GyK)9ySR3{GyK)SR4(G,yK),
X SR5{GsK)} ySRO (G ¢K) sK=1,KR)
PeS:
WRITE (6450)
DO 51 0G6=142
51 WRITE (69100) (GsKePO{GyK) s PL{GyK)yP2{GyK)sP3(GsK)P4(G+K),
X P5(GsK) s P6{59K) sK=1,KR)
Q*'S:
WRITE (6,60)
DO 61 G=1l,2
61 WRITE (65,100) (GysKsQ0(59K)»Q1(G+K),Q2(G+K)9Q3{GsK)Q4(G,yK),
X Q5{6GsK) Q66 sK)sK=1,KR)
R¢S:
WRITE (6570)
DO 71 G=1,2

71 WRITE (64101) (GeKyRO{GyK) sy R1I(GsK) sR2(G9K)9R3(GyK)yR4{G+K)K=145KR)

BOUNDARY VALUES:
WRITE (6,80) .
DO 81 G=1,2
81 WRITE (69100) (GyKePOUlGsK) 9 PHI(GyK)»POTIGyK)yPHTIGyK) 3D0(GyK)y
X DHUGsK) s HRIK) 9K=1,KR)

PRT00037
PRTO0038
PRT0O0039
PRTO0040
PRT00041
PRT00042
PRT00043
PRT00044
PRT0O0045
PRT00046
PRT00047
PRT0O0048
PRTO0049
PRTO0050
PRTO0051
PRT00052
PRTO0053
PRTO0054
PRTO0055
PRTO0056
PRTO0057
PRT00058
PRTO0059
PRTO0060
PRTO0061
PRT00062
PRTOO0063
PRTO0064
PRTO0065
PRT39D966
PRTO0067
PRT0O0068
PRT00069
PRTO0070
PRTO0071
PRT00072
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RETURN

1002 HWRITE (6,901

WRITE (69110) ((L1(IyJ)9d=14+€)91=14N)
WRITE (6491)
WRITE (69110) ((L2(I4J)sd=1+86)41I=14N)
WRITE (6,921
WRITE (65110) ((FL{I5Jd)9J=196)91I=1,4N)
WRITE (6,5,93)
WRITE (69110) ((F2{I4J)9J=1+6)91=1,N)
WRITE (61941}
WRITE (69110) ((F3(I9J)sJ=1496)yI=14N)
WRITE (6,95)
WRITE (69110) ((F4lIeJ)sd=1496)y1I=14N)
WRITE (6,96)
WRITE (691100 ({ TiIsd)sd=14+6)9I=1yN)
10 FORMAT ("1 G 94Xy 'Ky TXs " KAO(GsK) * 3T X5 *KALIG 4 K) "y TXy"KA2(G4K)?,
X TXs'KAB(GoK) ' o TXy?KAGL{G s K) ' 3 TXy *KAS(GsK) "3 TX 9" KAG(G9K) ", /)
20 FORMAT (1 G 94X 'K ; TXs* KBO(G oK) * 37X, 'KBL{G,K)}?, TX,*'KB2(G,K)?*,
X TXe'KB3UG oK) "9 TX 9" KB4(G 1K)y TXy"KBS{G9K) "3 TX 2 *KB6(GsK) "y /)
22 FORMAT ('1 G 94Xy 'Ky 7TXs* KCO(GsK) * 9T X9 ' KCLIG oK) "y TX4"KC2(GyK)*,
X TXs'KC3(GsKI g TX9'KCA(G KDy TX " KCSUG oK) * 9 TX 9y KCOH(G4K) 'y /)
24 FORMAT (1 G® 94Xy 'K, 7Xy* KDOUG sK) *9 T Xy *KOL{G oK)y TXs*KD2(G4K)?®,
X TXe'KD3UG oK) * 9 TX ' KD4(G oK)y TX,"KD5(GsK) 'y TX ' KD6{GyK)*y/)
30 FORMAT (*1 G 94Xy ' K¥'yTXs " LAO(G KD * T X9 *LAL(G»K) ' 9 TX 5" LA2(G,K)?,
X TXoP LAB(GaK)* 9 TX o' LAG(GoK) 'y TXg "LAS(G9K)* 3 TXs'LAG(G4K) *»/)
40 FORMAT (*1 G? 94X 'K?* 37X, ? SRO(GsK)*y7TXy*SRLIG+K) " ,TXs*SR2(GyK)?",
X TXs*SR3IGIKI ¥y TXy*SRELG s KIT 9 TXs " SRSLG oK) "9 TX 9" SR6{GyK) /)
50 FORMAT ('i G 94X 9 K?y8Xe *PO(G,K)* 48X, *PLIG,K)",8X,*P2(GyK) ", 8X,
X "P3(GaK)® 8X9'P4lGIK) 'y BXy*"P5{GsK)"*48X,y*'PEIG,4K)*,/)
60 FORMAT (*1 G* 24Xy "K', 8X, *QO{G4K) * 88Xy "Q1IGK)*y8X,"Q2(G4+K)*,8X,
X TQ3{GsKI* 38X 9% Q4G oK) " 38X9*Q5(GK)? 48Xy *'Q6(GsK)?"y/)
70 FORMAT (*'1 G? 94X9 'Ky 8Xy) *RO(G+K)? 38Xy *RLIGHK) *y8Xs*R2(G,4K)*,8X,
X "R3I(GoKI" 38X 9" R4(GyKI*, /)

80 FORMAT (°*1 G? 94X 9 'K, 8Xy " PC(G oK) ? 38X s "PHIGsK) 'y 7TXy*POT{G+K)*yTXy

X SPHT(G 9K )" 98X9"DO{GIK)* y 8Xe"DHIG 9yK) * 910Xy *HR(K)}?* /)
100 FORMAT (215,7D15.7)

PRTO0073
PRT00074
PRTO0075
PRTO0076
PRTO0077
PRTO0C78
PRTO0079
PRT00080
PRTO0081
PRT00082
PRT00083
PRTOD0084
PRTO0085
PRTO0086
PRTO0087
PRTO0088
PRTOO0089
PRTO0090
PRTO0091
PRTO0092
PRTO0093
PRT00094
PRTO0095
PRTO0096
PRTOQCO97
PRTOCO98
PRT00099
PRT00109
PRTOO0101
PRT00102
PRTO0103
PRT00104
PRTO0105
PRTOO106
PRTO0107
PRT00108
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101
90
91
92
93
94
95
96

110

FORMAT
FORMAT

FORMAT
FORMAT

FORMAT
FORMAT

FORMAT
FORMAT
FORMAT
RETURN
END

{215,5D15.

(* IMATRIX

(*IMATRIX
(* IMATRIX

(* IMATRIX

A *IMATRIX

(* 1MATRIX

T)

L1s*,/7)
L2:%,7)
Fl:%',/7)
F2:3%,/7)
F3:2%,/)
F43%,/)

(*1IMATRIX T:3%',/)

(6D20.10)

PRTOO109
PRTOO0110
PRTOO111
PRTOO112
PRTOO113
PRTOO114
PRTOO115
PRTOO116
PRTOO117
PRTOO0118
PRTOOL19
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X

SUBROUTINE POUWER
SOLVES THE 2%N MULTIGROUP EQUATICNS:
BY THE FISSION SOURCE POWER METHCD
USING SIMULTANEOUS OVERRELAXATICN.
WHERE: M AND F ARE DOUBLE PRECISION 2N BY 2N BLOCK MATRICESS
AND: PHI IS THE 2N FLUX (FAST AND THERMAL) VECTCR.
L1*PHI1 = CHIL*(F1*PHI1 + F2%PHI2)
~T#PHI1 + LZ2*PHI2 = CHI2*(F3*%PHI1 + F4*PHI2)
METHOD FOLLOWS WACHPRESS, PAGE 83. SOLUTION BY GROUP ITERATION.
IMPLICIT REAL%8 (A—H,L-Z1)
COMMUN /B1l/ IBC.IPLOT.JPLOT,IPUNCH, ISEE
COMMON /7B2/ KReN
COMMON /837 L1(5046)9L2(5056)9F1(50+6)F4(50,6),F3(5046)4F2(50,6),
T(5046)
COMMUN /B4/ PHIl2,52), PSIL2,52), LAMDA, ICOUT
COMMON /B5/ S152), ERRUR(2452)y Z2(52)y G{5046), GT(50)
COMMUN 786/ TEL(245)TE2(245),TE3(5),IN(5)
COMMUN /CHIF/ CHI(2)
COMMON /XAXIS/ HX,HR(25) .
COMMON /ER/ EPS1,EPS2,EPS3
COMMUN /FSTR/ PHISTR{2,26,6)
COMMON /ESTR/ LAMSTR(300)y EFSTR(2,300), EFMSTR(2,300), ERLAM{(300)
COMMON /TRJUE/ TRULAM, TRUPHI(2,52), PHICON(2,300), LAMCON(300),IFT
DIMENSION PSI1(52), PSI2(52), SQ(2), DPHI(2), ERRMAX(2)
INTEGER Ny NN
DEFAULT OPTICNS FOR THE TRUE EIGENVALUE AND FLUX-CURRENT VECTOR:
TRULAM=1.0
DO 5 16G=1y2
DO 4 I=14N
TRUPHI(IG,1)=1.0
IF (MOD(I,2).EQ.1)
CONTINUE
IF (iBL.ERQ.1)
IF {IBC.EW.4)

M*PHI = (1/LAMDA)*F*PH]

TRUPHI(1G,1)=0.0

TRUPHI{(IGyN)=0.0
TRUPHI(IGy1)=1.0

5 CONTINUE

DEFAULT OPTIONS FOR PUAER PARAMETERS:

POWEOOOL
POWEQO002
POWEOOO3
POWEQOO4
POWEOOQOS5
POWEOQOO6
POWEOOO7
POWEQQOS
POWEOOO9
POWEOOL1D
POWEOOL1
POWEOO12
POWEOO13
POWEQO1l4
POWEOO15
POWEQO16
POWEOO17
POWEOO18
POWEOO19
POWEQO20
POWEOO21
POWEQO022
POWEQO23
POWEOQO24
POWEOQO025
POWEQ026
POWEQO27
POWEQO28
POWEQO29
POWEQO30
POWEQO31
POWEOO32
POWEOO33
POWEQO34
POWEOQO035
POWEOQO36
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OO0

ALPHA=1.25 POWEOQOO37

LAMDA=1.0 POWEQO38

DO 555 16=1,2 POWEQJ039

IF (IBC.NE.4) GO TO 551 POWEOO040

DO 550 I=1,4N POWEDO041
PHI(IGs1)=1.0 POWEDO42

IF (MOD(I52)eEQ-1) PHI(IG,1)=0.0 . POWEDOO43

550 CONTINUE : POWE Q044
PHI(IG,y1)=1.0 POWEQO45

GO TO 555 POWEQO46

551 X=3.1415926/HX POWEOO47
IF (IBC.NEel) X=X/2.0 POWEQO48
PHI{1IGy1)=-X ' POWEDD49
SUM1=0.0 POWEOQOS50

DO 552 K=2,KR POWEQOS51
I=2%K=-2 POWEQ052
J=I+1 . POWEOQO053
SUM1=SUMi+HR{K-1) POWEQO54
PHI(IG,1)=DSINCSUML*X) ' POWEDOS55

552 PHIL1G,J)=-X%¥DCOS(SUM1*X) POWEQOb55
PHI{IGyNI=1.0 POWEDOS57

IF (IBC.EQ.1) PHIUIG,yNI=X POWEQOS58

555 CONTINUE , POWEOQO59
READ IN THE TRUE (EXPECTED) EIGENVALUE AND FLUX VECTOR (MINUS 0 BC'S): POWEO060

IFT=0 POWEOOG61
READ (595009END=501) TRULAM,s (TRUPHI(1l41)4I=14N) POWEQQ62
READ (5,503,END=501) (TRUPHI(241),1I=14N) POWEQO63
IFT=1 POWEQO64

500 FORMAT (E25.14%9/+(4E20.10)) POWE 0065
READ IN: OVERRELAXATION PARAMETERS 3 ALPHA (OUTER ITERATION) POWEQOQ6S
INITIAL GUESS AT EIGENVALUE; LAMDA POWEQO6T

INITIAL NORMALIZEC FLUX 3 PHI(1-N) POWEQJ068

501 READ (5,506,ENU=510) ALPHA POWE 0069
READ (54502,END=510) LAMDA POWECQOTO
READ (5,503) (PHI(1,1),I=1,N) POWEOO71
READ (54503) {(PHI(2,1),1I=1,N) POWEQOQO72
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506
502
503

FORMAT (F10.5)
FORMAT (E25.14)
FORMAT ((4E20.10))

510 CONTINUE

10

11

100

STORING FUR PRINTING THE MULTIGRCUP FLUX SHAPE.
K=0
IF (IBC.EQ.4)  K=1
DO 11 1IG=142
DO 10 I=1,.KR
I1I=1+K
PHISTRUIGeI1+2)=PHILIG,2%])
IF (IBC.EQa4) PHISTRUIGy192)=PHI(IGy1)
FILL RUNNING COORD IN PHISTR
KR1=KR+1
DO 11 1I=14KR1
PHISTR{1Gs151)=DFLOAT(I)
IK IS THE FLUX PLOTTING COCUNTER.
IK=1
STURES THE 1TERATION NUMBER FOR FLUX HISTORY PLOTTING:
IN(1)=0
STORES TEMPORARY ERRURS FOR FLUX HISTORY PLOTTING:
TEL(1,1)=0.
TE1(Z2,1)=0.
TE2(1ls1)=0.
TE2(241)=0.
TE3(1)=0.0
EIGENVALUE OF THE PREVIOUS ITERATION:
LAMB4=LAMDA
THE MAXIMUM NUMBER OF ALLOWED ITERATIONS: ICMAX
ICMAX=300
PRINT OUT THE POWER METHOD PARAMETER INFORMATION:
WRITE (65700) ICMAX,ALPHA,LAMDA,{(PHI{1,1)s1I=1,N)
WRITE (6,701) (PHI(2,1),1I=1,N)
FORMAT (®LEXECUTING MULTIGROUP FISSICN SOURCE PCWER ITERATION METH
XODet /77,
X 5Xy *MAXIMUM NUMBER OF ALLCWABLE ITERATIONS:'',/,

POWEOQOT3
POWEOCT4
POWEOOT5
POWEQOT76
POWEQOQO77
POWEQO078
POWEOO79
POWEO(Q80
POWEQO81
POWEQOB2
POWECO83
POWEQ(OB4
POWEOQOQB5
POWEDQO86
POWECO87
POWEQOB8S
PDWEOO89
POMWEOO90
POWEOOQO91
POWEQOQ92
POWEQ093
POWEOOQ94%
POWEQQ95
POWEQ096
POWECO97
POWEQQ98
POWE Q099
POWEO100
POWEO101
POWEOL102
POWEO103
POWEO104
POMWEQO105
POWEO106
POWEQ107
POWEO108
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(o}

701

20

21

22

25

27

LOXy*ICMAX =%5144//7,
5Xs"OUTER ITERATION RELAXATICN PARAMETER:',/,
LOXy YALPHA =%4,FT7.3,77,
5X *INITIAL GUESS AT EIGENVALUEzY',/,
10Xy "LAMBUA =?,E22.149¢/7»
5Xs VINITIAL GUESS AT THE GROUP FLUX SHAPE CONNECTICN POINTS:',
/748X *FAST GROUPz2',/,
10X *FIK)?®S =",4E25.145/7+9(18X,4E25.14))
FORMAT {(°0',7X, 'THERMAL GROUPz2',/,
X LOXyp'F(K)''S =% 44E25.14,4/(18X34E25.14))
BEGIN ITERATICN LOOP.
ICOUT=0
ICOUT IS THE OUTER ITERATION COUNTER.
ICOUT=1CaUT+1
IF (ICOUT.GTLICMAX) GO TO 100
SGLVE FOR THE NEW GROUP FLUX VECTORS: PSI:
THE GROUP FLUX ITERATES:
DO 21 1I=1sN
PSI1(I)=PHI{1,1)
PSI2(1)=PHI(241)
THE FAST ITERATION SOURCE S:
CALL VPRID{FLyPSI1ySeN)
CALL VPRODI(FZ2yPS124Z4N)
DO 22 1I=1sN
S{I)=CHI(1)*(S{T1)+2(1))
FAST FLUX:
CALL SOLVE(LL,PSI19SsNeGsGT)
THE THERMAL ITERATION SOUOURCE S:
CALL VPROD(F3,PSI1,S4N)
CALL VPRODIF43;PSI2y24N)
DO 25 I=1lsN
S(I)=CHI(2)%{S5(1)+2{1))
CALL VPRID(TPSIlsZ,4N)
DO 27 1=1,N
S{I)=SLI)+L(1)
THERMAL FLUX:

P P R I B A

POWEQ109
POWEOQO110
POWEOQL11
POWEODL112
POWEO113
POWEOQLl1l4
POWEO115
POWEO116
POWEQLLT
POWEQ118
POWEO119
POWEQL129
POWEO121
POWEQLl22
POWEO123
POWEO124
POWEOQO125
POWEO126
POWEO127
POWEO128
POWEQ129
POWEQ130
POWEOQ131
POWED132
POWEOQO133
POWEO134
POWEQ135
POWEO136
POWEQL137
POWEO138
POWEO139
POWEO140
POWEOLl41
POWEQ142
POWEO143
POWEOl44
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28

29

30

40

CALL SULVE(LZyPSI2,59NsGo56T)
CALCULATION OF THE EIGENVALUE:

SUM1=0.0D0

SUM2=0.0D0

DO «8 I=1sN

SUM1=SUM1+PSI1{1)*PHI(1,1)

SUM2=SUMZ2+PSILLI)*PSI1{I)

DO 29 1I=1lsN

SUM1=SUML+PSI2(1)*PHI(2,1)

SUM2=SUM2+PSI2{1)*PS12(1)

LAMDA=SUM2/ SUM1

LAMSTRUICOUT }=LAMDA

ERRLAM=DABS (LAMDA-LAMB4)

PUT PSI1 AND PSI2 INTO BIGGER PSI:

DO 30 1=1yN
PSI(1,1)=PSILl(1)
PSI(241)=PS1I2{1)

POUOINT BY POINT SIMULTANECUS RELAXATION FLUX ITERATION:

X=ALPHA

DO NOT RELAX DURING THE FIRST THREE ITERATIONS:

IF (ICOUT.LE.3) X=1.0

CALCULATE THE NEW GROUP FLUX ITERATES AND GROUP ERRORS:

DO 40 16=1,2
DO 40 1I=1sN

PSI(IGs1)=PHILIGyI) + X*{PSI{IGsI)/LAMDA-PHI(IG,1))

CONTINUE

NORMALIZE THE FLUX ITERATE (CNE GROUP):

CALL NURMAL {PSI4sN)
NN=N
IF (IBC.EQ.1l) NN=N-2

NURMALIZED ERRORS OF THE FLUX CNLY:

DO 39 16=1,2
ERRMAX{IG)=0.0
SQ{IGI=0.0

IF (IBC.NE.4) GO TO 37

ERROR(1Gy 1)=DABS{(PSI(IGy1)-PHI(IG,»1))/PSI(IG,1) )

POWEQ145
POWEOLl40
POWEOQ14T
POWEO148
POWEO149
POWEOQ150
POWEOQOL151
POWEOQ1S52
POWEQ153
POWEQL154
POWEO155
POWEQL156
POWEO157
POWEQ158
POWEO159
POWEO160
POWEO1l61
POWEOQ162
POWEQL63
POWEQO164
POWEO165
POWEQ166
POWEOLl67
POWED 168
POWEQ169
POWEOL1T7D
POWEOL1T71
POWEOQL172
POWEOQO173
POWEOL74
POWEOL175
POWEO176
POWEOLT7
POWEQL178
POWEQ179
POWEQ180
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37

38

39

35
36
31

41

ERRMAX{IG)=ERROR{1IGs1)
SQUEIG)I=ERRUOR{IGy1)*%2

DO 38 I=2;NN;2

ERRUR(IGy1)=DASSU(PSI(IGyI)~PHILIGyI))/PSI{IG,I) )

IF (ERROR(IGy1) .GT.ERRMAX(IG))
SQUIG)I=SQUUIG)+ERRORUIG, 1) *%*2

"SQUIGI=DSQRT(SQ(IG))
UPDATE THE FLUX ITERATE:

DO 39 1I=14N

PHI(IGy1)=PSI{IG,1I)

IF (IFT.EQ.J)} GO
DLAM=LAMDA-TRUL AM
DO 36 1IG6=1,2
DPHI(IG)=0.0
DO 35 [I=1,N

TO 31

ERRMAX{IG)=ERROR(IG,1I)

DPHI(16)=DPHICIG)+(PSI(IG, I )-TRUPHI(IG,I))**2
DPHI(IG)=DSQRT(DPHI(IG)) '

IF (IPLOT.NE.2)

K=0

IF (IBC.EQ.4)
KBC=KR

IF (iBC.EQ.L)
IF (IBC.EQ.4)
DO 41 16G=1,2
DU 41 I=1,KR
II=1+K

ERRORUIG, I1)=PSI(IG,2%])

IF (IBC.EQe4)
IF (IBL.EQ.%)

ERRUR NOW CONTAINS THE NEW NORMALIZED FLUX ITERATE PHI.

JK=IK

IF (IK.EQ.0)
DO 42 1G=1,2
DO 42 1I=1,KBC

GO TO 45
THE FOLLUWING IS FOR NICELY PLOTTING THE GROUP FLUX
CALL NORM2{PSI,TRUPHI,N)

K=1

KBC=KR-1
KBC=KR+1

ERROR{ 1,1)=PSI( 1,1)
ERROR{ 2,1)=PSI{ 2,1)

JK=5

HISTORY.

POWED181
POWEO182
POWEO183
POWEC184
POWEQL185
POWEO186
POWEOQOL187
POWEO188
POWEO189
POWEQ190
POWEO191
POWEOD192
POWEO193
POWEOQO194
POWEQ195
POWEQL196
POWEQ197
POWEO198
POWEO199
POWEO200
POWE0201
POWEQ202
POWEQ203
POWEDJ204
POWED205
POWEOD2006
POWEQ207
POWEQO208
POWEQ209
POWEOD210
POWEOQ211
POWED212
POWEO213
POWED214
POWEQ215
POWED216
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42

43

44

IF (DABSIERROR{IGI)=PHISTR{IG,yI,JK+1)).GE.0.01)
CONT INUE
FLUX HAS NOT CHANGED ENOUGH FCR PLOTTING.
GU TO 45
SAVE THE NORMALIZED FLUX FOR PLOTTING:
IK=IK+1
INCLIKI=ICOUT
TE3(IK)=ERRL AM
DU 44 1G=1,2
TEMLIGIK)=ERRMAXLIG)
TE2{IGIK)}I=SQ(IG)
DO 44 I[=1,KBC
PHISTR{IG»I ¢ IK+1)=ERRUOR(IG,I)
IF {IK.NE.5) GO TO 45
PLOT THE LAST FIVE SAVED FLUXES:
CALL PHIPLTLS)
IK=0
CONT INUE
ERROR CRITERIA FOR ACCEPTANCE CF CONVERGENCE.
IFLAG1=Q
IFLAGZ2=0
IFLAG3=0
STORE THE ERRORS FCR CUMPARISCN:
ERROR BETWEEN ITERATICN EIGENVALUES:
ERLAM{ICOUT)=ERRLAM
DO 46 16G=1,2
MAXIMUM ERROR BETWEEN ITERATION FLUXES:
EFSTRUIG, ICOUT)=ERRMAX(IG)
MEAN SQUARE ERROR BETWEEN ITERATION FLUXES:
EFMSTR{1G,ICOUT )=SQ(IG)
MEAN SQUARE ERROR BETWEEN THE ITERATION FLUX AND GIVEN TRUE FLUX:
PHICON{IG, ICOUT )=DPHIL{IG)

GO TO 43

46 CONTINUE

ERROR BETWEEN THE ITERATION EIGENVALUE AND GIVEN TRUE EIGENVALUE:
LAMCON(ICOUT)=0DLAM

IF {(ERRMAX(1) LT EPS1).AND«{ERRNMAX(2).LT.EPS]1)) IFLAGL=1
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50

55

60

65

70

90

100

IF ((SQ{1)eLT<EPS2).ANDISQ(2).LTLEPS2))
IF (ERRLAM.LT.EPS3) IFLAG3=1
IFLAG4=1FLAGL1*I FLAG2*IFLAG3
IF (IFLAG4.EQ.1) GO TO 50

OTHERWISE CUNTINUE THE ITERATIGN.
LAMB4=L AMDA
GO TO 290
CONTINUE

CONVERGENCE ACCCMPLISHED.

NURMALIZE THE CONVERGED FLUX VECTCR:
CALL NURMAL{PHI4N)

PLUT ANY LEFT OVER FLUX HISTORY FLOTS:
IF ((IPLITeEWeZ)«AND.{IKNE«O)) CALL PHIPLT(IK)

BUUNDRY CUNDITION INSERTICNS.
IER=0

IFLAG2=1

1ER ALLIJAS Be.C. INSERTIONS FOR YES AND NO CONVERGENCE:

DO 70 1G6=1,2
PHI(IGsN+2)=0.0
DO 60 1I=1,N
J=N+1-1
PHI(IGyJ+1)=PHI(1GyJ)
IF (IBC.NE.4) GO TO 65
PHIL1G,2)=0.0
GO TO 70
PHI{IGs1)=0.0
IF (IBC.NE.1l) GO TO 70
PHICIGyN+2)=PHI (IGyN+1)
PHI{IGyN+1)=0.0
CONTINUE
IF {IER.EQ.1) GO TO 122
RETURN
NU CONVERGENCE ACCOMPLISHED:
CONTINUE
NORMALIZE THE UNCONVERGED FLUX:
CALL NORMAL(PHI 4N)
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101 FORMAT (1Hl,'POWER METHOD DID NOT CCNVERGE FOR THIS CASE AFTER',

102

X

ICOUT=1C0UT-1
WRITE (6,101) ICOUT

I14,°
IER=1
60 TO 55
CONTINUE

FOR PRINTING OUT THE EIGENVALUE HISTORY AND THE FINAL FLUX SHAPE:

I1PLUT=1
JPLUT=1
RETURN
END

ITERATIONS % 4// 91Xy YEXECUTICN TERMINATED *)
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SUBROUTINE VPROC({AsXsSyN) VPROO0OO1L

FORMS THE VECTOR S = PRODUCT CF NXN MATRIX A AND VECTOR X3 VPRO0O002
WHERE A IS THE CUBIC HERMITE (I,6) STORAGE MATRIX. VPROO0003
REAL*8 A(50,6),X150),5(50) VPROQ004
DU 1 I=14N VPROOOOS5
StI)=0.0 VPRO0O006
DO 1 M=1l,6 VPROOOO7
K=2%(1/2)+M-3 VPROG008
IF ((KelTe1l)eOR{KoGTeN)) GO TO 1 VPROO0O09
SUI)=SLI)+A(I,M)*X(K) VPROOCO10
CONTINUE VPROOO11
VPROO0O12

RETURN VPROOO13
END VPROOO14
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SUBRUOUTINE SULVE(A,XsYsN9Gy2Z)
SOLVES A%xX = Y USING CHOLESKY'S METHCD OF FACTORAZATICN
FOR POSITIVE DEFINITE REAL AND SYMMETRIC MATRICES A.
REFERENCE: FORSYTHE & MOLER.
G AND Z ARE TEMPORARY WORK AREAS.
MODIFIED FOR THE CRAZY CUBIC HERMITE (I,6) MATRICES:
IMPLICIT REAL*8 (A-H,0-1)
DIMENSION A(5046)+G6(50,6),X{50),Y(50),2(50)
FURM THE MATRIX FACTORAZATICN TO G:
CALL FORMGUAyGsN)
SOLVE: G*Z = Y32
CALL LUWTRI(GsZyYyN)
FORM G AS SYMMETRIC MATRIX:
CALL SYMG(GsN)
SOLVE: G-TRANSPOSE*X = Z:3
CALL UPPTRILGsXsZyN)
RETURN
END

SOLvo001
SoLvo002
SOLvV0003
SOLVO0004
SOLV0005
SOLV000s
SOLveooT
SOLvV0008
SOLvV0009
SCLvOo019d
SOLVOOo11
SOLVY0012
S0Lvo0o13
SOLVOO014
SOLVO015
SOLVOO016
SOLvVO0017
soLvools

PAGE 333



N -

10

SUBRUOUTINE FURMG(A,G,N)
FURMS MATRIX G FROM A:

IMPLICIT REAL*8 (A-H,0-Z1)

DIMENSIUN AL50,6),G{50,6)

DO 20 J=14N

K=3+M0D{J4,2)

KO=K-1

LO=1

IF (JetuWel) LO=4

SUM=0.0

IF {(LO.GT.KO) GO TO 2

DO 1 L=L0yKO

SUM=SUM+G(JyL)*%*2

SUM=A{JsK)—-SUM

IF (SUM.LT.0.0) GO TO 100

G(JsKI=DSWURTISUM)

IF {J.EQ.N). GU TO 20

Il=Jd+1

12=4+46—-K

IF (12.6T.N) 12=N

M=2

IF (K.EQe3) M=3

DO 10 1I=11,12

SUM=0.0

LO=1

IF (I.LEe3) LO=2

MO=M-1

IF (LO.GT.MO) GO TO 7

DO 5 L=L0,MD

JL=L

IF (M.EQ.2) JL=3

SUM=SUM+G(I ,L)*G(J,JL)

GIIsMI=S(ALL M)-SUM)}/GLJ,K)

IF (MJEQe3) M=1

CONTINUE
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20

CONTINUE
RETURN

100 WRITE (64101) JsK

101 FORMAT (*OERRUR IN FORMG:' /7,

5X7'Al"12"9'112")—< 000.',/’

5X9* CHOLESKY METHOD HAS FAILED.'4//,

5Xs "MATRIX A MAY NOT BE PCSITIVE DEFINITE OR SYMMETRIC *,//,

X
X
X
X

YOQEXECUTION
CALL EXIT
RETURN
END

TERMINATED *)

FORMOQ037
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SUBROUTINE SYMG{(GyN)

FURMS SYMMETRIC G FROM G LCWER TRIANGULAR:

REAL*8 G(50,6)
NZ2=N-2

FILL THE UPPER PORTIUON OF SYMMETRIC G:

DO 20 I=14N2

I IS EVEN:
GlIs4)=6(1+1,43)
GlI5)=6{I+2,1) .
GlIs6)=611+3,1)
GO TO 20

I IS 0DD:
GlIys5)=6li+1,2)
GlI6)=6LlI+2,2)
CONTINUE
GIN-195)=6(N,y2)
RETURN
END

GO TO 15
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SUBROUTINE LIOWTRI(GsZ,YsN)
SOLVES: G*%Z = Y3 FOR L
WHERE G IS NXN LOWER TRIANGULAR.
REAL*8 G{(5096)9Z{50),Y(50), SUM
DO i0 I=1,N
K=3+MOD{(I,2)
KO=K-1
SUM=0.0
LT=2%(1/2)
DO 5 M=1,K0
L=LT+M-3
IF ((LeLTol)<OR.{L.GT.N)) GO TO 5
SUM=SUM+G (1 yM)%*Z(L)
CONTINUE
Z(I)=LY(1}=SUM)/GI,4K)
RETURN
END
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SUBRUOUTINE UPPTRI(G¢XsZyN)
SULVES: G6*X = Z3 FOR X
WHERE G IS NXN UPPER TRIANULAR.
REAL*8 G150,6) 4 X{50),2(50) 4 SUM
DO 10 J=1,yN
I=N+1-J
K=3+MOD{I,2)
Ki=K+1
SUM=0.0
LT=2%{1/2)
DO 5 M=Kl,6
L=LT+M-3
IF ((LalTeal)eOR{L.GT4N}) GO TO 5
SUM=SUM+GI{I ,MI%X{L)
CONTINUE
X{I)={Z41)-SUM)/G(1,K)
RETURN
END
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SUBROUT INE NORMAL{(PHI,N)

NORMALIZES THE GROUP FLUXES AND CURRENTS BY THE LARGEST FLUX VALUE:

COMMON /817 IBC

REAL*8 PHIL2,52), A

NN=N

IF (IBC.EQe1l) NN=N-2

A=0.0

IF (IBL.NE.4) GO TO 5

A=DABS (PHI{1,1))

IF (DABS(PHI(2+1)).GT.A) A=DABS{PHI(2,1))
DO 1 16=1,2

DG 1 I=2,NN:2

IF (DABS(PAI(IG1)).GT.A) A=DABS{PHI{IG,I))
CONTINUE

DO 2 1I6=1+2

DO 2 1I=14N

PHI(IG, I1)=PHILIG,1)/A

RETURN

END
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SUBROUTINE PHIPLTIL)
PLUTS THE GROUP FLUX HISTCRY, WITH UP TO 5 GROUP FLUXES PER
FAST AND THERMAL GRUOUP FLUXES ARE PLOTTED SEPERATELY.
L IS THE NUMBER OF FLUXES TO BE PLOTTED.
L IS BETWEEN 1 AND 5.

IMPLICIT REAL*8 (A—H,0-1)

COMMUN /817 1IBC

COMMUN /B2/ KRy N

COMMON /B5/ Al2646)y B(26,6)

COMMUN /B6/ TEL(245),TE2(2,5)+TE3({5),IN(5)

COMMUON /ER/ EPS1,EPS2,EPS3

COMMUN /FSTR/ PHISTRI2,26,06)

DIMENSIUN SYMBUL{5)

INTEGER SYMBUL /7% %91 ,0410 0§ ,0%0)

KR1=KR+1
SET UP B.L. CONDITIONS

IF (1BC.EQ.4) GO TO 5

IF (1BC.EQ.3) 60 1O 3

DO 2 1IG=1l,2

DO 2 K=1l,L

DO 1 1I=1,KR

J=KR+1-1

PHISTREIG)J+1sK+#1)=PHISTRIIGyJeK+1)

PHISTR{IGy1l9K+1)=0.

IF (iBC.EQ.2) GO TO 5

DO & 16=1,42

DO 4 K=1,L

PHISTRIIGsKR1;K+1)=0.

CONTINUE
FLUXES IN PHISTR HAVE BEEN NORMALIZED IN POWER.
PUT THE FAST FLUX IN A, AND THE THERMAL FLUX IN B:

Li=L+1

DO 10 K=1l,L1

DO 10 1I=1,KR1

ALLIyK)=PHISTR{1s14+K)

B{IsK)=PHISTR(2y1,K)

PLOT.
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PLOT THE L FAST FLUX SHAPES CN ONE GRAPH:
CALL PRTPLT{O;AKR1yL1,KR150426456,2)
WRITE (6,20)
20 FORMAT (/,'0FAST FLUX ITERATICN HISTCRY PLOT.'y/)
WRITE (6,30)
30 FORMAT |

X YOKEY:?,5X,* SYMBOL",5X,* ITERATICN NUMBER:*,7X,*ERRCR CRITERIA',

X 1LiXy"ERRUR' y 13X, *TOLERANCE"®)
DO 35 1=1,L
35 WRITE (6940) SYMBOL{I)oIN(I)»TEL(1,1),EPS1,TE2(1,1),EPS2,
X TE3(I),EPS3
40 FORMAT (/412X3A1315X913516X 9 "FLUX® 914X 91PD15.595X41PD15.5+/,
X 47Xy "MEAN SQe FLUX'35X31PD15.5+45X91PD15.547
X 47Xy *EIGENVALUE® 48X91PD15.595X91PD155)
PLOT THE L THERMAL FLUX SHAPES ON THE OTHER GRAPH:
CALL PRTPLTU(OsB sKR1yL1y)KR190926+6,52)
WRITE (64550)
50 FORMAT (/,'0THERMAL FLUX ITERATICN PLOT.',/)
WRITE (6930)
DO 55 I=1,L
55 WRITE (b6s40) SYMBOL(I),IN(I),TEL(2,1),EPSL,TE2{2,1),EPS2,
X TE3{I),EPS3
RETURN
END
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SUBROUTINE CURENT
FURMS THE SEPERATE FLUX AND CURRENT VECTORS
FROM THE COMBINED ELEMENTS OF PHI.
THEN: FLUX=PHI; CURRENT=CUR.

COMMON /7B2/7 KReN

COMMON /B4/ PHI(2,52)4CUR{2,52)

REAL#*8 PHI,CUR

KR1=KR+1

DO 2 1G=1,2

DO 1 K=1,KR1

CURLIGyKI=PHILIGy2%K)

DO 2 K=1,KR1

PHI(IG,K)=PHI{IG,y2%K—1)

RETURN

END
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SUBROUTINE OUTPUT
PRINTS THE RESULTS OF THE METHOD.
IMPLICIT REAL*8 (A-H,L-1)
COMMUN /B1/ IBC,IPLOT,.JPLOT sIPUNCH
COMMON /B2/ KRyN
CUMMON /B4/ PHI(2,52), CUR(2,52), LAMDA, ICOUT
COMMON /B5/ PSI(2,26)
COMMON /ER/ EPS1+EPS2,EPS3
COMMUN /ESTR/ LAMSTR{300),EFSTR{2,300),EFMSTR(2,300),ERLAM(300)

COMMON /TRUE/ TRULAM, TRUPHI{(2,52), PHICCN(2,300)y LAMCCN{300),IFT

INTEGER N

KRO=KR~-1

KR1=KR+1

WRITE (6,1)

FORMAT (*1RESULTS OF THE MULTIGRCUP METHOD:*)

WRITE (6,10) ICOUT

FURMAT (//s* PROBLEM TERMINATELC AFTER*,I5,

. * QUTER (POWER) ITERATICNS TQ:*)

WRITE (6920) LAMDA

FORMAT (/910Xs*LAMDA = '",1PE21.14)
PRINT OUT EIGENVALUES.

CALL PLOT

WRITE (6,300

FORMAT (" 1RESULTS AFTER PRUBLEM TERMINATION:'y/,
* OINDEX® 38Xy *THERMAL FLUX®',11X,*FAST FLUX'y5X,
" THERMAL CURRENT' 48X, *FAST CURRENT' /)

WRITE (6350) (KePHI(24K)sPHI(14K),CUR(2,K),CUR(14K)K=1,KR1)

FORMAT (16,4D20.7)

IF (IPUNCH.EQ.1) CALL PUNCH
PRINT OUT GROUP NORMALIZED RESULTS:

DO 52 I6G=142

A=0.0

DO 51 I=19KR1

IF (PHILIGs1).GT.A) A=PHILIG,I)

CONTINUE

DO 52 1I=1,KR1
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PHI{16,1)=PHI{1IG,I)/A
52 CURIIGeI1)=CURLIG,I)/A
WRITE (6355) (KsPHI(2yK)PHI{14K)CUR(2,K),CUR(1,K)K=1,KR1)
55 FORMAT (//,'0OGROUP NORMALIZEC RESULTS:',//,(16,4D20.7))
CALCULATE THE FINAL TO EXPECTED FLUX RATIOS:
Ki=1
K2=KR1
IF (IBC.LE.Z2) K1=2
DO 60 1IG=1+2
IF {IBC.LE.2) PSI(IGy1)=1.0
IF ((IBCeEWQe1)«sOR.{IBC.EQe3)) PSI(IGy,KR]1) = 1.0
1=0
DO 60 K=K1lj,K2
I=1+2
60 PSILIGyK)=PHI{IGsK)/TRUPHI(IG,1)
WRITE (6570) (14PSI(291)4PSI(1s1),1I=1,KR1)
70 FORMAT ('1RATIOS OF THE TERMINATED GROUP FLUX TO THE EXPECTED GROU
XP FLUX:®*y//,
X 10Xy'— AN INCICATION OF THE ACCURACY OF THE CONVERGENCE —-*4//7/,
X ' K®,12X, *THERMAL RATIO"915X,*FAST RATIO®* ,//,115,2E25.10))
PRINT OUT THE STORED ITERATICN ERRORS:
WRITE (69110) EPSL1,(EFSTR{Z2,41),1I=1,1IC0OUT)
WRITE (65111) EPS1,(EFSTR{1,1)s1I=1,IC0OUT)
WRITE (69112) EPS2,{EFMSTR{2,1)51I=1,IC0UT)
WRITE (6,113) EPS3,(EFMSTR(1,1I),I=1,ICCUT)
WRITE (69114) EPS3,{ERLAM(I),I=1,1CCUT)
110 FORMAT (' IMAXIMUM NORMALIZEDC ERRCORS BETWEEN THE THERMAL FLUX ITERA
XTIONS:?,
X 25Xy *TULERANCE USED = ? ,1PE12.%49//y (1P5E20.5))
111 FORMAT (*1MAXIMUM NORMALIZED ERRCRS BETWEEN THE FAST FLUX ITERATIO
XNS:t,
X 25Xy " TOLERANCE USED = *,1PE12.44//y (1P5E20.5))
112 FORMAT ('1MEAN SQUARE NORMALIZED ERRCR BETWEEN THE THERMAL FLUX IT
XERATIONS:?,
X 18X, *TOLERANCE USED = *,1PEl12.4,//y (1P5E20.5))
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113 FORMAT (' 1MEAN SQUARE NORMALIZED ERRCR BETWEEN THE FAST FLUX ITERA
XTIONS:?,
X 18Xy *TOLERANCE USED = *,1PE12.44//+ (1P5E20.5))
114 FORMAT ('1ERROR BETWEEN THE ITERATICN EIGENVALUES:',
X 28Xy *TOLERANCE USED = % ,1PE12.44//+ (1P5E20.5))
IF { IFT.EQ.QU) RETURN
PRINT OuT THE GIVEN TRUE EIGENVALUE AND FLUX:
WRITE (65115) TRULAM,({TRUPHI(3-J,1)9sJ=1,2)sI=1,N)
115 FORMAT ('1THE GIVEN TRUE EIGENVALUE:'y//+15X,
X ‘IRULAM =':E22.1‘l,///0
X *OTHE GIVEN MULTIGROUP FLUXES:'y,//,
X 13Xe *THERMAL * 3 16X, *FAST?* ,//,12D2C.10))
PRINT QUT THE STORED CONVERGENCE ERRORS:
WRITE (651200 (PHICON{2,1),1I=1,ICCUT)
WRITE (65121) (PHICON(1,1),1I=1,1IC0OUT)
WRITE (65,122) (LAMCCN(I),I=1,ICCUT)
120 FORMAT ('1IMEAN SQUARE ERRUR BETWEEN THE THERMAL ITERATION FLUX AND
X THE GIVEN TRUE THERMAL FLUX:'",//,11P5E20.5))
121 FORMAT (' 1MEAN SQUARE ERROR BETWEEN THE FAST ITERATICN FLUX AND TH
XE GIVEN TRUE FAST FLUX:?*,//,(1P5E20.5))
122 FORMAT {'1ERROR BETWEEN THE ITERATICN EIGENVALUES AND THE GIVEN TR
XUE EIGENVALUE:?®,//,(1P5E20.5))

RETURN
END
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ouTPOO77
ouTPOO78
guTPOOT9
ouTPO080
ouTPOOS81
ouTP0O082
ouTPOC083
guTPOOBS
ouTP 0085
ouTPQO8S6
ouTP0O087
ouTPQCS8S
ouTP0089
ouTP00S)
ouTPO0091
guTPC092
ouTP0093
OUTPOO94
guTP0095
ouTP 0096
ouTPO0097
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SUBRUOUTINE PLOT
PLOTS UOUT THE EIGENVALUE HISYURY AS A TABLE AND A GRAPH,
AS WELL AS PLOTTING OUT THE FINAL MULTIGROUP FLUX SHAPES.

IMPLICIT REAL*8 {(A-H,L-2)

COMMUON /7817 IBC,IPLOT,,JPLOT,IPUNCH

COMMON 7B2/ KR

COMMON /7B4/7 PHI(2,52), PSI12,52)s LAMDA, ICOUT

COMMON /B57 B(300,2)

COMMUN /ESTR/ LAMSTRI{30Q)

DIMENSIUN C(26,3)
IN ORDER TO SAVE SOME SPACE:

EQUIVALENCE (B(1),C(1)).

WRITE (691) (LAMSTR{I)},I=1,1CCUT)

FORMAT ('0OTABLE OF EIGENVALUES DURING THE POWER ITERATION:?®

//9({1P5E25.14))

IF (JPLUTL.EWQ.0) GO TO 20

DO 10 I=1,1C0uUT

Bll,1l)=1

BlI,2)=LAMSTR{I)

CALL PRTPLT{1BsICOUT42,1C0OUT$0+3004+241)

WRITE (6,11) .

FORMAT (' 0PLOT OF THE EIGENVALUE HISTORY THROUGH THE ITERATIONS.?')

IF (IPLOT.EQ.0) RETURN

KR1=KR+1

DO 30 I=1,KR1

Cll,1)=1

ClI2)i=PHIt1,y1)

ClIs3)=PHI(2,1)

CALL PRTPLT(Z.C:KR173’KR1109261312)

WRITE (6,31)

FORMAT (*OFINAL CCNVERGED CCNNECTING FLUX POINTS: F{K)a'y//,
5Xs YFAST FLUX: ¢,/ 35X YTHERMAL FLUX: -—17)

RETURN

END

1

PLOTOO001
PLOT0002
PLOT 0003
PLOTO004
PLOTO005
PLOTO006
PLOTO007
PLOTO008
PLOTO009
PLOTOO10
PLOTOO11
PLOTO0012
PLOTOO013
PLOTOO14
PLOTOO015
PLOTOO16
PLOTOO17
PLCTO0O018
PLOTOO19
PLOT0020
PLOTO021
PLOTO0022
PLOT0023
PLOT 0024
PLOTO025
PLOTO0026
PLOTCO27
PLOTO0028
PLOTO0029
PLOTO003)D
PLOTQO031
PLOTO0032
PLOTOQ033
PLOT0034
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SUBROUTINE PUNCH .
PUNCHES OUT THE CUBIC RESULTS FOR PLOT2G ROUTINE INPUT:

REAL*8 Fy(
COMMUON /B2/

KR

CUMMUN 78B4/ F(2+452)y Cl2552)

KR1=KR+1

WRITE (751) KRo{F{LlsI)sClLleI)yF(2,1),C(2,1),1I=1,KR1)
FORMAT (1597,1(4D20.7))

WRITE (65100)
FORMAT (/77"

RETURN
END

THE OQUTPUT HAS BEEN PUNCHED OUT ONTO CARDS

')

PNCHJ0D1
PNCHO0002
PNCHOO003
PNCHOO04
PNCHO0005
PNCH3J006
PNCHOOQO7
PNCHO008
PNCH(Q009
PNCHOO010
PNCHOO11
PNCHOO12
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SUBRUOUTINE NORM2{(PSI,TRUPHI 4N}
NORMALIZES BOTH ENERGY GROUP FLUXES IN PSI TO 1.0:
DITTO FOR TRUPHI CN THE FIRST CALL.
COMMON /B1/ 1IBC

REAL*8 PSI(2+452)y TRUPHI(2,52), A(2)
DATA K /0/

K=K+1

NN=N

If (IBC.EWel) NN=NN-2

DO L 16G=1+2

A(IG)I=0.0

IF tIBC.NEea) GO TO 7
A{IGI=DABS(PSI(1IG,1))

DO 1 I=2sNNs2

IF (DABSIPSI(IGI))aGTLALIG)) A(IG)=DABS{PSI(IG,I))
CONTINUE

DO 2 1G=1,2

DO 2 1I=1,N

IF {(A(iIG).EQ.0.0) GO TO 2
PSI{IG,1)=PSILIG,I)/ALIG)

CONTINUE

IF (KeNE.1l) RETURN

DO 5 16G=1,2

A{IGI=0.

IF (IBC.NEe4) 6O TO 8
ALIG)=DABSITRUPHI(IG,1))

DO 5 I=29NN:2

IF (TRUPHIUIG1).GT.ALIG))  A(IG)=TRUPHILIG,I)
CONTINUE

DO 6 16=1y2

DG 6 1I=1;N

IF (A(IG).EQ.0.0) GO TO 5
TRUPHI(IGs I )=TRUPHI(IG,I1)/A(1G)
CONTINUE

RETURN

END

NOR20001
NOR20002
NOR20003
NOR20004
NOR20005
NOR20006
NOR20007
NOR20008
NOR20009
NOR20010
NOR20011

NOR20012

NOR20013
NOR20014
NOR20015
NOR20016
NOR20017
NOR20018
NOR20919
NOR20020
NOR20021
NOR20022
NOR20023
NOR20024
NOR20025
NOR20026
NOR20027
NOR20028
NOR20029
NOR20030
NOR20031
NOR20032
NOR20033
NOR20034
NOR20035
NOR20036

PAGE 348



OO0

SUBROUTINE PRTPLT(NG,ByNsMyNLyNSsKX3JIX,1ISP)
* IDENTICAL TO SUBROUTINE PRTPLT PREVIOUSLY LISTED IN PROGRAM REF2G.

RETURN
END

PRTPOOO1
PRTP(0002
PRTPOOO3
PRTP00OO04
PRTP0OQO5
PRTPO006
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F.4., SOURCE LISTING of Program ANALYZE




MAIN

DATAIN
SYNPTS
CALCUL
CALCUC
REFORM
KPOWER
POWNOR
SAVE

Figure F.4,

RELNOR OuUTPUT
MAX
DIV

Structure of Program ANALYZE,
Not including the M,I.T. SC-4020 Subroutine Package.54

SCPLOT
SETUP
PLOT
PUT
GRID
ADJUST
LINE

16¢€



o0 0O 60

PROGRAM ANALYZE: ANALOOO1

DATA ANALYSIS AND COMPARISON PRCGRAM: ANALODO2
DIMENSION NP{200)sCHI(2)sR(9926)yF{2,201),6(2,201),H(1000), ANALQOO3
X X(1001),PHI(2,1001),SF(2,1000),+D(2,1000), ANALOOO4
X U({2,1001),XB(1001),UB(2,1001),XC(1001),UC(2,1001), ANALOOOS
X XS(1001),NSR{3,26) sNRNK(25) AN AL 0006
THETA IS DEFINED SUCH THAT THE CURRENT (0) = THETA * G, FOR EACH K. ANALOOQO7

DU FOR THE 3 FLUX DATA BLOCKS: ANAL 0008

DO 10 1T=1,3 ANALOOO9
READ IN THE MATERIALS INPUT DATA BLCCK: ANALOO10
CALL DATAIN{IT,METHODyNK gNR yNRNKyNP 4Ny XS4PHI sSF4D,CHI THETA,NAP,H) ANALOO11
READ IN THE CONVERGED FLUX PCINTS DATA BLOCK: _ ANALOO12
CALL SYNPTS(IT,METHOD)NKsNR9F+G) ANALOO13
CALCULATE THE DETAILED FLUX SHAPES: ANALOOL14

IF (METHOD.£Q.2) GO TO 4 ANAL Q015
CALL CALCUL(IT,METHODyNKyNR ¢NRNKyNP yNyXsU9sXSyPHI oSFyD,CHI, ANALOO16
X THETA,F,G) ANALO0O17
GO0 TU 5 ANALOO18
4 CALL CALZUC(IT,METHODyNKsNR yNRNKyNP yN9XsUsXSyPHI#SF,D,CHI, ANALOO19
X THETA9FyGsNAP) ANAL Q020
TRANSFURM THE FLUX POINTS INTC NK OISTINCT REGIONS: ANAL 0021

S CALL REFORM{IToMETHODsNKsNR ¢ NRNKyNPyNy XsUsSF,D) ANAL 0022
" CALCULATE THE POWER IN EACH OF TEE NK REGIONS FOR EACH FLUX: ANALQOZ23
CALL KPOWER(IToMETHOD ysNKyNP yNyXsUpSF9DoCHIyTHETASNAPyFyGoHy ANALQO24
X NSR sR o TPOWER) ANALOOD25
NORMALIZE THE REGION POWERS AND THE FLUX POINTS BY TPOWER) ANALQGO26
CALL POWNDR{IT,METHOD ¢NK ¢NP sNsXsU,R o TPCHWER) ANALOO27
SAVE THESE RESULTS FOR PLOTTING: ' ANAL 0028
CALL SAVE(ITsNKsNsXyUysNB sXB sUBsNC,XC,UC) ANAL0O029
10 CUNTINUE ANAL 0030
NORMALIZE THE FLUX RESULTS TOGETHER FOR EACH GROUP TO 1.0: ANALOO31
CALL RELNORU(NKyNsXyUsNByXByUB9NC4XC,UC) ANAL 0032
PRINT OUT THE POWER AND ARRAY RESULTS: ANALOO33
CALL UUTPUTINKyNeXUsNByXB2UB9NC9XCoUCsNSRsR) ANAL QO34
READ IN THE PLOTTING INFORMATION AND PLOT THE RESULTS CN THE SC 4020: ANALOO35
CALL SCPLOT(NKyNyXyUyNByXByUByNCoXC,UC) ANALGO36

PAGE 352



ANAL0O37

WRITE (6420)

20 FORMAT (/,*ONORMAL PROGRAM TERMINATION.®) ANALOO38
sTOP ANAL 0039
END ANALOO040
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SUBROUT INE DATAIN{IT,METHOD yNKyNR ¢NRNK yNP 4Ny Xy PHISF,CyCHI,THETA, DATA0QOO1

X NAP,H) DATA0002
READS IN THE MATERIAL DATA INPUT BLCCKS: CATAQO003
DIMENSIUN NP{200),K{200),L(200),ITF(200),KTF{200),CHI(2), DATA0004
X X(1001),PHI{2,1001),SF(2,10C0),D{2,1000),H(1CCO), DATA0005
X NRNK (25) DATAQ006
DATA BLJCK 1D CARDS: DATACOO7
READ (1T,20) METHCDs NKy NRy NAP DATAQ008
NRNK = NUMBER OF NR REGICNS PER EACH NK REGION: CATAQOO09

IF (NR.NE.NK) READ (IT,20) (NRNK(I),I=14NK) DATAQ0190
FORMAT (1615) DATAQO11
XSTART=0.0 DATAQ012
Kil)=1 \ CATAQ013
READ (IT,11) NR DATAQO14
READ (IT,12) (ITF(I)sI=14NR) CATAQ015
READ {IT,17) CHI(1),CHI(2), THETA DATAD016
IF (THETA.EQ.0U.) THETA=1. DATAQOO017
NUMITF=1 DATAO0O018
DO 10 1I=1lsNR DATAQO19
IF (ITF(1).LT.NUMITF) GU TO 2 DATAQ0020
NEW REGIUN DATA: DATAQ021
NUMI TF=NUMITF+1 : DATAQ022
KTFINUMITF-11=1 CATAQO023
READ (IT,13) NS DATAQ024
IF (NS.EQ.0)  NS=1 CATA0025
NP LI )}=NS+1 DATAQ026
IF {I1NE.l) . KII)=K{I-1)+NP(I-1) DATAQ027
L{I)=NP (1) DATAO0028
IF (I.NEel) LiI)=L{I-1)+nNP(I) CATAQ0029
KOo=K(I) DATAQ030
LO=L(I) CATADO31
L1=L0-1 DATAQ032
L2=L0~2 DATAQ033
IF (NS.6T<1) READ (ITy14) (X(J)sH{J)sySF(1sJ)+D(1sJ), DATAO0O34
X SF{2,J)9D(25J)yJ=K0,yL2) DATA0035
READ (ITy15) X{L1)yX(LO)sH(L1)ySF(1,yL2),D(1,L1)4SF{2,L1),D{2,L1) DATAQO036
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11
12
i3
14
15

XSTART=XSTART-X {KQ)
DO 1 Jd=K0,LO
X{J)=X(JI+XSTART
XSTART=X(LO)
IF (IT.EG.3) GO TO 10
READ (IT,16) (PHI(l,4Jd),J=K0,L0)
READ (1T, 16) (PHI(2,J4),J=K0,L0)
60 T0 10

OLD REPEATED REGICN DATA:
M=ITF{I)
M=KTF (M)
NP{I1)=NPI(M)
K{I)=K{I-=1)+#NP(I-1)
LIL}=L{I-1)+NP{T)
KOo=K{1i)
LO=L (1)
L1=L0-1
KM=K (M) .
IB=K0—-KM
XSTART=XSTART-X { KM)
DO 5 J=K0,L0
NJ=J-1B
X{J)=XINJI+XSTART
H{J)=HINJ) .
DO 5 16=1,2
Di16sd)=DLIGyNJ)
SF(1G,J)=SF(IGyNJ)
PHI(IGJd)=PHILIGINJ)
CONT INUE
XSTART=X(LO)
CONTINUE
FORMAT (/,15)
FORMAT (2512)
FORMAT (5X,15)

FORMAT (Fi0+5,10XyF10.5,10X,2E10.34/+40X,2E10.3)
FORMAT (3F10.5,10X,2E10.3,/ »40X,2E10.3)

DATAQ037
DATAQ038
DATAQ039
DATA0040
DATAQO41
DATA0042
DATAQ043
DATAQO44
DATAQ045
CATAQ046
CATAQ047
DATA0048
DATA0049
DATAO005)
DATAQ0051
DATAQOS52
DATAQ053
DATAQOS4
DATAQ055
DATAQO056
CATAQOS57
DATAQ0058
DATAO0059
DATAQ060
DATAQO61
DATA0062
DATAQ063
DATAQQG64
DATA0065
DATAQ0066
BATAQO67
DATAOD68
DATAQO69
DATAQQ70
DATAQ071
DATAQCG72

PAGE 355



16 FORMAT (E20.7) DATAOQO073

17 FORMAT (3F10.5) . ' DATAQO74
N=LINR) DATAQO75
IF (IToNE<.3) RETURN DATAQOT6
DO 50 1I=14N DATAQO77
DO 50 16G=1,2 DATAQOQ78
50 PHI(IG,1)=1.0 DATACO79
RETURN CATACO80
END DATAQ081
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SUBROUTINE SYNPTSU{IT,METHUD ¢yNKyNRyF,G)
READS IN CONVERGED FLUX AND CURRENT POINTS:
DIMENSION F(2,5201)+6(2,201)
JT=1T+10
READ (JT,1) NR
FORMAT (15)
NR1=NR+1
IF (METHOD.NE.1) GO TO 190
FOR LINEAR SYNTHESIS:
IF (IT.NE.3) READ (JT,2) (F{1+s1I)4F{241),1I=14NR1)
IF (IT.EQ.3) READ (JTy3) (FlleI)ysI=14NR1)s(F{241)sI=14NR1)
FORMAT (2E20.7)
FORMAT (E20.7)
60 TO 20
READ (JTs11) (FU1lsI)sGllel)oF(291)+G(2,1)4I=1,NR1)
FORMAT (4E20.7)
RETURN
END

SYNPOOO1
SYNPQOO2
SYNP00O03
SYNPOOO4
SYNPQOO5
SYNPOOO6
SYNPQOOT
SYNPOOOSB
SYNPOOO9
SYNPOO10
SYNPQOO11
SYNPQO12
SYNPQO13
SYNPOO14
SYNPOO15
SYNPOOL16
SYNPQO17
SYNPOO18
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SUBROUTINE CALCUL(IT,METHUD yNKyNRyNRNKyNPyNUyXU Uy XSyPHISFsDsCHI, CALLO0O1

X THETA,F,6) CALLO002
CALCULATES THE FLUX TRIAL FUNCTICN U FOR LINEAR SYNTHESIS: CALLOOO3
DIMENSIGN NP{200),XU(1001) 4U(2,1001),PHI(2,1001),SF(2,1000), CALLOOO4

X D{2,1000) 4CHI(2) +F(25201),6(2,201),XS{1001),NRNK(25) CALLOOOS
ISYNTH=20 CALLOJ006
FOR EACH K*TH REGICN: CALLOOO7

N=0 CALLOOOS8
LL=0 CALLOO0O9
DO 20 K=1sNR CALLOO1O
L=LL+1 CALLOO11
LL=LL+NP(K) CALLOO12
DO 7 1G=1,2 CALLOOD13
IF (PHI(IGsL)oEQeO0.0) PHILIG,L)=1.0E~6 CALLOO14
IF (PHI(IGyLL)<EQ.D.0) PHI(IG,LL)=1.0E-6 CALLOO15
CONTINUE CALLOO16
FOR ALL POINTS IN THIS RECICN: CALLQOO17

DO 10 I=L,LL CALLOO18
N=N+1 CALLOO19
XUINI=XS{1) CALLOO020
X={XU{NI=XSLL)) 7 UXSLLL)-XSIL)) CALLQO21
IF ((KeEQel) sAND{ISYNTH.EQW-21.0R.ISYNTH.EQ.24)) X=1.0 CALLO022
IF ((KeEQeNR)«ANDo(ISYNTH.EQe22.CR.ISYNTH.EQ.24)) X=0.0 CALLQO023
DO 1 16=1,2 CALLO0O024

1 ULIGyN)SPHI(IGy I)*{FLIGeK)*{1a=X)/PEILIG,L) CALL Q025
X +F(IGK+1)%X/PHI(IG,LL)) CALLQOO26
10 CONTINVE CALLQO27
20 CONTINUE CALLOO28
NU=N CALLOO29
RETURN CALLOO030
END CALLOO31
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SUBROUTINE CALCUCILIT,METHOD ¢NKyNRyNRNKyNPyNUyXU,UyXS,PHI,SF,D,CHI, CALCOO0O01

OO

X THETA,F 3G o NAPT) CALC0002
CALCULATES THE FLUX TRIAL FUNCTICN U FOR CUBIC HERMITE SYNTHESIS: CALCQ003

NAP = # UF ADDITIONAL POUINTS TO BE CALCULATED IN EACH REGION CALCO0004

AND IS NEGATIVE IF NAP APPLIES CMLY TC THE FIRST REGION. CALCOOGS
DIMENSION NP(200),XU{1031)+U(2,1001),PHI(2,1001),SF(2,1000), CALCO006
X D(2,1000),CHI(2) +F(2,201)+6(2,201),XS{1001)4NRNK(25) CALCO007
NAP=NAPT CALCO0008
NL=0 CALCOCO09
DO 50 K=1yNR CALCOO1l0
50 NL=NL+NP{K) CALCOO11
FOR EACH K*TH REGION: CALCOO12

N=0 CALCO013
LL=0 CALCOO1l4
DO 20 K=1,NR CALCOO015
L=LL+1 CALCDO16
LL=LL#NP(K) CALCGO17
H=XS(LLI-XS{L) CALCOO18
DO 7 1G=1,y2 CALCOO19
IF (PHI(IGyL)eEQ.0.0) PHI[IGyL)=1.0E-6 CALCO0020
IF (PHI(IGyLL)+EQ.0.0) PHI(IG,LL)=1.0E-6 CALCO021
CONTINUE CALCO0022
FOR ALL POINTS IN THIS REGICN: CALCO023

DO 10 1I=L,LL ’ CALC0024
N=N+1 CALCO025
XUINI=XS(I) CALCO026
X=(XUIN)=XS(L)DIZIXSILLI-X5(L)) CALCO0027
00 1 16=1,2 CALCO0023
1 UUIGHNISPHIUIGy II*(FULIG o KI*(1a—3%X*%2+42,%X*%3) /PHI(IG,L) CALC0029
X +FUIG KL I¥( 3ok X%xk2-2 %X *%3)/PHI(IG,LL) CALC0030
X +HE (Ol IG)KI/Z (DU IGHLI*PHI{IG L) ) * (—X42 %Xk %2 X%%*3) CALCO0031
X +GlIGyK+L)/{DUIGyLL—L)*¥PHI(IG,LL))*{X*%2-X*%3) ) *THETA) CALCQ032
NAPP=1ABS{NAP]} CALCOQ033
IF (NAP.EQ.0J GO TO 10 CALCO0034
IF (I.EW.LL) 6O TO 10 CALCO035
DX={XS(I+1)-XSUI))/FLOAT(NAPP+1) CALCO036
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DO 5 [INP=1sNAPP
N=N+1
XUINDI=XU{N-1)+DX
X={ XUILNI=XS(L)I/ZIXSILLI=-X5{L))
DO 5 16=1,2
5 ULIGaNI=PHILIGy ID*(FUIG,K)*(1o—3 %X #5242, %X*¥%3) /PHILIG,L)
X FFUIG K+ L) *( 3 xX*%2-2 % X*%*3) /PHI(IG,LL)
X +HE(GUIS oK)/ (DIIGyLI*PHI(IGoL) ) ¥ (X2, % X¥%2—X*%3)
X +GUIGyKFL)/{DUIG,LL=L)*PHI(IG,LL))I*{X*k%k2-X%%*3))*THETA)
10 CONTINUE
IF (NAPP.EQ.0O) GO TO 15
IF (IT.EQ.1) GO TO 15
SHIFTING SF AND D ARRAYS TO CCMPENSATE FOR NAP .NE. O3
NS=NP{K)-1
NNP=NS*NAPP
NPS=0
K1=K+1l
IF (K1.6T.NR) GO TO 60
DO 51 [I=K1,NR
51 NPS=NPS+NP(I)
DO 55 J=14NPS
I=NL+1-J
II=1+NNP
DO 55 1I6=1,2
SFIIGII)=SF{IG,1)
55 DUIG,I1)=0DUIG,I)
60 NL=NL+NNP
L=NL-NPS
L 1=L—NNP-NP {K) .
DO 70 1I=14NS
I1I=NS+1-1+L1
NAPPLl=NAPP+1
DG 65 J=iyNAPP1
L=L-1
DO 65 1L=1,2
SFLIG,LI=SFLIG,IT)

CALCQ037
CALCOO38
CALCOO039
CALC0O040
CALCO041
CALCO042
CALCO043
CALCO044
CALCO045
CALCO046
CALCOO47
CALCO048
CALCOO049
CALCO05)D
CALCOOS51
CALCOD052
CALCO0053
CALCO054
CALCO055
CALCOO56
CALCO057
CALCO058
CALCQO059
CALCOO060
CALCOQ061
CALCO062
CALCO063
CALCO064
CALCOO065
CALCOO®BS
CALCOO67
CALCO068
CALCQ069
CALCOOQO70
CALCQO071
CALCO072
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65
70
15

20

DLIG,LI=0D(16y11)
CONTINUE
NP{K)=NP{K)+NAPP

IF (NAP.LT.0) NAP=0
CONTINUE

NU=N

RETURN

END

CALCCO73
CALCOO074
CALCOO075
CALCOQ76
CALCCO77
CALCOO078
CALCQO79
CALCO080
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SUBROUT INE REFORMUIT,METHOD yNKyNRyNRNK yNPyNyXyU,SF,4D)
REFORMS THE NR GIVEN REGIONS INTC NK DESIRED REGIONS:
DIMENSION NP{200),X(1001),U(241001),SF{2,1000) ,D(2,1000) 4NRNK(25)
IF (NK.EQ.NR) RETURN
1T SHUULD BE 3 ONLY.
DELETE ALL DOUBLE ENTRIES WITHIN EACH NK DATA BLOCK:
M=-1

I=0

DO 5 K=1lyNK
L=NRNK{K)

DO 4 J=1,L
I=1+1

M=M+2
X{I)=X{Mi

DO 4 1IG=1,2
ULIG1)=ULIGsM)
SF{IGeI)=SFLIG, M)
DUIG1)=DliGM)
I=1+1
X{I)=X{M+1)
DO 5 1I6=1,2
ULIG,I)=UlIGsM+1)
N=1

NP(K) = # UF FLUX POINTS IN REGICN K = # NS SUBREGIONS + 1:
DO 10 K=1lsNK
NPIK)=NP{K) +NRNK(K)—1
NR=NK
RETURN
END

REF00001
REF0O0002
REF00003
REF0O0004
REFO0005
REFD0006
REF00007
REF00008
REF00009
REF00010
REFO0011
REF00012
REFO0013
REFO0014
REF00015
REF0O0016
REF00017
REF00018
REF00Q019
REF00020
REF00021
REF00022
REFD0023
REF00024
REF00025
REF00026
REF00027
REF00028
REF00029
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8

SUBRUUTINE KPOWER(IT,METHOD yNKgNPyNeXsUeSF4DCHIZTHETAZNAP,F G,
X He NSR, R, TPOWER)
CALCULATES THE POWER IN EACH REGICN BY INTEGRATIONS:
DIMENSION NP{(200),X{1001),Ul2,1001)4SF(2,1000) ,D(2,1000),CHI(2),
X F{2,3201)3G(2,201)+E{1000),R{9,26)4NSR{3,26)
TPOWER=0.0
IF (IT.NEa1l) GO TO 20
FOR THE HOMOGENEOUS CASE:
ASSUMING THAT NP IS ALWAYS 2 AND THUS D*S ARE CONSTANT.
DO 10 K=1,NK
M=2%K~-1
NSR(IT,Ki)=1
RUIT,K)=0.0
DO 8 16=1,2
IF (METHUOD.NE.1)
LINEAR FLUX:
REITSKIS{IFCIGoK)+F(IGyK#+1) ) *HIM)%SF{IG M) /2.,0+R{IT,4K)
GO TO 8 k
CuBIC FLUX:
RUITyK)=U{FUIGs KI+F{IGyK#+1) ) *H{M) /2. C+THETA*{-G(IG,K)
X FOCIGIMIFGLIGeK+1)/DIIGoyM)IRHI{M)¥%2/12.0)*SFLIGyM)+R{IT,K)
CONTINUE

GO 10 5

10 TPOWER=TPOWER+R{IT4K)

20

40
50

RETURN
SYNTHESIS OR REFERENCE DETAILED FLUX CASE:
M=-1
DO 50 K=1lyNK
M=M+]1
NS=NP{K)-1
NSRUIT,K)=NS
R{IT4K)=0.0

DO 40 J=1sNS
M=M+1
DO 40 IG=1,42

RUITKI={UCIGyM)I+ULIGyM+1) ) *(X{M+1L)-X{M))%SF(IGyM)/2.0 + R{IT,4K)
TPOWER=TPUWER+R {IT4K)

KPCWOOO01
KPOW0002
KPCW0O0O03
KPOWQ004
KPOWQ005
KPOW000b
KPCWO0O0O07
KPOW00038
KPCW0009
KPOW00190
KPOWOO11
KPCWOO12
KPOW0O013
KPCW0O014
KPOW0O015
KPOW0OO016
KPOWQO017
KPOWOO18
KPOW0O019
KPOW0020
KPOWQ021
KPCW0022
KPGW(0023
KPOW0024
KPCW0025
KPCW0026
KPCWO0O027
KPOW0028
KPOW0029
KPOW0030
KPCWO0031
KPOwW0032
KPCOW0033
KPCW0O034
KPOWQ035
KPOW0036
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RETURN KPOWO0037
END KPOW0038
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SUBRUUTINE PUWNORU(IT,METHOD ¢yNKyNP 4N,y X, UyR, TPOWER) POWNGOO1

NORMALIZES THE FLUXES AND REGION POWERS BY TPOWER: POWNO002
DIMENSIUN NP{200),X{(1001),U(2+1001)9R(9,26) POWNOOO3
DO 1 K=1,NK POWNQOOO4
RUIT+3,4K)=R{IT,K)/TPOKER POWNOOOS5
DO 2 1I6G=1s2 POWNODO6
DO 2 K=1yN POWNGOO7
ULIGsK)I=ULIGyK)/TPONWER POWNOOOB
RETURN POWNOOO9
END POWNOOL10
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SUBROUTINE SAVE{IT NKyNyXsUgNByXByUByNC,XCyUC)
SAVES THE FLUX DISTRIBUTIGNS IN THE IT LCOP BY PLACING:
iT 1: HOMOGENEOUS RESULTS IN UC;
1T 23 SYNTHESIS RESULTS IN UB;
IT = 3: REFERENCE RESULTS IN U.
DIMENSIUN X(1001),U(2,1001),%XB(1001),UB(2,1201),
X XC{1001),UC(2,1001)
IF {IT.NE.1l) 6O TO 2
HOMUGENEOUS RESULTS:
DO 1 1I=1,N
XC(1)=X(1)
DO 1 16=1,2
UC(1G,1)=ULIGsI)
NC=N
RETURN
IF {IT.EQ.3) RETURN
SYNTHESIS RESULTS:
DO 3 1=1sN
XB{1)=xX(1)
DO 3 1I6=1,2
UBLIG,1)=ULIG,1)
NB=N
RETURN
END

SAVEQOO1
SAVEQ002
SAVEQO03
SAVEQO04
SAVEQOO5
SAVEQQ06
SAVEQO007
SAVEQ008
SAVEOQO009
SAVEOO10
SAVEOO1l1
SAVEQO12
SAVEODO13
SAVEOOl4
SAVEOQO15
SAVEQO1l6
SAVEQO17
SAVEQO18
SAVEQQ19
SAVEQ020
SAVEOQ021
SAVEQ022
SAVEDO023
SAVEQO024
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SUBRUUTINE RELNOR(NKyNyX,Usy NByXB,UB4yNC4XC,UC)

NURMALIZES THE SET OF U,

UBy

UC; TO UNITY FOR EACH GROUP:

DIMENSION X{(1001),U(2,1001),XB(1001),UB{2,1001),
XC(1001),UC(241001)
DIMENSION AL2),8(2)4,C(2)4212,43)

CALL MAXIN,U,A) .
CALL MAXINB,uUB,B)
CALL MAXINC,UC,C)
DO 1 1I6=1,2
LIIG,11=ALIG)
ZL{16,2)=B(IG)
Z(IG,3)=ClLIG)
CALL MAX(3,72,A)
CALL DIVIN,U,sA)
CALL DIV(NBsUBsA)
CALL DIVINLC,UC,A)
RETURN

END

RELNGOO1
RELNOOD2
RELNOOO3
RELNOOO4
RELNOQOO5
RELNOOO®
RELNQOO7
RELNDOOOS
RELNOOQO9
RELNOO19D
RELNOO11
RELNOO12
RELNOO13
RELNOQOOl14
RELNOO15
RELNOO16
RELNOOL17
RELNOO18
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SUBROUTINE MAX{NsUsA)

FINDS THE MAXIMUM POSITIVE ELEMENT CF U FOR EACH GROUP:

DIMENSIUN U(2+1001)4A(2)

DO 1 IG=1,2

A(IG)=0.

DO 1 I=1,sN

IF (UlIGy1).6T.ALIG))
CONTINUE

RETURN

END

ALIG)=ULIG,I)

MAX
MAX
MAX
MAX
MAX
MAX
MAX
MA X
MAX
MAX
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SUBRUUT INE DIVIN,U,A) DIV 0001

DIVIDES A INTO U FOR EACH GRCUP: DIV Q002
DIMENSION U(2,1001),A(2) DIv 0003
D01 1I6=1,2 DIV 0004
DO 1 I=14N DIV 0005
1 UtIGe1)=ULIG,I)/ALIG) DIv 0006
RETURN . DIV 0007
END DIV 0008
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SUBRUUTINE OUTPUT(NKsNyXsUyNByXByUB4NC9XCyUCoNSR,yR)
PRINTS OUT THE ANALYSIS RESULTS:
DIMENSION X{1001),U{2,1001),X8(1001),UB(2,1001),

XC{1001),UC(2,1001),R{9,26),NSR(3,256)
SUM UP THE REGION RAW POWERS AND REGICN FRACTIONAL POWERS:
DO 5 1IT=1:6

IF (IT.LE.3) .
RUIT$261=0.0
DO 5 K=1sNK
IF (1T.LE.3) . NSR{UIT,26)=NSR{IT426)+NSRUIT+K)
RUIT226)=R{IT426)+R{1IT,K)

THE PERCENT NCRMALIZED DIFFERENCES OF THE REGION FRACTIONAL POWERS:
DO 60 K=1sNK
DO 50 1IT=7,9
RUIT2KI=04D
IF {(R{63KJ<EQ.00) GO TO 60

NSR{IT 426)=0

RUTHyKI={R(69K)=R{45K))*1U0./R(6,4K)

60

10

K3 X X X

12

RIB8sKISIR{OsKI=RI59K)II*1ID . 7R{69K)
IF (R{54K).EQe.D.0) 6O TO 60
RI94K)I=IRI59K)=R{44K))}*100.7R(5,4K)
CONTINUE
THE PERCENT NORMALIZED DIFFERENCES OF THE TOTAL RAW POWER PRODUCED:
RlET7:26)={R(3,26)-R{1,26))%100./R{3,26)
R{B326)={(R{3,26)-R(2,26))*100./R(3,26])
R(9326)1={R{2426)-R{1,26))%100./R{2,26)
WRITE (6910) NKolKyINSRUIT yK)yR{IT3K)yIT=1,3),K=1,NK)
FORMAT ('1RESULTS OF THE INTEGRATED POWER IN EACH OF THE',13,
* REGIUNS:%,//7/7,
YOCALCULATED POWER LEVELS, AND NUMBER OF SUBREGIONS PER REGION:
. /73X *REGION2® 10X, *HCMOGENIZED RESULTSz2' 45Xy
¢ SYNTHESIZED RESULTS:? ,7TX,*REFERENCE RESULTS:%4//,
(110910Xs139E1T7eT7918,ELT«791105E15.7))
WRITE (6512) (NSR{IT,26),R(IT526),1T=1,3)
FORMAT (/7 33Xs"TOTALS:? 310X, I34ELT.T7418,E17.74110,E15.7)
WRITE (6,20) (Key {RUITK) s IT=446) yK=1,NK)

20 FORMAT (//,*OFRACTIONAL PUWER LEVELS2'",7/¢3Xs"REGION: "4 10X,

ouTPCO01
guTPOOO02
auTPQ003
ouTP0004
OuUTPQO0O5
ouTPO006
guTPO007
ouTPOO0OS
ouTPO009
ouTPOO010
auTPOO11
ouTP0O12
ouTPOO13
ouTPOO14
guTPOO15
ouTPOO16
ouTPOOL7
ouTPOO18
ouTPOO19
ouTP0029
guTP0021
guTP0022
ouTP0023
JuTPO0O24
guTP0025
guTP0026
ouTePO027
ouTP Q028
ouTPO029
ouTP0O030
ouTPOO21
QuUTPO032
ouTP0033
OUTP 0034
ouTPOO35
QuTP 00306
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X SHUMUGENEOUS RESULTS:21,5X,
X SSYNTHESIZED RESULTS:® ,7TX,"REFERENCE RESULTS:2',//,
X (110,5X,3E25.7))
WRITE (6911) (R{UIT,26),1T=4,86)
11 FORMAT (/743 Xy'TOTALS2'y5X43E25.7)
WRITE (6430) (Ky {RUITyK) »IT=7,45) sK=1,NK)
30 FORMAT {773 0FRACTICNAL PUWER NORMALIZED PERCENT ERRORS:',//,
X 3Xe'RESGIONSY 914X (REF-HCMC) /REF 3¢,
X BXy " {REF=SYNTH)/REF Z*35Xy Y {SYNTN-HCMO) /SYNTH %' ,//,
X (I110,5X43E25.7))
WRITE (6440) (RLUIT,26),1T=7,9)
40 FORMAT (//7+'0RAW PRODUCTIUN POWER NORMALIZED PERCENT ERRORS:2t',//,
X 24Xy *{REF-HUMO)/REF %,
X BXy " (REF~SYNTH)/REF £t 95 Xs*{ SYNTN-HCMO) /SYNTH %*,//,
X (15X93E25.7) )
RETURN
END

ouTPOO37
ouTP0038
CuTP0039
OuUTPO040
ouTPOO41
ouTPO042
ouTPO043
OUTP0044
OUTPO045
ouTPO046
OuTPOO47
ouTPO048
ouTPO049
ouTPO0S50
OUTPOOS51
ouTPC0S52
OuTP0OO53
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SUBROUTINE SCPLOTINKsNsX Uy NByXB,UB,NCyXC,yUC)

READS IN PLOTTING INFORMATICN AND PLOTS THE FLUX COMPARISCNS:

COMMON /5C/7 TITLE(20)+XINCHyYINCHyNCELLWCELL NLL,XL{100)

COMMUN /MAX/ XMINgXMAX,YMIN,YMAX

COMMON /RASTER/ IXSeIYS IXE s IYEIXToIVYT,IXLX,IYLX,
IXLYIYLY{3)yLHeLW, IS, IR

COMMOUON /MARGIN/ ML MR,MB,MT

DIMENSION X{(1001),U(2,1001),XB(1001),UB(2,1001),XC(1001),

X uC(2,1001)

N T

11
X

13
X
X
X

14

READ (5,1,END=20) TITLE
READ (5,4,END=20) XINCH, YINCH
NEGATIVE NCELL SPECIFIES THAT THE LAST CELL IS A HALF CELL:
READ (5,3,END=20) NCELL, WCELL
READ {543,END=5) NLLy (XL(I)sI=1,7)
IF (NLL.GT«7) READ (5,4) (XL{I),I=8,NLL)
FORMAT (20A4)
FORMAT (110,7F10.5)
FORMAT (8F10.5)
GO TO 10
NLL=0
WRITE (6911) TITLE

FORMAT (* LEXECUTING GENERAL ANALYSIS AND FLUX PLOTTING PROGRAM:?',

/745X, *TITLE OF PLOTTING RUN IS: | *520A4,"' |*)
XMIN=0.0
XMAX=WCELL*FLOAT{NCELL)
IF (NCELL.LT.0) XMAX=WCELL*(FLOAT{-NCELL)-0.5)
YMIN=0.
YMAX=1.0
WRITE (6913) NCELL,WCELL,XMINsXMAX,YMIN,YMAXoNLL
FORMAT ('OREACTOR GECMETRY PARAMETERS:'3/45Xs*NCELL ="4154/»

5Xg "WCELL =* yF10e59/735Xy " XMIN =? yF104557/ 95X " XMAX ="3F1054/

SXe'YMIN =93 Fl0.59795X3* YMAX ="9F10.549/

SX» 'NLL =1,15)
IF (NLL.GTL.0) WRITE {(6,14) (XL{I),I=1,NLL)
FORMAT (5Xs *(XL{I}yI=1,NLL) ="9/,1(1CXy10F10.5))
CALL SETUP

SCPLOOO1L
SCPLOOQO2
SCPLOOO3
SCPLOOO4
SCPLOOOS
SCPLO0OOS6
SCPLOOOT
SCPLOOOSB
SCPLOOO9
SCPLOO10O
SCPLOO11
SCPLOO12
SCPLOO13
SCPLOOL14
SCPLOO1S
SCPLOO16
SCPLOO17
SCPLOO18
SCPLOO19
SCPLGO20
SCPLOO21
SCPLQO22
SCPLOO23
SCPLO024
SCPLOO25
SCPLQO26
SCPLO027
SCPLOO28
SCPLOOD29
SCPLOD30
SCPLOO31
SCPLOO32
SCPLOO33
SCPLOO34
SCPL0OO35
SCPLOO3s6
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CALL PLOTIN,X,UsNB,XB,UB,NC4XC,UC) SCPLOO37
20 RETURN SCPLOO38
END SCPLOO39
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SUBROUTINE SETUP
FINDS THE RASTER LOCATIONS FOR THE GRID CORNERS, LABELS, AND TITLE
ENTIRE PLOTTING AREA {INCLUDING LABELS) IS XINCH X YINCH.
COMMON /SC/ TITLE(20),XINCHsYINCH NCELL,WCELL,NLL,XL(100)
COMMON /RASTER/ IXSeIYSIXE oIYEIXT,IYTLIXLXyIYLX,
IXLY,IVLY{3)sLHyLW,IS,IR
COMMON /MARGIN/ ML,MRyMB,MT
SET THE LETTER SIZE FOR THE LABELS AND TITLES:
LH=2
LW=2
IS=5%Lu+3
IR=T*LH+S
PLOTTING AREA:
ONE INCH = 137 RASTERS. PLCTTING AREA IS 1023 RASTERS SQUARE.
IXE=XINCH*137.+0.5
IYE=YINCH%*13T7.+0.5
IF {IXE.GT1020) [IXE=1020
IF (1YE.GT.1020) 1YE=1020
IXS=(1023-1XE}/2.+1
1Y¥S={1023-1YE)/ 2+1
IXE=IXS+IXE~-1
IYE=1YS+IVYE~-1
CUORDS FOR THE LETTERS ARE FOR THEIR CENTERS:
TITLE {(UPPER LEFT CORNER)}:
IXT=8
I1YT=1014
X AXIS LABEL
IXLX=(IXS+60+IXE-6*1S5)/2+1+8
IYLX=IYS + 10
Y AXIS LABELS (FOR EACH FLUX PLCT TYPE):
IXLY=IXS + 10 '
IYLY(L)=LIVYS+43+1YE-20%[5)/2+]1 %4
IYLY(2)={IYS+43+]IYE~-23%][5)/2+]1 +4
IYLY(3)=(1YS+43+IYE-26%[S)/2+]1 +4
SET MARSIN SPACING FOR GRID:
ML=IXS + 2%]18 -1

SETUOOO1
SETUQJ002
SETU0003
SETUQOO04
SETUO00S
SETUQ006
SETUQ007
SETUQQCOS
SETUQ0O09
SETUO0O19
SETUOO11
SETU0012
SETUOO013
SETUOO14
SETUO0O015
SETUOO16
SETUOOL7
SETUOO18
SETUOO19
SETU0020
SETU0021
SETU0022
SETU0023
SETU0024
SETU0025
SETU0026
SETUCO027
SETU0028
SETU0029
SETUOO30
SETU0031
SETU0032
SETU0033
SETUQ034
SETU0035
SETUOO036
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MR=1023-1XE : SETU0037

MB=1YS + 2%18 -1 SETUQO038
MT=1023-1YE SETU0039
RETURN SETUQO040
END SETUO0041
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SUBRUOUTINE PLOT (NAyXAyUA,NByXByUByNC,XC,UC)
USES MIT-IPC'S SC—4020 SUBROUTINE PLOTTING PACKAGE.
PLOTS THE COMPARISON FLUX DISTRIBUTIONS:
KEY: HOMOGENEOUS — DASHED LINE.
SYNTHESIS — SOLID LINE.
REFERENCE — DOTTED LINE.
COMMON ZRASTER/Z IXSpIYSsIXEIYEIXTHIYT,IXLX,IYLX,
IXLY IYLY(3)
DIMENSION XA(1001),UA(2,1i001),XxB(1CO1),UB(2,1001),
XCl1001),UC(2,1001), X{1001),T7(1001)
HARDCOPY INITIALIZATIUGNS
CALL STUIDVI*M7788-6571%'49,2)
DO FOR EACH ENERGY GROUP:
DO 10 1IG=1l,2
NTH=1
CALL OGRID
IF (IG.EQel). CALL RITE2VIIXLY,IYLY(1),1024+9091920,NTH,
"NORMALIZED FAST FLUX®*¢N)
IF {IGeEQe2)  CALL RITEZ2VIIXLY2IYLY{(2),1024,9051+234NTH,
S NORMALIZED TEERMAL FLUX*'*,N)
HUMUGENEOQUS RESULTS:
CALL PUTULIGyNC, XCoUCsNyX,T)
CALL ADJUSTINsXsT»l)
CALL LINE{(NsXsT»1)
SYNTHESIS RESULTS:
CALL PUT{IGyNBsXBsUByNyX,T)
CALL ADJUST(N¢XT,0)
CALL LINEI(N,XsT,0)
REFERENCE RESULTS:
CALL PUT{IGyNAs XAsUA Ny X,T)
CALL ADJUST(N2X9T,2)
CALL LINE(NXT,2)

10 CONTINUE

CALL PLTNDINTH)
WRITE (0520) NTH

20 FORMAT {('1',15,* SC 4020 PLCTS HAVE BEEN PLOTTED.')

PLOTOOO0L
PLOTJ002
PLOTO0003
PLOT0004
PLCTO0005
PLOTO0006
PLOTO0007
PLOTO008
PLOTO009
PLOTO0190
PLOTOO11
PLOTOO12
PLOTOO13
PLOTOO14
PLCTOO15
PLOTOO016
PLOTOO017
PLOTOO18
PLOTOO019
PLOTO0020
PLOTO021
PLOTO0022
PLCT (0023
PLOT0024
PLOT 0025
PLCTO0026
PLOTO0027
PLOT0028
PLOTO029
PLOTO0030
PLCTO0O031
PLOTO032
PLOTO033
PLOTO034
PLOTO0035
PLOT 0036
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RETURN PLOTO0037
END PLOTO0038
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SUBRUOUTINE PUT(IGyNAsXAyUAsN9XsT)

TRANSFERS NAsXAUA DOF IG INTC NyX,T:

DIMENSION XA{1001),UA(2,1001),X(10C1),7(1001)
N=NA

DO 1 1I=1,N

xtI)=xAll)

T(L}=UALLG, 1)

RETURN

END

PUT
PUT
PUT
PUT
PUT
PUT
PUT
PUT
PUT
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SUBROUTINE OGRID

SETS UP A NEW FRAME AND PLOTS THE GRID

AS WELL AS RUN TITLE, LABLES, AND LIGHT LINES.

COMMUON /SC/ TITLE(20) oXINCH9sYINCHyNCELLyWCELLyNLL,XL(100)

COMMON /MAX/ XMIN, XMAX, YMIN, YMAX

COMMUN /RASTER/ IXSeIVS,IXE«IYEIXTIYTLIXLX,IYLX,
IXLYSIYLY{3)sLHsLH,IS,IR

COMMON /MARGIN/ ML,MRyMB,MT

DATA IT /1/

IT=1T+1

IF (1T«GT<3) . 17=3

NTH=1

IF {1IT.6T«2) GO TO 10

CALL CHS1ZV{LWsLH)

CALL RITSTVIIS,IR)

CALL SETMIVIML)MR,MB,MT)

CALL GRIDlV(lT.XHIN:XHAX 'YMIN,YMAX'HCELLQOoly 1109"’19"11 5,3)

CALL PRINTV{BO, TITLELIXT,,IYT,1)

CALL RITE2VIIXLX s IYLX91024,0,136,NTE,*X {(CM)',N)

IF (NLL.EW.0) GO TO 5

IY1=1YV{YMIN)

1¥2=1YVIYMAX)

DO 1 I=1,yNLL

IX=IXVEXL{1))

CALL LINEVUIXs1Y1loIXy1Y2)

RETURN

END

GRIDO0O1
GR1ID0O0O2
GRIDOOO3
GRIDO004
GRIDOO0OS
GRIDJ0O06
GRIDO0O7
GRIDO0OOS
GRIDO00O9
GR1D00O10
GRIDOO11
GRIDOO12
GRIDOO13
GRIDOO14
GRIDOO15
GRIDQO16
GRIDOO17
GRIDOO18
GRIDOO19
GRID0020
GRIDO021
GRID0022
GRID0023
GRID0024
GRIDO0025
GRID0026
GRIDDO27
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SUBROUTINE AUJUST(NsXeY,sL)

ADJUSTS THE X AND Y ARRAYS BY DELETING ANY {(X,Y) POINTS

WITHIN UR EQUAL TC NR RASTERS DISTANCE OF EACH OTHER.
HOPEFULLY EL IMINATES DARK SPCTS CN THE PLOTS.

L = 0 SOLID LINE PLOTTING: NR = 2,
L = 1: DASHED LINE PLOTTING: NR = 23 INCRVI(10,5).
L = 2: ODOTTED LINE PLOTTING: NR = 43 [INCRV( 2,2).

DIMENSIUN X{1), Y(1)
NR=2

IF (L.EW.2) NR=4

IF (N.LE.1) RETURN
K=1

IX1=IXV(X(1))
IYL=1YV(Y(1))

DO 1 1=2,N
IX2=IXVIX(I))
IY2=1YV(Y(1))
10=SQRT(FLIAT({ IX2- IXL)*#2+(1Y2-1Y1)*%*2))+0.5
IF (ID.LE.NR) GO TO 1
K=K+1

X{K)=X(1)

Y(K)=Y{I)

IX1=1X2

IV1l=1Y2

CONT INUE

N=K

RETURN

END

ADJUO001
ADJU0002
ADJU0003
ADJUOOO4
ADJU000S
ADJUQOOS
ADJUOOO7
ADJU0008
ADJU0009
ADJUO0O10
ADJUOO11
ADJU0O12
ADJU0013
ADJUOO14
ACJUO0015
ADJUOOl6
ADJuoOO1l7
ADJUOOLl8
ADJUOO19
ADJU0020
ADJU0021
ADJUQ022
ADJUGO023
ADJUDO2%4
ABJU0025
ADJU0026
ADJU0OO27
ADJU0D28
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SUBRUUTINE LINE(NsXyY,yK)
PLOTS: A LINE (K=0), OR A DASHED LINE (K=1),
THROUGH Y(X) DATA POINTS.
DIMENSION X(1)y Y(1)
IX1=IXVIX{1 )
IYI=1YV(Y(1))
DO 10 1I=24N
IX2=1XVIX(1))
1v2=1YviY{1}))
IF (K.NE.O)} GU TO 1

SOLID LINE PLOT:
CALL LINEVUIX1,1Y1l,IX2,1Y2)
GO 70 5

DOTTED OR DASHED LINE PLOT:
IF (KeEWel) CALL INCRV{10,5)
IF (KeEW.2) CALL INCRV(Z,2)
CALL DOTINVIIX191Y1,IX2,1Y2)
I1X1=1X2
1Yl=1Y2
RETURN
END

OR A COTTED LINE (K=2)

LINEQQOL
LINECGOO2
LINEOOO3
LINEOOO4
LINEOOOS
LINEOOOS
LINEOOOT
LINEOOOS
LINEDOO9
LINEQO10
LINEOO11l
LINEOO12
LINEOO13
LINEOQOO14
LINEOQO15
LINEOO16
LINEQO17
LINEOO18
LINEOO19
LINE002D
LINEQO21
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