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ABSTRACT

An iterative optimization method based on linearization and on
Linear Programming is developed. The method can be used for the deter-
mination of the material distributions in a fast reactor of fixed power
output, constrained power density and constrained material volume frac-
tions that maximize or minimize integral reactor parameters which are
linear functions of the neutron flux and the material volume fractions.

The method has been applied:

(1) To the problems of optimization of the fuel distribution in the
reactor core so as to obtain: (a) a maximum initial breeding gain;

(b) a minimum critical mass; and (¢) a minimum sodium void reactivity.
Numerical results show that the same fuel distribution yields maximum
breeding gain, minimum critical mass, minimum sodium void reactivity
and uniform power density.

(2) To the problem of optimization of a moderator distribution in the
blanket so as to maximize the initial breeding gain. Results indicate
that breeding gain is a weak function of the moderator distribution.
These results are confirmed by studying the effects on the breeding
gain of the insertion of a moderator, homogeneously distributed, in the
blanket.

Finally, the effects on the breeding gain of surrounding the
blanket by a reflector are investigated. The results show that:
(a) savings in blanket thickness may be achieved with choice of a
proper reflector without substantial loss in breeding gain; and (b) the
transport and absorption properties of a medium, rather than its
moderating properties, determine the figure of merit of a fast reactor
blanket reflector.
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Chapter 1

INTRODUCTION

1.1 THE PROBLEM

The objective of this study is the development and application
of a method to optimize the material distributions in a fast reactor
of fixed power output. constrained power density and material volume
fractions so as to maximize or minimize a given objective function.*
An iterative method has been developed based on linearization of the
relations describing the system and on Linear Programming. The method
can be used to optimize integral reactor quantities which are linear
functions of the neutron flux and the material volume fractions.

In what follows, primary emphasis has been placed on the
problem of optimization of the fuel distribution in the reactor core
and moderator distribution in the reactor blanket so as to obtain a
maximum initial breeding gain. In addition, the optimization method
has been applied to the problems of optimization of critical mass
and sodium void reactivity.

Numerical results show that: (a) the core of maximum initial

breeding gain is also the core of minimum critical mass and minimum

*The term objective function in this study is used to denote a

criterion of optimality.



sodium void reactivity; and (b) the initial breeding gain is a very
weak function of the moderator concentration in the blanket.

Fast reactors are of interest primarily because of the economic
advantage resulting from their ability to breed more fissile fuel than
they consume. It follows that fast reactors should be designed with a
breeding potential as high as possible within the framework established
by engineering constraints.

A typical fast reactor consists of a core of plutonium-enriched
fuel surrounded by a blanket of depleted uranium, which in turn is
surrounded by a reflector-shield region. Breeding can be achieved
both in the core (internal) and in the blanket (external). In the
core, the breeding potential increases monotonically as the spectrum
is hardened. Therefore addition of a moderating material in the core
is detrimental to internal breeding. In the blanket, however,
introduction of a moderating material softens the spectrum and favors
captures by the fertile material in the sub-kev energy range. Thus
the central question is how should the fuel in the core, and the
fertile and moderating materials in the blanket be distributed so
that the initial breeding gain is maximized.

In typical demonstration plant and 1000-MWe fast breeder
reactor studies, the blanket designs are quite similar. The apparent
design strategy is primarily to accommodate as much depleted UO2 as
practicable subject to the following constraints. The axial blanket
is an extension of the core fuel, and therefore has the same fuel

)
volume fraction; further its thickness is often established by
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shielding requirements for the protection of core structure, and for

this reason is thicker than justified solely by breeding economics.
The radial blanket consists of several rows (typically three) of
subassemblies having larger diameter rods and a lower coolant volume
fraction than the core. The reflector-shield external to the blanket
is usually a high-volume-fraction steel region. Thus most of the
current work is proceeding within a very narrow envelope of design
choices.

Hasnain and Okrent (1) made a preliminary study of the effects
of inserting graphite in a fast reactor blanket. They studied four
blanket configurations, three of them with graphite, and a reference
blanket without graphite. They found a small drop in breeding ratio
due to insertion of the graphite, and concluded that inclusion of
moderating material in a fast reactor blanket is not promising for a
high-power density reactor using optimum fuel cycling.

Perks and Lord (2) studied several blanket configurations
containing moderating materials such as graphite, sodium and a
graphite-stainless steel mixture. They also found a small drop in
breeding ratio for the moderated configurations compared to a
reference design without moderating material.

An early blanket design of the British PFR, since dropped,
consisted of one row of subassemblies containing a mixture of graphite

and steel, one row of subassemblies containing UO,, and two rows of

2

subassemblies containing graphite. In reference (3) it is reported

that this arrangement was selected because it leads to a reduction
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in critical mass and to an improvement in the core radial power form
factor. Moreover, it is reported that removal of the moderator
improves the breeding gain.

In all the analyses just cited, however, it is not possible
to ascertain whether the configuration which gives the maximum
breeding is included among the options selected for study.

A primary purpose of the present work is to avoid this

deficiency through use of systematic optimization techniques.

1.2 THE BREEDING RATIO AND BREEDING GAIN

The breeding ratio and the breeding gain have been defined in
a variety of ways. In this section the various definitions of the
breeding ratio and breeding gain which have been used in fast reactor
studies, and the definition of the breeding gain used in this study
are discussed.

The initial (i.e. beginning of life) breeding ratio, b, is
usually defined as the ratio of the fissile production rate to the
fissile consumption rate. The breeding gain is then defined as
production less consumption per unit consumption, or b-l.

In the U.K., the preferred definition of breeding performance

of a fast reactor is the breeding gain defined as (3)

Breeding gain = Pu239 produced per fission above that required to

maintain criticality

Since the plutonium inventory of a fast reactor can arise from sources



of plutonium of differing isotopic composition, an "equivalent Pu239"

quantity is defined as the quantity of Pu239 which has the same

reactivity worth in fast reactors. For example, for a large ceramic

239"

fueled fast reactor the "equivalent Pu is defined as

wpe239n o pu?3% 4 spu?tl 4 0.15(u*0 + pu?4d

In a similar vein, Ott (4) defines the breeding ratio as

238 239 240 241
b = Rc + YORc + Y1Rc + YZRC
o 239 240 241 242
Ra + yORa + YlRa + YZRa

i.e., the (spatially integrated) production rate (Rc) of the weighted
plutonium isotopes over their consumption rate (Ra). The weights

(Yi's) are defined as

This definition has the advantage that b, is fairly insensitive to

0
variations in fuel composition.

In this study, the breeding performance of a fast reactor is
measured by a breeding gain, defined as the ratio of the net fissile

production rate (production rate minus consumption rate) to the

thermal power produced. This measure has been selected because:

(a) for a power reactor of constant power output, it gives an objective

function (breeding gain) for the breeding optimization problem, which

is easily linearized about an operating point; and (b) it can be

15



readily used in economic studies, in which power production and
plutonium production enter directly as key variables. Because it
directly relates the net production of fissile fuel to the power
production, which is desirable from the point of view of economic
studies, the breeding gain used in the present study could be called
the "economist's'" breeding gain, as opposed to the "physicist's"

or "chemist's" values defined by other authors (5). Compatible with
this definition of the total breeding gain, the internal breeding
gain is, in turn, defined as the net fissile production in the core
per unit total thermal power produced. Similarly the external
breeding gain is defined as the net fissile production in the blanket
per un;t total thermal power produced. These latter definitions of
the total, internal and external breeding gain will be used consis-

tently throughout the remainder of this study.

1.3 OPTIMIZATION TECHNIQUES

One recurring problem that arises in reactor design, is the
selection of the optimum value of a reactor parameter according to a
criterion of optimality. Optimization techniques can provide answers
to such a problem, since they seek the optimum solution in a system-
atic way without reliance on intuition or random selection.

In the present work advanced optimization techniques, such as
Variational Methods, Dynamic Programming and Linear Programming have
been considered. These techniques have previously been used to solve

several problems which are more or less related to the present work.

16



17

Goertzel (6) solved the problem of optimum fuel distribution
in a homogeneous moderator region so as to obtain a thermal reactor
of minimum critical mass by using the methods of the classical
calculus of variations.

Kochurov (7) solved the same problem with the constraint that
the fissile concentration be less than an upper limit, by means of
the Maximum Principle of Pontryagin.

Goldschmidt and Quenon (8) used the Maximum Principle of
Pontryagin to find the fuel distribution which minimizes the critical
mass of a slab geometry fast reactor, described by one-group diffusion
theory and subject to the constraints that: (a) the total thermal
power be constant; (b) the power density be less than or equal to an
upper limit; and (c) the fuel enrichment be bounded.

The Maximum Principle of Pontryagin has also been used by
other authors. 2Zaritskaya and Rudik (9) used it to find the fuel
distribution which leads to the minimum critical size of a reactor
of given total power and limited power density, and the fuel distribu-
-tion which gives the maximum total power output of a reactor of known
dimensions and bounded maximum flux. Rosztoczy and Weaver (10) used
it to determine an optimum reactor shutdown program that minimizes
the excess reactivity required to override the xenon poisoning.
Finally, Roberts and Smith (11) used it to determine an optimum
reactor shutdown program that minimizes the time necessary for shut-
down, éubject to the constraint that the xenon concentration never

exceed the available reactivity override.
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Ash (12) used Dynamic Programming to determine an optimal
reactor-shutdown program that either minimizes the post-shutdown
xenon concentration maximum, or minimizes the xenon concentration
itself at a given post-shutdown time.

Wall and Fenech (13) also used Dynamic Programming to optimize
the refueling policies of a single-enrichment, three zone PWR core
for a minimum unit power cost subject to the constraints that the
fuel burnup and power density be bounded.

Gandini, Salvatores and Sena (14) developed a method based
on generalized perturbation theory and on Linear Programming to
optimize reactor integral parameters, linear or bilinear in the real
and adjoint neutron fluxes.

Purica, Pavelescou and Anton (15) developed an algorithm
based on game theory, to optimize the dimensions and enrichment of a
spherical fast reactor having homogeneous core and blanket and given
U238 inventory so as to obtain a maximum initial breeding ratio.

A brief review of other optimization studies directly and
indirectly related to Nuclear Engineering is given in Appendix A.

For the purposes of this work the Maximum Principle of
Pontryagin and Dynamic Programming have been considered for the
solution of the breeding optimization problem, but they have not been
used. Application of the Maximum Principle of Pontryagin leads to a
two-point boundary value problem which is difficult to solve either
analytically or numerically. Dynamic Programming, in spite of its

conceptual and programming simplicity, imposes exceptionally large



fast-access digital computer memory requirements. Instead an iterative
method based on linearization of the equations describing the system
and on Linear Programming has been developed and successfully applied.

Linear Programming is concerqed with the solution of optimiz-
ation problems for which all relations among the variables are linear
both in the constraints and the function to be maximized or minimized
(16). Since the problem with which this study is concerned is non-
linear, linearization is used to reduce it to a form suitable for the
use of Linear Programming. The linearization procedure and Linear

Programming are discussed in Appendix B.

1.4 REPORT OUTLINE

This report is organized as follows. In Chapter 2 the
theoretical basis of the optimization method used in the study is
discussed. In Chapter 3 the method is applied to the optimization
of the reactor core. In Chapter 4 the optimization of the reactor
blanket is discussed. In Chapter 5 general conclusions and recom-
mendations are discussed. Appendix A contains a brief literature
review of publications on theory and applications of optimization
methods. In Appendix B Linear Programming and the linearization
procedure are discussed. In Appendix C the method of Piecewise
Polynomials is briefly discussed and some integral quantities of the
piecewise polynomials are evaluated. The computer program written

to carry out the computations is discussed and listed in Appendix D.

19
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Chapter 2

THE OPTIMIZATION METHOD

As already stated in Section 1.1, the purpose of this study
is the development and application of a method for the optimization
of the material distributions in a fast reactor of fixed power out-
put, constrained power density and material volume fractions so as
to maximize or minimize a given objective function. Without any
loss of generality, the method will be developed in this Chapter in
connection with the breeding optimization problem. The mathematical
statement of this problem is given in Section 2.1, the linearized
form of the problem is presented in Section 2.2, the solution of the
linearized multigroup diffusion equations is discussed in Section 2.3,
the Linear Programming iterative scheme is discussed in Section 2.4,
some remarks on the limitations and capabilities of the method are
discussed in Section 2.5, and a brief summary of the method is given

in Section 2.6.

2.1 MATHEMATICAL STATEMENT OF THE PROBLEM

A typical fast reactor consists of a core of plutonium-
enriched fuel surrounded by a blanket of depleted uranium, which,
in turn, is surrounded by a reflector-shield region as shown
schematically in Fig. 2.1. It is a common practice to describe

the neutron behavior in a fast reactor by the multigroup diffusion
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equations. For an infinite cylindrical geometry the diffusion

equation for the i-th group at a point r is written as (17)

N
- - +
VD, (r)Ve, () La,1(0 () = I T, 1y(0)0;(x)
h=1i+1
i-1 N
X, (o (r) +x, ZvI. () (r) =0 (2.1)
h=1 (=1 777h i, h7E,h
where
¢i = neutron flux in group i
Di = diffusion coefficient for group i
Za i = macroscopic absorption cross section for group i
Z(i-h) = macroscopic down-scattering cross section for transfer from
group i to group h by elastic and inelastic scattering
X4 = fraction of fission neutrons born into group i
Vh = pnumber of neutrons released per fission occuring in group h
Zf ho macroscopic fission cross section for group h
’
N = pnumber of neutron groups
The power density P(r) at a point r is given by the relation
P = I {u, IS, 4 (8 - u @ - u (01T 3o, (0 (2.2
i1 Yett R g 0~ Yt Ym £,1° %1 .
where
uf(r) = volume fraction of the fissile material

um(r) = yolume fraction of the moderating material

22



£,1

fr
f,i

where

where

fr
Y,1

sfs
a,1l

= macroscopic fission cross section of pure fissile material

for group i

= macroscopic fission cross section of pure fertile material

for group i

= fissile volume fraction + fertile volume fraction +

moderator volume fraction

The total thermal power W delivered by the reactor is

{uf(r)ngi + [NO - uf(r) - um(r)lzgii} ¢i(r)rdr

(2.3)

outer reactor radius
The breeding gain as defined in Section 1.2 is written as

ten
2 l igl{[No-uf(r)-um(r)1z$fi-z§fiuf(r)}¢i(r)rdr
BG = -

W (2.4)

macroscopic capture cross section of pure fertile material
for group i
macroscopic absorption cross section of pure fissile material

for group i

23



In terms of the mathematical relations just cited the breeding
optimization problem is stated as follows: Find the optimum fissile
and moderator distributions, uf(r) and um(r) respectively, which
maximize the breeding gain BG (Eq. 2.4) while the following equations
and inequalities are satisfied:

1. Multigroup diffusion equations (Eq. 2.1)
2. The power density

P(r) < p = const. (2.5)
3. The total thermal power

W = const. (2.6)
4., The sum of fissile and moderator volume fractions

u, + ug < N, = const. (2.7)

0
2.2 THE LINEARIZED FORM OF THE BREEDING OPTIMIZATION PROBLEM

It is seen from Eqs. (2.1), (2.2), (2.3) and (2.4) that the
optimization problem of interest is nonlinear. As already mentioned
in Section 1.3 it is very difficult to solve such a problem explicitly
or numerically through use of nonlinear optimization methods. For
this reason computer aided solutions have been sought through use of

appropriate mathematical programming techniques. One of these

techniques is Linear Programming which has the advantages of simplicity

and availability of standard computer subroutines.

Linear Programming is a method for maximizing (minimizing) a

24

linear objective function for a system with linear algebraic constraints.

For a nonlinear problem, linearization can be used to reduce the



problem into a form suitable for use of Linear Programming.
Application of the linearization procedure discussed in
Appendix B to Egs. (2.1), (2.2), (2.3) and (2.4) results in the

following linearized form of these relations.

1, Linearized breeding gain

N e fs .0
- I uf(r)if (ZY’1+Za,i)¢i(r)rdr -

t N
f fr .0
I um(r) Lz i¢i(r)rdr +

=1 1
0 i=1

rt. N
£y

0 0 fr O fs . *
i_l[(No-uf(r)—um(r»ZY’i-uf(r)Za’i]¢i(r)rdr +

J
0

34 N
£ Ny z Zfr.¢9(r)rdr} (2.8)
jop Yoi'd

J
0
where the superscript 0 is used to denote quantities evaluated at

the operating point about which the relations describing the system

are linearized, and

* 0
$1(6) = 6, (x) - ¢.(r) (2.9)
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2.

Linearized multigroup diffusion equations

1d 0 d * 0
;'E;'[tDi(r) 3;'¢i(r)] - Za,

-1
I Eg 4y (0r () +x, z
p=y (A=3)""h het P

(o () -ug () 1~125% -1 167

i-1
z [Z
h.—

fr
(h-1)"Z(he 1)]¢h(‘) + X1,

fs fr 0
tr, i%er,i 14, 99500

[r
3[2 i( )]2 r dr dr

N

]¢ (r) - I [Z
h=1+1

m
a,i a i

{-1zZ

i-1
i Do

-2 1600 4y,
h=1 (h-i) “(h-i)'"n 1h

m _ fr

tr i “tr,i ;_g__[
2 r dr
[ tr, {(01 dr

d¢i(r)

]

*
i(r)d)i(r) -

L h(r)¢h

N
(r) - I
h=i+1

fs.fs
Z [v Zf e

h=1

m
(i-h)-z(i-h

fr fr

}=0

: 0 (et +
r LT
h=g41 (1R 7771

fs fr 0
[ (1 h) (i—h) ]¢i(r) +

fr fr
Vi f h]¢h( r) -

1} + fu (0)-u)(0)]

J 16500 +

N
I (-v 5T 180 -

(2.10)
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where
ztr i = macroscopic transport cross section for group i
’
The superscript m is used to denote properties of the moderating

material.

3. Linearized total thermal power

t t
f fs fr £ N
W= J u.(r) Z [Z ]¢ (r)rdr - J u (r) L Z ¢ (r)rdr +
f ,i~ ,1
i=1 i= 1
0 0
TN * TN oo
J X Xf ()9, (r)rdr + j Z NI .0 (r)dr (2.11)
,1 i 0 f,i"1
i=]1 i=1
0 0
4, Linearized power density
A fr .0
P(r) = ug (r) Z [Zf i f ]¢ (xr) - u (r) Z Zf 100 +
i=1
N * fr 0
z Zf ¢ (r) + Z NO £, i¢ (r) (2.12)
i=1 i=1

When the multigroup diffusion equations are solved to obtain
the neutron flux in a reactor, the criticality condition is imposed
by the requirement that the eigenvalue of the multigroup dif fusion
equations be equal to 1. In this study, as explained later in this
chapter, the linearized multigroup diffusion equations are used to

*
express ¢i as a function of ue and u - For the reactor to remain
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critical ue and w can not change in an arbitrary way. Perturbation

theory can be used to express the criticality condition in the form (18)

tf N Zfs - fr '
J -[uf(r)—ug(r)l L t‘ai 2L V¢g(r)vwg(r)rdr +
J SENO)
Ki 0 N fs fr., 0, .0
J [uf(r)—uf(r)] X [Za i—Za i] ¢i(r)wi(r)rdr +
i=1 21 2,
0
g 0 N N fs fr 0 0 0
J [uf(r)-uf(r)] E Z [Z(i—h)-z(i—h)]d)i(r) [Wi(r)‘wh(r)]rdl’ -
h=1 h=i+1
0
te N N
= J [uf(r)—ug(r)].z1 th[vfszifh—vfrZ§rh]xi¢:(t)wg(t)rdr -
0 i= = ’
t fr
N Z?r,i-ztr,i

f
J [um(r)-uz(r)] z 5 V¢g(r)V¢g(r)rdr +
0

0
i=]1 3[ztr,i(r)]

Ptf

N
[u_(X)-u)(r) ]iﬁlfz';',1’2211‘*’2(”“’2(‘)”’ +

O~

L N N

0 m fr 0 0 0
[um(r)—um(r)]iil h§i+l D:(i_h) _Z(i‘h) ](bi(r) [wi(r)'wh(l') ]rdr -

ow-

t
f N N
J [um(r)—ug(r)] I I [-Vfrigfh]xi¢g(r)wg(r)rdr =0 (2.13)
0

i=1 h=1

==



where
wi = adjoint flux for group 1
k = k-effective

In terms of the linearized relations just cited the breeding
optimization problem is stated as follows: Determine the optimum
fissile and moderator distributions uf(r) and um(r) respectively,
which maximize the breeding gain BG (Eq. 2.8) while the following
relations are satisfied:

1. Linearized multigroup diffusion equations (Eqs. 2.10)
2. The total thermal power

W = const. (2.14)
3. The power density

P(r) < p = const. (2.15)
4, Criticality condition as expressed by Eq. (2.13)

< N, = const. (2.16)

5. O<u Of_.um , um+u 0

—f? f

Even after the linearization the optimization problem does
not yet have the proper form for application of Linear Programming.
Such a form, however, can be obtained as follows: (a) the reactor is
divided into a number, R, of regions, each with spatially uniform
material concentrations; and (b) the linearized multigroup diffusion
equations are solved to express each ¢: (1i=1,N) as a function of
uf,j’ um’j (ij=1,R). Thus, the functional to be maximized and the
constraints of the problem become linear algebraic functions of
uf,j and u_ , and therefore suitable for application of Linear

m,]j

Programming.
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2.3 SOLUTION OF THE LINEARIZED MULTIGROUP DIFFUSION EQUATIONS

The linearized multigroup diffusion equations are of the form
= EQur, u 2.17
L¢= _ﬂuf, um) (2.17)

where L is the multigroup diffusion matrix operator and

* 0 % _ 0
Up T Up-u, U T uo-u (2.18)

* * *
We want to express ¢ as a function of ug and u- Application of the

finite dif ference technique gives a set of algebraic equations of the

form

* * %
Mo = f(uc,u) (2.19)

Equations (2.19) can be solved by inversion of the matrix M. On the
other hand even for 5 neutron groups and 100 mesh points M is a

large (500 x 500) mwatrix and its inversion requires excessive computer
time and gives rise to prohibitive round-off errors.

This difficulty can be avoided by use of the method of
Piecewise Polynomials, discussed by Kang (19). A brief description
of this method is given in Appendix C. The method of Piecewise
Polynomials can be applied to solve the linearized multigroup

diffusion equations as follows. The reactor is divided into a number

30
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n of mesh points and the flux difference ¢i (Eq. 2.9) is approximated by



* * n n
o, ~ ¢, = L a .w + L B v, (2.20)
i i k=1 k,i'k k=1 k,i «,i
where Vi and v, 4 are cubic piecewise polynomials (Appendix C). The
b
coefficients a 4 and Bk ; are determined by requiring
L8 )w dv £ (ur,u) w dv (2.21)
(Ly®5)wadv = g (upuy) W .
\ \Y
o yv, .dv £ (ur,u v 2.22
Ci® v, 4 1 (W) Vi g (2.22)
A Y
where
\ = reactor volume

The integrations on the right hand side of Eqs. (2.21) and

* *
(2.22) can not be carried out since the space dependence of u_ and u

f

is unknown. On the other hand if the reactor is divided into a number,

R, of regions with spatially uniform material concentrations in each
region, then the right hand side of Eqs. (2.21) and (2.22) can be
integrated and a system of algebraic equations results. These

equations are of the form
Aa=glu, u,anl, (2.23)

where aj is the coefficient of the polynomial LA in Eq. (2.20) for
* *
i=1, and the components of the vectors Ug, U are given by
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* - * - ug j =L R (2.24)

The solution of the system of Eqs. (2.23) is
a=A"g (2.25)

For n mesh intervals and N neutron groups the order of the matrix A

is equal to 2nN-1l. The method of piecewise polynomials, compared to
the finite difference technique, gives a very good approximation to

¢: with only a few mesh intervals, n. Since the order of matrix A

is a function of the number of mesh intervals, n, the method of piece-
wise polynomials gives a smaller matrix A than the finite difference
technique for the same accuracy in ¢:. Thus for N = 5 and n = 10 the
order of A is 2 x 10 x 5 - 1 = 99. For the same accuracy in ¢: the
finite difference technique gives a 500 x 500 matrix. The inversion
of a 99 x 99 matrix is much more advantageous than the inversion of a
500 x 500 matrix from the standpoint of computation time and round-off

errors.

2.4 THE ITERATIVE SCHEME

The solution of the linearized multigroup diffusion equations
results in all constraints and the objective function of the problem
being linear algebraic relations of “f,j and um,j (j = 1,R). This

means that the original nonlinear optimization problem has been



reduced to a Linear Programming optimization problem.

The linearized form of the breeding optimization problem is a
good approximation of the original nonlinear problem only if uf,j and
um,j are sufficiently close to ug’j and ug,j about which linearization

took place. Therefore Linear Programming can be applied to obtain the

optimum values of ug i and u, j which maximize the objective function
bl ’
while ug j and u j must satisfy the additional constraints
b 2 L]
uo -€. <u <u + €., u - <u <u + € ,
£,] £ —"£,j — £, £ »] m-— m,j — m,j m
(G = L,R) (2.26)

and u remain

f,3 m, j

The parameters ef, Em are constants such that u

close enough to uo and uO respectively.
£,]3 m, j

This procedure results in a suboptimum solution since ue j

and u j are restricted by Eqs. (2.26) to only small variations around
’
0
m,j"
is devised. If uélg and u;1§ is the solution given by Linear Pro-
1 b4
@

gramming , the problem is re-linearized about ue 5 Ym, j and Linear
9. 9

ug j and u To advance the solution the following iterative scheme
’

Programming is again applied, while the relations

(1) . PR I 1

uf’j - Ef _ufaj - faj Ef’ umaj m - msj - m;j

(3 = 1,R) (2.27)
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(2) (2)
£,3° "m,d°

This procedure of linearization about the previous solution of

must be satisfied, to obtain another solution u

Linear Programming and re-application of Linear Programming is re-
peated until no further improvement of the objective function is
achieved. The last Linear Programming solution gives the optimum
fissile and moderator distributions which result in the maximum value
of the objective function. It must be pointed out that there is no
assurance that the determined optimum is a local or a global one.
Therefore one should repeat the iterative procedure starting with
different initial fissile and moderator distributions and compare

the determined optima.

2.5 REMARKS

The discussion in this chapter was based on infinite cylindrical
geometry. In principle, the optimization method developed can be ex-
tended to any reactor geometry. For geometries, however, involving
more than one dimension the method becomes very complicated in terms
of its numerical implementation.

From among the possible one-dimensional geometries infinite
cylindrical geometry has been selected because: (a) cylindrical
geometry is, almost without exception, characteristic of practical
reactors; and (b) the optimization of the fuel and/or a moderator
distribution is likewise of practical importance primarily in the
radial direction. Nevertheless, the method can be applied equally

well to any one-dimensional geometry.
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In addition, it should be noted that many two-dimensional
calculations in cylindrical geometry are approximated by one-dimensional
calculations by adding to the macroscopic absorption cross section a
DB2 term to account for axial leakage (20). This approximation can be
incorporated in the optimization method discussed in this chapter by
simply adding an appropriate DB2 term to the macroscopic absorption

cross section.

2.6 SUMMARY

In this chapter the theoretical development of an iterative
optimization method has been discussed. Each iteration consists of
three steps: (a) the relations describing the system are linearized
about the previous Linear Programming solution; (b) the linearized
multigroup diffusion equations are solved to express ¢: as a function
of u, and us and (c) Linear Programming is applied. The iterations
continue until no further improvement of the objective function is
achieved.

Results obtained from the numerical application of the method
to the problems of Breeding Optimization, Critical Mass Optimization
and Sodium Void Reactivity Optimization are presented in Chapters 3
and 4. The computer program written to carry out the operations

described in this chapter is discussed and listed in Appendix D.
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Chapter 3

CORE OPTIMIZATION

3.1 INTRODUCTION

The optimization method discussed in Chapter 2 has been applied
to the core of a 1500 MW(th) fast breeder to obtain the fuel distribution
that: (a) maximizes the initial breeding gain; (b) minimizes the
critical mass; and (c) minimizes the sodium void reactivity. The
results are presented in this chapter.

For these studies, an infinite cylindrical geometry reactor is
considered. The core is divided into four regions of equal volume. As
explained later the optimization procedure involves two reactors of
different dimensions. They are designated reactor No. 1 and reactor
No. 2. The dimensions of reactor No. 1 are given in Table 3.1. The
dimensions of reactor No. 2 are given later. The composition of
reactors No. 1 and No. 2 is given in Table 3.2. This composition is
representative of LMFBR design studies presented over the last several
years (21,22).

The sum of the PuO2 and UO2 volume fractions is constrained to
remain constant during optimization and equal to 0.35.

Although for the neutronic calculations an infinite reactor
height has been considered, the power of 1500 MW(th) is attributed
to a fictitious core length equal to 100 cm.

A value of 550 w/cm3 is used as an upper limit for the power



TABLE 3.1

Dimensions of Reactor No.

1

Region Inner Radius Outer Radius
Core 1 0.00 cm 62.64 cm
2 62.64 cm 90.48 cm
3 90.48 cm 111.36 cm
4 111.36 cm 128.76 cm
Radial Blanket 5 128.76 cm 174.00 cm

*
Extrapolated outer boundary
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TABLE 3.2

Reactor Composition

Atomic or Molecular

Material Core Blanket density (for pure
materials)
cm"3 x 10—24
Na 50 v/o 50 v/o 0.025410
Fe 15 v/o 15 v/o 0.084870
PuO - 0.025189
2 > 35 v/o
uo 35 v/o 0.024444
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density. This is representative of typical LMFBR design studies (21,22).
For computational convenience the total thermal power has been
normalized to 100 and the power density limit to a corresponding value:

P x 2mH x Wn x 100

p = 5 x cm x -E = 2.30267 ©  (3.1)
1 cm cm

where

P = power density upper limit = 550 w/cm3
H = reactor height = 100 cm

Wn = normalized total power = 100 w

W = total thermal power = 1500 x 106 w

For the neutronic calculations five neutron groups were used.
In principle any number of neutron groups and reactor regions can be
employed. The choice is governed by the size of the matrix A (Chapter 2).

The ANISN multigroup transport theory code was used to obtain
a five-group cross section set by collapsing a sixteen-group modified
Hansen-Roach cross section set (23). The five-group structure is shown
in Table 3.3.

The three problems of Breeding Optimization, Critical Mass
Optimization and Sodium Void Reactivity Optimization are described by

the same equations except for the objective function.

3.2 BREEDING OPTIMIZATION
The purpose of this section is to present the results obtained

for the Breeding Optimization Problem. In Table 3.4, the results



TABLE 3.3

Five-Group Cross Section Set Structure

Group Neutron Energy in Mev
1 1.400 -
2 0.400-1.400
3 0.100-0.400
4 0.017-0.100
5 0.000-0.017
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obtained in the successive iterations of the iterative optimization
method, from the starting configuration* to the optimum one, are pre-
sented. As discussed in Section 2.6 each iteration consists of three
steps: (a) the relations describing the system are linearized about
the previous Linear Programming solution; (b) the linearized multi-
group diffusion equations are solved to express ¢: as a function of
ue and us and (c) Linear Programming is applied. The computation
begins with a four region homogeneous core as given by the first

row of Table 3.4. The optimum configuration is given by the last

row of the same table. The breeding gain listed in the last column

of the table is calculated by the relation

f
N fr fs
27 J iil[(N0 uf) zy,i - za,i uf] ¢i rdr
BG = Ot (3.2)
fN
2w J .Z Zf,i ¢i rdr
0 i=1

The peaks of the power density in each core region (which
occur at the inner radius of each region) for the initial and optimum

configurations are shown in Table 3.5

*
The term configuration in this study is used to denote a reactor's

material composition: in all cases the geometry and size of all regions

is fixed.
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TABLE 3.4

Fissile Composition and Breeding Gain as a Function

of Linear Programming Iteration Number for Reactor No. 1

Iter- Region Breeding
ation 1 2 3 4 Gain¥*
Number Pu0 v/o
1 3.41200 3.41200 3.41200 3.41200 0.576527
2 3.40670 3.53833 3.21200 3.21200 0.578265
3 3.38110 3.69036 3.01200 3.01200 0.579931
4 3.35800 3.82934 2.81200 2.81200 0.581669
5 3.33607 3.95874 2.61200 2.61200 0.583506
6 3.31556 4.07905 2,41200 2.41200 0.585427
7 3.29832 4.17795 2.24362 2,21200 0.587314
8 3.29680 4.16995 2.32654 2.01200 0.588124
9 3.29543 4.16177 2.40826 1.81200 0.588952
10 3.29407 4.15375 2.48842 1.61200 0.589804
11 3.29277 4.14585 2.56699 1.41200 0.590672
12 3.29146 4.13812 2.64417 1.21200 0.591559
13 3.29017 4.13053 2.71992 1.01200 0.592458
14 3.28885 4.12313 2.79443 0.81200 0.593391
15 3.28765 4.11576 2.86731 0.61200 0.594337
16 3.28642 4,10857 2.93906 0.41200 0.595300
17 3.28521 4,10151 3.00954 0.21200 0.596284
18 3.28402 4.09457 3.07881 0.01200 0.597285
19 3.27854 4,09062 3.03854 0.11200 0.600014
20 3.27801 4.08658 3.07689 0.00000 0.600585
21 3.27801 4.08662 3.07676 0.00000 0.600585

*Net production of Pu239

atoms per fission
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TABLE 3.5

Peak Power Densities for Reactor No. 1

43

Region 1 2 3 4
Initial Configuration 2.23971 1.68232 1.15895 0.72096
Optimum Configuration 2.30265 2.30264 1.14762 0.07654

Since, as mentioned in Section 2.4, there is no assurance that
the determined optimum is a local or a global one, one should repeat
the computations with different starting configurations. Table 3.6
shows the results obtained using a different starting configuration.
The optimum configuration shown in Table 3.6 is the same as that pre-
sented in Table 3.4.

From the results given in Tables 3.4 and 3.5 it is concluded
that for the five region reactor with dimensions as given by Table 3.1
(reactor No. 1) the optimum configuration is one for which there is no
Pquin the fourth region, and the peaks of the power density in
regions 1 and 2 are equal to the upper power density limit. The
breeding gain of the optimum configuration is 4.08% larger than the
breeding gain of the initial homogeneous configuration.

The optimization started with a reactor of four core regions
and a 45.24 cm blanket. The optimum configuration consists of three

core regions and a 62.64 cm blanket (PuO, was removed from the 4th

2

core region of the initial configuration). If it were possible to



TABLE 3.6

Fissile Composition and Breeding Gain as a
Function of Linear Programming Iteration
Number for Reactor No. 1 and a different Starting Configuration

Iter- Region Breeding
ation 1 2 3 4 Gain*
Number Pu0 v/o
1 3.41200 2.95400 4,32986 3.41200 0.571885
2 3.51200 2.87773 4.22986 3.31200 0.571959
3 3.49645 2.97773 4.13002 3.21200 0.572709
4 3.48061 3.07483 4.03002 3.11200 0.573490
5 3.46548 3.16738 3.93002 3.01200 0.574320
6 3.45102 3.25574 3.83002 2,91200 0.575160
7 3.43694 3.34062 3.73002 2.81200 0.576032
8 3.42342 3.42190 3.63002 2.71200 0.576907
9 3.41022 3.50079 3.53002 2,61200 0.577816
10 3.39757 3.57527 3.43002 2.51200 0.578767
11 3.38544 3.64733 3.33002 2.41200 0.579714
12 3.37364 3.71684 3.23002 2.31200 0.580675
13 3.36216 3.78394 3.13002 2.21200 0.581652
14 3.35105 3.84866 3.03002 2.11200 0.582644
15 3.34030 3.91116 2.93002 2,01200 0.583655
16 3.32991 3.97149 2.83002 1.91200 0.584673
17 3.31979 4,02992 2.73002 1.81200 0.585703
18 3.29200 4,08646 2.63002 1.71200 0.591873
19 3.28789 4,14161 2.52161 1.51200 0.593464
20 3.28602 4,13460 2.60000 1.31200 0.594340
21 3.28474 4.13692 2.67641 1.11200 0.595240
22 3.28346 4.11940 2.75148 0.91200 0.596150
23 3.28215 4,11205 2.82532 0.71200 0.597095
24 3.28097 4.10475 2.89756 0.51200 0.598052
25 3.27974 4.09763 2.96867 0.31200 0.599028
26 3.27854 4.09062 3.03854 0.11200 0.600023
27 3.27798 4.08669 3.07674 0.00000 0.600594
28 3.27808 4.,08657 3.07660 0.00000 0.600594

*Net production of Pu239

atoms per fission



45

apply the optimization method to a reactor with a core divided into an
arbitrarily large number of regions, the optimum configuration would
apparently approach the optimum configuration obtained by an analytical
solution of the problem asymptotically as the number of core regions
increased. This suggests that a configuration having a further
improvement in breeding gain can be obtained by redivision of the core
into four regions and reapplication of the optimization procedure.
Thus the core of the optimum reactor No. 1 was redivided into four
regions of equal volume. Since a typical fast reactor blanket is about
45 cm thick (21,22), the extra blanket was also removed. The dimensions
of the new reactor, which will be called reactor No. 2 in the remainder
or this study, are shown in Table 3.7. The composition and the peak
power densities of the optimum configuration of reactor No. 2 are
shown in Table 3.8. The breeding gain of the optimum configuration
is equal to 0.582528. As shown in Table 3.8, the peak power densities
in the first three core regions of the optimum configuration are all
equal to the upper power density limit.

The breeding gain of the optimum configuration of reactor
No. 2 is slightly smaller than the breeding gain of the optimum
configuration of reactor No. 1. This is due to the fact that reactor
No. 2 is smaller than reactor No. 1 and consequently loses more
neutrons by leakage. Reduction of the leakage can be achieved by
surrounding the blanket by a reflector. The breeding gains of the
initial homogeneous version of reactor No. 2, the optimum configuration

of reactor No. 1, and the optimum configuration of reactor No. 2,



TABLE 3.7

Dimensions of Reactor No. 2

Region Inner Radius Outer Radius
Core 1 0.00 cm 55.68 cm
2 55.68 cm 80.04 cm

3 80.04 cm 97.44 cm

4 97.44 cm 111.36 cm

*

Radial Blanket 5 111.36 cm 156.60 cm

TABLE 3.8

Optimum Configuration of Reactor No. 2

Region

PuO2 v/o

Peak Power
Density

3.23751 3.72338 5.01528 0.50175

2.30267 2.30267 2.30267 0.29742

*Extrapolated

outer boundary
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before and after the addition of a 45.24 cm BeO reflector at the outer
periphery of the blanket, are shown in Table 3.9. The optimum reactor
No. 2 now has a higher total breeding gain than the homogeneous
reactor No. 1 and the optimum reactor No. 1, although it has a core
about 257 smaller than the homogeneous reactor No. 1.

Table 3.9 also shows that the addition of the reflector con-
siderably improves the external breeding gain while its effect on the
internal breeding gain is very small. An extensive discussion of the

effect of the reflector on breeding is given in Chapter 4.

3.3 CRITICAL MASS OPTIMIZATION

In this section the results obtained from the Critical Mass
Optimization Problem are discussed.

The results obtained by the successive iterations of the itera-
tive optimization method from the starting configuration to the optimum
one, are shown in Table 3.10. The computation starts with the homo-
geneous reactor No. 1. The optimum configuration is given by the last
row of the same table. The critical mass listed in the last column of
; the table is calculated by the relation

t

f
Ax Y
M = = 27r u_(r)dr (3.3)
c NA f

0
where
A = atom density of Pu in PuO2
MPu = atomic weight of Pu
N = Avogadro's number
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TABLE 3.9

Effect of Blanket Reflector on Breeding Gain

Breeding Gain of Breeding Gain after
Unreflected Reactor addition of BeO Reflector*
Reactor
Internal External Total Internal External Total
Homogeneous
No. 1 0.405686 0.170841 0.576527 0.405832 0.202875 0.608707
Optimum
No. 1 0.345045 0.255540 0.600585 0.345059 0.270237 0.615296
Optimum
No. 2 0.377648 0.204880 0.582528 0.378024 0.239341 0.616365

* 45.24 cm BeO Reflector



Fissile Composition and Critical Mass as a
Function of Linear Programming Iteration

TABLE 3.10

49

Number for Reactor No. 1
Iter- Region Critical Mass in
ation 1 2 3 4 -1
Number kg x 10 © per cm
Pu0 v/o core height
1 3.41200 3.41200 3.41200 3.41200 1.7756
2 3.40556 3.54010 3.21200 3.21200 1.7392
3 3.38058 3.69092 3.01200 3.01200 1.7036
4 3.35716 3.83033 2.81200 2,81200 1.6667
5 3.33521 3.95964 2.61200 2,.61200 1.6286
6 3.31461 4.08004 2.41200 2.41200 1.5895
7 3.29748 4.17807 2,24549 2.21200 1.5523
8 3.29674 4.16940 2.32623 2.01200 1.5355
9 3.29536 4.16123 2.40797 1.81200 1.5188
10 3.29400 4.15322 2.48816 1.61200 1.5019
11 3.29266 4.14535 2.56682 1.41200 1.4849
12 3.29134 4.13762 2.64401 1.21200 1.4677
13 3.29005 4.13004 2.71979 1.01200 1.4503
14 3.28877 4,12259 2.79418 0.81200 1.4328
15 3.28751 4.,11528 2.86724 0.61200 1.4151
16 3.28628 4,10809 2.93901 0.41200 1.3972
17 3.28506 4.10103 3.00951 0.21200 1.3792
18 3.28386 4,09409 3.07880 0.01200 1.3611
19 3.27152 4.09379 3.08245 0.00000 1.3584
20 3.27747 4,08592 3.07626 0.00000 1.3573
21 3.27746 4.08594 3.07623 0.00000 1.3573




Note that Eq. (3.3) is also the objective function of the critical
mass optimization problem.
Table 3.10 shows that optimization of the fuel distribution
in the core results in a reduction of the critical mass by 23.567.
In addition, comparison of Tables 3.10 and 3.4 shows that the configu-

ration of maximum breeding gain of reactor No. 1 is also the configu-

ration of minimum critical mass.

For the reasons explained in Section 3.1 a configuration having
a further reduction in critical mass can be obtained by reapplication
of the optimization procedure to reactor No. 2. The numerical results
show that the critical mass of the optimum configuration of reactor
No. 2 is equal to 12.333 kgs/cm, i.e. 30.54%Z smaller than the critical
mass of the homogeneous reactor No. 1. In addition, the results show

that the configuration of maximum breeding gain of reactor No. 2 is

also the configuration of minimum critical mass.

As has been mentioned in Section 1.3 Goldschmidt and Quenon
(8) used the Maximum Principle of Pontryagin to optimize the fissile
fuel distribution of a fast reactor so as to obtain minimum critical
mass, subject to the constraints that the power output be fixed and
the power density and fuel enrichment be bounded. The reactor is of
slab geometry and is described by one-group diffusion theory. They
found that the optimum reactor consists of three distinct regions: a
central region of constant power density, a region of maximum fuel
enrichment and an outer region of minimum enrichment corresponding

to the blanket. The zone of maximum enrichment disappears for



sufficiently high values of maximum enrichment. From the numerical
results they give, it is seen that when such a zone exists its
thickness decreases as the reactor power output increases.

The same problem has been solved in the present study for a
fast reactor of infinite cylindrical geometry described by five-group
diffusion theory. The results obtained are similar. Specifically,
for a five region reactor the optimum configuration consists of four
core regions and a blanket. The three central core regions have a
maximum power density equal to the upper limit of the power density.
Since in this study we approximate continuous material distributions
by region-wise constant distributions, the three central core regions
correspond to the region of constant power density of reference (8)
which allowed a continuously variable material distribution.

In summary, solutions of the minimum critical mass problem
have widely appeared in the literature (6, 7, 8, 24, 25, 26, 27).
These solutions, however, either do not consider realistic constraints
which are required for practical reactor designs or they use at most
two neutron groups for thermal reactors and one neutron group for
fast reactors. In this study an improved solution to the minimum
critical mass problem has been given by considering fast reactors of
fixed power output, limited power density, limited fuel concentration

and described by multigroup diffusion theory.
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3.4 SODIUM VOID REACTIVITY OPTIMIZATION

One of the most important factors involved in the safety of
large sodium-cooled fast reactors is the sodium void reactivity, which
is defined as the change in reactivity resulting from the loss of
sodium coolant from all, or some specified part, of the reactor. If
positive, this reactivity can adversely affect the stability and
safety of the reactor (28, 29). It follows that consideration should
be given to the material distributions in a fast reactor so as to
minimize the sodium void reactivity.

The optimization method developed in this study has been
applied to a fast reactor of fixed power output, bounded power density
and fuel volume fraction, to determine the fuel distribution which leads
to a minimum sodium void reactivity. Note that the method can also be
applied to determine the optimum distribution of any other material,
for example a moderator, so that the sodium void reactivity is
minimized.

For the mathematical formulation of the problem the fuel op-
timization process is viewed as follows: The critical reactor, or
part of it, is voided and consequently the reactor becomes subcritical
or supercritical. Then the question is raised as to how the fuel
should be redistributed in the voided reactors so that: (a) the
k-effective of the voided reactor is minimized; and (b) if the sodium
is brought back into the reactor, the reactor becomes critical,

delivers the same power as before voiding, and the power density is



everywhere less than or equal to a given upper limit.

If the fissile fuel distribution of the voided reactor is
changed from ug(r) to uf(r) and if uf(r) is sufficiently close to
u?(r), then perturbation theory gives the following expression for the

change in k-effective of the voided reactor

t fs fr
1 01 [ F AN G- )
2 == -u. I Vo, V., rdr +
kv kP R R T T 1
v 0 tr,i
t
£, N
fs fr
J ug 151 ¢ i za,i) ¢1 wi rdr +
0
t
f N N
* fs fr
u, I {1z -2 1 &, (b, =, )}rdr
i f i=1 h=i+l (i-h) (i-h) i1 "h
tf N N
- *
= J w23 VRS - VTR ) x 00,
Voo i=1 h=1 ’ ’
(3.4)
where
kv = k-effective of voided reactor
kp = k-effective of voided reactor after the fissile fuel
perturbation
and
* 0
ue ue - ug (3.5)
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The minimization of the sodium void reactivity is equivalent to the
minimization of the quantity (1/kv) - (llkp) given by Eq. (3.4).

From the discussion up to this point it follows that the
problem is mathematically described by the same equations as the
breeding optimization problem, with the only difference that the
objective function here is given by Eq. (3.4). The computational
iterative scheme is the same as for the two previous problems.

The numerical results obtained for 100%Z voiding of the reactor
core (but not the blanket) of reactor No. 1 are shown in Table 3.11.
Comparison of Tables 3.4, 3.10 and 3.11 shows that for reactor No. 1

the configuration of maximum breeding gain and minimum critical mass

is also the configuration of minimum sodium void reactivity.

For the reasons explained in Section 3.1 a configuration
having a further reduction in sodium void reactivity can be obtained
by reapplication of the optimization procedure to reactor No. 2. The
numerical results show that the k-effective of the voided optimum
configuration of reactor No. 2 is equal to 1.05507, i.e. the sodium
void reactivity of the optimum configuration is 2.9 $ smaller than
the same quantity of the homogeneous reactor No. 1 (for a delayed
neutron fraction B = 0.0035). In addition the results show that the

configuration of maximum breeding gain and minimum critical mass of

reactor No. 2 is also the configuration of minimum sodium void

reactivitz.
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The effect of the fuel distribution on sodium void reactivity

was also studied by Allis-Chalmers (30). More specifically, changes



Voided Reactor as a Function of Linear

TABLE 3.11
Fissile Distribution and k-effective of Sodium

Programming Iteration Number for Reactor No. 1

Iter- Region k-effective
ation 1 2 3 4 of Sodium
Number Pu0 v/o Voided Reactor
1 3.41200 3.41200 3.41200 3.41200 1.06523
2 3.40556 3.54010 3.21200 3.21200 1.06465
3 3.38058 3.69090 3.01200 3.01200 1.06401
4 3.35716 3.83033 2.81200 2.81200 1.06325
5 3.33521 3.95964 2.61200 2.61200 1.06241
6 3.31461 4.08004 2.41200 2.41200 1.06151
7 3.29748 4,17807 2.24549 2.21200 1.06064
8 3.29674 4,16940 2.32623 2.01200 1.06045
9 3.29536 4,16123 2.40797 1.81200 1.06027
10 3.29400 4.,15322 2.48816 1.61200 1.06009
11 3.29266 4.,14535 2.56682 1.41200 1.05990
12 3.29134 4.13762 2.64401 1.21200 1.05971
13 3.29005 4.13004 2.71979 1.01200 1.05952
14 3.28877 4,12259 2.79418 0.81200 1.05932
15 3.28751 4,11528 2.86724 0.61200 1.05913
16 3.28628 4,10809 2.93901 0.41200 1.05893
17 3.28506 4,10103 3.00951 0.21200 1.05873
18 3.27500 4,09409 3.07880 0.01200 1.05765
19 3.27923 4.08810 3.07797 0.00000 1.05764
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in the sodium void reactivity resulting from radially varying the fuel
enrichment to achieve radial power flattening in a cylindrical reactor
were investigated. It was found that the flat power reactor had a
sodium void reactivity 507 less than a homogeneous reactor producing
the same total power. This is in agreement with the results of the

present study.

3.5 SUMMARY

The numerical results discussed in this chapter show that for a
fast breeder the fuel distribution which leads to a maximum initial
breeding gain, leads also to a minimum critical mass, a minimum sodium
void reactivity and a uniform power density (within the practical
limits achievable through use of a small number of reactor zones). .
The significance of these results is obvious. A flat power density
core is highly desirable from the aspect of thermal-hydraulic engineer-
ing design. This study shows that this highly desirable configuration
is also the configuration of maximum breeding gain and minimum critical
mass, which are of considerable importance from the point of view of
reactor economics, and minimum sodium void reactivity which is of
vital significance in reactor safety. Thus for future studies one
may confidently choose a reference core without concern that practical
designs will deviate far from it. Any further improvement in breeding
performance, if it is feasible, will have to come through blanket
modifications.

The problem of breeding optimization through blanket modifi-

cations is discussed in Chapter 4.
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Chapter 4

BLANKET OPTIMIZATION

In this chapter the effects on the breeding gain of the
insertion of a moderating material into the blanket and of surrounding
the blanket by a reflector, are discuésed.

Introduction of a moderating material into the blanket softens
the spectrum and favors captures by the fertile material in the sub-kev
energy range. In addition, if the blanket is surrounded by a good
reflector the neutron leakage out of the blanket is reduced, and the

capture rate of the fertile material is further improved.

4.1 THE EFFECT OF BLANKET MODERATION

The optimization of the distribution of BeO or Na in the
blanket was investigated by means of the method described in Chapter 2.
It was found that the breeding gain from iteration to iteration
changed by an amount of the order of the expected numerical errors
and that it changed erratically instead of improving. These results
indicate that the breeding gain depends weakly on the moderator
distribution. Accordingly, accumulated numerical errors are sufficiently
large compared to changes in the optimization variables to preclude the
study of optimization of the blanket breeding performance by the method
of Chapter 2.

To support these results, the change of the breeding gain as a



function of the moderator concentration, homogeneously distributed, was
investigated.

The dimensions of an infinite cylindrical geometry reactor
considered for the computations are shown in Table 4.1. The reactor
compositions for BeO and Na moderated blankets are shown in Tables 4.2
and 4.3 respectively. For the neutronic calculations five neutron
groups were used. The structure and ;ross sections of these groups
are described in Section 3.1. The computations were carried out using
the appropriate parts of the’computer program discussed in Appendix D.

The breeding gain as a function of the moderator volume fraction
in the blanket is shown in Table 4.4. From this table it is seen that:
(a) for a BeO moderated blanket the breeding gain attains a maximum
value for a moderator volume fraction somewhere between 5% and 10%;

(b) this maximum value is only 0.0967% larger than the breeding gain of
a typical fast reactor blanket without any moderator; (c) for a Na
moderated blanket, the breeding gain increases monotonically as the

Na volume fraction decreases; (d) a change in the Na volume fraction
from 10% to 507% decreases the breeding gain by only 3.604%; and (e) as
the moderator volume fraction increases the blanket becomes a better
core reflector and, consequently, the internal breeding gain increases

slightly,
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TABLE 4.1

Dimensions of Reactor used in Blanket Studies

Region Inner Radius Outer Radius

Core 1 0.00 cm 62.64 cm
2 62.64 cm 90.48 cm

3 90.48 cm 111.36 cm

Radial Blanket 4 111.36 cm 160.08 cm
Reflector 5 160.08 cm 206.48" cm

*
Extrapolated outer boundary
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TABLE 4.2

Reactor Composition for BeO Moderated Blanket

. Atomic or
Core Regions . Molecular
Material Blanket Reflector Density for
1 2 3 Pure Materi-
als _ -24
cm “x10
Pu0, 3.2775 v/o 4.0859 v/o 3.0763 v/o - - 0.025189
vo, 31.7225 v/o 30.9141 v/o 31.9237 v/o - 0.024444
55 v/o
BeO - - - - 0.071270
Na 50 v/o 50 v/o 50 v/o 30 v/o - 0.025410

Fe 15 v/o 15 v/o 15 v/o 15 v/o 100 v/o 0.084870




TABLE 4.3

Reactor Composition for Na Moderated Blanket
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Atomic or
Core Regions Molecular
Material Blanket Reflector Density for
1 2 3 Pure Materi-
als _ —24
cm x10
Pu0 3.2775 v/o 4.0859 v/o 3.0763 v/o - - 0.025189
002 31.7225 v/o 30.9141 v/o 31.9237 v/o - 0.024444
85 v[o
Na 50 v/o 50 v/o 50 v/o - 0.025410
Fe 15 v/o 15 v/o 15 v/o 15 v/o 100 v/o 0.084870




TABLE 4.4

The Breeding Gain as a Function of
Moderator Concentration in the Blanket

Na Moderator

238

Case Moderator v/o U v/o Breeding Gain
Internal External Total
1 10 75 0.340401 0.286165 0.626566
2 20 65 0.341137 0.282633 0.623770
3 30% 55 0.342077 0.277693 0.619770
4 40 45 0.343326 0.270523 0.613849
5 50 35 0.345091 0.259680 0.604771
BeO Moderator
6 0 55 0.342077 0.277693 0.619770
7 5 50 0.344532 0.275832 0.620364
8 10 45 0.347181 0.272908 0.620089
9 20 35 0.353354 0.263742 0.617096
10 30 25 0.361465 0.248656 0.610121
11 5%% 50 0.344557 0.275206 0.619763
12 Skk*x 50 0.343183 0.271740 0.614923

*

k%

*kk

The volume fractions of Na and UO, of this row are representative
of typical fast reactor blanket désigns

BeO
(n,2n)
BeO

ag
down-sc

g

= 0.0

, = 0.0
attering



The 11th row of Table 4.4 shows the breeding gain for a blanket

moderated by a fictitious BeO with the cross section for the (n,2n)
reaction set equal to zero. The 12th row of the same table shows the
breeding gain for a blanket diluted by a fictitious BeO with down-
scattering cross sections set equal to zero. Comparison of the 6th,
7th, 11th and 12th rows of Table 4.4 shows that the improvement in
breeding due to BeO moderation just offsets the loss in breeding due
to reduction of the U238 concentration; the net 0.0967% improvement

of the breeding gain is due to the production of neutrons by BeO
through the (n,2n) reaction.

The results just cited support the conclusion of the optimiza-
tion studies to the effect that the initial breeding gain depends
weakly on the moderator volume fraction in the blanket. This weak
dependence could be of considerable importance to reactor economics.
It suggests that the addition of an appropriate moderator or diluent
in the blanket (and consequently the reduction of U238 concentration)
might reduce the reprocessing and fabrication costs without significant
penalties in breeding gain.

Finally, it is noteworthy that the method of Chapter 2 would
be applicable to the problem of blanket optimization if the criterion
of optimality were a stronger function of the moderator concentration
in the blanket. For example, such a criterion might be the contri-

bution of the blanket to the cost of reactor power.
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4.2 THE EFFECT OF THE REFLECTOR COMPOSITION

The breeding gains for three different reflectors, BeO,
graphite and Fe, and for three different blanket thicknesses, a one-row
blanket (16.24 cm), a two-row blanket (32.48 cm) and a three-row
blanket (48.72 cm) are shown in Table 4.5. It is seen from this table
that: (a) surrounding the blanket with a reflector improves the breeding
gain, compared to an unreflected blanket; the improvement is more
significant as the blanket thickness decreases; (b) Be0O is better than
graphite, and graphite is better than Fe; (c) the breeding gain becomes
a stronger function of the reflector properties as the blanket thick-
ness decreases; (d) the internal breeding gain is practically insensi-
tive to the nature of the reflector (as long as there is at least one
row of blanket assemblies between core and reflector) ; and (e) for a
46.4 cm BeO reflector, the breeding gain of a three-row blanket is
larger than that of a one-row blanket by only 3.31%. The results of
Table 4.5 suggest that from the standpoint of economics a one- or two-
row blanket surrounded by a BeO reflector could be better than a
three-row blanket. Reduction of the blanket thickness might reduce
the reprocessing and fabrication costs without significant penalties
in breeding gain.

On the basis of breeding alone, there are two benefits to be
obtained from the addition of reflectors: (a) neutron leakage is
reduced from the blanket; and (b) neutron moderation softens the

spectrum and favors captures by the fertile material in the sub-kev



TABLE 4.5

The Breeding Gain as a Function of the
Reflector Material and Blanket Thickness

Blanket Breeding Gain
Thickness
cm Internal . External Total

BeO Reflector

16.24 0.344334 0.256966 0.601300
32.48 0.342144 0.276049 0.618193
48.72 0.342076 0.279802 0.621878

Graphite Reflector

16.24 0.343837 0.240930 0.584767
32.48 0.342133 0.271428 0.613561
48.72 0.342076 0.279611 0.621687

Iron Reflector

16.24 0.343804 0.213572 0.557376
32.48 0.342196 0.263786 0.605982
48.72 0.342077 0.277693 0.619770

No Reflector

32.48 0.341873 0.227775 0.569648

48.72 0.342071 0.267543 0.609614
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energy range. In this regard BeO is better than;graphite and Fe. In
addition, BeO has the property of producing neutrons through a (n,2n)
reaction for incident neutron energies higher than 1.8 Mev. To
evaluate the relative significance of the reflective and moderating
properties and of the (n,2n) reaction with respect to the breeding
gain, the breeding gain has been computed for a two-row blanket and:
(a) a fictitious "infinite mass'" BeO feflector with down-scattering
cross sections set equal to zero; (b) a fictitious BeO reflector with
the cross section for the (n,2n) reaction set equal to zero. The
results are shown in Table 4.6. It is seen from this table that:

(a) the reduction of neutron leakage is much more significant than
moderation; and (b) the effect of the (n,2n) reaction is negligible.
These results suggest that a simple figure of merit of a fast reactor
blanket reflector could be determined as a function of only the
transport and absorption cross sections of the reflector. A mean
albedo (calculated using properly weighted cross sections) could

be such a figure of merit. If this is so, then all materials could
be ranked according to this figure of merit and the best fast reactor
blanket reflector material readily selected.

It must be pointed out that all computations up to this point
have been done without taking into account any resonance self-shielding
corrections. The breeding gains of a two row blanket surrounded by a
BeO reflector with shielded and unshielded cross sections for U238 are
shown in Table 4.7. It is seen from this table that the shielded

cross sections give a slightly smaller breeding gain. It is worth



TABLE 4.6

The Breeding Gain as a Function of BeO Reflector Properties
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Reflector Breeding Gain
Internal External Total
No Reflector 0.341873 0.227775 0.569648
BeO with © =0.0 0.342354 - 0.273840 0.616194
down-~-scat
BeO with o 2n=0.0 0.342146 0.275884 0.618030
b
BeO 0.342144 0.276049 0.618193




TABLE 4.7

The Effect of Resonance Self-Shielding on Breeding Gain

U238 cross sections Breeding Gain
Internal External Total
Unshielded 0.342144 0.276049 0.618193

Shielded 0.346069 0.265469 0.611538
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noting that the effect of self-shielding would be more significant if
appreciable amounts of a strong absorber such as plutonium were present
in the blanket, as will occur near the end of the blanket fuel sub-
assembly irradiation life.

In summary, the results of this chapter show that further
investigation should be undertaken to determine if a moderated or
diluted blanket, or a thin blanket surrounded by a good reflector are
economically attractive. A more thorough examination of alternate

high-albedo reflector materials is also indicated.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

The purpose of this study has been the development and application
of a method to optimize the material distributions in a fast reactor of
fixed power output constrained power density and constrained material
volume fractions, so as to maximize or minimize a given objective
function.

An iterative method has been developed based on linearization
of the relations describing the system and on Linear Programming. The
method can be used to optimize integral reactor quantities which are
linear functions of the neutron flux and linear functions of the
material volume fractions (i.e. quantities which are integrals con-
taining the material volume fractions and the neutron flux, or their
products, to the first power only).

The method has been applied successfully to the problems of
optimization of the fuel distribution in the reactor core so as to
obtain a maximum initial breeding gain, a minimum critical mass and a
minimum sodium void reactivity.

For a four region core numerical results show that the core of
maximum breeding gain is also the core of minimum critical mass,
minimum sodium void reactivity and uniform power density. It is

expected, however, that these results are more general, and would be
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true regardless of the number of regions.

In addition, numerical results show (Table 3.9) that if the
blanket is surrounded by a good reflector such as BeO the optimization
of the fuel in the core leads to a small improvement in the breeding
gain, while the improvement is considerably larger for a bare blanket.
Since in power reactors there is always a reflector surrounding the
blanket, the results of Table 3.9 show that a small improvement in
breeding gain results from optimization of the fuel distribution in
the core. Thus, from an economic standpoint one might argue that the
much larger improvement in fissile inventory is more important. Since
it has been shown that both optimizations lead to the same result,
however, this distinction need not be the source of conflict.

' The method has also been applied to the problem of optimization
of the distribution of a moderator in a fast reactor blanket so as to
obtain a maximum initial breeding gain. Numerical results indicate,
however, that initial breeding gain is a weak function of the moderator
concentration in the blanket and, therefore, numerical errors are
sufficiently large compared to changes in the optimization variables
to obviate blanket optimization by this approach.

On the other hand, the dependence of the breeding gain on the
moderator concentration homogeneously distributed in the blanket has
been studied in Chapter 4. The results show that for even marginally
significant changes in the breeding gain large changes in the
moderator volume fraction in the blanket are required.

In addition, the results of Chapter 4 show that: (a) when Na
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replaces U238 in the blanket the neutron moderation by Na is not enough
to of fset the loss in breeding due to reduction of the U238 concentration
and consequently the breeding gain decreases as the Na concentration
increases; (b) when BeO replaces U238 in the blanket, for a BeO volume
fraction somewhere between 57 and 10% the improvement in breeding due
to moderation by BeO just offsets the loss in breeding due to reduction
of the U238 concentration; for any other BeO concentration the neutron
moderation is not enough to offset breeding losses due to reduction of
the U238 concentration; (c) the breeding gain is a weak function of the
blanket thickness if the blanket is surrounded by a good reflector; and
(d) the transport and absorption properties of a medium, rather than
its moderating properties, determine the figure of merit of a fast

reactor blanket reflector.

5.2 RECOMMENDATIONS FOR FUTURE WORK

The method developed in Chapter 2 can be used to solve many
other important reactor optimization problems. Some of these problems
are as follows:
1) Optimization of the fuel distribution or moderator distribution in
a fast reactor core so as to maximize the magnitude of the negative
Doppler coefficient. 1In this problem the objective function would be
the Doppler coefficient as given by perturbation theory.
2) Optimization of the moderator distribution in a fast reactor core
so as to minimize the sodium void reactivity. In this problem the

objective function would be an expression for the sodium void reactivity
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analogous to Eq. (3.4).
3) Optimization of either the fuel distribution or the moderator
distribution or both in a fast reactor core so as to minimize the
sodium temperature coefficient. This problem is equivalent to problem
No. 2 since reduction of the sodium density due to a temperature in-
crease can be treated as equivalent to small voids in sodium,
4) Optimization of the shape of the reactor core in the axial direction
s0 as to minimize the sodium void reactivity. If the axial leakage from
the core is represented by an appropriate DBi(r) term then the problem
can be formulated as follows: A fictitious material having an absorption
cross section equal to D (the homogenized diffusion coefficient of the
core materials), all other cross sections equal to zero, and a con-
centration equal to B:(r) (axial buckling) is introduced into the core.
Then, the optimum radial distribution of this material is sought so as
to minimize the sodium void reactivity. If Bg’z(r) is the optimum

buckling distribution, then the optimum core height distribution, Ho(r),

is determined by the relation

Ho(P) = 5 -1)

In this problem the objective function would also be an expression for
the sodium void reactivity analogous to Eq. (3.4).

5) Optimization of the distribution of a control poison so as to
minimize the amount of poison required. In this problem the objective

function would be of the form



1= J updV (5.2)

where

u = volume fraction of control poison.

As discussed in Chapter 2 the solution of the linearized multi-
group diffusion equations involves the inversion of a matrix. This
limits the number of reactor regions and neutron groups which can be
employed since the inversion of a large matrix requires excessive
computer time and gives rise to prohibitive round-off errors. Future
work could improve the accuracy of the method and remove the limita-
tions on the number of reactor regions and neutron groups which can be
employed, by investigating methods of solution of the linearized multi-
group diffusion equations which avoid the matrix inversion.

This study has not considered any time-dependent problems.

Many important reactor problems, however, are time-dependent. For
example a more detailed study of the breeding optimization problem
should take into account the fact that breeding gain is a time-dependent
parameter. This suggests the need for the extension of the developed
optimization method to time-dependent problems.

Another interesting area for future work is the application of
the method to economic optimization problems. This should be a simple
matter since many such problems can be cast into forms essentially

linear in inventory and breeding gain.
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From the results of Chapter 4 it has been concluded that:
(a) the breeding gain is a weak function of the moderator distribution
in the blanket; (b) the breeding gain is also a weak function of the
blanket thickness if the blanket is surrounded by a good reflector;
and (c) the effectiveness of a fast reactor blanket reflector is
mainly a function of the reflective (as opposed to moderating) prop-
erties. These conclusions suggest additional areas for future work.
Specifically conclusions (a) and (b) suggest that further investigation
should be undertaken to determine if a moderated or diluted blanket, or
a thin blanket surrounded by a good reflector are economically attractive.
The replacement of uranium in the blanket by an appropriate moderator
or diluent or the reduction of the blanket thickness might reduce the
reprocessing and fabrication costs without #ignificant penalties in
breeding. In addition, conclusion (c) suggests further investigation
to determine a specific, simple figure of merit for a fast reactor
blanket reflector such as a mean albedo (calculated by using properly
weighted cross sections), and its use to survey and rank all materials

according to this figure of merit.
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Appendix B

LINEAR PROGRAMMING AND LINEARIZATION

In this Appendix the general Linear Programming problem and
the linearization procedure are briefly discussed. The reader who
may be more deeply interested in Linear Programming is referred to
the book by Gass (30) for acquisition of basic material, while

Dantzig (31) and Hadley (16) provide a more detailed and sophisticated

treatment.

B.1 LINEAR PROGRAMMING

Linear Programming is concerned with the solution of optimiz-
ation problems for which all relations among the variables are linear
both in the constraints and the function to be maximized or minimized.
The general Linear Programming problem can be stated as follows:
Given a set of m linear equations, or inequalities, or both, in r
variables, find non-negative values of these variables which satisfy
the constraints and maximize or minimize some linear function of the
variables.

In terms of symbols, this statement is equivalent to the
seeking of a vector x with non-negative components which satisfies

the relations

>
Ax b, (B.1)
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and maximizes or minimizes the function

I=c¢cx, (B.2)

where the matrix A, and the vectors b and c are all independent of X.

B.2 LINEARIZATION

Since Linear Programming is a method for maximizing or
minimizing a linear objective function for a system of linear algebraic
constraining relationships, linearization can be used as a first step
to reduce a nonlinear problem into a suitable form for use of Linear
Programming. For the sake of generality the linearization procedure
is discussed here for a general nonlinear optimization problem.

Such a problem can be stated as follows (33): Determine the

optimal control u(t) which maximizes (minimizes) the functional

t
f
I = J L(x, u, t)dt + S[E(tf)’ tf], (B.3)
t

i

in a class of functions x(t), u(t), satisfying the differential

equations

I = £(x, u, ©) (B.4)

The terminal point t_ may be fixed or free, the terminal state

f
E(tf) may be fixed, completely free, or specified by a set of

equations of the form
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hix(t.), t.]1 =0 (8.5)

The control vector u(t) is a member of a set U called the control
region, which may be either open or closed. The state vector x(t)

and the control vector g(t) satisfy constraints of the form

o(t, x,u) <0 (B.6)

The linearization proceeds as follows: Let 5?, gp be a

solution of Eqs. (B.4) and

dx,
i

it " fi(xi’ Xpy e xj, Ups Upy ooy Ups t) (8.7)

a member of the system of Eqs. (B.7). Equation (B.7) can be

linearized by means of a Taylor series expansion of fi about 59, uo.

This series expansion is given by the relation

0 0

0 0
fi(xl’ .oy xj, Ups ees Ups t) = fi(xl’ ces xj, Uy e Uy t) +
of of of
i 0 i 0 i 0
Y (Xl—xl) + ... +‘a—£' (xj-xj) + - (ul-ul) + ... +
1 3 Bul
Sfi 0
o (u -u’) + higher-order terms, (B.8)
u k 'k



where the derivatives are evaluated at

0 x0 u0 0
xl’ L j, 1’ 00 ‘Jk

If changes in x and u from the solution 59, gp are designated as x

*
and u , defined by the relations

* *
then Eq. (B.8) can be written in terms of x and u as

0o 0

*

(B.9)

0
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0
fi(xl’ ces xj, Ups ees Ups t) = fi(xl, .oy xj, Ups s U t) +

of of of of

* * * i *
a—ixl+...+—a——j:x.+§-‘—;£ul+...+aluk+
x) xg 1 u,

higher-order terms.

Since
dx
’a‘{"=fi(xla ey xj’ U1’ cey uk’ t),
and
0
dx; 0 0 0 0
T— fi(xl, ey xj’ ul, sy “k’ t)!

* *
with x and u sufficiently close to 59 and gp, a first-order

approximation to Eq. (B.7) is given by the relation

(B.10)



*
ax,  of, af, , of, 2
i *
-d—t—£=*a—x—l-xl+..+§;j;xj+'a'{;j:‘ul+..+x—uk (B.11)

1 j 1 k

84

Equation (B.11l) represents the linearized form of the i-th of Egqs. (2.9).

The functional to be maximized (minimized) and the constraints
of the problem are linearized in a similar way.

The second step in reducing the problem into a suitable form
for use of Linear Programming is to transform the linearized relations
describing the problem into linear algebraic relations. For the
optimization problem with this study is concerned this is achieved
as follows: (a) the reactor is divided into a number, R, of regions,
each with spatially uniform material concentrations; and (b) the
linearized multigroup diffusion equations are solved to express each

*
¢i(i=l, N) as a function of u = 1,R). As explained in

£,3 "m,g Y
Section 2.3 for the solution of the linearized multigroup dif fusion
equations the method of Piecewise Polynomials is used. A brief

description of this method is given in Appendix C.
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Appendix C
THE METHOD OF PIECEWISE POLYNOMIALS

AND INTEGRALS OF PIECEWISE POLYNOMIALS

C.1 THE METHOD OF PIECEWISE POLYNOMIALS

The method of Piecewise Polynomials developed by Kang (19) to
solve the multigroup diffusion equations has the following characteris-
tics. The reactor is divided into a number, n, of mesh points and the
flux, ¢i, for the i-th group is approximated by a sum of properly defined
piecewise polynomials. For example, if cubic piecewise polynomials are

employed, the flux ¢i in a cylindrical reactor is approximated by the

relation
n n
¢, = ¢, = L a ,w + I B v (c.1)
i ) k,ik k=1 k,i 'k,i
where ak,i and Bk,i are constants and vy and Vk,i are cubic piecewise
polynomials defined as
r-r r-r
k-1 k-1
3(_'1_{:’_") - Z(T) s rs[rk“l’rk]
r, ,.-r 2 r,,,-r 3
k+1 k+1

0 otherwise
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3
(r—rk-l) + (r—rk_l) refr r, ]
’
D, h_ b 12 k-1"Tk
i-"-
2 3
(ry4p70) (ry4q70)
v = - , relr, ,r 1 (c.3)
k.i D h D h2 k? k+1
i+ i++

0 otherwise

mesh interval to the left of mesh point k

mesh interval to the right of mesh point k

diffusion coefficient, for the group i, to the left of mesh
point k

diffusion coefficient, for the group i, to the right of mesh
point k

radial position of mesh point k

piecewise polynomials w, and v corresponding to the mesh
b

k k,1i

point k are shown in Fig. C.l1. Since

dwk

— = 0 at k-1, k, k+l

dr

v i

g}“’— = 0 at k-1, k+l (C.4)
dv dv

D k,i _ D _k,1 at k

i- dr i+ dr
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‘ z
* h —F h
{/ - * I r
Tk-1 Tk Te#l
PIECEWISE POLYNOMIAL w,_
4 -
| W h_ N h+
| | r
1 ] -
k-1 Tk T+l
PIECEWISE POLYNOMIAL v,

FIG. C.1 THE CUBIC PIECEWISE

POLYNOMIALS Ve AND vk,i



w, = 0, = 0 at k-1, k+l

Yk, 1

the conditions of continuity of flux and current at interfaces are
automatically satisfied by selecting the interface as a mesh point.

To satisfy the boundary conditions

d¢i

& /0= 0 ¢i(tf) =0, (c.5)
we define

Bl,i = 0, an,i =0 (C.6)

The multigroup diffusion equations can be written in the form

Li¢i =0 (c.7)

where Li is the multigroup diffusion operator for the i-th group.

Then, the coefficients a and Bk i of the piecewise polynomials
”

k,i

Vi and Vi i in Eq. (C.l) are determined by requiring that
’

J (L;®)w dv = 0, (c.8)
v
J (L1¢i)vk,idv =0 (c.9)

\'
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where k = 1,n
After the integrations are carried out in Eqs. (C.8) and (C.9) a
number of linear algebraic equations results equal to the number of

the coefficients a from which these coefficients can be

k,i’ Bk,i
determined.

The error involved in approximating ¢i by @i is given by (19)
o, - 0,1 < km® (. 10)
i i' — ’

where k is a constant and h is the largest mesh interval. Kang (19)
has shown that for one-dimensional calculations a reduction by a
factor of about 10 in the number of mesh points is possible by the
use of cubic piecewise polynomials compared to conventional finite

difference calculations of the same accuracy.

C.2 INTEGRALS OF PIECEWISE POLYNOMIALS

For the numerical application of the method of Piecewise
Polynomials to solve the linearized multigroup diffusion equations
(Section 2.3), the evaluation of some integral quantities involving
piecewise polynomials is needed. In this section analytic expressions

are given for those which can be evaluated in closed form.

As discussed in Section 2.3, the constants a and B of
k,1 k, 1
Eq. (2.20) are determined by requiring
)
) w d £ (ury uw) wav c.11
Lg%y WV 1 (g vp) w AV, (c.11)

A \'f
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and
) d £ (u, u d c.12
@2 vy 39V g (ugs up) vy 44V (€.12)
v v
or
n n
J (y ¢ kEI A, ik t kfl B, 1%, 1) Vi dV =
v
* *
J fi (uf, um) wde (Cc.13)
v
and
n n
J (L, (kzl A, ik t kfl B, 1,1 Vi1V =
v
* *
J £, (upy w) v, LAV (C.14)
v

The left hand side of Eqs. (C.13) and (C.14) is the sum of integrals of
products of the piecewise polynomials and of products of their derivatives.

Since the piecewise polynomials v and vk  are zero everywhere outside
?

the interval [r ] the non-zero integrals of these products are

k-1°Tk+1

(for cubic piecewise polynomials):



l

< —

< ——

2,2 2. 13
LA rdr 7(h_ - h+) + 35 (h_rk_l + h+rk+l)
9 2. 9
YiYirl T % 150 By Y30 ByTy
9 2. 9
wkwk-l rdr - _1—4_6 h_ + -7--0- h_ri
h3 n3
Vi 1Yk, B9 = 105 [fen D+ 5 * k1 DD
bl i+ §+ i-§-
4 4
168 D, D, " DD
3 4
v v rdr = - 1 r h+ - 1 h+
Kk, 1 k+l, 3 140 "k DD, " 280 DD,
1 2 L b
v, v, rdr = - r +
k,1Vk-1, 3 140 "k D; D, " 280 D, D
12 12
W,V rdr = ~ 1L (r R § "i")‘
Kk, 1 210 k-1 D__ " "kt D,
b33
'2?13’ G—+ D+ )
i- P+

] +
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2 3
J - rir = - 13 rh, _ hy
k k+1,1 420 Di+ 70 Di+
\'
h2 h3
W,V rdr = 13, = L =
k' k-1,1 420 'k D 70 D
i~ i~
\'4
J dw dw. 6 r 6 r
k k k-1 k+l
— X —— rdr = ——— + 0.6 +
v dr dr 5 h_ 5 h+
J dw,  dw br, ]
———-drx ar rdr-t-—s—ﬁ—--o.
v +
dw dw, 6r
k k-1 k
I —d-; X ar rdr - —SF— + 0.6
v -
d d
j Vot Vet oo 2 Sl Ty
v dr a 15 D2 DZ
i- i+

*
The first two terms come from integration to the left of point k and

the last two from integration to the right of point k.
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2
J dv, 4 dvk+l,i r,h, b
g @&t a rar =T 3002, 60D
i+ i+
dv d hr h2
J k,i  Vk-1,i -k -
dr dr rdr = - 7t 2
v 30D 60D _
fdwk y Vi, 1 rdr = k(L 1,1, Py Mo y
v dr dr 10 Di+ Di 10 Di+ Di-
I dw, Vi g rde = Tk
dr dr 10Di+
j dwk . dvk-l,i de = - r
dr dr 10D, _

The solution of the linearized multigroup diffusion equations

(Section 2.3) gives the coefficients a and Bk i of the piecewise
b4

Kk, i
* *
polynomials in Eq. (2.20) as a function of ug and u . Thus when
*
integral quantities involving ¢i’ such as the breeding gain (Eq. 2.8)
and the total power (Eq. 2.11), are calculated, the evaluation of

integrals wk and vk i is required. These integrals are as follows:
?
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k 7h’

I wkrdr = 30 + 0.5 rk—lh-
Tk-1

Tr+l 7hi

J W rdr = - >0 + 0.5 rk+1h+
Tk

" 12, .3

J Vi,1 T4F T - 1;1)k-1 - 30D
: ’ 1- i
k-1

Tk+l 2 .3

J Vi, 19T I§+;h+ N 2; D

’ i+ i+

Tk

All the other required integrations were carried out numerically
by using Simpson's rule. The integration step size was chosen such as

-5
to keep the error of numerical integration less than about 1 x 10 ~.
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Appendix D

THE COMPUTER PROGRAM GREKO

D.1 INTRODUCTION

In this Appendix the computer program written to carry out the
computations is discussed and listed. This program is not intended for
use as a production program, and hence has not been groomed to minimize
storage requirements or running time. It is written in Fortran IV
language for the M.I.T. IBM 360/65 computer.

The program consists of four main parts. In the first part the
multigroup diffusion equations and the adjoint multigroup diffusion
equations are solved to compute the reactor eigenvalue, the neutron
fluxes and their adjoints. This part is based on the multigroup
diffusion program DIFFUSE written by W. H. Reed at M.I.T. 1In the
second part the coefficients of (uf - ug) and (um - ug) in Eq. (2.13)
are computed by using multigroup diffusion perturbation theory. In
the third part the linearized multigroup diffusion equations (Eqs. 2.10)

*
are solved to express ¢i as a function of u = 1,R).

£,4* Ym,50 U
The subroutine DMINV of this part is based on the subroutine MINV of
IBM. In the fourth part the Linear Programming algorithm is used to
determine the optimum material distribution which leads to a maximum
or minimum value of the objective function. The subroutine SIMPLE of

this part is based on the subroutine SIMPLE of RAND Corporation. The

first two parts can be used independently of the rest of the program.
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For example the case studies of Chapter 4 were done by using only these
two parts. In such cases one should put a CALL EXIT card after the card
CALL AEDIT of the MAIN (see listing).

The program is dimensioned for the following maximum problem
sizes: 200 mesh intervals, 1C compositions, 5 regions, and 5 neutron
groups.- If only the first two parts of the program are used then the
maximum number of regions can be raised to 10. The number of mesh
intervals in each region must be of the form 2 x £ where £ is an even
number. In subroutine BIGMAT the dimensions of the arrays G, LW, MW and

the first dimension of the array F must have the value

4*NRG*NGP-1 where:

NRG

number of regions

NGP number of neutron groups

The same value must also be assigned to the first dimension of the
array WK in the COMMON/COWE/ which is contained in the subroutines
BASE, BIGMAT, WENDO, BASINT and LINPRO,

The running time is proportional to the number of iterations
required to go from the starting configuration to the optimum configura-
tion. The number of iterations depends on how close the initial con-
figuration is to the optimum configuration and on the value of the
parameter £ (Eqs. 2.26, 2.27). The value of the parameter € is chosen

such that the ug e (3 = 1,R) remain close enough to u (Section 2.4).
’

0
£,]
Optimization of the value of this parameter minimizes the number of
iterations required for a given initial configuration. In this study

the parameter € was not optimized. Typical running times for the
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results presented in Chapter 3 are of the order of 30 minutes.

D.2 INPUT
Using the nomenclature of the program listing a card-by-card

description of the required input is as follows:

Card #1 FORMAT (20A4)
TITLE (I), I = 1,20 Problem title

Card #2  FORMAT (16I5)

NGP Number of neutron groups
NRG Number of regions
NMAT Number of isotopes or materials

Card #3 FORMAT (7G10.0)
TH(J), J=1, NRG Thickness of regions (cm)
Card #4 FORMAT (I5, 5X, 4F15.0/4F15.0/2F15.0)
Repeat card #5 NMAT times
IDMAT (I) ID number of i-th nuclide
CONC(I,J), J=1, NRG Concentration of i-th nuclide (atoms x
cm—3 X 10-24) in each region
Card #5 FORMAT (16I5)
NPT(J), J=1, NRG Number of mesh points assigned to each
region
Card #6 FORMAT (3F15.0, 2I5)
EPS1 Convergence criterion on eigenvalue in

inner iteration (recommended value

1.0 x 10'4)



EPS2

EPS3

ITMAXO

ITMAXT

Repeat cards #7 through

Card #7  FORMAT (16I15)

MMM

M1

Card #8  FORMAT (7G10.0)

SIGC(JJ,J), J=1, NGP

Card #9 FORMAT (7G10.0)

SIGTR(JJ,J), J=1, NGP

Card #10 FORMAT (7G10.0)

98
Convergence criterion on eigenvalue in outer

iteration (recommended value 1.0 x 107°)
Convergence criterion for flux (recommended
value 1.0 x 1070)

Maximum number of outer iterations (typical
value 10)

Maximum number of inner iterations (typical
value 20)

#12 as a unit NMAT times

Material ID number
= 0, non-fissionable material

= 1, fissionable material

Total microscopic absorption cross section
of material JJ in group J (capture + fission),

barns

Microscopic transport cross section of

material JJ in group J, barns

Skip if M1 = 0 for this material

XNU(JJ,J), J=1, NGP

Fission neutron yield, v, of material JJ

in group J



Card

Card

Card

Card

Card

Card
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#11  FORMAT (7G10.0)

Skip if M1=0 for this material
SIGF(JJ,J), J=1, NGP Microscopic fission cross section of material
JJ in group J, barns
#12  FORMAT (7G10.0)
Repeat this card NGP times for each material
SIGGG(JJ,K,J), J=1, NGP Microscopic scattering cross section
K=1, NGP from group K to J (barns). Give for
all groups J from K=1, then for all
groups J from K=2, etc.
#13  FORMAT (7G10.0)
SPECT(J), J=1, NGP Fission spectrum (i.e. group value of X)
#14  FORMAT (F10.0), 2I5)
VNO Volume fraction of fissile material +
volume fraction of fertile material
NPR Problem type:

= 1, Breeding Optimization

2, Sodium Void Reactivity Optimization

3, Critical Mass Optimization
NCR Number of core regions

#15  FORMAT (I5)

Skip if NPR not equal to 2

IDNA ID number of sodium

#16  FORMAT (2I5)

IP ID number of fissile material

IU ID number of fertile material
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Card #17 FORMAT (2F15.0)
CONCP(IP) Concentration of pure fissile material
(atoms x cm“3 x 10-24)
CONCP(IU) Concentration of pure fertile material
(atoms x e x 10-24)
Card #18 FORMAT (7F10.0)
Uo(L), L=1, NCR Volume fraction of fissile material in
| region L
Card #19 FORMAT (2F10.0)
PDL Power density upper limit (Eq. 3.1)
THUO Value of parameter € (Eqs. 2.26, 2.27)

(Typical value 0.002)

D.3 OUTPUT
The output from the program has all entries clearly identified
by an appropriate heading using the terminology and nomenclature of
this study. The following information is given:
1. Number of energy groups (Input)
2. Number of regions (Input)
3. Number of materials (Input)
4, Problem geometry (Cylinder)
5. Region thickness (Input)
6. Material concentrations (Input)
7. Number of mesh points (Input)

8. Fission spectrum (Input)



10.
11.
12,
13.
14.
15.
16.
17.

18.

19.

20.

21.

22,

230
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Cross sections (Input)

Concentrations of pure fissile and fertile materials (Input)
k-effective

k-effective of sodium voided reactor (if NPR=2)

Total breeding gain

Internal breeding gain

External breeding gain

Peak power density in each region

Total power

Neutron flux for each energy group and for each space point (only
for the first iteration)

Adjoint flux for each energy group and for each space point (only
for the first iteration)

Critical mass (if NPR=3)

Feasibility. If the value of this parameter is equal to zero the
problem is feasible, if it is equal to 1 the problem is infeasible.
Fissile volume fractions given by the Linear Programming solution

Number of iterations



D.4 LISTING

P S R L
205 AAM G EKD
L i 1 T Feoa g ek

MATN PRGRAM
TMPLICIT REAL*8 (A-Hy)=Z)

COMMON/POWSER/ STIGFMIL17,5) ,ﬂKT!S(Zul),THTPIlL}vSYLI(lﬁ),FISIT(lC),

1FSUIT(1“!qTMETWL(l?l,SYlIM(}:),FISITM(1i),TMETLM(ICJ'ALKGEM(IO)v
20RPH2 (14 +5) +GRPHAL(L  y5) 4GRPHA2(1%95) 9 ALKGE(17)4GRPHLI(1C45),
3 STS,PHLI231¢95) 9SR{1%95) g SA(LL45) s SNUF(LM95) 9STR(L1L5)
4 SOGIL 7 45995)4DI017,5)

COMMON /FLUX/Z PHI(201,5) oANNRY,3NMORM,A(2CG1¢5) #8B(20145)
1 Cl2{145) 4Wl2714545) W SU271,5)

COMMAN JONTRL/ FPS14FPS24FPS3,FFFKy TH(L )sRK14RK24BIGyAHOLD( S )y
1'\15301!"11')'&;|f‘i-“1AT9:’\;\’;[‘:"“""‘.1\]1'%(‘,1_'Jn'—'-r:i“" '?\‘F';'JAE,NP'NPT(I.L ) 9 [OD,NRVARYy
FTPVARY (G°) g MVARY o ITHAXD g ITMAXI o T T, ITIWKFEP4MCODELBIG,JBIG,IAJ,
FTJOUM; THOLDL9S)

COMMGi: /HACX/ SP{{T{S),XA(lf.5).XNUF{1A,5),XTﬂtli,S).XGG(IU,S,S).

1C0HCLT gL ") gDl 45),X7 (1 45),0C,CT, ID 1AT(L )
CLAATN JERy /TERR

COAMMON/CHNY Y/ COMA(R ) 3N R KNAZNCR,, TONA
LumMed/ITESS NIT

ATMENST Ty CONMON(R)

ARS(ZZ2)=DA%5(27)

KN A=

NIT=

IekR=

MAINCOI1
MAINODND2
MAINDOJN3
MAINDIDSG
MAINONDS
MAINOOQY6
MAINIODT
MAINDDOS
MATINCOD9
MAINDO1D
MAINDD11
MAINZO12
MAINDOL13
MAINOOL4
MAINA0O15
MAINQO16
MAINOOL7
MAINDD18
MAINDNOL9
MATND220
MAINDAD21
MAINQN22
MAINDN23
MAINOD 24
MAINDD25
MAINNG256
MAINOQOG27
MAINDQD238
MA INDL29
MATNOD3D
MATNOO31
MAINOD32
MAINOD33
MAINDO34
MAINOO35
MAINON36

01



N N~ o~

w

IT1=0

IF(NIT.NELD) €3 TN
IF(KNALEQLL) GO TN
CALL INDATA
IF(IFRR «NEW. )GU TN
CALL MACROX

CALL FLUXIN
[F(IERRWNF)IG) TO
CALL XSECT

CALL TRIGTA

CALL WFIGHT

CALL SOLVF

CALL RESCAL
ITI=1TI+1

[FCITTLGCTLITMAXT) CALL ERRDR(L)

IF(ABS(PK?-TK).LT.,FPS1) G TN 3

TK=K2
Ge 1T 2

IF {ABS(RK2-1.2).LT.EPS2)

CALL ADJUST
THOLD(I TN =TI
AHOLD(ITO)=kK2
RK1=RK?

[TO=1T0+1
IF(ITOWGTLTTHMAXD)
IF(TFRRNEL)IGD T)
ITI=0C

GO TO (54741),10P

IF (BIG.LT.EPS3) GO TO 100
RIG=C.0

KEFP=1
6N To 2

CALL

15172
151°

onan

9909

gaaj

0993

TEF(JADGFQR.2)IGD TO 9999

N 1 J=1 4NP
DO 15 I=1,NGP

ERRAP(6)

MAINQO37
MAINOND38
MAINOD39
MAINDD4Q
MATNOO 41
MAINCD42
MAINDOD43
MAINOD 44
MA INDO4S
MAINOO46
MAINDQ4T
MAINOO4S8
MAINOD49
MAINDJS50
MAINOOS1
MAINDDS2
MAINOOS53
MAINDOS4
MAINNDOS5
MAINQGS6
MAINDODST
MAINQOSS8
MAINQOS59
MA INDJO6D
MAINQO61
MAINONG2
MAINOD63
MAINQOG64
MAINCD6S
MAINOOO6S
MAINQOH7
MAINDO6S
MAINOQ69
MAINOOTO
MAINOODT1
MAINDOT2

€01



153"

1631

15

1545
21

154
59249

PHL (S I )=PHTI I, )
CTNTINYF

CALL AJNINT

CAM L ISCHIS
IF(NPRJNFS2) GO T 25
IF(KNALFD.1) Gi T 1531
IF(NIT.NFL.) G T 153"
D13 27 K=1,NCF
CONCN(K)=CONC(INNA,K)
IFI(NITNEST) GiJ T 1535
CALL FOIT

CALL AEDIT

CALL AASE

CALL BIGMAT

CALL LINPRD
IF{NPRNF.,2Y GN TN 154>
IF{KNALEQ.™) GO TN 1545
D™ 15 K=14NCR

CanC (IDNAJK) =747

6o TN 1549)

Do 21 K=1,NCR
COMC{IDNA,K) =CONCNIK)
G TN 1503

CALL FXIT

END

MAINOCOT73
MAINOOT4
MAINOOTS
MAINOCT6
MAINOOTYT
MAINOOTS
MAINOOT9
MAIND98D
MAINQOS81
MAINDO82
MAINQCOS83
MAINGO84
MA INDGBS
MAINOOS86
MAINDOO87
MAINOOSBS
MAINOOS89
MAINOOSO

- MAINOOOS1

MAINO092
MA INO0Q93
MAINOO94
MAINOC95
MAINOO96
MAINOOS7

01



SUSROUTINE INDATA

T4PLICIT REAL*A (A-HyN=-1)

COMAIN JFLUX/Z PHI(2:195) oANORMyBNORMyA(2.145) ¢R(20195)

1 CL20195) »Wl251,5,5) 21 S(2C1,5)

COAMON /CATRLY/ EPSl,FPSZyFPS3gFFFKyTH(1ﬁ)'QKIORK29BIG,AHULD(90’9
1VCP’NﬂﬁpNWAT'NGECW'JBCLyJBCR,NFG{JADvNPvNPT(|f)v‘UPoNRVARY'
2IQVARY (90 ) o MVAFRY, TTMAX )y ITMAXI 2 IT3LITI 9KFEP,E"‘.COQE’LBIGQJBIG' I1AJ,
3J0UM, THOLD(2:0)

COMMON /AACXK/ SDECT(S)vXA(leS)yXNUF(lC!S,'XTR(lT15)9XGG(1C9595).
L1CONC(L gl M) gD(17595) 3 XR{1G¢5)9CCHyCT,IDMAT(Lr) -

COMMON /MTCX/ SIGGLL 595) oSIGTR{L1:95) o XNU(L :95) oSIGF(1:295),
1 SIGGGILI,5,5)

COMMIN /ERR/TIFRR

REAL TITLF

DIMENSION TITLFE(2D)

NGEQM=2

JacL=1

JalRr=)

[N2=1

READ (5,9971) (TITLFLJ) Jd=1,27)

WRITE(£4,591) (TITLF(J)»d=1,23)

READ (5,G992) NGPyNRG,NMAT

WRITE(E,2993) NGPNRCZNMAT

IF (NGEMMEQal) WRITE (£,°04)

IF (NGEOM.FQe2) woTITEL (£,995)

TF (NGFNM.FQe3) WRITFE (&4C5€)

READ (54997) (TH(J) yJ=1,yNRG)

WRITFE (64G913) (JyTH(J) yJ=1ehErS)

D1 T=1,KNMAT

READ (5,999) INMAT(T) o (CPNCET o) »J=14NRG)

SCONTINUE

WRITF (649977)

Nne 2 I=14NMAT

WRTTE (649902) TOMAT(T ), (J4CONCUToJd)yd=1oNRG) ‘

CONTINUE :

READ (5,492) (NPT(J)4J=1,N%G)

INDACQOO1
INDAQQO?2
INDAOON3
INDAQQC4
INDACDNDS
INDAJOOS
INDADCDTY
INDADDCS
INDAOCCY
INDAOO10
INDACO11
INDAOC12
INDADOL13
INDAON1 4
INDADO1S
INDAQL16
INDAQO17
INDAOO18
INDADO19
INDAQO20
INDAODC21
INDAQO22
INDAQO23
INDAOO24
INDAQO25
INDAND26
INDAQO27
INDANO28
INDADO29
INDAOQOC3C
INDAOO31
INDAOO32
INDAQO33
INDAJU34
INDAOO35
INDAOO36

SoT



"

WRITE (599970:3) (JyNPT(J) 9J=1yNRG)

READ (5,49912) EPS1,EPS?2,EPS3, I TMAXTI, ITMAX]

D0 3 I=1,NMAT

RFAD (5,992 ) MMM,M1,M2

Q0 4 J=1,NMAT

JJd=J

[F (MMM EQ.TDMAT(Y)) GO TO B
CORTINUF

CALL FERGR (2)

TF(IERR (NEWL) RETURN

2EAL (55797) (SIGCIJJyJ) 9Jd=14NGP)
READ (54597) (STGTRIJI 9 J) +J=14NGP)
IF (M1.FQ41) GO TO 7

N3 28 J=1,NGCP

XNU(Jd 9 Jd) ="

SIGF(JJyd)=<,.10

CONTINUE

GO 10O 9

READ {54997V (XNULJIIed) od=14NGP)
READ (54,997) (SIGF(JJeJd)ed=1yNGP)
N &6 K=1,yNGP

READ {(5,997)(STGHG(IJeKed) 9d=14NGP)
CONTINUF

CONTINYE

READ (54297) (SPECT(J) +»J=1NGP)
WPITF {K,y73974) (3PZCT(JY) 9J=14yNGP)
D YXT T = 1 4NMAT

WRITE (%5y99:5) [2YAT(I])

WRITF (64995756) (SICCH IOJ’VJ?IQNGP)
ARITE (42,9907 ) (SISFU 14J)¢J=14NGP)
WRITF (599911) (XNU(Iy0) 9J=14NGP)

WKITE (£59508) (STHTR 14d)9J=1,NGP)

0 17 K=1,NGP

WRITFE (6493979) Ke(SIGGG(T 9Ked) eJd=19NGP)

CONT INUE

a9l FORMAT (29X, 2044)

INDA2D37
INDAQO38
INDAQC39
INDACO40
INDAOC41
INDARG42
INDAOO43
INDAQC44
INDAQD4S
INDAOO46
INDADO47
INDAOO48
INDAQQ49
INDADCSD
INDAOOS1
INDAQCS52
INDANDS3
INDAOOS4
INDAQOOSS5
INDAQOS6
INDAOCST
INDADOS8
INDAOOS59
INDACO6C
INDAQOQS61
INDAQCG62
INDADDA3
INDAOC64
INDADOO6S
INDAVOG66
INDADO67
INDAOO6S8
INDACO69
INDAGCTO
INDAODT1
INDAGO T2

90T



962
993

=TV
Gag
Ghals
3e7

ofet:)

799

04
"1
aqr
994, 3
094
0ans
59016
9907
9918
99 9
9911
@312
9913

FORIMAT (1615)
FORMAT (///' NUMBFR OF ENERGY GROUYPS =',110,//7' NUMBER OF REGIONS
L=%y 110y /7" NUMBER OF MATERTALS ='4,1104//)

FORMAT (/777" PROALFA GECMETRY = SLAB')
FORMAT (///7' PED3LFM GECMFTRY = CYLINDERY)
FORMAY (////7' PROBLEM GECMETRY = SPHERE')

FORMAT (751 . )

FORMAT (/77710 X g ¥6GROGYPE J1CX Y LOWER ENERGY ROUNDY /10Xy V=====1,1CX,y
1t - Vo /701 Xe [3510XeN15.5))

FORMATLIS 95 X gaF 18,3, /64F]15,2,/72F15%.¢)

FORMAT (/7771 X YAATEP TALY g4 X *REGION / CONCENTRATION? 4//)

FORMAT (2 :A4)

FORMAT(/ZLXoI2920124% / V4F13e15)9/170%Xe8 (144" / V4F15.10))

FORMAT (///' FEGIOM / QUMBER OF MESH PIINTS  //715(15,% / ',13))
FOAMAT {/7//7% FISSIOCN SOECTRUM'/ (3FLS.1D))

FORMAT (*1 CROSS SECTICNS FOR MATERTALYWI154//77)

FUORMAT (' CAPTURE CRiSS SECTIUN'y/(8F1541:°))

FORMAT (' FISSION CROSS SECTIAON',/(8F15,1C))

FORMAT (' TRANSPORT £21SS SECTION",/7(8F15.12))

FORMAT (' TRANSFER CROSS SFCTICN FRCM GROUP, 15,/ (8F15.1())

FORMAT (¢ NU'Q/(RF“:‘.G’)

FORMAT (3F15.0,215) :

FORMAT(///7" REGINN / KEGION THICKNESS IN CM',/6(5Xs029 / *3»F8.4))
QETURN :

oND

INDADGT3
INDAQOCT4
INDADCT5
INDAOCTS
INDAGCTY
INDACCTS
INDAQCT9
INDAQCSG
INDADUBI
INDAQOOS82
INDADOB3
INDA{O84
INDAQCSS
INDAQO86
INDAOCSY
INDACOS8S
INDAGDSB9
INDAOOS0
INDACO91
INDAOO92
INDAQC93
INDADOS4
INDAOOSS
INDAOO96
INDAGCIT?

L01



SURROIUTINE MACRNX

IMPLICIT REAL=R (A-H,7-7)

COMMON/POWER/ STGFA(195) 2AKTISU231) 9 TOTP(LC) o SYLICL1U) FISIT(1O),
lFSQIT(l«)pTMET”L(l“)ySYLIM(IU).F[SITM(l“),TMFTLM(13)|ALKGEM(10)1
2GRPHZ2(1245) oORPHAL(L1795) yGRPHA2(1745) 4ALKGE(LD ) GRPHLI(1D45),
3 STSyPHL{27195)9SRIL"y5)ySALLi y5)ySNUF(1: 95)ySTR(L:95)

4 SGG(1%+:5+45)sD1(1795)

COMMON /CNTRL/ EPS1,EPS2,EPS3,FRFKe THILS) s RK19RK? 4BIGyAHULDE9C )y
l.NprNRG,NML\T,NGE[,:M,JBCL,JBCPQNF(.:}pJACyNPoNPT(15,4‘,QlGP,NRVARVy
>TRVARY (99) o MVARY, TTHAXC, [TMAXT, 1TN, ITI,KEFP MCODEyLETG o JBIGHTAJ,
AJNYM, THOLND(G)

COMMON /MACX/ SPECTIS) ¢XACLL 95) o XNUF(1U95) 9 XTRE1G95)9XCG(129595),
1CONCIL1L917) 9 0(17%595) 9 XK(1G95)3CCHCT, INMAT(LL) :

COMMCN /MICX/ SIGCIL 45) 2SIGTR{1795) o XNU(L:.95) 9SIGF(1595),

1 SIGGG({179545)

COMMON /FLUX/ PHI(27145) 2ANOKMaBNORMyA(2(01,45) 1BL20145)
1 C({2195) yW{22195,45) 2S5(221,45)

NG 4 I=1,NRG

DO 4 J=1,NGP

SR{I4J)=C.

XA(I,yJ)=0,7

SIGFM(T,Jd)=1,0

XNUF(I,Jd)=Ce0

XTR(I9yJ)=0.0

DO 4 K=1,NGP

XGG(I,J,K)=@.Q

CONTINUF

DO 3 J=1,W{MAT

NN 3 I=1,NGP

NO 3 K=1,NRG

XA(K I )=XA{Ky IV 4CONC I K)IXSIGC(Iy 1)

CSIGFMIK y[)=SIGFM(K,TY+CONC(JI9yKIXSIGF(Jy1)

XNUF{KyI) =XNUF{Ky T)+CONCJoKIXSIGF(Jy T)RXNULS,T)

XTRIK 9T )=XTRIKyII+CONC (JoKIRSIGTR(J 1) {

NG 3 L=14NGP v

XGG(KyT gL )=XGG(KyT9L)4CONC(IZK)XSTGGG(JeIyL)

MACRCOC1
MACR0002
MACRZCC3
MACROCC4
MACR0105
MACROO0C6
MACROOC7
MACRGCONS
MACR0009
MACRCO010
MACROG11
MACR0012
MACRO013
MACRON14
MACROO15
MACROO16
MACROO17
MACROO18
MACROO19
MACR0020
MACR0021
MACR0022
MACR0023
MACROC24
MACR0025
MACR0026
MACRN027
MACR0028
MACR0029
MACRO030
MACRO031
MACROU32
MACR0033
MACROG34
MACROC 35
MACRO036

80T



CONTINUE

50 2 1=1,NRG

NG 2 J=1,NGP
XGH(1ydygd)=0a

DC & K=1,NRG

DG & I=14NGP
SNUF({KyI)=XNUF(K,y 1)
STR(KsI)=XTRIK,1I)
DI(KeI)=1.03/({30%STR(K,11})
DN 5 L=1,NGP
SGG(K,I’L)=¥GG(K' TyL)
SRIKyI)=SRIKsI}+XGGIKeIyL)
CONTINUE

RETURN

ENMD

MACROQ37
MACRQ038
MACRQ039
MACRO040
MACRO0O41
MACROD42
MACROD43
MACRO0O44
MACRO045
MACRO046
MACRCO47
MACROQ48
MACRO0OC49
MACR00S50
MACR(Q51
MACROCS52

601



SURRNYTINE FLUXIN
REAL*8 (A-Hy"-Z1)

I¥PLICIT

COMMCN /ONTRL/ FPSI’EDSZQFPS3QEFFK1TH(lJ,QRK19QKZQHIGQAHOLD‘9G"
1RGP g MRG g MMAT g NGECOMy JACL » JRCR ¢yNFGoJAT NP ¢NPT(17) o I0PyNRVARY,
CIRVARY (D7) s MVARYy I TMAX 1y TTMAXT L ITO,LITI QKEEPvMCQDEyl.BIG’JB!G' 1AJ,

3J0UM, THOLD (o)

!

COMMEN /MACX/ SPECTUS) oXALL 95) g XNUF (L9 S) 9 XTR(1295) 9 XGG 1959 5)
LEOC Ly 10 )y DE1A5) g XR A1 75, 5)9CCHCT,y [OMAT(LC)
COAMUN /FLUX/ PHI(271,5)

CL27145) 4Wl(2719545)

COMMOUN JERR/TERR
SORT(Z27)=DSORT(Z7Z)

NP=1

D0 1 J=1,4NRG
NP=NP+NPT(J)

DO 2 L=1yNGP
N0 2 J=1y

NP

PHI(JyL)=1a7"

ANARM =507 T (147D RNPENGD)

G TN (A45,5
DR 3 J=1,NMAT

JJd=J

IF (INDMATI(J).EQ.

CONTINUF

)L INP

CALL FRROR(4)

[FIIERR NNELD

MCODE=JJ
COGNTINUF
RETURN
EMD

RETURN

’

1S(271,5)

MVARY) GG TO 4

2B(271,5)

FLUXOOO1
FLUX0002
FLUXQO0O03
FLUXQCQ4
FLUXOCCS
FLUXO006
FLUX0O0O7
FLUX0008
FLUXCOGCI
FLUX0010
FLUX0011
FLUXOC12
FLUXOC13
FLUXOCl4
FLUX0015
FLUXCOL16
FLUXOO17
FLUXO0O018
FLUX0019
FLUX00 20
FLUXGO21
FLUX0022
FLUX0023
FLUX0024
FLUXQ025
FLUX0026
FLUXCO027
FLUXCO28
FLUX0029
FLUX0030

o1t



SURRCOUTINE XSECT

TMPLICIT REAL*8 (A-H,0N-7)
COMMON /CNTRL/ EPSL4EPS24,EPS3,.EFFK, TH(lz)'RKlQRKZ BIGyAHOLD(9G),
LNGP ¢ NRG ¢y NMAT ¢ NGEOMyJ3CLy JRCR yNFG 9 JALS NPy NPT(1GC ), IOP,NRVARY,
QIQVARY(gﬂ)'MVAPY'ITMAXﬂyITMAXI,ITO,ITI,KFFPqMCODE9LBIG,JBIG11AJ9
3JDUM, THCLD(9)

CIMMON /MACX/ SPECT(S5) yXA{L1l 95 )9 XNUF(L1395) oXTRULG95) 4XGG(109595)
ICONC(1T 91 ) 0N l1C o5 g XRU1T95)4CCHoCT, IDMAT(10)

COMMCN /MICX/ SIGC(1:45) 4SIGTR{145) o XNU(L45) 4SIGF{1:'95),
1 SICGG(104+5,5)

COMMON /FLUX/Z PHI{20145) 9AMNDRM,BNCRMyA(201,45) 1BL2C14+5)
1 CHU271 45) 4W(271495,45) 2 S{221,5)

DIMENSION F(17)

G TO (£49645), 100

Z={(CC-1,.3)/CC

DN 1 K=14NKG

FIK)=CONCIMCODNE yK) X7

NG 2 K=1,NRG

NG 2 I=17NGP

XA(Ky T)=XA(K, 1) +F(K)=STGC(MCODE,I)

XNUF (K I)=YNUF{KI)+F(K)*SIGF(MCODE 1) *XNU(MCONE,I)

XTRIK yI)=XTRIKyIV+F(K)XSIGTR(MCODE, I)

N0 2 L=1,NGP

XGHIKy T4L)=XGGIK, IyL)+F(K)*SIGbJ(MCCDE IoL)

CONTINUF

CONTINUE

N 3 T=1yNKG

PO 2 J=1,NGP

XP{IyJI=XA(14J)

N0 4 I=1,NRG

NN 4 J=1,NGP

NT4d)1=1e/7 (30X TRII,J))

D0 4 K=14NGP .

XR{TpJ)=XR(T4J)+X5G(T4J,4K) {

CAONT INUE

RETURN

XSECCCO1
XSEC0002
XSEC0003
XSEC0004
XSECOCO5
XSECO0C6
XSECO007
XSEC0008
XSEC0009
XSECOC10
XSECOC11
XSECO0012
XSECCN13
XSECQC14
XSECOC15
XSECOC16
XSECO0017
XSECCO018
XSECOC19
XSECCO020
XSEC0021
XSECC(C22
XSECO023
XSECCC24
XSEC0025
XSECCC26
XSECGL 27
XSECCG028
XSECCC29
XSECQC30
XSECOC31
XSECCOD32
XSECCC33
XSEC0OC34

XSECOC35

XSEC0036

199 S



END

XSECO037

11



SUBROUTINE TRIDIA

IMPLICIT RZAL®B (A-H,0-7)

COMMON /CNTRL/ FEPS1,EPS2,FEPS3,EFFK,TH{10)4RK1,RK2,BIG,AHOLD(90),
INGP y NRGy NMAT yNGENM, JBCL, JBCRyNFG ,JAD, NP, NPT( 10), 10P, NRVARY,
2TRVARY (90, MVARY, ITMAXN, ITVAXT 1T, ITI,KEFP, MCODE,,LBIG, JBIG, IAJ,
2.JDUM, THALD(20)

COMMON /MAZX/ SPECT (5)3XA{L045) 9 XNUF(1055)yXTR(105) 4XGG(109545),
1CONC(Y0,510)4D(10,5)4 XR{10,5),CC,CT, IDMAT(10)

COMMON /FLUX/ PHI(201,5) ,ANORM,BNORM,A{201,5) ,8(201,5) ,

1 C(20L95) yW(201,555) 45(201,5)

DD 3 L=1,NGP

DY 3 J=1,NP

B(JyL)=0.0

PWR=0.0

JJ=0

DY 1 K=1,NG

H=TH(K) /NPT (K)

HI=1.0/H

R=RWR-H%0 .5

JMAX = NPT(K)

NN 2 J=1,JMAX

J=JJ+1

R=R+H

IF (NGEJM.FN.1) RP=1.0

IF (NGENM.EQ.2) RP=R

IF (NGEJM.FQ.3) RP=P*R

D7 2 L=1,NGP

ALJJ L) =RPEN (K, L) *HI

ClLIIsLI=AII,L)

Z=A(JJ L) +( (R=H/2.0) **(NGEJIY=-1) ) *XR (K, L) ¥H%0 .5
CZ1=ACII L)+ L (R+H/2.0 )% (NGEIM=1) J%XR(K 4L ) ¥H*0 .5

BIJJSLI=RIJJ,L)=7

BUJJ+1,L)=B(JJ+1,L)-21

CONT INUE )

RWR=RWR+TH(K)

CONTINUE

TRIDOOOL
TR1D00O2
TRIDO0CO3
TRID 0004
TRIDOOOS
TRIDOOO6
TRIDOOO7
TRID0O0OOS8
TRIDOOOS
TRIDOO10
TRIDOO11
TRIDOO1Z
TRIDOO13
TRIDOO14
TRIDODO15
TRIDOO16
TRIDOO17
TRINDOO18
TRIDOO19
TRID00OZ20
TRIDOO21
TRIDOO22
TRIDOO23
TRIDOD24
TRIDOOZ25
TRID0O0O26
TRID0OO27
TRIDOOZ28
TRIDNOO29
TRID0030
TRIDOO31
TRIDOO32
TRIDOO33
TRIDOO 34
TRIDOO3S
TRIDOO36

eIl



b

11
10

IF (JBCL.EGLC) GO TN 4
DO 5 L=1,NGP
AllyL)=2.2%A(1,L)
BllyL)==-A(1,L)

GO TC 6

D7 L=1,NGP

B{lyL)=1.0

A(IQL)=%,'«,

IF (JURCP.EQ.T) GC T R
KP = RWR %% {NGE(OM-1)
NO ¢ L=1,NGP
CINP=1,4L)=2.0%CI(NP=-1,1)
B{NP,yL) = 2-i"*g(Np,L)"QP*XR(NRG,L,*H
G TR 10

PN 11 L=1,NGP
g(NPyL)=1.7
CI(NP=-14L)=2,0

CONT INUE

RETURN

END

TRIDOO37
TRIDOG38
TRIDOC39
TRIDOC 40
TRIDOC41
TRIDON42
TRIDOCSG3
TRIDCO44
TRIDOC4S
TRIDOC46
TRIDOCAT
TRIDO04S
TRIDOC49
TRIDOCS50
TRIDGES1
TRIDOOS52
TRIDOCS3
TRIDCOS4
TRIDOOSS
TRIDOO56

/498



SURROUTINE WEIGHT

IMPLICIT REAL*8 (A-H,0-12)

COMMCN /CNTRL/ FPS14EPS2,EPS3,EFFKy TH(11) 4RK1,RK2,81G4AHOLD(SC),
1NGP9NRG;NMAT,NGFOM,JBCL9JBCRQNFG'JAD,NP,NPT(1@"IUPQNRVARY!
ZIRVARY(Q{?),MVAPYyITMA‘(Q,ITM[‘;XI,ITO,1TIyKEFP'MCODFol.BIGQJB[GQIAJ'
3JDUM, THOLDA(O)

CUOMMUON /MACX/ SPFCT(5)9XA(1'95)9XMUF(1”’5)9XTR(1¢15)1XGG(1?1515,'
1CONC(IC410)4D(1N,5),Xi#{102,5),CCLCT, IDMAT(1C)

COMMON /FLUX/ PHI(2C145) 9ANORM,BNORMyA(2G1ls5) 1 B(271,5)

1 Cl2:1495) 24 2G145,45) +5{2G1,5)

Jd=1

PWR= 0

DN 1 T=1,NPG

H=TH(I)/NPT(1)

JMAX=NPT(I1)-1

R=RWR

DO 2 J=1,JMAX

Jd=JJ+1

R=R+H

IF {(NGFIM.EQ.1l) RP=1."

IF (NGEOM ., E£Q.2) RP=P

IF (NGEOM,.,EQe3) RP=R*R

F=HxPP

DG 3 L=1sNGP

N 3 K=1,NGP

W‘JJVK,L)=(XGG(I9K1L)+E:FK*SPECT(L’*XNUF(I’K),*F
CONTINUE _

Jd=JJ+1

Rz=F4+H
CRP=R¥**(NGECM-1)

H2=TH(T+1)/NPT(1+1)

F= aH%RP

NG 4 L=14NGP |
i 4 K=1yNGF
ﬁ(JJoKyL,=((XGG(!yK,L)*EFFK*SPECT(L)*XNUF(IyK))*H+(XGG(I+19K'L,§

WEIGOON]
WEIG(0202
WEIGO0O03
WEIGCOC4
WEIGGGCS
WEIGCOC6
WEIGO007

- WEIGC008

WEIGOC(9
WETIGOO010
WEIGOO11
WEIGQC12
WEIGO0013
WEIGOC1l4
WEIGOC15
WEIGOO16
WEIGCC17
WEIGCO18
WEIGOO019
WEIGCG20
WEIGOO21
WEIG0022
WEIGO023
WEIG0024
WEIGOC25
WEIGCO26
WEIG0027
WEIGGO28
WEIGO0029
WEIGO030
WEIGOC31
WEIGOC32
WEIGOC33
WEIGO034
WEIGCO35
WEIGOC36

STT



A

1 EFFXXSPECT(L)RXNUF(I+14,K))*H2)*F
RWR=RWR+TH{I])

CONT INUE
H1I=TH({1)/NPT(1)
H2=TH(NRG) /NPT (NRG)
RWR=RAR+TH(NRG)
RP=RWRm*x (NGEOM-1)
F1=H1*x(1/10P)
F2=H2%*RP

D0 5 L=1,NGP

DO 5 K=1,NGP

IF (JBCL) 646,57

Wl KyL)=s312

GO TO 8
WllyKeL)=3.C

IF (JBCR) G49,1%
WINP4KyL) =W

GO 7O 5

WINP ¢yKy L) =(XGGINRG KoL) +EFFKXSPFCT(L)*XNUF (NRG,K ) )*F2

CONTINUE
RETURN
END

WEIGO037
WEIGOC38
WEIGO039
WEIGQ040
WEIGRO41
WEIGO042
WEIG0043
WEIGOQ44
WEIGO04S
WEIGDOD46
WEIGQ047
WEIGOC48
WEIGO049
WEIGOCSO0
WEIGQOS51
WEIGOC52
WEIGO053
WEIGOCS4
WEIGO0S55
WE IGOG56
WEIGCOS57
WEIGC0S8

9Tl
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SUBROUTINE SOURCE(L)
IMPLICIT REAL*3 (A-H,0-7)

CAMMCN /CNTRL/ FPS1,EPS24EPS34EFFK,y TH(10)¢RK1yRK24RIGyAHOLD(IC),
LNGP g NRG y NMAT g NGEDMy JBCL ¢ JRCR yNFG 9 JADNPyNPT(17 ), IOPyNRVARY,
2IRVARY {97 ) yMVARY o ITMAX Dy ITMAXT o ITO, ITIKEEP,MCIDE,LBIG,JBIG, IAJ,

3JDUM, THOLD( QD)

1

COMMON /MACX/ SPECT{S) ¢ XA(Ll 95 )y XNUF({1095) o XTR{1295) 4XGG(1095495)

ICONC(1: 9] 4) gD{1t 95) 9 XR{1:345)9yCC4CT,y IDMAT(1C)

COMMON /FLUX/ PHI(20145) +ANDRM,BNORMy,A(291,5)
Cl20145) 4W(20195,5) 2S(271,5)

DO 1 J=1,NP

S(JdeL)="u7

DO 2 J=1,NP

NN 2 K=],NGP

IF (IAJLEJ.{) GO TO 3

IF (IAJ.EQ.1) GO TO 4
S(JvL)=S(JyL)'W(JoK,L)*pH[(J'K)
GO TO 2

Syl )=SUI L) =WlJyLKIXPHI(J,K)
CONTINUE

RFETURN

END

yB(2C1,45)

’

SOUROOD1
SOURDCD2
SOURG0O03
SOURCCO4
SOUROQOS
SOURQQC06
SOQUROOO7
SOUROCO8
SOUROCO9
SOUROC10
SOUROC11
SOUROO12
SOURCO13
SOUROC14
SOURON 1S
SOURQO16
SOUROC17
SOURQCOL8
SOURQOC19
SOURO020
SOURQOC 21
SOUROC22

L1t



SURRCUTINE MATINV(X,03LeDDsDUyYN)

TMPLICIT REAL*R (A-H,0-1) '

DIMENSTON X(1)oDL(L1)4D0(1) LU Y1) sdA(201),GAL201)
WA(1)=DU(1)/9D(1)

GA(L)=Y{1)/DD(1)

2 1 K=2,N

T1=1.0/(DDIK)=DL(K-1)*WA(K-1))

VACK)=DU(K)*T]

GATK)={VIK)=DL{K=1)%*GA(K-1))*T1

CONT INUE

X{N)=GA(N)

KMAX=N-1

ne 2 K=),KMAX

J=N-K

X(J)=GA(I)-WA(JI*X{(J+]1)

CONTIMUE
PETURN
FND

MATIOCO1
MATIOOD2
MATIOCO3
MATIOC04
MATIOO005
MATIOOC6
MATIOCOT
MATIO008
MATIOCO9
MATIOD10
MATIOO11
MATIOO12
MATIOC13
MATIOOL1 4
MATIOC15
MATICOl6
MATIOO17
MATIOQ18

8TI
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SUBROUTINE SOLVE

IMPLICIT REAL*8 (A-H,0-1)

COMMCN /CNTRL/ FPS147PS24FPS34FFFKe TH{1L)9RK14RK2yBIGyAHOLD(9(),
INGP ¢yNRGyNMATyNGFOMyJ3ICL g JBCR4NFG o JATyNPZNPT(17 ), IGPyNRVARY,
ZIRVARY(QC"'MVARY'ITMAXD'ITMAXI’ITU'[Tl'KEEP’MCODF,LBIG’JBIGQIAJ’
3JDUM, IHOL D (9™) '

COMMON /FLUX/ PHI(20145) JANORM,BNCRMyA(201,5) +8(2C1,5)
1 C(2(145) 4W(20145,5) vS{2C1,5)

DIMENSION U(201)4XL(201)4D(201)4X{2C1),Y(201)

FMAX=U 010

DO 1 L=1,NGP

CALL SNURCE(L)

DG 2 J=14NP

UtJd)=A(J,L)

XL{J)=C(J,L)

DEJ)=B(J, L)

Y(J)I=SUJ,L)

CONTINUE
CALL MATINV(XoXL 9DsUsY sNP)

[F (KEEP) 5,5,3

JJJ=NP-1 ‘

ne 4 J=2,JJJ
CC=X(J)/PHIJ, L) — 1.0D+G0

F=DARS{CC)

LRIG=L

JRI1G=J

RIG=PHT(J,L)

CONT INUE

NO 1 J=1,NP

PHI(J,yL)=X(J)

CONTINUF

RFTIRN

ENN \

SOoLvo0o1
SOLv0002
SOLv0003
SOLV0004
SoLveeoS5
SOLV0006
SOLvooo7
SOLvVO0D8
soLvoco9
SOLVOO010
SOoLvVoN11
SNLvOoo12
SOLvoo13
SOLVOO14
SOLvVOoC15
soLveele
soLvool17
soLvoo1s8
soLvoel9
SOLvV0020
soLvonz2l
SoLvoo22
sOoLvoo023
soLven24
soLvoe25
soLvocz2é6
soLvno27
soLvoec2s8
soLvoe29
SoLvo030
soLvoc31
SOLVQG32
SOLv0033
SOLV0034

611



SUBRNDUTINE RESCAL
IMPLICIT REAL*3 (A-H,0-1)

COMMON /CNTRL/ FPS1,EPS24FPS34EFFKyTH(1G)sRK1,yRK2¢yRIG,AHOLD(S0),
INGPyNRGyNMAT ¢y NGEIMyJRCL 9y JBCRyNFG 9y JACyNPSNPT (1) y IOPsNRVARY,
2IRVARY (9: ) y MVARY y [TMAX Oy ITMAXI, ITO, ITI,KEEPyMCODE,LBIG, JBIG, I1AJ,

3JDUM, THOLD ()

1

COMMON /MACX/ SPECT(5) ¢XAL1L 95) 9 XNUF(LC95) 9 XTRI1745) ¢XGG{1795+5),

LCONC {14 91 ) o DU15 95 9 XRUL1O,5),CC,CT, IOMAT(10)

CCAMON /FLUX/ PHI(2)71,45)
Cl221,5)

,N(? 115'3’

ABS(Z2Z)=DARBS(27)
SQRT(ZZ)=0DSQRT(Z17)

BANGRM=7,7

NN 1 J=1,nP

D0 1 L=1,4NGP
BNORM=3NORM+PHT (J,L)*PHI(J,L)
BNORM=SQRT (BNORM)
NDNORM=ANORM/ 3NJRM

N0 2 J=1,NP

N0 2 L=1,NGP

PHI(J,L)=PHI(J,L)*DNORM

RK2=BNGRM/ANORM
IFIKEFP)3,+3,44
31G=ABS(PHI(JBIG,LBIG)-BIG)

CONTINUE
RETURN
END

+ANORM,BNORM,A(2C1,y5)

1 5(2:1,5)

#8(201,45)

’

RESCOGO1
RESCOL:02
RESC0003
RESCOQCO4
RESCO0N5
RESCO006
RESC07
RESCCCO8
RESCCCNI
RESCRL10
RESCOC11
RESCON12
RESCOC13
RESCOC14
RESCOQ15
RESCO016
RESCOCL17
RESC2018
RESCOC19
RESC0020
RESCO021
RESC0022
RESCOC23
RESC0O24
RESCOD25
RESCOC26
RESCO027

ozt
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SUBROUTINE ADJUST

IMPLICIT REAL*B (A-H,N-7)

COMMTN /CONTRL/ EPS1,EPS24EPS3,EFFKyTH(17) 4RK1,RK2,31G,AHOLD(SC),
NGP yNRGy NMAT ¢y NGFOMyIBCL 9 JRCR yNFGyJAC, NPy NPT(17 ), I0OP4NRVARY,
2TRVARY{GM) ¢y MVARY, [ TMAX) g [TMAXI 4 IT0, ITI4KEEP,MCODE,LBIGyJIBIGyIAJ,
3JDUM, THOLD(9D)

COMMON /AACX/ SPECTIS)oXA(L! 95 )9 XNUF(1295) 4 XTR{1%35) 4XGG(1595+5)
ICONC(I 10917 )9 D({1%95) o XR {10 ,5),CC,CT, IDMAT(1v)

ALFPHA=1,1

GO TO (14243),10P :

CRFK=({1.7+ALPHAR{1.7=-PK2) )XEFFK

RFTURN

CT=1.C+ALPEAXR(1,.,7.-RK2)

N A J=1,NRVARY

JI=IOVARY (J)

TH(JI)=CTX*TH(JI)

CONT INUIE

RFTURN

IF (ITD.FQ.0) GO TO 7

CO=1aM+((CC=1e7)/CCI=( (1 =RK2)/(RK2-RK1))

GO T 8

CC=1.1

NC 9 J=1,4MRG

CONC{MCODEZJ)=CCRCONCIMCODE,J)

CONTInULE

RETUEN

END

ADJUCOG]
ADJUOCO2
ADJUOCO3
ADJUOCO4
ADJUCOO5
ADJUOOC6
ADJUOOO7
ADJUOCOS8
ADJURGGS
ADJUCC10
ADJUOC11
ADJULC12
ADJuco13
ADJUOO14
ADJUOC1S
ADJUOQC16
ADJuGnM7
ADJUOO18
ADJUCQO19
ADJUR0N20
ADJUO021
ADJUND22
ADJU0023
ADJUOO24
ADJUNGB25
ADJUO026
ADJUOO27
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SUBRJUTINE FRROR(N)
IMPLICTT REAL*S (A-H,0-7)
CCMMON /ERR/TERR

WRITE (64,1)
FORMAT ('1
[ERR=1
RETURN

END

N

FRROR

STOP NUMBER',I5)

ERROOCN]
ERROCQ02
ERROOCO3
ERR0O0004
ERROOGD5
ERROOND6
ERROOCCO7
ERROOCO8

(44}
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SUSROUTINE FODIT

IMPLICITY REAL*B (A-Hy0-2)

COMMCN/POWER/ STIGFM(17,5) LAKTIS(201)2TOTP(LD) 4SYLI(1D)FISIT(1C),
TFSDITIL ) o TMETOLILIS) 9 SYLIM{1ID) yFISTTM(LD) TMETLM(1C) yALKGEM{1C ),y
2GRPH2(1745) 2GRPHAL(1(95) 4GRPHA2(1C45) ¢BALKGE(1D) 4GRPHLI(1C45),
3 STSyPHLI23145)9SRIUL: 95)4SA(17:35)ySNUF(1045),STR(195),

4 SGG(109545),0I(10,5)

COMMON /CNTRL/ EPS1,FPS2,EPS3,EFFK,TH(10),RK1,RK2,B8IG,AHOLD(9C),
LNGP yNRG yNMAT yNGEOMyJBCLy JBCRyNFGyJACyNPyNPT(17 )y IOPyNRVARY,
2IRVARY(9%) g MVARY y ITMAXOYy TTMAXT o ITO ITIyKEEPyMCODELWLBIGsJBIGyTAJy
3JDUM, THOLD{9G)

COMMON /9 ACX/ SPECT(5)yXA(le5)yXNUF(1915),XTR(13;5),XGG(10’5y5)9
1CONCTLE 917) 9yD{1095)yXR{1045),CC+CT,IDMAT{(10)

COMMOCN /MICX/ SIGC(1745) oSIGTR(1i45) #XNU{L1y5) »SIGF{12,5),

1 SIGGG(1%,5,5)

COMMON /FLUX/Z PHI(221,5) JANORM,BNORMGA(201,5) +B(201,5)
1 Cl271+5) 4W(27145,5) 25(23145)

WRITE {6,291)

WRITE (646954
WRTITE (64997) (14 IHGLD(I),AHOLD(T),1=1,1T0)

GO 1O (1,2,3),10P

EFFK1=1.:i/EFFK

WRITE (6£,933) ((I'JQDHL(I'J)1I=1,Np’7J=19NGP)

WRITE (649932) EFFK1 :

RETURN
WRITFE (6,922)RK2

WRITE (649995) (JyTH{J) yJ=14NRG)

WRITE (A9993) ((I9J9PHL{I4J)yI=14NP)4J=1,NGP)

RETURN

WRITE (64992)RKZ

WRITF (69994) MVARY,{J4yCONC(MCONF,J)4yJ=14NRG)

WRITE (649993) ((IyJsPHL(T4J) +1=14NP),J=19NGP)

RETURN

FORIMAT ('1?,20 X, 'PRUGGRAM EDITY)

TORMAT (//7/7Y K EFFFCTIVE = 1,F17,6)

FORMAT (/770 T4J9PHLITJd) o o o I=SPACE POINT, J=GROUP'/6(15,13,D1

EDITOCO1
£01T0002
EDITO0N3
EDITOCO4
EDITOCOS
EDITRCNG
EDITOOOT
EDITOCOS8
EDITCCO9
EDITOO10
EDITOOLL
EDITON12
EDITCCL13
EDITOC14
EDITO015
EDIT0016
EDITOO017
EDITOOQL18
EDITHC19
EDITOO20C
EDITO021
EDITO022
EDITQ023
EDITOG24
EDITOQ25
EDITO0026
EDITQ027
EDITOC28
EDIT0029
EDITO0030
EDIT0031
EDITOG32
EDITO0033
EDITO034
EDITCD3S
EDITQ036

1 XA



12.5))
G994 FRIMAT

695 EQORMAT
1 ]

Q96 FQONMATY

1ALUE?Y,

G97 FOPHAT
END

(/777" CRITICAL CONCFNTRATICN OF MATERIAL',I5¢/(* REGION =1,
1 I5,10Xs *CONCENTRATICON =',F19.7))
(777 CRITICAL STZE',/(*THICKNESS OF REGION',I5,"

MYy
(777" GUTER ITERATINN
/7)

(I7920X915915X,4F1046)

NUMBER OF INNER ITERATIONS

=V, FlGe5y

EIGENV

EDITLO37
EDITOC38
EDITO039
EDITON40
EDITO041
EDITON42
EDITO043
EDITO044
EDITCD4S

L ZA !



SUBRDUTINE AJOINT AJOIOOCL

IMPLICIT REAL*8 (A-H,N-17) AJOIGNN2
CUMMON /ONTRL/ EPS14EPS2,FPS34EFFKyTHI1%) yRK14RK2,BIGyAHOLD(IC ), AJOIO00OO3

TNGP g NRG yNMAT gy NGEOM, JBCL o JBCK ¢yNFGa JADZNP NPT(13 )y IOPyNRVARY, AJOICNQ,
2IRVARY (G ) g MVARY o ITMAXD, ITMAXT o ITO,ITI ,KEFEPyMCONELLBIG,JPRIG,yIAJ, AJOIONCS
JDM, THOLD (ST AJOLIGOCS
COHMMON /MACX/ SPECTH(S) s XA(Y 35 )9 XNUF(L'95) s XTR(1:95) ¢ XGG(113545), AJOIQ0O7
1CONCE 191 0) 90010959 XR{1(,5),CCH,CT, IDMAT(1C) AJOICCOSB
COMMGCHN /ERR/IERR AJOIOCO9
A3S(ZZ2)=0ABSI(Z22Z) AJOIONC10
IAJ=1 AJOIODON11
RK1=2,0 AJOIGr12
TK=7,7 AJOIDO13
316=1720.0 AJOI0014
KEEP=1 AJOIQO015
I1TI=" AJOIOQO016

2 CALL SOLVF AJOIOOL17
CALL RESCAL AJOI0018
ITI=ITI+1 AJOIQO019
IF(ITILATLITMAXT) CALL ERRAOAR{L) AJOIOC20
IF(TERR NELD) RETURN AJ010021
IF{ABS(RK2-TK) .LT.=PS1) GO TO 6 AJ010022
TK=RK? AJ0OIG023
H0TO 2 AJOIDD24

6 IF (RIGLLTLEPS3) 50 T 1831 AJOI0025
BIG=" 473 AJOI0026
KFep=1 AJOIO027

0 TN 2 AJOID028

170 RETUYRY AJ0OI0029
END AJOIOQ30

1741
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SUBRDUTINE AEDIT

IMPLICIT REAL*3 (A-H,0-7)

CUMMUN /CNTRL/ EPS1.EPS24FPS34FFFKy TH(10) yRK1,RK2,BIGyAHOLD(9G),
INGP G NRGyNMAT , NGEONM, JACL 3 JACR yNFG o JADGNPZNPT{1L )y I0OP s NRVARY,
2IRVARY (4 ) yMVARY y ITMAX Dy [TMAXT 4 ITO, ITI,KEEPyMCOVE,LBIG,JBIG, 1AJ,
3JDUM, THOL D 97)

COMMON /MACX/ SPECT(5) XA L0 45) 9 XNUF(17355) 9 XTR{1L,5) 9XGH(189595),
TCONCELi g1 2) D01 y5) 4 XR(1D,5),CC,CT, IDUAT(1C)

COMMON /FLUX/ PHI(271,5) JANORM,BNORMyA(20:1,5) 4B022145)

1 C(223145) 2Wl(2:1,55,5) L,S(2714+5)

ARTITE (6,46091)

WRITE (64993) ({I4JyPHI(T4J),I=1,NP),yJ=14NGP)

FORMAT (017 ,20X'ADJOINT EDITY)

FORMAT(//7" T4J,PHIA(TL,J) 1=SPACFE POQINT, J=GROUP*,/6(15,13,0D12

1.3))

RETUFN
END

AEDIOOD1
AEDINOD2
AEDIQ003
AEDIOCD4G
AEDIQOOS
AEDIOCO6
AEDISLOT
AEDICOO8
AEDICOCS
AEDINCIC
AEDIOO11
AFDINO12
AEDIOC13
AEDICOl14
AEDICGN1S
AEDICO16
AEDIOC17
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SUBRQUTINE WINI
IMPLICIT REAL*R] (A-H,D-Z7)

COMMON/ PCWER/ STGFM(1:,5) JAKTIS(221),TOTPL12) ,SYLICL1G),FISIT(1C),

1FSDITEY )y TMETOL(15) g SYLTM(LO) yFISTITM(LIT)y TMETLM(IC) yALKGEMILC ),
2GRPH2(1.45) sGRPHAL(17,5) oGRPHA2(1795) ¢ALKGE(1)4GRPHL(1C95),
2 STSyPHLI20195) 9SR{1: 359) 3SA(13,5)SNUF{1735)3STR{145),

$ SGG(179545)4yDI(10,5)

COMMON /MACX/ SPELT(S) 9 XA(LN 35) ¢ XNUF(1u95) 9 XTR(I1O45) 9 XGG(109545)
ICONC (L 51 3)9D(1: 953 XP{1145),CC+CT, IDMAT (1)

COMMON JCNTRL/ FPS14.FPS524EPS3,EFFKy TH(LL)yRK19RK2,21GAHOLD(9C ),
1 NGP yNRG yNMAT ¢ NGEOMy JBCL y JBCRyNFG 9 JACyNPyNPT( 1), IOPyNRVARY,
2IRVARY (C3) yMVARY , ITMAXDy ITMAXT 4 ITO, ITI,KFEP,MCONELLBIG,JRIG,TAY,
201, THOLD(9r) ‘

COMMUN/DELTA/Z THSA(L” 38) g THNSF (1095 )9 THO(L1:95) s THST(10 9545),

I THTRDP(17,35) g THSTT{1L45) yDSAMI1N,5) 4DNSFM(]1L,5),00M(104+5),

2 DSTM{179545) 9 DTRPM{1745)9oDSTTA(L0,5) s THSF{L1(95)DSFM(1C,45),
3 SFULL:195) 3SCULL +5),SUP(179,5) 4POWED(14),CONCP(12),4VNO

COMMON /MICX/ SIGCL10495) +SIGTR{IZ2,5) o XNU(LGe5) +SIGF(1045),
1 SIGGG(1:49545) -
COMMON/KSWY/ SB3(1:95)4PPULLC),PUCLD),POUCLI0)PRSLLT)JURNILIC),
1 URC(17),S0(17),00PLIL)

COMMON/CONV/ CRMA(37) yNPRyKNAZNCR,y ILNA
CUAMUN/NDELFI/Z 1P, 10

COMMON/ ITER/ NIT
NCE=NCR+1

TFIKNALFO,1) GO T3 2

IF(NITNF.: ) G TO 2

PEAD(S,25%.) VMOGZNPRYNCR

FORMAT(F1Y42,215)

IF(NPRRANEL2) GO T 1
READ(5,2527) IDNA
FOaMAT (15)

READ(5,2518) IP,IN

FARMAT(215%) {

TEAN(S,6 ) TANCPLTIP) CUNCP(IU)

FORMAT(2F15.)

WINIQOO1
WINIOOO02
WINICGO3
WINIOO0O4
WINIOOOS5
WINIOCQ6
WINIOCO7
WINIOD08
AINT0009
WINICO10
WINIOO11
WINIOUO12
WINICCL13
WINIQO14
WINIOO15
WINICGL6
WINIOO17
WINICO18
WINICOQ19
WINIOC20
WINTIO0021
WINIQO022
WINIOO23
WINIQO24
WINIQO025
WINIOC26
WINICO27
WINICC28
WINIOQO29
WINI0030
WINIGC31
WINTG032
WINICN33
WINION34
WINICC35
WINIOO036
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WRITE{5,51 )

ARITE(6,611) CONCPLIP),CONCP(IU)

FORMAT(///5X,* CONCENTRATION OF PURF MATERIALS!')
FORMAT(///2F1%.3)

DO 9 I=14NR6G

D 9 J=1,NGP

THSA(IJd)= 0"

THSF(I,Jd)=.."

THNSF{I 4d) ="

THTIKP(I4d)=".0

THSTT(TI 4J) ="

GSAM(T,d)=0.7

DSEM(LyJ)=0,0

ONSFMUT J)=0 4%

DTRPM(T 4 J)=0,0

OSTTMAT yd)=0"0?

SFU(IyJ)=02,¢
SCUlTJd)=C,0
SUP(TWJ)=0,0
Sel(led)=..
NN 9 K=1,NGP

THST(T9JeK)="01

DSTM(TyJyKi=l0

CONTINUE

D0 11 I=1,NGP

NI 11 K=1,NCR

THSA(Ky I)=THSA(K,y I)+CONCPIIP)IESIGC(IP,I)

THSA(K, I)=THSA{K,I)}=CONCP(IU)*SIGC(IU,s 1)

TASF(K,y 1) =THSF(Ky I)+COANCP(IP)=SIGF(IP4I)

THSF(K 1) =THSF(K, [ )-CONCP(IU)*SIGF(IU, 1)

THHNSF(K g I)=THNSF(Ky I)+CONCP(IP)XSIGF(IP I )*XNULIP,I)
THNSF(K g T)=TANSF(K s I)=CONCO(TUIRSTGF(IULTIXXNU(TU,1)
THTRP(KyT)=THTRP(K,y I} +CONCPLIP)*=SIGTR(IP, 1)

THTRP (K I)=THTRP(K,T)=-CONCP{IUIRSIGTR(IU,I) ¢
UG 11 L=1,NGP

THSTUKy Ty L) =THSTIK, T ,L}+CCNCPUIP)XSIGGG(IPsI,4L)

WINIOQ37
WINI Q038
WINIOO039
WINI 0G40
WINIOC41
WINICD42
WINIQOQ43
WINIGD44G
WINICO45
WINICC46
WINICCAT
WINI 0048
WINICO049
WINIQQOS(
WINIQOS1
WINIOQOS52
WINIGGS3
WINIOCS54
WINICGSS
WINIOCS6
WINTOGST
WINICGO58
WINIQNS59
WINIGCHO
WINICr61
WINIGCO62
WINICO63
WINIDQO64
WINICQC65
WINICG66
WINIOCG67
WINIOQC68
WINIDO69
WINICOTO
WINIJDT1
WINICOT2
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THST(Ky I yL)=THST (K, 141 )=CONCP{IYUI=SIGHG(IU,I,4L)
THSTT(KyI)=THSTT(K, 1) +THST(KyI,L)

CONTINUF

NC 13 I=1,NGP

N0 13 K=1,NRG

NOM{Ky [)==DTRPM(Ky 1)/ {3e2%(STRIKI)%STR(Ky1)))
THR (K g I ) ==THTRP(K, [)/ (3. 3% (STR{K T ) XSTR(Ks1)))
DG 6 [=1,N6GP

ne A1 K=1,NCR

SFUIK,T)= CONCP(IU)*SIGF{IU,I)

SCU(Ky T )= CONCPUIU)=(SIGCIIU,I)=SIGF(IU,I))
SUP(K,T1)=SCU(K, I)+CONCPLIPI*SIGCIIP,I)
SBIK,I)=CONC{IUsK)*{STGC(TUyI)=STGFIIU,yI))=CONCUIP,K)%XSIGC(IP,1I)
CONTINUE

DO 6 K=NCF4,NRG

SFUlKyI )= CONCP{TIUI*SIGF({IUyI)

SUP(K,yI)=7.0

SBIKy I)=CONC{TUyK)IH(SIGC{IU,I)=-SIGF(IU,1))
SCULKy I)=CONCP{TU)IR(SISCLIUyI)=SIGF(IU,1))
CONTINUFE

NN 10 K=1,NCR ,
SD(K)=CINC(TUyKIXSTIGC( TU,5)

RETURN

FND

WINICO73
WININGT4
WINIQCT75
WINIOCT76
WINIOOT7
WINIOOTS
WINIOCTY
WINIOO080
WINIOGR1
WINIOGCB2
WINIOOS83
WINIQCBS
WINIOC85
WINIOC86
WINICGCS87
WINIOCS88
WINIOOS89
WINIOO090
WINIO091
WINICD92
WINIOOS93
WINIOO94
WINIOQO095
WINIOQO096
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SUBRCUTINE ISCHIS

IMPLICIT RFAL*3 (A-Hy,N=2)

COMMON/POWER/ STGFM(1:795) JAKTIS(271)yTOTP(14)4SYLI(LID),,FISIT(1?),
LESDITO1C) o TMETOL(LIS) oSYULIMOLO) ZFISTTMULG ) g TMETLM(IC) yALKGEM(1C ),
2GRPH2(1{y5) 4yGRPHAL(L95) 4GRPHA2(10y5) HALKGE(17) 4GRPHL(1045),
3 STSHPHLE2:5195)ySP 17 35) 9SA{L10,5)9SNUF(L1CyS5)4ySTR(1My5),

4 SGGI1M95,5),01(1G,45)

COMMUN JONTRL/ FPS1,EPS2,EPS3,EFFKyTH{1.i) s RK14yRK2+RIGyAHOLD( 97 ),
INGPyMRGyNMATy NGEGA JRBCLy JRCRyNFGyJADYNPHNPT(LC )y I0PyNRVARY,
2IRVACPY(90) ¢ MVARY,, TTMAXD , TTMAXT g ITO ITI W KEEPMCODELZLBIGsJBIG,IAJ
RJOUM, THOLD (G

CIOMMON /MACX/ SPECTIS) o XATLZ 3 5) 3 XNUF{LD95) o XTR{L1.95) 4 XGG(1C95,5),
LCOMCUI0,17) 9y D195 )9 XRILN95)9CCHCTy INMAT(1Y) .

COMMCN JERR/ITIERR

COMMON /MICX/ SIGCUL1745) HSIGTRILNGS) #XNUl1:95) 4SIGF(17,5),

1 SIGGG(1:5195,45)
CUOMMON  /FLUX/ PHI(271 95) JANDRM,BNCRM,A(2C1,5) ,B(2(1,5) ,
1 CH{27145) 4W(22)1455,5) 1S(25145)

COMMON/KSWY/Z SBEL 48),PPUCL0G)4PULLD),PRULTIC)sPRSELIC)I URNILU)
I URCLLL) »SC(1IM)Y »NOPLOLT)Y
COMMON/DELTA/Z THSA(LD S5 ) o THNSF(1795)3THD(1:295) 9 THST(1£:9545)
L TRTRPL1IT35) g THSTT(1:45) 9DSAMULL 95) yDNSFMIL0Q45) 4NDOMLLCG5 )

2 NDSTMLEY 795,45) yDTRPA(145),DSTTM(1145) yTHSF(15y5)+DSFM(L0Q,5),
3 SFU(L 95)9SCU(L95)ySUP(L795) 4POWED(12)9CONCP (1) 4VNO

COMHMON/ITER/ NIT
COMMONICONV/ CRMA(33) yNPRyKNAZNCR,y T1INA
DIMENSTON ARA(37),SPOL{3C),DNPC(30)

LFFK1=1.2/EFFK

IF(KNALEQ.L) GO TO 1.

WRITE (46,992) EFFKI1

> FORMAT (/77" K EFFECTIVE = ',F12.6)

Gi: TN 11

NOITE(6,993) EFFKI

FORMAT(///Y K EFFECTIVE 0OF VOTDFD CORF =1,F17.6) 1
1=NTT+] )

SPAL (M)=EFFKL
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11

IFI(NIT.EQ.D) GO TN 11
ITF(DARS(SPOL{M)=-SPOL(M=1)) L T«3.2C021)
CALL WINI

IF{NIToNFT) GO TO 12
AKTIS(1)=3.u

DO 8 J=2,4NP
AKTIS(J)I=AKTIS(J-1)+STS

CONTINUE
BR=0,0
BREX=7 .0
DOP=,"
BPU=“."-
POWERT=2,.10
FSDIN= .0
MA=D,0
NPT(1)=NPT(1)+1
STSI=STS*0,32332323333333
DD 1 L=14NRG

TOTP(L) =47
URNI(L)=9.]
URC(LYI=".T

PU(L)=",10

PPU(L)I=T,

PRS{L) =",
PoULY=", D

PAWEN(L )="."

SYLN= 1,7

SYLOM=0,10

FISIN=0,9

FISIGM=",7

FSDIC=L ¢
TF(LFQLLIGN T3 2
AA=MA+NPT (L-1)
K=NPT (L )=2+MA

",’::MA ’

6N TG 3

1

CALL EXIT
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K=NPT(1)-2
N=1

DO 4 I=1,NGP
TEMP=. ,
SYL=C.1
FIST=".¢
FISIM=I,9
FSDI='»- o«

DY & J=N,K,2 -
TEMP=TFEMPHPHL(J T ) *AKTIS(J)+4.0%PHL(J+1, 1) XAKTIS(JI+1)+PHL(J+2,1)
1*AKTIS(J+2)

SYL=SYL4PHL(J gy I)RPHI(J 4T )HAKTIS(I) 44 D%PHL (J+1, T)*PHI(J+1,1)*
IAKTIS(J+1) +PHL(J+2,1)%PHI{J+2,T)%AKTIS(J+2) :
CONTINUFE

DO 6 M=1,NGP

FIS=C.0

FSD.—";‘.*:

DO 7 J=N,K'2

FISSFIS+PHLUJyM)* PHI(Jy I)*AKTIS(JI) #4.0%PHL(J+1,M)* PHI(J+1,1)%*
TAKTIS{J41)4PHLIJ+2,M) % PHI(J+2, T )*AKTIS(J+2)

FSO=FSD+PHL (JseM) % PHI(Jy IVHAKTIS(J) 44 I%PHL(J+1,M) % PHI(J#+1,1)%
TAKTIS(J#1)+PHL(J#2,M)% PHI(J+2,1)*AKTIS(J+2)

CONTINUE

FISM=FISHINSFM(L M)

FIS=FISHTHANSF(L M)

FISI=FISI+FIS

FISTM=FISI“+FISM

FSND=FSD*SNUF{L,M)

FSNI=FSDI+FSD

CONT INUF

FIST=FISI*SPFECT(I)

FISTH=FISTH*SPECT(T)

FTSIO=FISIO+FIST

Fi3ICM=FISIOM+FISIM {

S LD T=FSDIXSPECTAT)

FSUTC=FSDIO+FSNI
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257

26

UPN(L Y=UNIL) +TEMO:RSFU(L L)
PPUCLY=PPY(L)+TEMPETHSF(L, 1)
ARP=AF +TEMPRSP{L,1)

[F{L.GTJNCR) GO T 25»

BRIN=RR

GO TN 267

ALEX=RREX+TEMPRSRBR (L, )
PUCL)=PULL)-TEMPXSUP(L,I)
URC(L)=URC(L)=TEMPESCU(L 1)
APU=BRU+TEMPRSCUIL, T)
TOTP(L)=TAOTP(L)+TEMPRSIGFM{L, 1)
POJELIL Y=P0ED (L) +PHL (N, T) XS TCFMIL, 1)
PRS{L)Y=rPRS{L)+PHLIN, 1) =SFU(L,T)%VND
POYJCL ) =P (L ) +PHLIN, IV *THSF(L,I)
SYLM=SYL=DSAMIL,T)

IF(T.NE.S) G TD 45

IF(L.GT.MCR2) GO TJ 45
NAP=DNP+SYLXSD(L)

NDOPLIL)=SYL

SYL=SYL#THSA(L,T)

SYLO=SYLN+SYL

SYLUM=SYLIOM+SYL M

CONTINUFE

DOPLIL)=DN2L(L)*STSI
TOTPILY)=TOTP(L)*STSI
SYLTI(L)=SYLJ3%STS1
SYLIM{L)=SYLDM®STSI
POWERT=POWERT+TOTP( L)
URCIL)=URC(L)I*STSI
PUCL)Y=PUIL)*STSI

CFISIT(L)=FISIO®STSI*E=FK

FISITM(L)=FISIUMXSTSI*EFFK
FSDIT(L)=FSDTO*STSI
FSDIN=FSOIN+FSDIT(L)
URN(L)=URA(L)*STST
PPY(L)=PPY(L)*STST
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7".

217

15

CONTINU=
BR=BR*STSI/PIWrkT
BRIN=SR [N*STSI/PNWERT
BREX=BREXESTSI/PudERT
DOP=DaAP%STSI/FSDIN
BRU=BRU*STS]
DNORM=] Yy " /POWERT
RRU=RRU%PNMND Y4
IF(KNALFQ.1) GO TN 21"
WRITF(6,521) Bk
WRITE(/,522) RRIN
WRITE(64,523) RRFX
IF(NPRNELT) GO T 230
[IF{NIT.FQ.v) GO TN 21H
BEA(NITY=3R
[FINIT,ED,1) GO T 21& :
IE(PABS(BRA(NIT)I=BRAINIT=-1)) LT, o253 1)  CALL EXIT
GNoTe 21

IF{NPR,NE,2) GG T 21
NI=NTT+1

NOPCINT)=DDP

MA:’.C

DO 14 L=1,NRG

TMFTN =0,

TAETOM= 147

IF(L.FQ.1) G3 TOO 15
MA=MA+NPT (L-1)
K=NPT(L)=2+MA

N=MA

GG T 14
K=NPT{1)-2
N=1

I3=NGP-1

NN 17 I=1,1R8
IA=1+1
TMETA=" .7

ISCHO145
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TMETAM=CL.0 ISCHO181

19

18

17

14

21

22

DD 18 M=IA,NGP ISCHO182
TMET=2,0 ISCHO183
DO 19 J=NyK,y2 ISCHO184
TMET=TMET4PHL(JyI)%( PHE(JeI)= PHI(J,M) I*AKTIS(J)+4,0*%PHL(J+]1,])* ISCHO185
1( PHI(J41,1)= PHI(J+1,M))I*AKTIS(J+1)4+PHL(J+2,1) % ISCHO186
1{ PHI(J+42,1)- PHI(J+2,M))*AKTIS(J+2) ISCHO187
CONTINUE IScHO188
TMAFTM=TMET*DSTM(L,1,4) ISCHO189
TMET=TMET*THST(L,1,M) ISCHO190
TMETA=TMETA+TMET ISCHO191
TMETAM=TMETAM+TMETM ISCHO192
CONTINUE ISCHO193
TMETO =TMETD +TMETA ISCHO194
TMETOM=TME TOM+TMETAM ISCHO195
CONTINUE ISCHO196
TMETOLIL)=TMFTO *STSI ISCHN197
TMETLM(L)=TMETOM*STS1 ISCHO198
CONTINUE ISCHO199
STSIZ=(12.5/S5TS) ISCH0200
MA=C .0 ISCHO201
N0 20 L=1,NRG ISCHO2N2
ALKGE(L)=%.0 ISCHO203
ALKGFM(L)=3.C ISCHO0204
IF(L.EQ.1) GO TC 21 1SCHO205
MA=MA+NPT (L-1) ISCHO206
K=NPT(L)-3+MA ISCHO207
N=MA+1 ISCHO208
GO 70 22 ISCHO299
K=NPT(1)-3 ISCHO210
- N=2 ISCHO211
KA=K+2 ISCHO212
KR=K+3 ISCHO213
DN 23 I=14NGP ISCHO214
ALKG= o1 ISCHO215
- DO 24 J=N,KA ISCHO216

cel



24

32

25

40

41

A{JyT)=(PHL({J+1,yI)-PHL(J-1,]1))%*STSIZ
B(JyI)=(PHI(J+1,1)~ PHI(J-1,1))*STSIZ

CONTINUE

DO 32 J=N,yK,y2

ALKG=ALKG+ Ald T)* BUJy IV *AKTIS(J) +4,.0U* AlJ+l,1)%

1 BUJ+1 1) *AKTIS(J+1)+ AlJ+2,1)% B(J+2, 1 )*AKTIS(J+2)
CONTINUE

IF{L.EQ.1) GO TO 25
GRPHI(LyI)=DI(L-1,1)%GRPH2{L-1,1)/DI(L,yI)
GRPHAL(L, I)=DI(L-1,T)%GRPHA2(L-1,1)/DT(LsI)
GO TO 43
GRPH1(1,1
GRPHAL (1

AN2=0,0

ADA1=0.,0

ADA?=‘90 ‘1.;’

DO 41 M=1,NGP
CR=SGG(LyMyI)+SPECT(I)%SNUF(L M)*EFFK
CRA=SGG(L,I14M)+SPFCT(M)*XSNUF (L, [)*EFFK
AD1I=AD]1 +CR*FHL(KB,M)
AD2=AN2+CR*PHLI{KA,M)
ADAL=ADAL+CRA*PHI(KB,M)
ADAZ2=ADA2+CRAXPHI(KA4M)

CONT INUE ,

CR=SA{L,I)+SR(L,I)

AF1=CR*PHL(KB, 1)

AF2=CR*PHL{KA,I)

CAFA1=CR*PHI(KR, 1)

AFA2=CR*PHI(KA,1)

GRPH2(LyI1)=AKTIS(KA)*A{KA,I)/AKTIS{KB)+0. S*STS*((AFI AD1l)+

1 AKTIS(KA)*(AF2-AD2)/AKTIS(KB))/DI(L,1I)

GRPHA2 {Ly I)=AKTIS(KA)*B({KA,I)/AKTIS(KB)+C. S*STS*((AFA1~ADA1)+
1 AKTIS(KA)*(AFA2-ADA2)/AKTIS(KB))/DI(L,I)

ISCHO217
ISCHO218
ISCHO219
ISCHO0220
ISCHO221
ISCHO222
ISCHO223
ISCH0224
ISCHO225
ISCHO226
ISCHO227
ISCHQ228
1SCHO229
ISCHO230
ISCHO231
I SCHN232
I1SCHO233
ISCHO234
ISCHO235
ISCHO236
ISCHO237
ISCHO238
ISCHO239
I1SCHO240
ISCHO241
ISCHO242
ISCHO243
ISCHO244
ISCHO245
ISCHO246
ISCHO247
ISCHO248
ISCHO 249
ISCHO250
ISCHO251
ISCHO0252

9¢T



23

75

ALKG=ALKG*STSI
ALKG=ALKG+(GRPH]I (Lo I)*GRPHAL(L, I)*AKTIS(MA)+A(N, T)*B(N, 1) *
1 AKTIS(N))*0,5%STS
ALKG=ALKG+(GRPH? (L, 1) *GRPHA2 (Ly I)*AKTIS (KB)+A(KA, T)¥B(KA,T)*
1 AKTIS(KA))*",5%STS
ALKGM=ALKG%DDM(L, 1)
ALKG=ALKG*THD (L s 1)
ALKGE (L )=ALKGE (L) +ALKG
ALKGEM{L) =ALKGEM(L)+ALKGM
CONTINUF |
SYLI(L)=SYLI(L)/FSOIN
SYLIM(L)=SYLIM(L)/FSDIN
FISITIL)=FISIT(L)/FSDIN
FISITM(L)=FISITM(L)/FSNIN
TMETOL(L)=TMETOL(L)/FSDIN
TMETLM(L) =TMETLM(L)/FSDIN
ALKGE (L)=ALKGE(L)/FSDIN
ALKGEM{L)=ALKGEM(L)/FSDIN
TOTP(L)=TOTP(L)*PNORM
URN(L)=URN(L)*PNORM
URC (L )=URC (L ) *PNORM
PPULL)=PPU(L)*PNORM
PU(L )=PU(L)*PNORM
PRS{L)=PRS{L)*PNNRM
PDULL)=PDU(L)*PNCORM
POWED(L)=PUWED (L) *PNORM
IF(KNAGED.L) 6O TO 20
WRITE (645 16) Ly POWED(L)
CONTINUE
NPT(1)=NPT(1)-1

DO T2 J=1.NP

DO 75 I=1,NGP
PHL(JyI)=PHL (J,I)*PNDORM
CONTINUE .
WRITE(64504) POWERT
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LET



54 FORMAT(///' TOTAL POWER=',F15.7) I1SCHO289

506 FORMAT{'PREGION',I3,10X,'POWER DENSITY=',1PD15.7) ISCHO0290
521 FORMAT(///' BREEDING GAIN =*,F15.7) ISCHO291
522 FORMAT(///' INTERNAL BREEDING GAIN ='y F15.7) I1SCHO292
523 FORMAT(///' EXTERNAL BREEDING GAIN =%, F15.7) ISCHO0293

. RETURN ISCHO294

FEND ISCHO295
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SUBROUTINE BASE

IMPLICIT REAL*B (A-H,0-7)

COMMON/POWER/ SIGFM{1Q,5) JAKTIS(201),TOTP{1C),SYLI(1C),FISIT(1C),
LFSDIT(143) yTMETOL(1D),SYLIM(L10),FISTTM(10), TMETLM(10),ALKGEM{ 10},
2GRPH2(1995) 4GRPHAL1(192,5) ,GRPHA2{10,5) ,ALKGE{10) GRPH1(10,5),
3 STSyPHLI27145)3SR{1:45) ySAL1C,5),SNUF(1Cy5)3STR(1045),

4 SGG(1N45,5)4DI{10,5)

COMMON /CNTRL/ EPS14EPS2,EPS3,EFFK,TH(10)sRK14RK2,BIG,AHOLD(90),
INGP 4y NRG y NMAT yNGEOM,JBCL y JBCRyNFG 3 JACyNPyNPT(17 ), I0P,NRVARY,
ZIRVARY(QG),MVARY,ITMAXQ,ITMAXI,ITO,ITI,KEEP,MCODE,LBIG,JBIG,IAJy
3JDUM, JHOLD(9D)

COMMON/COWE/ HA(1D),ARG(3),WK{99, 11)9UUL(13)9UUR(13);VUL(13'5)v
1 VUR(13,5)NOP(10),NBD(1Q)4NOPT,NRE

CCMMON/GREKO/ U2L(13),U2R(13)4UVL{13,5)3UVR(1395)4V2R{13,5,5),

1 NDU2L(13),DU2R(13),0UUL(13),DUUR{13),V2L(1345,5),VVLI(13,5,5),
2 DVUSR(13,5),VVR{13,545)4yDV2R(13,5)40V2L(13,5),DVVL(13,5),

3 DVVR(13,5),UVSR(13,5),UVSL{13,5)4VUSR{13,5),VUSL(13,5),

4 DVUSL(13,5),DUVL(13,5),DVUR(13, 5)'DVUL(13y5).DUVR(IB,S),

5 DUVSR(13,5},DUVSL{13,5),6(99,99)

NON-ZERO PRODUCTS

DO 69 K=1,NRG
NOP(K)=2

HA(K) =5.5%TH(K)
CANTINUE
STSI=STS*:i:,
NOPT=0

DO 23 K=14NRG
NOPT=NOPT+NOP(K)
CONTINUE
NF=NOPT+1

D5 K=1,NF
UZL(K, vcl

2P (K)=3.73
DU2L(K)=9.0

23333333333333
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DU2R(K)=D,{
DUUL (K )= 413
DUURI(K)=(1 N
UULK)=n,D
UUR(K)=2eD

DO 5 [=1,NGP
VUL(KsI)=2,00
VURIK,yI)=9,0
UVLI(K,yT)=0,0
UVR(KyI)=2,0
DVUSR(K,I)=0.0
DVUSL(K,I)}=n,n
DUVSR{K,I)=0.0
DUVSL({K,I)=C.0
DV2RI(KyI) =1,.1
DV2L(K, 1)=0,0
DVVL(K,I)=0,0
DVVR{Ky 1) =0,
UVSR(K,I)=0,0
UVSLIK,1)=0.Nn
VUSP(K,I)=0.0
VUSL(K,TI)=),."
DUVLIK,T)=2,0
DUVR(KyI)=0on
DVUR(K,T1)=0,0
DVULIK, 1) =002
DO 5 L=1,NGP
VZ2R{KyI4L)=0.0
V2L(KyIoL)=0,0
VVL(K,I,L’=0.0
VVRI(KyI gL ) =20
CONTINUE
NRE=NRG-1
NBN(1)=NOP(1)+1
DO 1 K=2,NRG’
NBD(K)=NBD(K-=1)+NOP(K)
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CONTINUE

U2R{1)=HA(1) *HA(L1)*(13.¢/35.,0-2.0/7.1)
UUR(1)=9.0%HA(1)*HA(1)/140.C
DU2R(1)=1.2-0.6

DUUR(1)==).6

N=1
R=} oQ

DO 2 K=1,4NRG

M=NOP(K)-1
DO 3 J=1,M

R=R+HA(K)
N=N+1

U2LANDI={2 . 0%HACK) *HA(K )/ 7.0) +13 ,0%HA(K) % (R-HA(K ) ) /35.C

U2R(N)==( 2. C*HAIK) *HA(K) /7.G)+13. 0%HA(K) *{R+HA(K))/35.0

UURINDI=(9.0/140.0)%HA(K)*HA(K)+(9,0/70.0)%HA(K)*R
UULIN)=(-9.0/14C 0 )*HA(K)*HA(K)+{9.C/T0.C)*HA(K) *R
DU2LIN)={6.C/5.0)*%{R-HA(K) )/HA(K)+D.6

NU2RIN)=(6.C/5.7 )k {R+4HA(K) )/ HA(K)-D .6
DUUR(N)=-0.6-1,2%R/HA(K)

DUUL(N)=0.6-1.2%R/HA(K)

CONTINUE
N=N+1
R=R+HA({K)
CONTINUE
R=0.0

DO 4 K=1,NRE
R=R+NOP(K ) *HA(K)

N=NBD(K)

UZ2LIN)=(2.¢
U2R(N)=-(2. 0*HA(K+1)*HA(K+1)/7 C)+13.0%xHA(K+1)*(R+HA(K+1))/35.0

HHALK)*HA(K) /7 7.0)+13.0%HA(K) *(R-HA(K) )/35,.0

.UUL (N)=UURIN-1)

UUR(N)=UUL(N+1)

DU2R(N)=1e2*%(R+HA(K+1)) /HA(K+1)-0.6

DUZ2L(N)=1.2% (R~ HA(K))/HA(K)+O 6 4
DUUL (N)=DUURIN-1)

DUUR (N)=DUUL({N+1)

|
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CONT INUE

N=1

tho'}

DO 1C K=1,NRG

M=NOP(K)-1

ND 11 J=1,M

R=R+HA(K)

N=N+1

DO 12 I=1,NGP

DO 13 L=1,NGP

V2R(Ny I 4L )= ( (R+HA(K) )/ 1050—HALK)/168,.9) %HA(K) *HA{K) *HA(K)/

1 (DI(K,I)*DI(K,yL)) '

V2LAN I oyL)=((R=HA(K) ) /105 N+HA(K) /16840)%HA(K) %HA(K) *HA(K) /
1 (DI(KyI)*DI(K,L))
VVR(N,I,L)=(-R/140.C-HA(K)/28C.0)*HA(K) *HA(K)*HA(K) /{DI(K,I)*
1 DI(K,L))
VVL(NgT4L)=(~R/140.0+HA(K)/28C D) *HA(K)*HA(K)*HA(K) 7/ (DI(K,T)*
1 DI(K,L))

CCNTINUE :

UVSRIN I) =((R+HA(K) )%11.0/210.0-HA(K)/28.C)*HA(K)*HA(K) /DI(K,1)
UVSL Ny 1) ={-(R-HA(K) ) *11.0/210.0 -HA(K)/28.0)%HA(K)*HA(K)/DI(K,1)
UVRINyI)=(-13.5%R/4230-HA(K)/T70.0) *HA(K )*HA(K)/DI{K,1)
UVLINy I)=(13.0%R/420.C-HA(K)/ T2« 0) *HA(K) *HA{K) /DI(K,1)
VUSLIN,I)=UVSL(N, I) :

VUSR{Ns I)=UVSR(N, 1)

VUR(Ny I)=(13.0%R/ 420, O+HA(K) /60 .0) *HA(K) *HA(K) /DI(K,1)

VULINg I)=(=13,0%R/42: Ju+HALK) /67 00 ) #HA (K ) %HA (K ) /DI(K, 1)
NUVSRIN, T )=(R+HA(K))I%0,1/DI(K, 1)

DUVSL (NI )==(R=HA(K) I*0,1/DI(K, 1)

DVUSL{N,I)=DUVSLIN,I)
_DVUSR(N,I)=DUVSR(N,I)

DUVRI(N,1)=0.1%R/DI(K,1)

DUVLIN, I)= =DUVR{N,I)

DVUR(NgI)==0e1*(R+HA(K) ) /DI(K,1) |
NVUL(NyI)=00 1% (R-HA(K))/DI(K,I)

DV2RIN, 1) =( (R+HA(K) )*2.0/15.0-0.1%HA(K) )*HA(K)/(DI(KyI)%*DI(KoI))

BASE0109
BASEO110
BASEO111
BASEO112
BASEO113
BASEOL14
BASEO115
BASEQL16
BASEOL17
BASEO118
BASEO119
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11

15

14

18

DVZLIN,y I} = (R-HA(K)I*2.0/15.0+D . 1*%HA(K) )*HA(K) /(DI (KyI)%DI(KyI))
DVVLIN, [)=(HA(K) /{DI(K,y I)EDI(KyI)))*{-1.,0%R/3C.C+HA(K)/60.0)
DVVRIN, I)=(HA(K)/IDI(Ky I)*DI(KyI)) ) *(-1.0%R/3C,CG-HA(K)/60.0)
CONTINUE

CONTINUE

N=N+1

R=R+HA({K)

CONTINUE

DD 14 I=1,NGP

DO 15 L=1,NGP

V2L NI sL)=((R-HA(K))/105,04HA(K) /168.9)*HA(K) *HA(K) *HA(K)

1 Z7(DI{K,I)*DI(K,yL))

VVL{Ny 4L )=VVR(N-1,1,4L)

CONTINUE

DV2LINy I)=((R-HA(K) ) %2.0/15.0+401%HA(K) IXHA(K) /{DI(K I)*DI(K,I))
DVVLIN,TI)=DVVR(N-1,1)

VULINyI)=UVR(N-1,1)

DVULI{N, I)=DUVRI(N=-1,1)

CONTINUE

R=¢:qf

DO 16 K=1,NRE

R=R+NOP(K)*HA(K)

N=NBD(K)

DO 17 I=1,NGP

DO 18 L=1,NGP
V2RINyIyL)=({R+HA(K+1))/105.0-HA(K+1)/168.0)%HA(K+]1)*HA(K+1)*HA(

1 K+#1)/(DI{K+1L, T)*DI(K+1,4L))

V2LAINS T L)=( (R-HA(K) )/ 105.C+HA(K)/168.0)*HA(K) *HA(K)*HA(K)/

1 (DI(KyI)*DI(K,yL))

VVL{NyI4L)=VVRIN-1,1,1)
CVVRIN I yL)=VVL(N+1,1I,L)
CONTINUE :
UVSRINyI)=((R+HA(K+1) ) *11.0/210 O-HA(K+1)/28.0)*%HA(K+1)*HA(K+1)/

1 DI(K+1,1) t
UVSLINsI)=(-TR-HA(K) }*11.0/21C.0 —HA(K)/28.0)*%HA(K)*HA(K)/DI(K,I)

UVR{N,I)=VUL(N+1,1)
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UVLINsI)=VURIN=-1,1) BASEO181

VUSL(N, I} =UVSLIN,I) BASEQ182
VUSR(N, T)=UVSR{N,T) BASEQ183
VUR{N,I)=UVL(N+1,1) BASEQ184
VUL(Ns I )=UVR(N=-1,1) BASEO185
DUVSR(N I )=(R+HA(K+1) ) %0 o 1/DI(K+1,1) BASEOQ186
DUVSL(NsI)=—(R-HA(K))*),1/DI{KyI) BASEO187
DUVR (N, I )=DVUL(N+1,1) BASEO188
DVUSL (N, T)=DUVSL{(N,I) BASEO189
DVUSR{N,I)=DUVSRIN,I) _ BASEC190
DVVLIN, D) =(HALK)/(NDT(Ks I)%XDT(Ky 1)) ) *{=1,0%R/30.C+HA(K)/60.0) BASEO191
DVVR (NS T)={HA(K+1)/(DT(K41, 1) EDI(K+1,1)) ) *(-1.2%R/3C.U-HA(K+1) BASEQ192
1/60,0) ' BASEO193
DUVL (Ny I)=DVUR(N=-1,T1) BASEO194
NVUR(NsI)=DUVL(N+1,1) BASEO195
DVUL (N, 1) =DUVR(N=1,1) BASEOQ196
DV2R (N I)=( (R+HA(K+1)) %2 ,D/15,0-0, 1#HA{K+1) ) *HA{K+1)/(DI(K+1,1) BASEO197
1 *DI(K+1,1)) BASEOQO198
DV2LAN, 1) =( (R-HA(K))*%2,0/15,0+0.1%HA(K) ) *HA(K) /(DI(K,I)*DI(Ks1)) BASEO199
CINT INUE BASEQ200
CONTINUE . BASEO201
DN 19 I=1,NGP BASEOD202
UVR(1,I)=VUL(2,+1) BASE0203
DUVR(1,1)=DVUL(2,1) ' ‘ BASEQ204
CONT INUE BASE0205
RETURN BASEQ206
END , BASEOQ207
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SUBROUTINE BIGMAT
IMPLICIT REAL*8 (A-H,0-2)

COMMCN/POWER/ SIGFM{10,5) JAKTIS(201),TOTP(10),SYLTI(1),FISIT(1C),

LESDIT(1%) 9 TMETOL( 1) 9 SYLIM{10) o FISTTM(10), TMETLM(10)4ALKGEM(1C),
2GRPH2(1%45) 4GRPHAL(10,5) 4GRPHA2(10,5) ,ALKGE(13),GRPH1(10,5),
3 STSePHLI27195)sSRULC$5) 3SALLG95) 9 SNUF{1C45)4STR{1L45),

4 SGG(1(95,45),DI(172,5)

COMMON /CNTRL/ FEPS1,EPS2,EPS3,EFFK,TH(LO)4RK1,RK2,BIG,AHOLD(90),
1NGP;NRG:NMATyNGFUMvJBCL,JBCRyNFG,JACyNP,NPT(IG)pIDP'NRVARYy
2IRVARY({9Q)yMVARY, I TMAXD, ITMAXT yITO, ITI,KEEP,MCODE,LBIGyJBIG,IAJ,
3JDUM, THOLD(90)

COMMON /MACX/ SPEFT(S),XA(lG,S),XNUF(lOoS)9XTQ(10 5)9XGG(10+4545),
1CONC(1G910) 9yD(L1Cy5) 9 XR{1045)49CCHCT 4 IDMAT(1G)

COMMON/COWE/ HA(12)9ARG(3)yWK(99,11),UUL(13),UUR(13),VUL(13,5),

1 VUR(13,5),NOP(10),NBD(10)4NOPT,NRE

COMMON/GREKO/ U2L(13),U2R(13),UVL(13,5)4,UVR(13,5),V2R(13,5,5),
1 DU2L(13),DU2R{13)4yDUUL(13)4DUUR(13),4V2LI134595),VVLI1345,45),
2 DVUSR(13+5)9yVVR{139545)4DV2R(13,45),DV2L(13,5),DVVL(13,5),

3 DVVRI{1345)yUVSR{13,5},UVSL{13,5)4VUSR(13,5),VUSL(13,5),
4 DVUSL(13,5),DUVL{13,5)4,DVUR(13,5),0VUL(13,45),DUVR(13,5),
5 DUVSR(13,5),DUVSL{13,5),6(99,99)

COMMON/ATHENS/ RU(3)9BV(3’,DLU(S)vOLV(5o5)7ADU(5)oADV(S),DDU(5)'
1 DDVI5)4TUI13,5),TVI13,5),TUL(13,5),TUR(13,5),TVL(13,5),TVR(13,5),
2 DU(13,5)4DV(13,5)4DUL(13,5),DUR(13,5),DVL(13,5),DVR(13,5)

DIMENSION F(99,11),LW(99),MW(99)

MATRICES COMSISTING THE DIAGONAL ELEMENTS OF THE BIG MATRIX

DO 1 K=1,NRG

DO 1 I=1,NGP

 SNUF (K, 1) =SNUF (K, [ )*EFFK

CONT INUE

NAGN=2*NRG+1 |

NOM=2 *NOP T*NGP -1 ‘
DO 24 M=1,NOM

DO 29 K=1,NAGN

BIGMOOO1
BIGMQ002
BIGMC003
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29

24

100

FIM,K)=i0t)

CONTINUE

DO 24 N=1,NCOM

GIM,yN)=D,

CONTINUE

K="

DO 25 I=14+NGP

NA=1

N=NA+K

M=1+K ‘

CR=SPECT(I)*SNUF(1,1)-SR{1,1)-SA(1,1)

IF(I.EQ.1) GO TU 1CC

GIMyN)=-DI(1,1)*0D,6+CR*1J2R(1)

G(MyN+1)=DI(1,1)%0H+CRXUURL])
G(MyN+2)==DI(1,T)%DUVR (1,1 )+CR*UVR(1,])

M=M+1

GIMyNI==DI(1,T1)%DUUL (2)+CR*UUL(2)

G{MyN+1)==DI(1,1)*(DU2R(2)+DU2L (2))+CR*{U2R(2)+U2L(2})
GIMyN42)==DT(1,1)%(DUVSR(2,1)+DUVSL(2,1))+CR*(UVSR(2,1)+UVSL(2,1))
GIMyN+3}=-DT(1, I)1*DUUR(2)+CR*UUR(2)

GIMyN+4)==-DI1(141)% DUVR(2,T)+CR*UVR(2,1)

M=M+1

GIMyN)==DI(1,1)%DVUL(2,1)+CR%XVUL(2,1)
GIMyN+1)==-DI(1yI)*(DVUSR{2,1 )1+DVUSL(2,1))+CRX{VUSL(2,1}+VUSR(241)
GIMyN+2)=-DT{141)*(DV2R(241)+DV2L(24I))+CRE(V2R(2,1,1)4V2L(2,1,1)
G(MyN+3)=-DI(1,1)%DVUR{2,I)+CREXVUR(2,1)
GIMyN+4)==-DI(1, 1) %DVVR(2, T 1+CR*VVR(241,1)

NA=NA+1

GO 70 101 ' ,

G(MyN) ==DI(1,1)%(DU2R(2)4DU2L(2))+CR*(U2R(2)+U2L(2))

)
)

CF(MyN)= DI(1,1)%DUUL(2)-CR*UUL(2)

GIMgN+1)==DI(1,1)%(DUVSR(2,1)4+DUVSL(2,1))+CR*(UVSR(2,I)+UVSL(241))
GIMyN+2)==DI(1,1)%DUUR (2)+CR*¥YUR(2)

GIMyN+3)==DI(1,1)% DUVR{2,1)+CR*UVR(2,1) {

M=M+1 '

FIMyN)= DI(1,1)%DVUL(2,1)-CR*¥VUL(2,T1)
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27
26
23

GIMyN) ==DI(1,1)%{DVUSR(241)4DVUSL{2,1))4CR2{VUSL(2,1)+VUSR{291))
GIMyN+L)==DI(1,1)%(DV2R{2,T1)4DV20L(2,T))+CRX(V2R(2,T,1)4+V2L1241,1))
GIMyN+2)==DT(1,1)%DVUR(2,1)+CREVUR(2,41)
GIMyN43)==-DI(1,T)%DVVR(24yI)4+CR%EVVR(241,1)

L=2

DO 26 NR=2,NRG

DO 27 JJ=1,2

JI=2-JJ

M=M+1

L=L+1

N=NA+K

J=NR-J1

CRL=SPECT{I)*SNUF({JyI)-SR(J,T1)-SA(J,I])

CRR=SPECT (I ) *SNUF{NR, I)=SR(NR,I)=SA(NR,I)
GIMyN)==-DI{(Js T)%DUUL (L) +CRLAYULI(L)
GIMyN+1)==DI(J, 1) =DUVLIL,I)+CRLEUVL(L,I)

GIMyN+2)==DTI{Jy [ 1*#DUZLIL)-DI(NRI)*NDU2R(L)+CRL*U2L(L)+CRR*U2ZR(L)
GIMyN+3)==DI(Jy 1) %DUVSL(LsI)=DI(NRyI)%DUVSR{L,T)+CRLAUVSL{L,I)+
1 CRR:UVSR(L,1) '
GIMyN+4)==-DT(NR, I ) %*DUUR{(L ) +CRR*UUR( L)
GIMyN+5)==DI(NRy I )*DUVRILyI)+CRR*UVR(L,I) |

M=M+1

GIMyN)==DI(JyT)*DVUL(L T )I+CRLAEVUL(L,I)
GIMyN+1)==-DI(JyT)%RDVVLIL I )+CRLAVVL (LI ,41I)

GIMyN+2)==DT(Jy 11%DVUSL(LyI)-DI(NR, [)%XDVUSRIL,T)+CRLAVUSLI{Ly1)+
1 CRR*VUSR{L,1)
GIMyN+43)==-DI(JsI)*DV2L{L,I)-DI(NR,T)I*DV2R(L,I)+CRL*V2L(LyI,1)+
1 CRR®V2R{L+1,1) )
GIMyN+4)==DI(NRyI)*DVUR(L,I)+CRRXVUR(L,I)
GIMyN+5)==DI(NRyI)%DVVR LI )}+CRRXVVR(LyI,1)

NA=NA+2

IFINR.EQ.NRG) GO TN 28

CONTINUE ‘

CCNTINUE ' l

M=M+1 :

J=NRG
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192
25

N=NA+K

L=tL+1

CR=SPECT(I)*SNUF(JyI1)-SR(JyI)=-SA(J, 1)
GIMyNI==DI(J,I)*DUUL(L)+CR*UUL(L)

GIMyN+1)=-DI(Jy I)*DUVLIL,I)+CR *UVLIL,I)
GIMyN+2)=-DT(JoT)*(DU2L(L)+DU2R (L) )+CR*(U2L (L) +U2R(L))
GIMyN+3)==DT(Jy 1) %(DUVSL(L,I)4+DUVSR(L,T))+CR*(UVSLIL,yI)+UVSRI(L,1))
GIMyN+4)==DI(JyI)*DUVRIL 41 )+CR*UVR(L,I)

M=M+1

GIMyNI==-DI(J,I)*DVUL (L, I)+CR *VULI(L,I)
GIMyN+1)=-DI(JoI)XDVVLIL,I)+CR *VVLA(LyI,1I)

GIMyN+2)==DI(Jo 1) %(DVUSL(L yI)4DVUSR(L,yI))I+CRE(VUSL(L,I)+VUSR(L,I))
GIMyN+3)==DI(JyI)%{DV2LILyT1)+DV2R(LyI) J+CR¥(V2LIL,T41)4V2R(L,1,1))
GIMyN+4)==DI{J,y 1) *DVVR{L 4TI )+CRXVVR(LyI,1)

M=M+1

N=N+2

L=L+1

GIMyN)I==DI(J, 1) =DVUL(L»TI+CR *VUL(L,I)
GIMyN+1)==DI{J, 1) *DVVLIL,TI)+CR *VVLI(L,I,1)
GIMyN+2)==DI(Jy L) *DV2LALyI)+CR*V2L(LyIy1)

IF(I.EQ.1) GO TO 112

K=K+2*NOPT

GO TO 25

K=K+2%NOPT-1

CONTINUE

MATRICES CONSISTING THE ABOVE THE DIAGONAL ELEMENTS OF THE BIG
MATRI X

NGPE=NGP-1

. TA=0

DO 55 L=1,NGPE
KW=2%NOPT%L~-1
1B=L+1 .
D0 56 I=1B,NGP
M=IA+1
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NA=1

N=NA+KW

CR=SPECTI{L)®*SNUF(1,1)

IF{(L.EQ.1) GO TO 103
GEMyN)I=CR*U2R(1)
G(My,N+1)=CR*UURI(1)
G(MyN+2)=CRX2UVR(1,1)

M=M+1 :

G{MyN)=CR%UUL(2)
GI{MyN+1)=CR*(U2R{2)+U2L(2))
G(M9N+2)=CR*(UVSR(21I’fUVSL(ZvI))
G(MyN+3)=CR*UUR(2)
G(MyN+4)=CR*UVR(2,1)

M=M+1

GI(MyN)=CRXVUL(2,L)
GI{MyN+1)=CRX(VUSR(2,L)+VUSL(2,L))
GI{MyN+2)=CR*k(V2R(2,L,1)+V2L{24L,1))
G(MyN+3)=CR%RVUR({2,L)

GIMyN+4 )=CRRVVR({24L,1)

NA=NA+]

K=2

DO 57 NR=2,NRG

DO 58 JJ=1,2

J1=2-JJ

J=NR~-J1

K=K+1

N=NA+KW

M=M+1]

CRL=SPECT(L)%SNUF({J, 1)
CRR=SPECT(L)%®SNUF(NR,T)

.G(MyN)=CRL*UUL (K}

GIMyN+1)=CRL*UVLI(K,I)
G(MyN+2)=CRL*ULIK)+CRR*Y2R(K)
G{MyN+3)=CRL*UVSL(K,I)+CRR*UVSR(K, 1)
G(M,N+4)=CRR*UUR(K)
G‘M'N"'s):CRR*UVR(K,I’
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M=M+1

GIMyN)=CRLAXVUL(K,4L)

GIMyN+1)=CRL*VVL(KyL,yI)

GI{MyN+2)=CRL*VUSL(KyL) +CRR*VUSR (K, L)
GIMyN+3)=CRL*V2L{KyL s I)+CRR¥V2R(KyL oI)

G(M N+4)=CRR%*VUR(K,L)

G{MyN+5)=CRR*¥VVR(KyL,1)

NA=NA+?2

IFINRLEQ.NRG) GO TO 59

CONTINUE

CONTINUE

M=M+1

J=NRG

K=K+1

N=NA+KW

CR=SPECT{L)*SNUF({J, 1)

G{MyN)=CR*UUL (K)

GIMyN+1)=CR*UVL(K, 1)

G{MyN+2)=CRx{U2L{K}+U2R(K))

G(MyN+3)=CR*(UVSLI(K,I)+UVSRIK,1))

G(M1N+4’=CR*UVR(KQI).

M=M+1

GIMyN)=CR.VUL(K,L)

G{MyN+1)=CREVVL(K,yL, 1)
G{MyN+2)=CRE(VUSL(K,L)+VUSR{K, L))

GIMyN+3)=CRR(V2LIKyLsyI)+V2R{KyLs1))

G(MyN+4)=CRXVVR{K,yL,y1I)

M=M+1

N=N+2

K=K+1

CG{MyNI=CRAVUL(K,L)

G(MyN+1)=CR*VVLIKyL 1)
GIMyN+2)=CR*V2L{K4L,y1I)
KW=KW+2*NOPT

CONTINUE

IF(L.EQ.1) GO TO 104
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S OOD

104
55

1G5

TA=TA+2*NOPT
GO TO 55
TA=TA+2#NOPT-1
CONTINUE

MATRICES CUNSISTING THE BELCOW THE DIAGONAL ELEMENTS OF THE BIG

MATRIX

KW=

0 55 L=1,NGPE

TA=2%NOPT %L-1

IR=L+1

nNO 66 I=18,NGP

M=TA+1

NA=1

N=NA+KW
CR=SGG(1l,L,I)+SPECT(I)}*SNUF(1,L)
IF(L.EQ.1) GO TO 105
G(MyN)=CR%U2R(1)
G(MyN+1)=CR*UURI(1)
G{MyN+2)=CRXUVR(1,L)

M=M+]

G(MyN)=CR*UUL(2)
GIMyN+1)=CRA(U2R(2)+U21.( 2))
GIMyN+2)=CREX(UVSR(2,L)+UVSL(2,L))
GIMy,N+3)=CR*UUR(2)
G(MyN+4)=CR%XUVR(2,4L)

M=M+1

G(MyN)=CR*VUL(2,41)
GIMyN+1)=CR*{VUSR(2,I)+VUSL(2,1))

 G(MyN+2)=CR*(V2R{2,LI1)+V2L(24L,1))

G{M,N+3)=CR¥*VUR(2,1)
G(MyN+4)=CR%(VVR(2,4L,y 1)
NA=NA+1

GO TO 106

G(MyN) =CR%XUUR(1)

BIGMO217
BIGMO218
BIGMO219
BIGM0220
BIGMO221
BIGMC222
BIGM0223
BIGM0224
BIGMO225
BIGM0O226
BIGMO227
BIGMO228
BIGM0229
BIGMO230
BIGM0231
BIGMO232
BIGMO0233
BIGMO234

- BIGMO235

BIGM0236
BIGMO237
BIGMO238
BIGMO239
BIGM0240
BIGMO241
BIGMO242
BIGM0243
BIGMO244
BIGMO245
BIGM0 246
BIGMO247
BIGM0248
BIGMO249
BIGMO0250
BIGMO251
BIGMO252

1sT



1776

FIMyN)==-CR%*U2R (1)
G(MyN+1)=CR*UUVR(1,L)

M=M+1

F{MyN)=-CRX*UUL {2)

G(MyN) =CR*(U2R(2)+UJ2L(2))
GI{MyN+1)=CR:{UVSR(Z2,L)+UVSL(2,L))
G(MyN+2)=CR%UUR(2)
G({MyN+3)=CR*UVR{2,L)

M=M+]

F{MyN)==CR%RVUL{(2,1)

GI{MyN) =CR*{VUSR(2,1)+VUSL(2,1))
GIMyN+1)=CR%®(V2R(2,L,1)+V2L(2,4L,1))
GIMyN+2)=CR*VURI(2,1)
G{MyN+3)=CREVVR(2,4L,1)

K=2

DO 67 NR=2,4NRG

N0 68 JJ=1,42

Ji1=2-JJ

J=NR-JI1

K=K+1

N=NA+KW

M=M+1
CRL=SGG(JyLyI)+SPECT(I)I*SNUF(J,L)
CRR=SGGINR,L,I)+SPECT(I)%SNUF(NRyL)
G{MyN)=CRLXUUL (K)
GIMyN+1)=CRL*¥UVL(K,L)
G(MyN+2)=CRL*U2L(K)+CRR*U2R(K)
G(MyN+3)=CRL*UVSL(K,L)+CRR*UVSR(K,L )
G(MyN+4)=CRR*UUR(K)
GI{MyN+5)=CRR*UVR(K,yL)

- M=M+1

G({MyN)=CRLEVUL(K,I)
G(MyN+1)=CRLXVVLI(KsL 1)
GIMyN+2)=CRL*VUSL(K,I)+CRR*VUSR(K,yI)

GIMyN+3)=CRLXV2LIK,L oy T)+CRR¥V2R(KyL o1}

G{MyN+4)=CRRXVURI(K,I)

BIGMO253
BIGMO254
BIGMO255
BIGM0256
BIGMC257
8IGMC258
BIGM0259
BIGM0260
BIGMO261
BIGMO262
BIGMO263
BIGMO264
BIGM0265
BIGM0266
BIGMO267
BIGM0268
BIGMO269
BIGMO270

- BIGMO2T71

BIGMO0272
BIGMO273
BIGMO274
BIGMO275
BIGMO276
BIGMO277
BIGMO278
BIGMO279
BIGMO280
BIGMO281
BIGMO282
BIGM0283
BIGMO284
BIGMO0285
BIGMO286
BIGMO287
BIGMO288

[49 ¢



68
67
69

66

167
65

GIMyN+5)=CRRRVVR{KyL 1)

NA=NA+2

IF{NR.EQ.NRG} GO T9 59

CONTINUE

CONTINUE

M=M+1

J=NRG
CR=SGGIJyLy I V+SPECT(II®SNUF{J,L)
K=K+1

N=NA+KW

G{MyN)=CR*UUL(K)

GIM N+#1)=CR*UVL(K,L)
GIMyN+2)=CR¥(U2L(K)+U2R{K))
GIMyN+3)=CR¥(UVSL(K 4L )Y+UVSR{K,L))
G(MyN+4)=CR*UVR{K,4L)

M=M+1

GIMyN)=CRAVUL(K, 1)
GIM,yN+1)=CR¥VVL(K,L, 1)
G{MyN+2)=CR*(VUSL(K,I)+VUSR(K,1))
GIMyN+#3)=CRE(V2LIK Lo T)+V2R(KyLoI))
GIMyN+4)=CREYVR{K,4L, 1)

M=M+1

N=N+2

K=K+1

G(MyN)=CRAVUL(K,1I)
G{MyN+1)=CRERVVLI(K,L,1I)
GIM¢N+2)=CR¥V2LI(KyL,1I)
[A=TA+2*NOPT

CONTINUE '

IF{L.EQ.1) GO TO 1¢C7

 KW=KW+2%NOPT

GO TO 65
KW=KW+2*NOPT-1
CONTINUE
DO 95 M=1,NOM
DO 95 N=1,NOM

BIGMO289
BIGM0290
BIGM0291
BIGM0O292
BIGMQ293
BIGMO294
BIGM0295
BIGM0296
BIGMO297
B1GM0298
BIGM0299
B8IGMO300
BIGMO301
BIGMO302
8I1GM0303
BIGMO304
BIGMO305
BIGMO306
BIGMO307
BIGMO308
BIGMO309
BIGMO310
BIGMO311
BIGMO312
BIGMO313
BIGMO314
BIGMO315
BIGMO316
BIGMO317
BIGMO318
BIGMO319
BIGMO320
BIGMO321
BIGMO322
BIGMO323
BIGM0O324

€ST



OO0

95

116

G(MyN)=0.01*G(M,N)
CONTINUE
CALL WENDO

RTIGHT HAND SIDE MATRIX

LB=NRG~-2

K=-1

DO 81 1=1,NGP
IF(I.EQ.1) GO TO 116
FI1+K42)=TU(1l,1)
FO14K,3)=0U(l,1)
FI(24K42)=TU(2,1)
FI34Ky2)=TV(2,1)
FI4+K,2)=TUL(3,1)
F(54Ke2)=TVLI(3,1)
F{2+Ky3)=DU(2,1)
FI3+K,3)=DV(2,1)
F{4+K43)=DUL(3,1)
FI54K,3)=0NVL{(3,1)
N=3

J=2

L=4+K

DO 150 LA=1,L8B
J=J+2

M=J+1
F‘LcJ’=TUR(N11, )
FIL+19J)=TVRI(N,I)
FIL+2,J)=TUIN+1,1)
FIL#3,J)=TVI(N+1,1)
FIL+4,J)=TUL(N+2,1)

F(L+5,J)=TVL(N+2,1)

FI(LyM)=DURI(N,I)
F(L+14M)=DVRI(N,I)
FIL+2yM)I=DU(N+1,1)

BIGMO325
BIGMO326
BIGM0327
BIGMO328
B8IGM0329
BIGMO330
BIGMO331
BIGM0332
BIGMO333
BIGMO334
BIGMO335
BIGMO0336
BIGMO337
BIGMO338
BIGMO0339
BIGMO0340
BIGM0O341
BIGMO342

- BIGMO343

BIGMO344
BIGMO345
BIGMO346
BIGMO347
BIGMO348
BIGM0O349
BIGMO350
BIGMO351
BIGM0352
BIGMO353
BIGMO354
BIGMO355
BIGMO356
BIGMO357
BIGMO358
BIGM0O359
BIGMO360

1



159

81

94

FIL+#3,M)=DV{N+1,1)
F(L+4,M)=DUL(N+2,1)
FIL+5,M)=DVL(N+2,1)
L=L+4

N=N+2

CONTINUE

J=J+2

M=J+1
FILeJ)=TURI(N,I)
FIL+1,J)=TVR(N,1I)
FIL42,J)=TU(N+1,1)
FIL+3,J)=TV(N+1,1)
F(L+4,J)=TVL(N+2,1)

F{L,M)=DUR(N,I)
FIL+1,M)=DVR{N, 1)
FOL+24M)=DU(N+1,1)
FIL+#3,M)=DV(N+1,1)
F(L+4,M)=DVL(N+2,1)
K=2%NOPT+K

CONTINUE

DO 94 M=1,NOM

DO 94 N=1,NAGN
FIMyN)=0.N1%F({MyN)
CONTINUE

CALL DMINV(G4NOMyDToLWoMW)

N=NCOM

M=NOM

L= NAGN

CALL ELIZA(GyFyWKoeNyM,yL)

"RETURN

END

BIGMO361
BIGM0362
BIGMO363
BIGMO364
BIGMO365
BIGM0366
BIGMO367
BIGMO368
BIGMO369
BIGMO370
BIGMO371
BIGMO372
BIGMO373
BIGMO374
BIGMO375
BIGMO376
8IGMO377
BIGMO378
BIGMO379
8IGM0O380
B8IGM0381
BIGMO382
BIGMO383
BIGMO384
BIGM0385
BIGMO386
BIGMO387
BIGMO388
BIGMO389
8IGM0390
BIGMO391
BIGM0392
BIGMO393
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SUBROUTINE WENDO

IMPLICIT REAL*8 (A-H,0-7)

COMMON/POWER/ SIGFM(19045) JAKTIS(201),TOTP(10),SYLI(1C),FISIT(10),
LESDIT(LD) s TMETOL(L1: ) ySYLIMILID)ZFISITM(L1O)y TMETLM(1(:)4ALKGEM(10),
2GRPH2(10,5) yGRPHAL(1N,5) ,GRPHA2(1Cy5) JALKGE(10),GRPH1{10,5),

3 STSyPHLU2G145)9SR{1095) sSA(1Cy5)ySNUF(10+5)9STR(1C,45),
4 SGG(179545),DT1(10,5)

COMMON /CNTRL/ EPS14EPS24FPS3,EFFKyTH(12) 4RK14RK2,BIGyAHOLD(90),
LNGP ¢ NRGyNMAT ¢y NGEOM,JBCLy JBCR ¢NFG 9y JADyNP,NPT( 10 ), IOPyNRVARY,
2IRVARY (9D )y MVARY y ITMAXO s ITMAXI yITO,ITI KEEPMCODELLBIG,JBIG,IAJ,
3JDUM, THOLD(90) ’

COMMON /MACX/ SPECT(5) oXA(1C95) 9 XNUF(1095)¢XTR(1045),XGG(10,5+5),
1CONC{1C,10)4D(10+5)9XRU1045)+CC+CTyIDMAT{1C) ’

COMMCON/COWE/Z HA(10) s ARG(3)4WK{99,11),UUL(13)},UUR(13),VUL(13,5),

1 VUR(13,5),NOP(10),NBD{10)NOPT,NRE

COMMON/ATHENS/Z BU(3),BV(3),0LU(5),0LV(545),ADU(5),ADV{5),0DU(5),
1 DDVIS5)yTU(L3,45)9TV(13,5)9sTUL(13,5)TUR(1395)93TVL(1345),TVR{13,5),
2 DULL1345)9DVI(1345),DULIL13,5)yDUR(13,5)yDVL(13+5)OVR(13,+5)

COMMON/DELTA/ THSA(1995) 9y THNSF(1045)yTHD(1095) s THST(1C9»545)

1 THTRP(1:45) 3 THSTT(10,45) yDSAM(10,45) ,CNSFM(10,5),DDM(10,45),
2 DSTM(109545) yDTRPM{1045)9DSTTM(104+5) +THSF(10+45)4DSFM(10+5),
3 SFULLG,S5)SCULLLG,5),SUP{1D,5),POWED(10),CONCP(10),VND

L3 33 -2 33

NO. 1 L=1,NRG

DO 1 I=1,NGP .
SRILsI)=SRIL,IVI+SA(L,I)
CONTINUE

%ok % ko

. STSI=STS%3,33333333333333

NPT(1)=NPT(1)+1

L=1

K=0«5*(NPT{1)-1)-140.5 p
HSQ=HA(1) *HA (1) : .
N1=K+2

WENDOOO1
WENDO00O2
WENDOOOD3
WENDOOQOO4%4
WENDOOOS
WENDOOQO6
WENDOOO7
WENDOOOS
WENDOCO9
WENDOO10
WENDOO11
WENDOO12
WENDOO13
HENDOOL14
WENDOOL15
WENDOOL6
WENDOOL7
WENDOO18
WENDOOL9
WENDO0O20
WENDO0O21
WENDOQO22
WENDOO23
WENDOO 24
WENDOO025
WENDO0O26
WENDOO27
WENDOO28
WENDOO29
WENDOQO30
WENDOO31
WENDOO32
WENDOQO33
WENDOO34
WENDOO0O35
WENDOO 36

9ST



42

41

40

44

43

DO 4€ I=1,NGP

NLU(T)=0.D

DO 41 J=14K,y2

DO 42 JA=1,3

JI=J+JA-1

ARG(JA)=AKTIS(N1)-AKTIS(JT)

BUCJA)=(ARG{JAI*ARG(JAI/HSQ)*(3.,0-2.0%ARG(JA)/HA(L) ) *AKTIS(JI)

CONTINUE

Ji=J+1

J2=J+2

OLUCT)=0LU(T)+PHL(J,1)%*BU(]1)+4., O*PHL(J1, 1) *BU(2)+PHL(J2,1)%*BU(3)

CONTINUE

OLUCT)=0LU(I)*STSI

CONTINUE

DO 43 1=1,NGP

ADU(I)=0.0

NDDU(I)=90.0

DO 44 M=1,NGP

PROS= (THD(le)/DI(le))*(SGG(I:M.!i*SPECT(I’*SNUF(lvM)) THST(1 .M
2 I)-~SPECT(ID®THNSF(1,M)*EFFK

PRDD=(DDM(191)/DI(111))*(SGG(19M71)+SPECT(I)*SNUF(l'M))-DSTM(lyM
2 I)=SPECT(I)*DNSFM(1,MI*EFFK

ADU(T)=ADU(I)+PROS*0OLU(M)

DDU( I )=DDU(I)+PROD*OLU(M)

CONTINUE

AF =STHSA(19I)+THSTT{L,I)-(THD(1,I)/DI(141))%SR(1,1I)

DF =DSAM(1,I)+DSTTM( 1, I)-(DDM(1,1)/DI(1,41))%SR(1,1)

TUu(1l,1)=AF *0LU(T)+ADU(T)

DU(1,1)=DF *0LU(TI)+DDU(T)

CONTINUE

. KK=1

MA=0

DN 45 L=14NRG
KK=KK+1
HSQ=HA(L)*HA(L)
IF(L.FQ.1) GO TO 46

WENDOO37
WENDOO 38
WENDOO39
WENDON40
WENDOO41
WENDOQO42
WENDOO43
WENDOO44
WENDOO45
WENDOO46
WENDOO47
WENDQOO48
WENDOO49
WENDOOS50
WENDOOS1
WENDOOS2
WENDOO53
WENDOO54

- WENDOOS5

WENDOOS6
WENDOOS57
WENDOOSS
WENDOO59
WENDO060
WENDOOSG61
WENDO0O62
WENDOO63
WENDQO64
WENDOO65
WENDOO66
WENDOO67
WENDOO68
WENDOO069
WENDQOT0
WENDOO71
WENDOQOO 72

ast



46

47

59

49

MA=MA +NPT(L-1)

K=NPT(L)-2+MA

N=MA

K1=MA+D ,SANPT(L)-240,.5

N1=K1+2

K2=K+2

GO TO 47

K=NPT(1)-2

N=1

K1=(NPT(1)-1)%0.5-1+0.5

N1=K1+2

K2=K+?2

DO 48 1=1,NGP

OLU(I)=C.0

DO 2 M=1,NGP

NLVI{M,T)=0.0

DO 49 J=NyKl,?2

DD 5¢ JA=1,3

JI=J+JA-1

ARG (JA)=AKTIS(JI)I-AKTIS(N)
BU(JA)=(ARG(JA)*ARGIJAI/HSQI*(3,0-2.0%¥ARG(JA)/HA(L) ) *AKTIS(JI)
BV(JA)={ARG(JA)*ARG(JA)/(DI(Ly I)*HA(L)) ) *(-1.C+ARG(JA)/HA(L) ) *
1 AKTIS(JI)

CONTINUE

Jl=J+1

J2=J+2
0LU(I)=OLU(I)+PHL(J1I)*BU(1)+4.0*PHL(J1;I)*BU(2)+PHL(J2,I)*BU(3’
DN 49 M=],NGP

OLVIMyT1)=0LVIM, 1) +PHL(JyM)*BV(1) +4.C*PHL{J1 4 M) *BV(2) +PHL (J2,M) *
1 Bv(3)

.CONTINUE

DO 51 J=N1,K,s2

DO 52 JA=1,3

JI=J+JA-1

ARG{JA)I=AKTIS(K2)-AKTIS(JI)

BULJA)=(ARG{JAI*ARG(JA) /HSQ)*(3.0-2.0%ARG{JA)/HA(L) ) *AKTIS(JI)

WENDOOT73
WENDOO74
WENDOQO75
WENDOO76
WENDCOT7
WENDOO78
WENDCOT9
WENDOCS8O
WENDOOS1
WENDO0O82
WENDCO83
WENDOOB4
WENDOOS8S5
WENDOO86
WENDOQO87
WENDOO8S
WENDOO89
WENDQO90

- WENDOO91

WENDODO092
WENDOC93
WENDOOC94
WENDOO95
WENDOQO096
WENDOO97
WENDOO098
WENDOC99
WENDO 100
WENDO101
WENDO102
WENDO103
WENDO104
WENDO105
WENDO106
WENDO107
WENDO108

8sT



52

51

48

54

53

BVIJA)= (ARGUJA) XARG(JAI/(DI(L, T)*HA(L) ) ) %(1.D-ARGUJA) /HA(L) ) *

1 AKTIS(JI)

CONTINUE

J1=J+1

J2=J+2

OLUCT)I=0LU(II+PHL(Jy 1) *BU(1)+4.0*PHL{J1» 1) *BU(2) +PHL(J2,1)*BU(3)

DO 51 M=1,NGP

OLV(M,1)=0LV (M, T)+PHL(J, M) %BV(1)+4.C*PHL(J1,M) *BV(2)+PHL(J2,M) *
BV(3)

CONTINUE

OLULTI)=0LU(TI)*STSI

DO 48 M=1,NGP

OLV{M,T)=0LV(M, I )*STSI

CONTINUE

DO 53 I=1,NGP

ADU(T })=0.2

NDUCTI)=N.0

ADV(I)=0.0

DDV(I)=0.C

DO 54 M=1,NGP

PROS=(THD(LyI)/DI(LoI) )% (SGGILyMyT)+SPECTII)ASNUF(LyM))=THST (LM
2 I)-SPECT(I)XTHNSF(L M) *EFFK

PROD=(DDOM(L,I)/DI(LyI) )% (SGG(L My I)+SPECT(I)*SNUF{L+M))-DSTM(L M

9 T)-SPECT(I)*DNSFM(L,M)*EFFK ‘

ADU(T)=ADU(TI)+PROS*OLU(M)

DOU( I)=DDU(T)+PROD*0OLU(M)

ADV(I) =ADV(I)+PROS*OLV(M,T)

DDV(I) =DDV(I)+PROD*OLV(M,I)

CONTINUE :
AF =THSA(L s I)+THSTT(L I )-(THD(L,yI)/DI(LyI))%SRU(L,y]I
-DF =DSAMIL,I)4+DSTTMIL,I)-(DDM(L, I)/DI(LsI))I%SR(L,I)

TU(KK,1)=AF *0LU(T)+ADU(T)
DU(KK,I)=DF *0LU(I)+DDUCT)
TV(KKsT)=AFX0OLV(TI, 1)+ ADV(I)
DVI(KK,I)=DF *OLV(I,I)+DDV(TI)
CONTINUE

WENDO109
WENDO110
WENDO111
WENDO112
WENDO113
WENDO114
WENDO115
WENDO116
WENDO117
WENDO118
WENDO119
WENDO120
WENDO121
WENDO122
WENDO123
WENDO124
WENDO125
WENDO126
WENDO127
WENDO128
WENDO129
WENDO130
WENDO131
WENDO132
WENDO133
WENDO134
WENDO135
WENDO136
WENDO137
WENDO138
WENDO139
WENDO140
WENDO141
WENDO142
WENDO143
WENDO144

6ST



45

87

BR6

85

1

KK=KK+1
CCNTINUE

NPT(1)=NPT(1)-1
K=NPT(1)*0.5+1+0,5
DO 89 L=1,NRE

KK=NBD(L)

HSQ=HA(L) *HA(L)

N=K

K=K+ (NPT(L)#NPT(L+1))*3.5+40,5
K1=N+NPT{L)*.5-2+47,5

N1=K1+2
K2=K=-2

DO 85 I=1,NGP
OLU(I)=D,D

DO 3 M=1,NGP
OLVIM,1)=0,0
DO 86 J=N,yK1l,2
DO 87 JA=1,3

JI=J+JA-1

ARG (JA)=AKTIS(JII-AKTIS(N)
BU(JA)=(ARG(JA)*ARG(JA)I/HSQ)*(3,0-2.,0%ARG(JA)/HA(L) ) *AKTIS(JI)
BVIJA)= (ARGIJA) *ARG(JA)/(DI(L, I)*HA(L) ) ) *(-1.0+ARG{JA) /HA(L) ) *
1 AKTISUJI)

CONTINUE

Jl=J+1
J2=J+2

OLULT)I=0LUCTI)+PHL(Jy I} *BUL L) +4,0%PHL(JL,T)%BU(2)+PHL(J24,1)%BU(3)
DO 86 M=1,NGP
OLVIMaT)=0LV(My 1) +PHL{J s M)XBV(1)+4,CHXPHL{JLyM) *BV(2) +PHL(J2 M) *

BV(3)

- CONTINUE
OLU(TI)=0LU(T)*STSI

DO B85 M=1,NGP
OLVIM,1)=0LVIM, I)%STSI

CONTINUE

DO 88 I=1,NGP

WENDO145
WENDO146
WENDO147
WENDO148
WENDO149
WENDO150
WENDO151
WENDO152
WENDO153
WENDO154
WENDO155
WENDO156
WENDO157
WENDO158
WENDO159
WENDO 160
WENDO161
WENDO162
WENDO163
WENDO164
WENDO165
WENDO166
WENDO167
WENDO168
WENDO169
WENDO170
WENDOL171
WENDO172
WENDO173
WENDO174
WENDO175
WENDO176
WENDO177
WENDO178
WENDO179
WENDO180

091



£9

a8

63

ADU(T)=C.D
NDOU(I)=0C,.D
ADV{T)=0.0
DDVI(I)=0.0

DO 67 M=1,NGP
PROS=(THD(L,I)/DI(L91))*(SGG(L,M,I)+SPECT(I)*SNUF(L.M))—THST(L,M
1 yI)=-SPECT(I)I*THNSF(L,M)*EFFK
PROD=(ODM(LyI)/DT(L 1) )% (SGG(L My I)+SPECT(IV*XSNUF(L,M))=DSTM(L M
1 41)-SPECT(I)*DNSFM(LyM)*EFFK

ADUCTI)I=ADU(I)+PROS*0OLU(M)

DDUCI)=DDULT )+PRCD*NLU(M)

ADV(T) =ADV(I)+PROS*OLVIM,I)

NOV(L) =COVIT)+PRONXOLVIM,I)

CONTINUE
AF STHSA(L s T )4+ THSTTUL» I)=(THD(L, 1) /DI(LyI))%*SRIL,I)
DF =DSAMIL I )4DSTTMIL, 1) =(DDOMIL, 1)/DIIL, I)I%SR(L,yI)

TULIKK,T)=AF*0LU(T) +ADULT)
DUL KK, I)=DF*0LU(T) +DNU(T)
TVLIKK, T)=AF*0LV(I,I)+ADV(T)
DVL (KK 1)=DF*OLV(I, 1)+DDOVI(I)
CONTINUE

HSQ=HA(L+1)*HA(L+1)

DO 61 I=14NGP

OLU(T )= .G

DO 7 M=1,NGP

MVIMy I)=0.0

DN 62 J=N14K2,42

DO 63 JA=1,3

JI=J+JA-1
ARG(JA)I=AKTIS(K)-AKTIS(JT)

CRULJAI=(ARG(JA)*ARG(JA)/HSQ) *(3,0-2,0%ARG(JA)/HALL+1) ) *AKTIS(JIT)

BVIJA)=(ARG(JAI*ARG{JA)/(DI(L+1, [ )*HA(L+1)))*{1.0-ARG(JA)/HA(L+1))
1 *AKTIS(JI)

CONTINUE {

J1=J+1

J2=J+2

WENDO181
WENDO182
WENDO183
WENDO184
WENDO185
WENDO186
WENDO187
WENDO188
WENDO189
WENDO190
WENDO191
WENDO192
WENDO193
WENDO194
WENDO195
WENDO196
WENDO197
WENDO198
WENDO199
WENDO0200
WENDO201
WENDO202
WENDD203
WENDOQ204
WEND0205
WENDO0206
WENDOQ207
WENDO208
WENDO209
WENDO210
WENDO211
WENDO212
WENDO213
WENDO214
WENDO215
WENDO216
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62

61

€4
a9

CLUCI)=0LUCTI)+PHL{Jy T)*BU(1) +#4,0%PHL(J1, 1) *BU(2)+PHL(J2,1)%*BU(2)

DO 62 M=1,NGP

DLVIMyI)=0LV (M, I1)4PHL{Jy M) *BV {1 )44 ¥PHLIJ Ly M) %XBV(2) +PHL{J2, M) *
Bv(3)

CONTINUE

OLUCTI)I=0LULT)*STSI

DO 61 M=1,NGP

NLV(M, I)=0LV (M, I)*STSI

CONTINUE

DO €4 I=1,NGP

ADU(I)=0.D

DDU(TI)=0.0

ADVI(I)=0.,0

Dpvl)=2.n

DO 90 M=1,NGP

PROS=(THD(L+1,1)/DI(L+1,1))*=(SGGIL+14My I)+SPECT(I)*SNUF(L#1,4M))~

1 THST{L41yMyI)—SPECT(I)*THNSF(L+1,M) *EFFK

PROD=(DDM{L 4L, I)/DI(L+1, 1) )% (SGG(L+19yMyT)+SPECT(I)*SNUF(L+1,M))~-

1 DSTM(L+1 yM,yI)-SPECTUI)*DNSFM({L+14M)*EFFK

ADUCTI)=ADU(T )+PROS*0LU(M)
DDUCT)=DDU{T)+PROD*OLU(M)
ADV(I) =ADV(I)+PROS*OLVIM,1I)
NDVIT) =DDV(T)+PROD*CLV(M,I)

CONTINUE (
AF =THSA(L+L s I)+THSTT(L+1,I)=(THO(L+1,1)/DI(L+L,1))*SR{L+1,1)
nF =DSAMIL 41y 1)4DSTTM(L+1,1)-(DDMIL+1,I)/DI(L+1,1))*SR(L+1,1)

TUR (KK, 1)} =AF *OLUCT)+ADUC(T)
DUR(KK,I)=DF *OLUCT)I+DDUILT)
TVRIKK, I)=AF%0LV (I, I)+ADV(I)

DVR (KK, 1)=DF *OLV(I,I)+DDVI(I)
CONTINUE

- CONTINUE

L=NRG
N=NP-NPT (L) *0D.5+0.5
K=NpP=2
HSQ=HA(L ) *HA(L)

WEND0217
WEND0O218
WENDO219
WEND0220
WEND0221
WEND0222
WEND0223
WEND0224
WEND0225
WEND0226
WEND0227
WEND0 228
WEND0229
WEND0230
WEND0231
WEND0232
WEND0233
WENDO234
WEND 0235
WEND0236
WEND0237
WEND0238
WEND0239
WEND0 240
WENDO0241
WEND0242
WEND0243
WENDO244
WEND0245
WEND0246
WEND0247
WEND0248
WEND0249
WEND0250
WEND0251
WEND0252

091



72

71

70

74

73

DO T4 I=1,NGP

DO 8 M=1,NGP

OLVIM,I)=n,0

DO 71 J=NyK,?2

DO 72 JA=1,3

JI=J+JA-1

ARG(JA)=AKTIS(JI)-AKTIS(N)

BVIJA)= (ARG (JA) *ARGIJAN/Z(DTLL, T)HHA(L) ) ) * (-1 . CG+ARG(JA) /HA(L) ) *
1 AKTIS(JI)

CONTINUE

J1l=J+1

J2=J+2

DO 71 M=1,NGP

OLV(MyI)=0LV My [)+PHL(Jy M) *BV (1) +4 . D¥PHL{J1y M) *BV(2) +PHL(J2, M) *
1 BV(3)

CONTINUE

DC T7¢ M=1,NGP

OLV{(Me I )=0LVIM,I)*STSI

CONTINUE

DO 73 I=1,NGP

ADV(I)=C.0

DOVII)=0.D

DO 74 M=1,NGP

PROS= (THD (Lo I)/DT(LyI))*(SGGILyMyT)+SPECT(II®*SNUF(LyM))=THST(L,M
1 +I1)=SPECT(I)*THNSF(L,M)*EFFK

PROD=(NDM(L 1) /DI(LyI)I*(SGGILy My I)+SPECT(I)*SNUF(L,sM))-DSTM(L,M
1 »I)=SPECT(I)*DNSFMI{L,M)*EFFK

ADV(I) =ADV(I)+PROS*CLV(M,I)

DOVI(T) =DDV(I)+PROD*XOLVIM,I)

CONTINUE

AF =THSA(LyI)4+THSTT(LyI)=(THDUL,I)/DI(LsI))I*SRIL,I)

DF =DSAM(L,I)4DSTTM(L,yI)=(DDM(L,I)/DI(L,yI))I%SR(L,1I)
TVLINBU(L)» 1 )=AFXCLV(T,1)+ADVI(I)
DVLINBD(L) 1 )=DF*QLV(I,I)+DDV(I)

CONTINUF

RETURN

WENDO 253
WENDO254
WENDO255
WENDO0256
WENDO257
WENDO258
WENDO259
WENDO260
WENDO261
WENDO262
WENDO263
WENDO264
WENDO265
WENDQ266
WENDO267
WENDOD268
WENDO0269
WENDO270
WENDO2T1
WENDO272
WENDO273
WENDQ274
WENDO275
WENDO2T76
WENDO277
WENDO278
WENDO279
WEND0280
WENDO281
WENDO282
WENDO283
WENDO284
WENDO0285
WENDO286
WENDO287
WENDO288
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END

WENDO289
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92

SUBROUTINE ELIZA(GyAsCeNyM,L)

IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION A(1),G(1),C(1)
IR=D

IK=-M

DO 92 K=1,L

IK=IK+M

‘DO 92 J=1,N

TR=IR+1

JI=J=-N

I18=1K

C(IR)=0.0

DO 92 I=1,M

JI=JI+N

I8=1B+1
CUIR)=C(IR)+G(JII*A(IR)
RETURN

END

ELIZ0001
ELIZ0002
ELTIZ0003
EL 120004
ELIZOCOS
ELIZ0006
ELIZOCO7
ELIZO0008
ELIZ0009
ELIZ0010
ELIZO0011
ELIZO012
ELIZO013
ELIZOO14
ELIZOO15
ELIZO016
ELIZ0017

ELIZOO18

9T



35

25

3¢

SUBROUTINE OMINV(AyNyD,L M)
IMPLICIT REAL*8 (A-H,0-1)
DIMENSIGN A(1),L{1),M(1)

D=1.2

NK=-N

DO 80 K=1,4N
NK=NK+N
LIK)=K
M({K)=K
KK=NK+K
BIGA=A(KK)
DO 20 J=K,N
IZ=N*x(J-1)
DO 20 I=KyN
TJ=17+1
IF(DABS(BIGA)-DABS(A({IJ))) 15,202,427
BIGA=A(T1J)
LIK)=I
M(K)=J
CONTINUE
J=L(K)
IF(J-K) 35,35,25
KI=K-N

DO 3D I=1,4N
KI=KI+N
HOLD=-A(KI)
JI=KI-K+J
A(KI)=A(JT)
A(JT) =HOLD

. I=M(K)

IF(I-K) 45,45,38
JP=N%(1-1)

DO 40 J=1,N
JK=NK+J

JI=JdP+J

DMINOOO1
DMINOCO2
DMINOOO3
DMINOQO4
DMINOCOS
OMINOOO6
DMINOOQO7
DMINOCOS
DMINOCO9
DMINOO10
DMINOO11
DMINOO12
DMINOO13
DMINOO14
DMINOO15
DMINOO16
DMINOO17
DMINOO18
DMINOO19
DMIN0020
DMINOQO21
DMINOQO22
DMINO023
DMINOO24
DMINOO25
DMINOO26
DMINOO27
DMINOO28
DMINQO29

DMINOO030

DMINOO31
DMINDO32
DMINOO33
DM INOO34
DMINDO35
DMINOO36
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40
45
46
48
50

55

60
62

65

"
75

8.

100

105

HOLD=-A(JK)
A(JKI=A(J])

A(JI) =HOLD
IF(RIGA) 48,46,48
D=0 o {}

RETURN

DO 55 I=1,N
IF(I-K) 50,455,590
IK=KK+I
ACIK)I=A(IK)/{-BIGA)
CONTINUE

DO 65 I=1,N
IK=NK+1
HOLD=A(IK)

[J=1-N

DO 65 J=1,N
TJd=1J+N

[F{I-K) 604685460
[IF{J-K) 624£€5462
KJ=1J-1+4K
ACTJ)=HOLD*A(KJ)+A(IJY)
CONT INUE

KJ=K-N

DO 75 J=1,N
KJ=KJ+N

IF(J-K) T2,75,70
A(KJ)=A(KJ)/BIGA
CONTINUE

D=D*BIGA
A{KK)=1.0/BIGA
CONTINUE

K=N

K=(K-1)

IF(K) 15041504125
I=L{K)

IF(I-K) 123,120,108

DMINCO37
DMINOO38
DMINOO39
DMIN0040
DMINOO41
DMINOO42
DMINOO43
DMINOO44
DMINOO45
DMINOO46
DMINOO47
DMINOO48
DMINOO49
DMINOOS0
DMINOOS1
OMINO0O0S52
DMINO0S53
DMINOOS54

- DMINOOS5S

DMINQOS56
DMINQOS7
DMINOOS58
DMINOO59
DMIN0O60
DMINOC61
DMINO062
DMINOO63
DMINOOG64

DMINOO65S

OMINOO66
DMINOO67
DMINOO68
DMINOO69
DMINOOTO
DMINOO71
DMINOO72

91



168

112
125

125

130

150

JQ=N*{K-1)
JR=N*(1-1)
DO 119 J=1,N
JK=J9Q+J
HOLD=A(JK)
JI=JP+J
A(JK)==A(J1)
A(JI) =HOLD
J=M(K)
IF(J=-K) 19611001125
KI=K~N

DO 137 I=1,4N
KI=KI+N
HOLD=A(KT)
JI=KI-K+J
A(KII==A(JTI)
A(JI) =HOLD
GO TO 130
RETURN

END

DMINOOT3
DMINOOT74
DMINOO75
DMINOOT76
DMINOOT7
DMINOO T8
DMINOOT9
DMINQO8O
DMINOO81
DMINDO82
DMINOO83
DMINOOB84
DMINOO8S
OMIN0086
DMINOO87
DMIN008S
DMINO089
DMINOC90
DMINOO9L
DMINO092
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SUBROUTINE BASINT

IMPLICIT REAL*8 (A-H,0-2)

COMMON /CNTRL/ EPS1,FEPS2,FPS3,EFFKy TH(10)yRK1yRK24BIGyAHOLD(9C},
1NGP yNRGyNMAT y NGEOM, JBCL y JBCRyNFGy JAC)NPyNPT (1) s I0OPyNRVARY,
ZIRVARY(gﬁ)pMVARYyITMQXD'ITMAXI'[TO,ITI9KEEP,MC00E9LBIG;JB‘G,IAJ,
3JDUM, THOLD(9%)

COMMONZ POWER/ SIGFM{17¢5) ¢AKTIS(201)TOTP(12) SYLI(LC)WFISIT(LC)
LFSDIT(1G) o TMETOL(10),SYLIM(10), FISITM(1S) ) TMETLM(10) yALKGEM(101),
2CRPH2(1C,5) yGRPHAL1(17,5) yGRPHA2(1L,5) sALKGE (10) yGRPH1(10+5),
3 STSyPHL(23195)sSR(10,5),SA(10,5)4SNUF(10C95)4STRI1045),

4 SGG(IC’S’S’pDI(1(15’

COMMCN/COWE/ HALLC), ARG(3)1HK(99111’9UUL(l3)vUUR(13',VUL(1305)9

1 VUR(13,5)4NOP{10),NBD(17),NOPT4NRE

INTEGRALS 0OF BASE PCLYNOMIALS

UUR({1)=HA(1)*HA(L1)*.15

N=1

R=’.‘ 00

DO 1 K=1,NRG

M=NOP(K)-1

DO 2 J=1.M

R=R+HA(K)

N=N+1

DO 3 I=1,NGP

VUL(N, I )==HA(K) *HAL{K)*( (R=HA(K))/(12.0%DI(Ky1))+0.05%HA(K)/
1 DI(K,1I))

VUR (N I)=HA(K)*HAIK) X ( (R+HA(K) )/ (12.0%DI(Ky 1)) =0 N5*HA(K)/
1 DI(K,I))

CONT INUE
CPULIN)=HA (K) *(* o 35%HA (K ) +0,5*(R=-HA(K)))
UUR(N)=HA(K)*X(=0¢35%HA(K)+C, 5%(R+HA (K)))

CONT INUF

N=N+1

R=R+HA(K)

CONTINUE

BASICNO01
BASI0002
BASI0093
BASI00D4
BASI0005
BASIO0006
BASI0007
BASI0008
BAST10009
BASI0010
BAS10011
BASION12
BASIO013
BASIOO14
BASIOO15
BASIOO16
BASIOO17
BASIOOl18
BASIO0019
BASI0020
BASI0021
BAS10022
BASI0023
BASI0024
BASIO025
BASI0026
BAS10027
BASI0028
BASI0029
BASI0030
BASI0031
BAS10032
BASI0033
BASIQ034
BASI0035
BASIO0036
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DO 4 I=1yNGP BASI0037

VULINyT)=-HA(K) *HA(K ) * ( (R=-HA(K) )/ (12.0%DI{Ky[))#u.C5%HA(K)/ BASI0038
1 DI{K, 1)) ‘ BASIQ039
CONTINUE BASI0040
R=i1,1) BASI 0041
DO 5 K=14NRF BASIN042
R=R+NOP (K ) *HA(K) BASIN043
N=NBD (K) BASI 0044
DO 6 I=1,NGP ' BASI0045
VUL (N, T)==HA(K)*HA(K) % { (R=HA(K} )/ (12.0%DI(Ky [) )40, 25%HA(K)/ BASI 0046
1 DI(K,1)) BASIOO047
VUR(N, I)=HA(K+1 ) ¥HA(K+1) % { (R4HA(K+1)) /{12, 0¥DI(K+191))=-0,05% BAS10048
1 HA(K+1)/D1(K+1,T1)) ' BASI0049
CONTINUE BASI0050
UULAN)=HA(K) *(1).35%HA(K) 40 5%(R-HA{K))) ‘ BASIOOS51
UURIN)=HA(K+1 )X (=N 35%HA(K+1 )40 5% (R4HA(K+1))) BASIOQ052
CONTINUE BASI0053
RETURN BASI 0054
END ‘ BASIO0055

0LT



SUBROUTINE LINPRD

IMPLICIT REAL*8 (A-H,0-1)

COMMON/ POWER/ SIGFM(10,45) JAKTIS(201),TOTP(10) oSYLI(10)4FISIT(10),
1FSDITILC) yTMETOL(1O0) 9 SYLIM(10)4FISITM{10)oTMETLM(10),ALKGEM(10),
2GRPH2{10,5) ,GRPHAL1{10,5) yGRPHA2(1%,5) sALKGE(1D)sGRPH1(10,5),
3 STSyPHL(20195)9SRE1095) ¢SA(L10y5)9SNUFL10y5),STR(10,5),

4 SGGUL119595)4D1(1G,45)

COMMON /CNTRL/ EPS14+EPS24+EPS3,EFFKy TH(10)4RK1,RK2,81G,AHOLD(90),
INGPyNRG yNMAT yNGEOM,JRCL » JBCRyNFG y JAC NP ¢NPT(10), I0OP,NRVARY,
2IRVARY (9) yMVARY o I TMAX O,y ITMAXI 4 ITOy ITIyKEEP,MCODE,LBIGyJBIGy IAJ,y
3JDUM, THOLD(90) )

COMMON /MACX/ SPECT(5) ¢XALLG 95) 9 XNUF(1D95) 4XTRIL:95) 9XGG(109545),
1CONC(10919)4D(19795) 4XR(1045)4CCoCTy IDMAT(10) ‘

COMMON/KSWY/ SB(10,5),PPUL10),PU(1D),PDU(L10)+PRS(10),URNIL10),

1 URC(19),SD(L1)4DOPLILN)

COMMON/DELTA/ THSA(10,5) ¢THNSF(10¢5)sTHD(1095) 4 THST(109545),
1 THTRP(1D,5) ¢ THSTT(10,5) 4DSAM(10,5) yDONSFM{10,5),DDM(10,5),

2 DSTM(10,5,5) yDTRPM(10,5) 9DSTTM(1095) 9 THSF(1G9y5)4DSFM(10,5),
3 SFU(10,5),SCU(17,5),SUP(10,5) POWED(10),CONCP(10),VNO

COMMON/COWE/ HA(LN) gARG(3)+WK(99,411),UUL(13),UUR(13),VUL(13,5),
1 VUR(13,5),NOP(10),NRD(1C),NOPT4NRE

COMMON/CONV/ CRMA(39) yNPR¢KNAyNCR,IDNA

COMMAN/DELFI/ 1P, 1Y

COMMON/ITER/ NIT . .

DIMENSICN CA(13,5413),CB(13,5,13)

NDIMENSION UO(10)9AS{14417)4CS(LT7)sBS(14),4P(14)XX(14)yY(14),

1 PE(14),E(270),KO(6)4JH(14)

REAL*4 X(17)

IF(KNA.EQ.1) GO TO 350

CIFINIT.NE.C) GO TO 1570

NVC =NCR
NAR=1

NEQ=3%NCR+2

NAV=4%NCR+1

READ(5,109C) (UOIL) 4L=14NCR)

LINPOOO1
LINPOOO2
LINPOOO3
LINPOOO4
LINPOOOS
L INPOOOS
LINPOOO7
L INPOOOS
LINPOOO9
LINPOO10D
LINPOO11
LINPOD12
LINPOO13
LINPOOl4
LINPOO15
LINPOO1l6
LINPOOL7
LINPOOLS8
LINPOO19
LINPQQ20
LINPOO21
LINPOO22
LINPOO23
LINPOO24
LINPQO25
L INP0OO26
LINPOO27
LINPOO28
LINPQO29
LINPOO30
LINPOO31
LINPOO32
LINPQOO33
LINPOO34
LINPOO3S
LINPQON36
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1¢0D
2000

56010

15¢CC

14

15

16

13D

a7

91

94

85

READ(S,ZOGG) PDL,THUQ
FORMAT(7F10.0)
FORMAT({2F10.0)
WRITE(645500) (UO(L)sL=14NCR)
WRITE(6,5603(;) PDL,THUOD
FORMAT(2F15.7)

CALL BASINT
NAGN=2%NRG+1

DO 15 J=1,NAYV

DO 14 I=14NEQ
AS(I,J)=5.2

CONTINUE

CS(J)=0.0

CONTINUE

DO 16 1=1,NEQ
BS(I)=¢.0

CUONTINUE

NF=NOPT+1
CA(ly191)=1.7

DO 100 M=2,NAGN
CA(ly1yM)=C.0

K=1

DO 9C I=1,NGP
IF(1.EQ.1) GO TO 91
DO 92 M=1,NAGN
CA(LlyIyM)=WK{K,M)
K=K+1

DN 93 J=2,NOPT

DD 94 M=1,NAGN
CA(Jy T4 MI=WK(K,sM)

. CONTINUE

K=K+1

DO 95 M=1,NAGN
CB{Jy I yMI=WK(KsM)
CONTINUE

K=K+1

LINPQO37
LINPOQ38
LINPQO39
LINPOO4O
LINPDOO4]
LINPQOO42
LINPOO43
LINPOO44
LINPOO4S
LINPOO46
LINPQO4T
LINPOO48
LINPOO49
LINPOOS0
LINPQOS1
LINPOOS52
LINPOOS3
LINPOO54
LINPOOSS
LINPOOS56
LINPOOS7
LINPOOS58
LINPQOOS9
LINPQO6O
LINPOO61
LINPOO62
LINPOO63
LINPOOG64
LINPOO65
LINPOO66
LINPOOG6T
LINPOO68
LINPOO69
LINPOOTO
LINPOOT1
LINPOOT2

(42



G3

G5

9)

a7

61

CONTINUE

DO 96 M=1,NAGN
CBINFy I yM)=WK(K M)

CONT INUE

K=K+1

CONTINUE

Ne 97 I=1,NGP

PN 97 M=1,NAGN

cs{1 ’[yM):’".‘o‘.
CA(NFvIQM)=OoQ

CONTINUE

[F{NAR.,EQ.2) GO TO 6%
LL=2

LU=2%NCR

GO TO 61

LL=2*%NCR+3

LU=2%NRG+1

DO 2C M=1,NGP

COM=S IGFM(1,M) *UUR( 1)
COB=SB(1,M)*UUR(1)

J=1
AS(191)=AS(1,41)+COM*CA(1,M,y1)
CS(1)=CS(1)+COB*CA{(1sMy1)
DO 27 I=LLsLU,2

J=J+1
AS(1yJ)=AS{14J)+COMXCA(L14M, 1)
CS{J)I=CS(J)+COB*CA(14M, 1)
CONTINUE '

N=1

DO 22 L=14NRG

DO 23 JJd=1,2

"N=N+1

Ji=JdJ-1
NR=L+J1

COM1=SIGFM(LyM)*UUL(N)+SIGFM(NRyM)*UUR(N)
COM2=SIGFM{L yM) *VUL (NyM) +STGFM(NRyM)I*XVUR(N,M)

LINPOO73
LINPOOT74
LINPOOT75
LINPCO76
LINPOOT7
LINPOOT78
LINPQOT9
LINPOOS8O
LINPQOSB1
LINPOOS82
LINPOOS83
LINPQOOB4
LINPOOSS
LINPOOS86
L INPOOB7
LINPOOSBS
LINPDO89
LINPOO90
LINPOQO91
LINPQOO92
LINPOQ93
LINPOC94
LINPOO95
LINPOO96
LINPOO9S7
L INPOO98
LINPD099
LINPO100
LINPO101
LINPO102
LINPO103
LINPO104
LINPO195
LINPOL106
LINPO10O7
LINPO108
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24
23

22
25

2h
20

S

21

COBL=SB{LyM)*UUL (N)+SBINR,M)*UUR(N)
COB2=S8 (L M)%XVUL(N,M)+SBINRyM)*VUR(N,M)
J=1
AS(141)=AS{1491)+COM1I%CA(NyMy1)+COM22CBI(NyM,y1)
CSUL1)=CS{1)+COB1*CA(NyMy1)+COB2*CB(NyMy1)
DO 24 T=LL,LU,2

J=J+1 ,
AST19J)=AS(19J)+COMI*XCA(NyMy I )+CCM2%CBINyM, 1)
CSUJI=CSUJI+COBLI*CA(NsMy IV+COB2*CB(NyMy1)
CONTINUE

IF(L.EQ.NRG) GO TN 25

CONTINUE

CONTINUE

N=N+1

COM=SIGFM{L ¢M)XVUL(NyM)
COR=SB{L,M)XVUL(N,M)

J=1

AS(14J)=AS(14J)+CCMRCB(NyM,J)
CS(J)=CS(J)+COBXCRB(N,MyJ)

DO 26 I=LLyLU,y2

J=J+1 _
AS(1,J)=AS(14J)+COMXCB(NyM,1)
CS{J)=CSUJU)+CCBARCB(NyM,I)

CONTINUE

CONTINUE

WRITE(6,900() (CS(J),J=1,NAV).
FORMAT(8D15.7)

LM=NVC+1

BS({1)=BS{1)+AS(1,1)%PHL(1,1)

DO 21 J=2,LM

I=9-1

BS{1)=BS{1)+AS(1,4)*U0(I)
CONTINUE

IF(NAR.EQ.2) GO TO 62

DO 63 J=2,LM

L=J-1

LINPO109
LINPO110
LINPOLl11
LINPOL112
LINPOL13
LINPOL114
LINPOL115
LINPOl16
LINPO117
LINPO118
LINPOL19
LINPO120
LINPO121
LINPO122
LINPO123
LINPO124
LINPO125
LINPO126
LINPOQ127
LINPO128
LINPQO129
LINPO130
LINPO131
LINPO132
LINPO133

LINPO134

LINPO135
LINPO136
LINPO137
LINPO138
LINPO139
LINPO140
LINPO141
LINPO142
LINPO143
LINPO144

LZA S



63

€2

64

71

4G

AS(1,J)=AS(1,J)+PPU(L)
CSUJ)=CS(J)+PU(L)
BS(1)=BS(1)+PPU(L) *U3(L)

PERT =FEISITIL)=-SYLT(L)=-TMETOL (L) =-ALKGE(L)

AS(2,J)=PERT
8S(2)=BS(2)+U0(L ) *PERT
CONTINUE

GO TO 64

L=NCR

DR 30 J=2,41LNM

L=L+1

M=J-1
AS{1,J)=AS(1,J)-URNI(L)
CS(J)=CS{JI+URC(L)
BS(1)=BS{1)-URN{L)*UO(M)
CINTINUE

L=G

N==-1
IF(NAR.EQ.2) GO TO 70
LN=2+NCR

L1=3

GO 1O 71
LN=14+NCR

LI=2

D0 42 I=LI,LN
L=L+1

N=N+2

DO 4+ M=1,NGP
J=1

CAS(IZJ)=AS(TI,J)I+SIGFMILIMIXCA(NyM,yJ)

DO 4™ K=LLyLU,2

J=J+1
AS(T9J)=AS({TyJV+SIGFMIL,MIXCA(N,M,K)
CONTINUE

DN 28 I=LI,LN

LINPO145
LINPQ146
LINPOLl47
LINPO148
LINPO149
LINPO1S50
LINPO151
LINPO152
LINPO153
LINPO154
LINPO155
LINPO156
LINPO157
LINPOL153
LINPO159
LINPO160
LINPO161
LINPD162
LINPO163
LINPO164
LINPO165
LINPO166
LINPO167
LINPO168
LINPO169
LINPOL1T7C
LINPO171
LINPO172
LINPOL1T73
LINPO174
LINPO175
LINPOL176
LINPOL177
LINPO1T78
LINPOL179
LINPO180

SLT



28

66

&7

65

45
68

50

BS(I)=RS{IV+AS(I,1)%PHL(1,1)

DO 28 J=2,LM

L=J-1
BS(I1)=BS(I)+AS{I,J)*U0(L)
CONTINUE

IF(NAR.EQ.2) GO TN 65
DO 66 1=3,LN

J=I-1

L=Jd-1
AS(I,J)=AS(I,J)+PDU(L)
CONTINUE

NO 67 L=14NCR

I=2+L

‘BS{I)=PDL-PRS(L)+BS(T)

CONTINUE

G0 TO 68

DO 45 L=1,NCR
I=1+L

RS( I)=8S{I)+PDL-POWED(L)
CONTINUE

K=L{ N+1

KA=LN+NVC

L=+

DO 50 I=K,KA
L=L+1

J=L+1
AS(I,Jd)=1.0
BS(I)=uD(L)-THUO
M=T+NVC
ASIMyJd)=1.7

. BS{M)=UO(L)+THUO

CONTINUE

GO TO(2C1l,201,203)4NPR
CS(1)=0a%}
CS(2)=TH(1)*TH(1)
R1=C.0

LINPO181
LINPO182
LINPO183
LINPO184
LINPO185
LINPO186
LINPO187
LINPO188
LINPOL18B9
LINPO190
LINPO191
LINPO192
LINPO193
LINPO194
LINPO195
LINPO196
LINPO197
LINPO198
LINPO199
LINPO200
LINPO201
LINP0202
LINPO203
LINPO204
LINPO205
LINPO296
LINPO207
LINP0208
LINPQ209
LINPO210
LINPO211
LINPO212
LINPO213
LINPO214
LINPO215
LINPO216

9L1



85

[aNeRe]

251

55

56

57

332

350

R2=TH(1)

DO 85 K=2,NCR
J=K+1
R1=R1+TH{(K-1)
R2=R2+TH{K)
CS(J)=R2%R2-R1%*R1
CONTINUE

SLACK VARIABLES

J=NVC+1

DO 55 I=LI,LN
J=J+1
AS(I,J)=1.C
CONTINUE
K={N+1

KA={ N+NVC
M=NEQ+1
L=NAV+]

DO S5¢ I=K,KA
J=J+1
AS{I.d)=-1.7
M=M-1

L=L-1
AS(M,L)=1.0
CONTINUE
IFI(NPR.NE.1) GO TQ 33?2
DO 57 J=1,NAV
CS(J)==CS(J)
CONTINUE
IF(NPR.NE.2) GO TO 335
KNA=1

RETURN
I=NCR+1

L=0

DO 340 J=2,1

LINPO217
LINPN218
LINPO219
LINPQ220
LINPD221
LINPO222
LINPQ223
LINPQ224
L INPQ225
LINPD226
LINPOQ227
LINPD228
LINPQ229
LINPO230
LINPO231
LINPO232
LINPQ233
LINPD234
LINPO235
LINPO236
LINPO237
LINPO238
LINPO239
LINPO240
LINPO241
LINPQ242
LINPQ243
LINPO244
LINPQ245
LINPO246
LINPQ247
LINPO248
LINPO249
LINPO250
L INPO 251
LINPO252

Lt



335

84

334

61D
5960
5500

an

5000

81

€100

L=1L+1

BERT =FISIT(L)-SYLI(L)=-TMETOL(L)-ALKGE(L)
CSUJ)=PERT

CS(1)=0,0

11=¢

MX=NEQ

NN=NAYV -

CALL STMPLE(TII yMXyNNyASyBSsCSyKOgXePeJHsXXyYyPELE)
KNA={:

IF{NPR.NEL3) GO TO 334

CM=C,D

I=NCR+1

DO 86 J=2,1

CM=CM+CS{J)*=X{J)

CONTINUE

CM=0.9313881267%CM

WRITE(6,4,5300) CM

WRITE(64603N0) KO(1)

FORMAT (/77 FEASIBILITY=',12)

FORMATI(///" CRITICAL MASS IN KG =%, 1PD15.7)
FORMAT (10012 .4)

M=NVC+1

L=0

DO 80 J=2,M

L=L+1

oL =x(J)

CONTINUE _

WRITE(6,5000) (L,UO(L),yL=1,NCR)

FORMAT (' REGION', I5,10X,'FISSILE VOLUME FRACTION=',D15.7)
DO 81 K=1,NCR

_CONC(1IP,K)=CONCP(IP)*UQ(K)

CONC{IU,K)=CONCP(IU)*(D.35-UD(K))
CONTINUE

NIT=NIT+1

WRITE(6,6170) NIT

FORMAT(///% NUMBER OF ITFRATIONS=',15)

LINPO253
LINPO254
LINPDO255
LINPO256
LINPQ257
LINPO258
LINPO259
LINPO260
LINPO261
LINPO262
LINPO263.
LINPO264
LINPO265
LINPO266
LINPO267
LINPO268

LINPO269

LINPO270
LINPO2T71
LINPO2T72
LINPO273
LINPO274
LINPD275
LINPO276
LINPO277
LINPO278
LINPQ279
LINPO280
LINPQ281
LINPOQO282
LINPO283
LINPQ284
LINPO285
LINPO286
LINPN287
LINPO288

8.1



IF(KO(1).FQ.1) CALL EXIT

GO TO(3C1,3019373)9NPR

CRMA(NTIT)=CM
IF(NDABS(CRMA(NIT)-CRMAINIT-1)),LT 5201
RETURN

FND

CALL EXIT

LINP)289
LINPN290
LINPO291
LINP0292
LINP0293
LINPO294

6LT



SUBROUTINE SIMPLE({INFLAGyMXyNNyA B8y CyKOyKByPyJHyX,Y,PE,E)
IMPLICIT REAL*8 (A-H,0-Z)

C AUTOMATIC SIMPLEX REDUNCANT EQUATIONS CAUSE INFEASIBILITY
DIMENSION B{1),4,C(1),P(1)yX(1),Y(1),PE(L),E(L)
REAL*4 XX

INTEGER INFLAG,MX,NN,KO(6),KB{1),JH(1)

EQUIVALENCE (XX,LL)

DIMENSION A(14,17)

INTEGER T,TA INVCyIRyITERyJyJT yKeKBJIyLoLLyMyM2oMM,N
INTEGER NCUTsNPIVyNUMVR,NVER

LOGICAL FEAS,VER,NEGyTRIG,»KQ,ABSC

C
C SET INITIAL VALUES, SET CONSTANT VALUES
ITER = O
NUMVR = D
NUMPVY = ¢
M = MX
N = NN
TEXP = L400015259
NCUT = 4*%M + 200
NVER = M¥&,5 + 5
FEAS = JFALSE.
IF  (INFLAG.NE.) GO TO 14090 )
Cx INEW!? START PHASFE ONE WITH SINGLETCN BASIS
DO 1432 J = 14N
KB(J) = @

KO = FALSE.
DO 14723 1 = 1.M
IF (A(14J).FQ.Ce0) GO TO 1403
IF (KQ.ORA(T4J).LT.0.C) GO TO 1402
KQ = .TRUE.
1403 CONTINUE
KB(J) =1
1402 CONTINUE
1400 DO 1471 I = 14.M

SIMPO0O1
SIMPOON2
SIMP0003
SIMPQO004
SIMPDOD5
SIMPO0O06
SIMPOOO7
SIMPQOOO8
SIMP0O009
SIMPOO10
SIMPOO11
SIMP0012
SIMPQOO13
SIMPOO14
SIMPOO15
SIMPOO16
SIMPQOO17
SIMPOO18
SIMPOO19
SIMP0020
SIMPOO21
SIMPQ022
SIMPO023
SIMP0024
SIMP0025
SIMP0026
SIMPQO27
SIMP0028
SIMP0029
SIMP0O030

‘'SIMPOO31

SIMP0032
SIMP0033
S1IMPQ034
SIMPQO035
SIMP00O36

081



JH () = -1
1401 CONTINUE
Cx VVER? CREATE INVERSE FROM 'K3*
1320 VER = ,TRUE.
INVC = 0
NUMVR =  NUMVR +1

1101

1113

C 6Cy

1114

1115

1116

TRIG = FALSE.
DO 11061 1 = 1,M2
E(I) = 9.0

AND *JH? (STEP T)

CONTINUE
MM=1
DO 1113 1 = 1,.M
PE(I) = .0
X1y = 8(1)
IF (JH{I) NE.D) JH{I) = -1
MM = MM + M + 1
CONTINUE
FORM INVERSE
DO 1102 JT = 1N
IF (KB(JT).EQ.Q) GO TO 11902
GN TO 60N |
CALL JMY
CHOOSE PIVOT
TY = {ei)
KQ = JFALSE,
DN 1104 1 = 14M
IF (JH(I)NE.~1.0R.DARSI{Y(I)).LE.TPIV) GO TO 1104
IF (KQ) GO T0O 1116
IF (X(I).EQ.Te.) GO TO 1115
IF (DABS(Y(I)/X(I)).LE.,TY) GO TC 1104
TY =DABS(Y(I)/X(I))
GO 70 1118
KQ = .TRUE.
GO TO 1117
IF (X{I)eNE.C..OR.NABS(Y(I)).LE.TY) GO TO 1104

SIMP0037
SIMP0038
SIMP0039
SIMP0040
STMP0041
SIMP0042
SIMP0043
STMP0044
SIMP0045
S IMP0046
SIMPOO47
SIMP0048
SIMP0049
SIMP0050
SIMP0OOS1
SIMP0052
SIMP0053
SIMP0054
SIMP0055

| SIMP0OOS6

SIMPOOST
SIMP00OS58
SIMP0OO59
SIMP0060
SIMP0OO61
SIMP0062
SIMPO063
SIMPOO64
SIMPOO65
SIMPO066
SIMPOO6T
SIMPO068
SIMPO069
SIMPOOT0
SIMPOOTL
SIMPOOT2

18T



1117 TY =DABS(Y{(I1))
1118 IR = 1
1104 CONTINUE
KBR{JT) = ¢
C TFST P1IvOT
C PIVAT
G0 TN 990

C 9606 CALL PIV
1102 CONTINUE
c RESET ARTIFICIALS
DO 1189 T = 14M
IF (UH{TI).FQ.-1) JH(I) = 0O
IF (JH(I).EQ.C) FFEAS = .FALSE.
1199 CONTINUE
1200 VFR = ,FALSF.
c * %k PERFDRM ONE
C*x 'TXCK! DETERMINE FEASIBILITY
NEG = JFALSE.,
IF (FEAS) GO TO 527
FEAS= <TRUE. :
DN 1221 I = 1,M
IF (X(I).LT.0.0) GO TO 1250
IF (JH(I).EQ.G) FEAS = FALSE.
1201 CONTINUF
Cx 'GET?! GET APPLICABLE PRICES
TF (NOT.FEAS) GO T0O 50G1
560 D0 5103 I = 14M
P(I) = PE(I)
IF (X(I)eLT.0L) X(I) = Q.
5¢3. CONTINUE
ARSC = oFALSE.

GO TO 599
1259 FEAS = JFALSE.
NEG = JTRUE.,

501 DN SC4 J = 1, M

ITERATION

(STEP 1)

(STEP 2)

Aok ok

SIMPOOT3
SIMPOOT4
SIMPOOT5
SIMPOOT76
SIMPOOT7
SIMPOOTS8
SIMPOOT9
SIMPQ0O80
STMPOO8BL
SIMP0O0O82
SIMPO083
SIMPO0O84
SIMP0OO8S
SIMP0O08BS
SIMPOO87Y
SIMPO08S
SIMP0O089
SIMP0090
SIMP0O091
SIMPO092
SIMPO093
SIMPQ09%
SIMP0095
SIMP0O096
SIMP0OQ97
SIMPO098
SIMP0O099
SIMPO100
SIMPO101
SIMPO102
SIMPO103
SIMPO104
SIMPO105
SIMPO106
SIMPO107
SIMPOL108

[4:]9



P(J). = 0,
524 CONTINUE
ABSC = LTRUE.
NG 5C5 1 = 1,M
MM = |
IF (X{I).GE.C.7) GO TO 507
ABSC = LFALSE.
DO 548 J = 14M
P(J) = PLJ) + E(MM)
MM = MM + M
58 CONTINUE
GO TO 505
5C7 IF (JH{I).NF.&) GO TO 505

IF {(X{1).NE.2.) ABSC =  FALSF.

90 510 J = 1,M
P(J) = P(J) - E(MM)
MM = MM + M
510 CCNTINUE
505 CONTINUE

Cx TMIN? FIND MINIMUM REDUCED COST
599 JT = {0
BB = Q.0

DO 701 J =1,N
[F {(KB(J)«NEO) GO TO 781
DT = 0.0 v
DO 303 [ = 14M
DT = DT + P(I) * A(I,J)
303 CONTINUE .
IF (FEAS) DT = DT + C(J)

IF (ARSC) DT = -DARS{DT)
IF (DT.GE.BB) €O TN 701
BB = DT

JT = J

701 CONTINUE
C TEST FOR NO PIVOT COLUMN
IF (JT.LE.0) GO TO 203

(STEP 3)

SIMPO109
SIMPO110
SIMPO111
SIMPO112
SIMPO113
SIMPOl14
SIMPO115
SIMPO116
SIMPO117
SIMPO118
SIMPO119
SIMP0O120
SIMPN121
SIMPO122
SIMPO123
SIMPO124
SIMPO125
SIMPO126
SIMPO127
SIMPO128
SIMPO129
SIMPO130
SIMPO131
SIMPO132
SIMPO133
SIMPO134
SIMPO135
SIMPO136
SIMPO137
SIMPO138
SIMPO139
SIMP0O140
SIMPO141
SIMPO142
SIMPO143
SIMPO144

€81



C

C*x

O

[

TEST FUR ITERATION LIMIT EXCEEDED

1JMyY? MULTIPLY INVERSE TIMES A{.,J7)

600

610

676

602
6305

62

IF (ITER.GF.NCUT) GO TO 160
ITER = ITER +1
(STEP 4)
DO 61C TI= 1,4M

Y(I) = .3.5:'
CONTINUF
LL = N
COST = CUJT)
DO 6C5 I= 14M

ATJT = A(T,JT)

IF (AIJT.EQ.0.) GO TO 6C2

COST = COST + ALJT * PE(I)

nee 6756 Jd = 1M

LL = LL + 1
Y(J) = Y(J) 4 AIJIT *x E{LL)

CONTINUE

GO TN 635

LL = LL + M
CONTINUE

COMPYTE PIVOT TCLERANCE
YMAX = 1,0
DO 620 T = 1,M

YMAX = OMAX1{DABS(Y(I)),YMAX )
CONTINUF
TPIV = YMAX * TEXP

RETURN TG INVERSION ROUTINE, IF INVERTING

IF (VER) 60O TO 1114

COST TOLERANCE CONTROL
RCNST = YAAX/RSB

. IF (TRIG.AND.PB.GE.-TPIV) GO TO 203

TROW? SELECT PIVDT RPOW

TRIG = FALSE.
IF (BB.GE.-TPIV) TRIG = .TRUE.
(STEP %)

C AMONG EQS. WITH X=1, FIND MAXIMUM Y AMONG ARTIFICIALS,
GFT MAX PNSITIVE Y{(I) AMONG REALS.

C

IF NONE,

SIMP0145
SIMPO146
SIMPO147
SIMPO148
SIMPO149
SIMPO150
SIMPO151
SIMP0152
SIMPO153
SIMPO154
SIMPO155
STMP0156
SIMPO157
SIMPO158
SIMPO159
SIMP0160
SIMPO161
SIMPO162
SIMP0163
SIMPO164
SIMPO165
SIMPO166
SIMPO167
SIMPO168
SIMP0169
SIMPO1T70
SIMPOLT1
SIMPO172
SIMPO173
SIMPO174
SIMPO175
SIMPO176
SIMPO177
SIMPO178
SIMPO179
SIMP0180

1



1045
1n44
1747

1659

101G

IR = ¥
AA = D0
KQ = .FALSE.

pn 19586 I =1,M

IF (X{I)eNE.CeD.ORLY(I).LE.TPIV) GO TO 105C

I[F (JH(I).FQ.C) GO TO 1944

IF (KQ) GO TO 10650

IF (Y(I).LF.AA) GO TO 1050

GO TO 1547

IF (KQ) GO TO 1045

KQ . TRUE,

AA Y(I)

IR 1
CONTINUE
IF (IPLNE.2) GO TO 1099
AA = 1,2E+20

FINND MIN. PIVOT AMONG POSITIVE EQUATIONS

DO 101u I = 1,M

IF (Y(I)eLE«TPIVLORX(I)elEaDeDsORJY(II*AALLELX(I) ) GO TO 1010

AA = X(I)/Y(1)

IR = I
CONTINUE
IF (.NOT.NEG) GO TO 1€99

C FIND PIVOT AMONG NEGATIVE EQUATIONS, IN WHICH X/Y 1S LESS THAN THE
C MINIMUM X/Y IN THE PNSITIVE EQUATIONS, THAT HAS THE LARGEST ABSF(Y)

B8 = - TPIV
DO 1230 1 = 1,M
IF (X(I)eGEeteoeORY(I)GE.BB.ORLY(I)*AALGT.X(I) ) GO TO 1030
38 = Y{1)
IR =1

1738 CONTINUE
C 'TEST FCGR NO PIVOT ROW

1799

IF (IR.,LE.") GO TO 207

C% PIV? PIVOT ON (IR,JT) (STEP d)

TA = JH(IR)
IF (IA.GT.7) KB(IA) =10

SIMPO181
SIMPO182
SIMPO183
SIMPO184
SIMP0185
SIMPO186
SIMPO187
SIMP0O188
SIMPO189
SIMPC190
SIMPO191
SIMPO192
SIMPO193
SIMPO194
SIMPO195
SIMPO196
SIMPO197
SIMP0O198
SIMPO199
SIMP0200
SIMPO201
SIMP0202
SIMP0203
SIMP0204
SIMP0205
SIMP0206
SIMP0207
SIMPQ208
SIMP0209
SIMPO210
SIMPO211
SIMPO212
SIMPO213
SIMPO214
SIMPO215
SIMPO216

S8t



90C NUMPV=NUMPV+1
JHOIR) = JT
KB{JT) = IR

YI = -Y(IR)
Y(IR) = -1.8°
LL = 2
C : TRANSFORM INVERSE

DO 9G04 J = 1,M
L = tL + IR
IF (F(L)NF.3.) GO TO 95
LL = LL + M
GO TN 904
9:15 XY = E(L) / VI
PE(J) = PE(J) + COST * XY

E(L) = D.0
D0 9CH 1 = 14M
LL = LL + 1

Gi:6 CONTINUF
904 CONTINUE

c TRANSFORM X
Xy = X(IR) / YI
DO 808 I = 1, M
XCLD = X{(T1)
X{I) = XOLD + XY * Y(I)

IF (.NOT.VER. AND.X(I).LT.L..AND XCLD<GE. D)

9¢:8 CONTINUF
Y{IR) = -YI1
X(Ir) = -XY
IF (VER) GO TO 1172
IF {NUMPV.LE.M) GO TO 1200
C TEST FOR INVERSION GON THIS ITERATION
INVC = INVC +1
IF (INVC.EQ.NVER) GO TO 1320
GO TO 1240
C* END OF ALGORITHM, SET EXIT VALUES
207 IF (NOT.FEAS.OR,RCOST.LE.—12C0.)

o o

GO TO 203

SIMPO217
SIMPO218
SIMPO219
SIMP0220
SIMPO221
SIMPQO222
SIMP0223
SIMPQ224
SIMPO225
SIMP0226
SIMPQ227
SIMPO228
SIMP0229
SIMP0230
SIMP0231
SIMP0232
SIMP0O233
SIMP0234
SIMP0235
SIMPO236
SIMP0237
SIMP0238
SIMPO239
SIMPO240
SIMPO241
SIMP0O242
SIMP0243
SIMP0244
SIMP0245
SIMPO246
SIMP0247
SIMP0248
SIMP0249
SIMP0250
SIMPO251
SIMPQ252
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167

203
250

1399

INFINITE SOLUTION
K = 2
G0 TO 25%
PRORLEM IS CYCLING
K = 4
G0 TO 250
FEASIBLE OR INFEASIBLE SOLUTICN
K = &
IF (.NJTLFEAS) K = + 1
DN 1399 J = 14N
XX = det)
KRJ = KB(J)
IF (KBJJNED) XX = X{(KBJ)
KB(J) = LL
CONTINUE
Ko{1)
KO{(2)
KO(3)
KO(4)
KO(5)
KO{(6)
RETURN
END

K
ITER
INVC
NUMVR
NUMPYV
JT

wowohow o

SIMP0O253
SIMPO254
SIMPO255

SIMP0256

SIMP0O257
SIMP0O258
SIMP0259
SIMP0260
SIMP0O261
SIMP0262
SIMPO0263
SIMPO264
SIMP0265
SIMP0O266
SIMPO267
SIMPO268
SIMP0269
SIMPO2T70
SIMPO2T71
SIMPO272
SIMP0273
SIMP0274
SIMP0275

L81



10.

ll.

12.

13.

14.

15.

188
REFERENCES

Hasnain, S. A. and D. Okrent, "On the Design and Management of Fast
Reactor Blankets", Nucl. Sci. Eng., 9, 314 (1961).

Perks, M. A. and R. M. Lord, "Effects of Axial and Radial Blanket
Design on Breeding and Economics', ANL-6792 (October, 1963).

Evans, P. V., Ed., "Fast Breeder Reactors. Proceedings of the
London Conference on Fast Breeder Reactors organized by the British
Nuclear Energy Society. May 1966", Pergamon Press, Oxford, 1967.

ott, K. 0., "An Improved Definition of the Breeding Ratio for Fast
Reactors", Trans. Amer. Nucl. Soc., Vol. 12, No. 2, 719 (1969).

Spinrad, B. I., "On the Definition of Breeding', ANL-6122
(October, 1959).

Goertzel, G., "Minimum Critical Mass and Flat Flux", J. Nucl.
Energy, 2, 193 (1956).

Kochurov, B. P., "Minimum Critical Mass at Limited Uranium
Concentration", Soviet Atomic Energy, Vol. 20, No. 3, 267 (1966).

Goldschmidt, P. and J. Quenon, '"Minimum Critical Mass in Fast
Reactors with Bounded Power Density", Nucl. Sci. Eng., 39, 311 (1970).

Zaritskaya, T. S., and A. P. Rudik, "Using L. S. Pontryagin's
Maximum Principle in Minimum-Critical-Size and Maximum-Power
Reactor Problems', Soviet Atomic Energy, Vol. 22, No. 1, 5 (1967).

Rosztoczy, Z. R. and L. E. Weaver, "Optimum Reactor Shutdown
Program for Minimum Xenon Buildup", Nucl. Sci. Eng., 20, 318 (1964).

Roberts, J. J. and P, Smith, "Time Optimal Solution to the
Reactivity-Xenon Shutdown Problem", Nucl. Sci. Eng., 22, 470 (1965).

Ash, M., "Application of Dynamic Programming to Optimal Shutdown
Control”, Nucl. Sci. Eng., 24, 77 (1966).

Wall, I. and H. Fenech, "The Application of Dynamic Programming to
Fuel Management Optimization", Nucl. Sci. Eng., 22, 285 (1965).

Gandini, A., M. Salvatores and G. Sena, "Use of Generalized Per-
turbation Methods for Optimization of Reactor Design", J. Nucl.
Energy, 23, 469 (1969).

Purica, I., M. Pavelescou and V. Anton, "Optimizing the Initial
Conversion Ratio of Fast Breeders', JPRS 48331, Vol. 2, (July,
1969).



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

189

Hadley, G., "Linear Programming", Addison-Wesley, Reading,
Massachusetts, 1962.

Lamarsh, J. R., "Introduction to Nuclear Reactor Theory",
Addison-Wesley, Reading, Massachusetts, 1966.

Rohan, P. E., "Comparisons of Transport and Diffusion Theory
Calculations of Performance Characteristics for Large Fast
Reactors'", University of Illinois, Urbana, 1970.

Kang, C. M., Tentative title: "Finite Element Methods for Space-
Time Reactor Problems", Ph.D. Thesis, Department of Nuclear
Engineering, M.I.T., Expected publication date: September, 1971.

Loewenstein, W. B. and G. W. Main, "Fast Reactor Shape Factors
and Shape-Dependent Variables', ANL-6403 (November, 1961).

"Proceedings of the Conference on Safety, Fuels and Core Design
in Large, Fast Power Reactors', ANL-7120 (October, 1965).

"Proceedings of the International Conference on Sodium Technology
and Large Fast Reactor Design', ANL-7520 (November, 1968).

Hansen, H. E. and W. H. Roach, "Six and Sixteen Group Cross
Sections for Fast and Intermediate Critical Assemblies', LAMS-2543
(December, 1961).

Shapiro, M. M., "Minimum Critical Mass in Variable Density and
Epithermal Reactors", Nucl. Sci. Eng., 10, 159 (1961).

Devooght, J., "Restricted Minimum Critical Mass', Nucl. Sci. Eng.,
5, 190 (1959).

Hofmann, P. L. and H. Hurwitz, "Application of Minimum Loading
Conditions to Enriched Lattices'", Nucl. Sci. Eng., 2, 461 (1957).

Otsuka, M., '"Fuel-Importance Function and Minimum Critical Mass",
Nucl. Sci. Eng., 18, 514 (1964).

Monroe, C. W., "Sodium Void Coefficient of Reactivity. A Review
and Study of Analytical Work", UNC-5123 (May, 1965).

Hummel, H. H. and D. Okrent, '"Reactivity Coefficients in Large
Fast Power Reactors', American Nuclear Society, 1970.

"Large Fast Reactor Design Study", ACNP-64503 (January, 1964).

Gass, S. I., "Linear Programming: Methods and Applications",
2nd ed. McGraw-Hill, New York, 1964.



32.

33.

Dantzig, G. B., "Linear Programming and Extensions'", Princeton
Univ. Press, Princeton, New Jersey, 1963.

Weaver, L. E., "Reactor Dynamics and Control", Americal Elsevier,
New York, 1968.

190



