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DASH: A MULTICOMPONENT TIME-DEPENDENT CONCENTRATION DIFFUSION

WITH RADI0 ACTIVE DECAY PROGRAM

by

C. E. Apperson, Jr., C. E. Lee, and L. M. Corruthers

ABSTRACT

The multicomponent time-dependent diffusion with radioactive
decay problem which arises in the study of high-temperature gas-
cooled reactors fission product migration is solved in one-
dimensional geometries. The spatial multicomponent diffusion
operator is numerically represented by a conservative finite
difference approximation. An analytic time-dependent solution
is achieved using a matrix operator method. Comparisons of the
analytic-numerical solution method with a variety of analytic
solutions give excellent agreement. This solution technique has
been inct . porated into an algorithm for use in a computer code,

90 r by graphi,te is calculated.DASH. The holdup of S

I. INTRODUCTION

Multicomponent time-dependent concentration diffusion and radioactive decay
lof isotopic species is an important aspect of fission product migration and

release from fuel particles and fuel elements in High-Temperature Gas-Cooled

Reactors (HTCRs). Analysis techniques for solving these types of problems are
well known,2,3 but are subject to time-step limitations to guarantee numerical
accuracy and stability. These limitations are related to the magnitudes of the
diffusion coefficients, decay constants, and spa' ' size of the system under
consideration.

A one-dimensional analytic-numerical solution of this diffusion prob 1cm
has been investigated. The diffusion operator is numerically approximated by a
spatial finite-difference representation. The resulting time-dependent problem

1
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is selved analytically using a matrix operator method. Comparisons to a number

of known one-dimensional analytic solutions have been made, These comparison

problems include the one specie and two species, two material slab, cylinder,
and sphece.

In all instances considered, the agreement with analytic solutions is ex-
cellent, limited only by the accuracy limitations of + ie finite difference repre-
sentation. The time-step limitation associated with other numerical solution
methods has been eliminated.

This analytic-numerical technique has been utilized as the solution routine
in a computer code, DASH, for solving the general problem of concentration dif-
fusion wich radioactive decay.

II. THEORY

The differential equation governing time-dependent multicomponent diffu-
sion with radioactive decay is given by

= V DVd - )C + $, (1)

2where D is an n x n square positive definite diffusion matrix (cm /s), C
is an n-component column vector representing isot]pic concentrations

3(atoms /cm ), A is the decay matrix including branching rations 5 (1/s),
3and S is an n-component column source vector (atoms /cm s). Equation (1)

is solved in one-dimensional geometries (slab, cylinder, or sphere) subject
totheinitialconditionf(r,t)=f(r,0)andeitherhomogeneousNewman
(D76 = 0) or inhomogeneous or homogeneous Dirichlet (d = 3or f = 0) boundary

conditions.

A. Difference Equation Derivation

A finite-difference representation for the spacial diffusion operato- is
obtained by integrating Eq. (1) over a subvolume of a discrete mesh. Gauss'

theorem, when applied to the integrated result, yields

d + + + + +

C -A J J V C S . (2)k dt k k + 1/2 k + 1/2 + Ak - 1/2 k - 1/2 ~ Ak g g+Vk=

k

thIn Eq. (2), C is the concentration vector averaged over the k cell,k
th

[k is the volume cf the k cell (diagonal matrix), and A andk i 1/2
J are the area elements and current at the boundarv between cell kk + 1/2

_

2
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thand k + 1. The cell-centered curce vector averaged over the k computa-
tional cell is denoted by S . The decay matrix in cell k, A , is cellk k
dependent only if neutron processes are included in addition to B decay.

The currents at the mesh boundaries, Jk + 1/2, are evaluated in terms
of the concentration vector

')k+1/2 -D N + 1/2 (3)k

The mesh spacing (Ar ), area elements (Ak + 1/2), and volume elementsk

(V ) for cell k as a function of geometry are given in Table I. The nota-k

tion used throughout this discussion is illustrated in Fig. 1.
In order to develop difference equations that will be amenable to concen-

tration-dependent diffusion coefficients and concentration discontinuities, the
6

representation

_

TABLE I

GEOMETRIC VARIABLES

ArGeometry k ^k + ! k3

Slab r I Ik+L- kli Ar2
k

Cylinder r - r 2nr "(" ~" - k}k+13 k13 k+k &li 22

2 3 3Sphere r -I 4nr (r -r )k+13 k- , 7, k+13 _

|
+ + + +
C C C C +1k-l k k

+
J

'
Jk-\ k+13

Cell k-1 k k+1

Fig. 1. Discrete mesh function representation.

3
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# rpk+13 k+1p
. .

J dr (4)J dr =
j

r r
k k+13

is used or substituting - DVC for I,

C Ck+13 k+1
f+ +

(5)} D dC
D dC =

,

C Cy k+13

For the case of continuity of concentration and concentration independent dif-
fusion coefficients (D / D (C)), Eq. (5) yields

C (Ok+Uk +1) (D k+D+1 k + 1)' (6)k+Li k k

where D is the diffusion coefficient matrix in cell k. These assumptions
k

are valid for the problem being studied.

Using Eq. (6) the current at the boundary k + 13 may be evaluated as

4 + +

Dk (Ck+13 - k)S#k + ark + i)-J =

k+13

=4Dk (Dk+Dk * 1) Dk + 1 (Ck+1- k) fork + ark + 1) (7)

Similarly, making the same argument for cells (k - 1, k) ,

Dk - 1 (Dk+Dk - 1) Dk(k-Ck - 1) ark -1 + ar ) . (8)- J =

k13 k

Note that (Dk+Dk + 1) represents a matrix inverse of a positive d3 finite

diffusion coefficient matrix. Substituting Eq. (7) and (8) into Eq. (2)

results in

4
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,

dC - + * + +
k

k dt ~ ^k k+1* k k+ k k-1+vS' (9)k k

where the coefficient matrices are given by

=4A Ok (Ok+Ok + 1) k + 1(ark + Ark + 1)'k k + 1/2

=4A Dk - 1 (Dk-l + O ) D ork-1+O k),andF
k k - 1/2 k

Kk*-Nk ~O k v'k k

Since 5 k + 1, a reciprocity relationship exists.7k
The spatial boundary conditions treated are reflection (3 = 0), homogen-

eous Newman, and concentration specification, homogeneous and inhomogeneous

Dirichlet.

For reflection at the lef t-hand side of the cell k = 1, [3 is set to
k

zero for k = 1. For reflection at the right-hand side of cell k = K, A k
is set to zero for k = K in Eq. (10). This procedure eliminates reference

to either 6 r f , ), 'rresponds to a zero current boundary con-ic
0 g

dition.

When the concentration is specified on the lef t-hand side of a slab or
on the interior surface of a h llow cylinder or sphere, k is equal to

k _$. A k value of I corresponds to the first calculational cell in ao g

slab but it corresponds to the central cell in a hollow cylinder or hollow
sphere. In a hollow cylinder or sphere the first calculational cell is k =2.g

The left-hand current for both cases is given by

[ )

(k - k -h "k ' ( }| '

K - k
o o ) go o

where the concentration vector C is specified. The right-hand cur-
k -%~

rent is given by Eq. (7) with k =Uk. From these results a modified setg

of coefficients for Eq. (9) can be evaluated

/ )
+ l!( Ik k +1)'E=4A D + arD

o(k+Dk + 1)
k k + 1/2 k k

o o o oo o o

E8 123.
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_

B' =2A D /#k k - 1/2 k k'
o o o o (12)

K^ -A Vk *~ k - k k k*
o o o o o

It should be noted that 5 coefficients in Eqs. (10)and (12) are
k

identical.
To account for the concentration diffusion of the material inside boun-

dary 1, the source vector is modified.

V =V ( }k k k k k k '1/2 *o o o o o o

Similarily, for concentration specified at the outside baundary of cell k = K,
a modified set of coefficients for Eq. (9) must also be developed. In this

case the B coefficients are identical between Eq. (10) and Eq. (14).
k

Q=2AK + 1/2 K/ar 'D

K

K=4A D (D _) + D )-
D

K - 1/2 g,) g g K/(tr _) + ar ) , (14)g g

K' = -5' - 5 -A Y'g g K K

In like manner, also the source vector must be modified to account for the

concentration diffusion of the material specified on the outside boundary.

f + ,( C + 1/2 (15)V Sy=Vgg g K

The equations represented by Eqs. (9-10) ano (12-15) may be written in
supermatrix, supervector form as

+ + -*d
g C = AC + VS, (16)V

where

:

); i i



_

& $'
I i 1

2 2

* "
* '

(17)
.

K-1 K-1

& s'
K K

-._ __

1

2

~

(18)

vg

and
___

1 1

2 2 2

.

'

_ ('9)-

.

K-1 K-1 K 1

K K-
-

Equations (12) and (14) are included in 3 for the first and/or last elements
for the case of concentration spefication at a boundary. The V in Eq.

k
(18) are diagonal matrices of the form

Vk=IV, (20)

e 358 IN
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th
where V is the scalar volume of the k cell and I is the n-dimensional
identity matrix, where n is the number of nuclides in the radioactive decay

chain. Each of the elements in A is an n-by-r matrix. The elements 5 'k k'

and K are defined by Eq.s (10, (12), and (14).
k

B. Analytic Operator Solution
Although Eq. (16) could be solved by a standard implicit time--differencing

technique,I such techniques are limited in time-step size by spectral consid-
Instead, an operator method is used. ,5era ti ons .

By defining

-l (21)i = td, g = U$, and B = AU

and assuming A is constant over the interval (0, t), Eq. (16) takes the form

= BX + g', (22)

4which has the solution ,5

f(t)=e f(0)+tD(Bt)g, (23)
'Bt

where

Bt (24)D(Bt) = (Bt)-I (e - I),

and X(0) is the vector of initial concentrations. Substituting Eq. (21)

into Eq. (23), the solution to Eq. (16) is given by

I (25)I Bt LO(0) + F tD(Bt) VS,d(t) = F e

where B = AV-I (1/ s) and V is a diagonal cell volume matrix. The details for

evaluating the matrix operators e and D(Bt) for arbitrary t are given in

App. A.

t
'

358 1268



III. VALIDATION AND ACCURACY EVALUATION

Although no experimental validation of DASH has been conducted, a sub-
stantial number of comparisons have been made to published analytic solu-
tions. No attempt has been made to make all the pnssible comparisons, but a
sufficient number of problems have been compared to establish confidence in
the DASH methodology. For the problems considered, the observed errors are
of the magnitude one would expect from a spatial rinite-differencing
technique. Some of these comparisons are discussed in detail. The test
problems which are discussed were chosen because they point up unique
features of the code.
A. One Material, One Specie Test Problems

The simplest problem type to utilize the full capabilities of the DASH
code is the one material, one specie problem with concentration diffusion
and radioactive decay. The one-dimensional geometry in the code permits the
evaluation of problems involving an infinite slab, an infinite solid or
hollow cylinder, and a solid or hollow sphere. The analytic solutions for

8comparison are taken from Crank and Carslaw and Jaeger.3 These pub-

lished results are for concentration diffusion without radioactive decay or
can be modified to fit this type of problem. A transformation developed by

9
Danckwerts can be used to extend these results for time-dependent concen-
tration diffusion to also handle radioactive decay. Danckwertd transfor-
mation states that

'

C=AIt-C e- At dt + C e
'

-

At
(26),

o

where A is the radioactive decay constant (1/s), C is the diffusion solu-
3tion without radioactive decay (atoms /cm ), t is the evaluation time (s),

and C is the solution with both diffusion and decay (atoms /cm ). This3

transformation is valid for an initial concentration of zero, and boundary
conditions of either surface-saturation or surface-resistance.

1. Slab Problem

The aralytic solution for time-dependent concentration diffusion

in a slah (0 s x s E) with a uniform initial disitribution and different
Osatura+ed surface concentrations is

e

i, '") 3., c nm.



-Dn ,2 I2cos (nn) - C tl . nnxx 2 2 'sin exp
2C' = C) + (Cp - C)) 7 + n_ n g \ f )n=1

4C ) f(2m + 1) nx -D(2m + 1)2,2 t (27)g

" 2m + 1 g j exp ( 2. L g j
m=0

where C is the initial uniform concentration, C) is tne surface concen-g
tration at x = 0, C is the surface concentration at x = 1, D is the dif-

2
fusion coefficient, and t is the evaluation time.

A simple one material, one specie infinite slab problem has been defined
which can be solved both by Eqs. (26) and (27) and by DASH. The data for

this problem is tabulated in Table II. The test problem was solved analyti-

cally at 27 space points at 5 different times. The DASH solution was for

the same 5 times using 25 mesh cells. The maximum error observed occurred

during the first time step, 0.1 days, at the center of the slab and had a
magnitude of 0.28%. The magnitude of the error is defined to be the abso-
lute value of the difference in the analytic and DASH results divided by the

analytic result. The results are compared in Fig. 2. The figure resolution

is such that the analytic and analytic-numerical, DASH, results fall on top

of each other.
2. Cylinder Problems

a. Solid Cylinder. The time-dependent concentration diffusion

problem for an infinite solid cylinder (0 5 r 5 a) with a uniform initial dis-
tribution and a constant concentration at the outer radius is given analytically

by

TABLE II

DATA FOR VALIDATION TESTS

B ARY CC ITIONS CIMEN510NS
C F ENT C 5 T C- T

,

2 D
GECa4ET E f (cm s'I) (s-I) (ators/cm ) (atoms /cm ) (a tc.ns/cm (cm)

s

4 -I IO 10
Slab 7.234 x 10 8.022' x lo 0.0 1.0 x 10 1.0 x 10 1 cm thick

Solid Cylinder 7.234 x 13 8.0225 x 10'7 0.0 REflECTE3 1,o x 10 i cm radius-6 10

-6 -7 10 0
HollCW Cylinder 7.234 x 10 6.0225 s 10 0.0 1.0 x 19 1.0 x 10 0.5 cm I.D., 2.0 cm o.d.

Solid Sphere 7.234 x 13 8.0275 x 10 0.0 RE F LECTED 1.0 x ly0 1 cm radius-6 -7

-6 ~7 10 10
Hollow Sphere 7.234 x 10 8.0225 x 10 0.0 1.0 x 10 1.0 x 10 0.5 cm I.D., 2.0 cm o.d.

*
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Fig. 2. Slab validation problem results.

2

-C)d2_ { exp(-Da t) J (ra )
*

n o n
C=CI + (C ,

I
n1( "n) ( 8)n=1 a

where C is the initial uniform concentration, C) is the boundary con-g

centration, D is the diffusion coefficient, and t is the evaluation time.
The cg's are roots of the Bessel function of the first kind of order zero,

J ( a c*n ) = 0, (29)g

where a is the cylinder radius. The problem defined in Table II for a solid

cylinder can be solved both by Eqs. (26) and (28) and by DASH. The analytic
solution was evaluated at 27 space points at 5 different times. The same 5

time points were used when the problem was solved using DASH with 25 mesh
cells. The maximum observed error of 1.5%, the largest error for the one
material, one specie problems studied, occurred at the center of the cylin-
der on the first time step, 0.1 days. The results, Fig. 3, from the two

celculations again fall on top of each other due to the resolution limits of
the graphic scales.

"
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b. Hollow Cylinder. The analytic solution to the problem of flow
8through a cylinder wall (a c r c b) is

2b " J (#*n) U (ra ) exp (-Da t)C) fn +C " "
2 o g n

+
En (b/a) "o

n=1 ' J (aa ) + o (ba )g n n

C do (aa ) - C) J (b n)h do ( *n) U (ra )=

2),2 n g g n exp (-DaE 7+n
""I J2 (aa ) - J (b n) ( 0)

n

where C is the initial uniform concentration, C) is the inner boundaryg

concentration (r = a), and C is the outer boundary concentration (r =
2

b). The function U is given byg

Ug (ra ) " do (""n) Yg (ba ) - J (ba ) Yg (ra )*n n g n n

(31)

The values of a are the positive roots of
n

Ug (a a ) = 0, (32)
n

where a is the inner radius and b is the outer radius of the hollow cylin-

der. The hollow cylinder problem solved both by Eqs. (26) and (30) and by

DASH is stated in Table II.
Analytic solutions were evaluated at 26 space points at 5 different

times. This problem was solved with DASH at the same 5 time points using 24

mesh cells. Tne maximum error observed was 0.24% and it was encountered at
the first time step, 0.1 day. The error occurred at a point located a

third of the way between the cylinder walls when measuring from the inside
boundary. The results are illustrated ir. Fig. 4. It should be noted that
the scaling of the ordinate is not the same as in the previous figures.

{P3
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3. Spherical Problems

a. Solid Sphere. The problem of diffusion in a sphere (0 < r < a)
0has an analytic solution given by

C=C1 + (C1 - C)U fI-I) -Dn n tsin """ exp (33)o nr " ,

n=1 \ a /

where C is the initial uniform concentration, C) is the boundary con-g

centration (r = a), and D is the diffusion coefficient.

Using the solid sphere data of Table II, this problem can be solved ana-
lytically by Eqs. (26) and (33) and numerically by DASH.

Analytic solutions were obtained at 27 space points for 5 time inter-

vals. DASH solutions were calculated for the same 5 time intervals in 25
mesh cells. The maximum error for this set of problems was 0.93% and it
occurred at the first time step, 0.1 days. This error was observed at a
point a/4 from the sphere center. The analytic and DASH results are given
in Fig. 5.
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b. Hollow Sphere. Ti.e analytic solution for flow through a spherical
8wall (a s r 5 b) is

-aC))(r-a)aC) +(bC2C=
r r (b - a)

[-Dn'2)2
b - C )cos(ni)- a(C) - C) " (# ~ exp t

E
(C=

2 g g sin2 b-a b - a)2
,

+ E
=1

n
n

(34)

where C is the initial uniform concentration, C) is the boundary concentrationg

at r = a, C is the boundary concentration at r = b, and D is the diffusion
2

coefficient.
The hollow sphere problem can be solved both by Eqs. (26) and (34) and bv

DASH.

The analytic results were evaluated at the 26 space points at 5 different
times. The DASH solutions were for the w.ne 5 time steps using 24 mesh cells.

. g r,
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A maximum error of 0.38~ was observed at the first time step, 0.1 days,
at a point located 20I of the way between the shell boundaries when measured
from the inner wall. The calculated results are illustrated in Fig. 6.

B. Two Material, Two Specie Test Problems

Steady-state solutions can be readily obtained for the two-group neutron
diffusion problem in reflected critical masses. One popular technique for
solving these problems analytically is the critical determinant method.10
Using this approach,the critical radius of an infinite slab, infini te cylinder,

or sphere can be evaluated. With this information the steady-statt fast and

thermal flux shapes in the fissile and reflector material can be determined.

The problem of neutron diffusion is extremely similar to the problems of

concentration diffusion being studied. Because of this, the DASH code can be

used to solve the two-group neutron diffusion problem with only minor modifi-
cations to the existing input routines. This is not to say that DASH can be

used as a neutron diffusion code. DASH is optimized to solve Eq. (1) and lacks
certain desirable characteristics for a production code for neutron diffusion.
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The two-group neutron diffusion problem when set up in DASH produces full
diffusion and decay matrices. This in conjunction with the two specie two-
material nature of the problem provides an extensive test of the DASH code's
ability to evaluate a steady-state solution. The test is further complicated

by the need to reproduce the thermal fhx peak. It is necessary to analytically

determine the material interface for DASH, sin'ce it has no routines for evalu-

ating the critical radius.

The basic data used in this series of problems is given in Table III. The

k, is 1.388 9 and the reflector is always 25 cm thick.
1. Critical Slab

For the data given in Table III the half-thickness of a critical slab is

7.988 cm. Using the previously discussed analytic approach,10 the fast ar.d

thermal fluxes were calculated at 25 equally spaced points in material 1 and at
75 equally spaced points in material 2. More points were placed in material 2

to allow the thermal flux peak to be properly described, Numerical results
were obtained with DASH using 12 mesh cells in material 1 and 38 mesh cells in
material 2. These results are illustrated in Figs. 7 and 8.

The maximum error in the fast flux was 0.335 and the maximum thermal flux
error was 0.60;. Both of these errors occurred in material 2 just after the
material interface.

A further measure of the accuracy of the DASH results when compared to
the analytic results is the fast-to-thermal flux ratio, Fig. 9. The ratio of
the fast to thermal flux is plotted for both calculations. The maximum error
observed in this ratio is 0.92% and it occurred in the same region as the other
errors for this problem.

TAELE III

TWO GROUP VALIDATION TEST DATA

Group 1 Group 2
Material Material Material Material

1 2 1 2

Diffusion Coefficient (cm) 1.13 1.13 0.16 0.16

Absorption Cross-Section (cm-I) 0.0419 0.0419 0.06 0.0197

Fission Cross-Section (cm-I) 0.0 0.0 0.040258 0.0

16

3bb l
..
,

**



a
0

-N-

'N

\e
a_ s .

o phi-1
_

\
s
E

-

c 'x
g- w]sN

s;
c
?
So-
2
Ee

R-
o

8 pht-2n
O

C

\

$ N \r_ _E
K

0.0 lb 0 Ob 0 30 0 400
Distance (cm)

Fig. 7. Critical slab analytic results.

9 e
~

\ phi-1c
,

-x- , -- y

\ \

f "\ -

o

b- -i 'N "- - DASH
\ -- A naly tteCx

2 \ 5'

w s

h_ d 5 $.\9
56 -\ \ t
i :\ \ u
ac \ \ o

s 8- -A \-
;o
1

S.
,

+
N phl ,
o

_ o- %

N_
\ s

\ \c

s 'N N E -

s

9

$ '~>:__ 8
'

00 lb 0 00 0 30.0 400 00 10 0 00 0 30 0 400

Distance (cm) Dist ance (cm)

Fig. 8. Critical slab DASH results. Fig. 9. Slab flux ratio comparison.

17
.

~



2. Critical Cylinder

The critical cylinder problem when solved using the data of Table III has
a critical radius of 15.368 cm. An analytic evaluation of the fast and thermal
flux was done at 25 space points in material 1 and at 75 space points in

material 2. DASH results were obtained for 19 material-1 mesh cells and 31
material-2 mesh cells. These results are illustrated individually in Figs.10

and 11. The maximum error in the fast flux occurred 40 cm from the cylinder

centerline and had a magnitude of 0.580. The maximum thermal flux error was

0.80% and occurred 15 cm from the centerline. As in the slab problem the f.st-

to-thermal flux ratios were also compared, Fig.12. The largest error observed

was 1.217. This error occurred at a point essentially at the material interface.
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3. Critical Sphere

A critical radius of 21.91 cm is obtained when the Table III data is used
to solve a spherical critical determinant problem. The analytically determined
fluxes, Fig.13, were evaluated at 25 space points in material 1 and at 75 space
points in material 2. The DASH results, Fig. 14, were calculated based on 25

material-1 mesh cells and 25 material-2 mesh cells.
The maximtml error fer both flux groups occurred at the material interface.

The largest fast flux error was 0.74; and the largest thermal flux er or was
1.25; The flux ratio comparison, Fig.15, has its greatest error in material 2
near the material interface. The magnitude of this error is 0.97%.

C. Inherent Differencing Error

The DASH solution is obtained through the application of both analytic
and numerical solution techniques. The procedure employed uses a matrix oper-
ator method to evaluate the time-dependent solution af ter the spatial variable
has been differenced. The inherent error in the spatial differencing can be
determined by expressing the difference equation with a Taylor's series.

?
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From the Taylor's series representation, the inherent error can be repre-
sented by an even power series of h, the mesh spacing. When h is small, the

2principal error contribution comes from the h term. Under these conditions,

it is acceptable to assume that the inherent error due to spatially differencing
2Eq. (1) is proportional to h

2kh (35)=e ,

where

inherent error=c

proportionality constantk =

h mesh spacing.=

By substituting L/n for the mesh spacing in Eq. (35), where L is the thickness
of the sample and n .s the number of cells in L, a more general expression can
be obtained.

(kL ) (36)=c
n

2For a given geometry kL is constant. The analytic-numerical DASH solution
accuracy, therefore, should vary inversely with the square of the number of
cells if the code is properly constructed.

As a test of this property, the slab problem of paragraph III,A,1 was
evaluated at five different mesh sizes. The results of this exercise are given

in Table IV and Fig. 16. The maximum observed error over five time steps was
2used in this study. One can see from Table IV that en is approximately

constant

*,

,b*
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TABLE IV

SPATIAL DIFFEREtiCliiG ERROR

I

fiorrrali zed
2 2

n c n en g

5 0.061320 25 1.53 1.000

10 0.016860 100 1.69 0.?75

15 0.007778 225 1.75 0.127

20 0.004370 400 1.75 0.071

25 0.002820 625 1.76 0.046

! ^

-

o

-

O

-

E"
9

E $'
3 -

,

k_ s

\

'sc-
s

N

b_
'

.,

o x
~'

L+~

o
, , , , ,

00 5.0 10 0 15.0 00 0 25 0 30 0

Nuniber of Mesh Cells

0Fig. 16. Relative inherent differencing error. \
'

'-q
)

22



D. Numerical Errors Associated with Matrix Inversion and Matrix Operator

Solution
The basic equation to be solved [Eq. (16)] involves a supermatrix A given

by Eq. (19) whose coefficients 5 and 5 depend on the inverse of the diffusion
matrix [see Eq. (10)J. This inverse will be difficult to perform in some

numerical situations. For submatrices with no off-diagonal terms this is not

a problem, however.
The full set of equations involving the supermatrix is solved by a matrix

operator method which involves surming the terms in the matrix as a first
step. This sum is used to decide how many times the matrix should be divided

by two to reduce the terms of the matrix to manageable size. If the matrix

has a few very large terms, this method may cause the part of the solution
which results from this operation to disappear. One type of problem which

has this difficulty is one in which the cells are of very uneven sizes. The

individual terms have nr in the denominator and this causes the elements of
the supermatrix to be large if the cell they refer to is small .

90IV. HOLDUP OF Sr BY GRAPHITE

A parameter study of the release and diffusion-decay of isotopes of
strontium in a simplified one-dimensional slab model of an HTGR core block
has been carried out. A typical element of the core block and the coolant
hole was modeled as shown in Fig.17; the dimensions of each region were taken
from Ref. 11.

A decay chain used for the test problem is

90 p0y g0ZrSr

with yields and decay constants shown in Table V. The boundary conditions used
are reflection at x = 0, zero concentration at x = 1.05.

llThe approach is to use data from the work of Appel and Roos and calt.u-
late the distribution of the isotopes of this decay chain in the fuel matrix

90 9
and structural graphite. The source term for Sr is taken to be 7.3 x 10

3atoms /(cm .s) as given in Ref.11. The source terms for the other isotopes
in the chain are taken in proportion to tha yields of Table V.
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The temperature changes from the beginning to the end of the calculation

(six years duration) are shown in Fig. 17. Temperatures at intermediate times

are calculated by linear interpolation.

Data are given in Ref.12 for the diagonal terms of the 3x3 diffusion

matrix for the three species making up this problem. For the Arrhenius
representation,

TABLE V

DATA FOR MASS-90 DECAY CHAlti

ISOTOPE YIELD S| DECAY CONSTAf1T/s

90 -10Sr 5.77 7.844 x 10

90 -6
Y 5.7/ 2.994 x 10

90 -20
Zr 0.0 1.0 x 10
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-109 0 = A + 1000 C/T , (37)
10

the coefficients A and B are given in Table VI. The data were taken from

Ref. 12.
II 90

Appel and Roos assume that the concentration cf Sr drops by a factor

of 300 at the fuel-graphite interface corresponding to the distribution coef-
ficient between the two substances. This is handled in DASH by putting a

-5small region (10 cm thick) at the boundary and adjusting the diffusion coef-
Oficient of the reoion introduced until the ratio of Sr concentrations is 300.

Except for this boundaty region, the mesh spacing is taken as 0.05 cm throughout.
90To con' pare with the work of Appel and Roos, the concentrations of Sr

were calculated at the end of one year using the diffusion coefficient data
from Ref. 11 [A = -2.477 and B = 13.1 in Eq. (37)] and the data of Table VI
for comparison. The comparisons are shown in Table VII.

TABLE VI

DIFFUSION COEFFICIENT PARAMETERS

SPECIE A B

90 Sr 0.34 6.5

90
Y 0.74- 14.2

90Zr 1.19 22.8

TABLE VII

90
COMPARISON OF Sr CONCENTRATIONS AT ONE YEAR

ASH Results
POSITION Results from Ref. 11 Ref. 12

3
_(cm) MATERIAL Ref 11 (atoms /cm ) Coefficients Coefficients

18 2.27 x 1017 1.80 x 10170.125 Fuel 1.7 x 10
15 l4 l4

0.30 Graphite 3.0 x 10 5.41 x 10 5.68 x 10

I4 I4 l4
0.50 Graphite 6.0 x 10 1.06 x 10 4.30 x 10

13 12 I4
0.75 Grcchite 1.0 x 10 4.62 x 10 2.23 x 10
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It is apparent in looking at Table VII that the '0Sr concentration in the
0

fuel matrix as given by Appel and Roos is larger than that which a source of
9 37.3 x 10 atoms /(cm s) would produce in one year with no diffusion. Further

investigation leads us to believe that Appel and Roos used a source of 7.3 x
Il

10 which probably explains the difference between DASH and the Appel and Roos

results.

A more realistic treatment of the source allows for an increased source
strength in later years caused by an increase in fuel particle failure rates.

9 3
We assumed that the initial source (S = 7.3 x 10 atoms /cm .s) increases withg

time such that S is used for the first year, 2S for the second year, 3S forg g g

the third year, etc. Numerical results for 90' r concentration are listed in
Table VIII and shown in Fig. 18. The diffusion coefficient data of Table VI
was employed in this calculation. The Y concentration profiles are shown in

90Fig. 19. Comparison of the amount of Sr produced with amount retained is
the fuel and structural graphite indicates that even at six years almost half
of this species is held up by the presence of the graphite. On the other hand,

90 90
the Y does not diffuse significantly but decays into Zr.
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Fig. 18. Sr concentration profiles.
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TABLE VIII

90
Sr C0tiCEtiTRATI0tl Ifl FUEL MATRIX WITH ItiCREASItiG SOURCE

Fuel Fuel Concentration
Time Total Source Concentration if no. Diffusion Fraction
hj_ Units (atom /cm3) (atom /cm3) Retained

17 I
1 1 1.80 x 10 2.30 x 10 0.78

17 172 1+2=3 4. 7 4 x 10 6.91 x 10 0.69
17 182 3+3=6 8.4 5 x 10 1.38 x 10 6.61

I6 184 4 + 6 = 10 1.27 x 10 2.30 x 10 0.55

18 185 5 + 10 = 15 1. 7 5 x 10 3.46 x 10 0.51

18 I86 6 + 15 = 21 2. 2 7 x 10 4.84 x 10 0.47
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V. PROGRAM STRUCTURE

A. Role and Function of Subroutines
The DASH program consists of a driver routine, DASH 1, and 34 functions and

subroutines. The func: ;ni and subroutines can be divided into three classi-

fications: primary. iondary, and graphic. The primary routines are those

that are ccl'" 'ectly i)y the controlling routine, DASH 1, and perform major

tasks. The 2econdary routines are utility routines called by the primary sub-
routines that do vector and ma ;rix operations and function evaluations. The

graphic routines are available for the generation of plots on 35-mm film.
1. Primary Routinee

The 15 primary routines are discussed in the order in which they are
called by DASHl.

a. INPA. The soubroutine If1PA reads and prints the basic nuclear

data used in constructing the radioactive decay chain matrix. The input is

stored locally so that it is readily available for subsequently called routines.

b. INPB. The subroutine INPB reads and prints the problem-

dependent data.

c. GEOM. The subroutine GEOM calculates the geometric information

required by the solution routines. From data supplied in INPB, this routine
evaluates the mesh cell dimensions, area, and volume.

d. TEMADJ. The routine TEMADJ takes the temperature data supplied

in INPB and fits it to a spline. From the fit, the routine calculates effec-

tive mesh cell temperatures for all the cells in the problem.
e. INPLT. The routine INPLT displays the calculational cells

graphically. The mesh cells are illustrated with boundary condition and

dimensional data. The purpose of this routine is to facilitate the debugging
of the geometric input.

f. DIJADJ. The routine DIJADJ use the Arrhenius relation to tem-
perature correct the input diffusion coefficients on a cell-by-cell basis.
The temperatures calculated in TEMADJ are used along with the activation ener-
gies and diffusion coefficients read by INPB.

g. BCONL. The routine BCONL is used to establish the lef t-hand
spatial boundary condition. Based on input data a modified value of B , Eq.

k

(12), is evaluated for Eq. (9). The modified source, Eq. (13), due to the left

boundary is also determined in this routine.
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h. MAKLAM. The routine MAKLAM utilizes the nuclear data from ItiFA
to construct the radioactive decay matrix, Eq. (2).

i. BIGEL. The routine BIGEL constructs all the matrices necessary
for the matrix A, Eq. (19), except i . This determination is carried out on a
cell-by-cell basis.

j. MAKEB. The routine MAKEB assembles the matrix B. It takes the

matrices created by BIGEL, multiplies them by the inverse volume element
matrix, and inserts them in the matrix B.

k. BCONR. The routine BCONR is used to estiblish the right-hand
spatial boundary condition. Based on input data a modified value of A , Eq.

k

(14), is evaluated for Eq. (9). The modified source, Eq. (15), due to the right
boundary is also determined in this routine.

1. SOLVE L The subroutine SOLVER operates on the matrix generated
Btby MAKEB to calculate the two matrix operators, D(Bt) and e , , recursion,

relations discussed in App. A are part of this routine.

m. MAKVOL. The routine MAKVOL assembles the diagonal volume ele-
ment matrix, Eq. (20), used in FSOLVE.

n. FSOLVE. The subroutine FSOLVE uses the operators calculated in
SOLVER, the initial concencration vector, and the diagonal volume matrix to
evaluate the time-dependent spatial concentrations according to Eq. (25). This

routine is evaluated for each time interval specified in INPB.
o. CONCPLT. The routine CONCPLT prints the results from FSOLVE in

a detailed manner as a function of time and space point in either terminal or
line printer format.

2. Secondary Routines

There are 14 secondary routines in DASH. These routines do utility oper-
ations such as vector and matrix operations, curve fitting, and function
evaluation.

a. The general mathematic routines are listed below.

SCALAR - Multiplies a local matrix by a scalar..

SCAECS - Multiplies en extended core storage matrix by a.

scalar.
IFACT - Evaluates factorials..

GENID - Generates an identity matrix..

MATMOV - Equivalences two local matrices..

MOVECS - Equivalences two extended core storage matrices..

.
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MATMPY - Multiplies combinations of local vectors and local.

matrices.
MPYEC3 - Multiplies combinations of extended core storage*

vectors and matrices.
MPYEC1 - Multiplies combinations of local and extended core*

storage vectors and matrices,
b. The specialized input and output routines are listed below.

PRIM - Prints a local matrix..

PRIMES - Prints an extended core storage matrix.*

PRIV - Prints a local vector..

REAG - Reads floating point data.*

REAI - Reads integer data.*

c. There is one special purpose secondary routine.
WXSEC - Collapses multigroup cross sections by flux*

weighting.

3. Graphics

The graphic routines generate 35-mm-film output in the form of plots of the
calculated results for each time step in the problem. The plots make use of

the DISSPLA* system which should facilitate the transfer to other computer
centers. The plotting is done entirely in subroutine DRAW. The plots can be

deleted without affecting the remainder of the code.

+ DRAW - Controls the plotting of time-dependent results.

The DISSPLA routines employed are

. GPLOT - Device-independent initialization routine.

* BGt4PL - Begins a plot.

. HEIGHT - Sets the basic character height.

* TITLE - Draws axes and titles.
= GRAF - Scales axes.
* CURVE - Draws a curve.
* ENDPL - Ends a plot.
. DONEPL - Plot termination.

*
DISSPLA is a proprietary software product developed by Integrated Software
Systems Corporation, San Diego, CA. It is available at about 200 computer

installations.
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B. Program Flow

The flow of the DASH program is illustrated in Fig. 20. The name of the

primary subroutine involved in a given step is enclosed by parenthesis.

C. DASH Input Instructions

The DASH input is contained in 17 cards which are divided into 4 sets.
The first set consists of card 0, which establishes the print options. The

second set consists of cards 1 and 2 and defines the nuclear decay chains.

BEGIN DASH

CONSTRUCT DECAY EVALUATE AND
MATRIX FOR SUBSTITUTE K g

CELL k (MAKLAM) INTO SOLUTION
INPUT NUCLEAR DATA MATRIX B

(INPA) (MA KE B)

CORRECT DIFFUSION

INPUT DIF FUSION
TEMPER ATURE IN lik EVALUATEe'8

AND GEOMETRIC i

CELL k+1 AND D(Bt)DATA
(INPB) ADA MMN

i
CALCULATE CELL EVA LUATE K,, A, 1 CONSTRUCT DIAGONAL

ARE AS AND VOLUMES AND B,,, MATRICES VOLUME MATRIX
(GEOM)

IBIG E L) (MA K VOL)

CA LCU LATE SUBSTITUTE K . A EVALUATEg
TEMPERATURE ANDB INTO CONCENTRATIONS AT +

g
FIE LD (TEMADJ) SOLUTION MATRIX B TIME STEP (FSOLVE)

(MAKEB)

PPINT GEOMETRIC
AND TEMPERATURE j[,( ST LYE^^

NEXT TO NO STEP(INPLT. PRIV)

YES

CORRECT DIFFUSION PRINT R ESULTS
WEFFICIENTS FOR OF CALCULATION

TEMPERATURE (CONCP LT)
IN CELL 1
(DlJADJ)

{ PLOT RESULTS
OF CALCULATION

EVALUATE B, (DRAW)
MATRIX FOR EVALUATE A MATRIXg

LEFT BOUNDARY (BCONL) FOR RIGHT BOUNDARY dL

(BCONR)

END

Fig. 20, DASH flow diagram,

31

.

%



Cards 3 and 4 compose the third card set, which contains the multigroup cross-
section data. The fourth set, cards 5-16, defines the physical characteristics
of the system being evaluated.

The specific data for the four sets are detailed in Table IX. The user

should n7to that if words 3 and/or 4 of card 1 are negative,1 or 2 branching
ratio cards, card 2 n:ust follow card 1 before the next card 1. It should
also be noted that cards 2 and 3 and cards 4 and 5 are separated by a blank

card.
The diffusion coefficients are input as two matrices DIJO and AIJS, The

full diffusion coefficients are:
A

RTD=D e (38)g

= DIJO*EXP(- AIJO/(R*T))

for each element of DIJO and AIJ0, Values must be supplied for each isotope
in each material,
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TABLE IX

DASH INPUT INSTRUCTIONS

CARD WORD SYMBOL FORMAT DESCRIPTION

O PRINT OPTIONS

1 NPRINT I4 0/1 LINE PRINTER / TERMINAL

2 NPLOT I4 0/1 NO PLOT / PLOT

1 -0NE CARD PER NUCLIDE - BASIC NUCLIDE DATA

1 NANMAT(1,1) A7 NUCLIDE NAMF

2 NAfiMAT(I,2) 14 ID h'JMBER

3 NA NMT(1,3) If DErg pqqcg7 1

4 NANMAT(I,4) 14 DECAY PARENT 2

5 NANMAT(I,5) 14 CAPTURE PARENT 1

6 NANMAT(I,6) 14 CAPTURE PARENT 2

7 NANMAT(I,7) 14 N-2N PARENT

8 NANMAT(I,8) 14 N-ALPHA PARENT

9 NANMAT(I,9) 14 N-P PARENT

10 ANMAT (I,1) E12.5 DECAY CONSTANT (1/s)

2 -0ME CARD PER BRA !CH FOR EACH DRANCHING RATIO
NEGATIVE VALUE OF NANMAT(I,3-4)-

1 BRV(IBR) E12.5 BRANCHING RATIO

_

-- BLANK CARD AFTER LAST SET OF CARDS 1 and 2 --
ISO = NUMBER OF NUCLIDE CARDS

3 CROSS SECTION TITLE CARD

1 N XSEC(II ,1 ) A6 TITLE 1
2 NXSEC(II,2) A6 TITLE 2
3 NXSEC(II,3) 14 NUMBER OF GROUPS

4 NXSEC(II,4) I4 NUCLIDE ID

4 -NXSEC(II,3) CARDS- CROSS SECTION DATA 2

hMk1 XSEC(II,KX,1) E12.5 Gt I

2 XSEC(II,KX,2) E12.5 SIGMA N-2N
3 X SEC ( II , KX ,3) E12.5 SIGMA N-ALPHA
4 XSEC(II,KX,4) E12.5 SIGMA N-P

.
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TABLE IX (cont)

CARD WORD SYMBOL FORMAT DESCRIPTION

--BLANK CARD AFTER LAST SET OF CARDS 3 and 4--

5 PROBLEM RELATED DATA

1 NCELLS I4 Number of cells in problem
2 NGEOM I4 1/2/3 Slab / Cylinder / Sphere
3 NBCL I4 Lef t boundary condition 1/2 re-

flected/ concentration specified
4 NBCR I4 Right boundary condition 1/2 re-

flected/ concentration specified
5 NTEMPS I4 Number of entries for specifying

temperature field
6 IMATS I4 Number of materials
7 IGP I4 Number of neutron energy groups

6 TIME STEP DATA
1 TINT E12.6 Initial time (days)
2 TINC E12.6 Number of time steps
3 TIMAX E12.6 Time at end of problem (days)

7 DIMENSIONS

1 DIST(1) SPECIAL 0.0
2 DIST(2) SPECIAL First cell right boundary (cm)
3 DIST(3) SPECIAL Second cell right boundary (cm)

NCELLS+1 DIST(NCELLS+1) SPECIAL Last cell right boundary (cm)

8 ASSIGN MATERIALS

1 MATS (l) SPECIAL Material ID for cell 1
2 MATS (2) SPECIAL Material ID for cell 2
.

NCELLS MATS (NCELLS) aFECIAm Material ID for cell NCELLS

9 Dependent value for temperature
field

1 TEMPS (l) SPECIAL Temperature 1 (K)
2 TEMPS (2) SPECIAL Temperature 2 (K)

NTEMPS TEMPS (NTEMPS) SPECIAL Temperature NTEMPS (K)

10 Independent value for
temperature field

1 TEMCOR(1) SPECIAL Coordinate of temperature 1 (cm)
2 TEMCOR(2) SPECIAL Coordinate of temperature 2 (cm)

NTEMPS TEMCOR(NTEMPS) SPECIAL Coordinate of temperature
NTEMPS (cm)

3bd b $.
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TASIE IX (cont)

CARD WORD SYMBOL FORMAT JESCRIPTION

11 - One set of cards li and 12 for each of Diffusion Matrix (cm /s)
IMATS materials -

1 DIJ0(1,1,1) SPECIAL Material 1 element (1,1)
2 DI J0( 2,1,1 ) SPECIAL Material 1 element (1,2)

S0 DIJ0(ISO,1,1) SPECI AL Material 1 element (1, ISO)
150 + 1 DI J0(1,2,1 ) SPECIAL Material 1 element (2,1)

150 -ISO blJ0(ISO, ISO,1)SPECIAL Material l clement (ISO, ISO)
IS0* ISO +1 DIJ0(1,1,2) SPECIAL Material 2 elemer,t (1,1)

. . .

IS0*IS0*N DIJ0(ISO, ISO,N) SPECIAL fkaterialNelement(ISO,IS0)
12 - One set of cards 11 and 12 for each of Activation Energy Matrix (cal / mole)

IMATS materials
1 AIJS(1,1,1) SPECIAL Material 1 element (1,1)
2 AIJS(2,1,1) SPECIAL Material 1 element (1,2)

ISO AIJS(ISO,1,1) SPECIAL Material 1 element (1, ISO)
ISO + 1 AIJS(1,2,1) SPECIAL Material 1 element (2,1)

. . .

IS0* ISO AIJS(ISO, ISO,1) SPECIAL Material 1 element (IS0,150)
150*IS0+1 AIJS(1,1,2) SPECIAL Materie' 2 element (1,1)

.

ISb*IS0*N AIJS(ISO, ISO,N) SPECIAL Material N element (ISO, ISO)

13 - Ole continuous set of card 13 for Fluxes
IGP groups -

- Supply only if cross sect ons arei

present -
21 PHI (1,N) SPECIAL Group N flux in cell 1(n/cm -s)
22 PHI (2,N) SPECIAL Group N flux in cell 2(n/cm -s)

.

NCELLS PHI (NCELLS,4) SPECIAL Group N flux in cell NCELLS

(n/cm2-s)
NCELLS + 1 PHI (1,4+1) SPECIAL Group N + 1 flux in cell 1

2(n/cm _r,)
.

. . .

9

0 '
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TABLE V Continued TABLE IX (cont)

C

CARD WORD $YMBOL FORMAT DESCRIPTION

14 - Supply only if NBCL = 2 Left boundary concentrations
1 CONBOU(1,1) SPECIAL Specie 1 left boundary concen-

tration (atoms /cc)
2 CONBOU(2,1 ) SPECIAL Specie 2 left boundary concen-

tration (atcms/cc)

!SO bONBOU(ISO,1) bPECI AL Specie ISO left boundary con-
centration (atoms /cc)

15 - Supply only if NBCR = 2 - Right boundary concentrations
1 CONBOU(i,2) SPECIAL Specie 1 right boundary

concentrations (atoms /cc)
2 CONBOU(2.2) SPECIAL Specie 2 right boundary

concentrations (atoms /cc)
'

150 CONBOU(ISO,2) SPECIAL Specie ISO right boundary
concentrations (atoms /cc)

Initial concentration
16

1 CONIf4T(1) SPECIAL Initial concentration cell 1
specie 1 (atoms /cc)

2 CONINT(2) SPECIAL Initial concentration cell 1
specie 2 (atoms /cc)

Ib0 CONTNT(ISO) SPECIAL Initial concentration cell I
specie ISO (atoms /cc)

ISO + 1 CONINT( ISO +1 ) SPECiAL Initial concentr6 tion cell 2
specie 1

IS0*NCELLS CONIrlT(IS0*NCELLS) SPEUIALInitial concentration cell
NCELLS specie ISO

17 1 SOURCE (1) SPECIAL Source cell 1 specie 1(atoms /s)

2 SOURCE (2) SPECIAL Source cell 1 specie 2(atoms /s)

ISO SOURCE (ISO) 5PECIAL Source cell 1 specie ISO (atoms /s)
150+1 SOURCE (ISO +1) SPECIAL Source cell 2 specie 1(atoms /s)

ISb*NCELLS b0URCE(IS0*NCELLS)dPECIAL Source cell NCELLS specie ISO
(atoms /s)

. 158
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There are two special read fonmats. One is for integer data 6(II, I2, 19),
one for floating point data 6(11,12, E9.3). In each of these formats the first
integer field,11, designates the oot#cns listed in Table X. The second in-
teger field,12, controls the execu. ion of the option, and the remainder of
the field, 19 or E9.3, is for the input data. All data blocks read with these
formats must be ended with a 3 in the Il field after the last word of the
block.

TABLE X

SPECIAL READ FORMAT OPTIONS

Value of Il Description

0/ blank No action
1 Repeat data word in 9 field number of

times indicated in 12 field.
2 Place number of linear interpolants

indicated in 12 field between data
word in 9 field and data word in
next 9 field (not allowed for inte-
gers).

3 Terminate reading of the data block.
A 3 must follow last data word of all
blocks.

D. Machine Requirements

The DASH code requires both 35-mm-film hardware for graphics and the
large core memory (LCM) capabilities of a CDC-7600. DASH was designed to

operate on a CDC-7600 using the FTN compiler. The code is listed in App. B.

VI. DASH TEST PROBLEM

To demonstrate the application of the DASH code to solving a problem, a
two-specie, three-material sample problem has been defined. The absorbent is
a slab 5 cm thick consisting of three equal material regions. Initially, there

is no diffusant in the absorbent. The material data for the two materials is
summarized in Table XI. The test problem was run for 10 days with the results
tabulated every 2 days. A detailed listing of the input and output is given
in App. C. The graphic output is given here (Figs. 21 and 22). This problem

requires approximately 5.5 CPU seconds of CDC-7600 time.
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TABLE XI

SAMPLE PROBLEM DATA

_ _ _ ___

DIFFUSANT DECAY CONSTANT DIFFUSION COEFFICIENT BOUNDARY CONCENTRATIONS

'-1)
(cm2 s)/

1 2 3 Left Right

-6 -5 -6 10
A 8.0225 x 10'I 5.426 x 10 1.266 x 10 1.808 x 10 1.0 x 10 0.0

-6 -7 9
B 1.6045 x 10-6 2.713 x 10-6 6.330 x 10 9.042 x 10 5.0 x 10 0.0

-

A B

.l . 0 50, , , , , , , ,

O cp

7 9 - - 4.5 -,
,

# , ,

# *

o 8 -

1

- o 4 0 - k -

\ \\
~ ~

X 7 _
_

X 3c
q^ n

a y' o
O 6 -

- U 30 -
-

D D
8 \8

- s5.- 25 - -

\r
' <
v v

4 -

- 20 - x -

_

3-- \ - 1 5 - -

N N e N
'

m

$ 2 - N y1 0 -

W w .

1 - \ - N 5 - \ -

N
0 0

., 1

0 1 2 3 4. 5 0 1 2 3 4 5

DISTANCE (CM) DISTANCE :CM)
Fig. 21. Sample problem results for Fig. 22. Sample problem results for

Diffusant A. Diffusant B.
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APPENDIX A

MATRIX OPERATOR EVALUATION

The time-dependent equation to be selved using the matrix operator n ethod

is

= Bf + g. (A-1)

If the matrix B is constant in the time interval (0, t), we may construct
the matricant n (B), Eq. (A-2), using the Volterra method of the multiplicative

'lintegral. '
. .

Of(B)=exp B(s) ds = exp [Bt] . (A-2)t

o
_ .

The solution to Eq. (A-1) is given by

$(t)=Ot(B)$(0)+ dt'K(t,t')3(t'), (A-3)
g

where

t' -l (A-4)K(t,t') = Ot (B) 0 g (B) .

g
- -

Substituting Eq. (A-2) into Eqs. (A-3) and (A-4) gives

i(t)=eBt$(0)+e dt' e-Bt' g (t'). (A-5)Bt t

Assuming that g(t ) = g is constant over the interval (0, t), Eq. (A-5) becomes

Bt Bt
X(t) = e X(0)+d-l(e - I) 9 (A-6)

Defining the matrix operator C(C) by

D(C) = C- (e - I) (A-7)

g;%40
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cr

Bt
tD(Bt) = B- (e -I), (A-8)

Eq. ( A-6) becorres

3(t) = 3(0) + tBD(Bt) $(0) + tD(Bt) 3 (A-9)

=i(0)+tD(Bt) di(0)+9 .

Note that the matrix operator D(C) defined by

D(C) = C-l (eC - 7) * ~

(n + 1)'n=0

C
exists even if C = Bt is singular. Although the eigenvalues of e are bound

by unity, and the eigenvalues of C are bound, but not necessarily by i.n i ty , the
direct evaluation of D(C) would prove difficult computationally if Eq. (A-10)
is used. The matrix C can be scaled so that the eigenvalues are bound by

unity. Define

H = 2-P , (A-ll)C

where p is determined by

||Hjj<f (A-12)

4,15
g

{ 2)
j /(2 fn 2). (A-13)p > f n I E{3|Cjj

We approximate the D(H) matrix operator by a finite number of terms M using
Eq. (A-10).

M n

D"(H)% { (A-14)
n 1).n=0
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The value of M is chosen such that the excluded terms have an error less than
4

c, or

( H )" + l 1
# # C' ( A-0)

1,M +2)! ,M + 1(M + 2).,2

Knowing D(H) we may recur upwards by powers of 2 in H to find D(C) where
PC = 2 H, using the recursion relation

P + I ) = D(2 H) P PI + h (2 H)D(2 H) (A-16)P
D(2 H .

The recursion relation is readily proven by induction. Define

D(H) = H-I (e" - I) (A-17)

and

PC=2H. (A-18)

Clearly if p = 0, D(C) is equal to D(H). If p = 1, Eq. (A-16) yields

D(C) = D(2H) = (2H)-I (e2H , 7)

-1 (e - I) (e" + I)H=H
2 (A-19)

. -

D(H) I + b HD(H)=
.

_ _

Induction based on Eq. (A-19) yields

D(2 H) = D(2P-I) I+13 (2P - I )D(2P-l) . (A-20)P H H H

Assume Eq. (A-20), which is true for p = 0 and 1, is true for p = n. Evaluate

D(2" + I ) asH
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D(2" + I ) = (2" * I )~I 2" * I
(e H , 7)H H

= (2"H)~I (e2" 2"4 I (A-21)- I) h e

= D(2"H) I+1 (2"H)D(2"H)2 .

Since Eq. (A-20) is true for p = D and 1.and if it is assumed true for p = n,
it is true for p = n + 1, tbc.i by transfinite induction it is true for all p.

APPENDIX B

DASH CODE LISTING

(LASL Code LP-1055)

PROGRAM DASH 1 (INPUI,0UTPUT. TAPES = INPUT, TAPE 6=0UTPUl)
C
C DASH - A !!ULTICOMPONENT TIME DEPENDENT CONCENTRATION DIFEUSIGN
C WITH RADIOACTIVE DECAY PROGRAM.
C
C EY COURTNEY E. APPERSON, JR.
C LUCY M. CARRUTHERS
C JUDITH F. SHINN
C ENERGY DIVISION
C LOS ALAMOS SCIENTIFIC LAEGHATORY
C AND
C CLARENCE E. LEE
C TEXAS A AND M UNIVERSITY
C MARCH 1979
C
C THE PROGRAM DASH CALCULATES THE TRANSIENT CONCENTRATICN OF
C MULTIPLY DIFFUSING SPECIE WITH HADI0 ACTIVE DECAY USING FINITE
C DIFFERENCE AND EXPONENTI AL OPERATOR TECHNICUES.
C
C THIS IS THE FOURTH VERSION OF DASH. IT WAS CREATED
C ON 15 MARCH 1979
C
C RECGGNIZING THAT GRAPHICS HARDWARE AND SOFThARE ARE USUALLY
C UNIQUE TO A PARTICULAR INSTALLATION THE GRAPHICS P ACKAGE IN
C DASH CAN EE READILY DELETED WITh0UT EFFECTING THE REMAINDER
C OF THE CODE.
C
C INPUT INSTRUCTIONS FOR THE CODE ARE--
C
C CARD WORD SYMEOL FORMAT DESCnIPTICU
C
C 0 PRINT OPTIONS
C
C 1 NPRINT I4 0/1 LINE PRINTEP/TEhMINAL
C 2 NFLOT I4 0/1 NO PLOT / PLOT

NO I h') "
,



C 1 --ONE CARD PER NUCLIDE-- BASIC NUCLIDE DATA
L
C 1 hANf1AT I,1 A7 NUCLIDE NAME
C 2 NANMAT I,2 I4 ID hUf1EEH
C 3 UANMAT I,3 I4 DECAY PARENT 1
C 4 NANMAT I,4 I4 DECAY PARENT 2
C 5 f;Af! MAT I,5 I4 CAPTURE PARENT 1
C 6 IJANMAT I,6 I4 CAPTURE PARENT 2
C 7 NANMAT I,7 I4 N-2N PAREf;T

C 8 NANMAT I,8 I4 h-ALPHA PARENT
C 9 UANMAT I,9 I4 N-P PARENT
C 10 ANMAT(I,1) E12.5 DECAY C0!;STANT (1/S)
C
C 2 --ONE CARD PER ERANCH FOR EACH NEGATIVE V ALUE
C OF hANMAT(I,3-9)--
C
C 1 bhV(Ibh) E12.5 BRAhCHING RATIO
C
C --BLANK CAhD AFTER LAST SET OF CARDS 1 AND 2--
C
C 3 CROSS SECTION TITLE CARD
C
C 1 NXSEC II,1 A6 TITLE 1
C 2 NXSt.C II,2 Ab TITLE 2
C 3 NXSEC II,3 I4 NUtlEER OF GROUPS
C 4 NXSEC(II,4 I4 NUCLIDE ID
C
C 4 --NXSEC(II,3) CARDS-- CROSS SECTION DATA
C
C 1 XSEC II,KA,1 E12.5 SIGMA N-GAMMA
C 2 XSEC II,KX,2 E12.5 SIGMA M-2N
C 3 XSEC II,KX,3 E12.5 SIGliA N-ALPHA
C 4 X5EC(II,KX,4 E12.5 SIGNA N-P
G
C --BLANK CARD AFTER LAST SET OF CARDS 3 AND 4--
C
C 5 PROELE!! RELATED DATA
C
C 1 hCELLS I4 nut!EER OF CELLS IN PROBLEM
C 2 NGEOM I4 1/2/3 SLAE/ CYLINDER / SPHERE
C 3 NECL I4 LEFT BOUNDARY CONDITION
L 1/2 REFLECTED /CONCENTRATI0fl
C SPECIFIED
C 4 NBCR I4 RIGHT E00NDARY CONDITION
C 1/2 REFLECTED / CONCENTRATION
C SPECIFIED
C 5 NTEMPS I4 NUMPER OF ENTRIES FOR
C SPECIFYING TEMPERATURE FIELD
C 6 It!ATS I4 NUMEER OF MATERIALS
C 7 IGP I4 NUMBER OF tlEUTRON ENERGY
C GROUPS
C
C 6 tit!E STEP DATA
C
C 1 TINT E12.6 INITIAL tit!E (DAYS)
C 2 TINC E12.6 nut!EER OF TIME STEPS
C 3 TlMAX E12.6 TIME AT END OF PROELEM
C (DAYS)
C
C 7 GEOMETRY (CM)
C
C 1 DIST(1 SPECIAL 0.0
C 2 DIST(2 SPECIAL FIRST CELL RIGHT BOUNDARY
C 3 DIST(3 SPECIAL SECOND CELL RIGHT BOUNDARY
C . . . .

C NCELLS+1 DIST(NCELLS+1) SPECIAL LAST CELL RIGHT BOUNDARY
C

**44 -
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C
C 6 ASSIGN MATERIALS
C
C 1 MATS (1) SPECIAL MATERIAL ID FOR CELL 1
C 2 MATS (2) SPECIAL MATEHIAL ID FOR CELL 2
C . . . .

C NCELLS MATS (f; CELLS) SPECIAL MATEHIAL ID FOR CELL NCELLS
C
C 9 DEPENDENT VALUE F0H
C TEhPEHATURE FIELD (E)
C
C 1 TEMPS (1) SPECIAL TEMPERATURE 1
C 2 TEMPS (2) SPECIAL TEMPERATURE 2
C . . . .

C NTEMPS TEMPS (NTEMFJ) SPECIAL TE!!PERAIURE NTEMPS
C
C 10 INDEPE!1 DENT VALUE FOR
C TEMPERATURE FIELD (CM)
C

TEMC0h( 2))
IENCOh(1 SPECIAL COORDINATE OF TEMPERATURE 1C 1

SPECIAL C00HDI!! ATE OF TEfiPERATURE 2C 2
C . . . .

C UTE!!PS TEMCO R( NTE!!PS ) SFmCIAL COORDINATE OF TEMPERATURE
C NTEMPS
C
C 11 --OhE SET OF CAhDS 11 AliD 12 FOR EACH OF IMATS MATEhIALS--
C
C DIFFUSI0t MATRIX (CMumpf3)
C 1 DIJ0(1,1,N) SPECIAL MATEHIAL !! ELEMENT (1,1)
C 2 DIJ0(2,',N) SPECIAL !!ATERI AL N E! EMENT(1,2)
C . . . .

C ISO DIJ0(ISO,1,N) SPECIAL MATERIAL N ELEMENT (1, ISO)
C ISO +1 DIJ0(1,2,N) SPECIAL t1ATERIAL !; ELEt1ENT(2,1)
C . . .

C IS0* ISO DIJ0(ISO, ISO,N)SPECIAL t!ATERI AL M ELEMENT (ISO, ISO)
C
C 12 --OhE SET OF CARDS 11 AND 12 FOR EACH OF IMATS MATERIALS--
C
C ACTIVATION ENERGY MATRIX
C (CAL / MOLE)
C 1 AIJS(1,1,N) SPECIAL MATERIAL fi ELEMENT (1,1)
C 2 AIJS(2,1,N) SPECIAL MATERIAL N ELEMENT (1,2)
C . . . .

C ISO AIJS(ISO,1,N) SPECIAL tiATERIAL N ELEMENT (1, ISO)
C I50+1 AIJS(1,2 N) SPECIAL MATERIAL N ELEMEtiT(2,1)
C . . . .

C IS0* ISO AIJS(ISO, ISO,N)SPECIAL MATERIAL N ELEMENT (ISO, ISO)
C
C 13 --OliE C0hTINUOUS SET OF CARD 13 FOR IGP GROUPS--
C --SUPPLY ONLY IF CRCSS SECTIONS AEE PRESENT--
C
C FLUXES (NEUTRONS /CM**2-S)
C 1 P H I( 1, f;) SPECIAL GROUP N FLUX IN LELL 1
C 2 PHI (2,N) SPECIAL GROUP fl FLUX IN CELL 2
C . . . .

PHI ( fiCELLS GROUP IJ FLUX IN CELL NCELLSC NCELLS
PHI (1,N+1),N) SPECIALC T4 C EL LS+ 1 SPECIAL GROUP N+1 FLUX IN CELL 1

{ . . . .

C 14 --SUPPLY 01.LY IF NPCL = 2-- LFFT EOUNDABY CONCE!JTRATIONS
U ( AT0 tis /CC)
C
C 1 C0f;ECU ( 1,1) SPECIAL SPECIE 1 LEFT EOUNDARY CONC
C 2 CONb0U(2,1) SPECIAL SPECIE 2 LEFT BOUNDARY CONC
C . . . .

C ISO C0fiLOU(ISO,1) SPECIAL SPECIE ISO LEFT ECUllDARY
C CONC
C
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C 15 --SUPPLY ONLY IF NBCR = 2-- RIGHT ECUNDARY CONCEf1THA-
C TIOf'S
C (ATCMS/CC)
C
C 1 CONboU(1,2) SPECIAL SPECIE 1 RIGHT EOUhDARY CONC
C 2 CONEOU(2,2) SPFCIAL SPECIE 2 RIGHT EOULLARY Cof;C
C . . . .

C ISO CONEOU(ISO,2) SPECIAL SPECIE ISO HIGHT EOUllDAFY
C CONC
C
C 16 INITIAL CONCE!.TRATION
C (ATCMS/CC)
C
C 1 CONINT(1) SPECIAL INITIAL CONC CELL 1 SPECIE 1
C 2 CONINT(2) SPECIAL INITIAL C0!JC CELL 1 SPECIE 2
C . . . .

C ISO CONINT(ISO) SPECIAL INITIAL CONC CELL 1 SPECIE
C ISO
C ISO +1 CONINT(ISO +1) SPECIAL INITI AL CONC CELL 2 SPECIE 1
C . . . .

C IS0*!JCELLS SPECIAL IliITIAL CONC CELL fiCELLS
C CO NIllT(IS0*!JC ELLS ) SPECIE ISO
C
C 17 SCUhCE
C ( ATor:S/SEC)
C
C 1 SOURCE (1) SPECIAL SOURCE CELL 1 SPECIE 1
C 2 SOURCE (2) SPECIAL SOURCE CELL 1 SPECIE 2
C . . . .

C ISO SOURCE (ISO) SPECIAL SOURCE CELL 1 SPECIE ISO
C ISC+1 SOURCE (ISO +1) SPECIAL SOURCE CELL 2 SPECIE 1

'

C IS0*hCELLS SPECIAL SOURCE CSLL NCELLS SPECIE IS
C SCU BCE(IS0* ?; CELLS )
C
C SPECI AL F0hMATS
C
C THERE ARE TKO SPECIAL READ FORMATS. O!iE IS FOR INTEGER DATA
C 6(I1,I2,I9) AND ONE IS F0H FLOATING PCINT DAT/. 6(11,I2,E9 3).
C Ifi EACH WORD OF ECTH THESE FORMATS, ThE EIHST INTEGER FIELD,11,
C DESIGtJATES THE OFTIONS LISTED EELOh. THE SECOND IhTEGER FIELD,
C 12, CONTROLS ThE EXECUTION OF ThE OPTION, AND THE REMAINDER OF
C THE FIELD,19 CR E9 3, IS FOR THE INPUT DATA. ALL DATA ELOCKS
C READ WITH THESE FORMATS MUST EE ENDED WITH /. 3 IN ThE Il FIELD
C AFTER THE LAST WORD CF THE ELCCK.
C
C --OPTIONS FOR SPECIAL PEAD F0FMAIS--
C
C VALUE OF Il NATURE OF OPTICN
C
C 0 OR ELA!!K NO ACTION
C 1 REPE/T DATA BORD I!; 9 FIELD t;UMEER OF TIMES
C INDICATED IN I2 FIELD.
C 2 PLACE hDMPER OF LI!! EAR INTEEPCLANTS IfJDICATED
C IN I2 FIELD EE1hEEN DATA WCRD IN 9 FIELD A!!D
C DATA WORD IN 11 EXT 9 FIELD. ICI ALLChED FOR
C I!4T EG E hS .
C 3 TEFMINATE READIhG OF DATA ELOCK. A 3 MUST
C FOLLOW LAST DATA WORD OF ALL ELOCKS.
C
C DIMENSI GN N At: MAT ( tiIS01,9 ) , A h!! AI ( hIS01,2 ) , P RV( hb R ) , tiXSEC( NXSP ,4 )
C 1,XSEC(NXS,hGP,4),hPP(NCELL)
C DIMENSIOh DIST (fiCELL1) ,t!ATS(f CELL) T EMPS ( MTEM) , T EMCOF (i: TEM ) ,
C 1 DIJ0( NISO ,NISO, hMAIS ) , AIJS(!iISO ,hISO ,flhATS) , DU!i1 (!! TEM) , DUM2 ( f;TEri)
C DIMENSICN DUM11( NN) , DUM22( bf!) , AL AM( NISO ,flISO) , EP ( NISO , NISO)
C KliERE NN IS THE GhEATER OF NIS0*NISO Atib NGPhhCELL
C DIMENSION DEL R( NCELL) , A RE A( NCELL) ,VOL( NCELL) , RE A H( f; CELL) ,

DUM3 ( fiTEti) , DIFFK ( hISO , NISO ) ,
phi (NCELL,NGP),W(UTEM)UT(NIED,NCELL.NTItiE)

C 1

2 DIFFK 1( NISO,NISO)(hti,MM) ,E(M!t,MM) C(Mf;,f:M) ,D(tB,tM) ,E(!:II,MM) ,
DAPLC

COMM0t1 /SQLS/ PIGEC
C 1 F(MM,MM)
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DIMEN51GU SOURCE (MM)lhIS0),AK(NISUiISO),DIEDUM2(hISO NISO),
C DIFLUM1(NISO f

Colir0U( t;150 2) ,IPVT NISO) EK(tlISO.NISU) ,L 1

L 2 CKK( hI50,NIEO) , CONI!JT(!U1) ,CONCEN( MM) , LUM 33(fiM)
C lihEhi MM=NIS0*NCLLL

DIMENSION flANhAT(6,9), ANMAT(6,2), ERV(10), NXSEC(11,4), XSEC(10,4
1 ,4), NPP(25)

DIt.EhSIGN DIST(E '(25)b.%TS(25)l25)T E!!PS( 25 ) , TEMCOH(25), DIJ0(5,5,5),AIJS(5,5,5), Dur11 DUt121

DIMENSIGN DUM11(100),
ALAM(5 5)(25), EHI(25,4), W(25),EB(5 5)uM22(100).

REAhDIMENSION DE'.h( 25 ) , AREA (25), VOL(25),
1 DUM3(25), DiFFK(5 DIFFK1(5,5), DAPLOT(5,25.11)
CGMMON /SQLS/ EIGB(5),125.125), E(125,125), C(125,125), D(125,125), E
1 (125,125) F(125 125)

DII:ENbION $0U hCE( l 25 ) { S ,5 ) , DIE DUM1(5,5 ) } ,DIFDUM2(5,5 ) , CONEOU(5,2) .IFVI( 5 ) , AKl5,5), EK CKKt5,5 CONINT(125), CONCEN(125),1

2 DUh33(125)
LEVEL 2 LIGL, E, C D,E F
COMMUN /10/ NINP NEUT, IEh, liPHINT

gCOMMON /!;UCDAT/ 130, ILE IGPCOMMoh /TIhES/ TINT, TIhd,IXS,TIMAX
C TAPES IS INPUT UNIT

h IIIP= 5
C TAPE 6 IS OUTPUi UNIT

NOUT=6
READ (NINP,100) !; PRINT,NFLOT
hlSO=5
t;IS01 = N ISO + 1
hh=100

C Nh 15 ThE GREATER OE hISG*NISO AND NGP*NCELL
NEH=10
NXS=10
NXSP=NXS+1
NGP=4
NCLLL=25
N CE LL1 = h C EL L+ 1
MM=hIS0*hCELL
NIEM=25

C h1EM NUST LE GREAIER THAN OR EQUAL TO NCELL
NMA".S=5
NTIME=11
CALL IUP A ( NAN!!AT, AhMAT,DhV , NXSEC,XSEC ,NGP ,NXS ,NPR,NIS01,NXSP)
C ALL IN P E ( NC ELLS , NGEOM ,NLCtl, Nb CL , NTEMPS . IMATS , DIST , MATS , PHI , TEMPS

1
.TEMCOR , DIJ0, A IJS , NC ELL 1 } LC ELL , NTEM ,NISO, NMATS , NGP , DUM11, DUM22, NN2 , CONE 00,CONINT, SOURCE,PM

N=NCELLS+1
CALL GEOM (NGECM,DIST,DELR
CALL INPLT (NCELL,NCELL1,NE, AREA VOL, REAR,N,NCELLS)CL,NECR,t1ATS,DIST,NGEOM,NCELLS)

C CALL PriIV DIST,N,NCELL1,10H DISTANCES,10h )
C CALL PRIV DELR,NCELiS,NCELL1,10h DELR ,10H )
C CALL PRIV AREA,hCELLS,NCELL1,10H AREA 10H )
C CALL PRIV VOL,NCELLS,NCELL1,10H VOLUME 10H )

CALL PRIV (hBAR,NCELLS NCELL1,10D REAR 1 )C AL L T EM A DJ ( TEt:PS , T EhEC H , N TEMPS . R BA R , N CEL L$ ,0 HW,DUM1,DUM2,DUM3,NTEM
1 )
CALL PRIV (TEMPS,NCELLS,NTEM,10h MESH TEMP,10HERATURES )

C IF( :XS.EO.0) GO TO 5
L CALL PRIM ( Phl,NCELLS. IGP,NCELL,NGP ,10H FLUXES ,10H )
C 5 C01.TTNUE

DO e0 I=1,lti
DO '.0 J=1,Mf1
EIGb(7,J)=0.0

10 LONTIhUE
20 CONTINUE

II=1
C
C MAKE ADJUSTMENTS FOR HOLLOW CYLINDER AND SPHERE
C

IF ( NbCL.EO.2. AND.NGE0ll.GT.1 ) II=2
MAT = MATS (II)
CALL DIJADJ (DIJ0,AIJS, TEMPS,DIFFK NISO.NMATS,NCELL, ISO,II, MAT)

C CALL PRIll(DIFFK, ISO, ISO, ISO, ISO,10H DIFFK ,10H )
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NIC=IS0*(fiCELLS+1-II)
CALL ECChL (EK, AREA DIFFK,DELR, SOURCE,CONEOU,f, CELLS ISO,fJECL,fGECM

1 . N ISO , flIC , DUf11 1, DU N3 3 )
C CALL PRIM (EK, ISO, ISO, ISO, ISO,10H EK 10H )

NM1=NCELLS-1
ICOL=1
DO 20 I=II,UM1
CALC MAKLAM (NANMAT,Af3 MAT,XSEC,fiXSEC,fhI ERV,ALAM,FE,fJIS01,fiXS

1 , fJX SP , f:L R , f;G P , ISO , IX S . IG P . NC EL L , I)
C C ALL PRIM ( ALAM, ISO , ISO, ISO, ISO,10h LA MFDA ,10H )

K=I+1
mal =NATS(K)
C ALL DIJ ADJ (DIJO , AIJS TEMPS, DIFFF 1,NISO,f MATS,flCELL, ISO,K ,MA T)

C CALL PHIM(DIFFK1,IdO,I50, ISO, ISO,10h DIFFK1 10:! )
C ALL EIGEL ( DIF FK.DIF F K 1,DIEDUM1,DIFDUP2, ALAM,dK ,EK ,CVK , ISO. A RE A

1 , V O L .DE LB , NC ELLS . I P VT , DUM 11,1 )
C CALL PRIM UKK ISO, ISO 150 ISO 10H KK 10H )
C CALL PRIM AK, ISO, ISO, ISO, ISO,IOH AK 50F )
C CALL PHIM EK. ISO, ISO,ISG ISO 10H EK )CALL MA1MUV (ISO,ISC DIF.111, ISO,DIFFK, ISO) 1Cd

CALL MAKEB (EIGS, AK,En,CGK,NIC, ISO,VOL,NCFLLS,ICOL,II)
30 CONTINUE

CALL MAKLAM ( NAN!iAl ANf1AT ,XSEC ,NXSEC,PFI,ErtV , ALAtl,ED ,NIS01,NXS
1 . NXSP , fiU h , fig P , ISO , IX S , IG P , N C ELL , NC ELLS )

C CALL PRIM ( ALAM ISO ISO, ISO, ISO,10h LAf4DA ,10H )
C ALL Ecol 1R ( AK , A REl,LIFFK ,DELh , SOURCE ,CONBOU ,NCELLS , ISO ,f!ECR ,NISO

1
CALL PRIM (CKK, ISO, ISO,ISd, LAM,VOL,DIlDUM1)

,f11C , DUM11, DUM22, EK ,CKK A
C ISO,10H KK ,10H )
C CALL PhIll( AK, ISO, ISO, ISO, ISO,10H AK ,10H )
C CALL PRIV(SOURCE,flIC,NIC 10h SOURCE ,10H )

CALL MAKEEL (EIGB.AK,EK,EKK,NIC, ISO,VGL,NCELLS,ICOL,II)
C CALL PHINES(EIGB,flIC,NIC flIC,NIC,10H EIGE 10H )

DT IME = ( tit! AX / TI!;C ) * 2 4. * 3500.
fiSTEP=TINC
CALL SOLVER ( EIGB,B,C .D.E,F ,DTIf4E NIC,NIC)

C CALL PhlMES(E, HIC,fiIC,flIC,NIC,10H E ,10H )
C CALL PRIMES (D lIC,flIC,f1IC,NIC,10H D ,10h )

NP=NCELLS-II+I
DO 50 J= 1,!JP
DO 40 I= 1, ISO
I1=ISC'(J-1)+I
D A PLOT ( I ,J ,1 ) = CO NIf;T( I 1 )

40 C0?JTINUE
50 CONTINUE

CALL MAKVOL (E,flIC,VOL f; CELLS,II, ISO)
C CALL P HIfiES( E ,lJIC , fJIC , NIC ,NIC ,10h 70LMAT ,10E )

DO 90 I=1,NSTEP
CALL FSOLVE (U,C,D,E.DUM33,DTIME,NIC,CONINT, SOURCE,C0f!CEN)
DO 70 J=1,f;P
DO 60 JI=1, ISO
I1=IS0*(J-1)+JI
D A PLOT ( J I ,J , I+ 1 ) = CO NC Efi( I1 )

60 CONTIllUE
70 CONTIN'JE

D0 60 J:1,NIC
C0!! INT ( J ) = C0f!CEN( J )

80 CONTINUE
90 CONTINUE

N TIM = flSTEP+ 1
CALL CONCPLT (NANNAT,CONEOU,DAPLOT, ISO,NCELL,NIS01,flISO,NTIME,f1P

1 ,NTIM,NPP,NBCL fiECR,VOL)
IF ( NPLOT.NE.0) , CALL DR AW (NANMAT, HEAR ,DAPLOI',NTIM,NP ,C0fiCEll, DUM33

1 NISO,UCELLS,NCELL,NTIME, ISO,111S01,CONboU,DIST,NCELL1,NECL,NECRs
SYOP

C
100 F0hMAT (2I4)

hEND

.i. .: o
jJ d
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SU E ROU TI!J t, INPA (NAhMAT, AN!!AT,ERV ,NXSEC,XSEC,NGP,fiXS,NBR,NIS01
1 .NXSP)

C INPUiA HEADS AhD PRINTS THE NUCLEAR DATA
DIt'ENSION h ANhAI( NIS01,9 ) , ANtiAT( NIS01,2 ) , LRV( NER ) , NXSEC( NXSP ,4 )

1 hE RP( 3,10) , X SEC(!1XS,liGP ,4 ),

C0!' MON /IO/ NIUP, NGUT, IER, NPRINT
CottMUN /NUCDAT/ ISO, ILR, IXS, IGP
DATA hHJ /6H /

I:1
lbR=1
II=1

C HEAD !!UCLEAR DATA
10 READ (NIhP ,130) (NANMAT(I,J),J=1,9),ANMAT(I,1)

IF ( N A!iM AT( I ,1 ) .EQ .N HJ ) GO TO 40
C TEST FOR BRANCHING RATIOS

DO 30 J=3,6
IF ( N Ah!!A T(I ,J ) )

PRV IPR)20(30,3020 RCAD (hint',140)
HERP 1,IER =IAbS(NANMAT(I,J))
hBHP 2,ILH =I
HEhP 3 IbH =ERV(IER)
IBR=IEE+1

30 CONTINUE
I=I+1
GO TO 10

40 I=I-1
IbR=IEh-1
IGP=0

C READ CROSS SECTIOh DATA
50 READ (blNP 150 ('vXSEC( T T .J) b 70J=1,4)IF (NXSEC(II,1 .Es GO T"

IGP=NXSEC(II,3
DO 60 J=1,IGP
EEAD (NINP,140) (XSEC(II,J,JJ),JJ=1,4)

60 CONTIt UL
II=II+1
GO 10 50

70 II=II-1
C PRINT LECAY DAT A

';RI1 E NOUT,160
hEITE N00T,180
kHITE NOUT,190
WHITE HOUT,160
WHITE h0UT,200
hRITE liOUI ,17 0
LCNT=13
DO 60 J=1,I
hRliE (N0bT,210) (h Ah!!AT(J ,JJ ) ,JJ= 1,9 ) , ANMAT(J ,1 )
LCf4 T= LCh T+ 2
IF (LCIJT.GE.60) hRITE (h0bT,160)

80 CONTINUE
C PHIf;T EhANCHI!;G RATICS

IF (IER.EO.0) GO 10 100
kHITE liOUT,160
WHITE NOUT,100
KRITE h0UT,220
PC 90 J=1,IER
WRIIE (h0UT,23C) HEhP(1,J),HBRP(2,J),hERP(3.J)

90 CONrINUE
100 CohTINUE

C PHI!1T ChCSS SECTIONS
IF (II.EQ.0) GO TO 120
hBITE L0bT,160)
nRI1E NOUT,180)
hHITE NOUT,2401
DO 110 J=1,II
WHITE (h0UT,250) ( flX SEC( J , J N ) ,J N = 1,4 )
DO 110 JJ=1,IGP

110 WHITE (NCUT,260) JJ,(XSEC(J JJ JN),JN=1,4)
120 CONTT.NUE

'

ISC I
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IXS=II
RETUnli

C

6 ( E 12. b, E 12.5 )A7 814130 FORMAT ))140 FORMAT
150 F0hMA'; 2A6,2I4)
160 F0hMAT 1H1)
170 F0hMAT /)
180 F0hMAT /////)
190 FORMAT 29X,37HDECAY CHAINS AND f;UCLIDE 9 ELATED DATA)
200 FORMAT 24X 5HDECAY,7X,7HCAPTURE,2bx,5HLECAY,/,24X,6HPARENT,6X,6HP

21HN-2N N-ALPHA N-P . 3 X ,6HCONST ANT , / ,5X ,7Hf;UCLIDE 5X
1AhENT,4X(5X7h12 2HID, 2) /)

210 EdhMAT SX,d7,1X,6(2X,14),3X,I4,4X,I4,3X,1PE12.5)
9X,15hBRANCHING hATIO,/ SX,4hFh0M,4X.2HTO,6X,5HhATIO,/)220 FOhMAT

230 FOPMAT 5X.F4.0 3X r4.0 3X F7.45240 FCEMAf 10X 420EH0$S SEUTIENS FOR TRAhSMUTATION PEACTIONS,///)
250 FORMAT / / , l 0 X ,2 A6,2 I4, / ,4 X . 5' J PubP ,8X ,7 HN-G A FI:A ,11 X ,4 H N-2 f; ,12X ,7H

IN-ALPHA 12X 3HN-P)260 F0hl:AT (5X,h 1X,4(5X,1PE12.5))
END
SUEh0VTINE 4.;PU (NCELLS,NGEOM,NECH ,h!!CL ,NTEMPS ,IMATS,DIST, MATS, phi

1 , TEMPS ,TEMCOH ,DIJO , AIJS, NCELL1,NC ELL , NTEM,NISO ,NPAIS , NGP ,DUM11
2 , DUP 22,NN . CONE OU .CONINT ,SOU hCE ,hM)

C R E A') PHOELEh RELATED DATA
DIMENSIGN DIST(NCELL1), MATS (NCELL), TE!!PS(NTEt:), TEMCOR(NTEM),

1 DIJ0(NISO,NISO,N!!ATS), AIJS(NISO.NISO.NMATS), DUM11(NN),)DUV22(NkSOURCE (MM2), PHI ( WLL , NG P) , Cof;DOU( t; ISO ,2 ) , CONINT(MM) ,
DIMENSIO. IGEOM(3)
COPt ,N /IO/ NINP, NOUI, IEh, NERINT
COMMON /hUCDAI/ 150, IbH IXS, IGP
COMMON / TIMES / IINT, TINE TIM /X
DATA IGEON:1), ICEGM(2), IGEUMb) /9hSLAE. ,9HL f LINDER. ,9HSPFER

1E. /
READ (NINP,130) N%Li S , NG ECM , NECL , NE CR , NTEMPS , IMATS . IG P
PRINT (NCUT,14 IG E01'.( NG ECM) NECL,NLCh
READ (NINP,150) TINT,TINC, tit!AX
NHADI=NCELLS+1
L*LL REAG 'DIST,h1 9I 6hRADII 6ti )

MATS hr ! Lb 6hMAIEHf thALSTutPS N;1MP5 6LTEMPEE,6H ATUhEJ} )
s

LALL hEAJ
CALL hEAG 2CALL REAJ T aLof |.IEMPa,6hTEMP h,6EADII )
INDEX=IS0" ISO
bo 30 I:1,IMATS
CALL 6EAG (DUM11 ItDEX,6hDIJ-0 ,6H )
C ALL hEAG ( COM22,l'.DEX,6hAIJ ,6H )
DO 20 J:1, ISO
DO 10 JJ=1 ISO

DI J0 ( J-1 ) * l SO+ J J
INC=

(JJ,J,I)=DUM11(IND)
AI JS ( J J , J , I ) = DU P22 ( IN D)

60 CONTIhUE
20 CONTINUE
30 CONTINUE

IF (IXS.EO.0) GO TO 60
INDEX=IGP6NCELLS
CALL hEAG (DUM11,IhDEX,6PCELL F,6HLUXES )
DO 50 I=1,NCELLS
DO 40 JJ=1 IGE
IND=(I-1)#IGP+JJPHI (I,JJ;=DUM11(IND)

40 CONTINUE
50 CONTTNUE
60 DO 60 I= 1,2

DO 70 J:1, ISO
CONBOU(J,I)=J.0

70 CONTINUE
SJ CONTINUL

IF (NBCL.NE.2) GO TO 100
CALL REAG (DbMil, ISO,6ELEFT C,6HCNCEN )
DO 90 I=1, ISO

700 kbJJU
50



CONEOU(I,1)=DUM11(I)
90 CONTINUE

100 IF (tiECR.NE.2) GO TO 120
CALL REAG (DUM11, ISO,6HRIGhT ,6 HC01,CEN )
DO 110 I:1 ISO
CCriECU(I,2 =DUM11(I)

110 CONTINUE
120 CONTI!iUE

INDEX=IS0*NCELLS
IF (NGEOM.GT.1.AliD.NECL.EG.2) IllDEX=IDDEX-ISO
CALL REAG (CONINT,INDEX,6HINITIA,6HL CONC)
INDEX=IS0*NCELLS
CALL REAG (SOURCE,INDEX,6HSOURCE,6H INPUT)
RETURN

C

130 FORMAT (18I4)
140 FORMAT (/// 1X *THE GEOMETRY FOR THIS PROELEM IS A *,A9,/ 2X *THE

1LEFT EOUNDAEY dONDITION IS =5,I2,/,2X*THE RIGhT EOUNDARY UONUITICN
2 IS =*,I2 //)

150 FORMAT (3E12.6,I12)
END

SUBROUTINE GEOM (NGEOM,DIST,DELR, ARE A ,VOL ,RE AR , M,NCELLS)C SET UP GECitEThY
C CALCULATE CELL AREAS AND VOLUMES

DPiENSION DIST(N) , DELR(NCELLS), AREA (NCELLS), VOL(NCELLS), REAR' tNCELLS)
C *:NCELLS+1
C h3EOM=1,2,3 - SLAE,CYLIliDER,SPHEhE

Pl=3 1415926
IF (NGEOM-2) 10 30,50

10 00 20 I= 1,NCELL$
D EL R :DIST(I+ 1 )-DIST(I)
REAR =0.5*(DIST(I+1)+DIST(I))
AREA =1.0
VOL(I)=DELR(I)

20 CONTINUE
RETUhN

30 DO 'to I= 1,NCELLS
DELR I)=DIST(I+1)-CIST(I)
RBAR I)=0.58(DIST I+1)+DIST(I))
AREA I)=2*PI*DIST I+1)
VOL(I):2.*PI*DELR I)*RPAR(I)

40 CONTINUE
RETURN

50 DO 60 I= 1,NCELLS
DELR(I)=DIST(I+1)-DIST(I)
BB AR( I) = ( DIST( I+ 1 ) * *2+DIST( I+ 1 ) * DIST(I)+DIST( I) * *2 ) / 3 0AREA (I)=4.0*PI*DIST(I+1)**2
VOL(1)=4.0*PI* REAR (I *DELR(I)
RbAR(I)=SCRT(PEAR (I)

60 CONTINUE
RETURN
END

SUER 00 TINE Il4 PLT (NCELL ,MCELL1,MBCL ,NECH, MATS, DIST,NGEOM,NCELLS)C DRAh A MAP GF THE PRCELEN GEOMETRY
DIMENSION MATS (fiCELL) , DIST(NCELL1), MEOU(2), IGEOM(3)COMMON /IO/ NINP, NOUT
DATA ISTR /1H8/, NPOU(i)IER. NEOU(2) /1H1,1H2/NPRINT

DATA IGEOM(1), IGEOM(2), IGE 0!Ul' 4 HSLAE. ,9ECYLINDER.,9HSPHER1E. /
C TEhMINAL ObTPUT

NE0X=8
IF (NPRINI.EQ.1) GO TO

C LINE PRINTER OUTPUT
NE0X=12
hEITE (NOUT,180)
hRITE (NOUT,190) IGEOM(NGEO.a

10 CONTINUE
kRITE (h0UT,170)
IF (MOD (NCELLS,NE0X)) 20,30

20 LOOP =(NCELLS/Nb0X)+1

b b,,
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0 TO 40
, 00P=(NCELLS/NE0X)

40 ICELL=NCELLS
ICOUhT=0
DO 120 I=1, LOOP
ICOUNT=ICOUNT+1
IS=1
IE= MIN 0(llP0X ICELL)
It:M= I E-IS
IMM1=IMM-1
I t'2 = ( IMM+ 1 ) h 8- 1
IM3=IhM*8-1
NDX = ( I* NE0X-NE C X) + 1
h DS= ItiM+ ( I* NE0X-NE0X )
NDhS=NDS+1
hDRE= flDRS+ 1
ICELL=ICELL-NE0X
IF LOOP.EO.1) GO TO 100
IF I.EQ.1) GO TO 50
IF ICOUNT.EG. LOOP) GO TO 70
WRITE (f;0UT,150 ISTR,(ISTR,J=1,IM2)

ISTR, MATS (J=1,IMM)J),ISTR J=NDX,tJDS), MATS (NDS+1)
ISTR,(ISTRWRITE (NOUT,130

WHITE fl0UT,140
kRITE NOUT,130 ISTR, ISTR,J=1,IMM
WRITE 100T,150 ISTR, ISTR , J = 1, I M2
WHITE NOUT,160 (DIST J),J=NDX,NDRS)
kHITE NCUT,170
GO TO 120

50 IF ((NGECM.NE.1 .AND.(NFCL E0.2)) GO TO 60
WRITE NOUT,150 NboU NECL , ISTh J=1,IM2)
LBITE NCUT,130 NEOU NECL ISTR J=1 IMM)
WRITE h00T,140 NEOU NBCL , MATS J) ,ISTR J:NDX ,KDS) , MATS ( NDS+1)

,

WRITE NOUT,130 NEOU hECL , ISTR,J:1,IMM
WRITE NOUT,150 NEOU NBCL ISTR,J=1,IM2,

hRITE NOUT,160 (DIST(J),J=t1DX,NDRS)
WRITE NOUT,170
GO TO 20

60 WHITE tJOUT,200 (ISTR,J=1 8) hBOU(NBCL),(ISTR,J=1,IM3)
hBITE NOUT,130 ISTR,NEOU NLdL),(ISTR,J: 1,IMM1)
WRITE fl0UT,210 ISih, MATS 1),NECU(NBCL),(MATS (J),ISTR,J:2,NDS)

1 , MATS NDS+ 1)
WRITE NOUT,130 ISTR,NEOU(NBCL),(ISTR,J:1,IMM1)
LRITE NOUT,200 (ISTR.J:1 8),NEOU(NBCL),(ISTR,J=1,IM3)
WRITE NOUT,160 ( DIST( J ) ,3 =!1DX , flDRS )
WHITE NOUT,170
GO TO 120

70 WHITE (NOUT,150)
IF (IMM.EQ.0) GO TO 8b(ISTR,J=1,IM2),NEOU(NBCR)ISTR

WRITE ( NOUT,130) ISTR,(ISTR,J:1,IMM) ,NEOU(!GCR)
WRITE (NOUT,140) IST R , ( MATS ( J ) , IST R ,J = N DX , NDS) , MATS ( NDS+ 1 ) , NEOU

1 (NECR)
WHITE (fiOUT,130 ISTR,(ISTR,o=1,IMM),NEOU(NECR)
GO TO 90

80 hRITE NOUT,100 ISTR,NEOU NBCR)
WRITE HOUT,1d0 ISTR, MATS NDE+1),NEOU(NBCR)
WHITE NOUT,130 ISTR,NEOU NECR)

9; WHITE NOUT.150 ISTR,(ISTR,J: 1,IM2),NBOU(NECR)
WRITE I40UT,160 (DIST(J),J:NDX,hDRE)
WRITE fl0UT ,170
GO TO 120

100 IF ((NGEOM.NE.1 .AND. NECL.EO.2)) GO TO 110
bHITt NOUT,150 NE00 NBCL , ISTR,J=1,IF2),NEOU(NBCR)
WHITE NOUT,130 NEOU NBCL ISTR.J=1 IMM),NEOU(NBCR)
WHITE NOUT libou NDCL , MATS (J) ,1STR ,J:NDX ,NDS) , MATS (NDS+1)

,

,hb0U NBCR}1401

WHITE NOUT,130 NBOU(NBCL),(ISTR,J:1,IMM),NEOU(NBCR)
WEITE NOUT,150 NEO U( NBCL ) , ( ISTR ,J = 1, IM2 ) , NEO U ( TIE CH )
WRITE NOUT,160 ( DIST( J ) , J = N DX , TID RE)
WRI.E NOUT,170
GO TO 120

110 WHITE (NOUT,200) (ISTR,J=1,8),NEOU(flBCL),(ISTH J=1,IM3),NEOU(flBCR)
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WHITE NOUI ,130 ) IS1 H , NBOU ( NBCL ) , (ISTR ,J = 1, I!!M1 ) , f1E00( fiECR)
WHITE NOUT 2 ISTR,MAIS(1),NDOU(NBCL),(MATS (J),ISTR,J=2,NDS)

, MATS NDS+I),10)NEOU(NBCH)1

WHITE NUUT,130 ISTh , Nb0U ( f jBCL) , ( ISTR ,J = 1,IMM1 ) , N EOU( NBCR )
bRITE !J0bT ,200 ( ISTR . J = 1,8 ) , NEOU ( fiF CL ) , ( IS TR , J = 1, IM3 ) , flFOU( flB CR )
kHITE (NOUT,160 ( DIST( J ) , J = liDX , NDR E)
WHITE (NCUT,170

120 CONTlfiUE
RETU 3f1

C
llo FORMAT 5X,A1,15 7X,A1))
140 F0ht!AT SX,A1,15 I4,3 ,A1))
150 F0EMAT EX,A1,15 dA1)
100 F0hMAT 3X,16(F7 3,1X )
170 F0hSAT /)
100 FORMAT 1H1,//)
190 FORf'.AT 54X,13HGECMEIhIC MAP,/50X,20H(NOT DRAhN TO SCALE),//43X 35

1 HThE GEOMETRY FOR THIS PROELEM IS A .A9,//37X,47hEOUNDARY C0!!DITI
20f1 TYPE If1DICATED Cli ECUNDARIES,/40X,41HMATERI AL TYPE If1DICATED IN
3 CENTER OF CELL,/39X 43HRADII GIVEN FROM CENIER LINE IN CENTIMETER
45,//)

200 F0h!!Al (5X,8A1,A1,14(8A1))
210 FORMAT (5X , A 1,3X,II ,3X, A 1,14(14,3X, A 1))

END
SUEROUTINE C0f;CPLT (NANMAT CONE 00,DAPLOT, ISO,f; CELL,UIS01,NISO

1 , NTIME ,NP , NTIM,f;PP ,NE CL ,liECR VOL)
C PRINT RESULTS OF PROLLEM

DIMENSION N ANMAT(NIS01,9) } CONECU(fiISO,2), DA PLOI (!! ISO , f: CELL , NTIME). NPP(NCELL), VOL(NCELL1

COMf10N /IC/ NINP, NOUT, IER, fJPRINT
COM!!Uti / TIMES / TIfJT, TIliC, TINAX
DATA b!! DRY /10EREFLECTED /
TIME =0.0

C TERf!INAL QUTPUT
NEOX=4

C LIfiE PRINTER CUTPUT
IF (NPHINT.EC.0) NE0X=6
NEOX1=Nb0X+1
NPl=NP-NE0X
IF (MOD (NP1 fiE0X1)) 20,10,10

10 LOOP =NP1/NEEX1+2
GO TO 30

20 LOOP =NP1/NE0X1+1
30 DO 40 I=1,NP
40 HPP(I)=1

IF (NBCL.EO.2) GO TO 60
DO 50 K=1 I

50 CONb0U(K,I)SO= EfiD fd
60 IF (UbCh.EO.2) GO TO 80

DO 70 K=1, ISO
70 CONEOU(K,2)=LNDRY
60 DO 470 I=1,NT1ft

INP=NP
ILIf1ES=0
ICCUNT=0
TIME = TINT +((TIMAX-TIf;T)/TINC)h(I-1)
IF (f; PRINT.ER.1) GO TO 90
UNITE (NOUT,490) TIME
GO TO 100

90 LRITE (NOUT,500) TIME
100 DO 450 II=1, LOOP

ICOUNT=ICOUNT+1
IE= f!I N0 ( flBOX , INP )
NDX = ( II* N E0X-NLCX ) + 1
NDs=IE+(II*NE0X-Nb0X)
INP=INP-NE0X
IF LOOP.EC.1) GO TO 240
IF II.EO.1) GO TO 120
IF ICOUNT.EQ. LOOP) CO TO 160
I E= I E+ 1
NDX=NDX+II-2
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NDS=NDS+II-1
INP=INP-1
WRITE (NOUT,550) IE,(NPP(J),J=NDX,NDS)
DO 110 III=1, ISO

110 WRITE (NOUT,560) NANHAT(III,1),(DAPLOT(III,J,I),J=NDX,NDS)
GO TO 440

120 WHITE (NOUT,510) IE,(NPP(J),J=NDX,NDS)
IF (NbCL.EQ.1) GO TO 140
DO 130 IIJ:1, ISO

130 WRITE (NOUT,520) NANMAT(III,1),CONEOU(III,1),(DAPLOT(III,J,I),J
1 =NDX,ND3)
GO TO 440

140 DO 150 III=1 ISO
150 hRITE (NOUT,$30) N ANM AT( III ,1 ) , CONEO U ( III ,1 ) , ( D A P LOT ( III , J , I ) , .'

1 =NDX,NDS)
GO TO 440

160 NDX=NDX+1I-2
NDS=NDS+1I-2
IF (IE.EO.0) GO TO 200
WRITE (NOUT,570) IE,IE ( NPP(J) ,J=NDX ,NDS)
IF (NBCR.EQ.1) GO TO 16,0
DO 170 III=1 ISO

170 WRITE (NOUT,$80) N ANMA I( III ,1 ) ,IE , ( D A PLOT ( III , J ,I) , J = NDX , NDS )
1 ,CCNEOU(III,2)
GO 10 440

180 DO 190 III=1 ISO190 WRITE (NOUT,540) NANMAT(III,1),IE,(DAPLOT(III,J,I),J=NDX,HDS)
1 ,CONBOU(III,2)
GO TO 440

200 hRITE (NOUT,610)
If (NBCR.EQ.1) GO TO 220
DO 210 III=1 ISO

210 WRITE (NOUT,$20) NANMAT(III,1),CONEOU(III,2)
GO TO 440

220 DO 230 III=1 ISO
230 WRITE (NOUT,550) NANMAT(III,1),CONEOU(III,2)

GO 10 440
240 IF (IE.EO.NE0X) GO TO 320

hRITE (NOUT,590) IE,IE,(NPP(J),J=NDX,hDS)
IF NECL.EQ.1. AND.NECR.EQ.1) GO TO 300
IF NECL.EQ.1) GO TO 260
IF NECR.EQ.1) GO TO 260
Do 250 III=1 ISO

250 KRITE (NOUT,500) NALMAT(III,1),CONEOU(III,1),IE,(DAPLOTtIII,J,1),J
1 =NDX ,NDS),CONEOU(III,2)
GO TO 440

2b0 DO 270 III=1 I30
270 WHITE (NOUT,560) NANLAT(III,1),CONEOU(lII,1),IE,(DAPLOT(III,J,I),J

1 =NDX,NDS),CONEOU(III,2)
GO TO 440

280 DO 290 III-1 ISO290 bRITE (NOUT,570) NANMAT(III,1),CONECU(III,1),IE,(DAPLOT(III,J,I),J
1 =NDX,NDS), CONE 00(III,2)
GO TO 440

300 DO 310 III:1,OO) N ANM AT( III ,1 ) ,CONEOU( III ,1 ) ,IE , ( Dt PLOT ( III ,J ,I) , J
ISO

310 WHITE (NOUT,b
1 =NDX,NDS),CONEOU(III,2)
GO TO 440

320 WRITE (NOUT,510) IE,(NPP(J),J:bDX,NDS)
IF NECL.EQ.1. AND.NECh.EO.1 ) GO TO 410
IF NECL.EC.1) GO TO 350
IF NECH.EQ.1) GO TO 380
DO 330 III=1, ISO

330 bRITE ( NOUT,520) NANMAT(III,1),CONEOU(III,1),(DAPLOT(III,J,I),J
1 =NDX,NDS)
WRITE (NOUT,530)
KRITE (NouT,610)
DO 340 III: 1 ISO340 bEITE (NCUT,$20) NANMAT(III,1),COMECU(III,2)
GO TO 440

350 DO 360 III=1, ISO
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360 KRITE (NOUT,690) NANMAT(III,1),CONPOU(III,1),(DAPLOT(III,J,I),J
1 =NDX,NDS)
WRITE (NOUT,530)
bRITE (NOUT,610)
DO 370 III= 1, ISO

370 WRITE (NOUT,700) NANMAT(III,1),00NEOU(III,2)
GO TO 440

380 DO 390 III=1, ISO
390 hhITE (tJOUT,710) NANt!A r(III ,1 ) ,CONEOU( III,1 ) . ( D APLOT( III ,J ,I) ,J

1 =NDX,NDS)
WRITE (NOUT,530)
WHITE (NOUT,610)
DO 400 111=1,1S0

400 WRITE (N0bT,720) NAbMAT(III,1),CONEOU(III 2)
GO TO 440

410 DO 420 III=1, ISO
420 WHITE (NOUT,730) N AN!:AT( III ,1 ) , CO NEOU( III ,1 ) , ( D APLOT ( III , J ,1) , J

1 =NDX,NDS)
hRITE (NOUT,530)
hRITE (NOUT,610)
DO 430 III= 1, ISO

430 WHITE (NOUT,740) NANMAT(III,1) CONEOU(III,2)
440 WRITE (NOUT,530)

IE (NPRINT.EQ.1) GO TO 450
ILL=ISD+3
ILINES=ILIliES+1LL
IF ((ILINES+ILL).GT.55) WRITE (NOUT,540)

450 CONTINUE
ATOMS =0.
DO 460 III=1, ISO
DO 460 J:1,UP
ATCMS= ATOMS +VOL( J ) * DAPLCT ( III ,J , I)

460 C0liTINUE
WRITE (NOUT,480) AT0id

470 CONTINUE
RETURN

C
480 E0bMAT (15H NO. OF ATOMS =,1PE22.15)
490 F0hMAT (1H1,//,37X,23HCELL C0t.CENThATIONS AT ,1 PE12.5,5H DAYS, /40X

1 ,28H(CONCENTRATIONS Ili ATOMS /CC))
500 FORMAT (//,20X 2 3HCELL CONCENTRATIONS AT ,1PE12.5,5H DAYS, /23X ,28F

1(C0!iCENTRATIONE IN A10MS/CC))
510 FORMAT 13X,4HLEF1,/22H ISOTOPE EOUNDARY ,=(3X,5FCELL ,I2,3X))
520 F0"tMAT /), A7,1PE13.5,8(1PE13 5))1X
530 FOhMAT
540 F0hMAT 1H1 //)

9h ISOTOPE ,=(3X}5HCELL ,I2,3X))550 FORMAT
560 FORMAT 1X,A7,9(1PE13 5)
570 E0hMAT (9X,=(13X) SX,54RIGHT,/9H ISOTOPE ,=(3X,5HCELL ,I2,3X),10E

1 BOUNDARY)
580 F0hMAT ( 1 X , A7, = ( 1 PE13.5 ) ,1 PE13.5 )
590 F0hMAT ( 13X,4HLEFT,4X , = ( 13X) ,4X.5HRIGHT,/22H ISOTOPE EOUNDAFY1 ,=(3X,5HCELL ,I2,3X),9H ECUNDAhY)
600 FORMAT 1 X, A7,1 PE13.5,= ( 1PE13.5 ) 1 PE13 5 )
610 F0hhAT 13X,5hBIGHT,/19H IS010PE ECUNDARY)
620 FORMAT 1X, A7,1PE13.5 )
670 FORMAT 1X,A7,3X,A10,8(1PE13.5))
640 FORMAT 1X,A7,=(1PE13.5),3X,A10)
650 FOPhAT 1 X, A7,3X, A10)
660 F0hMAT 1X,A7,3X,A10,=(1PE13 5)
670 F0hMAT 1X, A7,1PE13 5,=(1PE13. } 1PE13.5)2X,A10)

1X,A7,3X,A10,8(1PE13 5 }EX,A10)6SO F0hMAT 1X, A7,3X , A 10,-( 1 PE13 5
690 FORMAT
700 F0hMAT 1 X, A7,1 PE13.5 )
710 F0hMAT 1 X , A7 ,1 PE 13.6,8 ( 1 PE 13.5 ) )
720 FOEMAT 1X,A7,3X,A10)
730 FORMAT 1X,A7,3X,A10,8(1PE13 5))
740 FORMAT 1X,A7,3X,A10)

END

SUEh00 TINE TEMADJ (TEMPS,TEMCOR,NTEMPS.RPAh,NCELLS,W,A,B,C,NTEM)
C EVALUATE TEMPERATURE FIELD Eh0M DATA SUPPLIED IN INPE
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REAh(NCELLS), U(NTEM), A(NTEM
DIt:EhS10llTEMPS(NTEN),TEMCOR(NTEM)I), B(!! TEM) , C(hTEM), IOP(2), TAE(31

IJ=1
IOP(1)=5
IOP(2)=5
CALL SPL1D1 (UTEMPS,TEMC0h, TEMPS,W,IOP,IJ,A,B,C)
DO 10 J=1,NCELLS
Dbt!= HE AR(J)
C ALL SPL1D2 (NTEMPS ,TEMCOR, TEMPS ,U,IJ ,DUM,T Ab)
A(J)= TAB (1)

10 CONIIriUC
DO 20 J=1,NCELLS
TLMPS(J)=A(J)

20 CONTINUE
RETUhN
EtiD
SUE HOUTI!1E MAKLAM (NAh!!AT, Af; MAT ,XSEC,hKSEC , PHI,ERV , ALAM.BB ,NIS01

1 tiXS,NXSP,hER,hGP, ISO,IXS,IGP NCELL,K)
C MIKLAti CONSTRUCTS THE DECAY CHdIt1 MATfi1X

DIMENSI Or, 11 ant 1AT ( NIs01,9 ) , At1M AT ( f11301,2 ) , XSEC(NXS,tIGP,4), PHI
1 (hCELL,NGP), ENV(NE R) , AL A M(ISO , ISO) , llXSEC(!!X SP ,4 ) , EB(ISO, ISO)
DO 10 IK=1, ISO

DO10JK:1} ISOALAM(IK,JK =0.0
10 BE(IK,JK)=0.0

IEh=1
DO 120 IK=1, ISO
CO 110 JK=1, ISO
DO 40 IDX=3,4

C IDENTIFY DECAY P ARENTS AND STORE III MATRIX ALAti
IF ( I AES( fl ANMAT( IK ,IDX ) ) .11E.J K) GO TO 40
IE (11 ANM AT (IK ,IDX ) ) 20,20,30

20 ALAM(IK ,JK)=ERV(IEP) *AN!!AT(JK,1)
IER=IEh+1
GO 10 40

10 AL AM(IK ,JK) = ASMAT(JK ,1 )
E0 CONTItiUE

DO 100 IDX=5,9
C IDEliTIFY NEUTRON REACTION SOURCES

IF (IAES(N ANMAT(IK ,IDX)) .NE.JK) GO TO 100
DO 50 J=1,1XS
IF (JK.NE.flXSEC(J,4)) GC TO 50
!!M=J
GO TO 60

50 C0h'?INUE
PRINT 140, JK
CALL EXIT

60 CONTINUE
MM=1
IF (IDX.EC.7) EM:2
IE (IDX.EQ.8) MM=3
IF ( IDX .EQ .9 ) MM= 4

C KEIGHT CROSS SECTIONS AtiD STORE Ib MATRIX EE
CALL KXSEC (SIGPHI, PHI,XSEC,NM,MM,IGP,HGP,NXS,NCELL,K)

70 bb(IK,JK)=SIGEHI*BRV(I$R),80IF (NANMAT(IK IDX)) 70 70
IER=IER+1
GO TO 90

80 bE(IK,JK)=SIGPHI
90 EE(JK,JK)=BE(JK,JK)-SIGPHI

100 CONTItiUE
110 C0tiTINUE

ALAM(IK,IK)=-ANMAT(IK,1)
120 CCNTIfiUE

DO 130 IK= 1, ISO
DO 140 JK:1, ISO

130 ALAM IK ,JK) =-AL AM(IK ,JK)-EE(IK ,JK)
RETURN

C
140 FORMAT (1HO,4X,* CROSS SECTIONS CANNOT BE FOUND FOR NUCLIDE 5,I4)

EllD
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SUEROUTIhE DIJ ADJ ( DIJ0, AIJS, TEMPS ,DIFFK ,NISO,NMATS,NCELL, ISO,K ,KK
1 )

C USE ARRnENIUS RELATION TO ADJUST DIFFUSION COEFFICIENTS
DIMENSICI, DIJO(NISO,NISO,NMATS). AIJS(NISO.NISO,NMATS)
DIMENSION DIFFK(ISO, ISO), TEMPS (NCELL)

C h=1.967 CAL /K-MOLE
C i DEGhEES KELVIN
C DIJO Ch=h2/SEC
C AIJS CAL / MOLE

R=1.967
DO 20 J=1, ISO
DO 10 JJ:1 I
EXPON=-AIJ$(SOJ JJ,KK)/(R* TEMPS (K))
DIFFK (J ,JJ)=DIJ0(J JJ,KK) hEXP(EXPON)

10 C0!1TINUE
20 CONTINUE

RETURN
END
SUBROUTINE BCONL (EK, AREA,DIFFK,DELR, SOURCE,CONBOU,NCELLS, ISO,NBCL

1 ,NGEOM,NISO,NIC,DUM11,DUM33)
C SET LEFT EOUNDARY CONDITION

DIMENSICh AREA (f, CELLS)U,DIFFK(ISO ISO)U)DELR(NCELLS), SOURCE (NIC),1 CUNEOU(NISO, ), EK(IS ISO), DUMI1(IS , DUM33(NIC)
IF (NECL.EG.2 GO TO 30IF ( NBCL.N E.1 GO TO 60
DO 20 I= 1, ISO
DO 10 J=1, ISO
EK(I J)=0.0

10 CONTINUE
20 CONTIf!UE

hETURN
30 IF (NGE0fl.GT.1) GO TO 40

CON =2./DELR(1)
CALL SCALAR (DIFFK, CON,PK, ISO, ISO)
GO 10 50

40 CON =2.* AREA (1)/DELR(2)
CALL SCALAR (DIFFK, CON,EK, ISO,ISG)

50 C01;TINUE
DO 60 I=1, ISO
DUt!1 1 ( I) = CO NEOU ( I ,1 )

60 C';NTINUE
JALL MATMPY (ISO, ISO,1 EK, ISO, LUM 11,NISO,DUM33,NIC)
DO 70 I= 1, ISO

70 SOURCE (I)= SOURCE (I)+DUM33(I)
RETURN

80 CONTINUE
PRINT 90
RETURN

C

90 F0hMAT (51,'LEFT DOUNDARY CONDITION IMPROPERLY SPECIFIED*)
END

SULh0U11NL ECONR ( AK , A REA .DIFFK , LELR , SOURCE ,C0hEOU ,tJCELLS , ISO ,NECR
1 , U ISO , HIC , Dbh11, DUM2 2, EK ,CKK , ALA M ,VOL , LIEDUM1 )

C SET RIOh1 EGUNDAhY CONDITION
DIMEf.SICN AnEA(NCELLS), DIFFK(ISO, ISO), DELR(hCELLS), SOURCE (HIC),

1 CONI OU(NISO,2) , AKlIbo, ISO), DUM11(ISO), DUM22(ISO)
DIKENSION EK(ISO, ISO), CKK(ISO, ISO), ALAM(ISO, ISO), VOL(UCELLS),

1 DIr LUl:1 ( ISO ,IbO)
It (NECn.EC.2) GO TU 30
It (LECH.NE.1) GG TO 90
DC 20 I= 1, ISO
CD 10 J=1,IdC
AK(I,J)=0.0

10 CONTIhUE
20 CGhTINUE

GO TO 60
30 C0!.:2.* AREA (hCELLS)/CELR(NCELLS)

CALL SCAL At: ( DIF F K , C0f. , AK , ISO , ISO)
DO 40 I=1, ISO
DUM11(I)=CONEOU(I,2)

. 40 00h1Ih0E
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CALL MATMPY (ISO, ISO,1,Ah, ISO,DUM11,NISO,DUM22,NIC)
J=NIC-ISO
DO 50 I=1, ISO
SOURCE (J+I)= SOURCE (J+I)+DUh?2(I)

50 CONTINUE
6C CALL SCAL AR ( ALAM,VOL(NCELLS) ,DIFDUtil , ISO, ISO)

DO 80 I1=1, ISO
DO 70 12=1, ISO
CKK(ItsI2)=-AK(I1,I2)-EK(11,I2)-DIEDUM1(I1,I2)

70 CONTIllUE
80 CONTINUE

RETU RN
90 CONTINUE

PRIliT 100
HETURN

C
100 FORMAT (5X,*RIGHT EOUhDARY CONDITION IMPROFERLY SPECIFIED*)

END
SCEHOUTIhE BIGEL ( DIFEK .DIF FK1,DIEDUM1, DIE DUN 2, AL AM, Ah , Eh ,CKK , ISO

1 . AREA,VOL LELR,NCELLS.IPVT,1,1)
b, AND K

DIFFKI(AISO, ISO), DIEDUM1(ISO, ISO),C EVALUATE ELEMEhTS OF BIG MAThlX-
'

DIMEt!SIOr1DIFFK(ISO} LAM (ISO, ISO),
ISO),

DIFDUM2(ISO, ISO), AK(ISO, ISO), EK(ISO, ISO), CKK1

2 (ISO, ISO), IPVT(ISO), Z(ISO), DET(2)
DIMENSIOt1 ARE A(!; CELLS) , VOL(NCELLS), DELR(IICELLS)
00 20 11=1, ISO
DO 10 I2=1, ISO
DIEDUM1(I1,I2)=DIFEK(I1,12)+DIESK1(11,I2)

10 CONTlWUE
20 CotiTINUE

CALL SGECO (DIEDUhl, ISO, ISO,IPVT,RCCND,Z)
C ALL SGEDI ( DIE DUM1, ISO , ISO ,IPVT , CET ,1,01 )
CALL MATMPY (ISO, ISO, ISO.DIEDUM1 ISO,D1FFK1, ISO,DIEDUM2, ISO)
C ALL MAThPY (ISO, ISO, ISO ,DIFFK ,IE0, DIE DUP 2, ISO ,DIF PUM1,ISC)
CON =4.* AREA (I)/(CELR(I)+bELR(I+1))
CALL SCALAR (DIEDUM1, CON,AK, ISO, ISO)
CALL SCALAR (ALAM,VOL(I),DIFDUMi, ISO, ISO)
DO 40 I1=1, ISO
DO 30 I2:1, ISO
CKK(I1,I2)=-AK(11,I2)-DK(I1,12)-DIEDUM1(I1,I2)
EK(I1,I2)=AK(I1,I2)

30 CONTIt,UE
40 CohTINDE

RETURN
C

END
SUEROUTIhE MAKEb (LIGE,AK,EK,CKK,NIC, ISO,VOL,NCELLS,ICUL,II)

C CONSThUCT EIG hAIRIX
DIMENSIGN EIGb(HIC, HIC), AK(ISO, ISO), EK(ISO, ISO), CKK(ISO, ISO),

1 VOL(NCELLS)
LEVEL 2, bIGE
IVOL= ICO L+II- 1
00 20 I=1 ISO
IR1=ICOL* ISO-ISO +I
I H2 = ICO L* ISC+ I
DO 10 J=1, ISO
IC 1 = ICO L* ISO-iso + J
IC2=ICOL* ISO +J
blGE(Ihl,IC1)=CKK(I,J)/VOL(IVCL)
EIGE(Ihl ,1C2)= AK(1,J)/VOL(IVGL+ 1)
EIGB(IR2,IC1)=EK(I,J)/VCL(IVOL)

10 CONTINUE
20 C0hTINUE

ICOL=ICOL+1
RETUhN
ENTRY MAKEEL
IVOL= ICO L+ II- 1
DO 40 I=1 ISO
Ihl=ICOL* ISO-ISO +I
DO 30 J=1, ISO
IC1=ICOL* ISO-ISO +J

,7&
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BIGb(IR1,IC1)=CKK(I,J)/VOL(IVOL)
90 CCNTIhUE
LO C0h11NUE

hEIUhh
thD
SUEh0UTINE hXSEC (SIGPHI, PHI,ASEC,M,N,IGP,NGP,hXS,NCELL,K)

C KEIGLT Ch0SS SECTIONS
DIt.ENSIOh FhI(hCELL,NGP), XSEC(fiXS,MGP,4)
SIGPhl=0.0
DO 10 J=1,IGP

10 SIGPHI=SIGPhl+ PHI (K,J)hXSEC(h,J,1i)
HETUhN
EhD
SUEn00Tll!E MLhVOL (VOLMAT, HIC,VOL,NCELLS,II, ISO)

C LChSIHbCT DIAGoliAL VOLUt'.E MATRIX
DIMENSICh VOLtlAT(NIC,NIC), VCL( flCELLS )
LEVEL 2, VOLMAT
DO 20 I=1, HIC
DO 10 J:1, HIC
V0LMAT(I,J)=0.0
IE (I.hE.J) GO TO 10
IJ:(I-1)/ ISO +11
VOLMAT(1,J)=VOL(IJ)

10 C0hTIhUE
20 LONTIfiUE

HETUhh
thD
SU LHOUTINE SOLVEH ( A, b ,C , D,E,F ,TIllCD,I,NN)

C 60LVER EVALUATES D(A) A?ID I+ A*D( A)
C ThESE V ALUES ARE HETUhliED I!J D AND E.
C ThE FULLChING ARE REQUIRLD RGUTINES
C IFACT - CALCULAIES FACTORIALS
C SCALAH - !!ULTIPLIES / SCALAh tit 1ES A MATRIX
C GElilD - CREATES AN IDENTITY MATRIX
C MATMOV - SETS Th0 MATRICES ECUAL
C !!PYEC3 - MULTIPLIES Th0 LCM MATRICES - CALLS SDOT
C SDOT - CALCULA1ES ThE DOT PEODUCI 0F Th'O VECTORS

DIMEliSICh A(Ilk ,hN) , E(Nh,NN), C(NN,NN), D(NN,Ntl), E(NN,NN), F(hN
1 , f;h )
LEVEL 2, A,E,C,D,E,E
EPS=1.0E-15
Y=-ALCG(EPS)
TLOG= ALOG( 2.0 )
DC 10 M=1,20
EACT=IFAC1(h+2)
X=(M+1)*TLOG+ALOG(EACT)
IF '. X . GE . Y ) G O 10 2 0

10 C0hTINUE
20 C0tJTINUE

SUM =0.0
DO 40 JJ:1,I
DO 30 J=1,I
SUM = SUM +A(J,JJ)*A(J,JJ)

30 CONTIhDE
40 CONTINUE

C THIS USES SCHUR'S THEOREM E0h THE EOUhD m THE MAXIflUM EIGENVALUE
P=(0."7 50,50,60*ALCG(SUM)+ALOG(TIhCD))/TLCGIE (P

50 NP=1
GO TO 70

60 NE=P+1.0
70 CONTINUE

S=1.
DO 80 tJLOOP= 1,NP
S=S*2.

80 C0hTINUE
C ThIS LOOP IS USED Ili PLACE DE 2* kNP AS THAT WAS SET TO ZERO
C FOR hP GhEATER THAN 48 (CDC-6600)

T=TINCD/S
C ALL SCAE 'S (A T,C,I,lih)
CALL GENID (D,1,NN)

"
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C CALCULATE D(h)
DO 100 J=1,M
F M= 1.0 / ( M+2.0-J )
CALL SCAEC5 (D,tfi,F,I,1;ll)
CALL MPYEC3 (I,1,I,C,hN,F,Nh.D, Nil)
DO 90 JJ=1 ID(JJ,JJ)=D(JJ,JJ)+1.0

90 C0tiTINUE
100 CONTINUE

CALL MPYEC3 (I,I,I,C,NN,D,t:N,E,NN)
LO 110 JJ=1 I
E(JJ,JJ)=E(3a,JJ)+1.0

110 COLTlhUE
C D AND E CONTAIN THE SCALED DOWN VALUES

CALL GENID (C,I,NN)
SI= 1.0/S
DC 130 J=1,NP
CALL MOVECS I,I,E ,NN .E ,NN)
CALL MPYEC3 I,I,I,E N!),F,NN,E,hh)
CALL !!OVECS I , I , E , h ti , E , N N )
DO 120 JJ=1,I
F(JJ,JJ)=F(JJ,JJ)+1.0

120 CONTIhUE
CALL MPYEC3 (I,I,I,C,NN,E,NN,b,hN)
CALL MOVECS (I,1,E,NN,C,lili)

130 CONTINUE
C C CONTAINS THE EtiTIRE PRODUCT

CALL SCAECS (D.SI,F,1,liN)
C ALL MPYEC3 (I ,1,1,F , Nil,C , hti,D ,t!t4)

C I + A * D(A) IS IN E
C TEST E MATRIX FOR ALL ZEROS

SUM:0.
DO 160 JJ=1 I
DO 140 J=1,I
SUM = SUM +E(J,JJ1

140 C0t;TINUE
150 CONTINUE

IF (SUM.NE.0.0) RETUR!i
PRINT 160
STOP

160 FORMAT (32H ALAhti SOUL;DED. E MATRIX ZERO. )
END
SUBROUTINE FFOLVE (VOLMAT,C,D,E,LUN33,DTIME,NIC,CONINT, SOURCE

1 C0f: Cell)
C CdNSTRUCT SOLUTION FROM RESULTS OF SCLVER

DIMENSION VOLMAT(flIC,NIC), C(NIC
NIC), CGhCEN(HIC) E(NIC,NIC),1 DU M33(14IC) , CONINT(NIC), SOURCE (NIC),

D ( ?!IC , UIC )

LEVEL 2 VOLMAT, C, D,E
C CALL PRIt!ES(VOLMAT,NIC,NIC,NIC,NIC,10h VOLMAT ,10h )
C CALL PRIV(C0tJINT,f!IC,NIC,10h CONIr1 ,10H )

CALL MPYEC1 ( NIC ,NIC ,1 VOLT:AT ,NIC ,CONINT, HIC ,COI4CEN , t!IC)2
C CALL PRIV(CONCEN,NIC,NIC,10F VOLMAT*CO,10HNINT )

CALL MPYE'C1 ( NIC , NIC ,1, L , NIC , cot:CEtl fiIC , CONINT , N IC )IC CALL PRIV(CONIP1,NIC,NIC,10H VOLMAT CO,10hNIf,T*E )
DO 10 I=1,111C
V GLMAT ( I ,1) = 1. / VOLf!AT ( I , I)

10 CONTINUE
CALL MPYEC1 (NIC,NIC,1 VOLT!AT,NIC CGNINT LIC,C0hCEN, HIC)

C CALL PRIV(C0hCEti,NIC,UIC,10h FIHSY PAR,10HT )
CALL flPYEC1 ( N IC , h IC ,1, D ,1;I C ,300 h Ct. ,liIC , CO NI hl , N IC )

C CALL PRIV(CONINT,NIC,UIC,10h D'SOUFCE ,10h )
CALL SCAECS (VOLMAT DTIME,C NIC NIC)
CALL PhIMES(C,NIC,NIC NIC,NIC 10H DTIME"VOL,3,NIC)10HMAT )C
CALL MPYEC1 (!1IC, HIC,i,C, HIC,00NINT,NIC,DUMj

C CALL PRIV(DUM33,NIC,NIC,10H SECOND PA,10hET )
DO 20 I=1,NIC
VOLMAT(I,I)=1./VOLMA1(I,I)
CONCEN( I) = C0!;CEN (I)+DUM3 3( I)

20 CONT!SUF
C CALL UtIV(CONCEN,NIC,NIC,10H AtSWER ,10H )

RETU ras

\] )\
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SUPHOUTINE SCALAR (A S B,h,NDIri)
C SCALAR MULTIPLIES A $CdLAR TIMES A MATRIX

DIMENSIO!J A(NDIM,NDIM), b ( fiDI!!, N DIM)
DO 10 J:1,f;
DC 10 I=1,h

10 C0!(I'J ) = 5' A ( I , J )E(I
IhUE

hElbhN
ENU
SOEh001INE SCAECS (A,S,B,N,t4DIf!)

C SCAELS !!ULTIPLIES A SCAL Ah TIMES A NATHIX
L' VEL 2, A,(bDIMENSIGb I, hDIM,NDIM), E(NDIM,NDIM)
DC 10 J=1,1
DO 10 I=1,h
E(I,J)=S*A(1,J)

10 CohTIhUE
HETUhN
END
FUNCTICL IFACT (h)

C EVALUATE 11 EACTOEIAL
IFACT=1
IE (N.LE.1) RETURh
DO 10 I= 1, t;
IEACT=IFACl*I

10 CONTINUE
tiETU RN
EllD
SUEhobTINE GENID (A,N,IA)

C GEhthATE IDE!;11TY MATMIX
DlhhhSIOh A(IA,N)
LEVEL 2, A
DO 20 J=1,N
DU 10 I=1,N

10 A(I,J)=0.0
20 A(J,J)=1.0

HETURh
END
SUEE0bTIhE MATMOV (!.,t!,A,IA,b,IB)

C ECUIVALEhCE TWO MATriICES
DIMENSION A(IA,M), E(IE,M)
DO 10 J=1,M
DO 10 I=1,b

10 E(I,J)=A(I,J)
RETbhh
END
SUEECUTINE MOVECS (N,M,A,IA,b,IE)

C ECUIVALt.NCE ThC LCf1 MATriICES
DII:E NSI O*4 A(IA,M), E(IE,M)
LEVEL 2, A, b
DO 10 J=1,M
CO 10 I=1,N

10 E(I,J)=A(I,J)
hE(UHh
END
SbbHCbTIhE MATMP1 (h,h,L.A,IA,b,Ib,C,1C)

C MULTIPLY Th0 MATRICEL
DIMENSICN A(IA,M), D(IE,L), C(IC,L)
CO 10 J=1,L
DC 10 I=1,N

10 C(I,J)=SbOT(M A(I,11,IA,E(1,J),1)
RETURh
Ebb
Sb ELOUTIhE I;PYEC3 ( N ,M.L. A .I A .E ,IB ,C ,IC)

C MUL'11 PLY TKO LCh EAThICES
DIMEhSION A(IA,h), E(IE.L), C(IC,L)
LEVEL 2, A,b,C
DU 20 J=1,L
00 20 I= 1, f:
AI=0.0
DO 10 K=1,t;

17(7

)EnJO li
6l'

,.



10 AM=AM+A(I,K)*B(K,J)
20 C(I,J)=Ah

RETURN
EhD
SUBROUTI!3 MPYEC1 ( N ,M,L, A ,I A ,E ,IP .C ,IC)

C MULTIPLY A SCM A!!D LCM MATRI':
DIMENSION A(IA,M), B(IB,L), C(IC,L)

LEVEL 2,1,L
A

DO 20 J:
DO 20 I=1,N
AM=0.0
DO 10 K=1,t1

10 AM=AM+A(I,h)#B(K,J)
20 C(I,J)=AM

RETURN
END
SUEROUTINE PRIM (A,tJ1,N2,N1D,ti2D, TITLE 1, TITLE 2)

C PRINT A MAThIX
DIMf";SICN A(N1D N2D)
PRINT 20, TITLEi, TITLE 2
DO 10 J=1,N1

10 PRIriT 30, ( A(J ,JJ) ,JJ= 1, t|2)
RETUhN

C
20 F0hMAT (/1X,2A10/)
30 FO RMAT ( 6E 13.5 )

END
SUBROUTINE PRIMES (A,N1,N2,N1J,t!2D, TITLE 1, TITLE 2)

C PRINT A LCM 11 ATRIX
DIMENS10N A(N1D,N2D)
LEVEL 2
PRINT 20,ATITLE1, TITLE 2
DO 10 J=1,N1

10 PRItJT 30, (A(J,JJ),JJ=1,N2)
RETU Rti

C
20 FOhMAT (/1X,2A10/)
30 FORMAT (6E13.5)

END
SUEROUTINE PRIV (A,hl,h1D, TITLE 1, TITLE 2)

C PRINT A VECTOR
DIMENSI0te A(N1D)

(A(I),1=ITLE210 TITLE 1 TPRINT
1 , 11 1 )PRINT 20,

RETURN
C

10 FORMAT (/,11.2A10,/)
20 FORMAT (6E13 5)

END
SUEROUTIt.E REA0 (ARRAY,NCOUNT,EOL1,ECL2)

C
C READS FLOATING PCIllT DATA

DIMENSI0t1 t R R AY ( hCout1T ) , V(12), L(12), IN(12)
COMMON /10/ NINE , NOUT , IEh, NPhINT
JELAG=0
J=1

10 IF (JFLAG.EQ.0) GO TO 30
DO 20 JJ=1,6
K(JJ)=K(JJ+6)
IN(JJ)=IN(JJ+6)

20 V(JJ)=V(JJ+6)
JrLAG=0
GU TO 40

30 READ (NINP,200) (K(I),Ih(I),V(I),I=1,6)
40 DO 160 I=1,6

L= K( I) + 1
GO TO (50 60 80,170,120), L

C NO !!ODIFIE ATICN
50 AhEAY(J)=V(I)

J=J+1
GO TO 160

*
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C REPEAT
60 L=ItJCI)

DO 70 f t:1 L
AhRAY(J)=$(I)

70 J=J+1
GO TC 160

C INTERPOLATE
80 IF (I-6) 100,90,90
90 READ (NINP,200) (K(JJ',IN(JJ),V(JJ),JJ:7.12)

JFLAG=1
1CO L=IN(I)+1

DEL =(V(I+1)-V(I))/ FLOAT (L)

DO 110 M=1(LARRAY(J)=V I)+ DEL * FLOAT (f-1)
110 J=J+1

GO TO 160
C INTERPOLATE KIIH CONSTANT RATIO

120 IF (I.LT.6) GO TO 130
READ (IIINP ,200) (K(JJ),IN(JJ),V(JJ),JJ=7,12)
JFLAG=1

130 L= MAX 0(2,IN(I)+1)
T1=0.
T2=1.
DO 140 JJ=1,L
T1=T1+T2

140 T2=T2*V(I)
T2=(V(I+1)-AHhAY(J-1))/T1
u= MAX 0(1,1N(I))
Do 150 JJ=1,L
ARRAY (J)= ARRAY (J-1)+T2
T2=T2*V(I)

150 J=J+1
160 CONTINUE

GO TO 10
C 1ERt1IN ATE

170 J=J-1
WRITC ( NOUT ,210) HOL1,HOL2,J ,( Ahh AY(I) ,I= 1,NCOUNT)
IF (J-NCOUNT) 160,190,160

180 hRITE (NOUT,220) HOL1.HOL2
IER=1

190 RETUR!1
C

200 FORMAT 6(11,I2,E9.3))
210 FORMAT /1X,2A6,I6/(6E13.5))
220 FORMAT /33H INCORRECT NUMEER OF INPUT ITEMS ,2A6)

END
SUBROUTINE RE AI (I AbHAY ,NCOUNT,HOL1,HOL2)

C
C READS INTEGER DATA

DIMENSION IARRAY(NCOUNT), IV(6), K(6), IN(6)
COMMON /10/ NINP, NOUT, IER, NPRINT
J=1

10 READ (NINP 100) ( K( I) , IN( I) , IV ( 1) ,1= 1,6 )
DO 60 I=1,$
L= K( I)+ 1
GO TO (20,30,50,70), L

C HO MODIFICATION
20 IARRA1(J)=IV(1)

J=J+1
GO TO 60

C REPEAT
30 L=IN(I)

DO 40 M=1,L
IARRAY(J)=IV(1)

40 J=J+1
GG TO 60

C INTERPOLATE
50 KRITE (NOUT,120) h0L1,HOL2

IER=1
RETURN

60 CONTINUE
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GO TO 10
C TERMINAIE

70 J=J-1
kHITE (fiOUT,110) bOL1,HOL2,J,(IARRAY(I),I=1,HCOUNT)

80 WHITE (?!OUT,130),90,80IE (J-hCCUNT) c0
HOL1,HOL2

IER=1
90 RETUHH

C
100 EORMAT (6(I1,I2,I9))
110 FORMAT (/1X,2A6,I6/(6I12))
120 FORMAT (44H0ATTE!!PIING TO IriTERPOLATE EETWEEN INTEGERS ,2A6)
130 FORhtT (33HOIhCORRECT f;Ul!EER OF INPUT ITEMS ,2A6)

END
SU b110UTINE DR AW ( NANMAT ,RE AR , DA FLOT, NTIM WP ,ColiCEN ,DUM3 3, f! ISO

1 , hC ELLS , NC EL L , N TIME , ISO , NIS01, CONE OU , DIST , lJ C ELL 1, NB CL , N BC R )
C DRAW PLOTS OF RESULTS

DIMENSION NANMAT(NIS01,2), REAR (fiCELLS), CONCEN(NP), DUM33(NP),
DAPLOT(lilSG N DIST(NCELL11, CONEOU(NISO,2)

DIMENSION X E) CELL,liTIME),LAEELXl3), LAEELY(4)
1

, Y(2),
CALL GPLOT 1HU,10HDASh PLOTS,10)
CALL EGliPL 0)
CALL HElGHT (0.25)
Y =0.0
X =DIST(1)
X =DIST(hCELLS+1)
XSCALE=AINT(ALOG10(X(2)))
XSCLDIV=10.**XSCALE
IF (hP.EC.hCELLS) GO TO 40
IF (XSCALE.GE.2.) CO TO 20
00 10 I=1,NP

10 DUM33(I)= HEAR (I+1)
liX=13
ENCODE.(NX,160,LAEELX)
GO TO d0

20 X(2)=X(2)/XSCLDIV
IX S= X SC AL E
tiX= 2 3
EliCODE (NX,17C,LAEELX) IXS
DO 30 I=1,NP

30 DUh33(60I)=hBAR(I+1)/XECLDIVGO TU
40 IE (XSCALE.GE.2.) GO TO 60

DO 50 I=1 hP
50 UUl133(I)=$LAh(I)

liX=13
ENCODE (NX,160,LAEEIX)
GO TO 80

60 DO 70 I:1 NP
70 DUM33(I)=EEAR(I)/XSCLDIV

X(2)=X(2)/XSCLDIV
IXS=XSCALE
NX=23
ENCODE (NX,170,LAEELX) IXS

80 Do 150 I=1, ISO
Z=0.0
DO 100 tit =1 NTIM
DO 90 J=1,fE
Zr Ai1AX 1( Z ,DAPLOT( I ,J , NT) )

90 CONTINUE
100 CONTINUE

Y(2)=AMAX1(C0hEOU(1,1),LOliEOU(I,2),Z)
IF (NECL.EC.1) Y(21=AMAX1(CONEOU(I,2),Z)
IF (NBCR.EO.1) Y(2)=AMAX1(CONEOU(I1),Z)Y(2 iIF (NECR.EQ.1.AND.fiECL.EO.1)
YSCALE=AIhT(ALOG10(Y(2)))
YFCLDIV=1.0
IE (lSCALE.LT.2.) GO TO 110
YSCLDIV=10.**YSCALE
Y( 2 ) = Y ( 2 ) / YS CL DIV
IiS=YSCALE
fiY = 3 3
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ENCODE ( NY ,160,LAEELY) IYS
GO TO 120

110 kY=23
ENLODE (hY,190,Lf. EELY)

120 CALL TITLE (hANNA1(1 1) 7(X(1),10HSUALE ,LAEELX,NX,LAEELY,Ni 5.5,8.) ,Y(2)),X(2),Y(1),10HSCdLECALL GHAF
DO 140 N1=1,NTlM
DO 130 J=1,NP
CONCEh(J)=DAPLOT(1,J,NT)

130 CohCEN(J)=C0f!CEh(J)/YSCLDIV
CALL CUhVE (DUM33,CONCEN,NP,0)

140 CONTINUE
CALL ENDPL (I)

150 CONTINUE
CALL DCNEPL
BEIURh

C

160 FORMAI (13HDISTAliCE (CM))
170 t0hMAT (21hDISTAUCE (CM) X 10 d " , I2 )
180 FORMAT (31hCONCENTRATION (ATOM /CC) X 10dd ,I2)
190 FORMAT (23HCONCENTRATIch ( ATOM /CC))

EhD
SUEHOUTINE SPL1D1 (h X,F,b.10P,IJ A E,C)

C WHERE N: hUbbEH OF P6INTS IN THE IN'['ERPOLATION
C X= ORIGIN OF TAELE OF INDEPENDENT VARIABLE
C F= ORIGIN OF TAELE OF DEPENDENT VARIAELE
C b= Ah AhRAY OF DIMENSION N WhICh CONTAINS THE CALCULATED
C SEC0hD DERIVATIVES UPON RE1 URN
C IOP= AN ARRAY CF DIMENSICN 2 kHICH CONTAINS COMEINATIONS OF
C THE INTEGERS 1 THRU 5 USED 10 SPECIFY THE EOUNDARY
C CONDITIOh5
C IJ: SPACING I* THE F AND h TAELES
C A,E.C= AhBAYS OF DINENSION N USED FOR TEMPORARY STORAGE
C

DIMENSION IOP(2), X(4),HSPL1D1K(2), A(2). E(2), C(2), COMM(6)F(2),
DATA (COMil(J1 bhCORRECT.,6)h

,J=1,6) /d h,6H LESS TH,8 hah 4. RE 8HSULTS IN,
/

K=h-1
A(2)=-(X(2)-X(1 )/6.
b(2)=(X(3)-X(1)))/3
h(IJ+1)=(F(2=IJ+1)-F(IJ+1))/(X(3)-X(2))-(F(IJ+1)-F(1))/(X(2)-X(1))
IF (N-3) 10,30,10

10 CO 20 I=3,K
M= ( I- 1 ) * IJ + 1
J1=M+1J
J 2 = t l-IJ
C0 fi= ( X ( I+ 1 )-X ( I- 1 ) ) / 3
DCh=(X(I)-X(I-1))/6.
E(I)= CON-(DON **2)/B(I-1)
E= ( F ( J 1 )-F (!!) ) / ( X( I+ 1 )-X( I) )-( F(f t)-F( J2 ) )/ ( X ( I)-X( 1-1 ) )

20 A(M)=E-(DCN#W(J2)}1/E(I-1)
WI

I)=-(DON *A(I-1} /E(1-1)
30 K1=(U-2)*IJ+1

C ( N- 1 ) = -( ( X ( h )-X ( h- 1 ) ) /6. ) / B ( t|- 1 )
A(K1)=W(K1)/E(h-1)
A;h-1)=A(h-1)/E(h-1)
K2=h-1
IF (b-3) 4040 LO 50 I=2,Ee,60,40
J=N-I
CCN=(X(J+1)-X(J))/6.
A(J)=(A(J)-CON =A(J+1))/E(J)
C(J)=-(CCh*C(J+1))/L(J)
k3=(J-1)*1J+1
M=K3+IJ

57 h(K )=(L(K3)-coa *h(M))/E(J)
60 K4= h-1)*1J+",

IF 10P(1)-5) 70,90,70
70 C1=k(1)

*

IF (IOP(2)-5) 00,11C,80
7b0 C2=b(h4)

GO TO 130
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90 IF (N 4) ,100,100
100 Al=X -X

A2=X -X
A3=X -X
A4=X -X
A5=X -X
A6=X -X
W(1)=F(1)*(1./A1+1./A;+1./A3)-A2*A3*F(IJ+1)/(Al*A4*A5)+A1*A3*F(2

1 *IJ+ 1 )/( A2* A4 * A6 )- A',' A2* F( 3* IJ+1)/ ( A3* AS * A6 )
GO TO 70

110 IF (!!-4) 570,120,120
120 E1=X(N -X N-3

E2=X(N -X N-2
E3=X(N -X N-1
E4=X(N-1)-X(N-3)
b5=X(N-1)-A(N-2)
E6 = X( N-2 )-X ( N-3 )
L'=K4-IJ
L2=L1-IJ
L =L2-IJ

=-E2*b3*F(L3)/(E6*b4*b1)+E1*F3*F(L2)/(E6*E5*E2)-E1*E2*E(L1)/
WK4]E5*E3)+F(K4)*(1./Bl+1./E2+1./E3)B41

GO TO 6C
130 DO 160 I=1,K

!!= ( I- 1 ) * IJ + 1
GO TO 170

140 IF (I-1) 150,160,150
150 W(1)=W(1)-E0E*w(M)

W(K4)=h(K4)-EILL*W(M)
A 1)=A -E0B*A(I)
AN=A -EILL*A(I)
C1 =C -ECE*C(I)
C(N =C - -BILL *C(I)

160 CONTINUE
GO TO 550

170 NK=IOP(1)0 210,260,310,260),GO TO ( 10 MK
180 IF (I-1) 200,190,200
190 A(1)=-1.

C(1)=0.
GO TO 340

200 E0E=0.
GO TO 340

210 IF (I-1) 230,220,230
220 A =-1.

C =0.
k =0.
GO 10 340

230 IF (1-2) 240,240,250
240 E0E=-C1

GO TO 340
250 E0E=0.

GO TO 340
260 IF (I-1)(280,270}260270 A(1)=-(X 2)-X(1) /3

C(1)=0.
b(1)=-C1+(E(IJ+1)-F(1))/(X(2)-X(1))
GO TO 340

280 IE (I-2) 290 2
290 E0E=(X(2)-X(I)90 300)/5.

GO TO 340
300 E0E=0.

GO TO 340
310 IF (I-1) 330,320.330
320 All =-1.

C(1 =1.
h(1 =0.
GO TO 340

330 E0E=0.
0h340 ML=ICP(2) >

\UGO TO (350,360.430,480,430 , ML 7cp
jJ d
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350 IF (I-1) 370,360,370
360 A(N)=0.

C(N)=-1.
GO 10 140

370 LILL=0.
GO TO 140

360 IF (I-1) 400,390,400
390 A(h)=0.

C(h)=-1.
W(K4)=0.
GO TO 140

400 IF (I-K) 420,410,420
410 EILL=-C2

GO TO 140
420 EILL=0.

GO TO 140
430 IF (I-1) 450,440,450
41H3 A ( N = 0.

C(N =(X( N-1)-X( fi))/3
h(K )= C2-(F(K4 )-F (K 1))/ (X( N)-X(li-1))
GO TO 140

450 IF (I-K) 470.460,470
4b0 LILL=(X(N)-X(N-1))/6.

GO TO 140
470 BILL =0.

GO TO 140
480 IF (I-1) 500,490,500
490 A(!1)=0.

C ( N ) = ( X ( N- 1 )+ X ( 1 )-X ( !!)-X ( 2 ) ) / 3
K( K4 ) = ( F( IJ+ 1 )-F ( 1 ) ) / (X ( 2 )-X ( 1 ) )-( F( K 4 ) -F(K 1 ) ) / (.Y ( N )-X(!!- 1 ) )GO TO 140

500 IF (I-2) c'O 510 520
510 PILL =(X(2)-Xll))/6.

GO TO 14C
520 IF (I-K) 540,530,540
530 BILL =(X(N)-X(N-1))/6.

GO TO 140
540 EILL=0.

GO TO 140
550 CON =A *C(N)-C(1)*A(N)

Di=-W
D2=-h

jC(!J)-C(1)*D2}/ CONW(1)=
h( K4 )= ( A( 1) *D2-D1 * A ( NJ )/Cli.
DO 560 I=2,K
M=(I-1)*IJ+1

560 b(M)=W(M)+A(I)"W(1)+C(I)"W(K4)
GO TO 580

570 CALL LAEHT (1,COMM,1)
580 RETURN

END
Subh0UTINE SPL1D2 (N X,F,b IJ,Y,TAE)

C WHEhE N= bbMt!Eli 0F POItCs ih ThE INTEHPOLATICNC X= OHIGIN CF TAELE OF THE INDEPENDFhT VARIAELEC F= ORIGIN OF TABLE OF THE DEPENDENT VARIALLEC
W= ORIGIN OF TAELE OF SECOND DEHlVATIVES AS CALCULATED DiC SPL1D1

C IJ= SPACING IN THE TAELES F AND W
C Y= ThE POINT AT WHICH INTEhPOLATION IS DESIHEDC T A3= AN ARRAY OF DIMENSICl; 3 kHICH CONTAIhS THE FUNCTION
C V ALUE, FIRSr DERIVATIVE, AND SEC0hD DERIVATIVE Al Y
C

DIMENSICil X(3), F(3), WC3), TAE(3)
C
C LOCATE Y IN THE X TAELE
C

IF (Y-X(1)) 10,10,20
10 I=1

GO TO 50
20 IF (Y-X(IJ)) 40,30,30
30 I=N-1

.
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GO TO 50
40 LILL SEARCH (Y,X,N,I,!ELAG)
50 !!I= (I-1) *IJ+1

K1=MI+IJ
FLK=X(1+1)-X(I)

C
C CALCULATE F(Y)
C

A=(b(MI)*(X(I+1)-Y)**3+b(K1)*(Y-X(II)**3)/(6.*FLK)
E= ( F ( t: 1 ) / F LL-U( K 1 ) * F LK / 6. ) * ( Y-X ( I) )
L=(F(MI)/FLK-FLK*b(MI)/6.)*(X(I+1)-Y)
TAB (1)=A+E+C

C
C CALCULATE THE FIhST DEhIVATIVE AT Y
C

A=(h(L1)*(Y-X(I))**2-b(tiI)*(X(I+1)-Y)**2)/(2.*FLK)
E=(F(K1)-F(MI))/FLK
C=FLK*(W(hl)-L(K1))/6.
TAE(2)=A+E+C

C CALCULATE THE SEC0!iD DERIVATIVE AI Y
C

TAE(3)=(b(MI)*(X(I+1)-Y)+b(K1)*(Y-X(I)))/FLK
hETURN
END

I D Et<T SEARCH
ENThY SEAhCH

*
CALL SEARCH (X XT,N,NDX,MFLAG)*

n

LItiARY SEARCH hITH tiEMORY OF ARRAY XT( LENGTH N) FOR*

* VALUE X. RESULT IS RETURNED IN tiDX, AND A FLAG IS SET SO THA
MiLAG = 0 IF X=XT(NDX)*

* MELAG = 1 IF XT(NDX) LT X LT XT(NDX+1)
MFLAG = 2 IF X LT XT(NDX) WhERE NDX=1*

OR X GT XT(tiDX) kHERE NDX=N*
-

XT MAY EE FIXED POIllT, FLCATItiG FOINT OR CHARACTER VALUES,
w
*

AND MUST EE EITHER M0i40 TONIC INCREASING CR DECREASING.*
*
* IF FLOATING POINT V ALUES USED, THEN (EASE 10) EXPoliENTS

ARE RESTRICTED TO LESS THAN 150 IN AESOLUTE VALUE*
e

IF CHARACTERS ARE USED, CCTAL DISPLAY CODE SHOULD EE LESS*

* TilAN 40b (THAT IS 11AY EE ALL ALPHABETICS AND NUMBERS 0-4)

*

ILO IS EEGI!'NING SEARCH V ALUE*
* SET TO 1 UPO!i FIhST ENTRY

SET TO LAST NDX UPON EACH SUCCEEDIt;G EtiTRY.*

.

ILO DATA 1

Tlils IS RETURh BB ANCE IF XI(ILO) LT X LT XT(ILO+1)*
*

DONE11 SX6 E7
EQ DONE12

DONEi SX6 E6 ILO
SX7 El 1

NG E5,DONE11
D0hE12 SA6 AS SAVE ILO

SA7 A0 MFLAG = 1
SA6 E4 NDX = ILO
IFEC *F,2 CALLED EY FTN

SEAFCH1 SA1 TEMP RES10RE A0
SAO X1
ENDIF
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*

* IN OhDEH TO DO A b1 NARY SEARCH, X MUST EE IN AN IllTEhVAL
SINCE WE SAVED VALUE OF ILO, WE MUST FORCE INTERVAL KHERE=

=, XT(ILO) LT X LT XT(IHI), BY !!0VING ILO AND IHI UP OR DOWN XT.

SEAHCH DATA 0
IFEQ *F,2 CALLED BY FTh
SX6 A0
SA6 TEMP
SE1 1 Bl=1
SA3 X1 X3=X
SA1 A1+El
SE2 X1
SP2 b2-El E2 fi0h REFEREhCES XT F0h INDEXES
SA2 E2+E1 X1=XT(1)
SA1 A1+El
SA4 X1 X4=N
SA1 A1+B1
Sb4 X1 E4=ADDR(NDX)
SA1 A1+B1
SA0 X1 A0 =ADDR(MFLAG)
SES b1
SAS ILO
ELSE CALLED BY FUN OR RUN
SA3 E1 X3 CONTAINS X
SA4 E3 X4 CONTA'rJS N
SAO E5 STONE ALJRESS OF hFLAG
SB1 1 KEEP VALUE OF 1
SA5 ILO PICK UP EEGINNING VALUE OF ILO
SE2 E2-b1 E2 N0 ni REFERENCES XT FOR INDEXES
SES El ISTEP = 1
SA2 b2+b1 X1 = XT(1)
ENDIF
Sb3 X4 SET N
SA4 E2+X4 X4 = XT(N)
SX7 E1 1

SB7 X5+L1 IHI = ILO+1
SE6 X5 SET ILO
SA7 A5 STORE ILO = 1
SA1 E2+E7 X1 = XT(IHI)
IX4 X4-X2 XT(h) - XT(1)
SA2 E2+E6 X2 = XT(ILO)

,

* IF XT IS M0h010 HIC DEChEASING ERAhCH TO SWITCH VALUES

NG X4, SKIT YES, XT(N) LT XT(1) SWITCH
*

Chr.CK STAhTIhu POINTS TO SEE IF X IS IN AN INTERVAL OF XT(ILO)*

* AlJD XT(IHI). IfuSI BE TO EEGIN ACTUAL EINARY SECTION.
,

GE E7,E3,IHI2EIG OPPS IHI IS GT h
,

DECR IX7 X3-X1 X-XT(IHI)
IX6 X3-X2 X-XT(ILO)
ZR X7,DONE07
PL X7,EIGXW X GT XT(IHI) !!UST BRING INTERVAL UP
ER X6,DONE0 X = XT(ILO)
PL X6,DONE1 XT(ILO) LT X LT XT(ILO+1) SO DONE

*

* X IS LESS THAN ST ARTIt,G VALUE OF ILO i.iEREFORE MUST PRING
INTERV AL DOLN TU DO BIljARY SEAhCH. MOVE INTERVAL DOWN, DOUBLING*

STEP SIZE EACh TIPE UNTIL XT(ILO) LT X LT XT(IHI).*
,

SMLXL Sb6 E6-E5 DLCREASE ILO TO GET THIS STEP
LT E6,E1,ILO2SML ILO IS ZERO OR LESS fl0T VALID
SA2 A2-E5 GET NEXT VLAUE
Sh7 E6+E5 IHI = ILO
SE5 E5+E5 ISiEP = 2*ISTEP
GT E6,E3,ILO2EIG
SX4 E3 X4 = IJ
SX7 P6-E5 NEXT DECREASING ILO

9 69

358 187



GT B5,06,ILO2SML NEXT II;CREASI!;G HILL EL QUT
IX7 X4-X7 11 - fiEXT STEP (DECREASING)
IX4 X3-X2 X-XT(ILO)
NG X7,ILO2 BIG
NG X4,SMLXW INTERV AL I;0T FOUIJD MUST PEPEAT
EQ ESRCH INTERVAL FORhED PERFORM LINARY.

,

* XT kAS M0tJ0 TONIC DECREASI!iG*
SHIT SA1 A2 SWITCH VALUES I!! X2 AliD X1

Sb7 06 IHI = ILO
SE6 E6+El ILO = IHI
SB5 -E5 ISTEP = -1
SA2 A2+B1 SET X2 = XT(ILO)
LE B6,E3,DECR IF STILL IN H ANGE EETURN 10 fl0FPAL CO
SE6 b1 SET IhI = 1

,

e

ILO2 BIG PL X4,BSRCh I!!TEhVAL FOUt;D TiY EINARY
SA1 E2+b1 X1 = XT(1)
SE7 E6
SA2 E2+E3 X2 = XT(N)
SE6 B3 SET ILO TO N

,

SX7 B1 1

SX6 El+B1 2
SAT E4 STORE NDX=1
SAo A0 ST0hE I: FLAG = 2
SA7 AS STORE ILO = 1
SX7 E3 ILO = N

,

IX6 X1-X3 XT(1)-X
IX4 X3-X2 X-XT(N)
IFEQ "F 2 CALLED EY FTt.
NG X6,,S E ARC H 1
ELSE
NG X6,9EARCH X NOT Ih TAELE ALL DONE
ENDIF
PL X4,BSHCH X IS EETWEEN XT(ILO) AND XT(IHI)

*

SA7 E4 ST0hE hDX = N
SA7 AS
IFEQ *F,2 CALLED EY FTN
EQ SEAhCh1
ELSE
EW SEARCH ALL CCNE
ENDIF

,

ILO2SML IX4 X3-X2 XT(ILO)-X
SA2 E2+El X1 = XT(1)
SX7 El 1

SX6 El+D1 2
PL X4,ESRCH E00!W AN INTERVAL THY EINARY
SE6 El ILO = 1

,

SA7 A5 STobE ILO = 1
SA6 A0 STORE MELAG = 2

,

IX4 X3-X2 X-XT(1)
SA7 E4 STORE hDX = 1
IFEQ *F,2 CALLED EY ETN
hG X4, SEARCH 1
ELSE
hG X4, SEARCH X IS LT XT(1) ALL EGNE
ENDIF
EQ ESRCH INTERV AL SET TEY LIf;ARY

,

a

IHI2EIG SA1 E24E3 X1 = X(h)
SE6 b3-El ILO = N-1
SA2 Al-El XI = XI(IhI-ISTEP)*

"
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SX7 El 1

SX6 El+b1 2
SA7 A5 STORE ILO - 1
SA6 A0 STORE MELAG = 2
SA7 E4 STD"S NDX = 1

m

IX4 X1-X3 X-XT(N)
Sh5 b3 PLACE ANSLER IN E5
IX6 X3-X2 X-XT(N-1)
IE E0 * F ,2 CALLED BY FIN
LE b3,bl, SEARCH 1
ELSE
LE E3,E1, SEARCH XT LOT AN ARRAY ALL DONE
END1b
ZR X4,DCNE00 H AVE ANShER ERANCH TO RETURN V ALUES
SE5 b1 RESTORE ISTEP
!,G X4,IHIGTN OPPS OUT RETURN RIGHT VALUES
Zh X6,DONE0 FOUND X EXACT
PL X6,DONE1 X EETWEEN XT(l;-1) AND XT(N)
EQ SMLXW STILL MUST FORM IliTERVAL,

* X BAS GREATER THAN EEGIN!;ING IHI NEED TO MOVE IhTERVAL DOWN
* XT TO DO EI!JARY SEAhCh. MOVE INTERVAL, DOUBLING STEP SIZE
5 AT EACH SILP UNTIL XT(ILC) LT X LT XT(IHI),

EIGXb SA1 A1+E5 X1 = XT(IHI)
SE6 E7 ILO = IHI
SE7 E7+b5 IHI = IhI+ISTEP
SES ES+ES ISTEP = I*ISTEP
NO
SX7 E7+E5 NEXT IriCREASING VALUE
SX6 E3 KEEP VALUE OF N
ZR X7,IHILT1 NEXT DECREASIliG VALUF IS OUTP
NG X7,IHILT1 NEXT DECREASING VALUE IS OUT
IXJ X6-X7 N - NEXT STEP (INCREASING)IX4 X1-X3 X-XT(IHI)
hG X7,IhIGTh NEXT STEP OUT OF INIERVAL
NG X4,EIGXW STILL DO NOT HAVE INTERVAL REPEAT
ZR X4,DCNE07

,

* HAVE IhTERVAL MUST SET UP A MID POINT FOR FINARY

ESRCH ZR X4,D0!iE0 FOUND AtlSWEH EXACTLY
SX6 E6+E7 IhI + ILO
SE5 E7 MID = IHI
Akb 1 NEXT MID POINT MAYEE
SA2 E2+X6 X2 = XT(!!ID),

* FIhALLY ThIS IS ACTUAL BINAR1 SEARCH SECTION
ESECH1 Sb7 E5 IHI = MID

SES X6 MID POINT
SXO E6+X6 XO = ILO+MID
SX1 E7+XS X1 = IHI+MID
AX6 E1,XO MID 1 IF X EETWEEll XT(ILO) AND XT(MID
AX1 1 liID 2 IF X EETWEEN XT(IHI) AND XT(MIDIX0 X2-X3 XT(MID)-X
IX5 X1-X6 IHI - ILO
SA2 E2+X6 X2 = XT(MID 1)
ZH X5,DONE MlD MATCHES EOU!iDRY RETURN ANSWERS
SA4 E2+X1 X4 = XT(MID 2)e

LOCP ZR X0,DONE00 X MATCHES XT(MID' RETURN VALUE
FL X0,BSRCH1 X EEThEEN XT(MIDI AND XT(IHI),

SE6 E5 ILO = MID
SES X1 NEW MID POIf1T
SX6 X1+E6 X6 = MID + ILO
SX1 X1+E7 X1 = MID + IHI
AX6 1 MID 1 X EETWEEN XT MID AND XT ILO
AX1 1 MID 2 X EETWEEN XT MID AND XT IHI
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IX0 X4-X3 XT(!!1D)-X
.N3 X1-Xb IHI-ILC
; ".2 b2+X6 X2 = XT(MID 1)
3A4 E2+X1 X4 = XT(MID 2)
h3 X5.LUOP HAVE NOT FOUND VALUE TRY AGAIN

RIGHT AhSkER l'0UND IN INTERVAL XT(X6) LT X LI XT(X6+1)

DONE 22 X0,DONE00 FOUND RIGHT ADSLER EXACILY
SX7 Li .

SA6 E4 STORE ANSWER Ill hDX
SA7 A0 STORE 1 It! 11 FLAG
SA6 AS STORE A!EhER IN ILO
IFEC "F,2 CALLED BY EIN
EQ SEARCH 1
ELSE
EQ SEARCH ALL D0tJE
ENDIF

*
* RIGHT ANSbER FOUNL EXACTLY
*

DONE0 SX6 E6 ANSKER IN E6
MX7 0 0
SA6 E4 STORE ANSLER IN NDX
SA7 A0 ST0hb 0 Ih llELAG
SA6 A5 STORE Ab5hEH ID ILO
IE EC "F.2 CALLED bY Elh
EC SEARCH 1
ELSE
EQ SEARCH ALL D0!;E

ENDIF
D0hE00 SX6 b5 ANShER IN 05

MX7 0 SET 10 0
SA6 E4 hDX = A!JSWER
SA7 A0 MELAG = 0
SA6 A5 ILO = ANSWER
IFEQ #F,2 CALLED BY FTil
EO SEARCH 1
ELSE
EO SEARCH ALL DChE
EhD1E

n
e

DONE07 SX6 L7
HX7 0
SA6 E4
SA7 A0
SA6 AS
IFEQ 'F,2 CALLED LY FI!J
EC SEARCH 1
ELSE
EQ SEAnCh
ENDIF

IHIGT!! SA1 b2+b3 X1 = XT(N)
ZR X4,DONE07
PL X4,ESECH FOUhD ItiTERVAL
Sb6 E3 ILO = U

e

SX6 E3 N

SX7 bl+El 2
SA6 AS STORE ILO = N
SA7 A0 STORE MELAG = 2
IX4 X1-X3 XT(N)-X
SA6 b4 STORE NDX = li

e

IFEC 'F,2 CALLED EY FTN
NC X4, SEARCH 1
ELSE
NG X4, SEARCH X OUT OF F A! IGE ALL DONE
END1F
LT B5,b0,bSHCH MUST KEEP POINTERS RIGHT
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Zh X4,D0NEO FOPJD HIGHT ANSWER
SE6 E7 C n' FNT ZERO IN CN RIGHT
Sb7 E3 Si :1I0tJ
EQ ESRCH FUUND INTERVAL llSE EINARY

9

e

IhILT1 IX4 X1-X3 X - XT(IHI)
SA2 E2+L1 X4 = XT(1)
ZR X4,DONE07
EL X4,ESRCH FOUND If,TERVAL
SE6 1 ILO = 1*
SX7 bl 1

SX6 Bl+B1 2
SA7 ??, STORE ILO = 1
SA6 AD STORE MF LAG = 2

,

IX4 X2-X3 XT(1)-X
SA7 E4 STORE NDX = 1
IFEQ "F,2 CALLED EY FTf1
NG X4,SEARCE1
ELSE
hG X4, SEARCH X OUT OF RA!JGE ALL DONE
EhDIF
GT E5.EO,bSRCH M0hT0!:IC DECREASING INTERVAL
ZR X4, LONE 0 FOUND hIGHI Af; SHEN
SE6 L7 INTERVAL MUST EE BACKWARDS
Sb7 El IEI = 1
EC ESRCh FOUtID II;TERVAL TRY BINARY
IFEQ *F,2 CALLED EY FT!1

TEMP ESb 1

ENDIF
Ebb

C ThE FOLLOWING SUEROUTIhE IS A REPLACEMENT FOR THE
C ROUTINE SEARLH FCR USE WITh MACHINES THAT DO
L NOT COMPILE COMPASS.
C SUEHOUTIllE SE ARCH (X ,XT,fl.fiDX ,MFLAG)
C SEARCH FI!JDS A GIVEN VALUE X IN A I:0NOTONIC SERIES

DIt'.ENSION XT(1) )
C

IF (XT(f,)-XT(1) 140,10,20C
C 10 PRI!JT 260
C CALL EXIT
C 20 IF (XT(N)-X) 40,30,50
C 30 NDX=N
C MbLAG=0
C RETUhlJ
C 40 NDX=f1
C MFLAG=2
C RETURN
C 50 IF (XT(1)-X) 80,60,70
C 60 I;LX= 1
C MFLAG=0
C RETURh
C 70 !;DX=1
C EFLAG=2
C HETURN
C 80 NDX=N/2.0+0.5
C M0=1
C M2=N
C 90 IF (XT(NDX)-X) 110,100,130
C 100 hELAG=0
C HEIU6N
C 110 t:0=NDX
G N DX = ( F2-t:0 ) / 2. 0+ M0
C IF (NDX-1:0) 90,120,90
C 120 MFLAG=1
C REIUDN
C 1;0 t12=NDX
G ~ NDX - ( F2-MO /2.0+MO
C IF (NDX-MO 90,120,90
C 140 IF (X-XT(1 ) 170,150,160
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C 150 NDX=1
C MELAG=0
C RETUhN
C 160 NDX=1
C !!E L A G = 2
C RETURt
C 170 IF ( X-X T( t)) ) 190,180,200
C 160 llDX=h
C MFLAG=0
C EETURN
C 190 LDX=N
C MF L AG= 2
C HET U RIJ
G 200 flDX=fi/2.0+0.5
C M0=1
C M2=h
C 210 IF (XT(NDX)-X) 230,220,250
C 220 tiFLAG=0
C RETURN
C 230 M2=hDX
C N D X = ( ti2-M3 ) / 2. 0+ M0
C IF (11DX-MO) 210,240,210
C 240 MFLAG=1
C HETURN
C 250 M0=f2DX
C NDX=(M2-MO)/2.0+LO
C IF ( tJ DX-?10 ) 210,240,210
C
C 260 FORMA. (5X,*YObH ARRAY IS tKT M0h0T0 HIC *)
C END

Subh0UTINE SGEC0(A,LDA,11,IPVT,hC0 TID,Z)
INTEGER LDA,N,IPtT(1)
REAL A(LDA,1),Z(1)
HEAL RCOND

C
C SGECO FACTOBS A REAL MAThIX EY GAUSSIAN ELIMINATION
C At!D ESTIhATES THE COND! TION OF THE MATRIX.
C
C IF RC0hD IS NOT NEEDED, SGEFA IS SLIGHTLY FASTER.
C TO SGLVE A*X = E FOLLOW SGECO EY SCE5L.,

I!) VERSE ( A) *C F
CETEHMINAN1(Af ,OLLOW SGECO BY SGESL.

C 10 COMPUTE
FOLLOW SGECO EY SG3.DI.C 10 COMPUTE

C TO C0f!PUTE INVEhSE(A) FOLLOW SGECO BY SGEDI.,

C
C 01, ENTRY
C
C A EEAL(LDA, N)
C TliC |ti.TRIX TO DE PACTORCD.
C
C LDA INTEGER
C TEE LEADIhC DIMENSION OF THE ARRAY A-
C
C t.' Ill1 EG ER
C ThE ORDER OF THE MATRIX A.
C
C ON RETURN
C
C A Af1 UPPER TRIANGUL AR ?1 ATRIX AND THE MULTIPLIEhS
C hBICh hEHE USED TO OBTAIN IT.
C THE FACTORIZATI0t! CAf1 EE hBITTEf! A = L*U WH ERE
C L IS A PRODUCT OF PEPMUTATI0l! AND UNIT LOWER
C TRIAhGULAR MA1HICES AND U IS UPPER TRIANGULAR.
C
C IPVT INTEGEh(N)
C AN INTEGER VECTOR OF PIVOT INDICES.
C
C RC0!iD REAL
C AN ESTIt: ATE OF TliE RECIPROCAL C0!iDITIOil 0F A.
C FOR THE SYSTEM A*X = B , RELATIVE PERTURBATIONS
C IN A AhD E OF SIZE EPSI LO!1 MAi CAUSE
C RELATIVE PEhTUREATIONS IN X OF SIZE EPSILON /BCOND .
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C IF RCOND IS SO SMALL THAT THE LOGICAL EXFhESSIOP
C 1.0 + RCOND .EO. 1.0
C IS TRUE THEN A MAY BE SINGULAR TO UDEKING
C PHECISIdN. IN FARTICULAR, RCOND IS ZEh0 IF
C EXACT SINGULAHITY IS DETECTED CR THE ESTIMATE
C U ND E Ec L DL S.
C
C Z REAL(N)
C A hORK VECTOR WHOSE C0flTENTS ARE USU ALLY UNIMP0hTANT.
C IF A IS CLOSE 10 A SIhGULAR MATHIX, THEN Z IS
C AN APPROXIMATE NULL VECTOB Ih THE SENSE Th AT
C NORM (A*Z) = EC0hD* NORM (A)*N0hM(7) .

C
C LINPACK. THIS VERSION DATED 07/14/77 .
C CLEVE MOLEH, UNIVERSITY OF NEW MEXICO, ARG0t;NE NATIONAL I 803.
C
C SUbh00 TINES AND FUNCTIONS
C
C LINPACK SGEFA
C ELAS SAXPY, SLOT,SSCAL,SASUM
C FORTRAN ABS AMAX1. SIGN
C
C INTERNAL VARIAELES
C

REAL SDOT,EK,T,kK,WKM
REAL ANORM,S.SASUM,SM,YNORM
INTEGER INF0,J ,K ,KB ,K P1, L

C
REAL SIGN

C
C COMPUTE 1-NGEM OF A
C

ANORM = 0.0E0
DO 10 J = 1 N

Ah0hM = dhAX 1( ANORM,SASUM( N , A ( 1,J) ,1) )
10 CONTINUE

C
C FACTOR
C

CALL SGEFA(A,LDA,N,IPVT,INFC)
C
r RCOND = 1/(NCEM(A)*(ESTIMATE CF N0hM(INVERSE (A)))) .
C ESTIMATE = NORf1(Z)/ NORM (Y) LHERE A"Z = Y AND TH A!;3( A ) * Y = E .
C THANS(A) IS 1hE THA!;SFOSE OF A . THE COMPCNENTS CF E ARE
C Ch0SEN TO CAUSE MAXIMUM LOCAL GRCWTH IN THE ELEMENTS OE W bHERE
C TRANS(U)*W = E THE VECTORS ARE EhLGULNTLY MESCALED TO AVOID.

C OVEhELGk.
C
C SCLV E TRANS(U) *h = E
C

EK = 1.0E0
DO 20 J = 1, I;

Z(J) = 0.0E0
20 CCNTINUE

10 100 K = 1 N
IF (Z(K) .NE. 0.0EO) EK = SIGH (EK,-Z(K))
IF (AES(EK-Z(K)) .LL. AES(A(K,K))) GO TO 30

S= AES(A(K,K))/AES(EK-Z(K))
CALL SSCAL(N,S,Z,1)
EK = S#EK

30 CONTINUE
bK = EK - Z(K)
WKil = -EK - Z(K)
S = AES(KK)
SM = ABS (bEM)
IF (A(K,k) .EC. 0.0EO) GO 10 40

hK = hK/A(K,K)
kKM = bKM/A(K,K)

GO TO SO
40 CONTINUE

WK 1.0E0=

hKM = 1.0E0
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50 CONTINUE
KP1 = K + 1
IF (KP1 .GT. N) GO TO 90

DO 60 J = KP1, N
SM = SM + AES(Z(J)+WKM"A(L.J))
Z(J) = Z(J) + KK'A(K,J)

'

S = S + AES(Z(J))
60 CONTIhbE

IF (S .GE. Sh) CO TO EL
T = kVM - bK
kK = hhfi

DO 70 J = KP1} N+ T"A(K J)Z(J) = Z(J
70 CONTINUE
80 CONTINUE
90 CONTINUE

Z(K) = KK
100 CONTINUE

S = 1.oE0/SASUM(t;,Z,5)
CALL SSCAL(N.S,Z,1)

C
C SCLVE TRANS(L)*Y = V
C

D0 120 KB = 1, N
K=N+ 1 - KB
IF (K .i.T. N) Z(K) = Z(K) + SDOT(N-K,A(K+1,K),1,Z(K+1),1)
IF (AES(Z(K)) .LE. 1.0EO) GO TO 110

S= 1.0E0/AES(Z(K))
CALL SSCAL(N,S,Z,1)

l 1's CONTINUE
L = IPVT(K)
T = Z(L)
Z(L) = Z(K)
Z(K) =T

120 CONTINUE
S= 1.0E0/SASUM(h,2,1)
CALL SSCAL(N S,Z,1)

C
YNORM = 1.0E0

C
C SOLV E L* V = Y
C

DO 140 K = 1H
Lr IPVi(K)
T Z(L)
7 = Z(K)

.> =T'

(L .LT. b) CALL SAXPY(!I-K,T,A(K+1,K),1,Z(K+1),1)
(AES(Z(K)) .LE. 1.0EO) GO TO 130
S= 1.0E0/AES(Z(K))
CALL SSCAL(N,S,Z,1)
Yh0hti = S*YNORM

130 C0!;TINUE
140 CONTINUE

S= 1.0E0/SASUM(N,2,1)
CALL SSCAL(N,S,Z,1)
YNORM = S*YNORM

C
C SOLV E U*Z = V
C

DO 160 KB = 1, N
K=N+1 - KB
IF (AES(Z(K)) 'E. AES(A(K,K))) GO TO 150.

S = ABS (A(K,n))/AES(7(K))
CALL SSCAL(N S,Z,1)
INORM = S*YNdRM

150 CONTINUE
IF (A(K,K) .NE.0.0E0)Z(K{=Z(K)/A(K,K)
IF (A(K,K) .EO. 0.0EO) Z(K, = 1.0E0
T = -Z(K)
CALL SAXPY(K-1,T,A(1,K),1,Z(1),1)

160 C014TINUE
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C !!AKE %NOHM - 1.0
S= 1.0E0/SASUM(N.Z,1)
CALL SSCAL(N,S,Z,1)
YNUEM = S*YNORM

C
IF ( At10HM .t1E. 0.0EO) RCOND = YNORM/ANORM
IF (ANORM .EQ. 0.0EO) RCOND = 0.0E0
RETURN
END
SUERGUTINE SGEEA(A.LDA,fl,IFVT INFO)
11;TEGER LDA,N,IPVT(1), INFO
REAL A(LDA,1)

C
C SGEF A FACTORS A RE AL MATRIX EY GAUSSI Ali ELIM'N ATI0tl.
C
C SGEFA IS USUALLY CALLED EY SGECO, EUT IT CAN EE CALLED
C DIRECTLY WITH A SAVING IN tit!E IF RCOND IS IJOT NEEDED.
C (TIME E0H SGECO) = ( 1 + 9 / N ) * ( TI ME FO R SG EF A ) .

c
ON EliThYv

C
C A REAL(LDA, fi)
C THE !!ATR1X TO EE F ACTORED.
C
C LDA INTEGER
C THE LEADING DIMT ^ ION OF THE ARRAY A.
C
C N IN TEG ER
C THE ORDER OF THE f1 ATRIX A .

C
C ON RETURN
C
C A AN UPPER TRIAllGULAR MATRIX AND THE MULTIPLIERS
C WhICH hEFE USED TO OEIAIN IT.
C IhE EACTORIZATION CAN EE bHIITEN A = L*U WHERE
C L IS A PRODUCT OF PERMUIATIOt! AND UNIT LOWER
C THI ANGULAR MATRICES AND U IS UPPER THI AliGULAH.
C
C IFVT INTEGER (N)
C AN INTEGER VECTCR Of P1VOT INDICES.
C
C INFO INTEGER
C =0 IJORMAL VALUE.
C =K IE U(K,K) .EO. O'.0 . THIS IS NOT At1 ERROR
C CONDITIOt FOR THIS SUEROUTIflE, EUT IT DOES
C INDICATE THAT SGESL Oh SGEDI WILL DIVIDE EY ZERO
C IF CALLED. USE RCOND IN SGECO FOR A RELIABLE
C INDICATION CE SI!,GULARITY.
C
C LINPACK. THIS VERSION DATED 07/14/77 .
C CLEVE IGCLER, UtlIVERSITY OF NEW MEXICO, ARGC?iNE N ATICNAL LAES.
C
C SUEBOUTINES AND FUNCTICNS
C
C ELAS SAXPY,SSCAL,ISAMAX
C
C ItiTERNAL V ARIAELES
C

HEAL T
1raTEG EM IS AttA X , J , K ,K P 1, L , NM 1

C
C
C GAUSSIAN ELIMINAIIOh LIlh PARTIAL PIVOTING
C

INEO = 0
1,111 =N-1
IF (NMi .LT. 1) GO TO 70
DO 60 K = 1, NM1

KP1 = K + 1
C
C FIND L = PIVOI INDEX
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C
L = ISAMAX(!1-K+1,A(K,K),1) +K-1
IPVT(K) =L

C
C ZERO PIVOT IMPLIES 1hIS COLUMN ALREADY THIANGULARIZED
C

IF (A(L,K) .EQ. 0.0E0) GO TO 40
C
C INTERChAf;GE IF LECESSARY
C

IF (L .EQ. K) GO TO 10
T = A(L,K)
A(L,K) = A(K,K)
A(K.K) =T

10 CONTINUE
C
C COMPUTE MULTIPLIERS
C

T = -1.0E0/A(K,K)
C ALL SSCAL(li-K ,T , A( K+ 1,K ) ,1 )

C
C hob ELIMINATICN tilTL CCLUhh INDEXI!!G
C

DO 30 J = KP1, N
T = A(L,J)
IF (L .EQ. K) GO TO 20

A(L,J) = A(K,J)
A(K.J) =T

20 CONTIhUE
CALL SAXPYlb-K,T,A(K+1,K),1,A(K+1,J),1)

30 CONTINUE
GO TO 50

40 CONTINUE
II;F0 = K

50 CONTINUE
60 CONTIhUE
70 LONTIfiUE

IPVI(N) =b
IF (A(N,N) .CO. 0.0EO) INFO = li
RETURN
END
SUEROUTINE SGEDI( A , LDA ,N ,IPVT,DET,i.ORK ,JGE)
INTEGER LDA,!J IPVT(1),JGB
EEAL A(LLA,1),CET(1),h0EK(1)

C
C SGEDI C0t!PICES ThE DETERMIN A!1T AND IhVERSE OF A f1 ATRIX
C USING Tl? FACTORS COMPUTED BY SGECO Oh SGEFA.
C
C O!! ENTRY
C
C A REAL(LEA, N)
C TP.E OUTPUT FhCt! SGECO OR SGEFA.
C
C LDA INTEGER
C TEE LEADII;G DIMENSICri CF ThE AEEAY A .

C
C N INTEG ER
C THE ChCER CF ThE MAThIX A.
C
C IPVT IfiTEG Eh( N )
L TliE PIVOT VECTCH FROM SCECO OR SGEFA.
C
C bOhh REAL'h)
C h0hK VECTOR. CONTENTS DESThoYED.
C
C job INTEGEh
C = 11 E01H DLTERMIhAN1 At|D INVEh5E.
C = 01 IhVEhSE OLLY.
C = 10 DETEEMINANT CNLY.
C
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C CN RETbEN
C
C A INVEHSE OF ORIGIlitt MATRIX IF REQUESTED.
C OlhEhhISE UNLH Ah';ED.
C
C DET REAL(2)
C DETEhMINAt:T OF DEIGIfjAL MA1RIX IF BECUESTED.
C OrhEHhISE h01 hEFERENCED.
C DETEhtilliANT = DET(1) * 10.0**DET(2)
C WITH 1.0 .LE. AES(DET(1)) .LT. 10.0
C OH DET(1) .EQ. 0.0 .

C
C EhP.0E CCl;DIIICN
C
C A DIVISIO!i li ZEhD WILL OCCUP If ihE INFUT FACTOR CONTAI!13
C A 2,EHC CN TliE DIU;0!J AL AND Th8 ILVERSE IS EEQllESTED.
C IT WILL !;01 OCCUh IF 1HE SUEAUUTII;ES ARE CALLED CUPiECTLY
C AhD IF SGECC F AS SET HCCIJD .GT. 0 0 08 SGEFA HAS SET
C I!JE0 .EQ. 0 .

C
C LIf; PACK. THIS VEFSICf1 DATED 07/14/77 .
C CLEV E !;0Lt.h , UhI'.EhSITY CF NEh MEXICO, EEGONtlE NATIONAL LABS.
C
C SUbh0UTI!!ES AhD FU!;CTIO!;S
C
C ELAS SAXPi,S3 CAL,SSbAP
C F0h1RAN AES, MOD
C
C IhTEhi,AL VARIAFLES
C

REAL T
HEAL TEN
If,TEG ER I,J .K ,Kb ,K P1, L ,!!M1

C
C
C CollP'JTE DETEENIN A!;T
C

IF (J0b/10 .EQ. 0) GO TO 70
DET(1) = 1.0E0
DET(2) = 0.0E0
TEN = 10.0E0
00 50 I= ' N

IF(IFVTlI) .NE. I) DET(1) = -DETil)
LET(1) = A(1,I)*DET(1)

C ... EXIT
IF (DET(1) .EC. 0.0EO) GO TO 60

10 IF (AES(DET(1)) .GE. 1.0EO) GO TO 20
CET(1) = TEN *DET(1)
DET(2) = DET(2) - 1.0E0

GO TO 10
20 CONTIhUE
30 IF (AES(DET(1)) .LT. IEN) GO TO 40

DET(1) = DET(1)/TL!i
DET(2) = DET(2) + 1.0E0

GO 10 30
40 CONTlflUE
50 CONTIhUE
b0 COliTIf,U E
70 CONTI!;UE

C
C CCriPUTc INVERSE (U)
C

IF (NOD (JOB ,10) .EQ. 0) GO TO 150
DO 100 K = 1, IJ

A(K,K) 1.0E0/A(K,K)=

T -A(K,K)
CALL SSCAL(K-1,T,A(1,K),1)
KP1 =K+1
IF (!J .LT. KP1) GU TO 90
DG 80 J = KP1, M

i = A(K,J)

79.

/



A(K,J) = 0.0E0
CALL SAXPY(K,T,A(1,K),1,A(1,J),1)

80 CollTIhUE
90 C0 h11 tiU E

100 C0!iTIl1U E
C
C FORM IhVERSU(U)*1hVEREF(L)
C

= N- 1NM1
IF (lim 1 .LT. 1) GO 10 140
DO 130 Kb = 1, tJM1

K= f4 - Kb
KP1 =K+1

0KI) A(I,K)
A(I,K) = 0.0E0

110 COfjTIliUE
LG 120 J = KP1,!!

T = h0EK(J)
CALL SAXPY(fl,T,A(1,J),1,A(1,K),1)

120 C0!iT1 hue
L= IPVI(K)
IF (L .flE. K) CALL SSKAP(b,A(1,K),1,A(i,L),1)

130 C0!JTI!;U E

140 ColiTINUE
150 CONTINUE

hETU hh
EhD
INTEGEh EbhCTIO!1 ISAMAX (fi,SX,IhCX)

C
C FINDS THE If1DEX OF ELEMENT HAVIliG MAX. AESOLUTE VALUE.
C JALE LOhGAMBA, LINPACK, 3/11/76.
C

hE AL SX(1) , SMAX
INTEGER I, INCX, IX, h

C
ISAMAX=0
IF (N.LT.1) RETUhN
ISAMAX=1

IF{ti.EO.1) RETURh,INCX.EQ.1) GO 10 30IF
C
C CODE FOR INCREME!JT f;0T ECUAL TO 1
C

IX=1
SMAX=AES(SX(1))
IX=IX+INCX
DO 20 I:2,N
IF (ABS (SX(IX)).LE.SMAX) GO TO 10
ISAMAX=I
SMAX=AES(SX(IX))

10 IX=IX+INCX
20 C0hTIfJUE

RE1 URN
C
C CODE FOR INCREtiENT EQUAL TO 1
C

30 St!AX= ABS (SY(1))
DO 40 I=2,N
IF (ABS (SY'.1)).LE.StiAX) GO TO 40
ISAMAX=I
SMAX:AES(SX(I))

40 C0fsTINUE
FETURN
END
REAL F U!JCTICf; SASUM (li SX,INCX)

C
C TAKES THE SUM OF THE ABSOLUTE V ALUES.
C USES UNROLLED LOOPS FOR IUCHEMEt1T EGUAL TO ONE.
C JACK DOIiUARRA, LINPACK, 3/11/70.
C
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HEAL SX(1), STEMP
If41LGEN I, lidCX, M, MPl, fi, filt?CX

C

SI.S u fi= 0. 0 E 0
S1EMP=0.0E0
IF (h.LE.0) PETU h fi
IF (IhCX.EQ.1) GO TO 20

C
C CODE FOR If,ChEtsEf?T NOT ECUAL TO 1
C

fil!4 C X = N * I f.C X
DO 10 I= 1, NIf.LX , INCX
S1 Ef'P = STEMP+ abs ( SX( 1) )

10 CUfJTIfjub

SASbfi=SIEMP
hETUhfi

C
C CODL FCR IhCREf!EliT EQUAL TO 1
C
C CLEAf,-UP LOOP
C

20 M= MOD (fl,6)
IF (M.EC.0) GO TO 40
00 30 I:1,M
SiEhP=STEMP+ abs (SX(I))

30 CohTIliUE
IF (f..Li.6) GO TO 60

40 flPl =N+ 1
DO 50 I=MP1,N,6
STEllP=Si tMP+ AEd( SX( I) )+ AES( SX( I+ 1 ) )+ ABS ( SX( I+ 2) )+ AES(SX ( I+ 3 ) )+ AES1 ( SX( I+4 ))+ AES(SX( I+5 ) )

50 Cof.11NUE
60 s A.) bit =STEf!P

EEIUEh
ENU
Sbth0UTINE SAXPY (L,SA,SX,1NCX,5Y,IhCY)

C
L CONSTA!n TIMES A VECTUH PLUS A VECTOR.
C USES UllPOLLED LCCP FUH IllCREl'ENTS EQUAL TO ONE.C J ACh DONG Ahii A, LIhP ALh , 3/11/78.
C

HEAL SX(1),
SY(1) thcy, IX,

3A
IfjIEGEH I, It:CX, lY, M,-MP1, N

C

It (b.LE.0) hETUBN
IF (SA.EQ.0.0) RETUhh
IF (INCX.EQ.1.AhD.INCY.EQ.1) GO TO 20

C
C CODE FOH UhEubAL INCREMENTS OR EQUAL IhCHEMENTSC !)DT EQUAL TO 1
C

IX=1
IY=1
IF (IhCX.LT.0) IX=(-N+1)*INCX+1
IF (INCY.LT.0) IY=(-h+1)*IhCY+1
LO 10 1:1 h
Si(IY)=SYfIY)+SA*SX(IX)
IX = I X+ I f;CX
Ii = l Y + I:;C Y

10 ColiTINLE
PETbhh

C
C CODE FGH LOlh INLREMF;NTS EQUAL TO 1
C
C CLLAN-UP LOOP
C

20 M=f.uu(h,4)
IF (M.EO.0) GO TO 4C
LUSY( 30 I: 1,fiI)=SY(1)+SA*SX(1)

30 CCSTIt'bE
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IF (N.LT.4) ItETURN
40 MPl=M+1

Do 50 I= MP1, N ,4
SY I)=SY(I)+SA*SX(I)
SY I+1 =SY I+1 +SA*SXsI+1
SY I+2 =SY 1+2 +S A*SX( I+2
SY I+3 =SY I+3 +SA*SX(I+3

50 CONTINUE
RETUHfJ
EhD
REAL FUhCTION SDOT (N,SX,INCX,SY,II.CY)

C
C E0HMS THE DOT PEODUCT OF TWO VECTORS.
C USES Uhh0LLED LOOPS F0h 1NChEMENTS ECUAL TO CNE.
C J ACK D0hGA RR A , LINP ACE , 3/11/76.
C

EEAL SX(1), SY(1), STEMP
IhTEGER I, INCX, IliLY, IX, IY, M. MP1, N

C
SIEfP=0.0E0
SDOT=0.0E0
IF (N.LE.0) HETURN
IF (IhCX.EQ.1.A!JD.Ii,CY.EO.1) GO TO 20

C
C CODE FOR UNEQUAL INCHEMENTS OR EQUAL IhCHEl:Efils
C NOT ECUAL TO 1
C

IX=1
IY=1
IF (I!;CX.LT.0) IX=(-N+1)*INCX+1
IF (INCY.LT.0) I Y = (-!i+ 1 ) * IhC Y + 1
DO 10 I=1,N
ST EM P = STEf!P+SX ( IX ) * SY ( I Y )
IX=IX+INCX
IY=Ii+1NCY

10 C0hTIhUE
SDol:STEMP
HEIUlih

C
C CODE F0lt EUTh INCliEME!!TS EQUAL TO 1
C
C CLEAN-UP LOOP
C

20 M= MOD (N 5)
IF (M.Ed.0) GO TO 40
DO 30 I=1 M
STEMP=STEMP+SX(I)*SY(I)

30 CONTINUE
IF (N.LT.5) GO TO 60

40 MPl=M+1
DO 50 I=MP1,N,5
STEMP=STEf P+SX ( I) * S;'( I) +SX ( I+ 1 ) hSY ( I+ 1 ) +SX ( I+ 2 ) * SY ( I+ 2 ) +S X( I+ 3 ) * SY

1 ( I+ 3 )+SX( I+ 4 ) *SY ( I+ 4 )
50 CONTIhub
60 SDOT=STEMP

HETUhN
END
SUEHOUTINE SSCAL (N,SA,SX,IhCX)

C
C SC ALES A VECTOR EY A CollSTANT.
C USES Ullh0LLED LOOPS FOR INCHEMENT EQUAL TU i.
C JACK DChGAHHA, LINEACK, 3/11/70.
C

FLAL SA, SX(1)
INTEGER I, INCX , M, MP1, N , 'ilt!CX

C
IF (U.LE.0) hETU H!i
IF (INCX.EQ.1) GO TO 20

C
C COLE FOR II. Chef EfiT NOT EQU AL TO 1
C
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llIhCX=fi*IhCX
DU 10 I= 1, fi1NCX , IliCX
SX(I)=SA*SX(I)

10 CohTIhUb
rETU hli

C
C CODE FOR IhCnEME!,T EQUAL TO 1
C
C CLEAN-UP LOOP
C

20 !!= MOD (h ,5)
IF (M.EC.0) GO TO 40
DO 30 I=1,M
SX(1)=SA*SX(I)

30 LoliTIliUE
IE ( ti . LT.5 ) NETUHN

40 t1Pl=M+1
DO 50 I=MP1.h,5
SX(I)= Sit #3X(I)
SX(I+1 =SA*SX 1+1
SX I+2 =SA*SX I+2
SX I+7 =SA5SX I+3
bX I+I =SA*SX I+4

50 CONTINUE
RETU bfi
E!;D
Sb E h00 TINE S.MiAP ( N ,SX ,INCX ,SY ,INCY )

C
C INTERCH Af;GES TWO VEC10RS.
L USES UNh0LLED LOOPb E0h IhCREMENTS EQUAL TO 1.
C JACK DONGAHRA, LINPACK, 3/11/76.
C

" AL SX(1), SY(1)IhCY,IX,STEMP
.4TEGER I, IliCX, IY, M, MP1,li

L
IF (N.LE.0) h ETU hli
IF (I!;CX.EQ.1.AliD.IhCY.EQ.1) GO TO 20

C
C CODE FOR UtJEQUAL INCHE!!ENTS OR ECUAL INCREMEh13 fl0T EQUAL
C TO 1
C

IX=1
IY:1
IF (INCX.lT.0) IX = (-h+ 1 ) * IliCX + 1
IF (I!;CY.nT.0) IY = ( -h+ 1 ) * IliCY+ 1
DO 10 1-1 14
STEMP:sX(IX)
SX(IX)=SY(IY)
SY(IY)=STEMP
IX=IX+1NCX
IY:1Y+INCY

10 CuhTIl4UE
RETUhfi

C
C CODE FOh E0lh INCREMEf4TS EQUAL TO 1
C
C CL .ti-UP LOOP
C

20 M= NOD ( fi,3)
IF 'M.EQ.0) GO TO 40
DO 30 I=1 M

.' EM P = S X ( )
...j l) =SY ( )
SYtI)=STEMP

30 CofiTINUE
IF (N.LT.3) BETURN

40 MPl=fi+1
DO So I=tiP1
STEMP = SX ( I) , ti ,3

.

SX(I)=SY(1)
SY(I)=STEMP
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STEMP=SX(I+1)
SX(I+1):SY(I+1)
SY(I+1)=STEMP
STEMP=SX(I+2)
SX(I+2)=SY(I+2)
SY(I+2)=STLMP

50 CONTINUE
hETU hh
END

APPENDIX C

DASH TEST PROBLEM (with Output)

Problem input:

1 0
A 1 0 0 0 0 0 0 0 S.0225E-07B 2 1 0 0 0 0 0 0 1.6045E-06

24 1 2 2 4 3 1
0.0 5.0 10.0

223 0.0 5.03108 1108 2108 331000.0 1000.0 1000.0 1000.0 30.0 2.0 3.0 5.0 35.426E-06 0.0 0.0 2.713E-063104 0.0 3
1.266E-05 0.0 0.0 6.330E-063104 0.0 3
1.60BE-06 0.0 0.0 9.042E-073104 0.03
1.0 00 E+ 10 5.000 E+ 093102 0.0 3

148 0.0 3
148 0.0 3

r O>b
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_ . . _ _ _ _ . _ _ _ _ _ _ _

Problem output:

DECAY CEAINS A!;D tlVCLIDE RELATED DATA

DECAY CAPTURE DECAY
PA RE!1T PARENT fi-2tl J-ALPHA fi- P C0!JSTAtlTtJUCLIDE ID 1 2 1 2

A 1 0 0 0 0 0 0 0 8.02250E-07
E 2 1 0 0 0 0 0 0 1.60450E-06

THE GEOMETRY FOR THIS PROELEM IS A SLAE.
THE LEFT EOUl|DARY C0|;3ITICfl IS = 2
THE HIGHT E0UtiDAtlY C0!iDITIOli IS = 2

HADIl 25
O. .20833E+00 .41667E+00 .62500E+00 .83333E+00 .10 !417 E+ 01.12500E+01 .14503E+01 .16667E+01 .18750E+01 .20833E+01 .22917E+01.25000E+01 .27 08 3 E+ 01 .29167E+01 31250 E+ 01

37500E+01 39583E+01 .416 67 E+01 .43750E+01 . N'583 3E+01. 47917E+01
3333E+01 .35417E+01

50000 E+01

MATERIALS 24
1 1 1 1 1 1
1 1 2 2 2 22 2 2 2 3 3
3 3 3 3 3 3

TEMPEhATUhES 4
.10000E+04 .100 00 E+ 0 4 .10000E+04 .10000E+04

TEf!P HALII 4
0. . 20000 E+01 30000E*01 .50000E+01

DIJ-0 4
5426CE 05 O. O. .27130E-05

AIJ 4
0. O. O. O.

DIJ-0 4
.126 60 E-0 4 0. O. .63300E-05

AIJ 4
0. O. O. O.

DIJ-0 4
.18080E-05 O. O. 90420E-06

AIJ 4
0. O. O. O.
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LEFT C011 Celi 2
.10000E+11 .50000E+10

RIGHT ColiCEli 2
0. O.

If1ITI AL C0!!C 48
0. O. O. O. O. O.
O. C. O. O. O. O.
O. O. O. O. O. O.
O. O. O. O. O. O.
O. O. O. O. O. O.
O. O. O. O. O. O.
O. O. O. O. D. O.
O. O. O. O. O. O.

SOURCE I!;PUT 48
0. O. O. O. O. O.
O. O. O. O. O. O.
O. O. O. O. C. O.
O. O. O. O. O. O.
O. O. G. C. O. O.
O. O. O. O. C. O.
O. O. O. O. O. O.
O. O. O. O. O. O.

2***************************************************************
2 * * * * * * *
2 1 * 1 * 1 # 1 # 1 * 1 # 1 * 1

2 * m n * * e a

2eu enne.neen*enaan.nannucan***nsuma..numannenman.*****manecenna
0.000 .208 .417 .625 .833 1 042 1.250 1.458

mene** men ***mene.unne.***** menus **.n=emme.ames nnma6**n.neamenne
u * a a h e d *
* 2 * 2 * 2 * 2 * 2 * 2 * 2 * 2
* * * e * * * *
.s**.m. .n******nansien..esum.exene. :ww ...... noennen**.a....v

1.667 1.875 2.063 2.292 2.500 2.708 2.917 3 125

....**....e****..****uens.. n**.a**a.***... *n.***. n **.*****=ap
n = n n a e e a 2
* 3 * 3 *

3 * 3 * 3 * 3 * 3 3 2*

m n * * * * * * 2
**nen...***un*****4n.**********....nw..****.s.n.**inec*******2
3 333 3.542 3 750 3 958 4.167 4.375 4.583 4.792 5 000

BEAR

.10417E+00 31250E+00 .52063E+00 .72917E+00 93750 E+ 00 .1145bE+01

.19542E+01 .15625E+01 .1770eE*u1 19742E+01 . 216 75 E+ 01 .27958E+01

.2 60 42 E+ 01 .26125 E+01 70208E+01 32292L+01 34775E+01 3545BE+01
36542 E+01 .40625E+01 .E270bE+01 . 4 47 9 2 E+ 01 .46575E+01 .48958E+01

MESH TEMPERATURES

.10000E+04 .10000E+04 .10000E+04 .10000E+04 .10000E+04 .10000E+04

.10000E+04 .10000E+04 .10000E+04 .10000E+04 .10000E+04 .10000E+04

.10000 E+ 0 4 .10000E+04 .10000E+04 .10000E+04 10000E+04 .10000E+04

.10000E+04 .10000E+04 .100 00 E+ 0 4 .10 0 00 E+ 0 4 .10000E+04 .10000E+04
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CELL CohCENTR ATIONS AT 0. DAYS
(CONCEh1 RATIONS IN ATOMS /CC)

LEFT
ISOIOPE EOUNDARY GELL 1 CELL 2 CLLL 3 CELL 4

A 1.00000E+10 0. O. O. O.
B 5.00000E+09 0. O. O. O.

ISOTOPE CELL 5 CELL 6 CELL 7 CELL 8 CELL 9k O. O. O. O. O.
E 0. O. O. O. O.

ISOTCPE CELL 10 CELL 11 CELL 12 CELL ',3 CELL 14
?. U. O. O. G. O.
E 0. O. O. O. O.

ISOTOPE CELL 15 CELL 16 CELL 17 CFLL 18 : ~' ' 9
A 0. O. O. O. O.
E 0. O. O. O. O.

ISOTOPE CELL 20 CELL 21 CELL 22 CELL 23 CELL 24
A 0. O. O. O. O.
E 0. O. O. O. O.

RIGHT
ISOTOPE EOUNDARY

A 0.
B 0.

NO. OF ATOMS = 0.

CELL CONCENTRATIONS AT 2.00000E+00 DAYS
(L0hCENTHATIOhS IN ATCMS/CC)

LEFT
ISOTOPE EOUNDARY CELL 1 CELL 2 CELL 3 CELL 4

A 1.00000E+10 9.29 795 E+09 7 96461E+09 6.71483 E+ 09 5.5 5947 E+ 09B 5.00000E+09 6.56334E+09 3.76847E+09 3 00574E+09 2 32140E+09

ISOTOPE CELL 5 CELL 6 CELL 7 CELL 8 CELL 9A 4.50618E+09 3.55866E+09 2. 71648 E+ 0 9 1.97513E+09 1.51218E+00b 1.7 3153 E+ 09 1. 2 4114 E+ 0 9 8.45226L+0d 5 31159E+0c 3 53010E+0B

ISOTOPE CELL 10 CELL 11 CELL 12 CELL 13 CELL 14
A ' 2 7135 E+09 1.06544E+00 8.92274E+08 7.49647E+08 6.35396F+08.

E 2.65117 E+06 2.01869E+08 1.51143E+08 1.13164E+08 8.55b97E+07

ISOTOPE CELL 15 CELL 16 CELL 17 CELL 18 CELL 19
A 5.47490E+08 4.8 '! 09 3 E+ 08 3.22124E+05 1.62196E+08 7.7 3666 E+ 07
B 6.64433E+07 5.4 3220 E+ 07 2.97671E+07 1.18012E+07 4.56331E+06

ISOTOPE CELL 20 CELL 21 CELL 22 CELL 23 CELL 24
A

3.49 p144 E+0 b 1.50226E+07 6.10502E+06 2.28116 E+ 0 664E+07 44E+05
5.71]505 E+ 041.72 6.35629E+05 2.27180E+05 7. 65217 E+ 04B 1.79

RIGHT
ISOTOPE EOUNDARY

A 0.
B 0.

NO. OF ATOMS = 1.446715010794452E+10
.

87.

358 20!5



CELL CONCENTRATIONS AT 4.00000C+00 DAYS
(CONCENTBATIONS IN ATOMS /CC)

LEFT
ISOTOPE ECUNDARY CELL 1 CELL 2 CELL 3 CELL 4

A 1.00000L+10 9 42778E+09 8.34731E+09 7.33075E+09 6.37816E+09
L 5.0 0000 E+ 0 9 4.70421E+09 4.11867E+09 3.65015E+09 3 0080SE+09

ISOTOPE CELL 5 CELL 6 CELL 7 CELL 8 CELL 9
A 5.48958E+09 4.66485E+00 3 90357E+09 3.20501E+09 2.75003E+09
E 2.49978E+09 2.03055E+09 1.6032bE+09 1.21885E+C9 9.74220E+08

ILOTCPE CELL 10 CELL 11 CELL 12 CELL 13 CELL 14
A 2.50290E+09 2.28157E+0p 2.08539E+09 1.91402E+09 1.76697E+09
B 8.44765E+08 7 32069E+00 6.3552SE+08 5.54337E+08 4.87757E+08

ISOTOPE CELL 15 CELL 16 CELL 17 CELL 18 CELL 19
A 1.6 4372 E+09 1.5 4 371 E+ 09 1.27427E+09 8. 34885 E+08 5. 49025 E+ 08
E 4 35023E+08 3.95409E+06 2.86757E+06 1.67269E+0S 9.49803E+07

Ih0TOPL CELL 20 CELL 21 CELL 22 CELL 23 CELL 24
A 3 50278E+08 2.15566E+0S 1.25588r+08 6.46189E+07 1.98144E+07
E 5.26285E+07 2.84312E+07 1.47910E+07 6.97871 E+ 06 2.03949E+06

BIGHT
ISOTOPE E00hDARY

A 0.
b 0.

NO. OF AIOMS = 2.022416554881128E+10

CELL CONCENTRATICNS AT 6.00000E+00 DAYS
(CONCENTRATIONS IN ATCMS/CC)

LEFT
ISOTCPE EOUNDAhY CELL 1 CELL 2 CELL 3 CELL 4

A 1.00000E+10 9.48 391 E+ 09 8.51455 E+ 09 7.60570E+09 6.75534E+09
L 5.00000E+09 4.75291E+09 4.26232E+09 3 78171E+09 3 31659E+09

ISOTOPE CELL 5 CELL 6 CELL 7 CELL 8 CELL 9
A 5.96166E+09 5.22303E+09 4.53792E+09 3.90483E+09 3.48873E+09
E 2.87162E+09 2.45057E+09 2.05634E+09 1.69104E+09 1.4517bE+09

ISOTOPE CELL 10 CELL 11 CELL 12 CELL 13 CELL 14
A 3.2602fE+09 3.05272E+09 2.86580E+09 2.69920E+09 2.55260E+09
b 1.32 W 1 E+09 1.20432E+09 1.10046E+09 1.00972E+09 9.31905E+08

ISOTOPE CELL 15 CEL: 16 CELL 17 CELL 16 CELL 19
A 2.42566E+09 2 3160;E+09 1. 96 336 E+ 09 1.46521E+09 1.07141E+09
0 8.66799E+06 8.14129E+06 6.51964E+08 4.43919E+08 2.95522E+08

ISC10PE CELL 20 CELL 21 CELL 22 CELL 23 CELL 24
A 7.639 7E+0B 5.25345E+08 3 38961E+08 1.89046E+08 6.0646 E+07
D 1.920 8E+08 1.2115 4 E+08 7.25530E+07 3.82733E+07 1.1915 E+07

RIGHT
ISOTOPE EDUNDARY

A 0.
b 0.

NO. OF ATOMS = 2.432060341188195E+10

88 7, p h
'

aa
"



CELL CGtCENTRATIONS AT 6.00000E+00 DAYS
(C0hCENTRATIGNS Ih ATOMS /CC)

LEFT
ISOTCoE EOUNDARY CELL 1 CELL 2 CFLL 3 CELL 4

A 1.00000E+10 9.51007E+09 8.61655E+09 7.77410E+09 6.96778E+09
b 5.00000E+09 4.76213E+09 4. 34920 E+ 09 3 92396E+09 3 51057E+09

ILO1uPE LPLL 5 CELL 6 CELL 7 CELL 5 CELL 9
A 6.25 491 E+ 09 5.57 30 B E+ 09 4.9 4 00 4 E+ 0 9 4 35369C+09 3 96681E+09
L 3.11256E+09 2.73290E+09 2 37399E+09 2.0 3777 E+0 9 1.81489F+09

ISOTOPE CELL 10 CELL 11 CELL 12 CELL 13 CELL 14
A 3.7 5 326 E+ 09 3.55 795 L+ 09 3.360s6L+09 3 220'6E+09 3 07825E+09
L 1.6 910 6 t+ 0 9 1.57966E+09 1.47643E+09 1 35814E+09 1 30677E+09

JSOTOPt CELL 15 CELL 16 CELL 17 CELL 18 CELL 19
A 2. 9 5271 E+ 0 9 2.b43d2E+09 2.47363E+09 1.93100E+09 1.48164E+09b 1.2402bE+09 1.1024dE+09 9.93092E+00 7.32036E+0c 5.28611E+06

ISOTOFE GELL 20 CELL 21 CELL 22 CELL 23 CELL 24
A 1.10636E+09 7.97676E+06 35402E+08

5 62631E+0S3 07533E+0c .00231E+0C
E 3.726 07 E+ 0 0 2.53cb4E+0c 1. 9.02703E+07 . 08936E+07

hlGET
ISCTOFt LUuhDARY

A 0.
E 0.

NC. Or ATLES = 2.7 32694642037402E+10

CELL CONCEhTE ATI0f;S AT 1.00000E+01 DAYS
(CONCEfGhATICUS IN AIUt;S/CC)

LEET
15CTOPE tOb hD A ni CELL 1 CELL 2 CELL 3 CELL 4

A 1.00000E+10 9.54047E+09 S.66348E+09 7.68473E+09 7.14074E+09
D 5.0 0000 E+ 0 9 4.60266E+09 4.41044E+09 4.02433E+09 3.64930E+09

lbO10PE LELL 5 rELL 6 CELL 7 CELL 8 CELL 9
A 6. 4 463 3 E+0 9 5.bo458E+09 5.20681E+09 4.68250E+09 4.20595E+09
E 3 26661t+09 2.9397bE+09 2.61023t+09 2.29977E+09 2.09257E+09

ISOTUFL CELL 10 CELL 11 CELL 12 CELL ll CELL 14
A 4. 062 96 E+ 0 9 3.89054 E+ 09 3 72633E+09 3.5 T i 97EiO 9 3 43"214E+09L 1.97730E+09 1.6 7121 E+ 0 9 1.774 39 E+ 09 1.6 8690 E+0 9 1.60074E+09

ISOTOPE CELL 15 CtLL 16 CELL 17 CELL 16 CELL 19
A 3 30950E+09 3 20077E+09 2. 8 2418 E+ 0 9 2.25954E+0g 1.77606E+09L 1.539ddE+09 1. 4 t 02 S E+ 0 9 1. 27 631 E+0 9 9.65263E+0b 7.4 5147 E+ 0 6

ISOTOPE CELL 20 CELL 21 CELL 22 CELL 23 CELL 24

h .4"6001E+09
A 1.7 1. 0 0111 E+ 0 9 6.84443E+08 3.98429E+08 1 30772E+06b 5 9730E+06 3 9060SE+06 2.593S3E+08 1.47640E+08 4.7 9 68' 0 E+0 7

HIGHT
IS0iOPE EDULDARY

A 0.
E 0.

NO. OF ATot:S = 2.953406154721277E+10

h [ v/l,
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