NUREG/CR-0776
LA-7793-MS

Informal Report

DASH:

A Multicomponent Time-Dependent Concentration

Diffusion with Radioa~tive Decay Program

{iNnGTON JL 209555

8

m LOS ALAMOS SCIENTIFIC LABORATORY

Post Office Box 1663 Los Alamos, New N 2xico B7545

i{907120015¢C

University of California



e e T e i e e T N

An Affirmative Action/Equal Opp~rtunity Employer

NOTKY

The rcport was »an of wouk ponsored by an agency of thw Unnad States Government  Nesther the
United Staios Covernment nor any agency theavol of amy of thew employors makes any wartanty  cuprewsed of anpiied.
o amumes any legal habidity or responubility for any third party « wse of (he iesults of such use, of any information,
4 product or procew disclosed i (his feport. of topreents that #s use by st thed party would not mfriegy
pewvatcly owned ghis

The veews apressed in this repott arc 801 sccessanily those of the US Nuclkear Ragulaton Commmon.

R —— e e s e e e




NUREG/CR-0776
LA-7793-MS
informal Report

R-8

DASH:
A Multicomponent Time-Dependent Concentration

Diffusion with Radioactive Decay Program

C. E. Apperson, Jr.*
C.E. Lee**
L. M. Camuthers

*Department of Nuclear Engineering, University of Virginia,

Charlottesville, VA 22903
Nuclear Engineering, Texas A&M University,
College Station, TX 77843

**Department of

Manuscript submitted: April 1979
Date published: April 1979

Prepared for
Division of Reactor Safety Research
US Nuclear Regulatory Commission
Washington, DC 20555

Under Interagency Agreement DOE Program R401
NRC FIN No. A 70149




CONTENTS

ABSTRACT « = o = s o m = @ maw = = = e 2 = s & ® e o=esess=n-
P INTRODUCTION = = = = = = = = =« = = = = =« = = = = = = =« « == = ==
i 8 THEORY = = = = » # = = = = s s » e o = s e = oo c® aeeonass
A. Difference Equation Derivation =- - = = = = = = = = = = = = - =
B. Analytic Operator Solution = = = = = = = = = = = = = ===~
II1. VALIDATION AND ACCURACY EVALUATION = = = = = = = = = = = = = = = = =
A. One Material, One Specie Test Problems = - = = = = = = = = = =
1. SlabProblem = = = = = = = = = = = = @« = = = « = = = = = =
2. Cyiinder Problems = = = = = = = = = = = = = = = = = = = =
a. Solid Cylinder = = = = = = = = = = = = = = « = = = =
b. Hollow Cylinder = = = = = = = = = = = = = = = = = = =
3. Spherical Problems - = = = = = = = = = = = = = = = = - - -
a. Solid Sphere = = = = = = = = = = = = =« = = = = = - -
b. Hollow Sphere = = = = = = = = = = = = =« = = = = = = =
B. Two Material, Two Specie Test Problems - - - = = = = = = = = -
1. Critical Slab = - - - - - R N T
2. Critical Cylinder = = = = = = = = = = = = « = = = = = = -
3. Critical Sphere = = = = = = = = = = = = =« = = = = = =« = =
Inherent Differencing Error = = = = = = = = = = = = = = = = = =
Numerical Errors Associated with Matrix Inversion and
Matrix Operator Solution = = = = = = = = = = = = = = = = = = =
IV. HOLDUP OF 295y BY GRAPHITE = = = = = = = = = = = = = === = = = = =
V. PROGRAM STRUCTURE = = = = = = = = = = = = = = = = = = = = = = = = =
A. Role and Function of Subroutines = = = = = = = = = = = = = = =
1. Primary Routines = = = = = = = = = = = = = = = = = = = = -
a. INPA = = = c = =« o = s e s e e e ee s
b. INPB === = cocomacmenmomenncsa==-
C. GEOM = = = = = = = = = = = = = = @« = = = = = = = = =



CONTENTS (cont)

d. TEMADJ = = = = = = = = = = = = = = = = = = = = = = = 28

€. INPLT = = = = = = = = = = = = = = & = = = = = = = = = 28

f. DIJAD) = = = = = = = = = = = = = = = = = = = = = = = 28

g. BCONL = = = = = = = = = = ¢ = = = = = = 0 = = = = - = 23

h., MAKLAM =« = = = = = = = = = = = = = = = = = = = = = = 29

i. BIGEL = = = = = = = = = = = = = = = = =« = o - - - 29

j. MAKEB = = = = = = = = = = = = = = = = - =« - - - - - 29

k- BCONR ---------------------- 29
e e e el B i 29

m. MAKVOL - = = = = = = = = = = = = = = = = = = = =« - =« 29

N. FSOLVE = = = = = = = = = = 2 &0 = = = = = = = = = = = 29

0. CONCPLT = = = = = = « = = = =« = = = 0 = = = = = = = = 29

2. Secondary Routines - = = = = = = = = = = = = = = = - - - - 29

3. Graphics = = = = = = = = = = = = = =« = = = & = = = = = - - 30

Program FIOW = = = = = = = = = = = = = = = = = = = = = = = = - 3

DASH Input Instructions = = = = « = = = = = = = = = = = = = - - 31

Machine Requirements = = = = = = = = = = = = = = = = = =« = - - 32

Wl TSN TEST PROBLER s [ fo o e it i s i i wom 32
APPENDIX A.  MATRIX OPERATOR EVALUATION = = = = = = = = + = = = = = = = - 38
APPENDIX B. DASH CODE LISTING = = = = = = = = = = = = « = = = = = = - - 4
APPENDIX C. DASH TEST PROBLEM (with output) = = = = = = =« = = = = « = = 41
REFERENCES = = = = = = = = = = c c o« 2 s e 2 2 o s @ o oo =ooo==a 42

TABLES

I. Geometric Variables = = = = = = = = = = = = = = = = = = = -« - - - 3
II. Data for Validation Tests = = = = = = = = = = = = = = = = = = = = = 10

vi



R U e ———

ITI.
Iv.

VI.
VII.
VIII.
IX.

XI.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

TABLES (cont)

Two-Group Validation Test Data - = = = = = = = = = = = - = - = - - - 16
Spatial Differencing Errer - = = - - - R 22
Data for Mass-90 Decay Chain = = = = = = = = = = = = = = = = = = - - 24
Diffusion Coefficient Parameters - - = = = =« « = = = = = = - = - - . 25
Comparison of 905r Concentrations at One Year - - = = = = = =« - - - 25
90sr Concentration in Fuel Matrix with Increasing Source - - - - - - 27
DASH Input Instructions - = = = = = = = = « = = « & = = = & - = = = 33
Special Read Format Options = = = = = = = = = = = = = = = = = = - - 36
Sample Problem Data = = = = = = = = = = ¢ « c 4 4 4 4 2 4 o - s - - 37
FIGURES
1. Discrete mesh function representation. = - =« = = = « =« = = - - 3
- o8 Slab validation problem results. = = = = = = = = = = = = = = & 11
3. Solid cylinder validation problem results. - - - = = - = - - - 13
4. Hollow cylinder validation problem results. - = = = = = - = - - 13
S, Solid sphere validation problem results. = = = = = = = = - - - 14
6. Hollow sphere validation problem results, - = = = = = = = = - - 15
e Critical slab analytic results. - = = = = « =« = & = - - . - - - 17
8. Critical slab CASH results, - = = = = =« = = = = = & = = = & - & 17
9. Slab flux ratio comparison. - = = = = = = = ¢ & = = = - = - - )
10. Critical cylinder analytic results. = = = = = = = « - - - - - . o
11.  Critical cylinder DASH results. = = = = = = - = = = = = & - = & 18
12. Cylinder flux ratio ccmparison. - = = = = = = = =« « = = - = « - 19
13. Critical sphere analytic results. - = = = = = = = = = « = - - & 2C
14. Critical sphere DASH results. = = = = = = = = = = = = = « - - - 20
15. Spherical flux ratio comparison. = = = = = = = = = = = = -« - . 20
16. Relative inherent differencing error. - - - - = - - - - - == 22
17.  Fuel-graphite-helium calculational model and beginning-of-

1ie and six-year temperature profiles, - - = = = = « - - - - - 24

18.  90Sr concentration profiles. - = = = = = = =« = = 4 - - - - - 26
vii



Fig.
Fig.
Fig.
Fig.

viii

19.
20.
21.
22.

FIGURES (cont)

90y concentration profiles. - - = == = =~ ===« « -« = 27
DASH flow diagram. - « = = = = = = = = == == - c ===~~~ L
Sample problem results for Diffusant A, - - = = = = =« = - - - 37
Sample problem results for Diffusant B. = = = = = = = = = - - - 37

P —— — Pr— R e - e e e e s O R —



DASH: A MULTICOMPONENT TIME-DEPENDENT CONCENTRATION DIFFUSION
WITH RADIOACTIVE DECAY PROGRAM

by

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

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 spatia! 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 inc..porated into an algorithm for use in a computer code,
DASH. The holdup of %0Sr by graphite is calculated.

I. INTRODUCTION

Multicomponent time-dependent concentration diffusion and radioactive decay
of 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 solvinc these types of problems are
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.

well known,

A one-dimensional analytic-numerical solution of ttis diffusion problem
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 sclved analytically using a matrix cperator method.4 Comparisons to a number
of Lnown one-dimensional analytic solutions have been made, These comparison
problems inciude the one specie and two species, two material slab, cylinder,
and sphere.

In all imstances considered, the agreement with analytic solutions is ex-
cellent, limited only by the accuracy limitations of ¢ e 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 radiocactive decay.

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

£ . vort-ated, M

where D is an n x n square positive definite diffusion matrix (cmzls), E

is an n-component column vector representing isotapic concentrations
(atoms/cm3), A is the decay matrix including branching ration55 (1/s),

and S is an n-component column source vector (atoms/cm3s). Equation (1)

is solved in one-dimensional geometries (slab, cylinder, or sphere) subject

to the initial condition E(r, t) = E(r, 0) and either homogeneous Newman
(va = 0) or inhomogeneous or homogeneous Dirichlet (€ =dor € = 0) boundary
conditions.

A. Difference Equation Derivation

A finite-difference representation for the spatial diffusion operator is
obtained by integrating Eq. (1) over a subvolume of a discrete mesh. Gauss'
theorem, when applied to the integrated result, yields

- >

Ck -A

. .

k+1/2%+ 172 Ao 2% - 172 7 % Yk St Vi S ()

P
Q‘Q
Las

In Eq. (2), C, is the concentration vector averaged over the k™" cell,
V, is the volume cf the kth cell (diagonal matrix), and Ak + 12 and
3: +1/2 are the area elements and current at the boundarv between cell k

2






"k + Tk +1
.l-J dr = ./é‘dr (4)
k T + 4

is used or substituting - DVC for J,

Cp 4y Ck +1

> Foe
pdc = deC ‘ (5)

C, Ck + 1,

For the case of continuity of concentration and concentration independent dif-
fusion coefficients (D # D (E)x Eq. (5) yields

e .

L -1 ¢
Ch s = (O * 0 ) (B G+ D0 4 Cy iy)s (6)
where Dk is the diffusion coefficient matrix in cell k. These assumptions

are valid for the problem being studied.

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

I
«} . - .
= 4D, (Dk+Dk*1) Dk+1(ck+]"‘k)/(Ark+“'rk+])‘ (7)

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

3 ]

-~ Ly =40 (B +D )T D (C - C ])/(Ark_] +4r,). (8)
Note that (Dk +D0, , ])'] reprocents a matrix inverse of a positive dafinite
diffusion coefficient matrix. Substituting Eq. (7) and (8) into Eq. (2)

results in



o, i R R R
Veat A Ca 1 *RCG B GtV S (9)

[=%

where the coefficient matrices are given by

x>
"

-1
K =4 A 4120 (O + D, 4 ) Dy 4 qf(ary * Ar 4 q)s

- -] r
B =4 A _ 17z O -1 (Dgq *+ D) Dkor, _ 4 + o), and

" - R - 10
X A = By Vye (10)

Since Rk = Bk + 10 2 reciprocity relationship exists.7

The spatial boundary conditions treated are reflection (3 = 0), homogen-
eous Newman, and concentration specification, homogeneous and inhomogeneous
Dirichlet.

For reflection at the left-hand side of the cell k = 1, ék is set to
zero for k = 1. For reflection at the right-hand side of cell k = K, Ak
is set to zero for k = K “n Eg. (10). This procedure eliminates reference
to either 30 or Ck METECE wresponds to a zero current boundary con-
dition.

When the concentration is specified on the left—-hand side of a slab or
on the interior surface of a b 1low cylinder or sphere, k is equal to
ko-'s. A k, value of 1 corresponds to the first calculational cell in a
slab but it corresponds to the central cell in a hollow cylinder or hollow
sphere. In a hollow cyiinder or sphere the first calculational cell is ko=2.
The left-hand current for both cases is given by

E ¢ A Ar, (1)
K - s ( Ky = kg = K

where the concentration vector Ck - is specified. The right-hand cur-
rent is given by Eq. (7) with k =°k°. From these results a modified set
of coefficients for Eq. (9) can be evaluated

-]
A =4A D. I[D +0D D Ar, +Ar )s
ko ko + 1/2 ko( ko k0+ 1) ko + lk ko ko + 1
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6‘ =2 D /Ar ’

K° =-A, -8 -2, V. .

K “ko e
It should be noted that T\k coefficients in Eqs. (10)and (12) are
identical.

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

dary 1, the source vector is modified.

v, 5 =vk % +s (13)

¢
o %, ko ko =}z *

Similarily, for concentration specified at the outside boundary of cell k = K,

a modified set of coefficients for Eg. (9) must also be developed. In this
case the Ek coefficients are identical between Eq. (10) and Eq. (14).

A=2k DK/ArK,

B -1
Ko A0 a2 % o1 Oy * B Pygar, 4 arp) (14)

Kk = -AK‘ - BK -AK VK.

In like manner, also the source vector must be modified to account for the
concentration diffusion of the material specified on the outside boundary.

Skt KA G2 (15)

The equations represented by Egs. (G-10) ana (12-15) may be written in
supermatrix, supervector form as

d »> > >
Ve C=AC + VS, (16)

where

€

l"’,
t &

L
e
oo



i ‘[ [ It
3] : §]
¢, 5,
t= , § =
|
K -1 L
LEK S
— S pre——
r ey
Y
v
V =
v
K
= .
and l—' ——
ks A,
B, K A,
A =
By o1 Keor A
3 R
i K &

(17)

(18)

(19)

Equations (12) and (14) are included in § for the first and/or last elements

for the case of concentration spefication at a boundary.

(18) are diagonal matrices of the form

Vk =1V,

L
o2
'Q
. Y
T

The Vk in Eq.

(20)



where V is the scalar volume of the kth 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 Ak’ ék’
and Rk are defined by Eq.s (10, (12), and (14).

B. Analytic Operator Solution
Although Eq. (16) could be solved by 4 standard implicit time-differercing
technique.] such techniques are limited in time-step size by spectral consid-

eraticns. Instead, an operator method is used.A’5

By defining
X=®, g=18 ad B= A" (21)

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

X _alea \
dt Bx + g’ (221
which has the solution""s

X(t) = et X(0) + t0(Bt) g, (23)
where

n(st) = (8t)"' (&8t - 1), (24)

and X(0) is the vector of initial concentrations. Substituting Eg. (21)
into Eq. (23), the solution to Eq. (16) is given by

gty = v Bt o) + v toet) VS, (25)

where B = AV'] (1/s) and V is a diagonal cell volume matrix. The details for
evaluating the matrix operators eBt and D(Bt) for arbitrary t are given in

App. A.



ITI. 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 possible 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
technigue. 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 1s 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
comparison are taken from Crank8 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
Danckwerts9 can be used to extend these results for time-dependent concen-
tration diffusion to also handle radiodctive dccay. Danckwertd transfor-
mation states that

t B - 5 L -~
C=1 [ Cce™at+cel, (26)
0

-

where ) is the radioactive decay constant (1/s), C is the diffusion soly-
tion without radioactive decay (atoms/cm3), t is the evaluation time (s),
and C is the solution with both diffusion and decay (atoms/cm3). This
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 siab (0 < x < %) with a uniform initial disitribution and different
8

satura*ted surface concentrations is

) 7L

. e B



= C cos (nm) - C 2.2
. + 2 1 nmx o L
C uC‘"‘(C?-C])[ = z - sin 7 exp( > )
n=1 £
€ < -0(2m + 1)%r%t
e e W 7=y sin ( ot "") exp (0(2"‘ (27)
T m=0 Zm + ¢ 2

where C is the initial uniform concentration, C] is tne surface concen-
tration at x = 0, C2 is the surface concentration at x = £, D is the dif-
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 < r < a) with a uniform initial dis-

tribution and a constant concentration at the outer radius is given analytically
8

by
TABLE II
DATA FOR VALIDATION TESTS
uw&gm I DECAY wumxmnﬁ?ﬁh_—ng;’mﬂl—i ooy ]
ol el CONSTAN? ey E?ﬂﬁnkav CO"%QLLQ"S DIMENS 1ONS
2 . . :
GEOMETRY {ea® s77) (s H (amms,‘cma) (atons/cmj) (atom/cm’ (cm) {
i vt e e 6 B P el SO S ——
e o e
S1ab 7 -6 & x 107 0
.23 x 10 8.022% x 10 0.0 1.0 x 10 1.0 x 100 |1 om thick
Solid Cylinder 7.238 x 1078 | 80225 x 1077 ' 0.0 REFLECTED 1.0x 16'% | 1 om radius :
Hollow Cylinder | 7.234 x 10°¢ | 8.0225 x 1077 0.0 1.0x10% [1.6x10"” |0.5em1.0., 2.0cmo.d. |
Solid Sphere 7.234 x 1078 | 8.0225 x 10’ 0.0 REFLECTED 1.9 x 10'° 1 em radius i
Hollow Sphere 7.23 x 1078 | 80225 x 1077 0.0 1o0x10® frox10"” |05 1.0, 2.0mo.0 |

i SONON M S
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Fig. 2. S5lab validatiorn problem results.

2

kil s 2 - exp(-Dant) Jo(mn) ’

0 17 a z=] J ( y ) (28)
n O.ni aun

where C0 is the initial uniform concentration, C] is the boundary con-
centration, D is the diffusion coefficient, and t is the evaluation time.
The un'S are roots of the Bessel function of the first kind of order zero,

Jola ag) =0, (29)

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 :valuated 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 a. the center of the cylin-
der on the first time step, 0.1 days. The results, Fig. 3, from the two

eelculations again fall on top of each other due 0 the resolution limits of
the graphic scales.

1
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through a cylinder wall (a < r < b) is

12

b. Hollow Cylinder. The analytic solution to the problem of flow
8

C] £n % + C2 £n J (aan) Uo(ran) exp (-Dait)

C= + uC 2 .
Zn (b/a) 0 “ ;
n=1 Jo(aan) + Jo (ban)

s

J (aa. ) - Cy d. (ba X J_ (aa.) U (ra ) 3
0 n 1 Yo n }7 0 n” "o n exp (—DA;t) i

2 2 "
Jg (aa,) - Jg (ba,) (°0)

vi -5
n=1

where Co is the initial uniform concentration, C] is the inner boundary
concentration (r = a), and C2 is the outer boundary concentration (r
b). The function U, is given by

"

Ug (rag) = Jy (rap) Yo (b)) - Jy (b)) Yo (rap).
(31)
The values of @, are the positive roots of
U, (a o) =0, (32)

wh2re a is the inner radius and b is the outer radius of the hollow cylin-
der. The hollow cylinder problem solved both by Egs. (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. The 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 ineasuring from the inside
boundary. Tha results are illustrated ir Fig. 4. It should be noted that
the scaling of *he ordinate is not the same as in the previous figures.
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3. Spher ical Problems

a. Solid Sphere. The problem of diffusion in a sphere (0 < r < a)
has an analytic solution given by8

® 2 2
y " 2a " nmr -Dn°r“t
C = C] + (L] - Co) - gg% - sin & exp (——-;f—i) . (33)

where C0 is the initial uniform concentration, C] is the boundary con-
centration (r = a), and D is the ciffusion 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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Fig. 5. Solid sphere validation problem results,

b. Hollow Sphere. Tie analytic solution for flow through a spherical
"

wall (a <r<b) is8
. aC, +(pCz - aC]) (r - a)
r r (b - a)
2.2
L2 55 b(c2 - co)cos(nw)- a(C] - Co) ik nngg : :) exb -Dn"n t2
n (b - a)
n=1
(34)

where Co is the initial uniform concentration, C] is the boundary concentration
at r = a, C2 is the boundary concentration at r = b, and D is the diffusion
coefficient.

The hollow sphere problem can be solved both by Eqs. (26) and (3«) and by
DASH.

The analytic results were evaluated at the 26 space points at 5 different
times. The DASH solutions were for the sane 5 time steps using 24 mesh cells.
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A maximum error of 0.38% was observed at the first time step, 0.1 days,
at a point located 20% 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 analyticaily is the critical determinant method.10
Using this approach, the critical radius of an infinite slab, infinite cylinder,
or sphere can be evaluated. With this information the steady-state 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 o7
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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Fig. 6. Hollow sphere validation problem results.
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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 flux peak. It is necessary to analytically
determine the material interface for DASH, since 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 TII the half-thickness of a critical slab is
7.988 cm. Using the previcusly discussed analytic approach,]0 the fast and
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 0.33% 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.

TAGLE I1I
TWO GROUP VALIDATION TEST DATA
Group 1 Group 2
Material Material Material Material
] 2 ] >
Diffusion Coefficient (cm) 1.13 1.13 0.16 0.16
Absorption Cross-Section (cm™') 0.0419 0.0419 | 0.06 0.0197
. " -1

Fission Cross-Section (cm™ ') 0.0 0.0 0.040258 0.0
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2. Critical Cylinder

The critical cylinder problem when solved using the data of Tahle III has
a critical radius of 15.368 cm. Ananalyticevaluation 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 hau a magnitude of 0.58%. 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 1.21%. This error occurred at a point essentially at the material interface.
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§4» g
-1 L )
§< i '\_ ".2 4 §4
> \ 3
2 N =z |
£ 4 t |
= \ =
& & .
§<b "{ : \ 34 i i
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l
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- S . ' e |
g i i . ” — = i g - + 4;, l
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Fig. 10. Critical cylinder analytic Fig. 11. Critical cylinder DASH
results. results.
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Fig. 12. Cylinder flux ratio comparison.

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 materia! 2. The DASH results, Fig. 14, were calculated based on 25
material-1 mesh cells and 25 material=2 mesh cells.

The maximum error frr 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 after 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
principal error contribution comes from the h2 term. Under these conditions,
it is acceptable to assume that the inherent error due to spatially differencing

Eq. (1) is proportional to hz.

g = ke (35)

where

inherent error
proportionality constant
mesh spacing.

5> x M
i

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.

e = (d L . (36)
n

For a given geometry kL2 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 A1 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
used in this study. One can see from Table IV that enz
constant

is approximately

21
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TABLE IV
SPATIAL DIFFERENCING ERROR

T Normalized
n € n? en2 £
5 0.061320 25 1.53 1.000
10 0.016860 100 1.69 0.275
15 0.007778 225 1.75 0.127
20 0.004370 400 1.75 0.071
25 0.002820 625 1.76 0.046

Relative Error

T
§’ \
.
x
g |
;. \
4 \
] \ |
|
00 50 100 B0 200 250 00

Number of Mesh Cells

Fig. 16. Relative inherent differencing error
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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 A and B depend on the inverse of the diffusion
matrix [see Eq. (10)). 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 summing 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 Ar in the denominator and this causes the elements of
the supermatrix to be large if the cell they refer to is small.

Iv. HoLouP OF %Sy 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 *est problem is

90¢,. - 90, -~ 90;,.

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

The approach is to use data from the work of Appel and Roos
late the distribution of the isotopes of this decay chain in the fuel matrix
and structural graphite. The source term for 90Sr is taken to be 7.3 x 109
atoms/(cm3-s) as given in Ref. 11. The source terms for the other isotopes
in the chain are taken in proportion to the yields of Table V.

N and calcu-
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TEMPERATURE (K)

DISTANCE —=

Fig. 1/. Fuel-graphite-helium calculational model and beginning-of-life and
six-year temperature profiles.

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 CHAIN
ISOTOPE YIELD ¢ DECAY CONSTANT/s
90g,. 5.77 7.884 x 1010
90y 5.77 2.994 x 1070
90;,. 0.0 1.0 x 10720
24



-109,4 D = A + 1000 B/T, (37)

the coefficients A and B are given in Table VI. The data were taken from
Ref. 12.

Appel and Roos' ' assume that the concentration of 905r 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
small region (10’5 ¢m thick) at the boundary and adjusting the diffusion coef-
ficient of the region introduced until the ratic of 905r concentrations is 300,
Except for this boundary region, the mesh spacing is taken as 0.05 cm throughout.

To compare with the work of Appel and Roos, the concentrations of 905r
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.

1

TABLE VI
DIFFUSION COEFFICIENT PARAMETERS

SPECIE A B
90, 0.34 6.5
; Py 0.74 14.2
' 90;,. 1.19 22.8
f TABLE VII
f
| COMPARISON OF 20 Sy CONCENTRATIONS AT ONE YEAR
DASH Results
POSITION Results from 3 Ref. 11 Ref., 12
(cm) MATERIAL Ref. 11 (atoms/cm”) Coefficients Coefficients
0.125 Fuel 1.7 x 1018 2.27 x 1017 1.80 x 1017
0.30 Graphite 3.0 x 10'° 5.41 x 100 5.68 x 10'%
0.50 Graphite 6.0 x 1014 1.06 x 10'%  4.30 x 10'%
| 0.75 Gre ohite 1.0 x 103 .62 x 102 2.23 x 10"
. 25
I ' Lo 8
3\'&0 [Cs




It is apparent in looking at Table VII that the 905r concentration in the
fuel matrix as given by Appel and Roos is larger than that which a source of
13 % 109 atoms/(cm3-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
10]] which probably explains the difference between DASH and the Appel and Roos

results.

13

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.

We assumed that the initial source (S. = 7.3 x 109 atoms/cm3.s) increases with

time such that So is used for the firgt year, ZSO for the second year, 350 for
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 90Y concentration profiles are shown in
Fia. 19. Comparison of the amount of 905r produced with amount retained is

the tu»1 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,

the 20Y does not diffuse significantly but decays into 20Zr.

o'? T T T T T " Y Y T

3 uk=§

CONCENTRATION (atoms/cm?®)

0% -

o4 os
DISTANCE (cm)

Fia. 18. sy concentration profiles.
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TABLE VIII
90g,. CONCENTRATION IN FUEL MATRIX WITH INCREASING SOURCE

Fuel Fuel Concentration
Time Total Source Concentration if no .Diffugion Fraction
(y) Units (atom/cm3) (atom/cm>) Retained
| 1 1.80 x 10'7 2.30 x 10" n.78
2 1+2=3 4.74 x 10"/ 6.91 x 10"/ 0.69
' 3+3%6 8.45 x 1017 1.38 x 10'8 (.61
4 4+6=10 1.27 x 10'6 2.30 x 10'8 0.55
5 5+10=15 1.75x 10'8 3.46 x 10'8 0.51
6 6+ 15=2] 2.27 x 10'8 4.84 x 10'8 0.47
T T .
o — B
=— .
1Y
I
.i
gﬂ— |
ps :
oL 1 L
o Qi 02 [+%.} [+ )
DISTANCE (em)
Fig. 19. 9OY concentration profiles,
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V. PROGRAM STRUCTURE
A. Role and Function of Subroutines

The DASH program consists of a driver routine, DASH1, and 34 functions and
subroutines. The func: sns and subroutines can be divided into three classi-
fications: primary. .condary, and graphic. The primary routines are those
that are c~''=* ~ectly by the controlling routine, DASH1, and perform major
tasks. The secondary 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.

]. Primary Routinec
The 15 primary routines are discussed in the order in which they are
called by DASHI.
a. _INPA. The soubroutine INPA reads and prints the basic nuclear

——r

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. INPR. 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 left-hand
spatial boundary condition. Based on input data a modified value of Bk' Eq.
(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 INHA
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 R;. 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 estuhlish the right-hand
spatial boundary condition. Based on input data a modified value of Ak’ Eq.
(14), is evaluated for Eq. (9). The modified source, Eq. (15), due to the right
boundary is also determined in this routine.

1. SOLVER. The subroutine SOLVER operates on the matrix generated
by MAKEB to calculate the two matrix operators, D(Bt) and eBt. T a recursion
relations discuszed 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 conceniration 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.

0. _ 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,

e SCAECS - Multiplies an extended core storage matrix by a
scalar.

e IFACT - Evaluates factorials,

e GENID - Generates an identity matrix,

e MATMOV - Equivalences two local matrices.

* MOVECS - Equivalences two extended core storage matrices,

29
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e MATMPY - Multiplies combinations of local vectors and local
matrices.

e MPYEC3 - Multiplies combinations of extended core storage
vectors and matrices.

e MPYECT - 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.
e PRIMES - Prints an extended core storage matrix.
e PRIV - Prints a local vector.
e REAG - Reads floating point data.
« REAI - Reads integer data.

c. There is one special purpose secondary routine,
e 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

calcuilated 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 p

lotting 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
BGNPL
HEIGH
TITLE
GRAF

CURVE
ENDPL
DONEP

- Device-independent initialization routine.

Begins a plot.
Sets the basic character height.
Draws axes and titles.

T

1

Scales axes.
Draws a curve.
Ends a plot.

Plot termination.

L

*
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,

( BEGINDASH )
CONSTRUCT DECAY EVALUATE AND
Y MATRIX FOR —-— SUBSTITUTE K,
CELL k (MAKLAM) INTO SOLUTION
INPUT NUCLEAR DATA MATRIX 8
anPA) * (MAKES)
CORRECT DIFFUSION ]
' COEFFICIENT FOR
o APV r::rt:nunt(:u Y o
AND GEOMETRIC EVALUATE »
DATA CELL k1 AND D(B1)
(INPB) (DLADS) (SOLVER)

]

!

1

1

'

1
CALCULATE CELL EVALUATE K. A, | [ CONSTRUCT DIAGONAL
AREAS AND VOLUMES AND B, MATRICES VOLUME MATRIX
(GEOM) (BIGEL) (MAKVOL)
CALCULATE SUBSTITUTE K, A, EVALUATE
TEMPERATURE AND B,,, INTO CONCENTRATIONS AT
FIELD (TEMADY) SOLUTION MATRIX B TIME STEP (FSOLVE)
' (MAKEB)
PRINT GEOMETRIC
AND TEMPERATURE i
DATA BY CELL
(INPLT PRIV}
YES \
CORRECT DIFFUSION PRINT RESULTS /
COEFFICIENTS FOR OF CALCULATION
CONSTRUCT DECAY
T RA (CONCPLT)
= :‘u",’“ MATRIX FOR LAST \
(D1JADY) CRLL 1
(MAKLAM)
| PLOT RESULTS
] OF CALCULATION
EVALUATE 8, (DRAW)
MATRIX FOR EVALUATE A, MATRIX
LEFT BOUNDARY (BCONL) FOR MIGHT BOUNDARY A 1
el (BCONR!
I 1 ( ™ )

Fig. 20,

DASH flow diagram,
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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 note that if words 3 and/or 4 of card 1 are negative,] or 2 branching
ratio cards, cird 2 must 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
o e KT (38)

<o
i

DIJO*EXP(- ALJO/(R*T))

for each element of DIJO and AIJO, Values must be supplied for each isotope
in each material.
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TABLE IX
DASH INPUT INSTRUCTIONS

CARD WORD SYMBOL FORMAT DESCRIPTION
0 PRINT OPTIONS
1 NPRINT 14 0/1 LINE PRINTER/TERMINAL
i NPLOT 14 0/1 NO PLOT/PLOT
1 -ONE CARD PER NUCLIDE - BASIC NUCLIDE DATA
1 NANMAT(I,1) A7 NUCLIDE NAMF
2 NANMAT(I,2) 14 ID I:’MBER
3 NANMAT(I,3) I DECAY PARCNT 1
B NANMAT(1,4) 14 DECAY PARENT 2
5 NANMAT(I,5) 14 CAPTURE PARENT 1
6 NANMAT(1,6) 14 CAPTURE PARENT 2
7 NANMAT(I1,7) 14 N-2N PARENT
8 NANMAT(1,8) 14 N-ALPHA PARENT
9 NANMAT(1,9) 11 N-P PARENT
10 ANMAT (I,1) E12.5 DECAY CONSTANT (1/s)
2 -ONE CARD PER BRAINCH FOR EACH BRANCHING RATIO
NEGATIVE VALUE OF NANMAT(I,3-4)-
1 BRV(IBR) £12.5 BRANCHING RATIO

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

3 CROSS SECTION TITLE CARD
1 NXSEC(II,1) A6 TITLE 1
2 NXSEC(11.2) AG TITLE 2
3 NXSEC(IT.3) 14 NUMBER OF GROUPS
4 NXSEC(11.4) 14 NUCLIDE 1D
4 -NXSEC(11,3) CARDS- CROSS SECTION DATA
SC ROSS SECTIONS
1 XSEC(IT,KX,1) £12.5  SLCHR N BAvMEROSS S (en’)
2 XSEC(11.,KX.2) E12.5  SIGMA N-2N
3 XSEC(11.KX, 3) E12.5  SIGMA N-ALPHA
4 XSEC(T1.KX.4) £12.5  SIGMA N-P

ro



TABLE IX (cont)

CARD WORD SYMBOL FORMAT DESCRIPTION

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

PROBLEM RELATED DATA

o

i NCELLS 14 Number of cells in problem
2 NGEOM 14 1/2/3 Slab/Cylinder/Sphere
3 NBCL 14 Left boundary condition 1/2 re-
flected/concentration specified
4 NBCR 14 Right boundary condition 1/2 re-
flected/concentration specified
5 NTEMPS 14 Number of entries for specifying
temperature field
6 IMATS 14 Number of materials
7 IGP [4 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(1) SPECIAL Material ID for cell 1]
2 MATS(2) SPECIAL Material 1D for cell 2
NCELLS MATS(NCELLS) srooin. Material ID for cell NCELLS
9 Dependent value for temperature
field
1 TEMPS(1) 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)
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CARD

TABLE IX (cont)

WORD SYMBOL FORMAT

JESCRIPTION

N

12

13

One set of cards 11 and 12 for each of
IMATS materials -

] DI1JO(1,1,1)  SPECIAL

2 DIJG(2.1.1)  SPECIAL

150 01J0(150,1,1) SPECIAL
150 + 1 D1J0(1,2,1)  SPECIAL
150°150 D1JO(150,150,1) SPECIAL
ISO*1S0+1 DIJ0(1,1.2)  SPECIAL
[SO*ISO*N D1JO(1S0,150,N) SPECIAL

Ore set of cards 11 and 12 for each of
IMATS materials

1 ALJS(1,1,1)  SPECIAL

2 ALJS(2.1.1)  SPECIAL

10 ALJS(150,1,1) SPECIAL
IS0 + 1 A1JS(1,2.1)  SPECIAL
I1SO*1S0 ALJS(1S0,150,1) SPECIAL
ISO* IS0+ AIJS(1,1.2)  SPECIAL
ISO*ISO*N ALJS(150,1S0,N) SPECIAL

0»e continuous set of card 13 for
IGP groups -

Supply only if cross sections are
present -

1 PHI(1,N) SPECIAL
2 PHI (2 .N) SPECIAL
NCELLS PHI (NCELLS,N) SPECIAL

NCELLS + 1 PHI(1,N+1) SPECIAL

Diffusion Matrix (cme/s)

Material 1
Material 1

Material 1
Material 1

ﬁaterial 1
Material 2

ﬁateria] N
Activation

Material 1
Material 1

ﬁateria1
Material ]

ﬁateria] 1
Materia' 2

Material N

Fluxes

Group N flux in cell 1(n/cm§-s)
Group N flux in cell 2(n/cm

« lement
element

element (1S0,1S0)

Energy Matrix(zal/mole)

element (1,1)
element (1,2)

1 element (1,150)

element (2,1)

element (1S0,1S0)
element (1,1)

element (1S0,I1S0)

-5)

éroup N flux in cell NCELLS

(n/cmé-s)

Group N + 1 flux in cell 1

(n/cmé-<)
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TABLE V Continued

TABLE IX (cont)

CARD WORD LYMBOL FORMAT DESCRIPTION
14 - Supply only if NBCL = 2 Left boundary concentrations
1 CONBOU(1,1)  SPECIAL Specie 1 left boundary concen-
tration (atems/cc)
2 CONBOU(2,1)  SPECIAL Specie 2 left boundary concen-
tration (atems/cc)
150 CONBOU(1S0,1) SPECIAL Specie 150 left boundary con-

15

16

17

36

- Supply onl
1
2

150

150
150 + 1

[SO*NCELLS

1
2

150
150+1

ISO*NCELLS

e A i b

y if NBCR = 2 -

CONBOU(1,2) SPECIAL
CONBOU(2.2) SPECIAL
CONBOU(150,2) SPECIAL
CONINT(1) SPECIAL
CONINT(2) SPECIAL
CONTNT(150) SPECIAL
CONINT{150+1) SPECIAL

CONINT(ISO*NCELLS) SPECIAL

SOURCE(1) SPECIAL
SOURCE(2) SPECIAL
SOURCE (150) SPECIAL
SOURCE (150+1) SPECIAL

SOURCE (ISO*NCELLS) SPECIAL

centration (atoms/cc)

Right boundary concentrations
Specie 1 right boundary
concentrations (atoms/cc)
Specie 2 right boundary
concentrations (atoms/cc)

Specie ISO rigﬁt boundary
concentrations (atoms/cc)

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

Initial concentration cell 1
specie 2 (atoms/cc)

Initial concentration cell 1
specie 1S0 (atoms/cc)
Initial concentration ceil
specie 1

r

Initial conceniration cell
NCELLS specie 1SO

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

éource cell 1 specie ISO(atoms/s)
Source cell 2 specie 1(atoms/s)

éource cell NCELLS specie ISO
(atoms/s)
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There are two special read formats. One is for integer data 6(I1, I2, I19),
one for floating point data 6(I1, 12, E9,3), In each of these formats the first
integer field, 11, designates the ont*ons listed in Table X, The second in-
teger field, 12, controls the execu.ion of the option, and the remainder of
the field, I9 or £9.3, is for the input data., All data blocks read with these
formats must be ended with a 3 in the I1 field after the last word of the
block.

TABLE X
SPECIAL READ FORMAT OPTIONS
Value of I1 Description
0/blank No action
1 Repeat data word in 9 field number of
times indicated in [2 field.
2 Place number of linear interpolants

indicated in 12 field betwe2n 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. OUASH 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 abcorbent 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 DIFFUSI?N'§0(;FICIENT BOUNDARY CONCENTRATIONS
-1 cme/s
i 1 2 3 Left Right
A 8.0225 x 1077 | 5.426 x 1076 | 1.266 x 1075 | 1.808 x 1078 | 1.0x 20" | 0.0
8 1.6045 x 1078 | 2.713 x 1078 | 6.330 x 10°® | 9.082 x 1077 | 5.0 x 10° 0.0
A B
.‘ 0 = T T v 5 O T g - T
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Fig. 21. Sample problem results for Fig. 22. Sample problem results for

Diffusant A.
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APPENDIX A
MATRIX OPERATOR EVALUATION

The time-dependent equation to be solved wusing the matrix operator method
is

dx gl + 4. (A-1)

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

integral. ’

at (8) = exp }: B(s) ds| = exp (Bt]. (A-2)

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

X(t) = ﬂg (8) X(0) + ft at” K (t, t7) g (t9), (A-3)
0
where
K(t,t”) = nf, (B) [Q;‘(B)] -1, (A-4)

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

%(t) = Bt X(0) + €B® Lt at” eBt g (t). (A-5)
Assuming that E(t ) = g is constant over the interval (0, t), Eq. (A-5) becomes

X(t) = Bt (o) + 371 (Pt - 1) g (A-6)

Defining the matrix operator C(C) by4

T -1 (A-7)

p(c) = C (e
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or
(Bt) = 8~ (e®* - 1), (A-8)
Eq. (A-6) becomes
X(t) = X(0) + teD(Bt) X(0) + tD(Bt) g (A-9)
= X(0) + tD(Bt) [si(o) + E].
Note that the matrix operator D(C) defined by

D(C) = C-] (ec “ I) » -(n—E-T)—i— (A-]O)

n=20
exists even if C = Bt is singular. Although the eigenvalues of ec are bound
by unity, and the eigenvalues of C are bound, but not necessarily by unigy, 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=2Pc, (A-11)

where p is determined by

141 < % (A-12)
4,15
or
2
p > enfzf;lcy;l )2 en2). (A-13)

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

M & H"
0'(H) = Y G+r (A-14)

n=20

e a
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The value of M is chosen such that the excluded terms have an error less than

e.‘ or

H M+ 1 ( )
< <7 iy A-15
lﬁ *%" Mt Tm+ 2)

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

(2P * W) = 0(2Pn) [x 4 (zpa)o(zpu)] . (A-16)

The recursion relation is readily proven by induction. Define

o(H) = v (e - 1) (A-17)
and

c = 2P (A-18)
Clearly if p = 0, D(C) is equal to D(H). If p =1, Eq. (A-16) yields

p(c) = (zH) = (20)) (M - 1)

L P §eH ; 1)

(A-19)
- o1+ (k] .
Induction based on Eq. (A-19) yields
0(2°H) = (2P = Th) [1 #y (2P (P - ‘H)] . (A-20)

Assume Eq. (A-20), which is true for p = 0 and 1, is true for p = n. Evaluate
(2" E ]H) as
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1
D(zﬂ + ]H) - (zﬂ + ]H)'] (82" * H N I)
S RRTCL P ) (A-21)
= D(2"H) [1 + Y (2"H)o(z"n)] g

Since Eq. (A-20) is truefor p = 0 and 1 and if it is assumed true for p = n,
it is true for p = n + 1; th_a by transfinite induction it is true for all p.

APPENDIX B
DASH CODE LISTING
(LASL Code LP-1055)

PROGRAM DASH1 (INPUT,OUTPUT,TAPES=INPUT,TAPE6=OUTPUT)

DASH - A MULTICOMPONENT TIME DEPENDENT CONCENTRATION DIFFUSION
WITH RADIOACTIVE DECAY PROGKAM.

EY COURTNEY E. APPERSON, JR.
LUCY M. CARRUTHERS
JUDITh F. SHINN
ENERGY DIVISION
kgg ALAMOS SCIENTIFIC LABORATORY
CLARENCE E. LEE
TEXAS A AND M UNIVERSITY
MARCH 1979

THE PROGRAM DASH CALCULATES THE TRANSIENT CONCENTRATION OF
MULTIPLY DIFFUSING SPECIE WITH RADIOACTIVE DECAY USING FINITE
DIFFERENCE AND EXPONENTIAL OPERATOR TECHNIQUES.

THIS 1S THE FOURTE VERSION OF DASH. IT WAS CREATED
ON 15 MARCH 1979.

RECOGNIZING THAT GRAPHICS HARDWARE AND SOFTWARE ARE USUALLY
UNIQUE TO A PARTICULAR INSTALLATION THE GRAPHICS PACKAGE IN
DASH CAN BE READILY DELETED WITHOUT EFFECTING THE REMAINDER

(rizisisiolalolsislalsislolaloclolalaleloleslele 2l 22 l0ie e 0 00

OF THE CODE.
INPUT INSTRUCTIONS FOR THE CODE ARE--
CARD WORD SYMEOL FORMAY DESCKRIPTION
0 PRINT OPTIONS
P RBEPL R UV e
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} «<ONE CAKD PER NUCLIDE-=-
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10 ANMAT E12.5

BEASIC NUCLIDE DATA

NUCLIDE NAME

ID NUMEER

DECAY PARENT 1

DECAY PARENT 2
CAPTURE PARENT 1
CAPTURE PARENT 2
N-2N PARENT

L=ALPHA PARENT
N-P PARENT

DECAY CONSTANT (1/8)

2 --ONE CARD PER BRANCH FOR EACH NEGATIVE VALUE

OF NANMAT(I,3=9)==

BRANCHING RATIO

CROSS SECTION TITLE CARD

TITLE 1

TITLE 2

NUMEER OF GROUPS
NUCLIDE ID

CROSS SECTION DATA

SIGMA N-GAMMA
SIGMA N-2N
SIGMA N-ALPHA
SIGMA N-P

F CARDS 3 AND 4--

PROBLEM RELATED DATA

NUMPER OF CELLS IN PROBLEM

1/2/3 SLAB/CYLINDER/SPHERE

LEFT BOUNDARY CONDITION

e REFLEC{ED/CONCENTRATION
SPECIFIED

RIGHT BOUNDARY CONDITION

1/2 REFLECTED/CONCENTRATION
SPECIFIED

NUMBEK OF ENTRIES FOR

SPECIFYING TEMPERATURE FIELD

NUMEER OF MATERIALS

NUMBER OF NEUTRON ENERGY

GROUPS

TIME STEP DATA

INITIAL TIME (DAYS)
NUMBER OF TIME STEFS
TIME AT END OF PROELEM
(DAYS)

GEOMETRY (CM)
0.0

FIRST CELL RIGHT BOUNDARY
SECOND CELL RIGHT BOUNDARY

1 ERV( IER) £12.5
-~BLANK CAKD AFTER LAST SET OF CARDS 1 AND 2--
3
1 NXSEC(II,1 Ag
2l NXSEC(II,2 A
3 NXSEC II.R I4
NXSEC(II. 14
4 -=NXSEC(II,3) CARDS--
1 XSEC(II,KX,1) E12.5
2 XSEC({II.KX.2) E12.5
;o Xseclin KX, E12.5
XSEC(II KX, E12.5
--BLANK CARD AFTER LAST SET O
5
1 NCELLS 14
2 NGEOM 14
3 NECL 14
4 NECR 14
5 NTEMPS T4
6 IMATS 14
7 1GP 14
6
1 TINT E12.6
2 TINC E12.6
3 TIMAX E12.6
.
: DIST(1 SPECIAL
2 DIST(2 SPECIAL
3 DIST(3 SPECIAL
NCELLS+1 DIST(NCELLS+1) SPECIAL

LAST CELL RIGET BOUNDARY
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10

i1

12

13

14

1 MATS§1; SPECIAL

2 MATS(2 SPECIAL
NCELLS  MATS(NCELLS) SPECIAL
1 Tsursi1g SPECIAL

2 TEMPS(2)  SPECIAL
NTEMPS TEMPS(NTEMFS) SPECIAL
1 rancoa§1; SPECIAL

2 TEMCORK( 2 SPECIAL
NTEMPS TEMCOR(NTEMPS) SE.CIAL

-=0KHE SET OF CARDS 11 AND 12 FCR

1 DIJOé1.1.N; SPECIAL

2 pIJO(2.1.N) SPECIAL
180  DIJO(ISO,1 .N) SPECIAL
15041 p1J0(1,2,N) SPECIAL

1S0%1S0 bIJO(ISO.ISO.N)SPEéIAL
--ONE SET OF CARDS 11 AND 12 FOR

1 ATJS(1,1,N) SPECIAL

2 AIJS(2,1.N) SPECIAL
150 A1J5(1éo 1,N) SPECIAL
15041 1,6,N) SPECIAL

1SO%1S0 AIJS(ISO.ISO.N)SPE&IAL

-=0NE CONTINUCUS SET OF CARD 1
-=-SUPPLY ONLY IF CROSS SECTICN

1 PHI% ; SPECIAL

2 PHI SPECIAL

NCELLS HI{ﬁCbLLS N) SPECIAL

NCELLS+1 PHI(1,N+1)  SPECTAL
--SUPPLY CNLY IF NBCL = 2--

1 coueou§1.1g SPECIAL

2 CONBOU(2.1 SPECIAL

IS0 CONEOU(IS0,1) SPECIAL

ASSIGN MATERIALS

MATERIAL ID FOR CELL 1
MATERIAL ID FOR CELL 2

MATERIAL ID FOR CELL NCELLS

DEPENDENT VALUE FOR
TEMPERATURE FIELD (K)

TEMPERATURE 1
TEMPERATURE 2

TEMPERATURE NTEMPS

INDEPENDENT VALUE FOR
TEMPERATURE FIELD (CM)

COORDINATE OF TEMPERATURE 1
COORDINATE OF TEMPERATURE 2

COORDINATE OF TEMPEKATURE
NTEMPS

EACH OF IMATS MATEKRIALS--

DIFFUSION MATRIX (CM%#2/S)
MATERIAL N ELEMENTé1.1
MATERIAL N E! EMENT(1,2
MATERIAL N

éLEMENT$1.ISO)
MATERIAL & ELEMENT(2.1)

MATERIAL M ELEMENT(ISO,ISO0)
EACH OF IMATS MATERIALS--
ACTIVATION ENERGY MATRIX
(CAL/MOLE)

MATERIAL N ELEMENT(1, 1;
MATERIAL N ELEMENT(1.2

MATERIAL N ELEMENT 1,130)
MATERIAL N ELEMENT(2,1)

MATERIAL N ELEMENT(ISO,ISO)

FOR IGP GROUPS--
ARE PRESENT--

FLUXES (NEUTRONS/CM®*®2.5)
GROUP N FLUX IN CELL 1

GROUP N FLUX IN CELL 2

GROUP N FLUX IN CELL NCELLS
GROUP N+1 FLUX IN CELL 1
LEFT BOUNDARY CONCENTRATIONS
(ATOMS/CC)

SPECIE 1 LEFT EOUNDARY CONC
SPECIE 2 LEFT BOUNDARY CONC

SPECIE ISO LEFT BOUNDARY
CONC

45

P T TN



T =N

L e e el

46

(glsisleisinisiaisistisisisisisisisislalslisislolelslvislslalaloislalolelslelsisivlelsisieleirisitinizisisizizizizicisisisisislslsleliolrlglelpl o]

1 D1JO(NISO NISO(NHATS

DIMENS
PHI(NCELL NGP) ,W(NTERN (i
ZCDIFikl(NISO O R PLOR LN ?

15 =<~SUPPLY ONLY IF NBCR = 2-- R}gﬁg EOUNDARY CONCENTRA-
?ATOHS/CC)

1 CONb0U§1 23 SPECIAL SPECIE 1 RIGHT BOUNDARY CONC
é CONBOU SPECIAL  SPECIE 2 RIGHT BOUNDARY CONC

180 CONBOU(1S0,2) SPECIAL §gggxs 180 KIGHT BOUNDARY

16 INITIAL COﬂCEhTEATION
(ATOMS/CC)
1 CONINT 1; SPECIAL  INITIAL CONC CELL 1 SPECIE 1
2 CONINT(2 SPECIAL INITIAL CONC CELL 1 SPECIE 2

1S0  CONINT(IS0) SPECIAL %géTIAL CONC CELL 1 SPECIE
18041 CONIRT(ISO+1) SPECIAL  INITIAL CONC CELL 2 SPECIE 1

ISO®NCELLS SPECIAL  INITIAL CONC CELL NCELLS
CONINT(ISO'NCELLS) SPECIE 150
17 SOUKCE
(ATOMS/SEC)
1 SOURCE 13 SPECIAL SOURCE CELL 1 SPECIE 1
2  SOURCE(2 SPECIAL SOURCE CELL 1 SPECIE 2
180 souncssxso) SPECIAL  SOURCE CELL 1 SPECIE ISO
IS0+1 SOURCE(ISO+1) SPECTAL SOURCE CELL 2 SPECIE 1
ISO*LCELLS SPECIAL  SOURCE CELL NCELLS SPECIE IS
SOURCE( ISO®NCELLS)

SPECIAL FORMATS

ruans ARE TWO SPECIAL READ FORMATS. ONE IS FOR INTEGER DATA
6(11,12,19) AND ONE IS FOK FLOATING POINT DATA 6(11

IN EACH'WORD OF EOTH THESE FORMATS, THE FIRST INTEGER éIaL
DESIGNATES THE OPTIONS LISTED BELOW. THE SECOND INTEGER FILLD.
12, CONTROLS THE EXECUTION OF THE OPTION, AND THE REMAINDER OF
THE FIELD, 19 OR ES. 3 1S FOR THE INBGT onrn. ALL DATA ELOCKS
READ WITH THESE FORMATS MUST BE ENDED WITH A 3 IN THE I1 FIELD
AFTER THE LAST WORD OF THE BLOCK.

-~0PTIONS FOR SPECIAL READ FORMATS--

VALUE OF I NATURE OF OPTION
0 OR ELANK NO ACTION
i REPEAT DATA WORD IN 9 FIELD NUMEER OF TIMES

INDICATED 1IN I2 FIELD.

2 PLACE NUMPER OF LINEAR INTERPCLANTS INDICATED
IN I2 FIELD BETWEEN DATA WCRD IN 9 FIELD AND
DATA WORD IN NEXT 9 FIELD. NOT ALLOWED FOR
INTEGERS.

3 TERMINATE READING OF DATA FLOCK. A 3 MUST
FOLLOw LAST DATA WGRD OF ALL BLOCKS.

DIMENSION NANMAT(N1501 %) ,ANMAT(NISO1,2) ,ERV(NER) ,iXSEC(NXSP,4)
XSEC(NXS,NGP,4) ,NPP(}
61M3nsxou DIST(N éELL1;.HATS NCELL) , TEMPS (NTEM) , TEMCOR(NTEM)
1JS{NISO,his0,NMATS) , DUMT (NTEM) ouué(hwsn)

DIMENSION DUM11{NN) nuuzz(uﬂ) Ah(hléo NISO EE(NISO Niso
WHERKE NN 1S THE GREATER OF NISO®NISO AND NGP¥NCEL

NSION DELR(NCELL) Anea(ucauu) VOL(NCELL RBAR(NCELL).

NCéLBIFF§(b136 NISO),

OMMON /§0Ls Ius(hn MM) B (MMIMM) c(un.un;.n(mn,nn).nunumm),

’
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DIMElS] souncs(nn DLM\(NISO uxsg& nxsounz(uxso §xso).
1 CONBOU NlSO 2 IPV § J  BK so
2ng§5uxso N180 couxur(mn coscsu(nn Dun33 MM)
1n1m§usxou(gg§h51( 9). ANMAT(6,2), BRV(10), NXSEC(11,4), XSEC(10,4
‘o}¥§g§§g§ %ésré‘”‘g §§T (25) 2§EMP3(25). Tsncon(as). D1J0(5,5,5),
DIMEN " DU bume2( 10 mu( aa(s
DIMENSION DE'.R(2 ).slaangzss‘ D‘PEggn(zs). H1(25 u), W(2s),

1_DUM3(25), DiFFK
c . ?s? / 3(1 25,125) , e?izs 125), C 155 125; D(125,125), E

F(12
Kce( 12 DUM1 ( DIFDUHZ 5 CONBOU(S ,2
Souacl 5? § cxx? , CONINT 155; CONCEN{ 125) .

_‘

LEVEL 2, E

COMMON 710/ Ninp! nbur Ién anxur
COMMOW /NUCDAT/ 1s0, IfR, IXS,

COMMON /TIMES/ TINT, TINC, TIMAX
TAPES IS INPUT UNIT

P=5
T65%6 IS OUTPUY UNIT
R%AD (NINP,100) NPRINT,NFLOT

S0=5
NISO1=NISO«+1
NN= 100
NN 15 THE GREATER OF NISO#NISO AND NGP®NCELL
KER=10
NXS=10
NXSP=NXS+1
NGP=zH4
NCELL=2%
NCELL1=NCELL+1
MM=NISO®*NCELL

HTsusza
NTEM MUST BE GREATER THAN OR EQUAL TO NCELL

NMAT S=5

NTIME=11

CALL INPA 2NANMAT.ANMAT.BRV ,NXSEC,XSEC ucp uxs JNER,NISO1,NXSP)
CALL INPPE (NCELLS.NGEOM.NECR,NECL nreuﬁ 'DIST,MATS.PHI , TEMPS
1 TEMCOR ,D1J0,AIJS,NCELL1, NCELL, NTEM, uxsb nuAré NGP,DUM11,DUM22 ,NN
2 ,CONBOU ,CONINT ,SOURCE , MM}

N=NCELLS+ 1

CALL GEOM (NGEOM,DIST,DELR,AREA von RBAR ,N,NCELLS)

CALL INPLT (NCELL,NCELLY,NECL,NBCR,MATS 6xé ,NGEOM ,NCELLS)

CALL PRIV DIST.N NCELLY, 0K Disrnxés 10H

CALL PR{ DELR,NCEL'S,NCELL1, 10K DELR ,10H }
V(AREA,NCELLS NCELL1,10H AREA ' 10H
CALL PRIV(VOL ,NCELLS ,NCELL1, 10F VOLUME 1ou )
CALL PRIV (KEAR,NCELLS,NCELL1,108 REAR )

CALL TEMADJ (TEMPS,TEMCOR,NTEMPS,RBAR, NCELL§ u DUM1,DUM2 , DUM3 ,NTEM

A%L PRIV (TEMPS NCELLS,NTEM, 10k MESH TEMP,10HERATURES )
IF(7XS.EQ,0) GO TO

CALL ?RIH(PHI.NCLLuS IGP,NCELL,NGP,10F FLUXES +10H )
CONTTINUE

MAKE ADJUSTMENTS FOR HOLLOW CYLINDER AND SPHERE
+EQ.2.AND.NGEOM.GT.1) II=2
HAT:MEEL ?

CALL DIJADJ (DIJO,AIJS,TEMPS,DIFFK,NISO,NMATS ,NCELL,IS0,1I,MAT)
CALL PRIM(DIFFK, IéO ISé.ISO iSO 108 DIFFK .10 )
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uxc-xson(fc§LL3¢1-i16
CALL BCOWL (BK,AREA,DIFFK,DELR,SOURCE ,CONEOU,NCE! LS,IS0,NECL ,NGEOM
y 'NISO,NIC,DUM}1,DUR33)
CALL PRIM(BK,150,1S0,180,180,10H EK , 10 )
NM1=NCELLS~1
COL=1
DO 30 I=1I,HM1
CALL MAKLAM (NANMAT ,ANMAT,XSEC,NASEC,PHI,ERV,ALAM,BE,NISO1,NXS
NXSP,NER,NGP,1SO,IXS, IGP,NCELL,1)
ER%L1PA1M(KLAu.Iso.Iso.Iso.xso.16h LAMFDA 10K )
=l+
MAT=MATS(K)
CALL DIJADJ (DIJO,AIJS,TEMPS,DIFFK1,NISO,NMATS,NCELL,ISO K, MAT)
CALL PRIM(DIF¥FK1,150,150,150,150,10H DIFFK) 102 ]
GEL (DIFFK,DIFFK1,DIFDUMY.DIFDUM2,ALAM,AK,EK,CKK,ISO,AREA

1

CALL EI
1 ,VOL,DELR,NCELLS, IPVT,D0M11,1)
CALL PRIM(CKK,1S0,150,150,150,10H KK 10K )
CALL PRIM(AK,1S0,150,130,150, 00 AK Jow ;
CALL PRIM(BK,1S0,I30,1SG,IS0,10k EK 104
CALL MATMOV (ISO,ISO.DIFF%1,1S0,DIFFK,IS0)
CALL MAKEE (EIGS.AK,EBw,CiX,NIC,130,vOL,NCFLLS,ICOL,II)

30 CONTINUE

CALL MAKLAM (NANMAT,ANMAT,XSEC,NXSEC,PHI,Exy,ALAM,EB,NISO1,NXS
1 ,NXSP,NEk,NGP,150,1X3,1GP,NCELL ,NCELLS)
CALL PRIM(ALAM,TS0,150,180,150, 10k LAMEDA  ,10H )
CALL BCONR (AK,ARER,LIFFK,DELR.SOUKCE,CONBOU |NCELLS,I50,NBCR,NISO
i ,NI1C,DUM}1,DUM22,EK,CKK,ALAM,VOL,DIFDUMI)
CALL PRIM(CKK,IS0.150,180,1S0.10H KK 108 )
CALL PKIM(AK,1S0,150,150,150,108 AK ,on )
CALL PRIV(SOURCE,NIC.NIC, 10K SOURCE ,10H )
CALL MAKEBL (PIGE,AK,EK,CKK,NIC,IS0,vol,NCELLS,ICOL,II)
CALL PRIMES(BIGE,NIC.NIC,Nil,NIC,10K EIGE "10H
DTIME=( TIMAX/TINC)#24.%3800.
NSTEP=T] AC
CALL SOLVER (BIGB,B,C,D,E,F,DTIME,NIC,NIC)
CALL PRIHES%E.NIC.NiC.NiC.NiC.1OH E , ;
CALL PRIMES(D,%IC.NIC.NIC.NIC.10H D " 10H
NP=NCELLS-11+
DO go J=1,NP
DO B0 I=1.1S0
1121508 (J=1)s1
DAPLOT(1,J,1)=CONINT(I1)
40 CONTINUE
50 CONTINUE
CALL MAKVOL (B,NIC,VOL,NCELLS,II,ISO
CALL PRIMES(B,NIC,NIC,NIC,NIC.10% VOLMAT ,10H )
DO 90 I=1,NSTEP
CALL FSOLVE (E,C,D,E,DUM33,DTIME,NIC,CONINT,SOURCE,CONCEN)
Do Zo J=1,NP
DO 60 gx:i §so
112150 (J-1)sJI
DAPLOT(JI,J,I+1)=CONCEN(I1)
60 CONTINUE
70 CONTINYJE
DO 80 J=1,NIC
CONINT(J)=CONCEN(J)
80 CONTINUE
90 CONTIMJE
NTIM=NSTEP+1
CALL CONCPLT ENANMAT.CONBOU.DAPLOT.ISO,NCbLL,NISO1.NISO.NTIME.NP
1 N?IM NP P, NE k.uaca.
If (NPLOT.NE.G) CALL’ DRAW (NANMAT,RBAR,DAPLOT,NTIM,NP,CONCEN,DUM33
1sfgg80.NCELLS,HCELL.NTIHE.ISO.NISbI,CONBOU.DIéT,NCELL{.NBCL,NECR/

C
100 FORMAT (214)
END : ‘i
\ “5
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SUBHOUTIHL INPA (NANMAT,ANMAT,BRV,NXSEC,XSEC,NGP,NXS,NBR,NISO1

NXSP)
IﬁPUTA READS AND PKINTS THE NUCLEAR DATA

DIMENSION kANNAT(NISOl.9)69ANMAT(NISO1,2). BRV(NBER), NXSEC(NXSP,4)

1, usnp(; 10) xssc(uxo.n

cOMMON /10, N NOUT, IER, npn:ur
conuon /nu DAI/ iao. 1BR, IXS, IGP
gATA

IBRu 1

111

READ NUCLEAK DATA

READ (NINP,130) (NANMAT(I,J) J=1 ,9) ,ANMAT(I,1)
1F (NuuﬁArsx 1 %g.NHJ c¢d 1O 4

rssr FOR BRANCHING RATIOS

xs ?nsu §f(x J;) 20,30,30
READ (NIN,140) ERV{ Bﬁ?
usnpg1 IBE;:IAB&(NANHAT 1,4))

HBRP(2,1bR)=1
HBRF(3,IBR)=BRV(IER)

IBR=1 3ﬁ4

I

IBR=IFR=1

1GP=0

READ CROSS SECTION DATA

?EA? (NIH; 1505 éNXQFC(".J}bJ:1 4
I

IGP=NXSEC
DO 60
READ (leé 1uo) (XSEC(II,d,dJ),dJ=1.4)

DO 80 o1

tgﬁ;ﬁL(NOUg »210) (NANMAT(J,Jdd),dJ=1,9),ANMAT(J,1)
=

IF ZLCNT GE.60) WRITE (NOUT,160)

80 CONTINUE

DC 90 J=1
WRITE (hOUT 23() HEEKP(1,J) ,HBRP(2,J) ,HBRP(3,J)

0 CONTINUE

CONTINUE

PRINT CROSS SECTIONS

IF (1I.EQ.0) GO TO 120

WRITE (LOUT, 130

WRIIE (NOUT.?

WRITE (NOUT auo

0G 110 J=1

WKITE (uouf 250) (NXSEC(J,JN) ,dN=1,4)
DO 110 JJ=1,I1GP

WHITE (NOUT, 260) JJ, (XSEC(J,JJ,JIN) ,JN=1,4)
CONTTNUE

55
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1 1 814,E12.5)

333 FS% ﬁtai.éf)

go FORMAT (2A6,21

i tomit (1

1 RMAT //1//4

190 FORMAT 23:. HDECAY CHAINS AND uuguxoz RELATED DATA)

2 RMAT (24X SHDECAY,7X,THCAPTURE,28X ,5HLECAY ,/ ,24X,6HPARENT ,6X , 6HP
éansgrbux 2}nuﬁ%u H-ALPH ; N-P ' .3X.BHCONSTANT,/,SX,7HNUCLIDE,5X

210 rdinir’ §§.x¥.1 6(2§ i ;x Iu ux 1n 2x.19512 .5)

228 FORMA gx.1guan al UHFROM ,4X , 2HT0,6X ,5HRATIO, /)

230 FORMAT (5%.F6.0 s .

2 FORHA% 1oi 42 »é ! 6u roa TRANSMUTATION REACTIONS,///)

250 FORMA ox .‘Iu 7 UX,5 GRUUP ,BX,THN-GAMMA 11X ,UHN=2N,12X,TH
1N=-ALPHA 12i ;aﬁ.

260 FORMAT U5X,1% 1x,4(sx,1pE12.5))

50

END

SUBKOUTINE .<PP (NCELLS,NGEOM,NECK,NBCL ,NTEMPS, IMATS,DIST,MATS,PHI

1 rsurs rsncon D1J0 . ATJS,NCELLY,NCELL, NTEM,NISO, NMATS, NGP ,DUM1 1
N,CONBOU 6u1ur SOUKCE ,MM)

néaa Pab én asLAfz
DIMENSION DIST(HCELLl). HATS(NCELL) TEMPS(NTEM), TEMCOR(NTEM),

1 DIJO(NISO,NISO NMATS) . AIJS(NISO,NISO,NMATS), DUMIT(NN), DUM22(MNN

2 i PRI(M* ALL,NGP), CONBOU(N1SO,2}, CONINT(MM}, SOURCE(MM)
) m-‘usm maéu
cCoMd N /10/ uxuv NOUT, IER, NPRINT
COMMON /NUCDAT/ Isy, 1BR Ixs. 1GP
cgnno¥ TINT } N ?

DA TA/ GE 1). TEEOM(2 tueUM %) /9HSLAE. ,9HC{LINDER. ,9HSPHER
READ (NINF, 130) N7 ELLS ,NGEOM,NBCL , NECR , NTEMPS , IMATS , IGP
PRINT (NOUT,1 IGEOH { NGEOM) NBCL NECH
READ (NINP iso; TINT,TINC, TIMAX
NHADI:

PLL aaac D'ST ur‘?lsﬁ RADIT o 68,4
c‘tk E?tnés (hpd g"raufsﬁ 2HATURL§)

CALL R TENLOE bTEMPS 6LTEMP K,6HADII
INDEX:IS 1SC
DO 30 i=1,IMAT
CALL REAG (DUM DEX,6EDIJ=0 ,6H ;

CALL REAG (DUM22.1'.DEX,6EAIJ  ,6H
DO 20 J:l 150
DO 10 JJ=1,180
INDs= J-l)'is OsJJ
DIJO JJ.J.I):DUM11$IND§
A1JS(JJ.d.1)=DuM22( IND
J CONTINUE
20 CONTI
30 CONTINUE
1F (xxs.sg .0) GO T0 60
INDEX=I1GP®KCELLS
CALL KEAG (DUM11 INDEX ,6BCELL F,6HLUXES )
DO 50 I=1,NCELLS
DO ? JJ=1,1GP
IND=(I-1)*1GPedy
PHI(1 JJ;:DUM11(IND)
40 CONTINUE
0 CONTTNUE
0 DO 80 I=1,2
DO 70 J=1.180
CONBOU(J,1)=7.0
go couwxuvz
9 CONTINUE

IF (NBCL.NE.2} GO 10
CALL REAG (DUM11,1S0, GhLEFT C,5HONCEN )
DO 90 1=1,IS0

I . R R R R R R R R R R R R R R R R R R R R R BB
. - e e



s eSS eSS —— P —
N T T T RN Nre————

C

g »1)=DUMY (1
30 BEGHGE =B

0 IF (NECR.NE.2) GO TO 120

CALL REAG (DUM11,IS0,6ERIGHT ,6HCONCEN)
DO 110 I=1,I80

=1
CONBCU(I,2)=DuM11(1)
CONTINUE
20 CONTINUE
INDEX=1SO®NCELLS
IF (NGEOM.GT.1.AND.NBCL.EQ.2) INDEX=INDEX-ISO

CALL REAG (CONINT,INDEX,6HINITIA,GHL CONC)
INDEX=1SC*NCELLS

CALL REAG (SOUKCE, INDEX,6HSOURCE,6E INPUT)
RETURN

130 FORMAT 51815)

140 FORMAT (///,1X,*THE GEOMETRY FOR TH
1LEFT /

X )
gounnAﬁ! lONDITION 1S =*,12,

IS =% 12 .7/
150 gggnar (3£12.6,112)
SUBROUTINE GEOM (NGEOM,DIST,DELR,AREA,VOL,REAR,N,NCELLS)
SET UP GEOMETRY

CALCULATE CELL AREAS AND VOLUMES
D!:ggﬁ{gg DIST(N), DELR(NCELLS), AREA(NCELLS), VOL(NCELLS), REAR
-

» :NCELLS+1
KGEQM=1,2 3 - SLAE,CYLINDER,SPHEKE
PI=?.1uéa§ 6

1¥ (NGEOM-2) 10,30,50

DO 20 I=1,NCELLS

DELR(I

=DfST§I+1)-DIST(I)
REAR(I)=0.5% (DIST(I+1)+DIST(I))
AREA(I)=1.

VOL(1)=DELR(I)
20 CONTINUE

RETURN
30 DO "0 I=1iNCELLS

DELR(1)=DIST I+1)-DIST(I%
RBAR(I)=C.5* DIST§I¢12+D ST(I1))

1S PROELEM IS & %,AQ,/,2X,*THE
+2X*THE RIGHT BOUNDARY CONDITION

10

AREA § =2%PI®DIST(T+1
VOL(1)=2.%PT#DELR(I)*RBAR(T)

40 CONTINUE
RETURN

50 DO 60 I=1,NCELLS
DELK(1)=DI1ST(I+1)-DIST(I)
RBAR(I)=(DIST(I+1)®##24DIST(I+1)#DIST(I)+DIST(I)#%2)/3.0
AREA(I)=4.0%PI®DIST(T+1)%#2
VOL{1)=4. ‘PI'HBAR(I&'DELR(I)
RBAR(I)=SQRT(PBAR(I)

60 CONTINUE
RETURN
ND

SUEROUTINE INPLT (NCELL NCELL1,NBCL.NECR.MATS,DIST.NGEUM,NCELLS)
DEAW A MAP OF THE PROBLEM GEOME' RY

DIMENSION MATS(NCELL), DIST(NCELL1), NBOU(2), IGEOM(3)
COMMON 710/ NINP, NOUT, IER, NPRINT
DATA ISTR /1097, 'NBOU(!), NBOU(2) /1K1, 1H2/
1garn/10&on(1). IGEOM(2), IGEOM/1 / HSLAE. 9KCYLINDER. ,9HSPHER
TERMINAL OUTPUT
NEOX=8
IF (NPRINT.EG.1) GO TO -
LINE PRINTER OUTPUT
NBOX=12
WRITE uour.1aog
WRITE (NOUT,190) IGEOM(NGEL. :
10 CONTINUE
WRITE (NOUT,170)

IF (MOD(NCELLS,NEOX)) 20,30
20 LOOP=(NCELLS/NEOX)+1
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1

GO TQ 1
100

0 TO 40
00P= ( NCELLS/KEOX
ICELL=NCELLS
ICOUNT=0

DO 120 1=1,LOOP
%gouurzxcounr+1

IE:HINO(NBOX ICEL
IMM=IE-1S
IMMI=IMM-1
IMQ:(IMH+1)'8—
IM3=1hM*E-1

NDiA= %I‘NBOX—NBOX)
\DS=

)

L)

+1

MM+ ( I*NEOX-NEOX)

N
NDKES=NDS+1
NDRE=NDRGS+1
ICELL=ICELL-NBOX
IF (LOOP.EQ.1) GO
1IF (I.EQ.1) GO TO
IF (ICOUNT.EQ.LOO
WHITE (NOUT,
WRITE (NOUT,1
WRITE (NOUT,?
WRITE NOUT.igo

.
N
=l

WRITE (NOUT,1
WRITE (NOUT,1
WRITE (NOUT,170

000

GO TO 120

IF ((NGEOM.NE.1).AND.(NECL.
NOUT, 150 NEQU(NECL
0; NEOU(NECL
0) NECU(NBCL
hOUA,IiO NEQU( NECL

WRITE
WRITE
WRITE
WRITE
WRITE
WRITE

GO TO 1
hRITE (

IMM.EQ.

IF
HRITE 2
hRITE

0
NCUT, 170

120
NOUT,200

NOUT 130
NﬁUT‘210

DS+1)
NOUT, 130
NOUT,200
NOUT, 1
NOUT, 17

é)
NOUT, 1 0
NObT.1 0

0) NEQU(NBCL

!

150) ISTRb(ISTR »J=1,IM2) ,NEOU(NBECR)

E

10 100
0

70 7o

R,(ISTR,J=1,IM2
13TR 951 T

MATS(J)‘isggzdzNDx,NDS).MATS(NDSw1)

P
I

ISTR,J=
§§TR J=1,IM2

(DIS J=KDX,NDRS)

1STR,J= 1s

(DIST(J),J=NDX ,NDRS)"

(ISTR,J=1
ISTR,NEOU
ISTK,MATS

ISTK NBOU(
213?&
pIsTlY), J

ISTR,J

1 mm NBOU(NECR)
marsly),

ISTR, 2
ISTR =NDX,NDS) ,MATS(NDS+1) ,NEOU

ISTR,

NOUT 130) ISTR,(ISTR,u=1,IMM),NEOU(NECR)

NOUT 1
NOUT, 1
NOUT , 1

NOUT, *
NOUT 1
NOUT, 170

30

OO

20
1F ((NGEOM.NE.1

WRITE
WRITE
WHITE

NBOU( N
WRITE
WRITE
WRITE
WRI E

NOUT, 150
NOUT, 130
NOUT 140

ECR
hOUT 1
0
0

NOUT, 1
NOUT, 1
NOUT, 170

GO TO 120

‘“.

i
3

NBCR)
NDE+1) ,NBOU(NBCR)
BCR)

1,IM2) ,NBOU(NECR)
NDX | NDRE)

ISTR,MATS
ISTR,NBOU
ISTR
J)J

ISTR, NBOU%

ISTR
(Dlsfi

+AND.(NECL.EC.2))
NBOU(NBCL) ,(ISTR,
ISTg

11ONB U(NECR

NEOU( NBCL g ; 0 § ;
§
NDX

NEQU(N
sra J=NDX, an) JMATS(NDS+1)

OT
=1,
=1
), 1
B AR

NEQU(NECL) , (MAT
NBOU?NBCL; ISTR,
NBGU( NECL ISTR
(DIST(J) ,J

G
J
'J
lJ
J
A NECR
NDR

E)

110 WKITE (NOUT,200) (ISTK,J=1,8),NBOU(NBCL),(ISTR,J=1,IM3),NBOU(NBCR)

258
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120

b
, f
; if

190

T T N S W wap—

210

10
20

0
0

0
0

0
0

:
|
90
100

20N TYPE INDICATED ON EOUNDARIES
RSCENTER OF CELL,/39X,43HRADII GIVEN

200 Eé&HAI 5X,8A1 A1 1u(8A1))

WRITE (NOUT,130) 1S1R, NBOU%NBCL%d(ISTR oJ=1,IMM1)  NEOU(NBCR)

1NRITn NOUT{Z 8 ISTR,MATS(1),N
wRITE (NOUT,200
WRITE NOUL.\BO
WRITE (NOUT,170
CONTINUE

RETURN
FORMAT §

’
Al
’
Al

A1,15(7X,A1))
foga)
1 F?.3.1x3)

)

=& Nl TN
:nvxka
\ [+ N0 DY
R . -

FORMAT g

FORMAT

\ HTHt GEOMETRY FOR THIS PROELEM I

ISTR J=1 8) BOU(NBCL
p1sT{J) ,d=H X.NDRE)

/HOX

LAG,//37X

ISTH, i U(NBCL) , (MATS(J} ,ISTR,J=2,NDS)
WhTE NOUT, 1 éog ISTK NLOU(NBCL) (ISTR i ! imm) ,NBOU( NECR)

54X, 1 SHGEOMETRIC MAP,/50X,20H(NOT DRAWN TO SCALE),//43X,3
+ $a 47HRQUNDARY COHD

STR,J=1,1IM3) ,NROU(NECR)

i17

S1HMATERIAL TYPE INDICATED IN
énou CENTER LINE IN CENTIMETER

FORMAT 5X,A1, 11,3x, AT, 14(14,35X,A1))
SUEROUTINE COKNCPLT (NANMATéCONBOU’DAPLOT » IS0 ,NCELL ,NISO1,NISC

1 ,NTIME,NF ,NTIN,NPP,NECL,N
PRINT KESULTS OF PROBL

DIMENSION NANMAT(NISO169)S CONECU(NISC,2), DAPLOT(NISO,NCELL,NTIME

i), NPP(NCELL). VOL(NC
COMMON /1I0/ N NOUT, IER, NPRINT
COMMON /TIMES/ TiNT TINC, TIMAX

DATA BNDRY /10hnBFLécrsn

TIME=0.0
TERMINAL OUTPUT

NEOX=

LINE pnxurzn OUTPUT

IF (NPRINT.EQ.0) NEOX=6

NBOX 1=NECX+ 1

NP 1=NP-NEOX

IF (nongup1 NEOX1)) 20,10,10
LOOP=NP /neéx1+2

IF NBCL.EQ 2) GO TO 60

DO 50 K=1 }
conBou(k, | =BNDRY

IF (NBCK. za 2, GO TO 80
DO 70 K=
conaou(x.z) ENDRY
DO 470 I=1,NTIM

—-l
-

ICCUNT=0

TIME= TINT#((TIMAX-TINT)/[INC)“(I-1)

Ir (NPRINT.EQ.1 g GC TO

WRITE (NOUT,490) TIME

GO _TO 100

WRITE (NOUT,SOO) TIME

DO 450 II=1,LOOP

ZCOUNT= COUNT¢1

IE-H{NO NBOX , INP)

NDX=( II#NBOX=NBOX ) +1

NDS=I1E+(II*NBOX-NEOX)

INP=INP-NBCX

IE LOOP.EQ.1) GO 70 240
II.BQ.1) GO TO 120

IF ICOUNT.EQ.LOOP) GO T0 160

1E=1E+1

NDX=NDA+1I-2

558
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C

3601HR§§§ (HOUT 690) NANMAT(III,1),CONBOU(III,V),(DAPLOT(II1,J,1),Jd
WRITE 2NOUT 2?0;
hRITh NOUT

% 111=1,1S0
370 unx E (ugur i00) NANMAT(I11,1),CONBOU(III,2)

80 DO 90 1II=1,150
90 WRITE (NOUT flO) NANMAT(III,1) ,CONBOU(III,?). (DAPLOT(III,J,1),J

1 =NDX,
WRITE NOUT 2? ;
WRITE (NOUT,610
DO 400 111:1 150
400 HRI}% (NOUT 720) NANMAT(III,1),CONBOU(ILI,2)

410 DO uzo 111 1,180
uzo1un§gs (NOUT ,730) NANMAT(III,1),CONEBOU(III,1),(DAPLOT(III,J,1).J
WRITE' &NOUT s?o;
unlrao gggr 6
ugo unxra éuour iuo NANMAT(III,1),CONBOU(III,2)
440 WRITE (NOUT.530
IF (NPRINT.EG.1) GO TO 450
ILL=1S0+3
ILINLS:ILINLS+
F ((IL INES+ILL) GT 55) WHRITE (NOUT,540)
450 con INUE

ATOMS=0
DO RSO III=1§ISO

ATOH%;ATOM$+VOL(J)'DAPLCT(III J,I)

460 CO
mms (uow 480) ATOMS
470 CONTIN
asrunn
480 FORMAT 5155 NO. OF ATOMS =,1PE22.15)
ugo FORMAT (1H1,// %7x ,23HCELL concauraarruns AT ,1PE12.5,5K DAYS,/40X
28H(CONCENTRATIONS IN ATOMS/CC))
500 FéRHAT (/7,20%,23HCELL CONCENTRATIONS AT ,1PE12.5,5H DAYS,/23X,28H
1(CONCENTRATIONS IN ATOMS/CC))
510 FORMAT 13X YHLEFT,/22H ISOTOPE  BOUNDARY  ,=(3X,5HCELL ,12,3X))
520 FOWHA% /) X,A7,1PE13.5,8(1PE13.5))
ggo FORMAT (181,//)
0 FORMAT (9h 1sSoTopE =(§x 5HCELL ,I2,3X))
560 FORMAT (1X,A7,9(1PE13.8))
570 FORMAT (9X,=(13X),%X,54RIGHT,/9H ISOTOPE ,=(3X,5HCELL ,12,3X),10H
1 BOUNDARY)
580 FORMAT 1X.Az.=(1PE1i. xps13
590 FORMAT 1éx. ALEFT, 4%, =(13X) x.JanunT /22H ISOTOPE  BOUNDARY
1 ,=(3X,5HCELL ,I2,3X).9H BOUNDAKY)
00 FORMAT'{1X,A7,1PE}3.5,=(1PE13.5), 1PE13.5)
610 FORMAT 1§i SHRIGHT, /10K ISOTOPE' BOUNDARY)
620 FORMAT (1 ,A7.19513.5g
230 FORMAT (1X.A7.3X,A10 (19513.5);
0 FORMAT 1X.A7.=(iPE1§.5).3X.A10
ggo FORMAT 1x.n7.gx.Awo
0 FOKMAT (1X,A7.3X,A10,=(1PE13.5) 19513.5;
0 FORMAT 1x.n7.1ps1§.é.=(1psw3. j.2x,A10
0 FORMAT 1x.a;. X, A °"f1951§’5 2X,A10)
90 FORMAT (1X,A7.3X.A10.8(1PE13.55}
00 FORMAT (1X.A7.1PE13.5)
10 FORMAT (1X.A7.1PE1 .§.8(19513.s))
20 FORMAT 1x.u7.gx.n 0
730 FORMAT (1X,A7.3X.A10,8(1PE13.5))
750 FORMAT 1X,A7.3X 410}
SUBROUTINE TEMADJ (TEMPS,TEMCOR,NTEMPS,REAR,NCELLS,W,A,E,C,NTEM
EVALUATE TEMPERATURE Fxsto FKOM CATA SOPPLIED IN INPE )

55
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DIMENSIOH TEHPS(NTEH). EHCOR(NTEH); REAK(NCELLS), W(NTEM), A(NTEM

10

20

10

20

50

60

70
80

160

110
120

130

140

1J=1

10921 :5

10p(2)=

CALL spmm ( NTEMPS , TEMCOR, TEMES ,W,10P,1J,A,B,C)
0O 10 J=1,NCELLS

DuM=REAR(J)

CALL SPL1D2 (NTEMPS,TEMCOR,TEMPS,W,1J,DUM,TAB)
A(J)=TAB(1)

conxlnua

DO 20 J=1,NCELLS

TEMPS(J):A(J)

CONTINUE

RETURN

END
SUEROUTLNE MAKLAM (NANMAT,ANMAT,XSEC,NXSEC,PHI,BRV,ALAM,BB,NIS01

NXS, NXSP ,NER , NGP , 1S0, XS, IGP , WCEL L.K)
HAKLAh CONSTRUCTS THE 6ECAY CRAIN MATR
DIMENSION NANMAT(NI.O1,9), ANMAT(NISO1, 2) XSEC(NXS nc PHI
1 (NCELL.NGP), EBRV(NER), ALAM(ISO,IS0), NXSEC(NXSP, i, éo 150)
DO 10 1x=1 180
DG 10 JK= ISO
ALAM(IK, in

BB(IK JK)-0.0

Bhk=1
DO 120 IK=1,IS0
DO 110 JK=1 ISO
DO 40 IDX= E
IDENTIFY DECAY PARENTS AND STORE IN MATRIX ALAM
1F (IABS(NANMAT(IK IDx)) NE.JK) GO TO 40
IF (NANMAT(IK,IDX)) 20,2 ?
ALAM(IK,JK)= BRV(IER)'ANHA% JK,1)
IBR-IBR+1

ALAH(IR JK)=ANMAT(JK,1)
CONTINUE

0O 100 IDX=5

IDENTIFY Nsufﬁon RbACT%bN SOURCES

%5 égAgS(N%NMAT(IK 1DX)).NE.JK) GO TO 100
§§ SJK .NE.NXSEC(J,4)) GC TO 50

GO TO 60

CONTINUE

PKINT 140, JK

CALL EXIT

CONTINUE

MM

=}
IF (IDX.EQ. MM=2

IF (IDX.EQ. MM=

IF (IDX. hQ.9 HH-

WEIGHT CROSE SECTIONS AND STORE IN MATRIX BE

CALL WXSEC (SIGPHI PEI, XSEC NM,MM,IGP,NGP,NXS,NCELL, K)

ba(ig?3§§ élkéﬁ?xgavz
IBR=IEK+1

PH
JK,JK)=-SIGPEI

CONTINUE

ALAM(IK, IK)==ANMAT(IK,1)
CCNTINUE

DO 130 1K=1, ISO

DO 130 JK=1,

ALAM( IK JK):-ALAM\IK JK)-BB( 1K ,JK)
RETURN

EggMAT (1HO,4X,®CROSS SECTIONS CANNOT BE FOUND FOR NUCLIDE ®,IM)

358 | /
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1SI)JBROUTINE D1JADJ (DI1JO,AIJS,TEMPS,DIFFK,NISO,NMATS,NCELL,ISO,K,KK

USE ARRHENIUS RELATION TO ADJUST DIFFUSION COEFFICIENTS
DIMENSION D1JO(NISG,NISO,NMATS), AIJS(NISO,NISO,NMATS)
DIHENSIOEAE§EFK('SO 2150), TEMPS{NCELL)

%I‘{b gAL/MOLE
DO 20 J=1 ISO

10 JJd=
EXPON:-AIJS}J KK)/(R'TEHPS%K))
DIFFK(J,dd)= Di 0lJ,JJ,KK) ®EXP(EXPON)
CONTINUE

20 CONTINUE
RETURN

ND
SUBKOUTINE BCONL (EK AREA DIFFK DELR,SOURCE , CONBOU ,NCELLS, IS0, NBCL
NGEOM,NISO, NIC,DUM} 1
g%ﬁzhgggmB?gNDARYEEONDiTﬁgg (1S0,IS0), DELR(NC LLS SOURCE(NIC)
EA(NC .
1 CONBOU(NISO § %Sgé.xbofx pum{ 3 ?Usé). DUM33(N 3
IF (NECL.EQ.2
IF (NBCL. Nh 1 co TO o
D0 20 I=
DO 10 8 ISO
=0

1

BK(I,J
10 CONT1
20 CONTIKUE
RETURN
30 IF (NGEOM.GT.!) GO TO 40
CON=2./DELR(1)
CALL SCALAR (DIFFK,CON,BK,ISO,ISO0)
GO TO 50
40 CON=2.®AREA(1)/DELR(2)
CALL SCALAR (DIFFK,CON,EK,ISO,ISC)
50 CONTINUE
Dun11(1)=éousou(1 1)
60 CUNTINUE
BéL%OMATMPY éxso ,180,1,BK,150,DUM11,NISO,DUM33,NIC)
70 ﬁggRCh(I)=SOURCE(I)+DUh33(I)
80 CONTINUE
PRINT 90
RETURN

90 IE':SSMAT (5X . *LEFT BOUNDARY CCNDITION IMPROPERLY SPECIFIED®)

SUEROUTINL ECONR (AK,ARER,DIFFK,DELK,SOURCE ,CONEOU,NCELLS,ISO,NECR
1 ,NISO,NIC,DUMT1,DUMZ2,EK ,CKK,ALAM,VOL,DIFDUNT)
SET RIGHT EOUNDARY CONDITION
DIMENSICN AhEA(NChLLS). DIPEK(IbO 1S0), DELR(NCELLsg. SOURCE(NIC),
1 CONFQU(NISO,2), AK(ISO,IS0), DuMi1(IS0), DUM22(1SO
DIMENSION EK(150,IS0), €kK(180,150), ALAR(ISO,IS0), VOL{NCELLS),
1 DIFDUMI(1S0 Isui
IF Nrcn.eo.é; 0 30
IF (NECK.NE.1) GG 10 80
DO 20 I=1,150
BG 10 J=1.1SC
AK(I J)=0
10 CONTINUE
20 CGNTINUE
GO T0 60
30 COh=2.®:REA(NCELLS)/DELK(NCELLS)
géLkOSLALAh (DIFFK,CON,AK,IS0,IS0)
DUMT1(I)= éou&ou(l 2)

‘40 CONTINUE

R RN R R RO R R IR R R R, e e e
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0
0

90

100

2 (I80,IS0)

CALL MATMPY (150,1S0,1,Ak,ISO,DUM11,NISO,DUM22,NIC)

J=NIC-1

DO 50 %31 150
SOURCE(J+1)=SOURCE(J+I)+DUM22(1)
CONTINUE

CALL SCALAR (ALAM,VOL(NCELLS),DIFDUM?,IS0,1S0)
DO 80 I1=1, ISO

DO 0 I2=1

CKK thl2)=-An(I1 ,12)-BK(11,12)-DIFDUMI(I1,12)
CONTI

CONTINUE

RETURN

CONTINUE

PRINT 100

RETURN

EgRMAT (5X,*RIGHT BOUNDARY CONDITION IMPROPERLY SPECIFIED®)

D
SUBROUTINE BIGEL (DIFFK,DIFFK1,DIFDUM1,DIFDUMZ,ALAM,AK,BK,CKK,ISO
1" AREA,VOL,DELR,NCELLS,IPVT,z,1
EVALUATE ELEMENTS OF BIG MATKIX:
DIMENSION DIFFK(1S0,1S0) DIFrxi(ISO is
1 DIFDUM2(ISO ISO% LLAM 1s0,150) Ax(lso iaO). EK (
tpve( iso) Z(Isé DET(2)
DIMENSION AREA(NCELLQJ. VOL(NéELLo), DELR(NCELLS)
L0 20 11=1,IS o
DO 10 I2=1.1S0
DIFDUMY(I1,12)=DIFFK(I1,12)+DIF¥K1(I1,12)
CONT-AUE

CONTINUE

CALL SGECO (DIFDUM1,ISO,ISO,IPVT,RCOND, 2)

CALL SGEDI (DIFDUMI.ISO,1S0,IPVT,DET,%

CALL MATMPY §Iso ,180, 180, DIFDUMI | IS0 DiFFx1 1S0,DIFDUMZ,1S0)
CALL MATMPY (ISO.ISO.ISU.DIFFK,1%0,0iFDuM2,150,01FDpUNT,150)
CON=4 . *AREA(1)/ (CELR{I)+LELR(I+1))

CALL SCALAR EDIFDUM1 ,CON,BK, IS0 150)
CALL SCALAR (ALAM,VOL(1).DIFDUMI,ISO,IS0)

DO 40 I11=1,1S0

DO 30 I2=1.IS0

CKK{I1 IZ)--AK(I1 12)-BK(I1,12)-DIFDUMI(11,12)
BK(I7, iz) =AK(11,12)

CONTINUE

CONTINUE

RETURN

S 16 DUMY (150 150),
150,150), "CKK

END
SURROUTINE MAKEE (BIGE,AK,BK,CKK,NIC,ISO,VOL,NCELLS,ICOL,II)
CONSTRUCT BIG MATRIX
DIMENSION EIGE(NIC,NIC), AK(ISO,IS0), BK(ISO,ISC), CKK(ISO,ISO0),
1 VOL(NCELLS)
LEVEL 2, BIGE
IVOL-IC6L*II 1
DC 20 I=
IR1= 1c0L'i50-130+1
IRZ=ICOL*1ISC+I
DO 10 J=1,180
1C1=ICOL*IS0-1S0+J
1C2=ICOL*1S0+J
510521h1 101; =CKK(I,J)/V
BIGB(IK1,IC2)=AK(1,J)/VO
BIGE(IR2,IC1)=BK(I,J)/V0
CONTIMJE
CONTZNUE
ICOL=ICOL+1
RETURN
ENTRY MAKEBL
IVOL=ICOL+II-1

40 I=1,130
Ix1=1c0L~iso-130+1
DO 30 J
IC1=ICOL'ibO—IbO+J

S
O s Sl
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BIGE(IR1,IC1)=CKK /V0
RAgRiIRY )=CKK(I,J)/VOL(IVOL)

0
30 CONTINUE
RETUKN
ENC
SUEKQUTINE WXSEC (sxcpax PHI,ASEC,M,N,IGP,NGP,NXS,NCELL,K)
WEIGHT CROSS SECTIONS
DIMENSION FHI(NCELL,NGP), XSEC(NXS,NGP,4)
SIGPKEI=0.0
DO 10_J=1,IGP
10 SIGPEI=SISPRI+PHI(K,J)¥XSEC(M,J,N)
e
SUERQUTINE MAKVOL (VOLMAT,NIC,VOL,NCELLS,II,ISO)
CONSTRUCT DIAGONAL VCLUME MATRIX
DIMENSION VOLMAT(NIC,NIC), VOL(NCELLS)
LEVEL 2, VOLMAT

20 CONTINUE
RETURN
END
SUERQUTINE SOLVER (A
SOLVER EVALUATES D(A} AND I+A®
THESE VALUES ARE RETURNED IN D AND E.
THE FOLLOWING ARE REQUIRED KOUTINES
IFACT - CALCULATES FACTORIALS
SCALAR - MULTIPLIES P SCALAK TIMES A MATRIX
GENID - CREATES AN IUENTITY MATRIX
MATMOV - SETS TwO MATRICES EQUAL
MPYEC3 - MULTIPLIES TWO LCM MATRICES - CALLS SDOT
SDOT - CALCULATES THE ?or PKOLUCT OF TWO VECTOR
nxuzusxon ACHN,NN), E(NN,NN), C(NH,NN), D(NN,NN), E(nu NN), E(NN

N)
LévaL 2, A, B, C, D, E, F
EPS=1.0E-15
==ALOG(EPS)
TLoc-ALoc(z o)
DG 10 M=1
FAC; IEAci(h+a
(U+1)“TLOG+ALOG(EACT)
IF 'X.GE.Y) GO TO 20
10 CONTINUE
20 CONTINGE
SUM=0.0
DC 40 JJ 1
DO 30 J=1 i
SUM=SUN+ALS ,JJ) *A(J,dd)
30 CONTINUE
0 CONTINUE
TEIS USES SCHUR'S THEOREM FOR THE BOUND .. THE MAXIMUM EIGENVALUE
P=(0. ?'ALOG(SUM)oaLOG(TINCL))/
1& (P 50,50
50 N
co TO 70
60 NP=P+1.0
70 CONTINUE

8=
DC 80 NLOOP=1,NP
S=5%2,

80 CONTINUE
THIS LOCP IS USED IN PLACE OF 2%¥NP AS THAT WAS SET TO ZERO
FOR NP GHEATER THAN 48 (CDC-6600)
T=TINCD/S
CALL SCAE'S (A,T,C,I,NN)
CALL GENID (D, i 1)

hkﬁ'D'EAF'TINCD »I.0N)

1
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120

130

140
150

160

10

20

CALCULATE u(a)

DO 100 J=

FM=1. 0/(n+é 0-4d)

CALL SCAECS so ML F )
CALL upxsca é

DO 90

D(JJ JJ):D?JJ JJ)+1.0
conTinu

couwxuus

CALL MPYECB (1 1,1,C,NK,D,NN,E,NN)

u? 110
coﬂg JJ -E(JJ JJ)+1.0

D AHD B CONTAIh THE SCALED DOWN VALUES
CALL GENID (C,I,NK

51=1.0/3

DC 130 J=1,NP

CALL MOVECS 51.1.5. K

F,NN,D,BN)

CALL MPYEC
CALL MOVEC

n? 120 Jd=1,1
E(JJ gé)aF(JJ.JJ)+1 .0

3
CALL MPYEC §I.I.I,C.NN.E.NN,b.hN)
CALL MOVECS (I,I,E,NK,C,NE)
CONTINUE

C CONTAINS THE ENTIRE pnonucr

CALL SCAECS é” ,SI,F,I,NlN)

CALL MFYEC 1, ﬂ NN C,NN,D,NN)
1+ 4¢*0D(R) i

TEST E MATRIX FOR ALL ZEROS

SUM=0.

DJ 150 JJ=1,1

DO 140 J=1,1

sum-sun+a(3 JJ

CONTINUE

CONTINUE

IF (sun.na 0.0) RETUERN

PRINT 160

STOP
FORHAT (32H ALARM SOUNDED. E MATRIX ZERO. )

END
suenggg1§n FSOLVE (VOLMAT,C,D,E,DUN33,DTIME,NIC,CONINT,SOURCE
cénsraucr SOLUTION FROM RESULTS OF SOLVER
DIMENSION VOLMAT(NIC NIC), C(NIC Nlc; D(NIC,NIC)
xbgggg3(u1 anonznm(hxag. " SGURCE{NIC) . CONCEN(NIC)
CALL pRiMEs(VOLMAT Nlé N1C,NIC,NIC,10H VULhAT , 10K )
CALL PRIV(CONINT,NIC, nic 10K CONInT

CALL MPYECT (NIC.NIC.1,VOLMAT, nxvlcon1wrém1c ,CONCEN, ?IC)

L NI)
F.NN,E,NN)
NN)

E(NIC,NIC),

CALL PRIV(CONCEN.NIC, Nic 10F VOLMAT®CO, 10ENINT

CALL MPYEC1 (NI,,NIC E.NIC,CONCEN,NIC,CONINT,NIC)
CALL PRIV(CONIMI,NIC. Nic 10F VOLMAT#CO, 1OENINT#E )
DO 10 I=1,NIC

VOLMAT(I,1)=1./VOLMAT(1,I)

CGNTINUE

CALL MPYE

¢1 (NIC,NIC,1,VOLMAT,NIC CONINT K1C,CONCEN,NIC)
CALL PRIV(CONCEN,KIC, uic 10k FIRST PAR, 10HT )
CALL MPYEC1 (NIC.NIC.1,D.NIC,SOUKCE, nxé cuuxnu NIC)
CALL PRIV(CCNINT.NIC, Nic 10K n*souncs , 10H )
CALL SCAECS (VOLMAT,DTIME,C,NIC,N %
CALL PBIHES(? NIC uic NIC.nicC dﬂ DTIME®VOL , 10HMAT )
CALT. MPYEC { C,NIC C NINT,NIC,DUM33,NIC)
gaLgoPRI\(DUMBB NIC ulé 1ou SECOND PA, 10ERT )
vonnnrgx ./VOLMAT(1,I)
Eg:;su 1}= coucsu(1)0oun3a(1)
géLL .AIV(CONCbN NIC,NIC,10H ANSWER ,10H )

hﬂ
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10

10

10

10 CONTI

SUBROUTINE SCALAR hyS BN NDIH
SCALAR MULTIP écAL § A MATRIX
DIMENSION A NDIH JNDIM), a(uoxn NDIM)

DO 10 J:1 h

B(IiJ)sb"(I J)
RETUKN
END

SUEKOQUTINE SCAECS (A,S,EB,N,NDIM)
Sceétb HULIIPLIES Lr&ﬁ TIMES % MATRIX

F

FUNCTION IFACT (N)
EVALUATE N FACTORIAL
IFACT=1

IF (N.LE. 1) RETURN
DO 10 I=1

IFACT= Ipaémix
CONTINUE

RETURN

END
SUBROUTINE GENID (A,N,IR)
GENERATE ILDENTITY MATRIX
DIMENSION A(IA,N)

U
A
N
N

EN

SUEROUTINE MATMOV (N,M,A,IA,b,IE)
ECUIVALENCE TwO MATRICES

DIMENSION A(IA +M), B(IB, M)

DO 10 J=1

E(I.J) A(i ,J)
RETU Kiv

END
SUBROUTINE MOVECS (N,M,A,IA,5,IE)
EQUIVALENCE TWC LCM M AﬁiCES
DIMENSION A(IA,M), B(1B,M
LEVEL 2, A, B
DO 10 J=1,M
DO 10 I=1.N
E(I J)= A(I J)

tURh

81
SUEROUTINE MATMPY (n oML, A, IA,B,IB,C, IC)
MULTIPLY TWO MATRICE

DIMENSION A(iA,M), B(IE L), c(Ic,L)

DO 10 J ik

DG 10

c(1GJ)= béT(M ACT, 1), IAB(1,d),1)

ENb
SUEROUTINE tPYEC3 (N,M,L,A,IA,B,IE,C,IC)
MULTIPLY TWO LCM MATEICES '

DIMENSION A(IA,M), E(IE,L), C(IC,L)
LEVEL 2, Ay B)C

DO 20 J= L

DO 10 K=1|“

61
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30
END

Az AbisA (1K) ¥ (K, 0)
ey

END

SUBROUTI!'Z MPYEC! (N H.L.A 1£,E,IE.C, 1C)
MULTIPLY A SCM AND LCM'MATR

DIMENSION A(IA,M), B(IB,L), C(IC L)

EN

SUBROUTINE PRIM (A,N1,N2,N1D,N2D,TITLE1,TITLE2)
PRINT A unrnxx

DIME%SION A§ NZD%

SglfT 20 TLL! 1TLE2

RETURN

FORMAT (/1) 2A10/)
FORMAT (6E13.5)

END

SUBROUTINE PRIMES (A,N1,N2,N1D,N2D,TITLEY,TITLE2)
PRINT A LCM MATRIX

Eé?EHS]qN A(N1D,N2D)

ggl?g 26 TITLE1 yTITLEZ

ERINT 30, (A(J JJ) ,JdJd=1,NK2)

FORMAT z/ 1x.<A1o /)
FORMAT (6E13.5

END
SUEROUTINE REAC (ARRAY,NCOUNT,EOL1,HOL2)
READS FLOATING PGINT DATA

DIMENSION ARRAY(NCOUNT), V(12) k(12) IN(12)
53??8"0/10/ NINE, NOUT, IER, NPKIN

BQ 0) GO TO 30

= &
[ ST AR Y
+Cat-

526)
)

00) (K(I),INCI),V(I),I=1,6)

n=

e e e

80,170,120), L
ON

S PERT g bt O e, B

"n=—=o

(e

0O OV
R

GO TO 160

b5 ')

Ry e —
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60

REPEAT
L=IN(I)

22n12<?§l@%1>

70 J=Jd+1

80
90

1C0

GO TC 160
INTERPOLATE

IF (1-6; 100,90,590
READ (NINP 200) (K(JJ",IN(JJ),V(JJ),dd=T7.12)
JFLAG-

L.Iué

DE! V(I+1)-V(I))/bLOAT(L)

ABRAT?J):V(I)+DEL'FLOAK(M-1)

110 J=J+1

120

130

140

180

170 J=

180

. 190

200
210
220

10

20

30

+
GO TO 160

INTERPOLATE hITH CONbTANT RATIO

IF (I.LT.6) G 30

READG(NINP 200) (K( J),IN(JS) ,V(Jd) ,dd=T,12)

JELA
%-MAXO(2 JINCI)w1)
T2=1.

DO 140 JJ=1,L

T12T1eT2

Tz-rz'v(xg
T2=(V(1+1)-ARRAY(J=1))/T1
L=MAX0( 1 IN(I))

DC 150 JJ=1,L

ARRAY J%:ARﬁAY(J-1)+T2
T2=T2%V(1)

J=J+1

CONTINUE

GO TO 10

TERMINATE

J=1

HRITC (NOUT zxog h0L1 HOLZ ,J, (ARRAY(I),I=1,NCOUNT)
(J-NCGUNT) 180,190,180

§§§TE (NOUT,220) HOL1 HOL2

RETURN

FORMAT (6(11,I2, sg ?g

FORMAT (/1X,246,16/{6E13.5)

ESBHAT 733k INCORRECT NUMBLR OF INPUT ITEMS ,246)
SUBROUTINE REAI (IAKRAY,KCOUNT,HOL1,EOL2)

READS INTEGER DATA
DIMENSION IARRAY(NCOUNT), IV(6) K(6). IN(6)
conuou /10/ NINP, NOUT, IER, NPRIN

READ (NINP,100) (K(I),IN(I),IV(1),1=1,6)
DO 60 I=1,6

L=K(I)+1

GO TO (20, Z 50,70), L
NO MODIFICATION

IARRAY (J)=1IV(I)

J=d+1

GO TO 60

REPEAT

L=IN(1)

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

40 J=d+!

50

60

*o

GC TO 60

INTERPCLATE

¥S§T$ (NOUT, 120) KOL1,HOL2
z

RETURN
CONTINUE

S50 181

63



GO TO 10
C TERMINATE
70 Jd=Jd=1
WRITE (NOUT 110) HOL1,HOL2,J, (IARRAY(I),I=1,NCOUNT)
IF (J-NCCUNT) ? a £d
80 gn: £ (NOUT, 130 o£1 HOL2

90 RETURN

100 FORMAT (6(I1,12,19))

110 FORMAT (/1X,2A6.16/(€112))

120 FORMAT (44HOATTEMPTING TO INTERPOLATE BETWEEN INTEGERS ,246)
130 FORMAT (33HOINCORRECT NUMBER OF INPUT ITEMS ,2A6)

END
SUBROUTINE DRAW_(NANMAT ,REAR, DAPLOT NTIM,NP,CONCEN, nuu3a NISO
NCELLS,NCELL,NTIME , 150, 81501, CONEOU, DIST, NCELL1T,NBCL , NBCR
C DﬁAu PLOTS OF RESULTS
DIMENSION NANMAT(NISO1,2), nsAaguchLs;. concsusnp). DUM33(NP).
1 DAPLOT(NIS§éNCELL yTIMh DIST(NCELL1), CONEOU(NISO,2)

R TR SRR .

DIMENSION X BLY(3), LABELY(4)
CAL 180 1oun£su PLOTS, 10)
CALL EGNPL (0

CALL HE%GHT (0.25)

g ; IST$1)
=DIST(NCELLS+1 z
XSCALE=AINT(ALOG10(X(2)))
XSCLDIV=10.#*%XSCALE
I¥ %NP +EQ. NCELLS% GO TO 40
IF XbCALE GE.2.) GO TO 20
LO 10 I=1,NP
i0 ggM%B(I) REAR(I+$)
=
ENCODE (NX,160,LAEELX)
GO TO 80
20 x(2)= X(Z)/XQLLDIV
IXS=ASCAL
t ENCODE (NX 17C LABELX) IXS
DO 30 I=1

0 DUM33( LBAR I+1)/XECLDIV
3 b ;8 é (I+1) .
40 gs (XSCALE GE 2.) GO TO 60
| 50 RLM33(I) ZREAR(D)
| zucon1 (ux 160, LABEI X)

Dot et ot
PO =t e

GO
60 D
| 70 D §3(1) ﬁBAR(I)/xSCLDIv
| X(2)=X(2)/XSCLDI
| &*s-xsana
8
' ENCODE (ux 170 LABELX) IXS
80 DO 150 I=1,1S50
2=0.0
DO 100 hT-1 NTIM
DO 90 J
90 CONTINU

100 CONTINUE

¥(2)=AMAX 1(CONBOU(T,1) ,CONBOU( I .2).2;

IF (NECL.EQ.1) Y(2)=AMAX1(CONBOU(I.2),2)
IF (NECR.EQ.T) ¥ 2‘:AMAX1(C?H U(I,1).2)
iF (KECR. sg 6&5 £.1) Y (2 -3
YSCALE=AIN LALOGTO (Y j

YSCLDIV=

IF (YbCALE LT.2.) GO TU 110
YSCLDIV=10.%*YSCALE
¥Y(2)=Y¥(2)/YSCLDIV
IYS:YSCALE

l

N
ernAx1(z DAPLOT(I,J,NT))
NY=33
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GO 10
110 wY=23
120 EEEE“%I%EE'EER' 'ghL’) 7 LAB L BELY 28155, 8.)
i : A £
CALL GRAF (x(1§.1ou LAl f%h) TORSCALE ,Y(2))
DO 140 HT=1,NTIM
DO 130 J=1,NP
coucsufJ;=uapL0T§1 NT)
130 CONCEN(J)=CONCEN(J]/Y¥SCLDIV
CALL CUKVE (DUM33,CONCEN,NF,0)
140 CONTINUE
" CALL ENDPL (1)
150 CONTINUE
CALL DONEPL
RETURN
160 FORMAT (13HDISTANCE §cn;)
170 FORMAT (27THDISTANCE (CM) X 10%%-,12)
180 FORMAT 5 1 HCONCENTRATION {ATOM/CC; X 10%4-,12)
190 ZOS“AT 3HCONCENTRATION (ATOM/CC))
suaaourlne SPLIDY (N,X 10P,1J,4
WEERE M= WUMBER OF PéINTé iN TRE iN%EﬁPoLATION
X= ORIGIN OF TABLE 7F INDEPENDENT VARIABLE
F= ORIGIN OF TABLE OF DEPENDENT VARIAELE ‘
= AN ARRAY OF DIMENSION N WHICh CONTAINS THE CALCULATED
SECOND DERIVATIVES UPON RETURN
I0P= AL ARKAY OF DIMENSION 2 WEICH CONTAINS COMEINATIONS OF
THE INTEGERS 1 THRU 5 USED 10 SPECIFY THE BOUNDARY
COMDITIONS
IJ= SPACING 1' THE F AND W TABLES
4,b,C= ARRAYS OF DIMENSION N USED FOR TEMPORARY STORAGE
DIMENSION 109(2) X(4), F(2) w(zg A(2), E(2) c(2) (6)
DATA (comu(ag 1,6) /éHSpL161 N,B8 LESS'TH,SHAN 4. RE, hSULTS IN,
1K8?C?RRECT.. B
Sihi=
-(X(Z)-k(1 )/6.
B? ; (X(?) (1)$/§.
W(IJ+1)={F(2%1J+1)=F(1J+1))/(X(3)=X(2) )=(F(IJ+1)=F(1))/(X(2)=X(1))
IF (N-%)-1u.30.10
10 DO 20 1=3.K
M=(I-1)'%J+1
JizM+1ld
J2=M-1J
CON=£Y§I+1)-X(I-1))/3.
DON=(X I)-X(I-1)§/6.
£(1)=COt-(DON*#2) /B{1-1)
E=(F(J1)-E(H)z/(xgl*l)-X(I)) (F(M)=F(J2))/(X(1)=X(1=1))
H‘M;:E-(DON'M ng /EEI-1
20 ACI)==(DON®A(I-1))/E(1=1
30 K1=(h=2)*TJe1
CN=T) 2= ( (X(N)=X(N=1))/6.)/B(N=1)
W(K1)=W(K1)/E{N=1)
A N=1)=A(N=1)/E(N=1)
K2zK=1
IF (n-;) eo.uo
40 LG 50 1=2,
J=N=1
CCN=(X(1+ )=X (J)%/G.
A§J§=(A J)=CON®A{J+1))/E(J)
C(Jd)=«(CON®C(J+1) )/B(J)
K3z(J=1)®1Je1
M=K3+1J
50 W(K )=(h$K3) -CON*W(M) ) /E(J)
50 Kds= u-1g
IF (10P(1)=5) 70,90,70
T0 Ci=N(1)
IF (I0P(2)-5) b0,11C,80
80 C2=W(Kh)
GO TO 130

ENCODE (g! +180,LAEELY) IYS

(N}
Cry
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70,
2
X(L
i
4
(
A2

st BB UN

70,120,120

=X(N=1)=X N-g
B5=X(N=1)=x(N-
B6=X(N-2 -X(N=3
L*=zK§-1J
w2z=L1=1J
?:LZ-IJ

1o /B14 1. /A7 41./A3)=h2%A3RF (TJ+1)/(ATRAUNAS )4 ATRAZRF(2
CALRAG)<A ' A2%F(39IJ41)7 (AIRASHAG)

hgﬁ-52'53’F L?z/(BG'Bu’Bl)¢b1'E3;§(L2)/(56'BS'B2) -BI%BZ#F(L1)/

'B})+F(K“ (1./B1+1./B2+1

QOO >»EXE
(=)
EE AT AR
o e —L 8
el LB UL RN )
ZO00>»>n

8
258

b \T C oK~

210,260,310,260), MK
60.140,268

GO TO §uo
gF1(1- ) 230,220,230
c(1)=0.

H‘:O.

GO TO 340

0 IF (I-2) 240,240,250

BOE=-C1

N
IF (I-1) 280,270,280
—(X(2)=X(1)}73.

16(F(IJ+1)-E(1))/(k(2)-x(1))

’>2§?i§?°e’°°

w’\‘\)lu("o

0 TO 340
IF (1-}) 330,320,330
S=1la
el
h 1 50«
GO TO 340
BOE~0.

uO TO 5350 3680,430,480,430 ,

B i e e e . e
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320

370

o
480

470

480
490

560

380 et

10 I
GO TO 50

IF (Y-X(N)) 40,30,30
IzN-1

20
30

T N SRR,

0.

=
T -
0

31-1) 370,360,370

-

IF

i

c 1.
B
GO 140

IF (I-1) 400,390,400
N)=0

N

K

3-3-

)=0.

8EOD

{0 140
00 IF (I-K) 420,410,420
EILL=-C2

GO TO 140

:1LL=0.

GO TO 140

{F (I-1) 450,440,450

=U.

CIN)=(X(N=1)=X(N))/3.

WK =C2-(F(KHS-F(K1))/(X(N)-X(N-i))
GO 140

K) 470,460,470
X%N)ZX(N-13)36.
140

o

L

SpHSaoe
Bt
~1

40
) 500,490,500
(

J+X(1)=X(M)=X(2)
1)=F(1))/(x(2)o

nE=z

)/3.
X(1))=(F(KY)~F(K1))/(X¥(N)=X(H=1))

THOE PO T

OO T O

o
o

GO TO 1
CON=A YE'C(N)-C(T)'A(N)
D1=—H§1

D2=-W(K 2
W 1£= CI1*C(N)-C(1 .DZB/CUN
WK g:(ﬂ(1)'DZ-DT A(N))/CCii
DO 560 1=2,K
M=(I=1)%]J41
W(M)=W(M)+A(I)®W(1)+C(I)®W(KY)
GO TO 580
CALL LABRT (1,COMM,1)

URN

END
SUBROUTINE SPL1D2 (N,X,F.w,1J,Y,TAE)
WHERE N= NUMBER OF POINTS IN thE INTERPOLATION
X= ORIGIN OF TAELE OF THE INDEPENDENT VARIABLE
Fz OKRIGIN OF TABLE OF THE DEPENDENT VARIABLE
W= ORIGIN OF TABLE OF SECOND DERIVATIVES AS CALCULATED by
IJ= SPACING IN THE TAELES F AND W
Y= THE POINT AT WHICK INTERPOLATION 1S DESIRED
Thd= AN ARRAY OF DIMENSION 3 WHICH CONTAINS THE FUNCTION
VALUE, FIRSI DERIVATIVE, AND SECOND DEKIVATIVE AT Y

DIMENSION X(3), F(3), W(3), TAB(3)
LOCATE Y IN THE X TAELE
IE1(Y-X(1)) 10,10,20

=
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GO T0 50

CALL SEARCH (Y,X,N,I1,MILAG)
MIz(1-1)%1J+1

K1zMI+1J

FLE=X(1+1)<X(I)

CALCULATE F(Y)

Ae (WMD) ® (X(T1) ~¥) ##34k (K1) # (Y=X (1) )¥*3) /(6. ¥FLK
- /m-ﬁ(m)gnﬂs.g-gfx(1() i i
C=(F(MI)/FLK=-FLK*KW(MI)/6.)%(X(I+1)=Y)

TAR(1)=A+E+C

CALCULATE THE FIKST DERIVATIVE AT Y
Az(W(KT)®(Y=X(I))®®2W(MI)®(X(I+1)=-Y)*®2)/(2.%FLK
b:(E(h1)-f(MI)$/PLK aldag 3 e
C=FLK*(W(MI)=-W(K1))/6.

TAE(2)=zA+B+C

CALCULATE THE SECOND DERIVATIVE AT Y
TAE(3)=(W(MI)®(X(I+1)=Y)+W(K1)*(Y=

hETU%Nz YR(X(I+1)=Y)+W(K1)*(Y-X(I)))/FLK

END

CALL SEARCHE(X,XT,N,NDX,MFLAG)

DINARY SEARCH WITH MEMORY CF ARRAY XT( LENGTH N) FOR

VALUE X. RESUBT IS RETURNED IN NDX, AND A FLAG IS SET SO THA

MFLAG = IF X=XT(HNDX)
Mthg = 1 IF XT(NDX) LT X LT XT(NDX+1)
MF =

2 1IF X LT XT(NDX} WHERE NDX=1
OR X GT XT(NDX) WHERE NDX=N

AT MAY BE FIXED POINT, FLOATING POINT OR CHARACTER VALUES,

AND MUST EE EITHER MONOTONIC INCREASING CR DECREASING.

IF FLOATING POINT VALUES USEDéOTHBN (BASE 10) EXPONENTS

ARE RESTRICTED TU LESS THAN 1

IN AESOLUTE VALUE

IF CHARACTERS ARE USED, OCTAL DISPLAY CODE SHOULD BE LESS
THAN 40B (THAT IS MAY BE ALL ALPHABETICS AND NUMBERS 0=4)

ILO 1S BEEGINNING SEARCE VALUE
SET TO 1 UPON FIKST ENTRY
SET TO LAST NDX UPON EACH SUCCEEDING ENTRY.

.ILO DATA i
: THIS 1S RETURN BRANCE IF XT(ILC) LT X LT XT(ILO+1)
DONEYT  SX6 E7
eQ DONE12
DONE? Sxb Bb ILO
SX7 Bl 1
NG BS ,DONE 11
DONE12  SA6 A5 SAVE ILO
SAT AO MFLAG = 1
SA6 By NDX = ILO
. IFEQ *®F,2 CALLED EY FIN
SEARCH1  SA1 TEMP RESTORE AO
SAD X1
ENDIF
68






GT B6 , ILO2SML
g§1x7’

1§l x X2

NG ,ILO2EIG
NG »SMLXW

EQ Bsﬁcn

*
: XT WAS MONOTONIC DECKEASING
SWIT SA1 A2

NEXT INCREASING WILL BL CQUT
N - NEXT STEP(DECREASING)
X=-XT(ILO)

INTERVAL NOT FOUND MUST REPEAT
INTERVAL FORMED PERFORM BINARY.

SWITCH VALUES IN X2 AND X1
IHI = 1LO

Sk gg
s +B1 ILO = IHI
SB5 -E5 ISTEP = =1
SA2 A2+B1 SET X2 = XT(ILO)
LE B6,B3,DECR IF STILL IN RANGE RETURN TO NORMAL CO
. SB6 b1 SET IHI = 1
*
I 1LO2BIG PL X4 , BSRCH INTERVAL FOUND TYY BINARY
| SA1 B2+k1 X1 = XT(1)
SE7 B6
! S E2+B3 = XT(N)
: " S E3 SET ILO TO N
i 3X B 1
SX Bi+BE1 2
SA B4 STORE NDX=1
SA A0 STORE MFLAG = 2
SA7 AS STORE ILO = 1
3 SX7 3 ILO = N
1X6 X1=X3 XT(1)=X
n gg-xa X=XT(N)
IFEQ ,2 CALLED BY FIN
G X6 ,SEARCH1
' ELSE
i EgDIF X6 ,SEARCH X NOT IN TAELE ALL DONE
: b L X4 ,BSKCH X 1S BETWEEN XT(ILO) AND XT(IKI)
| g:g B4 STORE NDX = N
' IFEQ %F,2 CALLED BY FTN
l EG SEAKCH1
ELSE ,
| EQ SEARCH ALL DONE
: 2 ENDIF
ILO2SML 1X4 X3=X2 XT(ILO)=X
SA2 B2+E1 X = XT(1)
SX7 B1 1
e e Baaca € OUNE
L . FOUND AN INTERVAL TRY EINARY
B - SE6 B1 ILO = 1
B
. SA7 45 STORE ILO = 1
. . 3A6 AD STORE MFLAG = 2
i 1x4 xg-xz X=XT(1)
. SA7 B STORE NDX = 1
- IFEQ ¥F,2 CALLED EY FTN
: NG X4 ,SEARCH1
ELSE
gﬁuxr X4 ,SEARCH X IS LT XT(1) ALL DONE
E EQ BSKCH INTERVAL SET 7TRY BINARY
£ ]
IHI2EIG SA1 E24E X1 x(h)
SB6 b?-B 1LO =
SA2 Al- XI = XT(IhI-IbTEP)

70
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o Xh=X XT(MID)-X
»X3 Xi=X IHI-ILO

A2 B2exb X2 = XT§MID 1
3A%  B2eX) X4 = XT(MID 2
. 7 X5 . LOOP HAVE NOT FOUND VALUE TRY AGAIN
. RICHT ANSWER 1'OUND IN INTERVAL XT(X6) LT X LT XT(X6+1)
DONE gg X0, DONEOO FOUND RIGHT ANSWER EXACTLY
=l 1
SA B4 STORE ANSWER IN NDX
SAZ A0 STORE 1 IN MFLAG
A STORE ANSKER IN ILO
IFEC *F,2 CALLED BY FTN
Q SEARCH1
ELSE
EQ SEARCH ALL DONE
. ENDIF
- RIGHT ANSWER FOUND EXACTLY
DONEO  SX6  E6 ANSWER IN E6
Hxl 0 0
SA Bl STOKE ANSWER IN NDX
SA A0 STOKE 0 IN MFLAG
SA A5 STORE ANSKER IN ILO
IFEC #F,2 CALLED BY FIh
Q SEARCH1
ELSE
Q SEARCH ALL DOMNE
ENDIF
DONEOO SX6  BS ANSWER IN BS
MX ¢ SET
SA Bl NDX = ANSWER
SA A0 MFLAG = 0
SA 25 ILO = ANSWER
IFEQ  #F,2 CALLED BY FTN
EC SEARCH)
ELSE
0 SEARCH ALL DONE
ENDIF

-
DONEO7  SXb B7
MX 0 -

SA AD
Sk Ag
IFEQ *F,2 CALLED BY FIN
EQ SEARCH1
ELSE
Q SEARCH
ENDIF
IHIGTN  SA1 52+5% X1 = XT(N)
ZR X4, DONEO7
PL X4 | ESRCH FOUND INTERVAL
e SE6 E3 ILO = N
SX6 E? N
sX El+E1 2
SA A5 STORE ILO = N
saz AD STORE MFLAG = 2
IX X1-x3 XT(N)=X
i SA6 B4 STORE NDX = N
IFEQ *F,2 CALLED EY FTN
NC X4 ) SEARCH 1
ELSE
ggv:s X4 ,SEARCH X OUT OF RANGE ALL DONE
LT B5 . BO ,BSRCH MUST KEEP POINTERS RIGHT

72
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iR X4 ,DONEO
ET

FﬂlﬂD KIGHT ANSWER

SE6 OF <« NT ZERO IN ON RIGHT
SET E3 "L ION
| . £ BERCH EUUND INTERVAL USE EINARY
-
' IHILTY  IXU Xi=X X - XT(IHI)
: SA2 EZ+b 4 = XT(1)
ZR X4 ,DONEOT
EL X4 ,BESRCH FOUND INTERVAL
" SBo6 1 ILO = 1
SX b1 1
SX B1+B1 2
gag ;8 STORE ILO = 1
. A A STORE MFLAG = 2
IX4 X2=X3 XT(1)=X
SAE E4 STORE NDX = 1
IFEQ *F,2 CALLED EY FTN
| NG X4 ,SEARCH1
- ELSE
| ”ﬁoxp X4 ,SEARCH X OUT OF RANGE ALL DONE
|
| GT ag.so.asncu MONTOMIC DECHEASING INTERVAL
IR x§ ,DONED FOUND RIGHT ANSWEK
SE6 7 INTERVAL MUST BE BACKWARDS
. SBT El Ikl =
: EQ ESRCH FOUND INTERVAL TRY BINARY
IFEQ  *F,2 CALLED EY FIN
TEMP ESS 1
ENDIF
END

10
20
30 N

4o

50
60

70

80

90

110

120
130

COCGOoOOOCCOOOOOOCOOOOCOOOOCaOOOCOOOOOCO0

140

100 MFLAG

THE FOLLOWING SUEROUTINE IS A REPLACEMENT FOR THE
ROUTINE SEARCH FOR USE WITH MACHINES THAT DO

NOT COMPILE COMPASS.
SUERQUTINE SEARCH(X,XT
SEARCH FINDS A
DIMENSION X Ti 3

IF (XT h)-XT ) 140,10,20
PRINT 2

CALL

ng(XT(N)-X) 40,30,50

MFLAG=0
RETURN
NDX=N
MFLAG-Z

IF (XT(!)-X) 80,60,70
KDX=1

MFLAG=0

RETURN

NDX=1

MFLAG=2

RETURN
NDX=N/2.040.5
MO=1

M2=N
IF (xTéNDx)-x) 110,100,130
=

RETURN

MO=NDX

NDX=(M2=M0 ) /2.04M0

IF (NDX-MO) 90,120,90
MFLAG= 1
RETURN
M2=NDX

NDX  (M2-MO /z 0¢no
IF (NDX-HO

IF (X=XT(1 fo 150 160

N,NDX ,MFLAG)
GIVEN VALUE X

IN A MONOTONIC SERIES

mh
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200

150
. 160
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Es

NDX=1
MFLAG=0
RETURN
WDX=1
MELAG=2

HET?RN
IF (X=3T(N)) 190,180,200

1&0
150 HDX=N

MFLAG=0
RETURN

NDx=N

MFLAG=2
RETURN
NDX=N/2.040.5
HO 1

IF (XTSNDX)-X) 230,220,250
MFLAG=

RETURN

M2=NDX

NDX:(MZ-MD;/ <0+

IF (NDX-MO) 210,2 0,210
MFLAG=1

RETURR

MO=NDX

NDX= (MZ-hO;/Z .0+MO

Ir (NDX-MO) 210,240,210

gggn&; (5X,®*YOUR ARRAY IS NCT MONUTONIC®)

SUBKOUTINE SGbCO(A LDA,N,IPVT,RCOND,Z)
INTEGER LDA,N .IP l

REAL A(LDA,1).

REAL RCOND

SCuC0 FACTURS A REAL MATKIX BY GAUSSIAN ELIMINATION
AND ESTIMATES THE CONDITION OF THE MATRIX.

IF RCOND IS NOT NEEDED, SGEFA IS SLIGHTLY FASTER.
TO SOLVE A®X = FOLLOW SGECO BY SGESL.

10 COMPUTE INVERSé(A)'C FOLLOW SGECC BY SGESL.
TO COMPUTE LETbRMINART(As FOLLOW SGECO BY SC-DI.
TO COMPUTE INVERSE(A) , FOLLOW SGECO BY SGELI.

ON EWTRY
A REAL(LDA, N)
THE MATRIX TO BE FACTORED.
LDA INTEGER
THE LEADING DIMENSION OF THE ARRAY A .
N INTEGER
THE OKDER OF THE MATRIX A .
ON RETURN
A AN UPPER TRIANGULAR MATRIX AND THE MULTIPLIERS

WHICh WERE USED TG OBTAIN IT.

THE FACTURIZATION CAN BE WRITTEN A = L®U WHERE
L IS A PRODUCT OF PERMUTATION AND UNIT LOWEK
TRIANGULAK MATRICES AND U IS UPPER TRIANGULAR.

IPVT INTEGER(N)
AN INTEGER VECTOR OF PIVOT INDICES.

RCOND  REAL

AN ESTIMATE OF THE RECIFROCAL CONDITION OF A

FOR THE SYS"EH A®*X = B , RELATIVE PERTURBATIONS

IN A AND B OF SIZE EPSILON MAY CAUSE

RELATIVE PERTUREATIONS IN X OF SICE EPSILON/RCOND .

R R R W Ny~ SN~ R R R R
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IF RCOND IS SO SMALL THAT THE LOGICAL EXFKESSION
1.0 + RCOND .EQ. 1.0
IS TRUE THEN A MAY BE SINGULAR TO WORKING
SION. 1IN PARTICULAR, RCOND 1S ZERKO IF
EXACT SINOULARITY 1S DETECTED OR THE ESTIMATE
UNDER/LOJWS.

Z REAL(N)
A HORK VECTOR WHOSE CONTENTS ARE USUALLY UNIMPCRTANT.
IF IS CLOSE TU A SINGULAR MATRIX, THEN Z IS
AN APPROXIhATE NULL VECTOR IN TEE SENSE ThAT
NORM(A®Z) = RCOND®NORM(A)®NOKM(Z) .

LINPACK. THIS VERSION DATED 07/14/77 .
CLEVE MOLER, UNIVERSITY OF NEW MEXICO, ARGONNE NATIONAL 1892

SUBROUTINES AND FUNCTIONS
LINPACK SGEFA

BLAS SAXPY,SLOT,SSCAL ,SASUM
FORTRAN AES,AMAX1,SIGN
INTERNAL VARIAELES
REAL 3DOT, EK T, WK, WKM
REAL ANORM,S Asun
INTEGER INFO.J,K,KE, xé
REAL SIGN

COMPUTE 1-NORM OF A
ANORM = 0.0EO

DO 10 J = 1, N
ANORM = AMAX1(ANORM,SASUM(N,A(1,d),1))

CONTINUE
FACTOK
CALL SGEFA(A,LDA,N,IPVT,INFC)

RCOND = 1/(NORM§ ;'(ESTIHATE OF NOKM(INVERSE(A)))) .

ESTIMATE = NORM(Z)/NORM(Y) WHERE A%®Z = Y AND TRANS(A)'Y = E .
TRANS(A) IS THE TRANSPOSE OF A . THE COMPONENTS OF E ARE
ChOSEN TO CAUSE MAXIMUM LOCAL GROWTH IN THE ELEMENTS OF » WHERE
gsézfl(.ga‘h = E . THE VECTORS ARE FHELQUENTLY RESCALED TO AVOID

SOLVE TRANS(U)"w = E

YNOHM

r»p2m

CON

Q- 0 L0EQ) GO TO 40
A(K K)
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50

60

0
90
100

aAaon

119

120

(#lele]

150

160
76

CONTINUE
PlzKa+ 1
IF (KP1 .GT. N) GG TO §0
DO 60 J = KP1, N
SM = SM + ABS(Z(J)+WKM¥A(K .J))
2(J) = Z(J) + WK®*a(K,d)
S =S + ABS(Z(J))
CONTINUE
IF (S .GE. Si%) GO TO 87
T = WKM = &K
35 7 Hﬁ" KP1, N
t4
%?J) = 2(J) + T®A(K,J)
CONTINUE
CONTINUE
CONTIR"E
Z(K) = WK
courxuua
S = “EO/SASUM(N Z,%)
CALL SSCALN,S,Z,1)

SOLVE TRANS(L)'Y = ¥
DO 120 KB = 1, 2

K; + SDOT(N=K,h(K+1,K),1,Z(K+1),1)
0) GO TO 110

CONTINUL

S = 1.0b0/SASUM(
CALL SSCAL(N,S,Z
YNORM = 1.0EO
SOLVE L*V = ¥

DO 140 K
L =

K, A(k+1 K),1,Z2(K+1),1)
so 0’18 1

cour:uuz

CONTINUE

S = 1.0E0/SASUM(N,Z,1)
CALL SSCAL(N,S,Z,1)
YNORM = S®*YNORM

SOLVE U%Z =
DO 160 KB =

2%2§5§))) GO TC 150

) 38 8:080 3

Y(K=1,T,A(1,K),1,2(1),1)

Z(K)/A(K,K)
.0EO

;
CALL SAX
CONTINUE

i



2 MAKE ZNORM = 1.0
S = 1.0E0/SASUM(N .1)
CALL SSCAL(N,S,Z,1
YNOEM = S#YNORM

IF (ANORM .NE. 0.0EO; RCOND = YNORM/ANORM
%%‘UaﬁORM .EQ. 0.0£0) RCOND = 0.0ED

END
SUBKOUTINE SGEFA(A LDA LV, INFO)
INTEGER LDA,N,IPVT{1)

REAL A(LDA, i)

SGeFA FACTORS A REAL MATRIX BY GAUSSIAN ELIMTNATION.
SGEFA 1S USUALLY CALLED BY SGECO, BUT 1T CAN EE CALLED

DIRECTL! WITH A SAVING IN TIHE I¢f RCOND IS NOT NEEDED.
(TIME FOR SGECO) = (1 + 9/N)*(TIME FOR SGEFA) .

R R R R N P R I B R SRR,

ON ENTKY
, A REAL(LDA, N)
: THE MATRIX TO BE FACTORED.
I LDA INTEG
: THE LEADING DIW ~ION OF THE AKKAY A .
:
~ N INTEGER
THE OKDER OF THE MATRIX A& .
[ ON RETURN
' A AN UPPER TRIANGULAK MATRIX AND THE MULTIPLIERS

WhHICH WERE USED TO OETAIN IT.

ThE FACTORIZATICN CAN BE WRITTEN A = L®U WHERE
L IS A PRODUCT OF PERMUTATION AND UNIT LOWER
TRIANGULAR MATRICES AND U IS UPPER TRIANGULAR.

IFVT INTEGER(N)
AN INTEGER VECTCR OF PIVOT INDICES.

INFO INTEGER
= 0 KORMAL VALUE.
= K IF U(K,K) .EQ. 0.0 . THIS IS NOT AN ERROR
CONDITION FOR THIS SUEROUTINE, BUT IT DOES
INDICATION OF SINGULARITY.

LINPACK. THIS VERSION DATED 07/14/77 .
CLEVE MOLER, URIVERSITY OF NEW MEXICO, ARGCNNE NATIONAL LABS.

SUBKOUTINES AND FUNCTIONS
BLAS SAXFY,SSCAL ,ISAMAX
INTERNAL VARIAELES

REAL T
INTEGER ISAMAX,J,K,KP1,L,NM1

T NN NN NN W N —s
OGO OOOaCOOOOCaCOOOCOCOOOOOOOOOcCOO0O00C aaOaaan

GAUSSIAN ELIMINATION WITH PARTIAL PIVOTING

Qoo

IF (HM1 .LT. 1) GO TO 70
DG 60 K = 1, NM!
KP1 = K + 1

FIND L = PIVOT 1NDEX

(ol § ]

'
(N
en
B
0

e I e e i e

INDICATE THAT SGESL Ok SGEDI WILL DIVIDE BY ZERO
IF CALLED. USE_ RCOND IN SGECO FOR A RELIABLE

77



e E— —

o

oo aco

i0

ane

(ol @i

20
30
4o

0
0
7

(elzlpleleleivivivinizizicizizisizivizigieielis ol

78

T — NS _N— . I R R R REER R _mEmTE

L = %SgHAX(R~K0\;A(K.K).1) + K =1
IPVT(K) = L

ZERO PIVOT IMPLIES THIS CULUMN ALREADY TRIANGULARIZED
1F (A(L,K) .EQ. 0.0E0) GO TO 40
INTERCHANGE IF NECESSARY
IF (L .EG. K) GO TO W0
% = A((L.K;
ASL.K; = A(K,K)
A Kg =
CONTINUE
COMPUTE MULTIPLIERS

T = -1.0E0/A(K,K)
CALL SSCAL(N-K,T,A(K+1,K),1)

ROW ELIMINATION WITH COLUMN INDEXING
DO ;o J = KP1, N
= A(L,Jd
IF (L .EQ. X) GO TO 20
A L,J; = A(K,J)
£.0) = T

CORTINUE
CALL SAXPY(N=K,T,A(K+1,KE),1,A(K+1,0),1)
CONTIRUE
GO TO 50
CONTINUE
INFO = K
CONTINUE
CONTINUE

0 CONTINUE

IPVT(N) = N
IF (A(N,N) .EQ. 0.0EQ) INFO = N
RETURN

END
SUBROUTINE SGEDI(A,LDA,N,IPVT,DET,WORK,JOR)
INTEGER LDA,N,IPVT{1),JCB

REAL A(LDA,1) . DET(1),WORK(1)

SGEDI COMPUTES THL DETERMINANT AND INVERSE OF A MATRIX
USING TH®™ ¢ACTORS COMPUTED BY SGECO Ok SGEFA.

ON ENTRY
A REAL(LLA, N)
THE OUTPUT FRCM SGECO OR SGEFA.
LDA

INTEGER
THE LEADING DIMENSION CF THE ARRAY 2 .

N INTECER
THE ORDER OF ThE MAThIX & .

IPVT INTECER(N)
THE PIVOT VECTCR FROM SGECO OR SGEFA.

WORK REAL'N)
WOKK VECTOR. CONTENTS DESTROYED.

JOB INTEGE _
= 11 EQTE DETERMINANT ANL INVERSE.

01 INVEKSE ONLY.

10  DETERMINANT CNLY.

=

T



COoOCOOOOOCaOOaOOCOAOCOOOOCanO 000

Ao

QoG

A INVERSE OF ORIGINIL MATHIX IF REQUESTED.
OTHERWISE UNCHAKNTED.

DET REAL(2

DET!RH NANT OF ORIGINAL MATRIX 1F REQUESTED.

GTHERWISE NO1 R
newannxuanr s °3§§ 9 O®#DET(2)
1 TH .LE. ( ET(1)) .LT. 10.0
OR ozrl EQ. 0.0 .
ERROR CONDITION
A DIVISION EY ZEAC WILL OCCUPR Jhk NP

iF u
ZERO ON THE DIAGONAL AND THE It 15
{LL NO1 OCCUR IF THE SUBRUUTI
D F SGECC kAS SET RCOND .GT. O.

} .E . -
L NPACK. THIS VERSION DATED O7/14/77 .

VER
NES
0 SG HAS

INPUT FLCTOB LONTAIHS
SE 1S REQUESTED
ARE CALLED CUPRECTLY
OF SGEFA SET

CLEVE MOLEK, UNI.ERSITY OF NEw MEXICO, ARGONNE NATIONAL LABS.

SUBROUTINES AND FUNCTIONS

ELAS SAXPY,SSCAL,SSWAP
FOKTRAN ABS,MOD

INTERNAL VARIABLES

REAL T
REAL TEN
INTEGER 1,J,K,KE,KP1,L,NM1
COMPUTE DETERMINANT
IF (JOB/10 .EQ. 0) GO TO 70
; = 1.0ED
DETL2) & o'OF
TEN = 10.080
90 3¢ Lidvels) .Ne. 1) DETC1) & <DETIY:
- - T - § 17
25?&1) i Beob
i (DET(1) (B, 0.0E0) GO 10 60
10 ¢ (ARS(BER(1)] LGE, 1.0E0) GO 70 20
DET(1)< TENSDET{ 1)
DET(2) = DET(2) = 1.0E0
GO 70 10
20 CONTINUE
30 IF (RBS(DET(1)) .LT. TEN) GO T0 40
DET(1) "= DET(T /7L
DET(2) = DET(2) + 1.0E0
g0 19 50
10 CONTINUE
50 INUE
0 NUE

CON
70 CONTINUE
COMPUTe INVERSE(U)

IF (nontaoa 10) .EQ. 0) GO TO 150
DO 170 K = 1, N
4(: x)(. % 0E0/A(K,K)

= =
CALL sscln(x-1 JT.A(1,K),1)
KP1 = K +
IF (N .LT. xrm) GO TO 90
DG 80 J = KP1, N

1 = A(K'J)

199

79
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100

110

120

30

40

Alk,J 0.JED
cﬁ%g&imx.r.m.x) J1,A(1,d),1)

CONTI
CONTINUE
CONTINUE
FORM INVERSE(U)®INVERSF(L)
NM1 = N = 1
IF (NM1 .LT. 1) GO T0 140
DO 130 KB = 1, NMI
K =N~ KE
KPY = K ¢ 1
DO 110 % = KP1, N
woRK (1) = AlI,K)
A§I k) = 0.0E0
CONTINUE
DC 120 J = KP1, N
T = HORK(JE
CALL SAXPY(N,T,A(1,d),1,A(1,K),1)
CONT INUE
L = IPVI(K)
IF (L .NE. K) CALL SSWAP(N,A(1,K),1,A(1,L),1)
CONTINUE
CONTINUE
CONTINUE
gsruau

ND
INTEGEK FUNCTION ISAMAX (N,SX,INCX)

FINDS THE INDEX OF ELEMENT HAV%NG MAX. ABSOLUTE VALUE.

JACK DONGARKA, LINPACK, 2/11/7
REAL SX(1), SMAX
INTEGER I, INCX, IX, N

ISAMAX =0
IF (N.LT.1) RETURN
ISAMAX =1
IF (N.EQ.1) RETURK
IF (INCX.EG.1) GO TU 30

CODE FOR INCREMENT NOT EQUAL TO 1
IX=1
SMAX=ABS(8X(1))
IX=IX+INCX
DO 20 1=2,N .
IF (ABS(SX(IX)).LE.SMAX) GO TO 10
ISAMAX=I
SMAX=AB3(SX(IX))
IX=Ix+INCX
CONTINUE
RETURN

CODE FOR INCREMENT EQUAL TO 1
SMAX=ABS(SX(1))
DO 40 1:5 N
IF (ABS(SY 1)).LE.SMEX) GO TO 40
ISAMAX=1
SMAX=ABS(SX(I))
CONTINUE
RETURN
END
REAL FUNCTION SASUM (N,SX,INCX)
TAKES THE SUM OF THE ABSOLUTE VALUES.

USES UNROLLED LOOPS FOR INCREMENT ECUAL TO ONE.
JACK DONGARRA, LINPACK, 3/11/76.

™
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=SY(I+1 08&‘S£}I¢?
=S5Y(1+2 oSA'SX I+2
a0 - 103 +SARSK( 143

REAL FUNCTION SDOT (N,SX,INCX,SY,INCY)

FORMS THE DOT PRODUCT OF TWO VECTORS.
USES UNROLLED LOOPS FOK INCREMENTS EQUAL TO ONE.
JACK DONGARRA, LINPACK, 3/11/78.

REAL sx(1). SY(1), STEMP
INTEGER I, INCX, INCY, IX, IY, M, MPi1, N

STEMP=0.0EQ

[ 3DOT=0.0E0

| IF (N.L£.0) RETURN

' IF (INCX.EQ.1.AND.INCY.EQ.1) GO TO 20

CODE FOR UNEQUAL INCREMENTS OR EQUAL INCREMENTS
NOT EQUAL TO 1

aooaon

Q

acaon

IX=1

I¥=1%
IF (INCX.LT.O IX:&-N#\?'INCXoi
IF (INCY. LT 0) IY=z(=N+1)*®INCY+1
DO 10 I=1,N
5TEHP:S?EHP¢SX(IX)'QY(IY)
IX=1X+INCX
I¥=1Y+1NCY

10 CONTINGE

TEMP

CODE FOR EUTH INCREMENTS EQUAL TO 1
CLEAK-UP LOOF

acoao

20 M=HM
h?n zé 0) GO TO 40

DO 0 I=

ST P:STEHP+SX(I)'$Y(I)
30 CONTINUE

IF (N.LT.5) GO TO 60
40 MP1=M+

LO 50 I=MP1, §§

e e A

STE :STEHP#S
1 (Io?)*SX(IoM

20 SLOT=STEMP
RETURN

I)%87 (§)+SX(I#1)'5Y(I+1)+SX(I¢2). SY(I+42)+8X(I+3)%5Y
SY(I+4

END
SUBROUTINE SSCAL (N,SA,SX,INCX)

c
C SCALES A VECTOR EY A CONSTANT.
¢ USES UNKOLLED LOOPS FOK INCREMENT EQUAL TC 1.
¢ JACK DONGARRA, LINFACK, 3/11/78.
REAL SA, SX(1)
> INTEGER'I, INCX, M, MP1, N, WINCX
IF (N.LE.O) RETURN
: IF (INCX.EQ.1) GO TU 20
¢ CODE FOR INCREMENT NOT EQUAL TO 1
82
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50 CONT

10

20

30
4o

NINCY=NeINCY

DO 10 1=1,NINCX,INCX
SX(I -sa*éx(x)
CONTINUE

KETUKN

CODE FOR INCHEMENT EQUAL TO 1
CLEAN-UP LOOP

MxHO
Ed 0) GO TO 40

DO } I=z1
SX( ssnvéx(x)
CONTIN
IF (N. LT 5) RETURN
HPT:H&\
DO 50 L:MP1 N 5
il)zu
X(1+1 sSA.SX 141
SX 1+2)=SA*Sx( 1«2
SX( I+3)=SA%3X( 1+
SX'I+7 )=SA®SX( I+
IHUE
RETURN
END

SUEKOUTINE SSWAP (N,SX,INCX,SY,INCY)

INTERCHANGES TWO VECTORS.
USES UNROCLLED LOOPS FOR INCREMENTS EQUAL TO 1.
JACK DONGAKRA, LINPACK, 3/11/78.

“EAL SX(1), SY(1)
.4TECER I, INCX, tucx Ix 1Y, M, MP1, N

IF (N.LE.O) KETUEN
IF (INCX.EQ.1.AND.INCY.EQ.1) GO TO 20

CO¥8 gOR UNEQUAL INCREMENTS OR EQUAL INCREMENTS NOT EQUAL

IX=1

I¥=1
1F iINCk.lT.O IX:%-N¢1 SINCX+1
IF (INCY.oT.0) I¥=(=Ne1)®INCYe!
DO 10 I=1,N

STEMP=5X( )

35X IX%:S! 1)

SY(IY)=STEMP

IX=IX+INCX

I¥=1Y+INCY

CUNTINUE

RETURN

CODE FOR BOTH INCREMENTS EQUAL TO 1
CL .N-UP LOOP

M=MOD(N,3
TF M. 56.0) GO TO 40
DO 0 I=1
’ =Sx(1
I;:S! 4
Y{1)=STEMP
LOU INUE
& (N .LT 3) RETURN
l
I:NP1 N,3
STEH P=5X I;
SXi ;:SY
SY =STEMP

A
45 3
oo




r Ml pSSEEsgENE e i o b=

%ﬂ? ZfSY I1+1)
Itiz: Y(Io?)
STEMP
g r

END

APPENDIX C
DASH TEST PROBLEM (with Output)

Problem input:

10
A 1 0 0 0 0 0 0 o ozzsz-ol
E 2 1 0 0 0 0 0 0 1.6048E-0
24 s 8 3
zg.o S 5.0 L 10.
303 “1108 '2?08 33
1000.0 1000.0 1000.0 1000.0
OQO 2.0 300 5-0 §
ous.uzss-os 0.0 .0 2.713E-06
100165 63-053 0.0 0.0 6.330E-063
1ont.éoas-oe 0.0 0.0 9.042E-073

0.03
.0005#10 5.000E+093

g oo






LEFT CONCEN 2
«10000E+ 11 .50000E+10
RIGHT CONCEN 2
0. O.
INITIAL CONC L8
0. 0. 0. 0. 0. 0.
0. Ca 0. 0. 0. 0.
0. Ja 0. 0. 0. 0.
0. 0. 0. 0. 0., 0.
0. 0. o. 0. 0. O.
0. 0. 0. 0. 0. Qe
0. 0. O. OC 0. O.
0. 0. 0. 0. 0. 0.
SOURCE INPUT ug
00 0- 0. Oo 0. O-
0. Ol 0. OQ Ol 0.
0. 0. 0. 0. C. 0.
00 0- 0 0. 0. 0.
Q. 0. 0. C. 0. 0.
0‘ 0. O. 0‘ C. 0.
0. 5 0. 0. 0. 0.
Ol 0. 0‘ O. OQ n.
2.Qﬁlliiiiii!lbDll..!dlli.l!libiilﬁilill!l.!t!lilitl!li!i!ihitli
2 L * * * * * *
2 1 ® i o 1 * 1 * 1 * i & i * 1
2 * * * * * * *
2.'.0!!!0.!0!!!!!0!!0!IQICl!llllﬁ!!l...l!'.!Q.lllb!l!li!l!!!!l.l
0.000 .208 17 625 .833 1.042 1.250 1.458
I R A R R R R R A R R A R R R R e R
* * - * » * * *
. ey SR AR TR TR _npel O 2 @ 2 % : 3
* * * * * * * *
FEARRRRARRAF A RN R AR R R AR R L RN R kR B R R FRVARRE TR RN
1.667 1.875 2.003 2.292 2.500 2.708 2.917 32.12%
LR R R R e e R R e R R AR R R R R R R At
* ~ # ® - * . * 2
* * * 3 * k| * * w r 2
¢ > g * g 3 3 3 G 3 5 3. .53:.3 § 3 5
AR R R R e R R R A R e e R R e R R R R R R R L L el
3.333  3.542 3.750 3.958 4.167 4.375 4.583 4.792 5.000
RBAR
< 10417E+00 «31250E+00 .5206?&400 729 17E+00 .QBZSOE*OO . 1T458E+0 1
- 13542E+0 1 - 15625E+01 «ITTOBE+D «19792E+01 «218T5E+0 1 .23958E+01
.2b0U2E+01  .2B125E+01  .30208E+01 .322925’01 .Eugvsaoow .3BU58E+0 1
«36542E+01 406258401 LH42T00E+01 JHYTOZEL0 JA6B875E+01 +HB958E+0 1
MESH TEMPERATURES
« 10000E+04 «10000E+0O4 « 10000E+04 «10000E+04 « 10C00E+Q4 . 10000E+04
« 10000E+04 - 10000E+QH . 10000E+04 - 10000E+04 « 10000E+04 . 10000E+04
.10000E+0H4 « 100U0E+OH4 . 10000E+04 . 10000E+04 . 10000E+CH . 10000E+04
- 10000E+04 - 10000E+04 - 10000E+04 - 10000E+04 < 10000E+04 .10000E+04
86
A
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R R R R R R R TIIE—=——,S

1SOTOPE
A

ISOIOPE
E

ISOTCPE
é

ISOIOPE
E

1SOTOPE
E

IﬁOIOPE
E

ISOTOPE
A
B

ISOTOPE
A
B

ISOTOPE
:

1SOTOPE
A
B

W e T R R R R R R R I OO R TR R R,

| ISOIOPS
B

ISO}OPB
B

— WSS SN 1. - [ A7 .
ch% CONCENTRATIONS AT 0. DAYS
B CONCENTRATIONS IN ATOMS/CC)

BOUKDARY CELL 1 CELL 2 CELL 3
1.00000E+10 0. 0. .
5.00000E+09 0. 0. 0.
ocmm 5 CELL 6 Ocm¢ 7 ocm¢ 8
0. 0. 0. 0.

CELL 10 CELL 11 CELL 12 CELL 73
Ue 0. 0. O
0. 0. 0. 0.

CELL 15 CELL 16 CELL 17 CEL!, 18
0. 00 0. 0.
0. 0. 0. a.

CELL 20 CELL 21 LELL 22 CELL 23
0. 0. 0. 0.
0. 0. 0. 0.

RIGHT

osouunnax
0.

NO. OF ATOMS = 0.

CELL CONCENTRATIONS AT 2.00000E+00 DAYS
(CONCENTRATIONS IN ATOMS/CC)

LEFT
BOUNDARY
1.00000E+ 10
5.00000E+09

CELL 20
?:7332u5182
RIGHT
EOUNDARY

0.

CELL 1
2.2879 E+09
-58334E+09

CELL 1
1.06544E+00
2.01869E+08

CELL 16
4.54093E+08
5.43220F+07

CELL 21
633659520

CELL . &
7.96461E+09
3.%68&7E+09

¢ el
.45226E+0

—

L 12

CELL 17
3.22124E+08
2.97671E+07

CELL 22
6.10502E+06
2.2T180E+05

NO. OF ATOMS = 1.446715010794452E+ 10

| L 2
.

R N N m——

CEkL 3
6.7 1483E+09
3.00574E+00

CELL 18
1.62196E+08
1.18012E+07

558

Sy N

CELL 14
0.
0.

CELL 24
0‘
0.

CELL 14
6.35396F+08
€.55697E+07

CELL 19
7.73666E+07
4.56331E+06

S
1:7ak0eEsdt

c0%

L

AU



1S0TOPE
A
b

1S0TOPE
A
b

ISOIOPE
| B

| 1SOTOPE
A
E

ISOTOPE
A
B

ISOTOPE
A
B

P RSN~

| ISOTOPE
A
B
ISOTOPE
:

ISOTOPE
A
b

ISOTOPE
A
B

ISCTOPE
A
B

1SOTOPE
A
b

CEu?
LEFT
BOUNDARY CELL 1
1.00000E+10 2.u2zgss+og
5.00000E+09 +T0421E+0
CELL 5 CEL% 6
5.“88585408 4.664B5E+0°
2.4GG78E+0 2.03055E+09
CELL 10 CELL 11
2.202255‘0 2.28157E+0
8. 44765E+0 T.32069E+0
CELL 15 CELL 16
1.64372E+0 i ™ 5“3715&0
4,35023E+0 3.95409E+0
CELL 20 CELL 21
2.222335408 2.&2566E*08
2bzB5E+0QT7 2.84312E+07
RIGHT
OBOUNDARY
0.

CELL CONCENTRATIONE AT

LEFT
EQUNDARY
1.00000E+10
5.00000E+09

B%L%GE+O9

T162E409

CELL 10
3 2602f E4+09
1.32 4 1E+09

CELL 15
22566800

8.66799E+0

S

CELL 12
2.08539E+0
6 35525E+0

CELL 17
1.23427E+0
2.8675TE+0

Sk
1:62370Ls97

NO. OF ATOMS = 2.022416554881128E+10

CONCENTRATIONS AT 4.00000E+00 DAYS
CONCENTRATIONS IN ATOMS/CC

g $5ns 1.32075e008 ¢

S85E 1800
?3213852+08

CEhL 13
1.91 025&08
5.54337E+0

CELL 18
h885E+08
.£7269E+08

618920
97871E Og

5

+
+

6.00000E+00 DAYS

(CONCENTRATIONS IN ATOMS/CC)

S85518000 8
2 7529 1E+09

Y

CELL 11
?.052725#09
.20432E+09

CE%T 16
2.31 OJE+08

8.14129E40

5. 553052408
1121?535»08

ﬂ1k55E+09
4.26232E+09

2k

? 352618#08

20E+07

3
LRTRER

0“% E+09
.69 104E+0Y

CELL 13
2.69920E+09
1.00972E+09

i

‘6E¢0
05E+0

7300 E¢0
220E+0

! 35%97500

TT5TE+0

5.49025E+08
9.U49803E+07

CELL 24
.98144E+0
-03949E+0

CELL 14
2.55260E+0
9.31905E+0

CELL

19

1.07141E+0
2.95522E+0

e

LN

[



——

CEL%
LEFT
ISOTC®E  BOUNDARY CELL 1
A 1.00000E# 10 9. 1507E+09
B 5.00000E+0S 4.78213E+00
1S0TOPE  CELL & CELL b
A 6.2545 18409  5.57 308E+09
E 3.11256E+09 2.73290E+09
i e g
E 1631525208 1:2702aEd
B 1 3Eozba+o9 7:183u52*09
ISCTOPE  CELL 20 CELL 21
A 1.10 gaa¢o 7.976g65408
E 3.72687E+08 2.5386UC4+00
RIGHT
Iscgopa L EUCKDARY
i 0.

15CTOPE
A
B

1SUTOPE
A
b

ISO{OPE
E

ISOEOPE
E

ISOEOPE
B

ISOI10PE
A
B

CELL CONCENTRATIONS AT

LEFT
EQUNDARY
1.00000E+ 10
5.00000£E+04

CELL 20
1.3608 1E+0

5.49730E+0

’

RIGHT
OBOUhDARY
0.

CONCENTRATIONS AT

ELL 2
8.61655E+09
4.34920E+09

CELL 7
4.GU00HE+D9
2.37399E+09

NC. OF ATOMS = 2.732894842037402E+10

8.00000E+00 DAYS
CONCENTRATIORS IN ATOMS/CC)

CEhL 3
T.TTHI0E+D9
3.92396E+09

CELL 13
1:28878E:02

1931898200
- +
7.3203 E+0F

CELL 23
AT §E+08
D2T63E+07

1.00000E+01 DAYS

(CONCENTRATIONS IN ATOMS/CC)

i,
3:3026 E‘Og

566776909
?Iu80255.09

CELL 21
1.00111E+0
3.906086E+0

CELL 2
8.6834BE+09
b.51048E+09

CELL 17
2.8241BE+09
1.27831E+00

CELL 22
5.84443E+08
2.59383E+08

NO. OF ATOMS = 2.953406154721277E+10

CELL 3
z.saug%s¢09
.02483E+09

CELL 18
2.25954E+0
9.BR283E+D

CELL 23
?.28“29£+08
-UT7BLOE+0B

CELL &
6.98778E+09
3.51057E+09

3 Cgkg1E999
- -
1.31“89?¢09

CELL 24
.00231E+08
Z.85936E+07

CELL &
T.1407HE+09
3.64G30E+06G

, CELL guo
u:?8555s209

89
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