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ABSTRACT

A FORTRAN code 1s described which computes the Kegre
for a group of fisgsile units surrounded by & reflector
and the spacing between units required to make Kerf
unity. A number of approximations are made to simplify
the calculations. Comparisons with experiment, of whilch
many are included, serve to normalize the calculations.
The code may be used with confidence for nuclear safety
applications. In addition to the dimensions and spacings
of units and reflectors, the required input includes the
material buckiing, the hare extrapolation distance, the
migration area of the fissile units, and the albedo of
the reflector.
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INTERACTION OF FISSILE UNITS
A Computer Code - INTERACT

INTRODUCTION

Figsile material encountered in operations performed outside of
reactors usually exists as discrete units. In some cases, for example
in storage, units may be identlcal and may be regularly spaced. In
other cases, for example in a process line, units may have different
sizes, shapes, and compositlons and may be irregularly spaced. In all
cases, reflectors may be actually or potentlally present. A survey of
normal and credible abrnormal conditions, such as is required tc estab-
lish the nuclear safety of an operaticn, therefore generally requires
reliable estimates of the interaction within groups of units and
reflectors,

Although the general calculation of Interaction is a complicated
problem, a few reasonable, simplifying approximatiocns can be made that
greatly reduce the complexity. Absolute accuracy ls not of prime
importance since, regardless of the degree of exactness incorporated
in a method, its reliability should be established by comparison with
experiment. Discrepancies between experiment and calculations can be
factored into later calculations as a normalizing parameter.

A simple, practical method for computing interaction was developed
several years ago at the Savannah River Leboratory, and has been in
use ever since. Many comparisons have been made with experiment.
Although computer codes were written to perform the calculations, they
were restricted to the geometrical part of the calculaticns. These
codes, which have not previously been described, have ncw been incor-
pofated in a single over-all code, which performs not only the
geometrical part of the calculation, but which also for many cases of
interest computes kgpr for a specified group of fissile units and
adjusts the spacing between units so as to make Kgpp unity.

SUMMARY

The INTERACT code for computing k. rp for groups of figsile unite
and for computing "ecritical' spacings corresponding to a k.pp of unity
is described; the FORTRAY listing is also given. The baslc assumptions
in the code are:

e« For calculating the probability of transmission from one unit tec

ancther, the current transmitted from a surface is assumed to be
uniform over the surface and to have an engular distribution per

s
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unit solid angle proportional to the cosine of the angle between
the directicn of neutron travel and the normal to the surface.

¢+ For calculating Kgpf, transmitted anhd received currents are
assumed to have the same surface distributions, the calculatlon
is made one-dimensional, and the same spatial distribution is
assumed for neutrons of all energies (one-group approximation).

The code can perform calculations for groups of slabs, cylinders,
or spheres. Options are avallable for several groupings of slabs.
The required input consists of dimensions and spacings of units, the
reflector aibedo, the material buckling, the bare extrapolation dis-
tance, and the migration area. The code can be limited sclely tc the
calculation of transmission probabilities, if desired.

The code is satisfactory for use in nuclear safety calculations
provided care is taken nct to underestimate the reactivity of a unit or
the albedo of & reflector, Tables I-XIZI give numerous comparisong with
experimental critical ccnfiguraticns, expressed in terms cf the Keff's
that the experiments are calculated tc have, A study cf the tables
cerves to indicate calculated values cf Xgep that shculd be consldered
safely subcritical fcr situaticng similar to those included in the
tables. Scme general cbservaticng may be made as follcws:

* No values cof kopp <0.9 have been calculated and only a few <0.95.

¢ The low values occur with small bare groups at close spacings
and presumably result chlefly from the nonconservatism of the
assumption of uniform current. There is also some indication
that the calculated values of kgpp decrease as the size of
units relative to the critical size of a bare critical unit
decreases,

s keff tends to increase with group size, presumabiy in part
hecause of the conservatism in the manner of allowing for
shielding within a group.

+ For slabs, kepp increases and then decreases ag the spacing
increases,

« For pairs of cylinders, excepl 1n some cases at contact,

« Except at contact the interaction between a 12l-cem-long, 1hb.l-cm-
thick slab snd a 25.4-cm-diameter cylinder, parallel to the siab
at its center and having the same height, is calculated guite well.




DISCUSSION
Description of Method
The problem is dlvided into:

» Purely geometrical calculation of the probabilities of neutron
transmission from each unit in a group to each of the other
units (including reflectors). '

s (Calculation of the criticality factor of a unit from a
boundary condition expressed in terms of the ratio of the
neutrons entering the unit to the neutrons leaving the unit,
25 determined by these probabilities.

This divigion of the problem can always be made without intro-
ducing any approximation, but it results in a simplification only if
spproximations are made regarding (1) distribution of neutron current
over transmltting and receiving surfaceg, and (2) angular distribution
of neutrong transmitted from an element of surface.

Approximations made here for performing the geometrical calcula-
tion of probability of transmission from one unit to another are:

» Transmitted current is treated as uniform over the entire surface
of & sphere cor cylinder and over elther of the two principal
surfaces of a slab.

¢ Probabllity per unit solid angle of neutrons being transmitted

from an element of surface at an angle 9 with respect to the

normal to the element is EE%—Q,

The reasonableness of these approximations has been discussed
elsewhere!®’, TFor a slab and along the length of a cylinder, the
assumption of a uniform current tends tc compensate for ignoring the

actual skewness of the angular distribution.

Criticality calculations are made in one dimension only, i.e.,
radlal for a sphere or e¢ylinder, or perpendicular to the two principal
surfaces for a slab. If a slab 1s so oriented that neutrons are
transmitted to an end as well as to its principal surfaces, the neutrons
are treated as though they all enter the principal surfaces; neutrons
transmitted from the end to other units are treated as though they were
transmlitted from the principal surfaces. Separabllity is assumed in

slabs and cylinders, andﬂginite transverse d%mensions are allowed for
b bt ; | S 2 o T £ the material
y subtracting Bz_ (H+254 )7 and Bg (T+28L )2 rom the eria




buckling, where Sy and Sy are appropriate extrapolation distances.
Transmitted and receilved currents are assumed to have the same surface
distributions.

Some care must be exercised 1n applylng these spproximations.
For closely spaced units, current is clearly greater on portions of

surfaces faclng each other than elsewhere. Conservatlive approximatlons

(guch as subdividing units) could be introduced to allow for this
effect., There are, however, sufficlent experimental data now avall-
able to permit estimates to be made of its magnitude.

Geometrical Calculation

On the bagiz of these approximations, the probability, ij’ that
neutrons emitted from a surface, k, reach a surface, J, is

coB 93 cos ek dAJ dhy
P = T (1)
Jx MR Ay
AJ Ay

dA4 cos 8
where A, is the entire area of transmitting surface and ——J~—§g——i

is the element of solid angle subtended by an element of recelving
surface, dAJ, at dAx. Integration is carried out over the entire
transmitting and receiving surfaces. This quadruple integral has been
evaiuated for a number of cases snalytically, and for others has been
reduced to a double integral, which can be evaluated numerlecally by
quadrature.

Analytical Resultsf?®)

For two infinitely long parallel rectangular surfaces having
height, h, and separatiocn, 2,

p = 41+ (s/h)% - e/n | (2)

For two parallel coaxial discs having fransmitter and recelver
radii, a and b, and separation, s,

o s O/n" ¢ Go/ar -V [3 - e - ] SR N

For two perpendicular rectangular surfaces having transmitter
height, 2a, and length, 2h; having recelver width, 2d, and length,

2g; having a separation, b, between the lower edge of the transmitter
and the plane of the receiver; having & separation, f, between the

centers of the transmitter and receiver measured in the common direc-
tion of 2h and 2g; and having a separation, e, between the projection




5 . h h®
p=l+3 " N1+ (5)

A similar spproach can be used when a reflector surrounds an
array. The probability of reaching the reflector is unity minus the
sum of the probabilitles of reaching other unite; the probability of
transmission from the reflector to the unit 1s the product of thils
probsbility and the ratio of the area of the unit to that of the

reflector.

Double Integrals

For a pair of spheres having radius, a, and center-to-center

geparation, d, Equation (1) can be reducedt2? to
1 1 % (y)
p =2 I J [v(x,y) + W(x,y)]dx dy (6)
y)
where

= tan-! J[ y-a/d) Y1-x= + x \Il-?]i -1

vix
(%, 5 1-2ay/d

) _ NTBay/a N2 (eray? )2 - (VO () - x(y-a/a)]®
[(y-a/d) Ji-% + x ‘\}l-?]a f ' ;’

wix,¥y

The lower limit 1is

-a(y-a/d)/a + N1-y*> Yi-2ay/a
a?/d% + 1l-2ay/d

XJ.(Y) =

When yg28/d, x{y) = 1; when ¥y > 2a/4d,

a(y-a/d)/a + Vi-y* V1-2ay/d

%2 (y) = aZ/a% + l-zay/d

For a pair of cylinders having height, h, radius, a, and axls-

to-axls separation, d Cw
1 1 tan"‘[ h/e ] o
’ 2 2 2 2 ! |
p = _é}ﬂ_a_j J VaZ/a® - (utv)® - V i-u® - V1-vEl 5. ¢ (7) e
2 Ja NaB /a2 - (wiv)?
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of the transmitter on the plane of the receiver and the center of the
recelver,

1 -1 G(z,z!

p = Snah_§:~[G(Z:Z‘)H(x,y’) tan™ N

G(z,2')2 log G(z,z')2 + H{x,y')?

+
4 _ G(z,z')2

- H(x,y')% log G(Z’Z')E( + H():-:yr)z] (4)
' Hix,y'

where

alz,z') —z 4+ f -z
H(x,y' )2 = (x4+e)® + (y'+a+b)?

Summation (with proper reg:-d to'sign) is over the 16 terms resulting
from evaluating this quadruple integral at the limits

-a and a for y!'
-h and h for z!
-e {or -4 if e >d) and d for x
-g and g for =z

The probability of neutrons belng transmitted from a rectangular
surface having height, 2a, and length, 2h, to an identical paraliel
rectangular surface separated from it by s dlstance, 24, 1s clearly
obtalned by subtracting from unity twice the sum of the probabllities
of reaching perpendicular rectangular surfaces, one having s height,
2a, and a width, 24, and the other a width, 24, and a length, 2h.

For each case, Equation (4) reduces to only three terms.

Evaluation of Equation (1) by subtracting from unity the proba-
bilities of neutrons reachling surfaces other than the recelving surface
of interest 1s frequently useful, For'example, the probabllity of
transmisslon from the inner surface of a cyllinder to 1ltself is obtalned
by subtracting from unlty twice the probabllity of reaching the disc
capping either end. TFrom the reciprocity inherent in Equation (1),
this latter probabillity is obtained by subtracting from unlty the
probability of transmission from one dilsc¢ to the other and multlplying
the result by the ratio of the areas of the disc and cylinder. The
resulting self-transmission probebllity for the inner surface of a
cylinder of height, h, and diameter, 4, 1ls

IR S SR R TOORE 0 B i sy civai




If the cylinders are infinitely 1on%, the integral can be evaluated
analytically, as Carlvik and Pershagen'®’ show, ylelding

p = T:[‘r[sin‘l _Eag - tan (l sin”? 2a )] (8)

b
e
i
.
¥

s

2 d

Approximation | : .ﬁ

<
In cases where evaluations of Equation (1) are not avallable, .

various approximations can be made. From symmetry consideratlons, the

probability of transmission from a sphere to another surface must be

at least as great as the fractlon of 4ot steradlans subtended by the

other surface at the center of the sphere and from an infinite e¢ylinder,

at least as great as the fraction of 27 radians subtended at the axis.

Spheres can be approximated by cubes and cylinders by parallelepipeds, and

Equation (4) can be used to obtain the transmission probabllitles.

For palrs of identical cylinders or spheres at small separations, this

procedure overestimatescl) the transmission probabillties.

In arrays, nearer nelghbors may partially block the path to more
distant neighbors. Various schemes can be used to estimate the
resulting reduction in transmission probabllity. The scheme used here
is to extend the array conceptually to 1nfinity and to assume no block-
age for successively more distant nelghbors (except for those completely
blocked from view) until the sum of the probabilities totals unity,
after which more distant neighbors are assumed to be totally blocked
from view. A reduction of the last probabllity incorporated in the
sum is generally required to meke the sum exactly unlty.

Criticality Calculations

There 1s no restriction on the number of neutron energy Eroups
that may be employed with this method. In view of the spproximations
beling made, however, use of many groups cah hardly be Justified. Where
reflectors are involved that alter the energy spectrum, there would be
gome adventage in using at least two groups. In the present treatment
a silngle group is used, 1l.e., the spatlial shape of the flux is assumed
to be the same for all energles.

The total current Ji‘ (1,e., the current integrated over the
surface) received by each surface, 1, is given in terms of total trans-
mitted currents, Jj+s and transmisslon probabilities, pyy» by

N
Ji_=jzlpij 3yt 1 = 1,N (9)

where N 1s the number of surfaces involved, (Unless the surface is
concave, pyq is zero.)

- 1] -
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For & unit to be critical the ratio of Ji“ to J1+ must have &
gefinite value depending on the composition and dimensions of the unilt.
A reasonable approximation(l) is

& + 2~ Vo
= 3= (10)
Vv

¢¥F4

rS
|

ol
=

where ¢ and V¢ are the flux and 1ts gradient at the gurface and = 1s
the transport cross sectlon. It 1is convenient to express I in terms
of the bare extrapolation distance, Sos; by making use of the fact that
J- = 0 for an isolated surface and to introduce the critical extrapo-
lation distance, S, to obtain a symmetrical expresslon for By = Ji'/Ji+,
where for a sphere 8 = m/By - R, for a cylinder § = 2,4048/B,. - R, and
for a slab 8; = n/Bx - T - 82 snd where R 1s the critical radius, T
the critical slab thickness, and S, the extrapolation distance at the
opposlte surface. The resulting expressions for slab, cylinder, and
sphere are:

sin B, (S:-8¢)
By = x 720 (11a)
sin Bx(S,+S¢)

Jo(2.4048-Bp8 ) Jo(2 . 4048-ByS, )
I, (2. 4048-B.8S J,(2.4048-B,S
E‘j_ - .1( ¥ ) 1( T 0) (llb)
Jo(2.4048-By8) . Jo{2.5048-BySe )
J,(2.4048-ByS) J,(2.4048-B,85)
T - ByS _ ' 7 - BrSo
1 + (m-ByS) cot ByS 1+ (7-Bp8o ) ecot BySo
{11c)

Py = n - BpS . 7 - BrSo

I + (n-ByS) cot BpS 1 + (m-BySo) cot BySo

For a slab, the @i at its two surfaces are necessarily related so that
1f B, is specified B, 1s given by

sin 2By (8-8c) - B, sin 2Bx 8§
Br = £ F 2 = (12)
sin 2By § - P1 sin 2Bx(8+Sc)

where 28 =

- 12 -

— e e v it g e e i -
: T T B TR oty e AR
! T




With the introduction of B4, Equations (9) become
X +
D (Biydyg-pi4)d5 =0 L= LN (13)
J=1

which are homogeneous in the Ji+; hence a solution 1s obtained by
finding the appropriate values of £y that make the determinant of the
coefficients of the Ji+ zero., When idintical units oecupy symmet-
rically equivalent positions, thelr Jq are all equal, as are their
J1~; hence the number of equations can be reduced to the number of
symmetrically different positions. If all unlts are different, the
p4 for all units except one can be evaluated from thelr composltions
and sizes by Equation (11) and the value that P for thls unit must have
in order that the group be critical is determined from the reguirement
that the determinant be zero. For a group of ldentlcal spheres,
eylinders, or slahs treated as though they are symmetrical by settlng
B, =p, = sin Bx(3-S¢)
1 772 7 sin By(8+84)7
maximum elgenvalue of the matrix of coefficlents.

the B{ are all the same; P4 is then the

By definition, B4 is the albedo that the medium surrounding a
surface must have 1f the unit is to be critical and oy = B;" is the
albedo of the surface as determined by the slze and composition of the
unit. TFor reflectors, the appropriate albedo may be difficult to
caleulate. If, however, the extrapolation distance 1s known when the
reflector is in contact with a unit, the albedo of the reflector can
be obtalned from the relaticn

Although the extrapolation distance is Insensitlve to 'the radius
of curvature of the reflector, the albedo 1s not; and corrections for
changes in curvature should be made. Where a reflector surrounds an
array, 1t 1s simplest to assume a flat surface and to use Equatlons
(11a) and (1%) to determine 1ts albedo.

In general, B as obtained by Equation {13) will not equal B as
calculated by Equatlon (11) from the size and composition of the unit,
i.e., S as obtained from Equations (11) and (13) will not be consistent
with the actual gzize of the unit. It is convenlent to calculate a
geometric buckling from this 8 and the actual dimenslons and to calcu-
late keff as

2 2
1 + M®By

K opp =
eff 1+ MEBga (15)

- 13 -




where Bp,® 1s the materlal buckling and MZ is an appropriate migratlon
area,

By comparing the kg rp 80 calculated for a unit within a group with
values calculated for units in similar groups found experimentally to
be eritical, a Judgment can be made as to whether the group would be
suberitical. Dimensions, spacings, and compositions can be adjusted
until kgee has the deslred value. .

Description of Code

The INTERACT code listing is given in Appendix A. The main
program serves to exerclse input and output options and to call the
appropriate subroutine., It hag three principal gubroutines: SLAB,
CINDR, and SPHERE. As the names imply, calculations for groups of
glabs, cylinders, or spheres are made 1n these subroutines.

In SLAB there are options for twelve different groupings of slabs;
a thirteenth option simply evaluates Equation (4) for a general case.
Other groupings of slabs can easily be added with additional coding.
Evaluations of Equation (4} are performed in Subroutine NTRCT. Modi-
fications in the initial spacing to make k.pe unity are made with
Subroutine SEP,

CINDR performs calculations for a group of identical cylinders,
which may or may not be surrounded by a reflector. The evaluations of
Equation (7) are performed in CLDRCT by 16-point Gaussian guadrature
or, where appropriate, by Equation (8). The maximum elgenvalue of the '
matrix of coefficlents of the currents transmitted from the cylinders
is calculated by Subroutine MAX., Subroutine SEP 1s used in modifying
the initlal spacings so as to make kgep unity. A Bessel function

subroutine is required for Kkerr calculations.

SPHERE performs calculations for a group of identlical spheres,
which may or may not be surrounded by a reflector. The evaluations of
Equation (6) are performed in SPHRCT by ll-point Lagrange interpolation
of the amounts by which the ratios of Gaussian quadratures of Egquatlon
(6) to the corresponding solid angles subtended by one sphere at the
center of another exceed unity. This approach is taken because many
evaluations of the integral may be required and double 1l6-point
Gaussilan quadrature (256 evaluations of the integrand ) consumes too
much machine time. The maximum eigenvalue and adjustments 1in the
initial spacing are obtained with MAX and SEP.

- 14 -




Input to INTERACT

As many cards are used as are requlred by the information being
supplied. Each card 1lg begun at the left. Cards that apply only to
certain types of problems should be omitted for other types. The cards
must be read onto an input data tape (Tape 5). The code 1s designed
to be run on a monitor system on the IBM 7OL,

Format Data

1415 Ic(t), I = 1,5
IC(1) denotes unit type
IC{1) = 1 denotes a group of slabs
IC(1) = 2 derotes a group of cylinders
1¢(1) = 3 denotes a group of spheres

If IC(1) = O, the program calls EXIT

Ic(2) describes type of problem

For IC(1) = 1, IC(2) = 1 denotes two bare, parallel,

identical slabs

[}

denoteg two bare, parallei,
slabs, one twice as thick as
the other

I¢(2) = 3 denotes three bare, parallel,
identlcal slabs

]
n

c(2)

Ic(2) = 4 denotes two bare, perpendicular
ldentical slabs in L 'conflguration

I¢(2) = 5 denotes two bare, perpendicular
slabs, one twilce as thick as the
other in L configuration

1t
[S)1

Ic(2) denotes two bare, perpendicular

identical sglabs in T configuration

1¢(2) = 7 denotes two bare, perpendicular
slabs, one twice as thick as the
other, in T configuration

Ic(2) = 8 denotes three bare, parallel
slabs, center slab twice as thick
as the others

1c{(2) = 9 denotes two bare, parallel,
identical discs

DY R W o R TN D BER A




Format Data

IC(Q) = 10 denotes three bare, parallel,
identical discs
IC{2) = 11 denotes a slab parallel to =z
reflector having equal area
Ic(2) = 12 denotes a slab parallel to a
reflector having nine times
the ares
Ic{z) = 13 denotes general evaluation of
Equation {4)
For IC(1) = 2, IC(2) = O denotes an array of cylinders
For IC(1) = 3, IC(2) = O denotes an array of spheres

IC(2) = 1 denotes an array of ¢ylinders
to be treated as spheres

IC(3) denotes number of comment cards (maximum of 9)

IC{4) denotes number of axis-to-axis or center-to-center
spacings, expressed as squares of multiples of the
minimum spacing, to be read for arrays of cylinders
or spheres. If IC(4) = O, the spacings from the
previous problem are used,

IC(5) denotes format to be used for reading WUF. If
Ic(5) = 0, format is 6F2.0, 60F1.0; otherwlse 1t f
is 24F3.,2

1246 Problem description or other comments. The number of cards
to be reasd is IC(3)

14F5.0  (8DU(I), I =1, IC(4)), (WDI(I), I =1, IC(4})

Applies only for cylinders and spheres. 8SDU denotes sgquares
of the ratlcos of axlis-to-axlis or center-to-center spacings
between units to the mlnimum spacing arranged in increasing
order. WDI denotes the number of units at each spacing in
an infinite lattice formed by extending the lattice under
conslderation.

8F5.2, DH, DL, SP, DW, AR, S0, SH, SL, B, AM

2Fi0.5 Applies only for slabs. For IC(2) < 13, DH = slab height,
DL = slab length, SP = surface-to-surface separation, '

- 16 -




Format

Data

215,
7F5 -2’
2F10.5

215,

3¥10.5,
2F5 .2,
2F10.6

215,

TF5.2,
2F10.5

14¥5,0

DW = slab thickness, AR = reflector albedo, 80 = bare extrapo-
lation dlstance, SH and SL = extrapolation distances on helght
and length, B = material buckling, and AM = migration area.

For IC(2) = 13, DH = transmitter height, DL = transmitter
length, SP = recelver width, DW = separatlon between lower edge
of transmitter and plane of receiver, AR = length of recelver,
80 = separation between centers of transmltter and receiver
meagured in the common direction of their length, and SH =
separation between projection of transmitter on plane of
receiver and center of receiver., If DH = O, IC card is read next.

N, NX, DIA, HU, SR, SP, AR, 80, SH, B, AM

Applies only for eylinders. NN is number of symmetrically
different positions, NX is number of units in group, DIA

is diameter, HU is height (1f height is infinite, HU = 0),

8R 1s surface area of any surrounding reflector, SP is minimum
axls-to-axis spacing, AR is reflector albedo, 30 1ls bare
extrapolation distance, SH is axial extrapolation dilstance,

B is material buckling, AM is migration area, If NN = O,

IC card 1s read next.

NN, NX, DIA, SP, SR, AR, SO0, B, AM

Applies only for spheres. NN is number of symmetrically
different positions, NX is number of units in group, DIA 1is
diameter, SP is minimum center-to-center spacing, SR 1is
gsurface area of any surrounding reflector, AR is reflector
albedo, SO is bare extrapolation distance, B 1s materlal
buckling, AM is migration area., If NN = O, IC card 1s

read next. ;

KN, NX, DIA, HU, VOL, TH, S8TS, AR, 80, B, AM

Applies only for cylinders to be treated as spheres. NN 1is
number of symmetrically different positions., NX is number of
units in group, DIA and HU are external dlameter and height
of cylinder, VOL is internal volume, TH 1s wall thickness,
878 is surface-to-surface separation, AR is reflector albedo,
80 1s bare extrapolation distance, B is material buckling,

AM is migration area. If NN = 0, IC card is read next.

(wsT(I), I = 1, NN)

Applies only for cylinders and spheres and only if NX differs
from its value in the previous pyoblem, WST 1s number of
units in each of NN symmetrically dlfferent posltions.
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Format Datsa

652.,0,  (WUF(I,Jd,K), I = 1, IC{4))

6O§i'o’ Applles conly for cylinders and spheres and only if NX differs

24F3.2 from its value in the previous problem. WUF 1s the number

(Depends‘Of units in poslticn K transmitting to units in symmetrically
equlvalent positions J separated from K by spacing I. There

on
10(5)) are NN x NN cards 1n the deck to be read.

For each K, starting With 1, J runas from 1 through NN,
Appendices B, C, and D 1list values of WUF for several arrays
of spheres and cyllnders.

All dimensions are in cm, buckling is in cm™ 2, and migration
area in c¢cm®, If B = 0, only the geometrical calculation 1ls performed;
and parameters not needed (DW, SO, SH, SL, B, AM) may be left blank.
Following a problem, the next card read is either an IC card as indi-
cated above or a card for ancther problem of the same type.

Output from INTERACT

The output consists first of the code title followed by any
comments that may have been read in. Next is a statement of the type

of problem being run.

For slabs for which IC(2) < 13 the dimensions are listed, the
initisal and critical separations, four transmission probabllities
correspending to the eritical separation, the material buckling, the
migration area, the bare extrapolation distance, the critical extrapo-
lation distance (average value for two principal surfaces; refers to
larger slab when thicknesses differ), the extrapolati¢n dlstance
corresponding to the critical separation (should equal the critical
extrapolation distance if problem converged), reflector albedo, and
korf corresponding to initlal separation,

For I¢(2) =1, 2, 3, 8, the first transmission probability is for
transmission from one parallel slab to another, the next two are for
transmission to the perpendicular rectangles enclosing the space
between the glabs, and the fourth ls zero. For IC(2) =9, 10, the
first probability is for transmission from one disc to another, and
the others are zero. For IC(2) = 4, 5, the first probability is for
tranemission from the slab having {twe surfaces involved to the other
slab (having only a principal surface involved) as though all neutrons
were transmitted from the larger (perpendicular) surface, the second
probability is for transmlssion from the larger surface only, the
third probabllity 1s for transmission from the smaller (parallel)
surface treated as though the neutrons came from the larger surface,
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and the fourth probability ls zero. TFor 1¢(2) = 6, 7, the first
probability is V2 times the sum of the next two and represents the
square root of the product of the f's for the prilncipal surfaces of

the two slabse involved in the interaction; the second probabllity is
for transmission from elther large (perpendicular) surface of the slab
having three surfaces involved to the other glab (having only a princi-
pal surface involved); the third is one-half the probability for
transmission from the small (parallel) surface treated as though the
neutrons came from a large surface, and the fourth probabllity 1s zero.
For IC{(2) = 11, the first probability is for transmission from the

glab to the reflector snd back; the second probability 1s for trans-
migsion from the slab to the reflector, and the third and fourth are
for transmission to the perpendicular rectangles enclosing the space
between the slab and the reflector., For Ic(2) = 12, the first prob-
ability is for transmission from the slab to the reflector and back,
the next two are for transmission to a reflecting slab off-set by the
s1lab helght and by the slab length, and the fourth is for transmission
to a reflecting slab off-set by both the height and the length.

@
Ei“f

o e

For slabs for which IC(2) = 13, the output consiste of transmitter i
length, transmitter height, receiver length, recelver width, separation :
between lower edge of transmitter and plane of recelver, geparation
between projection of transmitter on plane of recelver and center of
receiver, separation between centers of transmitter and recelwver
measured in common directlon of thelr lengths, and the transmission
probability.

For cylinders the output consists of the number of cylinders, i
the ratio of height to dismeter, the initial ratlo of diameter to
minimum axis-to-axls spacing, the final ratlo (eritical ratio if
problem converged ), the ratio of the area of the reflector to the
area of the curved surface of & cylinder, the reflector albedo, the
final eigenvalue for the group, the materisl buckling, the migration
ares, the bare extrapolation distance, the critical extrapolation
dlstance, the final extrapolation distance, and keff for the initial
spacing. :

For spheres (or for cylinders treated as gpheres) the output
consists of the number of units, the initlal and final (eritical 1if
converged ) ratios of diameter to minimum center-to-center spacing, the
ratioc of the area of the reflector to that of a sphere, the reflector
albedo, the final eigenvalue for the group, the material buckling, the
migration area, the bare, critical, and final extrapolation dlstances,
and K.pp for the initial spacing.

If the buckllng is zerc so that only the geometrical part of the
calculation 1s performed, all unused parameters are left blank.
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Comparison with Experiment

A large number or critical experiments have been performed with
groups of interacting unlts and most of the data have been complled
in a recent publication(*’). Comparison is made here (Tables I-XII)
in terms of calculated and experimental critical separations (taken in
some cases from the original reference rather than from the compilation)
and in terms of K,pp calculated for the experimentelly critical group.
The value of Xypy 18 somewhat dependent on the value of MZ used. A
different migration area, M'Z, would give a different k' r¢,

2
(kgpp-1)M'2Bp

kepp + M'ZB,® (15)
(kgpp-1)M'2 |
(kgpp + M'ZB,2 M2

Klopp =

1 -

but for keps near unity the dependence on M® 1s small.

Calculatlions are of course dependent on the reactivities assumed
for individual units. A careful attempt was made to choose Bme and
S, consistent with experiments performed with bare isolated units so
that most of the discrepancy between calculation and experiment
results from the method of calculating interaction. The choice is
not a unlgue one, however. Once S, ls selected, Bp® is determined;
but various Sy may be chosen. One would hope to choose S, such that
Bp? would be independent of shape, but this 1s probably an impossible
goal., The dependence on 85 is falrly small, however, as can be geen
from Tables T and X, A larger value of B8y tends to give greater
kers's and critical spacings.

In calculations for solutions the actual separations between
solutions were used and vessel wealls were ignored (i.e., treated as
yacuum), Groups involving thick and thin slebs were assumed to contain
slabs of a particular thickness and slabs of exactly half this thick-
ness. No comparisons of calculations and experiments with three
dimengional arrays of units are included since such comparisons have
recently been published!2s3)., The cylinders of solution in Table X
were all assumed to have diameters of 15.24 cm although in the experi-
ments thls was the outer diameter of some of the containers, In the
calculations for the interaction between a slab and a cylinder
(Table XII), the cylinder was treated as a square cylinder having the
game volume in computing the probability of transmisslon to the slab;
this probabllity was multiplied by the ratlo of the actual slab and
cylinder areas in computing the probability of transmisslon from slab
to cylinder,
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TABLE T

Parallel 15.1- and 7.6-cm-Thick Slabs of
Solution Containing 76 g 2%5y/1(4)

Bp® = 0.023306 em™%, M? = 32 em?, S; = 3.0 cm

Separation, cm

Configuration Ht, cm Exptl. Calc. . . Eepr
1- 3 2k.9 0.6 0.4 0.997
32.4 5.7 7.1 1.010
4L .6 15.9 20.9 1.017
45.0 15.9 21.4 1.019
58.2 31.1 39.3 1,013
58.6 31.1 3%.8 1,014
59.7 31.1 41,5 1.016
65.8 38.7 50.7 1.014
68.3 46,4 55.0 1.008
83.1 76.8 81.5 1.002
86.7 76.8 88.6 1.004
92.5 76.8 99,8 1.008
93.5 76.8  101.9 1.008
113.8 107.3 163.2 1,007
i-1-1% 19.6 0.6 0.1 '0.994
by 2 26,0 32.4 1.019
62.5 51.4 63.9 1.015
81.5 81,9 102.1 1.010 }
1-1 25,4 5.7 8.0(8.2)'8) 1.016¢1.021)(8!

32.8 15.9 21.5{21.3) 1.023(1.024)

44 .9 38.7 51.4{50.7) 1,020(1.020)

50.3 51.4 67.5(66.5) 1.,018(1,017)

59.7 76.8 99.6(98.1) 1,014(1.013)

73.2 122.6 155.5(151.8) 1.009(1.008)

82,1 168.3 201.9(201.9) 1.005(1.005)

1-3%-3 25.5 0.6 0.5(0.8)'®) 0,998(1.001)"8!

34 .4 3.2 3.8(3.8) 1.006(1.007)

58.8 8.3 10.6(9.9) 1,016(1.014)

85,5 2.1 15.7(14.4) 1,020(1.015)

107 .4 14,6 18.8(17.1) 1.,020(1,015)

120.4 15.9 20.3(18.4) 1.020(1.014)

{a) Values in parentheses calculated with 85 = 2.5 cm,
By = 0.025585 cm~*
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TABLE II

Parallel 7.6-cm-Thick Slabs of ;
Solution Containing 480 g 2°5y/1(%’ '

| 4
BpZ = 0.031330 em™2,"M® = 32 em®, Sp = 2.5 em 5
- Separation, em g
Configuration Ht, ecm Exptl. Cale. Kepsr e
-3 33.4 0.9 0 . 0,988

4y 5 3.2 2.3 0,992

59 .4 5.7 4.8 0.993

~67.,0 7.0 5.8  0.992

TABLE III

Perpendicular 15.1- and 7.6-cm-Thick Slsbs of
Solution Containing 79 g 235y/1!4)

B2 = 0.023438 cm™@, M® = 32 em®, So = 3.0 em

Separation, cm
gonflguration Ht, cm Exptl. Calec. Kepp

1 -1 (1) 5.2 3.4 k.9 1.003
53.8 9.1 20.1 1.015

67.4 244 48.6 1.017 |
82.8 47.2 89.7 1.01%4
84.1 52.3 9%.3 1.013
87.8 62.5 107.8 1.010
i .1 (1) 79.3 9.1 6.0 0.998
9k.g 244 24,k 1,000
105.7 47.2 47.2 1,000
1-1() 56.9 1.5 25.7 1.020
71.3 16.8 90.0 1.026
76.6 29.5 129.6 1.023
79.6 37.1 168.7 1,022
84.6 57.4 285.3 1,018
88.9 T77.T7 - 1.015
£ -1 (L) 97.9 1,5 28.3 1,006
102.4. 16.8 40.8 1.004
- 20 -
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TABLE IV

Parallel Slabs of Uranium Metal(+)
ByZ = 0.08258, M® = 15.7, 8o = 2.1 em

Surface Separation, cm ;
Dimensions, em Thickness, em Exptl. Calc,’ eff ¥
20.3 % 25.4 4,76 0.3 0.5 1.003
(Two slabs )’ 5.08 1.0 1.% 1,008
. 5.40 1.6 2.k 1,014
5.71 2.4 3.4 1.018
6.03 3.2 4.6 1.022
6.67 5.2 7.2 1,026
6,98 6.4 8.8 1.027
T.30 8.0 10.6 1.026
7T.62 9.9 12.8  1.024
7.94 12.5 15.7 1.020
38.1 (dia) 4,158 1.2 1.9 1.009
(Two slabs) 4,46 2.5 3.8 1,017
477 3.9 5.9 1.023
5.08 5.6 8.0 1.028
5,38 7.4, 10,5 1.032
.72 9.6 13.5 1.035
6.00 12,13 16.3 1.032
6. 34 15.7 20,6 1.031
27.94% (dia) 4 .46 0.3 0.6 1.005
(Two slabs) 4,77 1.2 1.8 1.011 |
5,08 1.9 3.1 1.018 ’
5.38 2.9 4,3 1,022
5.74 3.9 5.9 1.029
6.00 5.1 7.2 1,028
6.34 6.5 © 9.1 1.031
6.69 8.2 11.3 1.032
7.00 10.2 13.7 1.030
7.31 12.9 16.7 1.025
17.78 {(dia) 6.69 0.3 0.5 1,004
{Two slabs) : 6.95 0.6 0.9 1.005
7.31 0.9 1.4 1.010
T.61 1.2 1.8 1,012
7.92 1.5 2.2  1.013
8.28 1.9 2.8 1.016
38.1 (d1a) 3.17 2.2 3.3 1l.017
(Three slabs) 3.81 4,5 6,6 1.032
4,4y 7.2 10.3  1.0%2
4.75 8.8 12.3  1.043 _
5.08 10.7 14.6  1.045 °
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15.1-cm~Thick Slab of Solution
Containing 79 g #°°U/1 Parallel to.a Reflector(s’é)

TABLE V

Reflector Separation, cm (al (bi
Albedo Ht, em Exptl. Cale.(1)f®) cale.(9)(b! kepp(1)'®' kepp(9)
0.475 32.3 0+ 0 0 1.000 - 1,000
(concrete ) 47.8 15.2 13.2 1h.2 0.995 C.997

69.6 45,7 40.5 47.6 0.997 1.001

80.3 68.6 B8.7 72.8 0.997 1.001

g2.2 106.7 83.5 114 .3 0.997 1.001

107.2 228.6 - 228.6 0.999 1.000
0.154 55.3 o} .0 1.000
(1.27 em 63.2 7.6 8.2 1.001
thick steel) T70.5 15,2 7.7 1.002
81.3 30.5 36.6 1,002
92.3 61.0 73.2 1.001
97.1 91.4 109.7 1.001

(a) For (1), reflector
solutlion surface;

{b} Por {(9), reflector
rectangle 3H x 3L;

surface dimensions assumed the same as those of

assumed to consist of 9 such rectangles forming a

neutrons reflected to the ends were lgnored.
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TABLE VI

Pairs of Cylinders*’
(Does not include the. pairs listed in Tables VII and IX)

M2 = 32 em®, So, = 3 cm

___Pitch, om

Dlameter, cm Bm': €W % gt em Expt). Calc. Kess
25.14 0.,027852 28.7 25.7 25.4'%" o 989
30.7 27.7 26.7 ©.996
32.8 31.5 31.2 0.999
34.3 35.3 35.8 1.001
‘35,8 41.3 42,0 1.001
37.2 50.3 50.3 1.000
38.2 59.6 59.6 1.000
39.1 75.6 73.0 0.999
0.024253 46,8 25.7 25,4021 0,991
44 .9 27.6 26.5 0.996
50.0 30.5 30.6 1.000
54,7 33.7 35.2 1.003
6.6 42.3 47.9 1.005
.5 57.0 66.3 1.00%
80.1 69.0 g1.2 1,003
0.,023878 Lo ,7 26,0 25.4(8) o 089
58.4 33.3 3%.5 1.002
67.6 41.0 43.2 1.002
76.7T 418.6 53.9 1.003
30.7 66.3 75.8 1.003
3G.0 0.024830 26.4 30,3 30.008) 0,99y
. 27.7 33.6 33.0 0.999
28.6 36,7 7.7 1.002
29.5 yo,7 45.0 1.002
30.9 60.7 4.8 1.003
31.4 0.4 131.0 1.002
31.5 120.5 179.6 1.001
31.6 135.1 370.4 1.001
31.6 150.0 411.0 1.001
0,022242 32.9 30.3 30.4 1.002 j
37.4 37.8 47.5 1.010
38.2 45,3 54,0 1,005
39.5 60,2 71.3 1.003
40.9 90,4 132.2 1.003
' . b4 120.5 - 1.002
41,4 150.0 - 1.001
0.019886 10.9 30.3 30,02 0,095
43,6 37.8 40,2 1,003
52.3 45.3 50.2 1.004
56.4 - 60.2 69.3 1.003
60.0 90.4 104.9° 1.002
61.3 120.5 137.6 1.001
61.9 150.0 150.0 1,000
3.1 0.028336 17.3 38.7 38,187 o.08¢
17.8 43.4 39.6 ¢.996
18.0 53.4 44,0 0.995
18.3 88,4 59,4 C.997
0.024757 20.1 38.6 38.1'%)  o.gm
20.8 43.4 41.5 0.998
21.0 4.1 45.2 .508
21.3 9.7 55.1 0,597
21.% 88.4 70.7 0.999
5G.8 ~ 0.030167 WF—___ 5l.1 10%.1 1.007 )
14.8 56.1 - 1,008
14.8 71.1 - 1.005
0.025380 16.7 51.1 50.8¢81 0,992
17.0 61,1 52,4 0,996
17.3 76.0 - 1.003
ia! Calculations Indlcate cyllinders would be suberitical at
centact.
- 25 -
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TABLE V11

Groups of Cylinders of l”?
Solution. Containing sbout 500 g 285y/1(4) Do

By~ = 0.030367 em™2, M2 = 32 em®, Sp = 2.7 cm
L = Linear, T = Triangular, S5 = Sguare

Plteh, em

Diemeter, Cm Confilguration Ht, cm Exptl, Calc. keff
12,7 7-T 28.7 13.6 12.7'8) 0,924
66.3 15.9 14,1 0.947

15.2 7-T 22.6 15.9 15.2(8) 0,935

33.0 18.1 16.6 0.958
51.6 20.6 19.1 0.973
83.8 23.2  21.7 0.981

20.3 2.1, 68.3 21.0 20.3'8) 0,979
3-L 45,7 21.0 20.3(8) 0,981
124.5 28,2 26.9 0.995
L7, 1.9 21.0 20,38} 5,588
96.5 28,2 e8,0 0.999
5-1, %0.1 21.0 20.4 0.992
78.7 28,2 27.6 0.996
20.3 3-T 27.2 21,0 20.3'8) 0,938
35.1 23.2  20.3'8" o 967
45,2 25.7 23.5 0.982
5.0 28 o 26.3 0.988
63.8 30.8 28.9 0.991
106.7 35.9  33.9 0.993 |
3-T 36.1 21,0 20.318) 0,967
{90°) 71.3 28,2  26.8 0.992
3-T 42.4 21.0 20.3(8) 0,969
{120°) 87.4 28,2 26,1 ' 0.993
3-8 36.1 21,0 20,38 05,967
71,4 28.2  26.8 0.992
20.3 7-T © 18,3 21,0 20.3(8) 0,043
21.6 23.2 21,1 0.962

25.7 25.7 24,1 0,977
29,7 28,2 27.1 0.988
33.5 30.8 30.1 0.99%
41,9 35.9  35.4 0.997
55.9 43,5 k2.7 0,996

5.4 2.1, 25.5 26,0 25.,4fa) 9,977
29.9 35.7 31.8 0.993
32,6 55.8 47.8 0.996
33.6 I 0.592

ta) Calculations indicate cylinders would be subcritical at
contact,
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TABLE VIII

Groups of Cylinders of Solution

Containing 84 g 295y /1 (4)

Bp® = 0.024384 em™@, M® = 32 cm?, So = 3.0 em

Pitch, cm

Dia, cm Configuration Ht, cm Exptl. Calc., kef‘f
15.2 7T 31.0 16.3 15.2'%) 0,047
56.9 8.1 17.2 0.978

105.6 20.6 20.0 0.991

20,3 3-T 1.5 21.0 20.3'®) o045
79.3 23.2 20.3'8) 0,978

20,3 7-T 28.7 23.2 22.2 0.982
45,2 28,2 28,8 1.006

89.9 35.9 37.9 1.015

119.1 - 38.%  40.6 1.014

{a) Caleulations indicate cylinders would he suberitical

at contact.
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TABLE IX

Groups of 24.l-cm-Diameter Cylinders of
Solution Containing 87 g 235y/1!4!

BmE = 0.024483 cm‘"E, M2 = 32 cme’ SO - 3.0 om "
L = Linear, T = Trlangular, 8 = Square bt

Piteh, cm

Conflguration Ht, cm Exptl. Cale. Kers
2-L 6l.2 27.0 26.4 0.998

80.5 32.1 32.8 1.002.
113.0 39.7 b2 1 1.003
137.2  44.8 47.5 1,002

3-L 56.6 29.5 30.8 1.005
84 .3 39.7 43.4 1,006
111.3 435.8 53.7 1..004
152.7 62.5 66.3 1.002

-1, 57.7 32.1 34,1-  1.007
76.2  39.7 43.6 1.007
97.8 49.8 53.6 1.004

5-L 55.1 32.1 34.2 1.008
71.9  39.7 43.% 1.007
92.0 %9.8 53.5 1.004

6-L 54%.1  32.1 34,5 1.009
88.4 49.8 53.3 1.004
2x2 -8 4o,1 32.1 32.4 1,002 }

69.1 49,8 53.7 1,007
120.4  80.3 85.9 1.003
158.8 100.6 104.0 1.001

3-T 34,0  27.0 2i 23 0,981
51,6 34,6 35.2 1,002
TL. % 44.8 b 1.005
92.2  54.9 59,1 1.004
126.2 T70.2 T4 .9 1.003
152.7 80.3 84.7 1.002

7-T 30.7 32,1 3e.7 1.005
5l.1 49.8 53.7 1.011
83.6 80.3 85.9 1.005

{8) Caleulatlons indicate ¢ylinders would be
subcritical at contact.
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TABLE X

Groups of 15.,24-cm-Diameter Cylinders of

Solution Containing 380 g 235y/1(4,7)

Bp® = 0,026822 cm™2, M® = 35 em®, 8 = 3.1 cm
T = Triangular, S = Square

Pitch, cm

Configuration Ht, e¢m Exptl. _Calc. Xerr
2x2 -8 66.9 15.9 15.2%) o.g42
108.7 16.5 15.2(8) 0,954

3x3-8" 51.5 19.4 19.6 1.006
55.0 19.9 20.0 1.003

77.9 21.4 21.8 1.007

'101.6 22.%  23.0 1.009

126.0 23,2 23.8 1.009

Yy x 4 -8 50,1 22.1 23.% 1.025
76,2 25,1 27.2 1.035

101,88 27.0 29.2 1.035

128.0 28.2 30.6 1.033

7-T 24,8 15.9 15.2(@) 0,948
39,1 18.1 17.2 0.978

69,8 20,6 20.2 0.994

99.5 21.9 21.8 0.999

76,2 28,1 30.8 1,038

101.6 = 30.6° 33.7 1.035

127.0  32.% 35.% 1.035

(a} Caleulations .indicate cylinders would be
suberitical at contact,
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TABLE XI

Groups of 24,13-cm-Diameter Cylinders of
Solution Containing sbout 890 g u(4.9)/1(8)

ByZ = 0.011970 em~2, M® = 31 em®, Sg = 3.00 em
T = Triangular, S = Square

Pltch, em
Configuration Hi, cm Exptl. Calc, Kepp
3x3-8 61.0 26,1 24,18 0.964(0.942) P!

122.0 29.6 27.3(24.3)'P’ 0.978(0.955

)
) )
2.2 30.3 28,1(2%.9) 0.977(0.954)
b x 4 -8 61.0 28.3 28.2(26.3) 0.998(0.979)
122.0  33.9 33.9(31.6) 1.002(0.979)
2.2 35,1 35.1(32.5) 1.000(0.979)
5x5 -8 . 61.0 30,0 30,7(29.4) 1.008(0.991)
122.0 37.1 39.5 (36 5) 1.015(0.996)
2.2 38.9 41.3(38.2) 1.015(0.996)

7-T 61.0 26.6 24.1'® 0.949(0.926) | ;
122.0 29.2 25.4(24.1)/8) 0,962(0.939)
2.2 29.8 25.9(24.1)'@) 0.,963(0.939)
19-T 122,0  37.9  39.4(37.2) 1.013(0.994)
42,2 39.5  L40,7(38.4) 1.010(0.989)

(a} Calculations indicated cylinders would be suberitical
at contact.

{(b) Values in parentheses calculated with S5 = 2.50 em,
Bm® = 0.012536.
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TABLE XITI

Cylinder (25.4-cm-dla) end
glab (15.1l-cm-thick, 120.6-cm-1on%)
of Solution Containing 78 & 2ssy/1(4)

S

B® = 0.024793 em~2, M2 = 32 cnf, Sp = 2.70 ¢m

Ht, cm Separation, CIf Pge _Pes Pe Ps Kers
30.7 0.7 0.355 0.235 0.360 0.231 0,934
y7.8 15.7 0.246 0.163 5.169 0.237 1.001
58 .2 31.0 0.183 0.121 0.113 0.196 1.010
66.5 46.2 0.140 0,093 0.085 ©0.153 1.010
79.3 76.7 0.087 0.058 0.056 0.089 1.006
89.2 -107.2 0.059 0.039 0.039 0.058 1.004

115.8 o Tsolated slab 1.000

147.3 o Tsolated cylinder 1.000 |
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APPENDIX A - FORTRAN Listing

PROGRAM FOR COMPUTING INTERACTION He Ko CLARK 8211-1k

ALL DIMENSIONS MUST BE IN CM.

IC{1) CONTROLS THE TYPE OF PROBLEM AND THE -INPUT REQUIRED
ICU1)=1 DENOTES AN ARRAY OF SLABS, ICt1)=2 DENOTES CYLINDERS: AND
1C(1)=3 DENOTES SPHERES.

IC{2) DENOTES THE INPUT AND TYPE OF PRDBLEM

FOR IC{1}=1, IC(2)=1 WHERE 1 INDICATES OPTION USED FOR SLABS
1=1 - 2 PARALLEL SLABS OF EQUAL THICKNESS

1=2 - 2 PARALLEL SLABSs ONE TWICE AS THICK AS THE OTHER

[=3 - 3 PARALLEL SLABS OF EQUAL THICKNESS

1=4¢ - 2 PERPENDICULAR SLABS OF EQUAL THICKNESS-L

[=5 - 2 PERPENDICULAR SLABS, ONE TWICE AS THICK AS THE QVHER-L
]=6 - 2 PERPENDICULAR SLABS OF EQUAL THICKNESS-T

1=7 - 2 PERPENDICULAR SLABS, ONE TWICE AS THICK AS THE OTHER-T
128 - 3 PARALLEL SLABS, CENTER TWICE AS THICK AS OTHER 2

1=9 =~ 2 PARALLEL DISCS

I1=10 - 3 PARALLEL DISCS

I=11 - SLAB PARALLEL TO REFLECTOR OF EQUAL AREA

[=12 - SLAS PARALLEL TO REFLECTOR OF 9 TIMES THE AREA

I=13 - GENERAL CASE DF PERPENDICULAR SLABS (REFER TO FI1G 2 OF NSE
15, PP 20-28(1963) - DH=2A, DL=2H, DW=8, S0=F, SP=20, SH=Ey AR=20G)
OTHERWISE SO IS BARE EXTRAPOLATION DISTANCE, DW IS SLAB THICKNESS,
SP IS SURFACE TO SURFACE SPACING, B IS MATERIAL BUCKLINGys AM IS5
MIGRATION AREA. UNLESS B EXCEEDS ZERO, KEFF AT SP AND GRITICAL
SPACING (IF IT EXISTS) WILL NOT BE CALCULATED.

EOR DISC DL MUST BE ZERO. FOR INFINITELY LONG SLAB DL MUST BE
NEGATIVE

FOR ICC1}=2, IC(2)=0 INDICATES A REFLECTED ARRAY DF CYLINDER:. THE |
INPUT CONSISTS OF THE NUMBER OF SYMMETRICALLY EQUIVALENT POSITIONS

{NN)}y NUMBER OF UNITS, DIAMEYER, HEIGHT, AREA OF ENCLOS ING SURFAC~-

ES, MINIMUM AXIS-TO-AXIS SPACINGs ALBEDO OF REFLECTORy BARE AND

AXTAL EXTRAPOLATION DISTANCES, MATERIAL BUCKLING, MIGRATION AREA.

fF CYLINDER HEIGHT IS INFINITE, HU 1S MADE IERQ OR NEGATIVE AND SR

1S THE REFLECTOR AREA PER UNIT HEIGHT.

FOR IC(L)=3, IC(2)=0 INDICATES A REFLECTED ARRAY OF SPHERES. THE
INPUT CONSISTS OF THE NUMBER OF SYMMETRY TYPESs NUMBER OF UNITS,
DIAMETER, MINIMUM CENTER-TO-CENTER SEPARATION. TOTAL AREA OF
REFLECTING SURFACES, ALBEDO OF REFLECTOR, BARE EXTRAPOLATION DIS~
TANCE, MATERTAL BUCKLING, AND MIGRATION AREA.

FOR IC{1)=3, IC(2¥=1 INDECAYES A REFLECTED ARRAY OF CYL INDERS T4
BE TREATED AS SPHERES. INPUT IS NN, NO, UNITS, CYLINDER DIAMETER
HEIGHT, INTERNAL VOLUME, WALL THICKNESS, SURFACE~-TO-SURFACE SEPA-
RATIONs ALBEDDO OF REFLECTOR, BARE EXTRAPOLATION DISTANCE, MATERIAL
BUCKLING AND MIGRATION AREA. (THIS OPTION IS FOR
TREATING THOMAS EXPERIMENTS AS CUBIC ARRAYS OF SPHERES)

IC(3) DENDTES NUNBER DF COMMENT CARDS

1IC(4) DENDTES NUMBER OF $PACINGS TO BE READ IN FOR C¥L AND SPHERE
IF IC{4)=0 NUMBER IS ASSUMED NOT TD CHANGE AND SDU AND WD1 ARE NOT
READ IN.

IC(5) DENOTES FORMAT FOR WUF. IF ICI15}=0, FORMAT IS 6F2.0460F1.0
OTHERWISE FORMAT I5 24F3.2 .
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THE WST AND WUF CARDS ARE READ ONLY IF NM CHANGES. NM=0 CALLS FOR
THE IC CARD TO BE READ NEXT

THE 50U ARE THE SQUARES OF THE RATIOS OF THE INTER-UNIT SPACINGS
TO THE MINIMUM SPACING IN AN INFINITE LATTICE LISTED IN ENCREASING
ORDER. THE WOI ARE THE NUMBERS OF UNITS AT THIS SPACING IN THE
INFINITE LATTICE. THE WST ARE THE NUMBERS OF UNITS OF EACH SYM-
METRY TYPE IN THE ACTUAL LATTICE. THE WUF(1,J,K) GIVE THE NUMBER
OF UN1TS OF TYPE K TRANSMITTING NEUTRONS TO A UNIT OF TYPE J SEP-
ARATED FROM IT BY SPACING 1.

301 FORMATI1415)

302 FORMATI{8F5.2,2F10.5) ,

303 FORMAT(ZI5+3F10.5¢2F5.2+2F10.6)

304 FORMATI(2I5+2F5e29s F1l04504F5,242F10.5)

305 FORMAT{215yTF5.242F10.5)

306 FORMAT(24F3.2) )

307 FORMAT(14F5.0)

308 FORMAT(6F2.0460FL.0)

309 FORMAT(24X12A6)

310 FORMAT(1IH1940XKs4L1HARRAYS OF INTERACTING UNITS He Ko CLARK)
311 FORMAT(////7)

312 FORMAT(12A6)

32) FORMAT(120HLARRAYS OF CYLINDERS. INTERACTION CALCULATED WITH CDSIN

1E DISTRIBUTION FOR CURRENT EMITYED FROM CYLINDRICAL SURFACE )

322 FORMAT{120HO NO. DIAZMIN PITCH REFL/CYL REFL FINAL
1 MATERIAL - MIGRATIODN EXTRAPOLAYTION DISTANCE INITIAL /
2120H UNITS DIA/HT INITIAL FINAL AREA ALBEDO ALBECO BU
3CKL ING AREA BARE CRIT FiINAL KEFF )

323 FORMATIIS F8.34F 9B sFTeIeFB8u2y FIatgFl0u4sFlLlob9F1lla2¢FLl3.2¢FTa24F
18424Flle %) -

324 FORMAT{120HLARRAYS OF SPHERES. INTERACTION CALCULATED WIYH COSINE
1I0ISTRIBUTION FOR CURRENTY EMITTED FROM SPHERICAL SURFACE )

325 FORMAT(L120HO NO. DIAZ/MIN PITCH REFL/SPH REFL FINAL M
LATERIAL MIGRATION EXTRAPOLATION DISTANCE INITIAL /
2120H UNITS INITIAL FINAL AREA ALBEDD ALBEDD BUCKL ING
3 AREA BARE CRIY FINAL KEFF )

326 FORMATIIS542FB8433F9.29 F13.44Fl0.%¢Fl1ab69Fl1.24F13.2+FT.2¢FBue24F11
1.4} ‘ !
327 FORMAT(9SHIARRAYS OF SLABS. COSINE DISTRIBUTION ASSUMED FOR CURRE

INT EMITYTED FROM SURFACE. TYPE 12)

328 FORMAY{120HO DIMENSIDNS SEPARATION FRACTIONS REACHI
ING DTHER SURFACES . EXTRPLTN DISTANCES REFL /
21 20H H L W INITIAL FINAL RHOL RHO2 RHO3
3 RHO4 BM*#2 M2 BARE CRIT FINAL ALBEDG KEFF)

329 FORMAT(FT.24FB8a2sFTa24FBa29F8.2,4FB8.4sFL0eb64FT42+Fba2¢2FT.2+4F6.2+F
17.31 :
330 FORMAT{120HOREFER TO NUCLEAR SCIENCE AND ENGINEERING, YOLUME 15, N

10. 1+ JANUARY 1963,FIG 2, P 23 FOR MEANING OF SYMBOLS /
2120H 2H 2A 26 2D
3 B € F RHO )

331 FORMAT{IPTELS5.4,0PFl2.4%)

DIMENSION IC(10)+CH{L08)»SDUIS0) 4WDI(50) WUF{50,10410),WST(10)
IF(SENSE LIGHT 1)1,2

1 CALL EXIT

2 CALL EFTM{16)
NTIN=5
NTOUT=6

3 READ INPUT TAPE NTIN,301,UIC{I),I=1,5)
NM=0
IP=0
IFCIC(L) 14104
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4 IF{ICT13))16,645 I
S NCW=12%IC{(3) . £
READ INPUT TAPE NTIN 3124{CH{I)sT=1,NCHW) '
WRITE OUTPUT TAPE NTOUT,310
WRITE ODUTPUY TAPE NTOUT,31t
WRITE DUTPUT TAPE NTOUT,309,{CHiI),I=1,NCW)
6 IFLICIL)=119,9,7
T IFLIC(43)9¢9:8
8 NU=IC{4)
16 READ INPUT TAPE NTINs30T({SDULIYeI=1,yNUY, (WDIIT)si=1sNU)
9 IF{IGC(L1)=~2)5041004150
0 I=1C(2)
WRITE JUYPUT TAPE NTOUT 327!
IF(I-13152,51452
51 WRITE QUTPUT TAPE NTOUT,330
G0 TO 53
52 WRITE OUTPUT TAPE NTUUT|328
$3 READ INPUT TAPE NTIN,302,DH,DLoSP.DWs AR S0, SHeSL e Be AM
Y=0e
1P=IP+1
I=0.
U=0.
Uu=0.
IF(DH) 343,54
64 CALL SLAB{I¢DHeDL sSPsOWoAR B SDsAM¢EK +SC5A+SQeYeZeUsUU»SH,SL)
IFII~13)56455+56
55 WRITE DUTPUT TAPE NTOUT 331 ¢DLsDH,AR,S5P+DWsSH.$0,Y
GO TQ 59
56 [F(BI57,5T7,58
57 WRITE OUTPUT YAPE NTOUT»329,D0Hs0LsDWeSPaSP Y, ZeUslU
60 TO 59
58 WRITE DUTPUT TAPE NTOUT329,DHoDLyDWsSP2SQs Yo ZsUsUU s ByAMeSOs5CSAy
1AR, EK
89 IF(IP-55153,604560
&0 1IP=0
G0 70 50 !
100 WRITE JUTPUT TAPE NTODUT,321
WRITE OUTPUT TAPE NTOUT,322
101 READ INPUT TAPE NTIN,305,NNyNXsDIAsHU,SR+5P, AR.SUsSH:B'AH
IF(NN)3,3,102
102 IF(NX-NM}103,108,103
103 NM=NX
XNU=FLOATF({NM)}
READ INPUT TAPE NTIN;307,(WST(I) I=1yNN)
IF{IC{5) 104,104,106
104 DO 105 K=14NN
DO 105 J=]14NN
105 READ INPUT TAPE NTIN»30B:(WUF{I4+JsK)sI=1sNU}
GO TO 108
106 DO 107 K=1,NN
DO 107 J=]1.+NN
107 READ INPUT TAPE NTIN306, (WUF(I4J4K)I=1,NU)
108 CALL CLNDR‘NN'HU'D!A'SPISR,ARQSDU'HDI'HUF'“ST'XNU'B’SD'AM'EKOSCQSA
1o5QsSHe YeNUY
IF{HUIL1L,11141012
111 RDH=0.
RSR=SR/{3.1416*XNU*D]IA)
GO 70 113
112 RDOH=DIA/HY
RSR=SR/43,1416¢XNUXDIA*HY)
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113 RDP=DIA/SP
RDQ=DIA/SQ
IP=1P+])
IF{8)IL099109,110
109 WRITE QUTPUT TAPE NTUUT'323!NN'RDH'RDP'RDP|RSR,AR:Y
G0 TO 114
110 WRIYE QUTPUT TAPE NTOUT 323 ¢NMyRDHeROPyRDQsRSRy ARy Yy ByAMy SO45Cy SAy
1EK
114 IF{IP-55)1101,115,115
115 1P=Q
GO YD 100
150 WRITE QUTPUT TAPE NTOUT,324%
WRITE OUTPUT TAPE NTOUT,325
151 IF(IC{2))152,152,153
152 READ INPUT TAPE NYINIOINNsNX,DIAsSP:SRs AR50y By AM
IFINN)343,155
153 READ INPUT TAPE NTIN305 NN NXsDIAsHUVOLTHsS5T5:AR.50,8,AM
IFINN]3,3:154
154 SP={{DIA+STS)**2*(HU+STSII**{1,/3.)
DIA=2,.,#{VOL*®%{1,/3,1/1.611991+TH)
SREFLOATFINX}*%{l./3.)%5P
SR=64*5R*%2
155 JFINX~-NM)}156,161,156
156 NM=NX
XNU=FLOATF{NM}
READ INPUT TAPE NTIN:30T,(WST{I),I=1,NN)
IF{ICI5}) 157,157,159
157 DO 158 K=iysNN
DO 158 J=1,NN
158 READ INPUT TYAPE NTIN3O0B;(WUF(T,J.,K),I=1,NU)
GO TD 161
159 DO 160 K=1,NN
DO 160 J=1,NN
160 READ INPUT TAPE NTIN.306,(WUF({I,J,K),I=21,NU)
161 CALL SPHERE(NNoDIA+SP¢SRyAR ¢ SDUWODT o WUF ¢ WST ¢ XNU By SO9 AMyEKy SC35A,5
10+ Y NU)
RDP=DIA/SP
RDA=DIA/SQ
RSR=SR/(341416%XNUSD]A**2)
IP=]P+]
tF{B)162,162,163
162 WRITE DUTPUT TAPE NTOUT,326 ¢4NMyRDP,RDPRSRe AR,Y
GD TD 164
163 WRITE DUTPUT TAPE NTOUT 326 +NMsRDPIRDQsRSR;AR,Y ¢BsAMsS0,5CsSAEK
164 IF(IP-55)151,165,165
165 IP=9
GD TD 150

- 36 -




W D + W -

60

61

62
63

64

65
66

SUBRDUTINE SLAB He Ke CLARK 8211~1K
SUBRDUTINE SLAB‘lIDH'DL'Sp!DH'AR'BOSO'AH'EKISC'SA'SQ'Y'l'U'UU'sHIS
1L}

$Q=5P

{Fi{B)24 201

IF{DL) Fe v 4
BW=SORTF{B=-{4.8096/(DH+2.%5H} ) *%*2)
GO TO 5
BH*S@RTF!B”Q-B69604‘*|1./(0“*2.*5“3*‘2+l-f|DL¢Zo*SL)**Z‘,
6D TO S .
BWeSORTF{B~9,8696044% 1. /(DH+2,.%5H) *¥%2))
SC=1.5T0T963 /BN~ 5%DNW

$A=SC

$M=1.5707963/BW

SB=0.

IK=0

AL=2,%BW%S0

BK=}l.+AM*B

TS=SINFIAL}

TC=COSFLALY

P=D.

Q=0.

IFIDL)Y6,6.7

R=0

GO TO 8

R=DH/DL

r=‘5

V=1,

GO TO {60060+60,61062¢64¢65,60067+67,68,69,73),1
$=5Q/DL

CALL NTRCTIP,QeRsSeTyVeUsZsYoslX)
GO TO 10

PW=DNW

GO TO 63

PYs=,5¢DW

P=SQ/DL

R=DL/0DH

S={0OL=-PW}/DH

CALL NTRCTIPQeRsSeToyVaWsXoYel)
P=0,

Q=.5%{DL-PW) /PW

R=DH/PHW

$=5Q/0L

v=DL/PW

CALL NTRETI(P,QeReS»ToVeWXeYsll)
Q=0.

R=PW/DH

$=5Q/DH

V=1,

GALL NTRCT{PQeRpSeToVoHeXe Vo lY)
P={DL~PW)/PNW

CALL NTRCTIP+QsR+SeToVeWyXoYoIX)
U=l.-2.‘ZZ‘ZY—lX

U=U*PW/DL

Y=1+U

G0 TD 10

PW=OW

60 TG 66

PW=.5%DW

P=SQ/DL

R=DI/DH
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67

68

69

70

Tl

72

13

‘Su,5%(DL-PW) /DH

CALL NTRCT(P,QsReSeToaVelsXa¥, 1)
Pap,

R=DH/PW

S=5G/0L

v=DL/PHW

CALL NTRCT(P+QsR+SeToVeWeXoYll)
Pz S5%{DL~PH]) /PW

R=PW/DH

S=5Q/0H

v=i. ’
CALL NTRCTE{PQoRsSyToVaWeXeYelY
Uale=2.%(22+2Y])

U=.5%UsPW/DL

Y=l.4142136%{U+])

60 TO 10

W=S0Q/DH

Y21lo 2 kHEE2=2, % UESQRTF (1, ¢+ WES2]
GO TO 10

$=5Q/DL

CALL NTRCT(PsQsRyS+TeVeUsUUel»Y)
Y=AR®ZI%%2

60 TG 10

$=50/0L

P=0.

V=1, ‘

CALL NTRCTIP,QuoReSsTiVeWeXaYV,Y)
P=1l.

CALL NTRCTI(P,QsRySeTeVelWolXe2Y,22)
R=DL/DH

S=5Q/0H

CALL NTRCTIPQeRySeToVelWZX,Y,1Y)
P=0.

Q=.5

S=,5%5Q/DH

V=2,

CALL NTRCTIP+QsRySeToVeIWaU,yY o IX)
R=DH/DL

S=.5%50/0L

CALL NTRCTIPsQeR ¢Sy T VelUU,U,Y, IW)
IF{DH=-DLIT0O,TO,T1
221le~W~12~2,%1X~YY

Uzl e=X=2Y=2,%2W-YY

GD TO 72

2zl o=X=11=2. %L XYY
Uslo~WeZY-2.%ZW-YY

P=l.

Q=0.

S=85Q/(3.2DH)

V=3,

R=DL/0H

CALL NTRCTUP,QeR,sSeToVeWoXe ¥, IW)
R=DH/DL

$=SQ/(3.+DL)

CALL NTRCTIP,QsR+SeTeVaWeXa¥oZX)
UU= o 25%( Lle=2+¥(ZW+IX+T+U) YY)
Y=AR®{YY*%242, ®(Ukk2+2hu242 , &UUHR2})
G3 10 10

P=DW/DH

Q=30/DL

S=S5P/AR
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T4
5

16
10
11
12
21
22
13
14
15
186
17
18
19

20

25
26

27

28

35
36

58
59

37
50
51
32
57
56

55
53
54

80

T=SH/ 5P

V=AR /DL

CALL 'NTRCT{P+QsRySeTeVeWeXoZ,Y)
IFLABSFIV=14)%Q+ABSF({T~o5)+P)80,74,80
IF(R=1.)T5+76, 76

Y=W

G0 TO 80

Y=X

GO TO 80

IFi8)80,80,11 ]

GO TD {12e203+03,12013913413413:12,13¢12+12) 41
FA=zTS/(TC~Y])

IF{IFA)21422,22
SAz{1.5T07963+ATANF{-1./FA)}/(2.%8¥W)
GO TO 50

SA=ATANF{FA) /(2. %BW)

G0 TO 50

SD=SA

GO TD (12:15,1651241516415915+12416412912)41
ES= SINF{BW*SA)

FC=COSF{DWESA)

GO T0 17

FS=SINFl Z.*BW%SA}

BC=COSF12.%BWk3SA)

GO TO (12+18419¢12518919918420¢12419412912),!
FA=TC=(FCEE2-FS*82) 2TS/ (2. %¥F5%F()
FAD= . 5%AWETS Z{FC*FS5)#32

GO TO 25

FA= {FS*TC-FCXTS ) /{FS¥TC+FL*TS)

FAD=4 . *BWETS/{ TCR{FS¢TSRFL/TC I ®42}

G0 TO 25

‘DEN=2.kTCHFCKES+ TSR (FCHR2~F 5%%2)

FA=(2.%FS*FC~-TS) /DEN
FAD’Z-‘BN*TS*'1o*TC*iFC**Z*FS‘*z)—Z.*TS*FS*FC)’DEN*‘Z
GO TO 25

GO YO ‘12026927712'25127128'26'12.27'12'12)'l
FB=TC+FSxTS/FC

FBD=TS*BW/PL**2

G0 TO 35

FB» {FS~TS)/FS

FBD=2,%¥BWEFC#TS/F 5%%2

60 TO 35

FB= {FC~TSY/ L TCXFC-TS*FS)
FADEBW*TS#(Le~TCRFS~TS*EC)/ {TCHFL~TSHFS ) #82
G0 10 35

SA=SD+{ Y*¥2~-FA®EB) /{FAXFBD+FB*FAD)
IF(SA-S0)136,58458

SA=,5%(50+5D)

G0 TO 13

IFISM-5A159,37,37

SA=z 5% SM+50)

GO 10 13

IFIABSF{SA-SD)=.005)50413,13

TF{IKISLe5),52
EK’BK’(1.+AH*(B‘BH**Z*9.8696044/|DH*2-*5A’**2)I
IF{SC=50)157,57,56 :

IK=10

IK=IK+1

IF{IK-10155,55,80

IF({5A-SB)53,80,53

IF(ABSE [ SA-5C)-.005180454,54

CALL SEP(D.sSCeSASBy5P5Q41K}

GO TO |60'60960t63'63v569&6060.67067'63'69'll
RETURN

END(140:0,0,0}
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14

17
12
18

19
20

21
22

SUBROUTINE NTRCT He Ko CLARK
SUBROUTINE NTRCT(P2Q¢RyS¢T+V,RHOL,RHO2,RHO3 ,RHD)
REFER TD FIGURE 5.3 DF DP=-532. P=B/2A,Q=F/2Hy R=A/Hy $=D/G»
T=E /20, V=G/H. FOR PARALLEL RECTANGLES P20, Q=0, T=,.59 V=1y AND
RHO3=1-2%{RHOL+RHD2)

FSTF{W,1)aWe+Qq=1

SNDFIYy X}z (Y4, SEA4PEA) X224 L X+ YRBET) #52
RHHF(H.Z.V,*&SIFSTF(H;Zt‘SQRTF(SNDF(YsﬁlP'ATANFIFSTFIHnllﬁSﬂRTF(SN
IDF(Y'KI)’*-ZS‘FSTF(Hil)“Z*LDGFIlFSTFonl’**Z*SNDFthﬁ)'/FSTF‘H,Z!
2**2)*025*5NDF|Vol'*LOGFISNDF(Y.X’I(FSTF(HpZI**Z*SNDFEVv*)l!’/l6-28
331854%A) '

A=R

B=3
IF{ABSF(V=1. ) #P+Q+ABSF{T~,.5))1T+5.17
IFLA}50,5046 ‘

RHI2=0. )
RHO3=SQRTF{1l.+(S/R)*42}~-S/R
RHO1=.5%(1.-RHO3)

6O TO 4

IF{S)L3,13014

RHO1=0.

RHO2=0e

RHO3=1.

GO T0 &

W=, 5

1z=,95

Y=, S*A

X2, 58

SUMAz=RHQF(Wel s Yed)

X=— o 5%

SUMA=SUMA4RHQF (W, 1,Y, X}

Yz=-,5%A

Xao548

SUMA=SUMA+RHOF{WeZe Yo X}

IFIA-1.17,9,8

RHD1=2,%SUMA

Azl . /4

B=B*A

GO TD &6

RH)122.%SUMA

RHD2=RHO1

RHO3=1.~4.%RHOL

GO TO &

RHI2=2.%SUMA

RHJ3=1.-2.%(RHO1+RHO2):

GO TO 4

IF(S)11.11,412

RHD=0.

GO TQO 4

IF{T=25)18+18419

U=y Es*T

G0 1O 20

U=, 5%kVES

W=, 5%V

I1=.5

Y=z, 5%R

X=o SHSEY

IFLFSTF(W,2)122,28,22

RHO=RHQF {WeZpYe X)

Ya-o5%R

AHO=RHO-RHAF (W Z, Y+ X}
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39
40

28
29

30

31

32

33

34

35
37

- o W N

[« N~

X==
IFLSNDFLY ¢ X)139,40,39
RHI=RHD+RHQF (W Z o Yo X}
Y=,5%R
RHI=RHO-RHQF{W, 2y ¥y X)
G0 TO 29

RHI=0.

1==.5

%= HESHY
RHD=RHO-RHQAF LWL+ Ve X)
K==
RHD=RHO+RHQF (Wel s Yo X)
Y=-.5%R

IF(SNDF{Y¢X) 130,311,430
RHI=RHO~RHAF {Wel s Yo X]
X=, 585%V
RHJ=RHO+RHQF (WyZ o Yo X)
e~ 5%V

IF(FSTFIW.I) 132934432
RHJI=RHO-RHQF I WeZ s YeX)
Y=, 5%R
RHO=RHD+RHQF (WsZ ¢ Ye X)
Xz~
RHI=RHD-RHQFIWsZ s ¥4 X}
Y==,5%R
IFISNDF{YeX)133,34,33
RHI=RHD+RHQAF{MWsZs Yo X}
2245

X=-U

Yo 5%R
TFIFSTR{WsZ) 125, 4435
IE{SNDF (Y, X)136.37,36
RHD=RHO-RHAF (W Z ¥ X}
Xz, SRSHY
RHI=RHO+RHAF (W Z ¢ Y X}
Y=, SkR
RHO=RHO-RHQF {WeZ+ ¥ %)
Xz==U
RHI=RHO*RHQF (W Ly Yo X)
RETURN

END(1:40:040+0)

BIN

SUBROUTINE SEP He Ko CLARK

SUBROUTINE SEP{DIA,SCySA+SB+SP+SQe1K)

IFCEK=1)1,1,7

IFISP-DIAYZ22+3

SQ=10.+DI1A

6o YO 6

S0=5P%{ 1.+ 2%($A=SCI/ABSF(5A~5C))
TF{SQ-DIA}S5¢6+¢6

SQ=DIA

SR= 3P

G0 TO 10
A=({SQ*($C-SBI=SR*(SC~SA}) /{5A~SB)
SR=5Q

IF{A~-DIA)B:+9:+9

A=DIA

SQ=A

58=5A

RETURN

END{1¢D+0+0,0}
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C SUBROUTINE CLNDR He Ko CLARK 8211-1K
SUBROUTINE CLNDR(NMeHUDIA+5P+SReAR ¢ SDUWDT g WUF e WST 9 XNU ¢ B9 509 AM+ EK ;
L4SCosSA+5QsSHYeNU) S
DIMENSION SDU‘SO’.HDI(50’.NUF!50'10110’|ﬂIN(100103'H$TI10loHlSOi '
DIMENSION RRU{LLO) +RURELO)»A{L10),TT{L13)
5Q=5pP
SMA=0.
SMB =0,
IF{HU) 24241
1 1IF{SR)2,2:24%
24 SR=SR-1,5T08%D]A*S2#XNU
2 RU=.5%D]IA
DO 47 I=1.NU
DO 45 J=]1,NM
DO 45 K=l1,NM .
45 SMA=SMA+WUF(I4J,K)
IF{ABSF(SMA~SMB }~.000001)47,47,%6
46 N=1
SMB=5MA
CONTINUE
IF(BY4B8,48,51
5} IF{HU)53,53,52
52 BR=SURIF(B~9,8696044/{HU+2 . ¥5H) *%2)
GD TO 54
53 BRSSQRTFIB'
54 SC=2.4048/BR~RU
SM=2,4048/BR
58=0.
IK=0
AL=BR*S0
BK=1.+AM®D
SA=SC
DUM=BESJF{Z2.4048=ALs04+1+113,XLOCF(TT(1)]))
TI=TT(1}H/TTI2)
48 SUM=Q. ,
DO 3 I=l,4N
S=SQRTF(SDULT1)%$Q
AA=RU/S
HU{1)=CLDORCT{AA, .}
34 SUMaSUM+H(I)&WDIC(1)
IF{l.~5UM)S5,44,3
CONTINUE
L=N
GO TO &
4 L=1
GO TO &
5 L=
HIL )= (1=SUM#H{ L) *WDIL(L) ) /WDE (L)
6 IF{HU)10410411
10 SE=Q.
GD TO 12
il SE=RU/HU
12 AA=RUZI{SQRTF1SOULL) ) %SQ)
HI{L)=H(L}*CLDRCTIAA+SEY/CLDRCT(AALOL)
L=L~-1
IF{L) 74748
DO 9 I=1sL '
S=SORTF{SDUIT})*SQ
AAsRU/S
H{T }=CLDRCT(AA,5E}
L=L+]

4

-

[

-~ 0
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13
14

16
18

21

19

17

i8
25

26

27

20

22

23

30

66
55

56

67
58

57

58
59
60
64
&5

63
61
62

80

DO 14 J=1sNN

DO 14 K=1,NM

XIN{J+K)=04

DO 1% J=1.NM

DO 15 K=1le¢NM

DD 15 I=1,L
IFIWUF{ T JeKI015,15,16
XINTJoKI=XIN(JyKI#WUF LTy JoKI®HIT
CONTINUE

IF(ARIZ2L.30421

SUM=0,.

DO 19 I=1,NM

SUM=SUMSWSTII)

DO 27 J=1.NM

RRU{J}=0.

DO 17 K=1,NM .

RRUEJ Y=RRUCJ I+ XINLIJK)
RRUCJI)=1.~RRULJ)
IFTHU}25¢25.26
RUR(J)=RRULJI%56,2832%RU/SR

G0 To 27

RUR(J)=RRU{J I*b,2632%RUSHU/ SR
CONTINUE

SUM=0,

DO 20 I=1.NM
SUM=SUM#RUR{ T ) =WST(I)
RRR=1,-SUM

DO 22 J=1.+NM
ACJ)=RRUCJI*AR®WST(J} /L1l .~RRR*AR)
DD 23 J=1eNM

DO 23 K=1,NM
XINEIKI=2XIN( S K)F+RUR( J) FA(K)
CALL MAX{XENyNMS,Y}

IF(B)B0, 80,66

TAzTUE(1.4Y )/ 1a=Y])

SD=3A

AT=2.,4048-SA*BR

DUM=BESJF{AT 904919113+ XLOCFITT(L})}
FA=TT{1}/TT(2)

FAD=BR&[ 1.~FA/AT+FA%%2)
SA=5D0+«{TA~FA)/FAD
IF{SA-50)56,67,67

SAs 5% 50+5D)

GO TO 55

{F(SM~SA)68,57,57

SA= ,S%{SM+50D}

GO TD 55
IFIABSF{SA-SD)~.005)58,55,5%
IF(IK159,59,460

EK=BK/(1.+AM*{B-BR&¥2+5,7831/{RU+SA)*%2))

IF{SC~-SD)64+6%,65

IK=10

IKe JK+]

IFLIK-10)63463,80
IF(SA-SB)61,80,61
IFLABSF{SA=SC)~.005)80,62.62
CALL SEP{DIAsSC+S5A¢5B1SP+5Q,1IK)}
GO YO 48

RETURN

END{1+0+0+0,0)

- 43 .

T e
BRI AR A



FUNCTION CLDRLTI(R,S) He Ko CLARK 8211~1K
FUNCTION CLDRCT(R,S)

COMPUTES INTERACTION INTEGRAL FOR FINITE CYLINDERS AS A FUNCTIDN
DOF R=RADIUS/IAXIS-TO-AX1S SEPARATION) AND OF S=RADJUS/HEIGHT
RADFIUsV)I=SQRTF({1./R%¥%2= (s V) ¥%x2)

GROF{UsV)I=ATANF (1.7 (S*IRADFIUV)~SQRTF{1l.~U*x2)=SQRTF(1.,—V*¥2))}}/
L1RADF{U,V)

DIMENSION X(8).H{8)}

N=§

X{1)=,.98940093

X(2)=.94457502

X{3)=.86563120

X(8)=,7554044]

X{5)=,61T787624

X{6)=.45801678

X{7T)=.2816035%

X{83)=,095012510

H{1)=,02T715246

H{(21%,06225352 |
H{3)=,09515851

Hi{4)=,12462897

H{%5)x,14959599

H{6)=,16915652

H{T)=,18260342

H(B)=,.18945061

IF(S)145.1

SUM=0.

DO & I=1,.N

DO & J=1,1

IFLI-3)343,2

SUMaSUM+4. . eHIT }*RI{J)I®(GRDF{X{1) o XIJ} ) #GRDFIX{I) =X {J)})

GO YO 4

IF{R-«5)10:11410

SUM=SUMAZ.¥H{ J 1 25 [GROF (X{J)} + X{J) J+GRDF(X{J) »=K{J) )}

GO TO &

SUMBSUM+ 2, %H{ J)#%2¥ (1. 5TOT963 /RADF(X(J) o % (J I ) *GRDF{X(J) y~X{J1)) I
CONTINUE ) .
CLDRCT=.050660591%SUM

GO TO 8

8=2.#%R

E=]l.—-B%x¥2

HAS I TI- TR

CLDRCT=,.18169012

GO TO 8

C=ATANF(B/SQRTFLE))
CLORLT=,31830988%(C~SINF{.5%C)/C0SF{.5%C))

RETURN

END{(1,0,0,0,01}

k]
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34
35
36

oW

10
11
12
13

14

15

16
17

SUBROUTINE MAX(AsNyM,sR) He Ko CLARK 821li~1K
CALCULATES DOMINANT EIGENVALUE R OF A SYMMETRIC OR NON~-SYMMETRIC
MATRIX A OF DRDER N TO AN ACCURACY OF 10%*(-L). THE EIGENVALUE
MUST BE POSITIVE. A NEGATIVE EIGENVALUE OF EQUAL MAGNITUDE IS
ALL OWED.

SUBROUTINE MAX(AgsNeLoR}

DIMENSION A(10,10)¢B(10},C{10}),D(10}
IF{IN=2)34+35,36

R=Al1ls1])

G0 TO 33
R=.5*(A(1.l)*A(2.2'+SQRTF((A(1&1"A(2'2lJF*Z*ﬁ.*k(l,Z)*A(Ztl"’
60 YO 33

DO 1 I=14N

Bl]}=1.

Cili=l.

DO 2 I=1,N

DO 2 J=l+N

IF(ACL,J)-ALd,1)03,2,43

CONTINUE

15=0

GO TO %

15=1

IB=0Q

DO & I=1N

D{1)=0.

DO 6 J=1leN

DLIN=D({1}+AlT4J)%B(J)

5=0.

DO T I=1.N

SaS+ABSFL{D(I))

T=D1{1}

DD 8 I=2eN
IF(ABSF{(BL{II*T~D(L})XFLOATFIN)/5)-.00001)8:8.9
CONTINUE

18=18+1

JeN=-IB+1

BlJ)=0.

G0 TO 5

DO 10 I=l.N

BLIN=D(I)

IF(1S)19,19,11

1C=0

D0 13 I=1.N

Di11=0.

DO 13 J=1,4N

DUIY=DL{I)+Al J.1)*CLI)

504 .

DO 14 1=1¢N

S=S+ABSFID(I)}

T=D{1)

DO 15 I=24+N
IFCABSEC((C{I)*T-D{I ) )*FLOATFIN) 78} -.00001715,15516
CONTINUE

IC=1C+}

J=N~-[C+1l

LtJ)=0.

GO TQ 12

DO 17 I=1«N

Ctly=DLI}

$=0.

DO 18 I=14N

- 15 -




18
19
20

21
22

23
24
25

26
27

28
29

30
31

32
33

S=S+B(1)eC{1}

Go 10 21

S'O‘. ' .

DO 20 I=1l.N
SaS+BL{])%%2
Q=SQRTF(FLOATF{N=-XMAXOF(IB,IC))}
T=S |
DO 23 I=1,N

D{l)=0.

00 23 J=1.N
DI1)=DI{I1+A(Y,J)*B(J]}
DO 24 I=1,N

B{I)=D{1)
IFL15329429,:25

DO 26 I=1,N

D{]I}=0.

DO 26 J=1«N
DIT)Y=DIIY+A( U1 )%CLI])
DO 27 I=1+N

Cil)=D{1)

S=0.

DO 28 1=1,N
S=S+B{I)*C(1}

G0 TD 31

$5=0.

DD 30 J=1,N
S=S+B{I)*s2
R=SQRIF{S/T}
[F(ABSFIQ-R)~10.%%{-L)}33,32,32
Q=R ‘

Ga 10 22

RETURN
END{L1+0:s0s0,0%
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35
36
37
4l

40

34

11

12

14
13

10

15

16

SUBRDUTINE SPHERE He Ko CLARK
SUBROUTINE SPHERElNM:DleSPvSR'ARoSDUoHDI'NUFoHS?-XNUoBvSO'AﬂcEKoS

1C+SA+SQe YeNU)

DIMENSION SDU!SOloHDllSOD.HUFI50qu.IOI'XIN(IO.IO)oHQSO)f

IRRU(lolvRUR(lO‘cNSTllO].AIIOi
SMB=0.

SQ=S°P

RU=.5%DIA

DO 37 I=1+NU

DO 35 Jal.NM

DO 35 K=1¢NM
SMA=SMA+WUF{T,JsK)
IF(ABSF(SNA-SHB)".OOOOOIl37|37'36
N=1 :
SMB=SMA

CONTINUE

IF({B)40,40,41
8R=SQRTF( 8)

BK= 1. +AM*D
5C=3,1415927/BR-RU
SA=SC

SM=SC+RU

SB'OO

IK=0

AL=BR*350

TS=SINF{AL)
TC=COSF(AL)
TT=3.1415927-AL

SUM=0.

DO 3 I=l.N
S=SQRTFISDULTI})*SQ
C=RULS

H{T3=SPHRCTIC)
SUM=SUM+H(T ) =WDILT)
IF{1.~S5UM)Ss4,.3
CONTINUE

L=N:

60 710 11

L=l

G0 10 11

L=l
HiLl’ll.’SUH+HGL)*HDI(L)ilHDllLl
DG 12 J=1eNM

DO 12 K=1+NM
XAN{JoK}=0.

DO 13 J=1.NM

DD 13 K=1,NM

DO 13 I=1,1
IF{WUF{I,J,K1)13+13,14
X!“lJrK)=XIN(J.KI*HUF(I-JoKl*H(Il
CONTINUE

IF(AR1109 30,410

DO 16 J=1.NM

RRU(JI=0

DO 15 K=1l,NM
RRULJI=ZRRULIV*XIN{ I oK)
RRUCJII={ 1e—RRULJI]
RUR!J’sRRUlJl‘lZaSbﬁQ*RU**llSR
SuM=0.

DO 1T J=1.NM
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17

18

i9
C14]

53

%3

54
55

SUM=SUM+RUR ( ) *WST{ D)

RRR%1.=-SUM ’

DO 18 J=1.NM
ACJ)*RRUCJIEARFHSTUJ) /(1. ~RRR#AR)
DO 19 J=1,NM

DD 19 K=1,NM

XINCJoKI=XIN(JoK) #RURLIVHALKD.
CALL MAX{XINoNMy5,Y)
IF(8180,80,53

TAZ (1. +Y)$TT/L{1.=Y )R L. +TTHTC/TS))
SD=SA

FS=SINF{SA%BR)

FC=CDSF( SA%BR}

FT=3.1415927-SA%BR
FA=FT/(1.+FT#FC/FS)

FAD=BR*( FT#%2-F S¥#2 ) /{FS+FT¥FC) &82
SA=SD4({ TA=FA) /FAD

IF(SA=50143, 54,54

SA= 5% {S0+5D)

GO TO 42

IF ( SM-SA) 55440 4%

SA=.S*(SMeSD)

- GO YO 42

44
45
46
47
52
50
49

80

e

IF(ABSF{SA-5D)=.005)45,42¢42
IF(IKY 46446447
EK*BKI(l.*AH*908696044/{RU*SA)Q#21
1F{SC-50)51,51,52

IXK=10

IK= IK+1

1F(IK=10150¢50,80
IF{SA~SB )48+ 80,48
IE{ABSE({SA-SC)=,005)80+49+49
CALL SEP(DIA,SC4SAsSB+SP¢5Q+IK)
GO0 70 40

RETURN

ENDZ{1+¢0404040)
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FUNCTION SPHRCT He Ko CLARK 8211—-1K
FUNCTION SPHRCTLX)
DIMENSION PL(5\oRFl5)gFP(5).FH(5l
£l=.0590
FPL1)=.0T724
FP(2)=.085T
FP(31a.1034
FPL&)=4» 1254
FPL91=0. 16T4
FM(1l=o0465
ML 21=,0354
ML 1)=,0238
FMi4’=.0119
FML S1=0.
RFZ=6.9444444E-05
RFll|=5.7BTO3TOE-05
RF‘Z)*3.3068783E-05
RF(3‘=1.2400794E-05
RF!4|=Z.7557319E-06 : :
RF(5’32.75573195-07 T
P=20-*!—5. -
0 1 [=1+5
1 PL(Ii‘P**Z’FLOATF([]**Z
SyUM=0.
po 6 I=l46
PROD=%.
DO 3 J4=2e6
IF(J'!)2'3'2
2 PRDD‘PRDD‘PL(J"’“
3 CONTINUE
lFil*l’ﬁchtS
4 SUH=SUH‘PRDD*RFZ*F1

60 TO &

5 SUM’SUM*RF(!—l)*PROD*FLDATF((-1)**1)*PtllP+FLUATFll-l‘l*FPlI-II+(P
1—FLOA1F(I*111*FM¢I-111

& CONTINUE
SPHRCT:(1.0SUM)*.5*ll--SQRTF(l.—X**Z)l f
RETURN
END(110'0.010)
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i APPENDIX B - Cubic Arrays of Spheres

SpU(I) 1 2 3 5 6 9 10 11 13 1% 17 18 19 21

s2 25 26 27 29 30 33 3% 35 37 3B W ho 43

45 46 k9 B0 5L 53 54 57 58 53 61 62 65 66

WDI(I) 6 12 8 o4 ah 24 24 24 24 48 48 2k 24 48
oy o} T2 ok T2 48 48 48 48 2k T2 96 48 24

48 48 48 T2 48 T2 72 48 24 T2 T2 96 | 96 96

2 x 2 x2
wer(I) 8 }

WUF(I,J,K) 3 3 1
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3x3x3

WST(I) 1 6 12 8

(@]
o
o
o
o
o

WUF(I,7,K)
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we(1)

WUF (I,7,K)

2h

24

0
¢ O
i 0
3 0
o O
2 2
3. 2
0
3
3 2
0
0
3
0
o 2
0

- B -




5x5x5

=
o

24 12

24

WSTI(I)

000000 CCO00OR000OC00C0C000C0000AVLABOO0O0D
00O OCO00C0O0O0ORO00O000CC00COCOABBOLDTOD
OODOOOOOOOOOOOOODOLOOOOOOOOBOOBDGOOOOOO
CCOOOOR00AC 00RO O00OCN0R00C0oCDCRRAD0S
00000000000000000000000000DODDDOVDOOOOO
00O0C0O000C00000000NOCCO00DO00DIDAVABOOBO00
OOO00000000C00DOD0O000D000C0000CoOR0OVO000
COOOO0O000000D000000D00CRARCOO0D000QDOCGO
CO0COOEOO000000000C00000RRLOTODOBCODO0C0O0
0DOCOODOOOOODOO0000ODCC00D00RRIDOBO0CDO00
C0COOCO00DOOOCOD0OCO000CO000OC00O00RIGOVADBD
000000 CO00000D00Q000O000000000MOOODRDOO
OO0 00000000000000000D0000000C000CCO
000000OOOOOOOOODOOOOOOOOOOOVIDODOOJDDZO
COCODOOECOOVCVNGA000GO000OOO0O0R00O0OGO0S
0000000000OGOOODOOOYDDOOOOOOEO000000100
006000000000 EOO0HONCOOO0OOUTONOC0O00NI0N
000 0CCOCO0OD0000CONOCO0OOCOHOGONDODDCODOUOR
D0 RUENEORO0D00OH00000000NOONGOOOORDO4
CoO0D0UO0COVBGODO0H00000000HOAMWOCOCOCOONOON
CDCO0CCCOHOOOOOCOHNNOMOOOMONOONOOONOOCHOO
COROOOHOC00OOMONOCNDCOIOACETOMOTOOONDOH
O G OOHOODOCONO+ONNCOCACWDMOEONODOTOAONOD
000 MO0OD0OCOCNODOAGOOA4ROONDOHCHOO0FOOND
GO 000000 CONOMOAOD00 0S4 040NIOOC0000NO0A

OHOROOOOORVWONOHO0D00OFOMOAOODROIAUV O IS G

WUF(I,J.K)

COCCO000O0O000CDRO00DC00CCO0N00CO00000000000000D000CDOMAOGODB0 OHO
00000 0CDC00ROCCOACGRONOOCC00000DO00000COR0ORRACDECGIRIRDARECS 00
CO00O0COO000000C0DUPROROCOROD0NECO0NOORIOCCOC0OCOTCVO00CO00RAdOd00a
OO OO N000C0C00CC00O0O0CC0000000UOO0000000000D0CODCOOCOR0CACOR

OO COCO00CDD00CR0000000MOPOORROCO0B000000CONORC0CDAACOD

OO GO 000000 ODRO000C000C00CH00D000AT00OMODOA0GC0OoANOMODSOCDOOHD
000000 QODO0DOCOCO0ORUOACO0C0000CRD00CTOTOOILORACO00000C0RR00D
A0 CO0000O0DON00C000ROVOOON0CO0ANC0000O0DONC0OCCoOANOOCODOONOROS
COC0000 00000 DOD0OC0000000COO0NAA000000000COGO00000ORRCO0CRCC00
0RO O0OCO00OCCDOC0ONOCOOO00RIRYWO000DCNRIORABITNOOICOORTTONDOO
0 OO0 OO0 D00P000OONYO00000C0CKOC000CHOD0ROO0O0ONOOWBODDOIOIND
DDDDOQDOOOQOODD000020000000220000&000100000030200000020000OOO
QOO0 O0ODOMONCO000AaIDVWOOOOANOONCTOODOVOCNOOOCONCNACOIOORONODCO
MOC OGO CCORO0RO0OONOO0CO00CRNROMOOO0CMOCDDOD0BNT0OMDODOCOMOOO B0
00 C00QCHMOONCO00ONOONOCOOOCOFOOIOMAN00CGoNO00TOOCINCONO00ROOEHO0O
OOOOOUIOOLOOOOOMOMEOODOD30“00%000000300200040%DE'OEO“OOOOOOEO
CO 00O 0O ANONO0COWOTD0ICO I OMOFFI0OOCOTOOONODOCWOWHIOAOCOOHCOOODO0
00O OO HOCCOOONOADUOOYACOVONA0NOOFI00CDOONCOOHOOCUTOOOOSOOOODD
MOBOMOD 000000+ 00CHC00CHOOOTOOMO000OVO0IN00COFD0OOMOADODEMOCOVOO
CoONOOO0000CHRVONOONOCOX0D0TITIOVOONOOCNODOVUIOPONOOIOOCO0IANOOO
COOOCONOCA000T0NONFIOOONOMONCCOODTO0CNCOCOFOX0OF0O0L00OCHOOODODOO
COONOCOUCOOOMOWOAOONOT0400CHNUOOOOIVOOANOLOBWOMONOOQCCONOAO0HD0
004000 HOONOZOVOIATTONODOVOTOONCOFOOIAOTNOOOTODEWTOO00IOONOOOD0
HODOMODCO0CAD0+00CACROOrN00CONCOHODOOMOOOCO0OCCNTOOHOOO0OLNOCOD00
COCNOOCAOOODFOWOMADAUDOCFOTOATOMOCHDOGONOOOOTOMOATONDAOCO00OHDOD

0O HOOCHOOO OO RO OANOOOO0MNONOONODO300HODHOODCOOAANDMOOOOTOO0HD
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- PR

SDU{I)

WDI(I)}

weT(I)

WUF(I,J,X)

wsT(1)

WUF(I,JT,K)

WST(I)

WUF(I,J,K)

58

4=

APPENDIX C - Square Arrays of Cylinders

2 5 10 13 17 25 26 29 34 37 41 50

6L 65 73 T4 82 85

1 x2
l1x3
2
1xh
2
- 55 -
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b

wsT(I)

WUF
(1,7,K)

wﬁm(:)

WUF
(I,J,X)
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APPENDIX D - Triengular Arroys of Cylinders
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