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Preface

The Nucl!ear Engineering Test Rsactor at Wright-
Patterson Air Force Base is somewhat unique in that it
was designed primarily to test the effects of high-in-
tensity radiaticn on materials. Two large voids f{test-
cells) on the east and west faces of the core provide the
means of coenducting such experiments on very large items.
The calculation of the flux in these test-cells is hence
of the utmost importance. I decided to write my own code
for this calculation, although other discrete Sn codes
are available, since the principal purpose of a master's
thesis is that of a learning device.

When this project was first begun, I had planned to
calculate the flux in the test-cells of the NETR in three
dimensions. After the program had been debugged and some
preliminary runs made in two dimensions, it was found that
the running time which would be invoived was too expensive
for a project of this type. Hence the remainder of my
thesis period was spent in trying to refime the program
sufficiently to get reasonable results in xy-gecometry.

I wish te¢ thank Drs. Carlson, Lathrop, and Lee of
Los Alamos Scientific Laboratory for their kindness in
ansvering my letters concerning difficulties I encounter-
ed in the theory; Dr. Bridgmanr of AFIT for his assistance
and criticisms; and Lt. Max Thompson of AFIT who executed

the PGQ code for me. Finally, T wish to express my spe-
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cial thanks to my wife Marti who typed this thesis.

Lezs H. Livingston
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Abstract

This report describes a calculation of the neutron
flux in the test-cells of the Nuclear Enginsering Test
Reactor at Wright-Patterson Air Force Base, Ohie, using
the discrete Sn approximation to the transport equation
in xy-~geometry. The calculation was done by writing a
computer program, S4CLO, for the IBM 7094 using three
energy groups and 1600 mesh points. Fast cross-sections
were generated with the General Atomics code GAM-I, and
thermal cross=-sections were calculated by hand assuming
a Maxwell-Boltzmann distribution. The results, which were
compared with the multigroup, two-dimensional diffusion
theory code PDQ, show a significantly higher thermal flux
over the entire reactor and a more slowly decreasing flux

for all groups in the test-cell.
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A TRANSPORT CALCULATION OF THE FLUX

IN THE NUCLEAR ENGINEERING

TEST REACTOR TEST-CELLS

&I S

l¢
I. Introduction

T

This paper describes a calculation of the neutron

e

flux in the test-cells of the Nuciear Engineering Test

ECR

Reactor at Wright«Patterson Air Force Base, Ohio, by

s v

means of the Sn approximation to the transport equation.

The calculation was done using three energy groups and

1600 mesh points in a code written in Fortran for the

IBM 7094 computer.

Statement of Problem

The NETR is a light-water moderated, thérmal reactor
with MTR-type fuel elements. On the east and west sides
of the core are two large voids with lead and steel walls,
surrounded by heavy concrete as shown in Figure 1., These
cells are approximately ten feet deep, seven feet high,
and seven feet wide.

The purpose of the test-cells is to provide a high-
energy neutron flux environment for irradiation effects
studies of various materials. The cells may be filled
with various gases and are equipped with small gauge
tracks to allow massive experimental apparatus to be in-

serted. A cadmium curtain is in Jjuxtaposition with the
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core to reduce the thermal flux from tke spectium enter-
ing the cells. 1In the region of the cadmium, which is a
strongly absorbing medium, and in the test-cslls, where
onie is everywhere less than cne mean free path from a
boundary, diffusion theory is inapplicablzs; hence, trans-

port methods should be *sed te calculate the meutron flux.

Method of Attack

The transport equation is, in principle; capabie of
predicting the neutron flux as a funection of position -?,
energy [ , and direction of travellfz. Unfortunately,
only a few special cases can be solved in closed form
(Ref 6), and for most engineering problems cone must turn
to some means of approximating the solutions.

Two of the more common methods are the Pn (Ref 1&:336)
and B (Ref 9) approximations. These methods are versa-
tile and accurate but involve a great deal of mathemat-
ical complexity. The discrete Sn appreximation gives good
results (Ref 5:539) and is a great deal simpler in form.
It can be programmed easily for a computer. The discrete
Sn difference equation@ are developed in Chapter II.
Chapter III describes the calculation of the constants
in the problem and Chapter IV the results obtained. The

conclusions drawn from this work and recommendations for

future work are given in Chapter V,
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II. Berivatiorn of the Discrete S Approximation

in XY-Geometry

The derivation of the discrete 51 approximation to
the transport equatiom begins with the steady-state trans-
port equation for monoenergetic neutrons (Refs &, 16:219)
of energy group g, which is

A S a
QU +Eind= s
(1)
where ¥ = N(x, v, U ,¢) is the neutron flux and S = S{x,¥)
is the source term. The transport equation is a statement
of the conservation of neutrons. .One equates losses due
N =D
to spatial leakage (Qv Ng) and absorption and scatter-
, g..9g
ing collisions Eh-N , to the source from fission,
external sources, and scatter into the group and direction
under consideration., The expansion of the dot product of
P —
the direction vector §2 with the gradient operator ‘7 in
rectangular geometry gives
SING C0S P & +SING SING =37 +97r|N=S
oX dY
(2)
If one derines(COS 9 as [, then SIN 6: Vl‘[.l.z

One now operates on the transport equation with the oper-

ator

X Y %
oX [dY ok [0p < )

Xia Yj- Mna@ - (3)

|
A xAyAuA@

to create a difference eguation in the flux as a function

4
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of the four variables x, y, ,u, and ¢ . Consider the

first term of the resulting equation

YJ Hn 2 ]
x fov fo o [\f!.—uz COSP 53 NXY, 0]
o f J
X ‘u%x'-: Yi-1 Un-1Pg-1 )
J Un d)ﬁ ( _ ‘
= | dYﬁﬂ ¢ Vi-iL CQS¢[N‘X|,Y;#,¢}—
ZxxfoZ¥u£¥§
Yj-1 Un-1Po~ \
\ (5)

N(Xg_,,Y,ll,¢)]

~

where the assumption has been made that the integral of
the partial derivative of a function equals the change in
the function over the interval of integration. The inte-
gration over the other three variables assumes that the
integral of a function equals the function evaluated at
an average value ol the variable times the length of the

interval. Hence one may write.

R "
4 f fju |-u? <C05¢ﬂ>[N(Xi'Y' ufy) -
AXAYAuAgb o o (6)
J

\

-, N

N[Xi Y18 z)]
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Yj _ ‘
- £osdpAu Wﬂ((\ﬁ—'_ >[N\X,, PGl -NIXLY, n,¢g)}>
DBy, o ] @

where the quantity in< >indicates an average value of
that quantity taken over the range of integration. The

resultant term is

ST -
gc AS)(I:QKY l u> {\I(Xh J’Mnﬁﬁl—N(Xi-lt‘{jaun)@‘Q”A\' (8)

One now makes the approximation that

{cos By 2cos g, (9)
i and

| IR+ VIFIE = 7, (10)
( for some walues of ]Zn and @,é . These wvalues are de-

termined later in the chapter. Thus Eq (8) can be written

as

EE%(QS& IN (XY, By ) ~N{Xi-0G oy By | o

For notaticnal simplification, write Bq (11) as

nnCOSQS:Q[Ni'Ni"I]/AX where the absence of a sub-

script implies the average value of that variable. By

a similar procedure, the second term is found to be

| QHS‘N@I’.{NJ'-N}.-I]/AY ] Operating on the third term, one

e ‘ 6
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obtains
X. Y 1)
I A n 2
Jox fov fa oo [ craeg]
X1 Vi ﬁn-!%-l

i
Z§X2¥rﬁ%#x¢

)N()_(i -,/In,@)EZTN. (12)

The source term, Sg, is composed of four quantities;
virgin neutrons from fissions, scattered neutrons from
high-energy groups, "weak" or within-group scatter, and
any external sources. By assuming all scatters to be iso-
tropic this source term is dependent only on positiomn, as
was stated earlier. This assumption is reasonable since
fission has been found experimentally to be very nearly
isotropic, and scattering events are virtually isotropic
for atoms with an atomic weight ;f 10 or greater. There
are no external sources in this problem. Operating on

this term as before, one hag

Yy M 8
jdXﬁY du d(b[S[X,Y)}=S(Xi\(j)s§i (13) V
Ki=1 Yj=1 M- Do

|
A XAYA,uA 6
Eq (1) now has the difference form

MnCOSG [ g M. g0 |.59%9 =29
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Eg (14) is the desired difference eguation which re-
lates the five discrete fluxes as shown in Figure 2. One
may obtain difference equations reiating any three of these

discrete fluxes by use of the diamond difference technique.

N
S

NHO . <> 0 Nl

o =

qu

X

A Typical Ccll in the Spatial Grid
Figure 2

The diamond difference assumption is that Zﬁi = N1+Ni-1

= NJ+NJ_1 (Ref 13:68), which says merely that the average
of the flux across one cell in any one¢ variable is the

average for the whole cell.

One may now use this approximation to eliminate two

of the five fluxes in Eq (14). Eliminating N

i and N

Ji

one obtains

ZLH%S@ [Ni " NE'J+ %@[Nv’\h—.—‘“j-rw.] +53 {NﬁNi_,] -5 ")

- -
o e o L, . % -
ik
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which may be written

MnC0S@, , MnSING, . T [II -C0S, QnS'N%JZTJ
[AX AY JN'+ Ax ﬁy ?N'— (16)

[

Alternately, one may eliminate ﬁi and Nj-l as follows
COSPy IN _z
Eﬂﬁ[“‘r‘\‘i-ul*‘%@[“’r“i'Ni-f’Nj]“‘%ZT[N;*Ni-a] =Si (17)

which may be written

[nncos@ N SING, ZT} [nncosqbﬁ qnsw@ Zﬂ .
ﬁb( [&Y 2 le Z&Y’ ZJ H

2N, SING, (18)
s
Y

Eqs (16) and (18) ‘are the two working equations.
These working equations have been incorporated into 4
computer program called S4C40 which is described in
Appendix A.

The source term §§ in these egquations is calculated
in the following manner (Ref 3:6). From an inspection of
Eq (1), it is seen that N{x, y, !u_,¢) is the flux per
steradian with the units (neutrons/cmz-sec~staradian).

9
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The isotropic or alil-angle flux is N(X‘,Y‘,/J.,gj)dﬂ

4

Since the problem is assumed to be symmetric with respect
to z, only one hémisphere need be considered in the cal-
culation. The areas on the unit sphere about each dis-
crete direction are equal (Ref 1), and hence the fluxes

so calculated are of equal importance or weight. The all-

angle flux N(T) is thus
n .
._._x- 2 —_ =
=1

where n is the number of discrete directions taken. The

source term per steradian is

— ™M I ""_;___.;_J_ — =

S. (ﬂ—zﬁz(ﬂ N(T) = nZ( 7| ( 7| . (20)
=

For an 82 calculation, as shown in Figure 3, N=4, and

for an Sh calculation, as shown in Figure 4, N=12, where

N is the number of discrete directions in space on the

hemisphere. éfFor an Sn problem in xy-geometry, Eq (1&)

may be written

TImCAOj % [ - Ni-l]““ T?mZ”Y\‘ @f [NJ Nj- I]*ZT =g (21)
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These discrete directions are the guadrature points for
the integration ¢ver the hemisphere. (For other inte-
gration schemes see Refs 12, 13:40, and 15:136.) If orne

defines a flux
n
_/..;_‘ — S
VIFl=5> 1 () o)
"

this flux can be put directly into t@e source term. Note
that fﬂ%?}:;%?'ﬂi?\ , differing only by a constant,
and hence can be taken as a relative measure of the all-
angle flux. The set of N'(¥) for the mesh of discrete
points is the end result of the calculations.

The values of Mmand ¢£ are chosen so that equal
areas (solid angles) are described on the unit sphere.
It remains now to determine the values of /:zm and aj to
be used in Eqs (16) and (18). This is done by demanding
that the Sn approximations give the same results as
diffusion theory in regions where the latter is appli-
cable (Ref 5:538). In this case the flux is isotropic,
and, neglecting the amplitude, the current at a point is

given by

| n/
KN S . "'"2 l
Jfl=2| UNFUSUz2) Wllfm=3 (23)
0 mz|
where the W are the point weights in the numerical inte-

gration scheme used. The ,U.m can be written (for equal

areas on the unit sphere, as shown in Figures 3 and 4) as

11




cl

AN

A 1/a

U= 0.5773503

DPiscrete Directions

for mN Calculation

Figure 13

-99 SXHd/END

ot

c e o

*

Woe

s




P s e T e o

8

= T o O

GNE/PHYS 65-10

gecigneo =77

£ggcolg o =7/

X AT

4 2an3yty

uofj3eTnoTesn :w I0F
SUOTIOOIY(E 939I0ST(Q

A<

13



GNE/PHYS 635-i0

Mo =-i+ Dt m=012--2.

2 {24)

where

p_
2 (25)

hﬂ:

IS

_— o, \
One assumes a form Mm: %‘ﬂm"'ﬂm_!]e , where £ is some

constant facter to be determined. The weights are

) '.l?f(lim”lim-l)z 3G (26)
so that
=2 _.2[,_ mé nT4)
E ,— - ——r

Substituting the expressions for w_ and zlg%into Eq (23)

and using the following algebraic identities

Z x=Lili+) (28)

}t X3=Z‘ j2li+if (29)

X

and ]
5_ 1 20 252,207 _
% X2= 1 i[i+1)5(2)7+2) 1) (30)

14
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cnie finds that

ne
-2 @ b
ZZ &Vmum-%(n2+2n~2; =3 (31)
m=}
- The solution for € is
E;Vn2+?n
\ﬁzz-kzn«z (32)

Hence, the general expression for Linq is

T - 'ZL(Mmﬂim-;) Vn2+2n

g (33)

Vn24on-2
These “alues are tabulated in Table IV of Ref 2:230.
The QZ are not weighted but taken to bes the appropriate

mean velues, and are given in Table V of Ref 2:231. The

valuegs for this problem are given in Table I below.

Table I
Values of Angles for an S, Caliculation
in XY-Geometry

m Hm M 4 ¢Lﬂ

1 1 0.8703883 1 /4

2 370 /4

2 0.667 0.3481553 1 /8

2 377/8

| 3 577/8
y 7T1/8 |

15
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IXIX. Calculatiocnal Method

As in all reactor calcuilations, choosing the constants
in the problem and developing a suitable model (the grid
f'or the numerical calculation) are two of the most giffi-
cult decisions,; mainiy because so many choices are possi-
bile. This chapter includes the model used for the NETR

and the method of generating cross—=sections for S4cChO.

SChO Calculational Grid

A sketch of the NETR is shown in Figure 1. Note the
presence of water on both the north and south faces of
the reactor, of the test-cells on the east and west sides,
and of the cadmium slabs on the faces of the core nearest
each test-cell to reduce the thermal flux. Heavy (barytes)
concrete surrounds the test-cells for bioclogical shield~
ing. As Figure 5 illustrates, these features have been
incorporated in the grid. IF should be noted that this
problem is inherently two-dimensional in character.

The final grid as shown in Figure 6 was based on
that of Garrett and Pefiaranda (Ref 8:25) with some modi-
fication as noted. Fewer points have teen taken in the
core and in the concrete, and the aluminum and water
regions surrounding the core have been homogenized. Ap-
proximately the same number of points has been used in
the test-cell (15 vs 17 in the x-direction). These

modifications were made to keep the computational time

16
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to a minimum, consistent with acceptable accuracy.

The thermal flux in the interior of the cadmuim cur-
tain was set identically equal to zero. This can be view-
ed as an additional "boundary condition" imposed on the
problem and was done primarily to suppress oscillations
in that region and to aid convergence. Carlson predicts
(Ref 2:222) that when the product ;f the croas-section
and the spatial increment is large, oscillations in the
calculated fluxes may occur. This was found to happen
both in the cadmium, and in the more removed parts of the
test-cell when an increment of 37 centimeters was taken.
¥When this increment was reduced to 22.5 centimeters the
values were more stable, although some oscillation re-

mained.

Cross-~-sections

The fast and epithermal croés-sections used in this
calculation were calculated with the GAM-I code (Refs 10,
11) and the thegmal cross-sections were computed by hand
assuping a Maxwell-Boltzmann distribution and a tempera-
ture of 58.5° C. (See Appendix B.)

The energy limits were taken to be the same as those
used by Garrett and PeTiaranda (Ref 8) for purposes of
comparison with PDQ (Ref 1:781-783, 787). Atom densities
of the varicus materials were taken from manufacturer's
data; the density of air was computed at a temperature

of 20° c.

19
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Input Flux

The initial estimate of the flux was calculated
using the 32 approximation and a 20x20 mesh. After the
S4CLO code was first run, the last computed values of
flux were used as input for the succeeding run. This

allowed the problem to be stopped and restarted at will.

20
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IV, Results

The sophistication of the equations in the last chap-
ter and the complexity of their coupling required that a
great deal of effort and time {about 2% months) be spent
in debugging the computer code. The correspondence in
Appendix C refers to five of the many problems which arose
in this work. This correspondence has been included in
the hope that it may prove useful to others in future
work. A test problem, which is described belocw, was em-
ployved during this debugging to gauge the output of the

program.

Test Problem

The purpose of the test problem was to determine
whether the errors in Fortran programming had been elim-
inated and to judge whether the output of the program
was reasonable. The test problem was an 82 approximation,

using first a water~U core surrounded completely by

235
water, and then with an air gap in the water reflector
parallel to one face of the core as shown in Figure 7.
The atom density of fuel and water in the core was cal-~
culated using modified one-group theory. Various grid
spacings were employed, the final one being ten points
in the y-direction 10 cm. apart, and sixteen points in

the x-direction 6.25 cm. apart. The initial flux esti-

mate was made intentionally poor to determine if the

21
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program were sensitive to these input values. It was
found that the initial flux strongly influenced the cal-
culated values, the flux shape cﬁanging very slowly. One-
fourth the reactor was considered, using symmetry along
the centerlines in both the x- and y~directions.

The calculated flux along the x-centerline is shown
in Figure 8. These values were computed after 176 jter-
ations. The thermal flux is somewhat high in the cors,
being approximately equal to the fast flux. The values
in the air gap look very good, the higher-energy fluxes
dropping almost exponentially and the thermal flux drop-
ping initially and then rising because of backscatter and
thermalization. A two-group, one dimensional diffusion

theory hand calculation gave nearly the same results.

NETR Results

The final flux calculated along the centerline of
the test-cell is shown in Figure 9; for comparison, the
flux calculated by PDQ is shown in Figure 10. (The smail
insert in Figures 9-13 shows the location in the test-
cell of the abscissa of the figure.) The fast and epi-
thermal fluxes are in fairly good agreement, although
the epithermal flux is noticeably lower in magnitude.

The thermal flux predicted by S4CUC is two orders of
magnitude greater than that predicted by PDQ; this is
true not only in the test-cell but also for the entire

reactor. The thermal flux was everywhere decreased by a
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factor of 100 and S4CUC executed again to zes if this were
the result of a poor initial estimate. After five iter-
ations, the program calculated essentially the original
values. Due to times iimitaticns, the solution of this
problem must be left to other investigators,

S4ck0 predicts a flux decrease of one order of magni-
tude in 100 centimeters in the test-cell, whereas PDQ
predicts a drop of three orders of magnitude in the same
distance. This indicates that a higher flux is available
for experiments than had been thought previously.

The flux across the test-cell, for two distances iﬁ
the x-direction, is shown in Figures 11 and 12. The re-~
lative magnitudes of the different energy fluxes ra2mains
essentially constant. Near the neutron window the fiux
drops off slowly as one moves away from the cent;rline.
At a distance of 67.6 centimeters the reverse is true,

a minimuxs occuring near the centerline nearly two orders
of magnitude lower than near the sides of the test-cell.
This point is discussed further in Chapter V. The dip
in the flux shown in Figure 12 at about 31 centimetsrs
is probably due to shadow-shielding by the test-cell
wall., (See Figure 5.) The semi~-logarithmic plot in
Figures 11 and 12 is misleading. The derivative of the
flux at the centerline in both cases is actually zero.
Figure 11 has been pletted on a linear scale in Figure

13 to demonstrate this point,
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Y. Conclusions and hecommandations

The discussion in Chapter IV suggests that the trans-
port equation, although basically the proper approach to
the problem, predicts fluxes which are, in this case, duvbi-
ous at hest., If the flux predicted by the program is cor-
rez:t, one possible explanation for the high thermal flux
in the test-cell is backscatter. The high-energy neutrons
emerging from the core may become tﬁermalized in the water
and concrete and subsequently diffuse back into the test-
cell, thus defeating the purpose of the cadmium curtain.
This hypothesis could be tested by‘executing skclho with
a cadmium lining around the test-cell. (Appendix A)

The Sn approximation is easily programﬁed but is
rather ;low to converge. Carlson predicts that about 200
iterations are required for convergence for a thermal
£eactor (Ref 5:538); since S4C4O requires one minute six
seconds per iteration, this would mean about three hours
of computing time to achieve convergence,

There are a number of refinements which may be in-
cluded in the program to increase the accuracy of the re-
sults. Four will be mentiomed briefly. The most signi-
ficant improvement would be obtaining more accurate
cross-sections. In the core region, a separate trans-
port calculation could be performed to predict fission
cross-sections which take into account the thermal flux

depression in the fuel. Total and scattering cross-
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sections in the core could be similarly calculated; per-
mitting the homogenized core fo better reflect reality.

In addition it should be advantageous to divide the energy
spectrum into more groups. Table II gives a suggested set
of energy groups over the range of 10 Mev to 0.414 ev.
These groups were selected to reflect the resonance regions
of the predominant elements present in the reactor., It
may also be necessary to consider group structure within
the therial region., Such data could be generated by a
program such as SLOP-1 (Ref 1:745).

A second refinement would be to consider anisotropic
scatter, especially in the test-cell where the relatively
1iéht elements oxygen and nitrogen are present. Both
Carlson (Ref 3:19) and Lee {Ref 13:110) discuss_techniques
of handling this,. -

When S4CH0 calculates a negative angular flux, the
flux is set to zero and the computation continued. A
better technique would be to adjust the angular flux on
the opposite edge of the cell and the average flux, as
well as setting the negative quantity to zero (Ref 4:37).

Still a fourth refinement would be to adjust the
model in any of several ways. Since the NETR is not ex-
actly symmetric, as shown in Figure 1, a model using half
the reactor would be more realistic (Ref 8:26,27)., Al-
ternately, more mesh points iﬁ the 4-core model, which is
shown in Figure 6, or a three-dimensional model using five

or 8o points in the z-direction would improve accuracy.
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Table IXI

Cross=-section Group Structure

Group Lower Energy ZXU Lower GAM-I

(ev) Group
1 107-7.79x10% 0.25 1

2 3.68x10° 0.75 y
3 4.98x107 2.00 12
b 3.02:105 0.50 14
5 3.18x10" 2.25 23
6 9.61x10% 3.50 37
7 b.5hx10° 0.75 40
8 1.37x10 3.50 54
9 5.04 | . 1.00 58
10 0.%1 2.50 68
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Any of the refinements listed above should improve

the accuracy of the code and, with sufficient iterations,

any desired degree of precision could be achieved.

34
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Appendix A

The S4LCHO Code

General Comments

The S4C40 code was written for a particular eagineer-
ing application and was not designed for use with any other
problems. It can be modified easily, however, to incor-
porate the sugge;tions mentioned in Chapter V. The pro-~
gram is written to accomodate three energy groups and
1600 mesh points, but these limits may be changed very
simply. Since there are many operations which are per-
formed repeatedly in the program, maximum use has been
made of subroutines.

All required input data is read in at one time; both
comment cards and the sample problem indicate the data
needed and the required format. Figure 14 gives a flow
chart of the main program. A sample input data, a glos-
sary of variables, and a sample output are included at

the end of this appendix.

Subroutines

The following subroutines are called for in the pro-
gram. Other subroutines, such as computation of parameters
allowing for anisotropic scatter, may be added as desired.

Subroutine CON2. This subroutine computes the con-

stants used in Eqs (16) and (18). If one defines the

following wvariables
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7€0os G /A=Ay

TSN @/A; =A>

(,-082)/2 =A5
then Eqs (16) and {18) become
(A’+A2+A3}PBY(I+I,J)+6A1+A2+A3)PBY(I,J)+{~2A2)PBX(I,J)

= sX(1,J) {(33)

and
(-A1+A2+A3)pBY(I,J)4&1-A2+A3)par(1+1,J)+(2az)pax(1,J+1)
= SX{1,J) (34)

where the variables are shown in Figure 13.

PBX({I,J+1)

PBY(I,J) | SX{I,J) PBY(I+1,J)

PBX(I,J)

A Typical Cell in
the Calculational Grid

Figure 15

The index L, which is used to computs {Dﬁ' indicates

the angular poeition as shown in Figurs 16,
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Y Y
2 1 71 6
N 8 \./ 5
>/ X X
. 9 /\ 12
3 ] i0 ] 11
L= 0.8703883 M= 0.3481553
Values of L for Azimuthal Angles
Figure 16

The order in which the fluxes are calculated is:
L = 9, 10, 13: 12, 31 hv 89 7, 6’ 5, 2, 1.

Subroutine FIS. This subroutine determines whether

fo use the fission cross-sections for fixed fuel or rod
fuel in computing the fission source term SUM for each
cell in ths core.

Subroutine SCAT. To avoid the necessity of defining

the scattering cross-section at each point in the grid
and of storing all this data in memory, this subroutine
uses the indices T and J of the point to locate the type
of material associated with the point. The appropriate
cross~sections are then stored in the dummy matrix SCC
to be used in the main program.

Subroutine TOTAL. This subroutine duplicates the

function of subroutine SCAT, except it stores the total
cross-gsection for the point, for the particular energy

group the main program is using, in the location TOT.
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Subroutine CKZ. In tkis subroutine the angular

fluxes are set tc zero if negative and are accumulated
(integrated) in the matrix P4.

Subroutine ROD. In order to drive the reactor

critical, some parametsr must be variable in the problem,
This was accomplished by changing the volume fracztions
of fuel and cadmium 3in the rod fuel regions. This sub-
routine increases the amount of poison if the reactor is
supercritical (keff3>1) and vice versa. The efficacy

cf this technigue is doubtful, since the thermal flux
was greatiy depressed in these regions but the reactor
remained supercritical.

Subroutines INOUT? and INCUTS8. These two subrou-

tines allow one to read and write binary information on
tapes 7 and 8 respectively. This is more efficient

than using decimal numbers, thus decreasing computational

time.

41

[P

e e

+ %
R Y



ALY

GNS/PHYS 65-10

ala

O OOANN

6000

"\ (! aNaNe!

()

THiS PROGRAM REQUIRES SUBROUTINES TOTAL»CKZsFIS»SCATsCON2+INOUTTs

RODs AND INCUTS8

2-Ds 54 CALCULATION USING CARLSON®!S MU(M}-BARSs FOR 40 X 40 MESH

DIMENSION FS({293)sFCS(2)9S501396)sST{13+3)sP(4024093)>

1SUMIB916)sVI(2)sSX(40s40+319SCC(6)9PBX{40+41)9sPBY{41948}2X(3)9P4(40
2+40)3P5(40540) sDX(40)sLY (401 9F1(40)sF2(4C)sF3{40)sF4(40)9F5(40)sF6

3(40)+BXCX{12}

DIMENSION QC{6)sQF(6)»QF1(31.QF2(3),QC2(3)

READ CROSS-SECTIONSs INCREMENTSs VALUES OF NU
INCREMEMTS IN THE X-DIRECTICN
READ(5-,1051({DX11)s1=1540)

INCREMENTS IN THE Y-DIRECTION

EVERY OTHER INCREMENT IS READ, EQUAL TO THE
QUANTITY (DY(1)+DY(I+11)eTHESE ARE THEN DIVIDED BY
TWO AND STORED APPROPRIATELYe. IF UMEQUAL SPACING
IS DESIREDs THIS MAY BE CHANGED TG READ EACH

OF THE &40 INCREMENTS.
READ({545105)(DY(I}91=1439,2)

DG 6000 I=2+40+2

DY(I-1)=DY(I-11/2,

DY(I)=DY(1-1)

FISSION CROSS-SECTIONS

FS(1sK) CONTAINS ROD FUEL FISSION CROSS—-SECTIOANS.
FS{2sK) CONTAINS FIXED FUEL CROSS-SECTIONS.
READ(S5:106)({FS(MyK)sK=193)9M=152)

VALUES OF NU

READ{55106)(V(I)sI=1+3)

VALUES OF CHI

READ(5+106)(X(1)s1=1:3)

CONVERGENCE CRITERION (EPSILON).

READ(5+106)AAA

GROUP TO GROUP SCATTERING CROSS~-SECTIONS
READ(S59105) ( {S(MsN)sN=1+6)sM=1,13)

TOTAL CROSS~SECTIONS

READ{5+106) ((ST(MsK)sK=143)sM=1413)

INITIALIZE THE FLUX

L IS THE NUMBER OF THE UNIT ON WHICH THE

INITIAL FLUX IS WRITTEN.

READ(54999)L

NUM=0

READ(55120)(BXCX{1)91=1,12)
WRITE(6+119)}(BXCX(I)sl=1412)

READ (L)IL12TJsIKs (U (P(IsJeK)oI=1011)sJd=191J)sK=15IK)
REWIND L

DATA NSCHeVUsVC/091e90e/

DB2 IS THE PSEUDO-AESORPTION CROSS-SECTION TO
ALLOW FOR VERTICAL LEAKAGE,

DATA NTPsNNeNTsKTR9PIsDB2/4%09e01745329+60047752/
DO 5005 N=1s6
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5005

N W

40

41

QC{NI=S(54N)
QF (N)}=S(9sN)

DG 5006 K=1+3

QFL(K)=FS{1sK)

QF2(K)j=ST{S,K)

GC2{K}=S5T{(5+K)

SET THE THERMAL FLUX IN THE CENTER OF THE CADMIUM
CURTAIN TO ZEROe

DO 1234 J=1419

P(i2+¢J33)=40

Pl{13sJ93)=.0

CALCULATE SOURCE TERMS

SCE=0,

NTP=NTP+1

NN=NN+1

CALCULATE THE TOTAL FISSI< ° SOURCE
B0 2 J=1,16

DO 2 1=158

CALL FIS{IsJsFSsFCS}

SUM(I+J)=Ce

DO 2 K=1,3
SUM(T9J)=SUMIT s JI+VIK)*¥FCS{K)*¥P(I,JsK)
SCE=SCE+SUM(1J)2DX(1)*DY(J)
IFIKTR) 35535496

"‘NORMALIZE THE FISSION SOURCE

DO 4 I=1,8

DO 4 J=1:16

SUM{I4J)=SUM(I+J)/SCE

NORMALIZE THE FLUXe

DO 950 K=193

DO 950 I=1s40

DO 950 J=1:40 .
P{loJsK)=P(IsJsK)/SCE

STORE THE EIGENVALUE LAMBDA
$1=SCE

CALCULATE THE SCATTERING SOURCE
DO 40 J=1440

DO 40 1=1+40

CALL SCAT(SsSCCyloJ)

DO 40 K=1»3

SX{1+JsK)=00

0O 40 KU=1sK

N=KU+K~{1/KU)
SX{I2JeK)}=P{IsJeKU)*SCCIN)+SX(TIoJeK)
CALCULATE THE TOTAL SOURCE IN THE CORE FOR EACH CELL.
DO 41 K=193

DO 41 JU=1416

DO 41 =148
SX{IeJsKi=SX(IsJeK)+X(K)%¥SUM(1yJ)
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O NN

45

1001
1000

49

51

55

BEGIN INNER ITERATIONS3

DO 32 K=1»3

SET BOUNDARY CONDITIONS AT ZERO

O 7 I=1+40

PBX(1s41}1=0a

PBY(41+13=0>»

L IS THE INDEX FOR THE AZIMUTHAL ANGLE PHI

L=9

DO 45 JD=1540
J=41-JD

DO 45iD=1+40
I=41-1D

THE TOTAL CROSS-SECTIONS FOR THE POINT(I+J} ARE DENGTED BY TOT(K)

CALL TOTAL(I+JsKasSTH»TOT)

CALL CON2(AsBs»Col ¢DX(1)sDY(J)sDB2+TOT)
PBY{IsJ}=SX{19JeKi-AXPBY(I+19J)
PBY(I4Ji=(PBY{I¢J)-C2PBX(1sJ+1))/8B
Pa(Ied)=(PBY(I9J)+PBY(I+19J))/2
PBX{I9J)=2e*P4(]9J)—=PBX(19J+1)

SET ANY NEGATIVE FLUX TO ZEROs

DO 1000 I=1s40

DO 1000 J=1+40
IF(P4{1+J))100191000+1000

P4({19J)=0e

CON'T INUE

THE MATRICES F ARE USED TO STORE THOSE ANGULAR
FLUXES REFLECTED ACROSS A LINE OF SYMMETRY INTO
ANOTHER ANGLE.

DO 49 I=31+40

F3(1)=PBY(1ls1])

F2(I1)=PBX(Isl)

PBX{Is1l) FOR L=9 IS PBX(Is1l) FOR L=8
PBY{(1osJ) FOR L.=9 IS PBY(1lsJ) FOR L=1}12
L=10

DO 51 JUD=1+40

J=41-JD

DO 51 1ID=1440

I=41-1D

CALL TOTAL(IsJeKsSTHTOT)

CALL CON2(A+BasCoLoDX{I)oDY(J)eDB2,TOT)
PBY(I9J)=SX{1eJsK)-AXPBY{I+1sJ)
PBY(I,;J)=(PBY{IsJ)~CxPBX(IsJ+1))/B

PS5 (1oJ)=(PBY{I9J}+PBY{I4+19d))/2e
PBX(19J)=2e%P5(1sJ)-PBX(19J+1)

CALL CKZ{P4sP5)

PBX(I¢1) FOR L=10 IS PBX(Is1l) FOR L=7
DO 55 [=1940

FI{I)=PBX(Isl)

L=11

Lk
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219

122
)

57

64

10

13

DO 219 JD=1+40

J=41-4D

DD 219 I=1.40

CALL TOTAL(IsJ+sKsSTSTOT)

CALL CON2(A+ByCoLsDX(I)sDY{J}sDB2+s70T}
PBY(I414J)=(SX{1sJsK)=CX¥PBX(]9J+1)-B#PBY(I4.J))/A
P5(1+J)=(PBY({I+19J)+PBY(1sJ)}/2
PBX{TsJ1=2e#P5{19J)=PBX(I5J+1}

CALL CKZ{P4sP5)

PBX{Is1) FOR L=11 IS PBX(Isl) FOR L=6
DO 122 1=1440

Fa(1)=PBX(151)

L=12

DO 57 J=1s40

PBY{1sJ)=F3{J)

DO 59 JD=140

J=41-4D

DO 59 I=1v40

CALL TOTAL(IsJsKsSTH»TOT)

CALL CON2(AsBsCoLsDX(1)sDY(J)sDB2sTOT)
PBY(I+190)=(SX{ToJeK}~C¥PBX([sJ+1)=-B*PBY(I4J))/A
P5(IsJ)=(PBY(I+1sJ)+PBY{1sJ))/2
PBX{IsJ)=2e%*P5(15J)=PBX{1yJ+1}

CALL CKZ(P44P5)

PBX{Is1) FOR L=12 IS PBX{Isl) FOR L=5
DO 64 I=1440

F3(1)=PBX(1s1)

L=3

DO 73 1=1,40

PBX(I441)=0e

PBY(41s1)=0s

DO 10 JD=1940

J=41-JD

DO 10 ID=140

I1=41-1D

CALL TOTAL(IsJeKsSTsTOT) _

CALL CON2(AsBsCoL sDX(I)sDY(J)sDB2sTOT)
PBY(I9J)=(SX(IsJsK)—AXPBY(I+1+J)-C*PBX(1sJ+1))/B
P5{1sJ)=(PBY{IsJ)+PBY(I4+1sJ))/20s
PBX(I19J)=2e%P5(19J)=PBX(I9J+1)

CALL CKZ(P4sPS)

DO 13 I=1+40

FS5{I)=PBX(Is1)})

L=4
DO 19 JD=1+40
J=41-JD

DO 19 I=1+40
CALL TOTAL(I9JsKsST»TOT)
CALL CON2(A+BsC:LsDX(1)sDY(J)sDB2,TOT)

TIRTRNG ao
.
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PBY{T4+1¢J)={SX(1sJseK)=C*¥PBX(I 9J+1}~B¥PBY(I9J)) /A
PS(IeJ)=(PBY{I+1yJ)+PBY(19J))} /26

19 PBX{I9J)=2e%PS(IsJ)-PBX{IsJ+1}
CALL CKZ(P4sP5) .
DO 22 I=1+40

22 Fa(I)=PBA(1+1)
L=8 -
DO 67 1=1440 .
PBY{41le1)=0e

67 PBX(Is1)=F2(1}
DO 126 J=1+40
DO 126 ID=1340
I=41-~1D
CALL TOTAL(I9JsKeSTeTOT)
CALLL CON2(AsBsCsLsDX(1)sDY(J)sDB2,T0T)
PBY{I9J)=(SX(I1sJsK)=CHPBX{IyJ)=A*PBY(I+1sJ))/B
PS{TsJ)=(PBY(I+19J)+PBY({IysJ)) /26

126 PBX{IsJ+1)1=2e%#PS5(I13J)=PBX(I9¢J)
CALL CKZ(P&4,yP5)

C PBY(1s1) FOR L=8 IS PBY(1lsI) FOR L=5

DO 69 1=1+40

69 F2(1)y=PBY{(1ls1)
L=7
DO 70 I=1440

70 PBX{Is1)=F1(1])
DO 225 J=1s40
DO 225 1D=1s40
I=41-1D
CALL TOTAL{I+JsKeSTsTOT)
CALL CON2{AsBsCoLsDX(I)sDY(J)sDB2,TOT)
PBY(I9Jd)=(SX(IsJsK)=CXPBX(19J)-AXPBY(I+1,4J))/8
PS(1eJ)=(PBY(I+1eJ)+PBY{IsJ))/2e

225 PBX{I9J+1)=2e#P5(19J)=PBX(1sJ)
CALL CKZ(P44P5)
L=6

C PBY(1leJ) FOR L=7 IS PBY(1lsJ) FOR L=6

DO 71 J=1+40

71 PBX(Jsl)=F4(J)
DO 127 J=1s40
DO 127 I=1+40 .
CALL TOTAL(IsJeKeSTsTOT)
CALL CON2(A9sBsCol.eDX(I)sDY(J)0B2,TOT)
PBY(I+1eJ)=SX(I9sJsK}=CH*¥PEX(IsJ)
PBY(I+19J)=(PBY(I+1oJ)=BXPBY(IsJ))/A
PS(1esJ)=(PBY(I9J)+PBY(I+15J))/2e .

127 PBX{IoJ+1)=2¢*¥PS5(I14J)=PBX(I9J)
CALL CKZ(P4yP5)
L=5
DO 72 1=1940

hé
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12

227

23

25

66

27

1007
1006

1236
1237

1235

PBY(leI)=F2(1)

PBX{Is1)=F3(1)

DO 227 J=1+40

DO 227 I=1440

CALL TOTAL{I+sJsKsSTsTOT)

CALL CON2(AsBsColoDX{I)sDY(J)sDB2,TOT)
PBY{I+19sJ)=SX{IsJeK)~CX¥PBX(To )
PBY{I+1+J)=(PBY(I+12J)~-BX*PBY(I5J))/A
PS{IsJ)=(PBY(IsJ)+PBY(I+1sJ)) /2
PBX(I9J+1)=2e%P5([sJ)=PBX(IsJ)

CALL CKZ(P4,4P5)

L=2

DO 23 I=1+40

PBY(4141)=0e

PBX(Is1)=F5(1)

DO 25 J=1+40

DO 25 ID=1+40

I1=41-1D

CALL TOTAL(IsJeKeSTsTOT)

CALL CON2(AsBsCoLoDX(1)sDY(J)sDB2+TOT)
PBY{1oJ)=(SX(19JsK)=CHPBX(IsJ)-A%XPBY(I+19J))/B
PS(isJ)=(PBY(I+1eJ)+PBY(IsJ))/2e
PBX(T19J+1)=2e%*PS(1sJ}=PBX(I9J)

CALL CKZ(P4sP5)

L=1

DO 66 1=1+40

PBX(I41)=F6(1)

DO 27 J=1440

DO 27 1=1440

CALL TOTAL(TsJsKeSTHTOT)

CALL CON2{AyBsColLeDX(I)sDY(J)sDB2sTOT)
PBY(I+19J)=(SX(IsJsK)~CH*¥PBX(IsJ)~-B*¥PBY(IsJ))/A
PS(TeJ)=(PBY(IsJ)+PBY(I+19J))/2e
PBX(I9J+1)=2e%P5(1sJ)=PBX(IsJ)
CALCULATE TOTAL FLUX AT EVERY POINT

DO 1006 J=1ls940

DO 1006 I=1s40
IFIP5(I9J))1007+1006451006

PS(I’J)=00 .

P4t{I oJ)=(P&(IyJ)+PE{IsJ)) /120
IF(K=3)12354+1236+1236

DO 1237 J=1+19.

DO 1237 1=12,13

Pa(Iysd)=e0

IMPROVE SCATTERING SOURCE FOR NEXT GROUP
DO 32 J=1440

DO 32 I=1+40

STORE THE APPROPRIATE CROSS-SECTIONS IN SCCe.
CALL SCATI(SsSCCslsJ)

b7
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33
32

1162

1163

1164

34

36

DO 33 L=K»s3

N=K+L.-(1/K)
SX(I9JeL)=SX(TadslL)+SCCUNIX(P4({I9J)~P(I9JsK))}
P{IsJeKij=P&(1sJ)

END OF LOOP

WRITE THE TOTAL FLUX ON TAPES 7 AND 8 ALTERNATELY.
THIS ALLOWS RESTARTING THE PROGRAM WITH THE BEST
AVAILABLE FLUX VALUESs TWO TAPES ARE USED IM CASE
THE PROBLEM TERMINATES BEFORE THE LAST WRITE
COMMAND CAN BE EXECUTED.

IF(NUM)1162+116291153

NQQ=8

NUM=1

GO TO 1164

NQQ=7

NUM=0

I11=40

1J=40

IK=3

WRITE(NQQ)IT oIJpIKo(((P(T9JsK)sI=19s11)sd=1s1J)9sK=1yIK)
END FILE NQQ

REWIND NQQ

WRITE(65109)NQQ

KTR=1

"CALCULATE IMPROVED FISSION SOURCE

GO TO 5

HAVE INNER ITERATIONS CONVERGED
R={SCE/S1)-1e

IF(ABS(R)~AAA) 345344357

WRITE THE FLUX EVERY 25 ITERATIONS WHETHER OR NOT
CONVERGENCE HAS BEEN ACHIEVED.
IFINTP=-25)35+358+9358
WRITE(6+121)R

WRITE(6+100)SCE

WRITE(69107)NN

WRITE(6+98)

WRITE(6+102)
WRITE(69103){(IsJe(P(IsJsK)sK= 1’3)9I=1940)9J—¢94O)
NTP=0

GO TO 35

R=SCE~1e

HAVE OUTER ITERATIONS CONVERGED
IF(ABS{R)~e01136936+37
WRITE(64+104)

NT=0

A=P(19153)

DO 970 K=1»3

DO 970 J=1+40

DO 970 1=1,40

48
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970

37
378
377

81
61
5000

5001

5011

80

65

98

99

100
101
102
163
104
105
106
107
108
109
113
119
120
121
60

PilsJeKi=P(IsJsX)/A

KTR=-~1

IFINT)60+377+378

IFI(NT-50)614377+377

WRITE(64+101)DB2

WRITE(6+100)SCE

WRITE(69107)NN

WRITE(6+98)

WRITE(6+102)
WRITE{69103)((IsJs(PUIsJsK)sK=123)21=1940)9Jd=1940)
NT=0 ’
IF(DB2)81+65581

IF(KTR) 80965461

IFINSC)500095000+5001

IF(R)5437745001

ADJUST THE CONTROL ROD BY VARYING THE VOLUME
FRACTIONS OF FUEL AND CADMIUM,

CALL ROD(FS»S9STsVUIVCINSCsRsQCsQF sQF14QF25QC2)
WRITE(6+108)VU

IF(VU=-405)60+5011+5011

KTR=0

NT=NT+1

GO TO 5

AFTER CONVERGENCEs CALCULATE THE FLUX WITH AN
INFINITE HEIGHT CORE.,

DB2=0,

GO TO 35

WRITE(64113)

FORMAT(1H )

FORMAT(18)

FORMAT(1H #21HTOTAL FISSION SOURCE=4EGe3)
FORMAT(1HLl s 14HBUCKLING TERM=9E10.3)

FORMAT (39H X Y GROUP 1 GROUP 2 GROUP 3)
FORMAT(1H 921391X93E11e3)

FORMAT(1H1 +28HCONVERGED FLUX VALUES FOLLOW)
FORMAT(6E1246)

FORMAT(3E1246)

FORMAT(1H »21HNUMBER OF ITERATIONS=418)
FORMAT(1H »24HVOLUME FRACTION OF FUEL=3E10e3)
FORMAT(17H FLUX IS ON TAPE +13)

FORMAT(1H »18'INORMAL TERMINATION)
FORMAT(22A6)

FORMAT(12A6)

FORMAT(1H +12H(SCE/S1)=1e=9F15e5])

STOP

END

SUBROUTINE CON2(AsE+sCslLsDXsDY9sDB2,TOT)
SEPARATE LOOP TO CALCULATE CONSTANT COEFFICIENTS
XL=L

ko

T T .. - -
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IF(L-4)14+1441414 -
14 A=2e%XL~14
A=A%3,14159/4.

C USE THIS VALUE FOR L=1ls4
ETA=e¢8703883%%2
ETA=14-ETA
ETA=SQRT(ETA)

GO TO 1415

‘1414 A=3,14159/4,
A=A®XL,
A=A-94%#3,14159/84

C USE THIS VALUE FOR L=5.12
ETA=e3481553#%2
ETA=1.-ETA
ETA=SQRT(ETA)

1413 AC=COS(A)
AS=SIN(A)}
Al=FETA*AC/DX
AZ2=ETA®AS/DY
A3=(DB2+TO0T) /2
IF(L-4)141691416+¢1417
1416 IF(L-3)30929+29
1417 1IF(L-9)30929+29
29 A=A1-A2+A3
B=~A1-A2+A3
C=2+%A2
RETURN
30 A=A1+A2+A3
B=-A1+A2+A3
C=“20*A2
RETURN
END
SUBROUTINE FIS(IsJsFSyFCS)
DIMENSION FS(293)sFCS(3)
IF(IeGEe3)GO TO 3000
IF{JeGEe13)GO TO 3001
[IF{JeGEe5eANDeJeLTe9)GO TO 3001
3000 DO 3002 KK=143
3002 FCS(KK)=FS(24KK)
RETURN
3001 DO 3003 KK=1+3
3003 FCSI{KK)=FS(1yKK)
RETURN
END
SUBROUTINE CKZ(P44P5)
DIMENSION P&4(40940)3P5(40+49)
DO 1002 I=1940
DO 1002 J=14940
IF(P5(1+J))10034100241002
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C

C

C

C

C

1003
1002

3015
3016

3017
3018

3019
3020

3021

3022

P5(1+J)=0e
P4a{IsJ)=P&(I9J)+P5(1yJ)
RETURN

END

SUBROUTINE SCAT(SeSCCyIeJ)

DIMENSION S(1396)9SCC(6) )
THIS SUBROUTINE SEARCHES THROUGH LOGIC STATEMENTS TO LOCATE THE
POINT(IsJ} IN THE MODELs AND STORES THE APPROPRIATE SCATTERING
CROSS~SECTIONS IN THE MATRIX SCCe ’
IF({IeGEe37)G0 TO 3015
IF(JeaGEe17eANDeJeGE«33)G0O TO 3015
IF(leGEa170ANDeleLEe18eANDsJeGE29)G0O TO 3015
IF(lalLEal16eANDeJeGE«29)GO TO 3017
IF(IlelLEe1B8BeANDeJeGEe25sANDeJeLEe28)GO TO 3019
IF(IoGEo170AND¢IoLEolB.ANDoJoLEoZB)GO TO 3019
IF(leGEe21eAND sl aLE0e35eaANDaJeLEe20)GD TO 3019
IF(IeGEa23eANDel el Ee35eANDeJeLE«28)}G0 TO 3019
IF(IeEQa36eANDeJelLEe32)G0O TO 3021
IF({leGEa19eAND ol eLEe36eAND e JeGE29)G0O TO 302%
IF(leGE019¢ANDel el Ee22eANDeJeGE«21)G0O TO 3021
IF(IoGEol9oANDoIoLEoZOoANDmJeLEQZO)GO TO 3023
IF{leGEo15eAND el eLEel16eANDeJoLEW24)GO TO 3025
IF(leGEelleANDoleLEe14eANDeJeLE«20)GO TO 32027
IF(leGEeal1l0ANDol el Eel4eANDeJeLEe24)G0O TO 3029
IF(leGEe9sANDeleLEe10eANDeJeLEe24)GO TO 3031
IF(JoGEe21eANDeJolLEe24eANDeIeLEe8)GO TO 3033
IF(JeGEe17eANDeJol.Ee20eANDel oLEe8)GO TO 3035
IF(leGEe3eANDeleLEe8eANDeJeLEe16)GO TO 3037
IF(JelLEe4)GO TO 3037

IF(JeLEe122cANDeJeGEe9)GO TO 3037

GO TO 3039

CONCRETE

DO 3016 N=146

SCCIN)Y=S(13sN)

RETURN

WATER

DO 3018 N=146

SCTINY=5(12sN)

RETURN

AIR

DO 3920 N=1»6

SCCINI=S(11sM)

RETURN

TEST CELL WALL

DO 3022 N=146

SCCI(N)=S(10sN)

. RETURN

3023

AL-H20 4
DO 3024 N=146
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302% SCCIN)=S(4sN)
RETURN
C AL-H20 3
3025 DO 3026 N=1s6
3026 SCCIN)=S(3sN)
RETURN
C CADMIUM
3027 DO 3028 N=1s6
3078 SCCINY=S(5sN)
RETURN
C ALUMINUM.
3029 DO 3030 N=156
3030 SCCIN}=S(6sN)
RETURN
C AL-H20 1
3031 DO 3032 N=116
3032 SCCIN)=S(1sN)
RETURN
C AL-H20 2
3033 DO 3034 N=16
3034 SCCIN)=S(2sN)
RETURN
C BE-H20 REFLECTOR
3035 DO 3036 N=1s6
3036 SCCIN)=S(ToN)
RETURN
C CORE ‘
3037 DO 3038 N=1,6
3038 SCCIN)=S(8sN)
RETURN
C ROD FUEL
3039 DO 3040 N=1s6
3040 SCCIN)=S(9sN)
RETURN
END ,
SUBROUTINE TOTAL(IsJsKsSTsTOT)
DIMENSION ST(13,3) .
THIS SUBROUTINE ALSO SEARCHES THROUGH LOGIC STATEMENTS TO LOCATE
THE POINT(IsJ)s -AND STORES THE APPROPRIATE TOTAL CROSS-SECTION
FOR ENERGY GROUP (K) IN THE LOCATION TOT
IF(1+GE«37)GO TO 4015
IF(T1eGEe17+ANDeJeGE#33)G0 TO 4015
IF(ieGEe17eAND el eLE«184ANDsJeGE«29)GO TO 4015
IF(1eLEe16eANDeJeGE29)GO TO 4017 ‘
IF(TeLEe28sANCeJoGEe250ANDeJeLE«28)GO TO 4019
IS(1eGEe17eANDeloLEe18sANDsJeLE«28)GO TO 4019
[F(1eGEe21wANDeloLE¢35¢ANCJeL¢20)G0 TO 4019
TF(1eGEe23eANDeleLEs354ANDsJoLE«28)GO TO 4019
IF(1eEQe36+ANDeJeLEL32)GO TO 4021

AN
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IF(l1eGEe19e¢ANDelalLEa36eANDsJeGE29)GO TO 4021
TF{leGEs19¢ANDelsaLEe22eANDeJeGE«211GO TO 4021
FF{TeGEe19sANDe e LE2s20eANDeJeLEe20)G0O TO 4023
IF(IeGEel15eAND el e LEs16eANDaJoLEe24)GO TO 4025
IF(leGEe11eANDelelLEe14eANDeJelLEe20)G0O TO 4027
IF(leGEe110eANDel s LEe14sANDeJeLE+241G0O TO 4029
IF(leGEe9eANDel eLEe106ANDeJolLEe24)GO TO 4031
IF(J.GEOZIOANDQJOLEQZQQANDQ!OLEOG)GO TO 4033
IF{JeGEe170ANDeJeLEe20eANDeIeLEe8)GO TO 4035
TF(IoGEo3oANDoIoLEoSoANDoJoLEol6jGO TO 4037
IF(JeLEL4)GO TO 4037
IF(JeLEe126ANDeJeGE«S)IGO TO 4037
4033 TOT=ST(94K)
RETURN
4015 TOT=ST(134K)
RETURN
4017 TOT=ST(12+K)
RETURN
4019 TOT=ST(11sK)
RETURN
4021 TOT=ST(10+K)
RETURN
4023 TOT=ST(4,4K)
RETURN
4025 TOT=ST(3,K)
RETURN
4027 TOT=ST{5+K)
RETURN
4029 TOT=ST(6sK)
RETURN
4031 TOT=ST(1,K)
RETURN
4033 TOT=ST(24K)
RETURN
4035 TOT=ST(74K)
RETURN
4037 TOT=ST(84K)
RETURN
END :
SUBRQUTINE ROD(FS9SsSTeVUsVCINSCsRsQCIQF 9QF1+QF2+QC2)
DIMENSIONFS(293)9S(1396)9ST(13+3)9QC(6)sQF(6)sQF1(3)9sQF2(3)
1QC2(3)
NSC=NSC+1
IF(R)Y1000+1001+1001
1000 Q=1.
GO TO 1002
1001 Q@=-1.
1002 VU={5%##NSC)*Q+VU
VC=1le=VU
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a¥e!

1003

N0 N

1004

$ IBMAP

«UNO7.
UNITO7

$ IBMAP

sUNO8,
UNITOS8

DO 1003 N=19+6 ]

QF (N) CONTAINS THE ORIGINAL SCATTERING CROSS~-SECTIONS Lot
FOR THE ROD FUELs AND QC(N) THOSE FOR CADMIUMs ’
S(9sN)=QF (N) *VU+QC(N)*VC

DO 1004 K=1+3

FS(1sK)

IS ROD FUELs FS(29K) IS FIXED FUELe

THE INITIAL FISSION CROSS-SECTIONS ARE STORED IN QF1l.
FS(1sK)=VU*QF1 (K)

THE INITIAL TOTAL CROSS-SECTIONS FOR ROD FUEL AND
CADMIUM ARE STORED IN QF2 AND QC2 RESPECTIVELY.,
ST(99K)=QF2(K)*¥VU+QC2(K) *VC

RETURN

END
INOUT?
ENTRY
PZE
FILE
END
INOUTE
ENTRY
PZE
FILE
END

4
eUNOG7e
UNITO7
sA(1)9sBINsINOUT9sBLK=2569sNOLISTHREADY

4
sUNQOB

UNITOS8
9C(1)9BINs INOUT»BLK=2569NOLISTsREADY
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C SAMPLE INPUT DATA FOR S4C40
24425 20425 2657 257 257 2457
2657 2657 02285 22285 0051 «051
e051 0051 «96 * 96 650985 64985
06985 6985 565 565 2245 2245
2245 2245 2245 2245 2245 2245
2245 © 2265 2245 2245 2245 12.7
2245 2245 22,5 2245 '
©23127E+01 «23127E+01 «38545E+01 ¢38545E+01 «38545E+01 «38545E+01
#38545E+01 +38545E+01 ¢38545E+01 +38545E4+01 «8255E-00 «8255E-00
0 69855E+01 «69855E+01 ¢635E+01 «635E+01 0e225E+02 2225E+02
e 225E+02 «225L+02 ‘

e1555TE~03 o¢27244E~02 o446E-01

e 904E~-04 e127E-02 e 304E~-01

«261E+01 e 243E+01 e 246E+01

e 1E+01 «37E-05 ¢ 0E-00

«001

0« 222E-00 e 245E-02 ¢ 156E-03. e 119E-00 o422E-02 ¢ 1.765E-00
¢« 2759E-00 e186E-01 e 135E~05 «373E~-00 «320E-01 «878E-00
¢ 249E~00 ¢«108E-01 ¢« T75E~-06 «250E~00 «186E-01 «539E-00
«227€=-00 e 524E-02 0 363E-06 «151E-00 «372E-02 «255E-00
¢« 277E-00 e274T7E-03  04E-00 ¢ 226E-00 +462E-03 «322E-00
«2127E-00 ¢3493FE-03 0.E-00 «856E-01 «5989E-03 e84E-D1
o 446E-00 e122E-01 0 266E-06 ¢« T20E-00 0 194E-01 ¢«930E-00
«378E+00 e 484E-01 ¢«3571E~-05 ¢ 8439E+00 «8331E-01 e217E+01
¢38652E-00 +50856E-01 «3751E-05 +888E-00 «88886E~-01 «2297E+01
0« 274E-00 0 294E-02 e 173E-~06 «571E-00 0e243E-02 «667E~00
¢« 92E~04 ¢«589E=09 «0E-00 ¢ 249E-03 «0E-00 ¢381E-03
+483E-00 «791€-01 +585E-05 e132E+01 ¢« 136E-00 ¢351E+01
¢ 243E-00 «197E-01 e 138E-05 e 442E-00 e3E-01 e828E-00
e22452E-00 +12426E-00 +1891E-00
¢29478E~00 +40551E-00 «892E-00
026036E-00 «26945E-00 +542E-00
023245TE-00 «+15555E-00 «268E-00
¢ 2868E~00 ¢ 4285E~00 ¢ 1355E+03
e 2134E-00 *8687E-01 ¢962E-01
«4606TE-00 o73928E~-00 «931E-00
e427E-00 ¢93337E-00 +871E-01
043783E~-00 +¢98225E-00 «23746E+01
e 277E-00 ¢57637E-00 +787E-00
e9525E-04 0e2492E~03 ¢ 438E-03
«5627E-00 e 14627E4+01 +353E+01
0 2634E-00 e4T34E-00 «848E~00 -

8

ALL INPUT DATA HAS BEEN READ CORRECTLY
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- DB2

DX

DY

FS

NN

PBX

PBY

SCE
ST
SUM

SX

»”

e

(1]

*e

e

.0

Glossary of Computer Program Symbols

Azimuthal angle (@)
Convergence criterion ( E'}
Vertical leakage ‘t""(DBzZ)
Increment in tl;o x~-direction
Increment in the y-direction
Fission cross-section
Number of iterations
Total neutron flux [Nl(ﬂ]
Angular flux ( N'“, J)
Angular flux (NI,T)
Scattering cross-section
Total fission source (,{)
Total cross-section -
Fission scurce in one cell iU ng (T)
& 94t

Scattering source in one cell

Average number of neutrons per fission (2}
Volume fraction of cadmium in rod fuel
Volume fraction of fue.l in rod fuel

Group source {X)
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ar o e o

BUCKLING TERM= 0.,478(-02
TOTAL FISSION SOURCEs0.1703E 02
NUMBER OF ITERATICONS= 3
XY GROUP ) LROUP 2
1 1 . 0.688C-02 0.373E-02
2 4 0,740E-02 0,398E-03
3 1 0.772t-02 0,418£-03
¢ 1 D.781E-02 0.425£-~03
5 1 0.767TE-02 0.416C-03
7T 1 0e572c-02 0,311€-03
8 1 0e361E-02 0,186E£~03 -
9 1 0.198E-02 0.897E-04
10 1 0e175E-02 (,85TE-04
11 1 0.164E-02 0.824E-04
12 1 06159E-02 0.799E-04
13 1 OQISSEéOZ 00776£-04
14 1 0e6151E-02 0.75%5E-04
15 1 0.119E-02 0.639E-04
16 1 Ne717c-03 0.440£E-04
17 1 OQSOQE"O3 0.323E”04
18 1 0e424£~-03 0,262E-04
19 1 0.348E-03 0.211E£-04
20 1 0.278E-03 0.179E-04
21 1 0.231E-03 0.150c-04
22 1 0,200:=-03 0.,128E-04
23 1 0el341-03 O0.830E-05
24 1 0.561E-04 0,343t-05
25 1 0.1956-05 0.370E-06
26 1 06237:-06 0.407E-07
27 1 0.873E-05 D.442E-06
28 1 O.460t-05 003245’06
29 1.  0.823t-06 0,363E-0T7
30 1 0.36641:-05 0.222E-06
31 1 0.192E-05 0.,148E-06
32 1 0.401i:-06 0,616E~-07
33 1 0.387L-05 0.195E~-06
3¢ 1 0.307:-06 0.427E-07
35 1 0e314E~-06 0.874E-08
36 1 0.310E-05 0.981lE-07
31T 1 0.140C-06 0.123E-07
38 1 0.776E~-06 04%38E-07
39 1 0.122t-06 0.110E- @I
40 1 0.279€6~06 0,266E- OT
1 2 0.554£-02 0.354E-073
2 2 0,709:~-02 0,382E-03%
3 2 0.755e~02 0.409£~03
4 2 0.780E-02 (1.423E-03
5 2 0. 766E-02 0.416£-03
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GROUP 3
0.653E 00
00720& 00
0. 740€E 00
0.738€ 00
0.737¢ 0C
0. 665E 00
0.546t 00
0.399E-00
0. 298E-00
0e 275E-00
0.359E-01
0.

. Oe

0.135C-03

.0.538E-01

0.121E-~01
0.446E-02
0.436C=02
0. 394E-0C2
0.321£<02
0e 239E-02
0. 192£-02
0. 120E-02
0.413£-03
0., 107E-04
0. 822E-05
0.865E“04
0. 110E-04
0. 916E-05
0. 397c=-04
0.786E-05
0. 656E-05
0¢ 255c-04
0. 782E-05
0. 159&-04
0. 194E-04

418E-05
00951&‘05
0038?E‘05
0., B64E-05
0. 622E 00
0.068%E 00
0.722E 00
0. 747€ 00
0,737 00
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16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
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40

40

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

0.123E-08
0e300:-08
0s137E-06
Onlilt-OG
0.194E-06
0s209E-06
0.,895£-07
06129¢~07
0.391£-08
N,103c~-07
0,105L-07
0.389[;‘-17
0.151E-07
06212207
0.,548c~08
Ne395L-08
0.593C-08
0,244C-08
0.533C-08
06132:-09
0.101E£-07
0s164:-07
0,253£-09
Ne1921t-07
N,2201-09
0.165L-07
0.291:-09
0e1152-07
0.142:-09
0ell5:-07
N.1332-09

VOLUME FRACTION OF
FLUX IS ON TAPL
FLUX IS ON TAPE
FLUX IS OGN TAP:

FLUX IS

ON TAPL

FLUX [S ON TaPc

VOLUME FRACTIOHN OF Fuw:Ls=

FLUX IS ON TAPL

FLUX IS

ON TAPe

[o B M0 o N B0 &
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Ceb16L-09
DolZEE‘OH
Oogllt‘OB
0e533k~0%
0+619E-04
0e696E-08
0.730c-03
0,368%-04
0.358£-09
Ne283£~07
0s734r-09
04224L-0%8
N0e157E~03
061295-08
0e7792-09
OcZ“Bt“Oq
ﬂoZlSE“Oq
0e345t-09
006415"09
0.349L-09
0.221E-09
06390c-09
0.268L-09
Ce504t -09
Ne930L-09
0e651c-09
0.406i-09
0e5361:-07
0. 287&"09
0e52061:-09
0.184L£-0"2
0e6621-09
‘00219&‘09

06 197:-0¢€
00 (.31:"”4
Qe 8&5 =05
0. 177+-05
Oe 291F=-04
O+ 5H8£-04
Oe 5R62-04
OolOSL“O‘
0e103L-04
(Je 158%-05
O¢ 144EL-n5
0. 511L0-05
003016‘04
Oe 366C-05
0o 263E-05
00543E'06
O0¢ 3265-06
0. 851E~06
0. 282FE-06
O¢ 889L:-06
Oe 382E-06
0. &88L-06
06 HOG5E-006
0s5852-06
0e 990t ~016
O 422106
0. 138E-05
Oo??OE-Ob
0. 1252-05
0o 453t -6
De121L-05
0s4631:-06

Fuel= 0.500C 0L

e 250E=D U
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Appendix B

The GAM-I Code

The GAM-I code (Rgfs 10,11) is a computer program
written for the IBM 7094 to generate multigroup cross-
sections using the ?1 or B1 approximation. It will cal-
culate these constants for as many a; 32 fast groups,
Available as output are diffusion coefficients, a full
scattering matrix which includes inelastic and (n-2n)
scatter, age, and constants for one fast group.

There are three options for calculating cross-sec-

tions; one may use the P. equations, use the B’ equations,

1

or read in a flux spectrum. In the P1 approximation
(Ref 14:336) the scattering frequency finction and flux’

are sxpanded in«Legendre polynomials, and the P, equations

1
are then integrated over space ito yield two energy depen-
dent equations. Thcse.two equations are then solved ite;-
atively for the flux and current, and the fine (aixtf— .
eight) group cross-sections are weighted appropriately,
The B, approximation (Ref 9) uses a Fourier trans-
form of the one~dimensional Boltzmahn equation, with the
transformed flux and frequency function expanded in
Legendre polynomials. diven the wave number "k", the

transformed equations for flux and current are solved

iteratively. This method is the most accurate for homo-

o,

73

genous materials., It assumes that the energy spectrum of

the source term is independent of position. To get scme

59
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idea of the dependence of the B, approximation on the wave

1
number used, k was taken as the square-root of the trans-
verse buckling (Byz)% and then of 'the total buckling
(Btz)%. The change in cross-sections for water was very
slight.

The 16-group cross-sections given by Yiftahvgi al
(Ref 17) were used for comparison with the GAM-I values;
both use the Cranberg fission spectrum for U-235 (Ref 7).
Since GAM-I will accept any fast energy groups (up to 32),
Yiftah's g}oup structure was used by the program to gen-
erate a set of cross-sections. Since Yiftah uses a dif-
ferent flux spectrum, the results were not expected to
be identical. The two sets were in fgirly good agreement,
however, especially at very high energies; hence, more

faith could be put in the GAM-I values, and this code was

used exclusively,

60
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Appendix C

Personal Correspondence

The two letters in this appendix were received from
workers at Los Alamos Scientific Laboratory, New Mexico.
They are self-explanatory in their content, the first re-
ferring to Ref 13 and the second to Ref 2, as applied to
the derivation of S4CLO; both are valuable as sources of

additional detail for the above references. .
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UNIVERSITY OF CALIFORNIA

1.OS ALAMOS SCIENTIFIC LABORATORY
(CoNTRACT W-7405-ENG-36)
P. 0. Box 1663
1L.OS ALAMOS, NEW MEXICO 87544

Tk January 4, 1965

Lt. Lee H. Livingston
AFTT Box 3368
Wright-Patterson AFB
Ohio 45433

Dear Lt. Livingston:

In reply to your letter of December 2, 196k I would like to offer the
following comments:

Question 1l: Concerning the objects % and B of Chapter 4. On page 75
(LA-2595), f and B are defined by Eqn. 4.8, 4.9 and the text immediately below.
The crucial point here is the recognition that the transport equations can be
transformed into an "exact differential" form, which, when integrated over the
independent variable, depends only upon the end points- (Condition A). How is
this done? If one uses Eqn. (4.7) as a guide in writing the transport equation
terms (see Table 4.1), then the application of Condition A (%Egn. 4.8) becomes
a trivial identity when the integration is performed over the applicable inde-
pendent variable. FRan (4.9) is likewise an identity. However, its difference
approximation is only to first order.

We could write, equally well, Eqn 4.10, as

den(x)ﬁséif(xnﬂx)==fﬁd §§'*N<x)§§

?

* ox

Nwr, "Ny N v N (?f)
ave  AX 2 X
ave

N + N
L8 1+1 44
= f(N&+l - NL) + _.__5____.5
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Lt. Lee . Livingston 2 January %, 1965

where f{x} is some analytic function occurring in the transport equation and

~ f

r.z2¢ g= % ave” However, we have still to determine an appropriate form

Ax
for £ and 5 consistent with the rest of the approximation.

The philosophy invoked here is that either way of writing
- _ oN of
T(x)N(x) = sg-f(x)N(X) = f(x) =+ N(x) =

in difference approximation must be equivalent in its application to the re-
mitting eaquations.

In Eqn. {%.11), the integral is approximated by the averaged value of the
integrand (us..g the right hand side of Eqn. (4.9)) with an unknown (but deter-
minable) weight function w. Egqn. (4.12) performs the same order of approximation
but with the alternate form (Condition A). Thus, one can obtain the recursion
relationship given by Ean. (4.13).

This technique is Jjust thet required to guarantee exact conservation of
neutrons, a crucial requirement for a transport code.

Question 23 Equivalence of Eq. (4.32) of LA-2595 and Egn. (7) of Carlson's

Numerical Solutions of Neutron Transport Problems. They are exactly the same

equations except for a notational change in the angular coordinates, labeling
of the interval subscripts and use of the diamond differencing assumption
Fan. (4.18). We now indicate the details for clarification: Write Eqn. (4.32)

(ignoring Ytnh and Sth terms for the moment) as

t t

-
L - [ - 5 - '
(AjyqNiay - AT) A (ByyqNypy - BNy + T (CpaaMes1 - Oy * O5N; =8; (1)

Fan. (7) is given by

(1 cos o+ A, sin wiﬁaj +hotd Aiﬁﬁk) N,

+ (-1 cos qh + nﬁi sin @Lﬁﬁj + ni + u.AiAAk) Ni-l

- = - i -
2(m; sin @, (AJ) Nyp -2 an_l = &8, (2)
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Jt. Lee H. Livingston 3 January b4, 1964

Tan. {1) and (2) first of all differ in the angular variable notation, so let
me identify

= 7] cOS @
38 n Pm
t -
N =17 sin o,
._.l -~
> = d

n =J: ;1-2 ) (3)

Then Eqn (2) becomes

('+r'Ai+§'Ai+')N + ( '+n'Ai S Lan )W
M = ~—+h ) N, -u s = . .
./_\.j Ak I § Aj Ak i-1" Ti-l
IAi 'Ai )
-2n =N, . -28 =N =A, S, (4
Aj J-1 Ak k-1 i7i ' ) .
Next divide out Ai’ and introduce Vi = Vijk B AiA jAk’ yielding .

! ' -t h, ' ! et n.

o o g AN n’ 5 !

VA TV AN T VA T A )N:; N 7 R A R A o A.)Ni-l ()
1 1 1 L 1 L

:
1 -

-

)

2 1
- \T-n AiAk Nj-l -2

L kX

AL N =8,

.Y-<I ‘} ¢

Now regroup the terins to obtain

t t

3

2 ‘N, - L \ -
T Ao AN, - N )t 7 po, (N + N, 2N, )
4 (6)
=! ( i + N 1
o -
PRy (W N - A ) H ey 5 7 5
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If we utilize the diamond difference condition Eqn. (4.25)

ON! =N, +N,.. =N, +X
i 1 it J

1 J+1 Ny ¥ Ny N+ Wpq » v v )

in the above equation, then

=

+

=
t

g PN SN AN G DN 4N -ON, =N, - N

(8)

Ny # Ny " Wy PN+ -, =N - N,y
Ni * Nl-l - N.I
) 1

1 i i i
Now identify the area factors Ai = Ai-l = AJAK’ BJ = B.J'-l = AiAk’ Ck = Ck-l =
AiAj, and (9) becomes

t 1 !
v n S L
v (AN, - A, Ni_l) + A (BJNJ ~ B3 Ni_l) + v (¢ =y Nk_l) +O.N =8, (10)

which is just Egqn. (1) offset by one interval. Notice that Carlson uses

Ai = ri - Y whereas LA-2595 uses Ai =7 - ri.

i+l

Question 3: Why do the fourth and fifth terms of Eqn. (4.32) drop out?
By definition for x, y, z geometry, Eqn. (4.33),
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Lt. Lee. H. Livingston 5 January Lk, 1965

Ai = AyAz 7‘ funetion of x

B,j = Az ;‘ function of y

C, = AxAy # function of z

k
The subscript convention announced was i€x, j€y, k€z. Thus, Ai = Ai+1 for
all i, Bj = B;j+l for all j, Ck = ck+l for g1l k. The cross section perpen-

dicular to a given coordinate is independent of that coordinate since the
local geometry is flat. This is true only for (x,y,z), since no curvature
terms are present in the operators.
Question 4: Concerning values of wm to be used. The condition on

Wl,m is w&m = 1 when summed over the lowest order symmetry of the sphere
used (octant, hemisphere etc.). 1In Table 4.5 this is two octants, and hence
%wm is used. If & hemisphere is necessary %-wm is used. If the full
sphere (x,y,z) is used, é-wm is the appropriate quantity. The Appendix A
may be of some help. Be careful of direction cosines when taking the full

Finally some general remarks. Your proposed project is very ambitious.
You should realize that about a factor 25 increase in running time is involved
in going from rz to xyz geometry due to increased number of directions and
additional required space points.

We include an rz Fortran Code listing for your information and the
associated flow diagrams. Tapes and cards can be made available if that
would help.

If we may be of further assistance, please let us know.

Sincerely yours,

(e Zloe

Clarence E. Lee
T-Division

CEL/ml
Enc: TFortran code listing
Flow diagrams
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UNIVERSITY OF CALIFORNIA
LOS' ALAMOS SCIENTIFIC LABORATORY
(CoNTRACT W-7403-ENG-36)
P.O. Box 1663
LOS ALAMOS, NEW MEXICO, 8754k

IN REPLY
REFER TO:

Twl ‘March 1, 1965

Mr. lee H. Livingston
5466 Access Road
Dayton, Ohio ~ 45431

Dear Mr. Livingston:

Bengt Carlson has asked me to answer your questions of 18 February.
From your letter I gather that you sre referring to the paper in Volume
XI of Proceedings of Symposia in Applied Mathematics. The selection of
the discrete angles @ is described in paragraph 5 on page 22k of the
proceedings. In equation 6 on page 228 the angles op and ¢ are both
the same angles, i.e., @py. The absence of the subscript is a conven-
tion. The orientation of these angles is sketched for n=4 on the en-
closed page.

‘The material described in the above reference is badly out of date.
For a description of methods in use in 1964 I suggest you study Los
Alamos. Scientific Laboratory Report LA-2996. Angular orientations and
direction sets are described in LfA=3186, a copy of which is enclosed.

If you have more questions, please feel free to write to me.

Sincerely yours,

s :
(74
Dr. X. D. Lathrop

KDL:sv
encl: 1 graph + LA-3186
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VITA

Lee Haltom Livingston was born on 5 August 1939 in
Memphis, Tennessee, the son of Thomas Elliott Livingston
and Katherine Stewart Livingston. Upon graduation in 1957
from Central High Scheool in Memphis, he enlisted in the
United States Navy and served for two years until July
1956 when he received a fleet appointment to the United
States Naval Academy. In June 1963 he éraduated from the
Academy with the degree of Bachelor of Science and re-
ceived his commission as Lieutenant in the USAF. He came
to the Air Force Institute of Technology im July of'that
year.

Permanent address: 4780 Dee Road

Memphis Tennessee 38117
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