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ABSTRACT

The multigroup equation employed in eriticality calculations
has been adapted to the TRIGA reactor at the University of Arizona
in a compuber program for the IBM-650. ‘The program includes the use

. of the Sdengnt—Goertzel approxlmation for the slowing down of neu=
{trons by hydrogen and is based on the condition of gero flux at the
utrapolgéd oui;ef Boﬁndafy of the reactore The prt‘agx;anx"l z;lso genef-
ates the smxrce’terms in éll fuel regions ‘of the reactor.

Alﬁest prégrain ias éondncted, using the ‘reactér 'parameters
of the ‘ﬁIGA fe\a'ct‘&' "dt the Uniirersity of Arizona, to determine if
the computer program would closely approximate the radial flux values
and the actual critical fuel mass of the reactor. Results of this
‘best program revealed that the critical mass of fuel could bc deter-
mined very well and that the radial flux values, baaed on a apherical
equivalent reactor, were a reasonsble approximation of the expected
values
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CHAPTER 1

INTRODUCTION

1.1 Compuber Programs in Criticality Caleulations

Over the past fifteen years a great deal of effort has been
devoted to associating the capabilities of" the analog and digital
computers with a mumber of areas of scientiﬁc interest. One of these
areas in which such association has proved to be helpful has ‘been L
the use of digital computer machine programs to assist in the solution
of the diffusion equation in criticaiity calculations"fcr miclear
reactors. The following sections of this chapter will discuss this’
matter in more detail, to include a description of the thesis
objectives of the writer in adapting a machine program of criticalitj
calculations to the TRIGA reactor at the University of Arizona.

’1 2 The Lethargy Growp | |

' The current muclear engineering student is acquainted with the
diffusion equation with which criticality computations are conducted."
The integro-differential equation with which we work is quite obviously
impossible to solve by conventional methods of calculus over the ranges
of energy and the regions of different composition found in the typical
réacto:. For this reason, it has been found necessary to divide the
entire energy range up into smaller increments over which the physical
reaction characteristics of the materials in the various regions can be

considered essentially constant. Since most reactor ccmputations are



- performed in terms of lethargy instead of energy, these inecrements
‘are referred to as "lethargy groups" during the rest of this work.
Lethargy is a dinoniionless quantd.t& defined as

us 1;:?;2','(' - o )
where E is the energy of inf.arest, and Ej is a constant, reference
energy which, for a given problem, is. generally equal to or slightly
greater than the source energy. Much of the literature uses a value
for E, of 10 Mev, which is accepted as appreximately the maximum energy
of fission neutrons,

1.3  Advantage of Machine Programs in Reactor Calculations

- As mntj,ohed in Section 1.2, the lethargy groups are so se-
lected that the nuclear characteristics of the reactor materials are
esgentially constant in any given lethargy grou}; of neutrons.. By this
approximation, the integro-differential equation can be converted to .
a set of differential equations, summed over the separate, sequential
lethargy groupse. The accuracy of the result can be kept relatively. -
high by usilr_lg,.;;la_xi'ge_ number of ?PWW.K?P’:‘P“ » each of which covers
a small increment of energy. It is at this point that the utility of
machine programs in calculations:has become .of .great interesi in-the
past seven or eight years., If the engineer desires to improve his
results by having sixty to eighty lethargy groups, the hand solutien
-of that same number of differential equations would take days, if not
weeks, It can thus be seen that if one can compute the parameters

for the reactor materials in the various regions, place them into a




computer and let it do the mecha;nicalvwork,, a most rewarding saving:
in time can be achieved. This advantage in itself justifies the ex-

istence of the machine program.

1.k Limitations in the Use of Machine Programs
' ~ The preceding section has pointed to the greatest advantage

of machine proéramé in reactor criticality calculations. There are .
certain limitations in the use of such.programs as well.  One factor
winich may be a limiting influence is the storage_ capacity of ;hhe com=
puter used. Once the actual coded program is stored in the computer,
the remaining storage space may be s§ curtailed that the number of
lethargy groups, reactor regions »or mesh points must be reduced to an
amount less than the optimum. ° Such reductions may markedly lessen the
accuracy of the program. Limited storage space may also require the
scientist to convert the program for a given geometrical reactor shape
from its true ‘cbnfiguration with several spatial variables to an equiv-
alent sphere with only one spatial variable, again possihiy adversely
affecting the 'accura‘tcy of the results. For example, the cylindricajly
shaped TRIGA reactor - with two spatial variables - was converted to
an equivalent sphere for the work in this thesis, in order to ensure
sufficient stéragé. space in the 2,060 storage areas of the IE{ 650
at the University of Arizona.

- The secord limitation of machine programs for reactor criti-
cality calculations is associated gain with the mumber of lethargy
groups selected. Coupled with the reduction in accuracy when oﬂy~g

few léthargy groups may be used due to insufficient storage space, the



condition als_quists that there is an upper limit to the number of
lethargy groups which can be used in the program, even if there is
more than enough s@rage ‘capacity. The reason for this factor is that
there are certain limitations in the multigrowp theory itself.) If
- the lethargy groups are made too narrow, neutrons slowing down into ..
the ith lethargy group may not only be coming from the (i-1)th group-
as required by the multigroup equations-but they also may be slowing
.down from groups of lower lethargy than the adjacent group. This
‘causes the multigroup equations to change into the contimious slowing-
dovwn model of the age equation, which becomes quite inaccurate with
degéneous moderated reactors such as TRICA,

The thirdlimitatiopﬁ_j.g; }:bt}gt a digital computer can only give
a fair approximation of the first and second derivatives encountered
in the diffusion.équation s again reducing accuracy. Typical approxi-

mations employed in the machine program are? -

~AT R T (Lehel)
d -
| 2“‘ 2"’, Wy o (Loka2)
e (Ar)Z

A. M. Veinberg and E. P. Wigner, _T_t_x_e_ Physical Theo of Neutron
Chain Reactors, lst Ed. s The Unl'versn.ty of Chicago Press, 19%8, p.

: 2D. ‘K. Holmes and R. V. Heghreblian, Notes on Reactor Ana si 83
-art II, Theory, (pamphlet), August, 1955, Number ORNL-C FZ!i-']-EB

DT'f{rce of Technical Services, Department of Commerce, Washing-
ton 25, D, Cey PPe 277-278 ,



1.5 Utility of the Machine Programs

Comparing the one main advantage of computer machine programs
for reactor calculations with the three main disadvantages or limita-
tions to their use s it hardly seems possible that such programs would -
still have utility. However, despite the seemingly overpowering dis-
advantages, it has been found that the results provided by the machine
programs agree quite favorzbly with experimental results, sometimes -
diffeﬁ.ng only in magnitude by some constant value. The program used
by Knolls Atomic Power Laboratory is one which has been proven to be
quite effective. Incidentally, it is also used by General -Atomics,
the maker of the University of Arizona's TRIGA reactore

.6 A Brief Descnption of "PROD II® |
| The Knolls Atomic Power Laborabory multigroup program 3 ’h PROD
II, was used as the primary reference in applying the general multi-
group equationé to ‘a new machine pz:Ogram‘for tﬁe TRIGA reactor. PROD
IT is & program which wif!l'perfqm the machine ‘calculations for prob=
lems 'inv‘bivihvg 'spher-ical', cylindrical or slab geometry. The user may
select the option of including or excluding the Selengut-Goertzel

approximation for the slowing down of neutrons by hydrogen (see Chapter

3 L
G. Je Habetler, One~S g e-Dimensional Multigroug.for the IBM-
£} a~art I, ations < phlet F) Ecwber i er Km-ms,
g%'ﬁce zl %ﬁ al Services, Department of Coamerce, Washington 25, .
c.’ pp. N - . :

' l‘v A. Walbran, One-Space-Dimensional Multi' roup for the IBI-
6 O, Part II, Machine Program, (pamphlet), April 10 I?E 6, Number

5 l, Off ice of Technical I'S-‘Erv:lces, Department of Commerce, Washington
2 ’ Co, 51 PPe . i . '




2); he may also choose between two different boundary cenditiens for
the neutron flux at the extrapolated outer boundary.of the reactor. .
Furthermore, the program will generate the source terms 6n its initial
run for the subsequent flux calculations, if desired, thereby eliminat
ing the need to make source estimates before the program is run.

1e7 Thesis Objectives

‘The first objective of this thesis has been to re-program the
mul tigroup equations into a new machine program employing spharical
geometry only, using FROD II as a guide. Since the new program was to
be adapted to TRIGA, which is hydrogenously moderated to.a great ex-
tent, the Selehgut-g‘:oer_tzelk approximation was made an integral part of
the programe The boundary condition of zero flux at the extrapolated
outer boundary' of the reactor was selected _for this program, as was the
source generatiqn‘ option. _

A second}aryr objective was to run a test multigroup calculation
m.th the hew program, using a set of data calculated from the composition
of the University of Arizona TRIGA Reactor, in order to evaluate the ef-
figacy of the program. The i‘éctors to be evaluated are as follows:

a. The computed radial flux distribution ahould conform with
ﬂlat known to exist in TRIGA, R
| - be The assumgd critical fuel mass which will cause the test -
mul’gigroup pfograg;,to converge at the desired point ;hould not differ
from the actual critical fuel mass of TRIGA by an amount greater than
a factor of two. |

1.8 Explanation of Commonly Used Terms

The discussion throughout the following chapters will frequent-




1y employ alphabetic 'or numerical "shorthand" designations for a vari-
ety of terms associated with the diffusion equation and with the physi-
cal conditions chosén by the user to apply the diffusion equation. |
Although generally defined at the first point used, it is deemed appro-
priate to consolidate the explanations of these terms.for the reader's
- convenience, - '

‘The first of these factors is the number of lethargy groups
into which the computational work will be subdivided. For convenience
in referring to these groups, the lower case letter, i, will be used
when referring to a randomly chosen group. Furthermore, the use of.
#i% ag a subscript for a reactor parameter infers that the parameter is
évaluated in the ith lethargy group. The capital letter, I, indicates
. the total number of lethargy groups in the problem. It also denotes

the thermal lethargy group, since in a multigroup problem, the highest

value of lethargy is in the thermal group. Arabic yumerals ‘are used to
refer to a specific lethargy group. | |

The second factor is the mumber of major regions into which the
reactor is separated. For general reference to one of these hypotheti-
cally homogenized regions, it will be designated as the kth region.
Si.tﬁilarly, the use of the lower case letter, k, in the argument of a
parameter or as the subscript to a term indicates evaluation in the. kth
region, The total number of reactor regions is designated by K. When
a specific region is to be discussed, it will be designated by a Roman
numeral,

The ktﬁ region of the reactor will generally be subdivided in-
to spherical shells of radial thickness, Arg. Values of Ar, may be

-

I



different in various regions, but they are equal within any given re-~
gion. The radially outer face of each of the incrementally thick
spherical shells is identified by an Arabic number, starting with zero
at the center of the spherical reactor and numbered by successive inte-
gers outwards to the extrapolated outer boundary of the reactor. The
lower case 1etter, n, is used in referring to a.ny arbitrarlly Selected
interface between two of these sub-regions. Such interfaces are also
caJJ.ed mesh points. The total cxnnter of mesh points (which is also |

the va.lue of n at the extrapolated outer boundary) is indicated by M.

The radius from the center of the reactor to the nth mesh point will be

called e In addition, the thicknese of the nth sub-regicn in some
discussions will be designated as Ar,. ﬁatura]ly, this thickness will
also coincide with the Aq{ of that particular region in which the nth
sub-region is situated. - '




CHAPTER 2

THE MULTIGROUP DIFFUSION EQUATION

2.1 Foreword

In this chapter, the purpose is to discuss in general terms
thé diffusion equation as used in multigroup calculations, with the
approximations which will be employed in this work. It is not the in-
tent of this discussion to derive the diffusion equation, since more
thorough and more authoritative references, such as the works of Wein-
berg and Wigner5, and Holmes and Meghrebliané, go into much greater de-
tail on this subject than is warranted by the scope of this work.

2.2 The Word Description of the Diffusion Equation

The general diffusion equation emoloyed in multigroup work is
a balance equation within a given lethargy group and a particular re-
gion of the reactor, which can be stated in words as follows:

In a unit volume of a given region of the reactor per unit
time and at steady state operation, the number of fission neu-
trons born in the ith lethargy group plus the number of neutrons
which slow down into the ith group from the (i-1)th group rust
equal the number of neutrons absorbed from the ith group of neu-
trons- plus the number of ith group neutrons which leak out of
the region and which slow down out of the ith lethargy group.

2.3 The Slowing=Down Density Terms; Selengut-Goertzel Approximation

It was stated in Section 1.7 that the diffusion equation to be

oA, Weinberg and E.P. Wigner, The Physical Theory of Neutron
Chain Reactors, Chapter XI, 1lst Zd., University o icago Press, 1950

D K. Holmes and R.V. lMeghreblian, Notes on Reactor Analysis,

”art II Theory, (pamphlet), August, 1955, Number ORNL-CF-5L~7-B8 (Bt II),
ig$ouf Techn1cal Services, Department of Commerce, Washington 25, D.C.,
PPe =279
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used in this program includes the Selengut~Goertzel approximation. As

quite thoroughly discussed in Weinberg and Wigmr7 s for a reactor which
has hydrogenous moderation, the calculation of flux values is greatly
increased in accuracy by taking the general slewing=-down term from the
(1<1)th lethargy group into the ith lethargy group and separating it
into two different slowing-down terms. One of these terms is for the
slowing down of neutrons by all the reactor materials except hydrogen,
The second slowing—down density term involves only the slowing down of
neutrons by the hydrogen nuclei in the various regions of the reactor.
This technique of employing two separate slowing—down terms is the
Selengut~Goertzel approximation. Justification for the use of the Sel=-
engut-Goertzel approximation is that the hydrogen nuclei are of esasen-
tially the same mass as the neutrons, and a single elastic collision of
a neutron with a nucleus of hydrogen can effectively reduce the energy
into the thermal lethargy group.

2,k Mimimum Width of Lethargy Groups

A brief statement was made in Section 1.7 to the effect that
there is an upper limit to the number of lethargy groups which can be
employed in the mul tigroup diffusion equation. Weinberg and Wigmra
give an excellent coverage of the reasons underlying this limitation
on the total mumber of lethargy groups for a hydrogenously moderated

reactore The essence of their coverage will be stated in this section.

7A.¥. Weinberg and E.P. Wigner, The P sical of Noutron
Chain Reactors, 1st Ed., University ef Chicago Press, I§§§ s

BA.M. Weinberg and E.P. Wigner, The Physical The of Neutron
Chain Reactors, 1st Ed., University of Chicago f’ressf’l'?% PPs 509510
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In the collision of a neutron ﬁth a nucleus of one of the
reactor materials, the neutron may undergo a gain in lethargy, asso~
ciated with the possible loss of some of its energy. The aﬁrage
lethargy jump per cellision, f s 1s fa.’grly constant within a given re-
gion of a reactor.

If the lethargy groups for a computation are made narrower than
§ , the source of neutrons entering a certain lethargy group may then
be not only the next lower lethargy group, as required for the diffu-
sion equation, but probably other lower lethargy groups beyond the
adjacent groups This is an undesirable condition in the "bookkeep-
ing" of the life of a neutron during its gloiing-dm proéess s since |
we will not know into which lethargy group it may have jumped. In a
reactor which has a high hydrogen content, such as 'BIGA, the value of
§ becomes quite large, Thus, selection of too many lethargy groups
would cause the diffusion equation to degenerate into the continuous
slowing-down equation, which is not as accurate in this case. For this

reason, § is taken as the lower limit of the width of lethargy groups.




CHAPTER 3
THE MACHINE PROGRAY FOR SOLVING THE DIFFUSION EQUATION

3+l The Diffusion Eg:.ati.on; Definition of Terms

The diffusion equation which is to be used in this computer
program includes the SelgngutéGoertzel approximation for the elastic
scattering by hydrogen and ignores inelastic scattering. Since the
space variable in spherical geometry is r, the equation can ‘be ex=

pressed on a per unit volume basis as - |
7 ﬁmvm(r,u) +Za(r,u?nv(r,u) (3.1.1)
= -%lq(r,u) -%_(r,u) + X (@)B(x)

in which the terms are defined'as follows:

Ztr(r,u) «s the macroscopic transport cross section

Za(J:‘,u) e+ the macroscopic absorption cross section

‘nv(ryu) = @(r,u) .. neutron flux per unit lethargy .

n (ryu) «e the slowing down density due to elastic
scattering of neutrons by hydrogen

q(r,u) : eso the slowing down density due to elastic
scattering of neutrons by reactor mater-
ials other than hydrogen

X (u) .o the fission spectrum, so normalized that
-fth
‘ 7)Z_r(u')du' “)é(“th) =1

12+
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P(r) es the spatial distribution of fission neutrons
over all lethargies, expressed as

th
P(r) = | P2 (r,u' Wr,u'dan' P2 p(rup)B(xs0)e (3:1.2)

o

Equation 3.1.1 is a modification of the more general equation of the
same type which was used by Habetler? in his mul tigroup program work.

3+2 Subdivision Into Lethargy Groups

In order to handle Equation 3.l.l, it is necessary to divide
the lethargy region up into several groups of not necessarily equal
extent.s In fact, therj are best selected to provide the most accurate
and fairly constant values for the reaction cross sections of the
assumed homogenous mixture of reactor materials within each of the
lethargy groups. Designating the upper limit of the fission energy
spectrum as E,, its lethargy counterﬁart would be uye Similarly ug,
is equivalent in lethargy to the energy of the thermal neutron, Eine

We, thus, divide the lethargy range into "I* intervals, as
follows: o

0=u, < €U eeeeececoees U U, o (3+2.1)
Neutrons whose lethargy is between uj and W _; are referred to as
being in the "j th group", and as seen above, i varies from O to I
through consecutive intégral values, |

96.J. Habetler, One-Space-Dimensional Multigroup for the IBM-

650, Part I, Equations, {pamphlet) December 1, 1955, Nﬁb'e'i'—xm—m%

gf'gice of 'Tzcmces » Department of Commerce, Washington 25,
Loy PPe 14=30 :
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In order to eliminate the partial derivatives with respect
to lethargy in Equation 3.1.1, we now integrate both sides over some

arbitrary lethargy group, Au; (vhere Auy = uy - ui-l) :

L .
‘VA WVId(r,u)du * e 2 (r,u)f(r,u)au =

L
~a(ryuy) * alrsuzg) - Hiesg) + Nleswy ) + 2() Juy, X(u)au.

(3.2.2)
3.3 The Slowing-Down Terms

To get the "eta" terms of Equation 3.2.2 in one variable, we

define
%aﬁ(r,u) = Zsh(r,u)¢(r,u) - p(r,u) s | (3.3.1)

where Zsh is the macroscopic scattering cross section for hydrogen.
Yle then solve the above equation i‘or»p(r,u) by means of an integra-

ting factor, and evaluating the integral over Aui, we have

. 9(1”111) = 9(r,ui_1)e"A“i + e'ui[ eu'ZSh (r,u')¢(rsu')du' .
io !

(3.3.2)

We assume that the asymptotié slowing down relation holds ap-

proximately and further define

a(ryu) = §Z_(r,u)g(r,u) , or (3.3.3)

= (ryu)
B(r,u) ?z;%fﬁ- . (3.3.1)
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3.4 The Diffusion Equation in Terms of Slewing-Down Densities

With the relations 3+3.2 and 3.3.); substituted into Equation
3.2.2, the result is

. 1 Za(rsw)a(r,u)
VL:L BZtr(r,u)?ZB(r,n) V a(r,u)du +Au1 ?zs(r’u) du

+e-ui/ . euZ (r,u)q(r,u)' -
Aug ; ~(z0) du 'Q(T’ui) "‘Q(r’u-j_-l)

+ (1 - e-Aui) 7(1‘,"11_-1) + P(r) X(u)dn . (301101)
b

3.5 The Lethargy-Averaged Diffusion Equation

In the previous selection of lethargy groups, they were so
chosen that the reaction cross sections of the materials were essen-
tially constant over any given lethargy group. Since the slowing-
down densities are a function of the macroscopic scattering cross
sections, they will not change radically over such a letharw range
and can be considered constant within any group. Thus, in an

arbitrary lethargy group, Aui, Equation 3.4.1 can be fairly well
. approximated by

Zsh' -(r), (1= o-Aui)

- gftrl;-z:vzi;(r) + ?za; g (r) '+m qy Au;

1 l-0~Aui
- A [- a(rsy) + q(r,ui_l}] LY
+ P(I‘) Xi ° (30501)

The bar over the various terms indicates quantities averaged over the

ith lethargy groupe
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3.6 Consolidation of Terms in the Diffusion Equation

We further define the following terms:

a. q(r) = FZ, F(0) = Zi(r)/ % (3.6.1)

. D = 1 - | 642
b D'.L (521'41‘;25;1/!;23,&_ (3 )

= 95(r) |
Coe fi(r) -qTir-;u—iy (3.6.3)
[ et TEo, 2 S
“ M [}z-a‘; rSranl > A AR IV >
’ (306011)
With the above definitions substituted into Equation 3.5.1, it becomes
simply
2 = — _amdu
"'Div ¢i(r) + Ai¢i(r) = mi_f:.;:m Qj__l(r) + Q_ez.ﬁfly(r,ui_l)
+ 2(2)X; | (3.6.5)

3.7 The Boundary Condition for Slowing-Down Densities

Note that both of the slowing-down density terms on the right
side of Equation 3.6.5 involve functions of the (i-1)th lethargy group.
This is an important key to the solution for the vérious fluxes. At ug,
or fission energy, we have the boundary condition

Dlrsug) = alrsu,) = o, (3.7.2)
since u, is taken to be the lowest lethargy of the fission neutrons,

and thus, no neutrons exist to slow down past v,.
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With the above boundary condition as a starting point, the
lethargy~coupled, space dependent sets of equations obtained from
Equation 3.6.5 are solved sequentially starting with u, and working
progressively through the lethargy groups to ui,. Thus the source of
neutrons in any given lethargy groups is derived from its predecessor.
It is for this reason that the lethargy groups have a minimum width,

as was discussed in Chapter 2.

348 Modification of the Laplacian Qperator io the Machine Program

The next step in the conversion of the diffusion equation to a
form suitable for use in a digital computer involves modifying the
Laplacian operator in Equation 3.6.5. The division of the energy range
into lethargy groups ha_s yielded a flux which only has spatial depend-
ence withinl any given lethargy group. The Laplacian operator can be

expressed in spherical geometry as
2 —-—
V2-E-(I‘) = ;dg— ﬁ(r) + -—12.- %(r) » (30801)

the theta and phi components not being expressed since there is no
angular ciependence involved.,

Now the reactor in its sphericized form must be investigated.
It is composed of concentric shells, each of which is considered to be
homogeneous. The shells will be of varying thicknesses, depending on
the actual volume of reactor materials included in that region. It is
possible, however, to divide each shell (or region) into a set of thin-
ner shells of equal thickness, ary, the subscript k denoting those

equal incremental radial shell thicknasses in region k. For example,
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let us say that Region III is 15 cm thick. We can divide it into 10 )
sub-regions of equal thickness, each of which would be 1.5 cm.

These sets of additional interfaces between sub-regions, as
well as the interfaces between major regions, are known as mesh points,
They are chosen sufficiently small that they do not introduce great
error in the computations, usually from 1 to 2 cm in thickness. The
end points of the subsets must coincide with the interfaces between the !
major regions of different homogeneous composition. The mesh points
are numbered sequentially from the center of the reactor to the extra-
pblated outer boundary of the reactor (e.g. Tos Ty Tps o o o rN).

Returning now to Equation 3.8.1, it is necessary to put this

in a different form for use with the digital computer. We multiply

the equation by r2, giving

227 _ 2 d |
rva rzag_ 4-21-_.(%?_ (3.8.2)

The right side of Equation 3.8.2 is now integrated over arbi-

trary limits:

raidz dr + or 9B 4r
dr

dr
r=b
2—g - b o=
= ' r2 d dr &+ r2 - r2 d g dr
ér dr
. =3
r=b
= p? ._dﬂ
dr

- O (3.8.3)
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Note that in the integration by parts of the second term, an equal
term of opposite sign to the second derivative term was developed.
Again returning to Equation 3.6.5, all other terms in the

equation are lumped together, and a new variable is defined.

-4
1) = A () ¢ Aeer D) e, )

1 - - 5
YA e %4 (r) + P(r)xi . (3.8.1)
Equation 3.6.5 multiplied through by r® is now in the form
D2 V() = r2(r) (3.8.5)

If we now integrate the above equation at the nth mesh point

. Ar
from the center of the reactor, with the limits r, - _§_B tor, +

£&2n+1, and also use the result obtained in Equation 3.8.3, we have

Ar, A
r, + 2+1 - rg+1
-yr? alr) - rL; (r)dr (3.8.6)
. - Ar, Ar,
n T T ™n T =7

Examining the left side of Equation 3.8.6, it can be shown by

differentiation that
"Dir2 dﬁdr;!( r) . ..Di { r % [rﬁi(r)] - rBl(r)} (3.8.7)

A new variable is now defined for the spatially dependent flux

term at the nth mesh point within the ith lethargy group:

¢n,:i. = I'n.fz.’t.(rn) . (3.8.8)
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With the substitution of the above term in the right side of
Equation 3.8.7, and with the further substitution of that changed term

in Equation 3.8.6, the latter becomes:

I‘ Arn.‘,l rn . Argfl
- d -
-Di [rn -a; ¢n,i ¢n,’] = raI.i(r)dr
' ' Ar
I‘n - —-2—2 I‘n - Azrn (3.809)

The approximation for the first derivative of a function, as
previously stated in Equation 1.4.1, is now put in a form appropriate

to our variables,

Pns ~ Pon,i-Pus | (3.8.10)
n Arp ‘

Taking @, ; as the averaged value of the flux at the nth mesh
point and in the ith lethargy group, and eﬁaluating the derivative on
the left side of Equation 3.8.9 at both sides of the mesh poidt, the

left side of Equation 3.8.9 is developed into a machine-controllable

solution, as follows:

-0, (n*) [:rn¢n+1,1 - (ry *zkrn)¢n4_} + Dy (n )[frn '43rn-1)¢n,1 -r, ¢n_11%]

AT Arpa

+ Arpg

n 5

= rzLi(r)dr (3.8.11)

¢ - S
n

The terms D;(n*) and Di(n™), not heretofore defined, represent the

diffusion coefficients for the regions on the radially outer and inner
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sides of the nth mesh point, respectively. It is significant to note
that when the nth mesh point is internally located in the kth homoge-
neous region, the D; terms on both sides of the mesh point are equal
in magnitude; as are the geometrical éomponents. In this case, the
left side of Equation 3.8.11 reduces to

I'n Di(k) (2¢n,iv - ¢n+1,j_ - ¢n_1,i) » (3.8012)

zﬁrn

Di(k) being the general diffusion coefficient for the kth region;
this sitﬁatiqn.is recognized in the machine progfam, so that several
computational steps are thereby eliminated by a routine machine chgck
of the mesh point location, |

3.9 Modification of the Remaining Terms of the Diffusion Equation

Although the left side of Equation 3.8.6 has been simplified
to a form amenable to‘the digital computer, no action has yet been
accomplished with the integral on.the right side., After substituting
the @, 4 term from Equation 3.8.8" in the Lj(r,) term, we define a
new space variable,

Mi(ry) = rply(ry) o (3e9a1)

By methods similar to those of Section 3.8, the right side
of Equation 3.8.6 is developed into the final form.

ATrnel ATnel
rn-l- 5 rn* 3

Ly (), = o (s,

- Arn » Arn

o
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= M. (n™ Arn"l - Arn_l

. Mi(n*)rn.£;:5 1+ f;;B)
n

(3.9.2)
As in Section 3.8, the Mi(n*) and I-Ii(n") terms have the same connota-
tion as did those of the Di(n'-’.). Similarly, within the kth homoge-
neous region, the right side of Equation 3.9.2 reduces to

M (k)r, A r, (3.9.3)

3.10 Consolidation _gi.‘_ Hodifications o the Diffusion Equation

By assembling the results of Sections 3.8 and 3.9, the final

result for the integration at any mesh point, n, can be expressed as

"Di(n"') ¢n*1,i ’62n¢n,i + Di(n") Sln¢n,i - ¢n—14,i

Ar, AT, 5
= Tol;(n*) « T3 (07) (3.10.1)
where the new terms are the geometry~dependent coefficients defined as
follows:
T
S =1~ 2o (3.10.2)
T
n
52n=1*A¢“ (3.10.3)
T, :
Ar Ar '
= n-l. - n-1

Ton =2 L+ T ) (3.10.5)
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The two sigma terms develop from factoring out the r, term from the
left side of Equation 3.8.11, thus permitting the cancellation of the
r, tern on both sides of Equation 3.10.1. ‘

3.11 The Diffusion Equation as Used in the IR 650

Equation 3.10.1 ‘may also be expressed in another form, in which
the several components of M;(r) are sepa.ratel‘,r considered. This is the
final form in which it is prOgrammed for use with the IR 650. The re-
sult is

-an,i¢n+1,i + bn,i¢n’i - cn,i¢n"1,i = Qn’i s (3.11.1)
vhere

~X( lS-+ﬁ”s+)

oA
-l-rr [T+ Tt )
en,i¢n,i—1 (3.1102)

New terms used in the above equations are defined as follows:

' _ Ksl(n* ,
(2) o ;= 5 . the diffusion coefficient of the
Ar,,
region radially outside the mesh point, n. (3.11.3)
= b s 3(n*
(b) Bayi = O1nCn, s O—znan,i ‘fzn [Kil(n ) + K33 (n*)

© (301D
+ Tln [Kil(n ) + Kii(n )] « « the combined ’

terms for resonance escape probability, Selengut-Goertzel scattering

by hydrogen and leakape at the nth mesh pointe
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Ky (n)

-3 . . the diffusion coefficient (3,11.5)
ATrny

(c) n,i ©

of the region radially inside the mesh point, n.

(d) eq, = Tanig(n") + TyKia(n™) o o o the (3.11.6)

averaged proportionality factors for the slowing down of neutrons by
materials other than hydrogen at the nth mesh point.

(e) Spe « - the source of fission neutroﬁs at the mesh
point interface from the région forming the outer side of the inter-
face. |

(£) S, « . the analagous fission neutron source tem at the

inner interface of the nth mesh point.

(g) Kii(n*) = du = (3.11.7)
g iy n*) -5—2-—:——§ 2 - ff (s
) xd(m) = (| [2aR 4 2| fau (3.12.8)

fzs fi - ?—z_; rf,i

-A
(1) xii‘(n*) A R

Avy F2s - )§%s s

(3.12.9)

' ’ A .-’
(j) Kig(n*) - Uiy 1 . du

Au; I 7 ¥

n¥, 1.1 (3.11.10)
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With reference to the S + terms defined in (e) and (f) above, if the
region in which the n* or n~ interface is located is non-fuel, the
terms will be identically zero., Furthermore, only one source term
exists at mesh points interior to any homogeneous region.

3,12 The Recursion Formulas

With the integrated diffusion equation in the form of Equation
3e11.1, two recursion formulasiO are developed for the three-term lin-

ear system.

Zn i = b an,i . R ne 0,1,2, eeo0es N
s s = C
nyi = ®n,i%n-1,i 21,1 =0 (3.12.1)
p . = nyitn-lyd g n = 0,1,2, seere N
‘n,i b, - C, 34 ’
’ n,i = ®n,i%n-1,1 Pa,1 =0 (3.12.2)

where N indicates the value of the mesh point at the extrapolated
outer boundary of the reactor.
Utilizing the terms computed by Equations 3.12.1 and 3.12.2,

the fluxes, ¢n,i’ are calculated by means of the formula

¢n,i = Pn,i + Zn,i¢n+1,i s n = N"'lg N-Z, XYY X 0 (301203)

with the boundary condition of zero flux at the extrapolated outer

boundary of the reactor, or

Py, =0 (3.12.1)
10G.J Habetler, One- ace-Dmen31onal Multigroup for the IRY
650, Part I, ations, (pamp “December 1, 1955, Number KADL-1l15,

5 glce of Technic ervices, Department of Commerce, Washington 25,
oMoy po 12 v
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3.13 Conditions for Parameters at Thermal Lethargy

Certain conditions are imposed upon the program for the
computation of the fluxes in the thermal lethargy group, where i = I,

the maximum valuve. They are as follows:

» ol 3-2-—1 ‘ (301301)
i tr ]u = Uth . .
Ar = 2, ]u - u;h . (3.13.2)
AuI = ] L (301303)
e‘*auI = Ti__ = 0 (30130’4)
Zsh ] =0 (3.13.5)
¥Z U= ugh

3.1l Sequence of Solution for Fluxes

Starting with the lowest lethargy group, where i=), the

Zn,i and Pﬁ,i teﬁﬁs are computed and placed in temporary storage.
These calculations -- using Equations 3.12.1 and 3.12.2, and related
equations -- are conducted for each mesh pbint séquéntia]ly from r=0
out to the next to the last mesh point, with separate terms computed
on both sides of each region interface.

Once the Zn,i and ?n,i terms are all stored for the lowest
lethargy group, the flux calculations using Equation 3.12.3 are started
at the extrapolated outer boundary of the reactor (where the assumed
Zero fl}nc value exists) and then proceed inwards to the center of the

equivalent sphere.
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After the fluxes for the lowest lethargy group have all been
computed, the results are punched out on IB{ cards, and the procedures
outlined above are repeated for each of the remaining lethargy groups,
in order. The steps from "BEGIN" to "CLEAR" of the schematic flow
chart in Appendix A display these processes.

3¢15 The Flux Values at Zero Radius

In Equation 3.8.8, a new flux variable was defined to assist
in making the diffusion equation compatible with the capabilities of
the computer. This variable is the product of the spatially dependent
flux term at a general mesh point, averaged over the ith lethargy
group, times the radial distance to that mesh point. At the center of
the equivalent sphere, therefore, a zero value appears for the flux,
as will be seen in the table of flux values in Chapter 6.

To determine the approximate value for the.flux at the center
of the sphere, the mesh points of tﬁe innermost region (Region I) of
the reactor should be selected close together. The flux curve con-
necting theselpoints on a graph of flux level versus radius is then
extrapolated to the zero radius orﬁinate, providing a good approxima-

tion of the flux value at that point.



CHAPTER U
THE MACHINE PROGRAM FOR CHECKING CONVERGENCE OF THE
MULTIGROUP SOLUTIONS

L.1 Convergence of the Iteration Process

The discussion.in Chapter 3 developed the machine program pro-
cesses by which the fluxes for all lethargy groups are computed. After
the values of these fluxes have been punched out on the IR cards, the
second portion of the program uses these values as input data to deter-
mine if the proper flux values have been achieved for‘ criticality of
the feactor.

The unknown values for which the second part of the program is
to be solved are the eigenvalue, 7DL; the criticality factor, k; and a
new set of source terms, S,. The tem 7)c is defined in Holmes and
Meghreblianll as "eeses a fictitious number of neutrons which must be
produced with each fission in order to maint'éin.the kgiﬁen system at a
steady state". With k being the value for the criticality factor, and

2/ having its usual connotation of the average mumber of neutrons pro-

duced per fission, the relation of 7)c’ k and # to eaéh other is

k= -91);— . ) (holol)

nD.K. Holmes and R.V. Meghreblian, Notes on Reactor Analysis;
Part IT, Theory, (pamphlet), hugust, 1555, "amber ORM-CF-ST-7-05(P¢ 1),

foigg of Technical Services, Department of Commerce, Washington 25, D.C.,
Po .
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Le2 Determination of the Eigenvalue, 2/,

In order to utilize the relationship expressed in Equation
li.l.1, the program must obtain the value of Zé. To accomplish this
task, the sets of fluxes for each of the lethargy groups which were
Just computed by the multigroup process are fed back into the read
hopper of the computer in the same order in which they were punched.
That is to say, the lowest lethargy group fluxes will be the first to
be processed within the computer, with thermal fluxes processed last.

After the first set of fluxes are stored on the drum, the ma~
chine selects the flux for the first mesh point of the innermost core
region of the reactor. This flux is multiplied times the product of
the macroscopic fission cross section of that core region (as a func-
tion of lethargy for the same lethargy group) and the width of the
lethargy group, Aus, or _

T3 (ne) = fng,1 Zf(kc,i)Aui ’ (L.2.1)

where the above symbols are defined as follows:

¢nc,i « o the neutron flux at the nth mesh
point of the reactor in a core
region for the ith lethargy group.
jzf(kc,i)zlui « « the product of the lethargy-depen-

dent macroscopic fission cross
section within the kth region of
the reactor (the subscript ¢ indi-

cating that it is a core region)
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times the width of the ith
lethargy group.
17Vi(nc) e « the product of the two terms
defined above.
In the sequence of operations through all the lethargy groups,
the product obtained is added to all similar products of the other .
lethargy groups for the same mesh point, and these sums are then stored
in another region on the drum.
At the completion of the process for each lethargy group at all
mesh points of all fuel regions, the resulting quantities placed in

storage for each individual fuel region mesh point will be

I .
S(ng) = i%rri . (k.2.2)

At the interface between two fuel regions, there will be a separate
suﬁmation term stored for each side of the ﬁesh point: For example, if
the ninth mesh point (n=9) coincides with the inmterface between Regions
I and II, both of which were core regions, an S(9~) term and an S(9*)
term will be generated, to conform with the fission parameters of the
inqer and outer fuel regions, respectively. Similarly, a TTi term
exists on each side of such an interface.

The program next enters the integration sub-routine. This sub-
routine uses three approximation equations to sum up the number of

fissions which have occurred in each fuel region for all lethargy groups.
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The first of these equations, employed at each mesh point internal to

a fuel region but not at an interface with another region, is

Np(Ary) = rpAnS(n,) , (L4.2.3)
where r, is the distance to the mesh point from the center of the reac-
tor, Ary is the width of the sub-regions in the kth core region, and
Nf(llrn) is the numbér of fissions at all lethargies compﬁted in the
incremental sub-region adjacent to the mesh point being considered.

The other two equations used in the integration sﬁb-routine are for
similar computations at the imner and outer sides of the interfaces be-

tween different fuel regions. They are

N2(Ary) -[f,_'“ - A"f] AnS(n)y and  (he2uk)
Nf(Ark*I) N [:n +Arg+1]mkﬂs‘(nc) > (k.2.5)

vwhere the mims and plus superscripts and the k and k+I subscripts indi-
cate values respectively at the inner and outer sides of the interface
between different fuel regions,

The results of the above equatlons at all fuel mesh points of
the reactor are accumulated as a grand total, kF, which is stored ip a
separate storage location in the computer.

In actuality, Equations le2¢3 through l.2.5 aré multiplying the
S(n,) terms at each fuel mesh point times the area of the spherical sur-
face which coincides with that mesh point, The_h1T term has not been
included in these equations, because the next step in the solution cancels

out that term, as will be seen shortly.




32

After the grand total of all fissions throughout the reactor,

Np, has been obtained, the value of 7)c is calculated by the relation

7Jc = ._g;. . (Le2.6)

The new term, V, in the above equation is equal to the total volume of
21l fuel regions in the reactor, dividéd by kY. It is this mutual
cancellation of the LT terms which was mentioned in the preceding
paragraph.

L3 Computing the Criticality Constant

By the relation expressed in Equation L.l.1, the criticality
constant, k, is next computed in the machine program. The value used
for 7 in this program is 2.50. Upon campletion of this step, tﬁe
computer punches one IB{ card containing the values of #/ and k for
the current iteration. |

Jl: Generation of New Source Terms

Following the computation of 7/0 and k, the program next directs
the computer to generate a new set of neutron source terms at each in-
terfface of the reactor so that the computer c@n return to the calcula-
tions previqusly_ described in Chaptgr 3 and iterate a new set of ﬂﬁxes.

Comparable to the S(nc) terms described in Section lj.2, there
will be a source term on each side of the interface between major re-
gions and a single source term at every other mesh point. Naturally

enough, in non-fuel regions all source tems will be zero.
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To obtain the source terms S;, the S(n,) terms are multiplied
by ‘Zé at each mesh point:
2S(n,) . (Loka1)

The resulting source tems are then punched out on IEM cards,
so that if machine operation need be halted at this point, the itera-
tive procedure may be resumed at a later time by simply reloading these
source cards in with the data deck. If iteration is to be continued
immediateiy, these source cards need not be reloaded, as the source
values are in the proper storage position in the computer for the next
iteration.

5 Determining Convergence of the Solutions

We now consider two successive series of calculations. If the
value of 'zé changes only by a very small amount = in the hundredths or
thqusandths decimal position, for example - on the two successive runs,

~one may consider that the problem has converged to the desired degree.

It is emphasized to the reader that due to the nature of the
mathematlcs of the program, the values of ZJ vnll converge, even 1f the
state of criticality is nowhere near reality. Consequently, it is nec-
essary to have some other check on the celculations. The criticality
constant, k, serves this purpose. For a reactor to be operating in the
steady state, the same number of neutrons must be gained in a given.gen-
eration as are lost in the preceding generation. Consequently, the
criticality constant, k, should equal unity. Since so many factors in-

volved in the caleulations are not known to a high degree of accuracy,
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values of k very close to unity will be acceptable in determining the
criticality.

The iterative process is completed when the conditions discussed
above have been met. The last set of fluxes are adjusted to the proper
dimensions by dividing the radial flux value at each mesh point by the

spherical radius to that mesh point, in conformity with Equation 3.8.8.

e



CHAPTER 5

DATA CALCULATIONS FOR THE TRIGA MULTIGROUP TEST RUN

5.1 Introduction

~ To facilitate understanding of the calculations to be made using
TRICA as the test vehicle, the next three sections are devoted to brief
descriptions of the various portions of the TRIGA reactor which are of
interest in such calculations. For more detailed descriptions, the
reader is referred to General Atomic's Pamphlet Number GA-296,12 which
was the source for the following infor;nation.

5.2 Description of the TRIGA Core

The core lattice of TRIGA is in the shape of a right circular
cylinder, the top of which is approximately sixteen feet below the sur-
face of the water tank in which it is lmmersed. At the top and bottom
of the core, alumimum grid plates are positioned to hold the cylindri-
cally shaped fuel elements in a vertical position; These grid plates
have a central hole drilled in them to admit a vertical aluminum tube,
called the Glory Hole, which extends above the water surface. The
Glory Hole, also called the A ring, is one of the locations provided
for irradiating samples, since the maximum thermal flux within the re-
actor exists in this regione.

In the grid plates there are also five concentric rings of six,

12General Atomic Division of General Dynamics Corporation,

TRIGA Reactor Description, Pamphlet Number GA-296, San Diego, Cali-
Fornia, March 10, 1958, 16 pp ’

35-
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twelve, eighteen, twenty~four and thirty holes, respectively. These

rings, in each of which the holes are spaced equally, are lettered
alphabetically from B to F, the latter being the outermost ring. Of
the ninety pairs of holes drilled in the grid plates, eighty=-six are
available as fuel element positions. Three of the remaining four posi-
tions are in the twelve positions of the C ring. They are equally
spaced peripherally, and they contain the contrel rod guide tubes in-
side which the boren carbide centrol rods are operated. The fourth
position not specifically available for a fuel element is located in
the F ringe It contains the lower portion of the rabbit tube, a pneu=-
matic device for produeing iseotopes with short half-lives.

53 The Fuel Elements:

The fuel elements used in TRIGA are aluminum clad cylinders
which are 23 inches leng and appreximately 1.hk7 inches in diameter.
Their overall length is slightly greater because alumirum positioning
spikes protrude from each ends At the top and bottom of each fuel ele-
ment there is a one half inch alumimum plug and a four inch graphite
reflector regions The remaining fourteen inches of the fuel element is
composed of a homogenized mixture of zirconium hydride and uranium, the
uranium enriched to 20% in U235, Thin wafers of samarium oxide, a burn-
able poison, are positioned at the top and bottom of the fuel region,
between the fuel and the upper and lower graphite reflectors, Their
main purpose is to extend the life of the fuel elements by reducing ex-
cess reactivity during the early life of the fuel chai‘ge.

In the University of Arizona TRIGA reactor, only sixty of the
eighty-six available fuel element positions are actually occupied by
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fuel elements. The remaining twenty-six positions located in the F ring
are filled with graphite dummy elements, which are identical to the fuel
elements, except that the zirconium hydride-uranium alloy is replaced
with graphite. .

Since the core is immersed in water, all of the fuel elements
are surrounded by water, and the net volume of water throughout the fuel
region is approximately 35% by volume. This water and the other appli-
cable reactor materials serve as the moderating medium for the fission
neutronse

S.i The Reflector Region of TRIGA

" Surrounding the core of TRIGA is an anmular cylindrical graphite
reflector which is approximately twenty-two inches high and twelve inches
in radial thickness. This reflecter region is completely enclosed in an
aluminum container. Within the reflector itself there is an anmilar
void approximately 10 inches deep and 6.4 inches in radial thickness, in
‘which as many as LO samples can be placed for irradiation in a rotary
specimen racke This device is known as the Lazy Susan.

5.5 Selection of Regions for the Multigroup Calculations

In subdividing the TRIGA reactor into separate regions, there
were three main portions of the reactor which were considered independ-
ently, These three portions were as follows:

ae The core volume from the vertical axis of the reactor

radially outward to the inner wvertiecal surface of the
reflector

be The entire reflector volume

Ce An effectively infinite water region outside the reflector

region,
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The core volume was broken up into five separate regions, the
innermost one being the vblume occupied by the Glory Hole and the re-
maining four censisting of the fuel elements and the water surrounding
themes The height used in calculating the volume for each region was
the 23 inch (or 58.1:2 em) height of the fuel elements in the core. In
general, the radial midpoint between the concentric rings of fuel ele-
ments was arbitrarily taken to be the boundary between core regions.

The reflector volume was separated into three different regions.
The inner volume was chosen as the inner portion of the reflector radi-
ally outward to the vertical center line of the Lazy Susan. The second
region in the reflector is the Lazy Susan itself, and the third region
is the remaining outer portion of the reflector.

After the above eight regions were converted to concentric
shells of an equivalent sphere of equal volume, an effectively infin-
ite water region surrounding the entire reactor was added as the ninth
region.

After figuring the radial thickness of each equivalent spheri-
calvshell, the nine major regions were subdivided into an appropriate
number of subregions, yielding 57 mesh points,

Definition of the nine major regions employed in multigroup
calculations and the results of the caleculations described above are
given in Table I, |
5;6 Homogenizing the Reactor Materials

The volumes of the various reactor materials are computed for
each reactor region, and their volume percentages of the total region

volume are then calculated, With this information, the number of atoms



TABIE 1
'THE NINE REGIONS OF TRIGA FOR TEST MULTIGROUP GALCULATION

g E L Outer Radius, ‘: ‘ ,
E?'Nux%g% a C%E—'—g._mts Ac? uc;lh_\%%)_ug Sph;m__{mvasgnnt L, (cm) ThicIRmig%%% (cm) Sg‘%%i%s

I Glery Hole ods2  ha798 O hase !

I BRing 64183 1663 64865 6

III . CRing 3 .11."573 - 16;353 o " Leséo L

v ‘D& E Rings 104609 o2k 74803 8

v . F Ring 290004 27.568 , 362 3

VI Inner Part® of 964601 25,310 AN ; 7';7'22 | 7

. ' Reflector ' : . :

VII  Lagzy Susan  13.330 37.663 2,573 2

v Outer Part of 312,651 500528 | 12,645 | 8

Reflector ' - ' . , 3

IX  Water 1,769255 824000 L2 1

o

~ &From innor borundary of reflector t.o vertical center 1line ef the Lazy Susan

Prrom vertical center line of Laxy Susan to ou'ber boundary of reflector

6€
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(or molecules) of each reactor material which would exist in a cubic
centimeter of the homogenized mixture is easily calculated by multi-
plying the volume fraction of each material times the normal atomic

or molecular number density of that material,

5.7 Selection of the Lethargy Groups

As mentioned in Section 1.2, one criterion for the selection
of lethargy groups in a multigroup calculation is that the groués
should be chosen so that the physical reaction characteristics of the
reactor materials can be considered essentially constant within any
given lethargy group. For a reactor coamposed of seven or eight differ-
ent materials in some regions, the selection of the boundaries between
lethargy groups ié based upon a s”urvey to determine the material, or
naterials, whicﬁ will have the most dominant macroscopic reaction cross
sectionse With the atomic or molecular number densities of the homo-
genized reactor materials computed by the method described in Section
5.6, reference to the plotted curves of micros.copic reaction cross sec~
tions as a function of energy, such as are found in BNL--325,13 furnishes
the necessary information upon which to base the decision on lethargy
group boundaries.

In this test calculation for TRIGA, it was decided that four
lethargy groups would be used. As would be anticipated in a reactor
with a fairly large amount of U238 in the core regions, the high reson-

ance absorption peaks of U238 in the energy range of L.56 - 123 ev

1y, 4, Hughes and R.B. Schwartz, Neutron Cross Sections,
(catalog), July 1, 1958, Number BNL-325, Office of Technical Services,
Department of Cormmerce, Washington 25, D.C.
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influenced the selection of lethargy group boundariese The four leth-

argy groups empleyed in the test calculation and the Auy for each
group are listed in Table II.

58 Calculation of the Macroscopic Reaction Cross Sections

For each region of the reactor, it is necessary to calculate
| the macroscopic reaction ei'oés aoctior}s for all lethargy groups used
in the program. The specific macroscopic reaction cross sections which
are required to prepare the data cards for the machine program are the
macroscopic absorption, nen-hydrogeneous scattering, hydrogeneous scat-
tering, transport and fission cross sectionse Recalling that the
macroscopic cross section of an element is obtained by multiplying its
microscoplic cross section times the atomic number density of the ele-
ment, we see that the macroscopic cross section for a homogenized re-
gion of the reactor will be the sum of such cross sections fdr all
elements in the region. The atomic number densities used in the calcu-
lations are the medified ones based on the volume percentage of the
element in the région. The average microscopic cross section for each
element is obtained by taking the arithmetic mean of the energy depend-
ent microseopic cross sections over the energy range associated with
the desired lethargy group,

In the calculations for the test multigroup program of TRIGA,
the writer used the values of miecroscopic reaction cross sections

found in Table 3-25 of ANL—SBOOM. This table gives the microscopie

n‘Argonne National Laboratory, Reactor Fhysics Constants Center,
Reactor Physics Constants, Number ANL-S800, July 1, 1958, Lemont, I11i-
nois, pp. 157~159 ‘




TABIE II
THE FOUR LETHARGY GROUPS FOR THE

TEST MULTIGROUP CALCULATION

Grou Lower Energy 5 a' b
Thumber Limit, B, Eev). u = Inge Avg

1 ©1234.000 ' 9.00 9.00
2 he56L 1.6 5,60
3 - ,0796 18.698 1,098
L --- --- 1.00°
a_,

Ee = 10 Mev
b
Aug =uy = vy

czﬁuh is set equal to 1.00, one of the conditions for solution as
stated in Section 3.13.
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absorption, transport, fission and total cross sections for 20 common
.reactor elements in a 30 group set covering the energy range from 10
Mev dowmn to the thermal energy threshhold of 0,07595 eve For TRIGA,
it provides the necessary information for all elementé except boron.
The calculations for boron were conducted by the methods described in
the preceding paragraph. It was necessary to convert the microscopic
cross sections from the values averaged over 30 lethargy groups to a
new set of values averaged over the three fast groups employed in the
test program. This was accomplished by multiplying each mieroscopic -
cross section of the 30 group set by the width of its lethargy group,
adding up these products within the lethargy ranges of each of the
test program's three fast groups, and dividing each of the three sums
by the associated Auy from Table II.

For the microscopic cross sections in Group ki, the thermal
lethargy group, all of them except the cross sections of U235 and boron
were obtained from BNL-BZSIS o A1l thermal cross sections were then .
corrected for the Maxwell-Boltzmann energy distribution to give more

realistic average reaction cross sectionse

5e9 Selection of the Weighting Factor, fj(r)

In Equation 346.3, we defined the term, fj(r), as being the
ratio of the slowing-down density for materials other than hydrogen,
averaged within a certain region and lethargy group, to the actual

non-hydrogeneous slowing~down density at the upper lethargy boundary

15D.J « Hughes and R.B. Schwartz, Neutron Cross Sections, (cata-~
log), July 1, 1958, Number BNL-325, Office of Technical Services, De-
partment of Commerce, Washington 25, D.C. ’
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of the same lethargy group and in the same region. As stated by Ehrlich
and Hurwitzlé, fi(r) is "a number chosen by trial and error for each
region and group so that /f-i(r_)/ times the spatial average of [{(r,ui)/
gives a reasonable value for the spatial average of Zzi(r)/ o

According to the above cited reference, fi(r) is selected as
somewhat éreater than unity in non-fuel regions, and may be 1es§ than
‘ unif;y in fuel regions of the reactor. |

In several e)fperimental runs of the test multigroup machin-e
program conducted by this writer, using fi(r) terms which varied by as
much as a factor of two, it was found that the ré.sulting fluxes were
essentially insensitive to the variations imposed on this terme.

The values of f3(r) selected for the tesi; muil tigroup calcula~-
tion for TRIGA are given in Table III.

5.10 Calculation of the Average Logarithmic Energy Decrement

In the two preceding sections, the techniques for computing
the macroscopic reaction cross sections for the reactor regions in all
, lethargy groups and for selecting the fi(r) terms have been discussed.
Additional data which must be calculated are the values of the average
logarithmic energy decrement, —f s for each regions ' |

For any element with an atomic mass greater than 10, a good

alppro:«:ivmat:i.on:'-7 for the value of its logarithmic energy decrement is

5 = —E—;"’-o—m- (5.10.1)

169.. Ehrlich and He Hurwitz, Jr,, "Multigroup Methods for Neu-
tronhDiffusion Problems", Nucleonics, Vol., 12, No. 2, February, 195k,
Pe 2

17 ~
Se Glasstone, Princigles of Nuclear Reactor Engineering, lst
Ede, De Van Nostrand Company, Ince, New York, 1955, De EE2



TABLE III
TEST VALUES FOR THE NON-HYDROGENEOUS SLOWING-DOWN
DENSITY WEIGHTING FACTOR, f;(r)

1 1.8 1.8 2.1 2.4
I 0.9 ©o1as 1.8 28
III 096 . - 1as” 1.8 2.5
IV 0499 13 2.0 2.7
v 10 1k 1.6 1.8
VI 12 Lok 1.6 1.8
VII  he2 ko3 kel ko5
VIII 1.2 1l 1.5 1.7

1X ' 1.7 - 240 2.3 - 2.6
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where A has the usual connotation of the atomic mass rnumber of the
element, _ |

To get the average logarithmic energy decrement for an entire
region the method employed was to multiply the caléuiated values of §
for each element in the region times the atbnﬁ.c number density of that
elemen’t. in the homogenized region. "These products for'all the elements
in a region were sunlmed up and then divided by the total atomic number
density of all elements in a homogenized cubic centimeter of the reac-

tor to yield §.

5.11 Calculation of the Fission Spectrum Ternm, &

An_other set of data which must be determined is Sc-i, the values
of the fission spectrum averaged over each of the _1ethargy groupse The
lethargy dependent form of fhe fission spectrum, X(u) , is defined in
Section 3.1e Since the definition states that the area under the fis-
sioﬁ spectrumvcurve mist equal unity, i£ fol‘l.owa‘that the sum of thg
terms for all 1ethargy_grou§s must also équal unity;

A reasonably aécurate method to calculate the fission spectrum

is stated by Weinberg and W:i.gnerl8 as

£(E) = 2 x 0,775 (0.7758/1¢)°5 o -0-7753 (5.111)

where f(E) is the energy-dependent fission spectrum analagous to X(u).
Values of E (in Mev) are chosen at the boundaries of the lethargy
groups and at intermediate energies if deemed necessary. A set of val-
ues of f(E) are then calculated, which are then plotted against the

18

A.M. Weinberg and EePe Wigner, The Physical The of Neutron
Chain Reactors, 1lst Ed., The University of Chicago Press, ESES',' Pe




47

energy in Mev to give a curve of the probability of a neutron being
born at a certain energy. With the area under the curve normalized
to unity, the fraction'of this area between the energies correspond-
ing to the boundaries of a certain lethargy group represents the
probability of fission neutrons being born in that particular lethargy
group.

The values for Ez;-used in the test program were obtained from
Table 3-25 of ANL-580019, the same source from which thé microscopic

reaction cross sections were taken.

5.12 Preparing the Data for the Machine Program

After computing the required macroscopic reaction cross sec-
tions and the avérage logarithmic energy decrement, and further select-
ing a set of values for fi(r), the calculation of the four terms de-
fined in Equations 3.11.7 through 3.11.10 is the next major step in
preparing the information for the data cards to be used in the multi-
group machine program. Since each of the four tems is a function
both of the lethargy group and of the region considered, the number
of each of these terms calculated is the product of the number of
lethargy groups used times the number of reactor regions chosen.

Since the methods described in Sections 5.8 and 5,10 obviate
the need for the averaging techniques employing integrations in the
numerators and denominators, as in the four equations cited in the

above paragraph, those equations are closely approximated by a new set

19Argonne National Laboratory, Reactor Physics Constants Cen-

ter, Reactor Physics Constants, Number ANI-5800, July 1, 1958, Lemont
I1linois, p. T;;g' ’ ’ ’ ’ ?
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of equations which are easier to handle in preparing the data for the

nachine run. The relations used in preparing the data are as follows:

xii(n*) = '3'?1;'; . (5.12.1)
Ky () = 5. é(%s_ (5.12.2)
' dnt, g
)
Ky (o) = l’g-u;ﬁ Zsh- N (5.12.3)
JAwua | 52, (5.12.1)

Kig( *) Avy £5(r)
n¥,i-1

The reader should note that all of the Kii'(n*) values in Equa-
tion 5.12.1 are equal to each other for a given lethargy group and with-
in any homogenized region. They differ only when the value of n is that
of a mesh point between two different regions of the reactor. This
same relationship is applicable to the remaining three X;(n*) tems in
Equations 5.12.2 through 5.12.l.

5.13 Preparing the Data Cards and Conduct of the Program

After all the calculations described in the preceding section
have been completed, the data cards for the machine program are punched
in the formats described in Appendix A, The necessary steps to follow
in operating the IBM 650 for a machine run are also explained in the
same appendix,

Tables showing the actual data used in the test multigroup




calculations are listed in Appendix B.
The results of the test program employing the data tabulated

in Appendix B are discussed in the next chapter.

49



THE TEST MULTIGROUP PROGRAM FOR THE TRIGA REACTOR

6.1 Conduct of the Test Calculations

The multigroup program was made up by conventional programming
procedures developed for the University of Arizona's SOAP X program.
The material discussed in Chapters 3 and L of this thesis was used to
prepare this test program. ' Reactor constants and other data used for
test runs of the multigroup program were calculated by the general pro-
cedures discussed in the preceding chapter.

Several experimental runs of the program were conducted to
determine the ability of the program to achieve the desired objectives.
Various approximations were found to be necessary'in the calculations
of the data, before the program results were considered satisfactory.

These approximations are discussed in the next section.

6.2» Approximations Used for the TRIGA Test Multigroup Program

As has been‘previously discussed, this mﬁltigroup program is
designed to deal with a reactor in a spherical configuration. When one
starts with a cylindricél reactor such as TRIGA and sphericizes the
concentric cylindrical regibns into spherical shells, it is to be anti-
cipated that certain approximations must be made in order for the calcu~

lated results to agree substantially well with the empirical results.
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If one further homogenizes the reactor materials within each region
into a theoretical slurry of water, graphite, fuel, poisons and alu-
minum, the reader will recognize that quite a drastic change from
reality has occurred. It is because of such factors as these that the
actual and the calculated critical fuel masses might differ by as much
as a factor of two without the program being considered invalid,.
Recalling the descriptions of the core volume and the fuel
elements in Sections 5.2 and 5,3, it can be seen that the principal ap-
proximations to be made in obtaining satisfactory agreement between
actual and calculated critical fuel masses will involve the poisons
introduced into the fuel regions of the reactor. These poisons are the
boron carbide regulating rod, and the samarium oxide wafers si’c.uat«ed at
the top and bottom of the fuel region in each fuel element. A discussion
of the approximations made for each of the two poisoning materials fol-

lows.

a. The Boron Carbide Control Rods

When the reactor is brought up to criticality and is oper-
ating in the steady state, the only control rod which is still inserted
in the core is the regulating rod. ZExact information on how much of the
regﬁlating rod is still inserted in its position in the C ring for a
given power level could not be determined through any available sources
of information. Consequently, an initial estimate was made that approx-
imately 18 cm. of the regulating rod would still be in the core wheh the

reactor was operating at some intermediate power level. Experimental
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runs of the machine program vsing data based on the above estimate
revealed that a drastically large depressiop occurred in the thefmal
neutron flux distribution within Region III, The flux level was re-
duced to such an extent that it was considered to be unrealistic.
Turther experiments revealed that the equivalent boron poisoning of
approximately 8 cm of the boron carbide con££d1 rod, homogenized with
the other reactor materials of Region III, produced flux distributions
which appeared fo more nearly agree with the real conditions within the
reactor. Although probably as much as 12 to 16 cm of the regulating
rod may actually be inserted into the fuel region of TRIGA while operat-
ing at an intermediate power level of 10 kilowatts, the artificial
homogenization of Region III changes the polsoning effect of the boron
from its relatively localized position at one point in the C ring to an
overall poisoning of the entire region. Furthermore, part of the actual
poisoning effect at the upper end of the fuel elements by that portion
of the regulating rod in proximity thereto has been modified to a poi=
soning effect in a region of much higher neutron flux; due to the
averaging effect which accrues from homogenization of the fuel :egions.
As a result of this feature, it was necessary to reduce the estimated
length of regulating rod inserted in the fuel region to approximately
I5 per cent of its probable actual length.

b. The Samarium Oxide Wafers

Early experimental runs of the test multigroup program

included the absorption effects of the samarium oxide within each of the
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homogenized regions. It was observed that this was also causing a
particularly adverse depression on the flux distribution of thermal
neutrons throughout the entire reactor. As with the boron regulating
rod, the sphericizing and homogenizing of the reactor materials with-
in the regions chosen contributed to this lowering of the flux values.

Considering the location of the samarium oxide wafers at the
top and bottom of the fuel elements, it is seen that their primary
absorption effect is on those vertical components of the neutron flux
in their vicinity. The wafers will have relatively little effect on
the radial flux from the fuel elements. In addition, the magnitude of
the flux in the vicinity of the top and bottom of the fuel elements
will be mich lower than it is at the vertically-measured midpoint of
the elements.

Baged on the above considerations, the poisoning value for the
samarium oxide wafers was deleted in the calculation of the relative
radial thermal flux distribution shown in Figure 6.1. This factor
brought the flux values up to a realistic level for the program after
which minor variations in the fuel terms produced a satisfactory result.
6.3 Test Results

The distribution of the thermal neutron flux, as resulted from
a series of trial runs of the program is portrayed in Figure 6.,1. After
the necessary number of machine runs were comducted, the thermal neutron
flux term for each mesh point was divided by the radial distance to that
mesh point to convert the term back to the proportionate neutron flux

for the thermal lethargy group. It should be noted that these flux
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Mesh Radius Relative

TABLE IV

RELATIVE MESH POINT FLUX VALUES FOR TRIGA

FROM TEST MULTIGROUP PROGRAM

Mesh Radius Relative
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Mesh Radius Relative

Point (cm)

Point ~Ten] Flux Flux Point (cm) ux
0 o o 20 22,2 13.1 o b7k b
1 1.2 2L.7 21 23.2 129 B 189 Lo
2 2.0 201 22 21 13.0 k2 50,5 3.6
3 366 19.9 23 25,3  12.9 3 52,6 1.7
L he8  17.7 2l 26.h 12,3 hh She7 0.8
5 59 159 2% 276 1L 15 6.8 0.l
6 7.1 k.9 26 28.7 11.0 W 58.9 0.2
7 8.2 13.6 27 29.8  10.4 k7 61.0  0.08
8 9.4 12,2 28 30,9 9.8 L8 63.1 0.0k
9 10,5  10.7 29 32.0 9.2 o 5.2 0,02

10 1.7 8.9 30 331 86 50  67.3  0.01

n 12.8 7.7 31 3ke2 84 51 69.h A

12 1.0 7.7 32 35.3 7.7 52 1.5

13 5.2 85 33 366 7.5 53 7.6 a
il 16.3  10.1 3L 37.9 1.5 S5k 75.7

15 17.3  12.0 35 395 7.0 55 77.8

16 18.3 12,6 36 1.0 6. 56 9.9 Y

17 9.2 13.2 37 k2.6 519 57 82,0  0.00

18 20,2  13.L 38 b2 5.l

19 2l.2  13.L 39 b5.8  Le9

aValues approaching zero.



56

values are relative values only, and do not in themselves describe a
specific flux level in the reactor. A list of these relative flux
values obtained by the aforementioned process is given in Table IV,
The zero value for the flux at r = O is discussed in Section 3.15.

After the approximations discussed in Section 6.2 were made,
the terms involving the product of the lethargy dependent fission cross
section for each core region times the lethargy width for that leﬁhargy
group were varied until sufficient convergence of the iterative process
was achieved. With the last set of such critical fuvel mass values
employed, the value of k reached 0,9985 after the fifth iteration. At
the same time, 'ﬂc‘ converged to the value of 2.50),

6.1y Analysis of Test Results

One of the thesis objectives was to run a test multigroup calcu-
lation with the new program to determine if the computed radial flux
distribution would agree with that known to exist in TRIGA. The con-
struction of TRIGA is such that radial fiux measu;ements are only
possible in the Glory Hole (Region I) and at the Lazy Susan (Region VII).
Consequently, the ratio of the fluxes at these two points was selected
as the criterion for determining the validity of the test calculations
for radial flux distribution. In the "Technical Data Surmary™ of General
Atomics' pamphlet 20 describing TRIGA, the ratio of the thermal neutron

flux in the Glory Hole to that in the Lazy Susan is reported to be 2.50:1

20General Atomic Division, General Dynamics Corporation, TRIGA

REACTOR DESCRIPTION, Pamphlet Number GA-296, San Diego, California,
March 10, 1958, p. 14




at a power level of 10 kilowatts. Taking the extrapolated value of
the relative thermal neutron flux level at the center of the Glory Hole
and comparing it with the value found at the Lazy Susan, the ratio-ob-
taiﬁed was approximately 2.85:1. This figure was considered to be in
reasonable agreement with the desired ratio.

An additional criterion for determining the validity of the
multigroup program was that the critical fuel mass used in the test data
should be within a factor of two of the actual fuel méss of the TRIGA
reactor at the time of program convergence. - Several adjustments of the
:ff(kc’i)ZSui terms were required to achieve the desiréd values of k
and.‘b%, as was mentioned in the precéding section, After convergence
was achieved, similar terms were computed\for each fuel region and for
each lethargy group using the actual masses of fuel in each region of
the reactor. A comparison of the two sets of values is provided in
Table V. The reader will note that very good results were obtained, and
that the ratio is well within the required factor of two.

6,5 Conclusions

Based on the analysis of test results presented in Section 6.l,
the following conclusions are made:

a. The program as assembled will give a reasonable approx-
imation of the radial thermal flux distribution within the TRIGA reactore.

b. Transformation of the cylindfical TRIGA into an equiv-
alent sphere provides better multigroup program results in determining

critical mass of the reactor than it does in calculating the flux distri-
bution.
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TABLE V

Actual

VEIue

.0021
«0017
»0022
«0002

#0057
-00448

.0060

0006

0379
0316
0401
00442

.0L09
0312
+0433
-00L6

Test

Result

<0019
«0016
«0020
0002

.0053
-00LL

»0006

0356
+0298
0376
0040

-0L31
+0360
-0L55
+00L8
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Cc. An interesting topic for further study would be an
effort to obtain verification of flux levels at intemediate radial
points within the TRIGA reactor, if a suitable technique can be devel-

oped for such measurements.



APPENDIX A
DATA CARD FORMAT AND OFERATION

OF THE MULTIGROUP MACHINE FROGRAM

Section 1. Format of the Machine Program Input Data Cards

The majority of Chapter 5 was devoted to the choice of regions
and lethargy groups for a multigroup calculation and to the preparation
of the data to be used as input information for the multigroup machine
programs In this section, the seven different types of input data cards
will be described individually, in sufficient detail to facilitate the
punching of the input cards in their proper format,

The standard IBM eight word card is composed of 80 vertical col-
umns in which digital information may be entered. The columns are num-
bered from 1 through 80 and from left to right across the card. In each
colum, any one of the 10 diglts from O through 9 may be punched. Ten
of the vertical columns of digital information constitute one "word" on
the cards The words are numbered from 1 through 8 across the card from
left to right. Thus, Word 1 on a card will consist of Columns 1-10,
Word 3 contains Columns 21-30, and similarly for the other words on the
carde When referring to specific digit positions within a 10 digit word,
the digit positions are numbered from right to left. Thus, digit posi-
tion 1 of Word 1 corresponds to Column 10 of the card, digit position L
of Word 8 is located in Column 77 of the card, and so forth., In Columns
10, 20, 30, 4O, 50, 60, 70 and 80, provision is made for punching a plus

or minus sign. A1l data used in this program will be positive and must

60 P
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be so identified by the plus, or "high", punch in the 10th column of
each data worde Word 1 of all cards is used only as a card identifica=-
tion word, and the high punch may be ignored in Column 10 for that rea=
sone Since a high punch in Celumn 1 indicates a type of card other than
a data card, a wise rule teo follow is to have no high punches at all in
Word 1. |

The multigroup computer program has been designed to use auto~
matic floating-dscimal arithmetic, which eliminates the need for using
scaling factors, as must be done in fixed decimal arithmetice One of
International Business Machines! puhlica’(:iuna22 has a good description
of the floating-dscimal operatiéns. Briefly, the floating-decimal no-
tation positions the decimal point just to the left of the extreme left
non-gzero digit of a number, and then multiplies this dcciml by the ap~
propriate power of 10 se that the number retains its original magnitude.
The power of 10 is in digit positions 1 and 2 of each word and is equal
to the algebraic sum of the number, 50, plus the exponent of 10 with
its sign. Thus, 1072 i expressed as 48, and the floating—~decimal equiv-
alent of 10> is 53, All of the eight remaining digit positions in a
word may be used for the number in its decimal form. As an example of
the system, the floating-decimal equivalent of "0,0053L" is "5310000048",

It was mentioned above that Word 1 of all data c':ards‘vill be
used for identification purposes. Column 1 to Column ) inclusive are

used only to identify the problem being run. Any four digits may be

22In'barnatioxm',t Business Machines Corporation, Immediate Access

Storage, Indexing Registers, Automatic Floating-Decimal Arithmetic, and

Magne c Tape, June, 1959, IBM-050 Data Processing Bulletin Number
EZE 5003 ew York, ppe 20-26
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used for thié burpose. As an Army officer, the writer chose the last
four digits of his serial number, since those mmbers have only been
used to ldentify such a prosaic item as a bag of laundrye In the fol-
lowing descriptions of card types, "XXXX" will be used to indicate this
problem identification mumber. ‘ '

On all input data cards, the numbers identifying the type of
card will be found in Columns 9 and 10 of Word 1, The other four col-
umns of Word 1 may serve various identification purposes, as will be
discussed at the appropriate points in the individual deseriptions of
the various data cards.

Ae The Type-0Ol Card

There will be one Type-Ol card for each data deck. The identi-
fication digits, Ol, are situated in digit positions 1 and 2 of Word 1.
Digit positions 3 through 6 will be zeroces, and "XXXX" is located in
positions 7 through 10, The remaining words of the card are punched in
floating~-decimal form as follows:

1, Word 2 e « The number of lethargy groups (I)
2, Word 3 " o o The number of mesh peints (N) -
30, Word 4t e « The number of regions (X)

he Words 5, 6, and 7 « « Zeroces
S, Word 8 o « The total volume of the core re-
gions only, divided by L1t (V)
Format of this card is depicted in Table VI,
B. The 'Ifypo-02 Cards

" The Type-02 cards furnish the data on the fraction of the fis-

sion spectrum in the lethargy greups of the problem, and also give the




value of e-Aui for each group.” The format of these cards is shown in

Table Vie The total number of Type~02 cards in a data deck will be the
largest integer equal to or less than the relation, 1 ; 2 .
C. The T&'pe-OB C‘ards

The Type-03 cards furnish three type$ of information concerning
the reactor regions, as follows:

l. The number of the mesh point located at the interface
between the kth region and the (k—-l)t;}.z'region (M)

2. The radial thickness of the sub-regions within the kth
region (Ark)

3. The fuel sentinel, which identifies each region of the
reactor as fuel or non-fuel. |

The values of Nk will be punched in Words 2, L and 6 of the first
card, and of succeeding Type-03 cards ;as needed.

The Ary and thé fuel sentinel for each region are both stored
in Words 3, 5 and 7 of the Type~03 cards. The reader will recall that
Ar, is punched in floating-decimal notation, and that eight digit posi-
tions are theoretically available for 'Ark., . It is unlikely that more
than the highest five or six digit positions would be used for this term.
In any event, the fuel sentinels are located in digit position 3 of each
Ary term, still leaving seveﬁ significant digit positions for Ar,, if
so desired. The fuel sentinel for a fuel region is the digit 8. For a
non~-fuel region, the digit 9 is the fuel sentinel. After the computer
program has investigated to see whether a given region is fuel or non=-
fuel, the 8 or 9 is‘ subtracted out, and Ark is stored back in its

original storage position. As an example of the position of the sentinel,



TABLE VI
SAMPLE FORMATS OF TYPE-Ol THROUGH TYPE-06

INPUT DATA CARDS

Word 1 Word 2 Word 3 Word I Word 5 Yord 6 Word 7 " Word 8
XXXX000001 I N K Zeroes Zeroes Zeroes ¥
XXXX00cc028 X 1 e X2 e—ou2 XB U3 Zeroes
XXXX00cc032 Ny ArI(s) Nep : ArII(s) | Nrrp ArIII(s) Zeroes

b ,
XXXttecOl? So 8, s, 33 Sh s s S p

L L L L L |

XXXX00ccO52 X, (2 K- (I K- HT1T K41 K, 11 K b(rII K.b(z
OX00ec06d  2p(L)Aw  Zp(IL1au, 2. (I,2)0m, Z.(II,2)u, Zf(l,s)zm3 Z (11,38, Zp(T,lnn,

8The letters, cc, denote the card loading sequence, Ol, 02, 03, etc,

brhe letters s tty, indicate how many sets of source terms have been produced.
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consider a fuel region in which the mesh points are 1.25 cm apart. The
number punched in the appropriate word position of the data card would
be 1250000851, Similarly, a non-fuel region with sub-region thicknesses
of 0.967 cm would appear as 9670000950. In these examples, the under-
score identifies the fuel sentinels.

The format of the Type-03 cards is depicted in Table VI, The
g" in parentheses after each Zkrk is simply a reminder of the presence
of the fuel sentinels. A program stop will occur if they are omitted
when punching the cards.

The number of Type=-03 cards in the data deck is the largest in-

teger equal to or less than the relation, _§_§_3_

D. The Type-Ol Cards

If the program usér decides to start the multigroup calculations
with a set of neutron source guesses, the number of source terms to be
punched on the Type-Ol cards will be equal to the sum of the number of
mesh points and the number of regions in the reactor. This total will
include a source term of zero at r = O. Since these terms are fission
neutron sources, the values for the sources will be zero at all mesh
points other than those in a fuel region. At interfaces between adjacent
fuel regions, there will be two separate fission neutron sourée tems, as
explained in Section L.h. The number of Type-Ol cards will be the
largest integer equal to or less than 2L;tl§;ﬁj§ . Format of the Type-OlL

cards is shown in Table VI,

If the program user lets the program generate the first set of

source terms, the Type-OL cards are entirely ignored. One even discards
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those source cards which are punched out at the same time as the values
of 7/, and k are punched, unless it becomes necessary to discontinue
the machine run until a later time. Only in this case (or in the case

of initial source guesses) should ‘there be any Type-Ol cards in the in-
put data deck. |

E. The Type-05 Cards

The Type-05 cards have the Kii(k) terms for all lethargy groups
and all regions. They are the same terms that will be punched in Word
i of the Type—O?»cards. -This data is sequentially punched on the cardé
with the terms for all regions assembled within the lethargy groups, the
lethargy groups being arranged in ascending numerical ordere The exaﬁple
in Table»VI shows the format for a three region reacﬁor with at least
three lethargy groupse The total number of these cards is that of the
largest integer equal to or less thanQE-f—El—iLé

7
Fe. The Type—Oé ‘Cards

The information punched in the Type—Oé cards is the product of
the macroscopic fission cross section within a given lethargy group and
fuel region times the width of the lethargy group. The terms are ar-
ranged by lethargy-groups, aﬁdtwithih leﬁﬁArgy groups the terms for the
fuel regions are arranged in ascending numerical order. Taﬁle VI shows
the format for a Typé-06 card for a reactor in which Regions I and II
are core regions, and the program has at least four lethargy groﬁps. _
The rumber of Type-06 cards prepared is the largest integer equal to -

I xK)+ 6 :
or less than » where K, is the total number of fuel regions.
G. The Type-O7 Cards |

The last type of input data cards to be described are the
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Type~07 cards, which are the ones that require the predominant amount
of the computations discussed in Chapter 5. For each lethargy group
in the problem, there must be a Type-07 card representing each region
of the reactor. Consequently, the total number of Type-~07 cards is the
product of the nmumber of lethargy groups times the total number of re-
gions, I x K,

These cards are arranged by lethargy groups, with the region
cards arranged in numerical order within each lethargy group. A sample
set of Type-07 cards for a three group calculation using two reactor re-
gions is depicted in Table VII. Note that digit positions 3 and L of
Work 1 identify the regions, and that digit positions 5 énd 6 define
the lethargy group.

In running a number of machine runs, the writer has found it most
convenient to punch the Type~07 cards on cards of a different color than
the remainder of the data deck. This is advisable because these cards
are fed back into the read hopper on each flux calculation run of the
machine program, as will be further discussed in a subsequent section.

H. Partially Filled Input Data Cards

Frequently, in the preparation of the input data cards, the last
-card of a certain type may not have data in all seven available words.
This may apply to the Type-02 through Type-06 cards. When this condi-
tion occurs, it is necessary to punch zeroes in all unused words of that
last card.

Section 2. Format of the Machine Program's Output Cards

The three types of output cards ffom the multigroup machine pro-

gram are the flux cards, the source cards, and the card with the values




Word 1
XXXX010107

XXXX010207

XXXx020107

XXXX020207

XXXX030107

XXXX030207

SAMFIE FORMAT OF TYPE-C7 CARDS FOR THREE GROUP,

Word 3
3
Kll(I)

Kli(II)
Kéi(I)
xéi(ii)
s

3
e

TABLE VII

TWO REGION REACTOR

Word L
K1)
1

K (10)

.xzi(I) |

Kzl(II)
h.‘ .

K31(I)

o b

Ky, (I1)

Word 5
3
K12(I)

r 3

Ky (1)
Kzz(II)

3
x32(I)

: K3g(1;)

Word 6

Huy

Aul
Au2
Au.z

Au3

4%

Word 7

Zeroes

Zeroes
Zeroes

Zeroes

Zeroes

Zeroes

Word 8

Zeroea

Zeroes

Zeroes

Zeroes

Zeroes

Zeroes

89
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of Z% and k.

The flux cards for each lethargy group constitute the first type.
Their identification number in Word 1 is of the form, "XXXXyyiilc".
The "yy" portion of this identification word is the iteration index,
which tells the program user how many iterations have been run. The
first set of fluxes punched when starting with a source guess will have
zeroes in these positions, and on subsequent machine runs, it will in-
crease in integer steps. The "ii" part of the identification denotes
the lethargy group to which the fluxes belong. The fluxes for the first
lethargy group will have "OL" in this position, and the mumber will in-
crease by successive integers for each of the other lethargy groups.
The M"lc" designation is the sequence number of the flux cards which are
punched for any lethargy group. The first flux card in each lethargy
group will be numbered 11, the second will be numbered 12, and so forth.
The total number of flux cards for each lethargy group will be the larg-

est integer equal to or less than the relation, N;é .

The second type of output card is the Type-OL card, which has
been described in sufficient detail in Section 1, above.

The third type of output card is the Type-00 card, on which the
values of 7)c and k are punched upon completion of the second portion of
the machine run. The identification number in Word 1 will be "XXXXyyOOOO",
and the "yy" has the same connotation as it had for the flux card identi-
fication; However, the value of "yy" on the Type-0O cards will always
be one greater than the value on the preceding flux cards. Thus, the
first such card obtained will have the number, Ol, in the "yy" position.
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Section 3. Operating Instructions for the Computer Run

then all data cards have been prepared in the prescribed format,
the multigroup calculations with the IBM-650 computer may be conducted.
The following instructions outline the operating procedures in the
sequence in which they must be performed.

A. Arrangement of Cards in the Read Feed Hopper

At the start of a machine run, the cards which are to be placed
in the read feed hopper of the IEM=533 Input-Output Unit are arranged in
the following order:

1. The 8103 multigroup coding deck (the first two cards of
the deck will place zeroes in all storage locations of the drum and
core; the third and fourth cards are a load routine to store the program
in the computer).

2. One blank (unpunched) card.

3¢ The input data cards for the program to be run, sorted
by type on Column 10 in the following order:

as Type-Ol e« Type=05
be Type"'oz fo . ‘Iy'pe"%
c. Type-03 g. Type-07

d. Type-Oli (if required)
The Type-02 through Type-06 cards must also be sorted on Colums 7 and
8, in that order. The Type-07 cards are sorted first by lethargy groups
using Columns 5 and 6, and then sorted within lethargy groups on Columns

7 and 8. As has been previously discussed in Section 1 of this appehdix,
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the Type-OL cards may be completely omitted when the multigroup program
is to generate the source temms.

B. Console Settings on the IEM=650

Console settings to start the loading of the program and the
first flux run are as follows:
- 1. Set storage entry switches to "70 1951 1999+%,
2. Set "Programmed" and "Error" switches to "STOP",
3. Set "OVERFLOW" switch to "SENSEM.
lie Depress "COMPUTER RESET" and "PROGRAM START® keys..

C. Sequence of Actions in the Machine Run

When the coded program deck has been loaded into the computer;
the instruction program automatically begins the calcuiations of the
fluxes for the first lethargy group. When this step is completed, the
flux cards indicating the fluxes at all mesh points are punched out'by'
the IEM-533 Input-Output Unit. The program automatically contimues
this same procedure through the remaining lethargy groups. On the last
Type-07 card of the thermal lethargy group, the computer will stop,
waiting for the machine operator to_depress the "END OF FILE"™ key on
the IBM=-533. After this action, the thermal flux cards will be punched.

Next, the operator removes the entire stack of flux cardsvfroml
the punch output, discards the top and bottom cards (which should be
blank ones), and places the remainder of the stack into the read feed
hopper. During this time, the program has been preparing the necessary
storage areas on the computer drum; the operator depresses the "START®

key on the read feed of the IRM-533 to continue the program.
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Then the "START" key has been depressed, the computer con-
timues the calculations to produce the values of ‘Z% and k on the
Type-00 card, and a new set of source termms on the Type-Ol cards.
Since these source terms are also stored within the computer, the
Type-0l cards may be discarded immediately, unless the continuation
of the machine run must be postponed until a later time at which the
program would have to be reloaded into the computer.

The operator checks the Type-00 card to see if the value of
7. and k have reached the required values for the program. If further
machine runs are required, he reloads only the Type-07 cards in the
read feed hopper. Again the computer program has performed the neces-
sary modifications of the storage areas within the computer, prepara-
tory to the calculations for the next set of flux terms. Depressing
the read feed "START" key will initiate this process.

The same steps of alternately loading the successive stacks of
flux cards and the same deck of Typé-OT cards are continued until the
results are considered satisfactory. If satisfactory resvlts have not
been achieved after six or seven cycles of the program, it would be
advisable to recheck the reactor data, particularly the values of the
critical fuel mass on the Type-06 cards, before continuing the program.
When the program‘is terminated, the last set of fluxes used to produce
the desired value of 2/ and k should be printed out With the use of
the IBM-107 Accounting Machine for convenience in reading.

D. Programmed Stovps

The writer has included seven programmed stops in the multigroup
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progran. These stops are provided to insure that the input data cards

are loaded into the read feed hopper in the proper sequence. When a

programmed stop occurs, a ten digit number will appear in the program

register lights on the IBM-650 console. These numbers are associated

with the incorrect sequence of the various types of input data cards,

as follows:

1. 01 1022 1025: Type-02 cards
2. 01 1033 1025: Type=03 cards
3. Ol 104, 025k: Type=OL cards
he OL 1055 0829: Type~05 cards
5. Ol 1066 1006: Type=06-cards
6. Ol 1077 1276: Type-07 cards
7. 01 1011 0051: TFlux cards

For programmed stops 1 and 2 above, the oéerator must run out
the data. deck, correct the sequence of the indicated type of cards,
replace the entire data deck in the read feed hopper, and depress the
"PROGRAM START" key. ,_

- With the other five programmed stops -- numbers 3 through 7
above -- the operator must run out the remainder of the data deck and
correct the sequence of the cards indicated by the ten digit number in
the program register. He then reloads only that portion of the data
deck starting with the type of cards which were out of sequence and
continuing to the end of deck. Reloading lower numbered types of cards

will cause a program error which only can be remedied by starting the
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entire machine run at the very beginning. As with the case in the
preceding paragraph, the operator can restart the program after the
necessary corrections have been made by pushing the "PROGRAM START" key.

The corrective steps stated above for the Type-07 cards and
the flux cards will only be effective if those cards which were out of
order were in the first lethargy group. If they were in any other
lethargy group, it is 'necessary to reload the entire program as des-
cribed in the. opening paragraphs of this section.

Due to the occasional "crankiness" of the computer, even the
corrective steps described above may not resolve the problem of a
machine stop. In this case, the writer has found that considerable
time will be saved by reloading the entire brogram, rather than attempt-
ing to force the computer or the program to take up where it left off,

E. Capacity of the TRIGA Multigroup Program

The program as it was prepared is designed for use with a
computer array of the IR{-650 which must include as a minimum the basic
computer with the IBM-533 Input-Output Unit, magnetic core (irmediate
access) storage, and indexing registers. Although not required for the
operation of the program, an IRI-LjO7 Accounting Machine is desirable
for preparing listings of the flux output cards, as discussed earlier.

One of the features achieved in the new program adapted from
PROD II (see Section 1,6) is that the entire program can be loaded into
the computer at one time, whereas the instruction cards for each part

of PROD II had to be reloaded into the computer each time that portion
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of the program was to be run. Furthermore, additional storage space
has been made available for the storage of temporary data. These
features have naturally accrued from the reduction of the various op-
tions of PROD II, as well as from the fact that devices such as the
indexing registers conserve storage space for the programmer when
determining how many times a particular program loop is to be executed,
Drum storage space presently available for the storage of data

permits the user a maximum number of regions, mesh points, and lethargy
groups, as follows:

1. Regions: A maximum of fifteen (15)

2. Mesh points: One hundred and twenty one minus the
number of regions selected for the program

3. Lethargy groups: A maximum of thirty (30).
In addition, there are 197 unused storage spaces in the computer-137 on
the drum and 60 in the magnetic core -~ which can be used to increase
the capacity of the program, if desired. To increase the capacity, the
program would have to be reassembled by use of the symbolic optimmum
assembly program, SOAP X, of the University of Arizona. New region
cards would have to be prepared for the storage regions to be enlarged;
the program deck with the new region cards included must then be repro-
cessed by the SOAP X program. A complete listing of the program pre-
pared for this thesis is available from the Nuclear Engineering Depart-
ment of the University of Arizona for the purpose of preparing the new
program deck in one instruction per card format required for reassem-

bling the program.
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Section li. Schematic Flow Chart of the Machine Program

The charts on the following pages graphically depict the over-
all actions performed by the machine program in the criticality calcula-
tions. In the interest of brevity and clarity, no attempt was made to
include every individual program step. Significant program points
throughout the entire program are designated by capitalized words, such
as "BEGIN", typed within the circles. All such points may be compared
with the complete program listing for specific information on every
program step.

Interrogation points throughout the flow chart are designated
by diamonds. The answer to the question within the diamond determines
if the program should enter or exit from a certain computational loop.

Symbols and terms used within the boxes and diamonds conform
with those employed throﬁghout the thesis. Reference to the text will

provide further information on their meaning.
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APPENDIX B
DATA CARD LISTINGS

This eppendix is composed of two tables, VIII and IX, of
the actual data cards used in the solution of the test mltigroup
program for the University of Arizona TRIGA reactor. Both tables
are typewritten copies of the exact format in which such data cards

are listed, or printed out, by the IRI-Lj07 Accounting Machine.
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8103000001

3103000102
8103000202

6103000103
6103000203
8103000303

8103000105
8103000205
8103000305
8103000405
-8103000505
8103000605

8103000106
8103000206
8103000306

TYPE-01 THROUGH

L,000000051+

9999800050+

0000000000+

1000000051+
2200000052+
310000005 2+

1064000050+
0000000000+
0000000000+
1687000050+
00000C0000+
0000000000+

19300000);8+
5970000047+
11550000019+

570000005 2+

12340000l 7+

0000000000+

1199390951+
9751000850+
1285000951+

776000009+
1112000050+
0000000000+
1240000050+
0000000000+
0000000000+
1620000048+

3560000049+
11800000018+

TABLE VITI

TYPE-06 TiPUT DATA CARDS FOR TEST PROGRAM

9000000051+

2000000046+

0000000000+

1000000052+
2500000052+
14200000052+

7660000049+
1704000050+
0000000000+
0000000000+
0000000000+
0000000000+

20},00000L8+
29800000149+
0000000000+

0000000000+

3698000048+
0000000000+

1111,000851+
1154000851+
1581000951+

7810000049+
121;3000050+
2260000050+
0000000000+
0000000000+
0000000000+

218000007+
3760000049+
0000000000+

0000000000+

0000000000+
0000000000+

11,0000005 2+
3200000052+
5700000052+

57L00000LS+
1227000050+
2298000050+
0000000000+
0000000000+
0000000000+

5330000018+
3970000048+
0000000000+

0000000000+

1660000019+

1165000851+
1103000951+

2098000951+

0000000000+
1251000050+
1676000050+
3050000050+
0000000000+

0000000000+

111,;00000,,8+
14310000049+
0000000000+

695220005 ly+

0000000000+

000000CO00+
0000000000+

0000000000+

0000000000+
91900000419+
1655000050+
0000000000+
0000000000+
0000000000+

561,0000048+
3600000019+
0000000000+



8103010107
8103010207
8103010307
8103010/,07
8103010507
8103010607
8103010707
8103010807
8103010907

8103020107
8103020207
8103020307
810302007

11970000050+
5170000050+
5570000050+
5290000050+
6500000050+
1110000051+
1320000052+
1000000051+
3890000050+

2850000050+
3160000050+
2120000050+
3250000050+

TABLE IX

TYPE~-O7 DATA CARDS FOR TEST PROGRAIM

1770000049+
1190000050+
1060000050+
1090000050+
1080000050+
L1,8000000L9+
3700000048+
119600000149+
7200000049+

1,000000049+
1200000050+
1070000050+
1050000050+

1061,000050+
776000009+
766000009+
7810000049+
57L400000L9+
0000000000+
0000000000+
0000000000+
1);12000050+

1700000050+
12113000050+
1227000050+
1250000050+

0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+

7540000049+
1900000050+
1650000050+
1740000050+

(Continued on next page)

9000000051+
9000000051+
9000000051+
9000000051+
9000000051+
9000000051+
9000000051+
9000000051+
9000000051+

5600000051+
5600000051+
5600000051+
5600000051+

0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+

0000000000+
0000000000+
0000000000+
0000000000+

0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+
0000000000+

0000000000+
0000000000+
0000000000+
0000000000+
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8103020507
8103020607
8103020707
8103020807
8103020907

8103030107
8103Q30207
8193030307
8103030hQ7
8103030507
81Q3030607
8103030707
8103030807
8103030907

8103040107

11070000050+
9130000050+
1890000052+
9000000050+
2310000050+

3910000050
1030000050+
110000050+
1130000050+
5190000050+
6700000050+
1790000052+
8500000050+
31,00000050+

15190000050+

79aoooobh9+
1200000049+
3830000018+
h2609000h9+
6120000049+
36800606h9+
660000001+
989OOQOQh9+
68000000h9+
6250000049+
370000009+
1;3800000L:8+
3740000049+
550000049+

1780000049+

Table IX (Continued)

9190000019+
0000000000%
0000000000+
0000000000+
2260000050+

2298000050+

1676000050+

1655000059+
1687000050+
12},0000050+
odoooooqom
0000000000+
——
3056000050+

0000000000+

1730000050+
7770000019+
58300000h8+
7980000018+
1140000050+
5340000049+
135 0000050+
1170000050+
1130000050+
1050000050+
5670000049+
181;00000L3+
58200000&9*
83ooboooh9+

1370000050+

(Concluded on next page)

5600000051+
5600000051+
5600000051+
5600000051+

5600000051+

h0§8600051+
1;098000051+
11098000051+
L,098000051+
1098000051+
h098006051+
1098000051+
1098000051+
h698000051+

1000000051+

0000000000+
0000000000+
QOOOOOOOOO*
0000000000+
0000000000+
OOOOOQOOOO+
OQOQOQOOOO+
0000000000+
0000000000%
0000000000+
0000000000+

0000000000+

0000000000+

0000000000+

006@000000*
0000000000+
OOOQOOOOQO+
0000000000+
0000000000+
0000000000+
QOOOOOOOOO+
OQOOOOOQOO+
0000000000+

0000000000+
0000000000+
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8103040207
8103040307
81030L04L07
I
81030k0607
8103040707
8103040807
8103040907

1,81.0000050+
5330000050+
5190000050+
6670000050+

9360000050+

-9250000050*
1610000050+

7100000049+
1510000050+
7350000049+
1630000049+
8200000047+
2500000048+
5900000047+
1960000045+

Table IX (Concluded)

0000000000+
W
0000000000+
0000000000+

2570000050+
22110000050+
2150000050+
21160000050+
1500000050+
1120000049+
1520000050+
2150000050+

1000000051+

1000000051+

1000000051+
1000000051+
1000000051+
1000000051 +
1000000051+

- 1000000051+

0000000000+
000CCO00000+

0000000000+

0000000000+

{8
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