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MUTUAL : A Computer Code for Analysing Nuclear Criticality Safety

on Array System
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( Received September 9, 1986 )

Fer evaluating critical safety on array system, the solid angle
method 1is often ﬁsed as a simple method. There aré, howeﬁer, some
demerits in the method : the effective multiplication factor of the
system cannot Dbe known and it is excessively overestimated under
certain circumstances. Therefore a new method has been develcoped to
obtain the effective mutiplication facter of array system simply. In
this method, neutron transportation being expressed in terms of sclid
angles between units arranged in the system, and effects of "shadow"
caused by other units and effects of neutron reflection by the wall
being taken 1into account, the eigen equation 1is sclved and the
effective mutiplication factor is obtained. A computer code MUTUAL
has been programmed according to this method. This report is a user’s

manual for the MUTUAL code.

Keywords: Criticality Safety, Array, Effective Multiplication Facter,
Solid Angle Method, Shadow, Reflection, Computer Code,
MUTUAL
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1. Introduction

There are mainly two methods currently used to evaluate
eriticality safety on neutron interacting arrays of nuclear fisgile
materials, namely the solid angle method and the Monte Carloc method.
The solid angle method developed by ORNL, as is well—known, has a
.forml):

Qtot g 9-10ks

with the limitations of ks £ 0.80 and Qrot < 6.03 ; the interaction
among the fissile materials is l1imited according to the total solid
angle ot subtended at the most reactive or the central unit and its
single-unit neutron multiplication factor ks' This method is semi-
empirical : the safety curve was derived from the experimental data on
highly enriched uranium units and from the simple assumption of
half-reflection. The method was proved to have a considerable safety
margin for well moderated fisgsile materials, whereas it 1is not
generally applicable to under-moderated or unmoderated fissile
materials.

In the Monte Carlo method ( e.g. employed in the computer code
KENO—IVZ) ), neutron birth by nuclear fission as well as scattering
and absorption by nuclides are traced immitating their physical
processes. The results become as precise at least in principle as
increase of the number of neutrons ( the neutron history ) considered
in calculation. For practical usage, however, a lot of computer time
is required for obtaining reliable results especially for a system of
many units.

To aveoid the overestimation of safety margins by sclid angle
method and teo much time consuming by Mente Carlo metheod, we Dpropose
in this paper a method of solving a neutron balance equation among
figssile units simply. The assumptions emplcyed in the equation for
simplicity are : (1) the neutron energy is only one-grouped, (2) the
probability of neutron transfer from one unit to another is
propotional to the gsolid angle subtended at the unit by the other, (33
neutron spatial distributicn in each unit is not disturbed by the

other units.
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Tn Chapter 2, we show the basic equation expressing the neutron
balance among figsile units. For practical usage the numerical
procedure o calculate the solid angles and to solve the eigenvalue
egquation are made into a calculation progran named MUTUAL. The logical
flow of the program is summerized in Chapter 3. Limitation of the
program as well as input and output data information are explained in
Chapter 4. In the last Chapter we show sample inputs and outputs. In

Appendix, a new solid angle method is proposed.
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2. Thecry
2.1 Derivation of Eigen Equation

The neutron balance equation of the array system which consists of
nuclear fuel units 1s represented as follows. The neutron balance for

unit i is expressed as,

2
JuiPi¥ 039V 01Ta101 0V /S o3 0] pi93VeE 3 wee By = O (1)
where t.. = - .D v2 dVef(e .e )dA /4 p?
i vii¥ 93 T ile ML

2 e s
IviDiv ¢idV : neutron leakage from unit 1,
I .Z .¢,dV : neutron absorption in unit i,

vilai¥i

Ivivifi¢idv : neutron production in unit i,

)y : the eigen-values ( its maximum value corresponds
to the effective multiplication factor of the
system ),

T . the distance between the center of unit j and the
dAi surface,

e . the unit vector directing from the center of unit
Jj to the dAi surface,

e : the unit vector perpendicular to the dAi surface,

dA + a4 differential area on the surface of the unit i.

We derive a simple representation to get the maximum eigen value,
that is the effective multiplication factor of the system, using

following three approximations.

(1) Even 1if there were neutron interactions among units, the
neutron flux distribution in each unit is assumed to be as the
same as that of without interaction. Namely, neutron leakage from the
unit 1in array system is approximated as follows with the buckling Bi

of" an isolated unit i:

> >
iRV 049y = ~fai(DsVe e JdA, 2 D B g AV, (2)

73_
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(ii) Neutrons are assumed to be emitted isotropically from the
center of the unit; the transportation probability tji from unit j to

unit i is approximated as,

2
t., >\ .D.B.aAv.p. /4 : (3)

ji SVJ 3834505470 3
where jS is the solid angle subtended at the center of unit j by

unit i

{(iii) A1l neutrons emitted from other units and reached a specific

unit are assumed to be absorbed in it.

In the above three assumptions, the effective multiplication
factor of the system is underestimated by the assumptions (i} and
(i1}, and is overestimated by the assumption -(iii).

Under the above approximations, the neutron balance equation (1)

can be rewritten as,

1
(-D+T+=P)g=0 (#)
3
where
D = ( d1 0 J T = [ T11 ses 7 P = | P1 0 g & = 7 ¢1?
i ! H 1} I
0 dn i ] Tnn I L © Pn i On 1
d, = {(DBz).+z . : neutron destruction operator for
i ilail’i
unit i,
Tij = (DBz)jViji/uﬂ : neutron transportation operator
from unit j to unit i,
Pi = “zfivi : neutron production operator for
unit i,
¢i ' : averaged neutron flux for unit
i,
jS ' '+ so0lid angle subtended at the
center of unit j by unit i,
by 1 eigenvalues of the system’




JAERI-M 86-140

(The effective miltipiication

factor is its maximum value).

Arnd matrices K and 1 are respectively defined as follows,

Dt 2Kz ky 01, L= Sl
to 0

-
y

0
1L (5)

where ki is the effective multiplication factor of an isolated unit i.

The following equation 1is derived from Eq. (&)
(1-1D" ") (D) = %(PD‘l)(D¢) : (6)
The above equation canl pe rewritten with the matrix K as,
L1t hng) = 5000 - 1)
Equation (7) is the eigen equation to be solved. And element 2, of

matrix AEK‘l(I-TD—l) can be represented as follows using the relation
2
N°=D/Y, -

o
1

202 2.2
L= /(T /) S 1/k, {1-CO°B ) /) (LB ) B

I

_ . 202 LR
-(1/ki)(Tij/dj) (l/ki){((M B )jﬂji/”“)/(l (M™B )j}
for jzi. (9)

a, .
1)

The multiplication factor of the array system is obtained by solving
Eq.{7) with effective multiplication factor ki of a single unit system

i and neutron leakage (MzBZ)j/(l+(M2B2)j) from a unit J-

2.2 Calculation of Solid Angle

The solid angle by unit i subtended at the center of unit J is
obtained by the following wWay. At first, imagine & upnit sphere
arround the center of unit j. Then unit 1 projects @ shadow OO the

surface of the unit sphere. As an example, the caleulation methed for
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cylindrical. units 1is being explained. The diameter and height of
cylindrical wunit 1 is expressed as [ and H, respectively. And a
distance from the center of unit j to the surface of unit i is defined
as L. Using a sphere coordinate whose crigin is the center of unit j,
the so0lid angle is obtained by integrating sinfdfdd over the area

surrounded by a curve J in Fig.1l.
3 : tan® = {(2(L+D/2))/E} sindt/((D/2)/(L+D/2) ) -cos b} (10)

Calculating a solid angle with this curve is disadvantageous with
respect fTo computing time, because numericsl integration must be
performed. To reduce computing time, and to obtain an evaluation in
safety-side, solid angle is assumed to be obtained by integrating

8in8dfdd over the rectangular ABCD in Fig.1.

2.3 Calculaticon of Solid Angle in Case of Shadowed Area

The effect of "shadow" caused by other units must be considered
in calculating a so0lid angle as shown 1in Fig.2. That 1is, in
calculating the solid angle at unit j subtended by unit i if the unit
k is between the two units, the unit k projects a "shadow" on the unit
J, the corresponding solid angle is subtracted. Therefore, the solid
angle corresponding to the area S=EFGH shown in Fig.l is subtracted

as,

2l = Rji-ffssin8d6d¢

2.4 Consideration of Neutron Reflection by Wall

1f the épecific unit is surrounded by the wall, the contribution
of neutron reflection from the wall must be considered. In this case,
imaginary units are added to the system in order to take inte account
the effect of neutron reflection. The transpcrtation operator tji from

the imaginary unit j' of the unit j to the unit i is given as

2
tl, = (DBT).V.9 B'Q"  /am
ji ( )J J¢JB Jl/
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where 3‘ is aibedo of the wall., If there are walls in many sides, the
operator are added with respect to every direction. The total

transportation operatcer tji can be written as

t', = t,, +# Sum t,,,
ji ji ; jiti

2
= (DB )3Vj¢j(ﬁji+8'9j'i+5"9j"i+“' )/ g
Therefore in calculating tji in Eq.{7), the solid angle

' _ [ 1
1] 31_931+B Q‘}'l-‘-B Qj|1i+ L

may be substituted for jS as shown in Fig. 3.

2.5 Reacticon Rate

Various quantity of reaction rates which is, an optional output,
is explained here after. As shown in Eq.(7), eigen vector has been
defined as a quantity of neutron destruction, that is, leakage plus
absorption. Therefore, reaction rates of unit i can be written as

follows with element i of the eigen vector,

2
X, = Dio; = {(DBT),+] .1Vi¢; - (11)
A= ] Ve, = X /{14787 ) (12)

i lai'i® T %4 il o
2 2.2
out,i = (PB7);vie; = A (MBT), , (13)
Lin,ii © ?:?(jSbout,j) ' (14)
Lnet,i= Lout,i - Lin,i ' (15)
Fy - km,iAi/keff ' (16)
where A, : absorption in unit 1,
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L -, 7 leakage from unit i,

out,i

Lin Nk leakage into unit i from all other units,

1

Lnet,i net leakage for . unit i,
Fi fissicon in unit i,
kw:.L infinite~medium multiplication factor of unit i,
keff effective multiplication factor of the array

system.
Absolute value of each quantity is normalized as,

ng (Ai+Lnet,i) =1
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3. Structure of Program

3.1 Logical Program Flow

3.1.1 Read Input Data
Input data is read by subroutine CRDIN. However the nuclear
constant data and the array of BOXesZ) and SUPER BOXes3)

CARDINZ2 and CARDIN3 respectively. Subroutine GTYPE1l deals with

are read by

geometrical data. Arrays of BOXes and SUPER BOXes are stored by
subroutine UNITN1. All input data are echoed back.

3.1.2 Check, Edit and Print Input Data

Input data are edited and printed out by subroutine CRDPRT. The
geometrical data of a unit are checked by subroutine BOXCHK. Then the
data of cubic units and cylindrical units are respectively checked by
subroutine CUBCHK and CYLCHK. The arrays of BOXes and SUPER BOXes are
respectively checked by subroutine SBCHK and SBCHKZ.

3.1.3 Calculation of Sclid Angle

At first, direction vector is calculated from the center of a
specific unit to other units. Subroutine LOCBX(Y)(Z) is used for two
units in the same "SUPER BOX". The subroutine for two units not in the
same SUPER BOX is LOCSBX(Y)(Z). The last letter in the name of
subroutines, that is, X,Y OR Z means the element of the vector to be
calculated. These two subroutines are controlled by subroutine
LOCATX(Y)(Z). The last letter means as above mentioned. The center of
the specific unit is assumed to be the origin of the sphere coordinate
system to describe the location. The coordinate of a shadow on the
unit sphere projected by the specific unit is calculated. Then
subroutine CUBOID and CYLNDR are respectively used for a cuboid and a
cylinder. The subroutine which calculates the solid angle from the
coordinate as mentioned above is SOLIDZ for a cylinder. That for a
cuboid is SOLID3. If peripheral units are surrounded by a reflector,
the location of the imaginary unit is calculated by subroutine LOCATZ.
Subroutine SOLIDA controlles these subroutines and prints out the

clalculated solid angle.
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3.1.4 Calculation of Eigen Value and Eigen Vector

Subroutine EIGEN calculates the coefficient matrix for the eigen
equation with the solid angle calculated in SOLIDA and the nuclear
constants read in CHDINZ2. Subroutine DBIEIG solves the eigen equation.
In fact, its coefficient matrix is 2x2 matrix. Subroutine EJRBES 1is
used for more than 3x3 matrix. It is one of subroutines included in

&)

EISPAC-J ', a subprogram package for solving eigen value problem.

3.1.5 Edit Neutron Balance for Each Unit
Subroutine EDIT? calculates reaction rate for each unit based

on the eigen vector and prints 1t out.

3.2 Tree Structure of Program

Tree structure of MUTUAL is shown in Fig.d

3.3 Alphabetical Subroutine Summary

The symbol (F) after the subroutine name means function routine.

ANORM (F)

ANCRM calculates a distance between two points.

BOXCHK
This subroutine judges whether a geometrical description of each

unit is valid.

CRDIN
This subroutine reads the input data except for the nuclear

constant data and the arrangement of units.

CRDINZ
CRDINZ2 reads the nuclear constant data, that 1s, infinite

muitiplication  factors (k) and/or effective multiplication
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factors {k } of units.
ef'f

CRDIN3
This subroutine reads the arrangement of "BOX"es and "SUPER

ROX"es.

CRDPRT
This subroutine edits and prints input data, and controlles

subroutines which check the data.

CUBCHK
CUBCHK checks geometrical data for cuboids.

CYLCHK ( entry name of subroutine CUBOID )

This procedure checks geometrical data for cylinders.

CUBOID
This subroutine calculates coordinate prints of a shadow on unit

sphere projected by a cuboid.

CYLNDR
This subroutine calculates coordinate points of a shadow on unit

sphere projected by a cylinder.

DAYTIM
DAYTIM gets date and time with library routine DATE and TIME.

DBIEIG
This subroutine calculates eigen value and eigen vector whose

coefficient matrix is 2x2

DOMEGL
This subroutine gets the overlapped part with respect to ¢
coordinate in two integral regions in calculating "shadow" between two

units.
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DOMEGZ2 ( entry name DOMEG1 )
This subroutine gets the overlapped part with respect to 6

coordinate as subroutine DOMEGI1,

DOMEG3

This subroutine calculates a "shadow" for a cuboid.

DTLIST

This subroutine echoes back the input data.

EDIT1
This subroutine evaluates criticality safety of the system with

the method described in CEA—R-31145), and prints out the result,

EDITZ
This subroutine calculates and prints out a reaction rate with

the eigen vector for each unit.

EIGEN
This subroutine calculates the coefficient matrix with solid
angle between units and nuclear constant data, and calls subroutine

DBIELIG or EJRBES to sclve eigen equation.

GTYPE1

This subroutine reads geometrical data.

GTYPE2 ( entry name of GTYPEl )
This procedure prints out the geometrical data read by subroutine

GTYPEL.

HEADER

This subroutine prints out the problem title with date and time.
- LOCATX

This subroutine controlles subroutines which calculate x-element

of the location vector between two units.
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LOCATY and LOCATY { entry name of LOCATX )}
These - procedures are the same as LOCATX ,however, calculates

respectively y-element and z-element.

LOCAT?2
This subroutine calculates a location vector of an imaginary unit

for the specific unit, if the system is surrounded by wall.

LOCBX -
This subroutine calculates x-element of leccation vector between

two units in the same "SUPER BOX".

LOCBY and LOCBZ ( entry name of LOCBX )
These procedures are the same as LOCBX ,however, calculate

respectively y- and z-element.

LOCSBX
-This subroutine calculates x-elements of location vectors between

the center of the specific unit and those of the other units.

LOCSBY and LOCSBZ ( entry name of LOCSBX )
These procedure are the same as LOC3BX ,however, calculate

respectively y- and z-elements.

LSET
This is an assistant subroutine used in LOCATX{Y)(Z), LOCATZ2, and
LOCBX(Y)(Z).

NOTEQ (F)
This function is equivalent tc the relational operator ".NE." (in
FORTRAN) for single precision real type variables.

FQUAL ( entry name of NOTEQ )

This function is equivalent to the relational operator ".EQ." (in

FORTRAN) for single precision real type variables.
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DNOTEQ ( entry name of NOTEQ )

This function is equivalent to the relational operator ".EQ." (in

FORTRAN} for double precision real type variables.

OMCYL1 (F)

This function calculates a solid angle with 8 and ¢ coordinates.

OMCYL2 (F)

This function calculates the sclid angle of overlapped part in

two integral regions.

RCLEAR

This subroutine sets single precision real type array egqual to a

constant value.

DCLEAR ( entry name of
This precedure sets double precisicn

constant value.

ICLEAR ( entry name of
This procedure sets a integer type

value.

CCLEAR ( entry name of RCLEAR
This procedure sets character type

value.

LCLEAR ( entry name of
This procedure sets logical type

value.

SBCHK
This subroutine checks arrangement

"SUPER BOX"es.

SBCHK2

RCLEAR }

real type array egual to a

RCLEAR )

array equal to a

)

array equal to a

RCLEAR )

array equal to a

of "BGX"es in the

This subroutine checks arrangement of "SUPER BQX"es.

— 14—

constant

constant

constant

specific
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SOLID
This subroutine controls subroutines which are used toc calculate

golid angles.

SOLIDZ
This subroutine calculates a solid angle with coordinate of a

shadow on unit sphere projected by a cylinder.

SOLID3
This subroutine calculates a solid angle with coordinate of a

shadow on unit sphere projected by a cuboid.

SORT

This subroutine performs quick sorting.

UNITN1
This subroutine stores arrangement of "B0X"es and "SUPER BOX"es in

memery.

UNITNZ2 ( entry name of UNITNI1 )
This procedure calculates the unit type and its location with a

serial number defined in the code.

Above subroutines are all wuser's routines. The following
subroutines built in the system library are used in addition to user's

routines.

DATE

This subroutine gets the running date.

TIME

This subroutine gets the running time.

EJRBES
This subroutine solves eigen equation ,however, the coefficient

matrix must be greater than 2x2 matrix. This is one of subroutines
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4

included in EISPACK-J °, a subprogram package for solving eigenvalue

problems, which has been developped in JAERI.
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4, Program Usage
4.1 Limitation

4.,i.1 Limitaiton of Available Geometrical Shape
Cylinder and cuboid are available as a geometrical shape. The
array system which can be calculated is a system consisted of only

cylinders, only cubeids and their combinaticn.

,1.2 Dimension of Array

Dimension of arrays in the code is determined by PARAMETER
statement in MAIN routine. Therefore, the values in the statement must
be changed, if the array size is short of capacity. The meaning of

each parameter and its value given in the code are shown in Table 1.

4.2 Input Data Instructicn

The input form for geometrical data of MUTUAL is similar to that
of MULTI—KENOs),an improved version of KENO—IVZ). However, "free
format input” is not adopted in MUTUAL. In geometrical definition of a
system, KENO-IV is characterized by existence of geometry key words
and box type desriptions. The geometry input for KENO-IV consists of
geometry key words representing simple types of three-dimensional
configurations. A geometry shape defines a region. These regions can
he nested one outside another to construct a desired object. Each
region must be completely enclosed by the next larger region. This
procedure is used to describe box types, each of which may contain a
different geometry configuration. The bex types can then be stacked to
form a three-dimensional array of units. When stacking bex types, the
adjacent faces of adjacent box types must be the same size. SUPER BOX
type is an extension of BOX TYPE. A system is divided into any number
of SUPER BOXes. A SUPER BOX is divided into many BOX TYPEs similarly.
A geometry defined by BOX TYPEs is the same as that of KENO-IV. By
introducing the SUPER BOX concept, the adjacent faces of adjacent box

types are not necessary to be the same size, if they are cotained by
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different SUPER BOX each other. Availability of the code is increased
by this extension. Fach SUPER BOX is enclosed by CELL BOUNDARY similar
to the CORE BOUNDARY of KENO-IV. An array of the SUPER BOXes 1is
enclosed by CORE BOUNDARY.

Card 1 Title Card (A80)
TITLE Contains title only. If first column i= blank, editting

reaction rate is not performed.

Card 2 Super Box Array Card {415)
1 SBOX Number of SUPER BOX types.
2 SBXMAX Number of units in the x direction of the super box
array.
3 SBYMAX Number of units in the y direction of the super box
array.
4 SBZMAX Number of units in the z direction of the super box
array.
Card 3 Super Box Array Card (A9,6X,515)
1 CT Must be "SUPER BOX".
2 NSB Super box number (between 1 and SBOX)

3 NSBARY(1,NSB) Number of box types contained by SUPER BOX NSB.

I NSBARY(2,NSB) Number of units in the x direction of the array
made by box types.

5 NSBARY(3,NSB) Number of units in the y direction of the array
made by box types.

6 NSBARY(4,NSB) Number of units in the z directicn of the array
made by box types.

Card 4 Box Type Card(1l) (A8,7X,I5)
1 CT Must be "BOX TYPE".
Z NB BOX number
Card 5 Box Type Card(2) (A8,12X,6F10.0)

1 IGEOM({NB) IGEOM(NB) must be one of the following :
CUBE,CUBOID,CYLINDER,CORE BRDY,CELL BDY.
CUBE has +X=+Y=+7 and -X=-Y=-%. Note that the +X



2

GPARAM( 1)

GPARAM(2)

GPARAM( 3)

GPARAM(4)

GPARAM{(3)

GPARAM(6)

Card 6

1
2

3

SQMK(1)
SQMK{2)
SQMK(3)

Card 7

1

~ oy g = e N

If

NOTE

TGEOM(NB)
GPARAM(1)
GPARAM(2)
GPARAM(3)

GPARAM(L).

GPARAM(5)
GPARAM(6)

the box is a void, this card
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dimension need not equal the -X dimension of the cube;
i.e., the crigin need not be at the center of the cube.
CUBCID is a rectangular parallel piped and may be
described anywhere relative to the orign. CYLINDER

has its length described along the Z axis and its
center line must lie on the Z axis.

Radius for cylinder,
+x dimension for cube, cuboid
-x dimension for cube, cuboid,

+z for cylinder, omit GPARM{2) for a sphere.

+y dimension for cuboid, -z for cylinder, omit
GPARAM(3 ).

-y dimension for cuboid, omit GPARAM(4) for all other
gecmetry types except CORE BDY.

+z dimension for cuboid, omit GPARAM(5) for all other
geometry types except CORE BDY.

-z dimension for cuboid, omit GPARAM{6} for all other

geometry types except CORE BDY and CELL BDY,

Nuclear Constant Data {20X,3F10.0)
M282 for the unit.

Effective multiplication factor k for the unit.

eff

Infinite multiplication factor k, for the unit

Only two of SQMK must be inputted. If the box has no
unit, this card is not necessary.
(A8,12X,6F10.0G)

Must be "CUBOID"

+x dimension for a cuboid or cube.

-x dimensicn for a cuboid or cube.

+y dimension for a cuboid, zero for a cube.
-y dimension for a cuboid, zero for a cube.
+z dimension for a cuboid, zero for a cube.
-z dimension for a cuboid, zero for a cube.

is not necessary.

Card 4 " Card 7 must be repeated NSBARY(1,NSB) (Card3) times.



Card 8

1 IGEOM(NSB)

2 GPARAM(1)

7 GPARAM(6)

Card 9

1 IGEOM(NSB}

2 GPARAM(1)

7 GPARAM(6)
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(A8,12X,6F10.0)
Must be "CELL BDY".

} same as Card 7

{AB,12X,6F10.0)
Must be "CUBQID".

} gsame' as Card 7

NOTE. - Card 3 ™ Card 9 must be repeated SROX (Card2) times.
Card 10 (A8,12X,6F10.0)

1 IGEOM Must be "CORE BDY".

2 GPARAM(1)

7 GPARAM(6)
Card 11

i IGEOM

2 GPARAM(1}

7 GPARAM(6)

Card 12

IX1

IX2

INCX

}:same'as Card 7-

(AB,12X,6F10.0)
Must be "CUBOID".

} same as Card 7

Mixed Box Orientation Card. (1115)

Enter only if NSBARY(1,NSB) is greater than 1.

The box type. N must be greater than zero and less than
or equal to NSBARY(1,NSB) (parameter 3, card 3). .

The starting peint in the x direction. IX1 must be at -
least 1 and less than or equal to NSBARY(3,NSB) (para-
meter 4, card 3).

The ending point in the x direction. IX2 must be at
least 1 and less than or equal to NSBARY(Z,NSB}.

The number of boxes by which increments are made in the

- 20—




IY1

Iyz2

INCY

IzZ1

IZ2

INCZ

ISTP
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positive x directin. INCX must be greater than zeroc and
less than or equal to NSBARY(2,NSB).

The starting point in the y direction. IY1 must be at
least 1 and less than or equal NSBARY(3,NSB) (parameter
5, card 3).

The ending point in the y direction. IY? must be at
least 1 and less than or equal to NSBARY(3,NSB).

The number of boxes by which increments are made in

the positive y direction. INCY must be greatef than
zero and less than or equal to NSBARY(3,NSB),

The starting point in the z direction. IZ1 must be at
least 1 and less than or equal tc NSBARY{4 ,6NSB) (para-
meter 6, card 3).

The ending point in the z direction., IZ2 must be at
least 1 and less than or equal tc NSBARY(4,NSB).

The number of boxes by which increments are made in the
positive z direction. INCZ must be greater than zero
and less than or equal to NSBARY(4,NSB).

Indicates whether to read another set of mixed box
orientation data.

=0, read another set of data.

#0, do not read any more mixed box orientation data.

NOTE Repeat this card until box orientaticn of all super box have

been

described. This card must be entered in super box type

sequence.

Card(s) 13

IX1

Mixed Super Box Orientation Card. Enter only if SBOX
is greater than 1 (parameter 1, card 2).

This card must be entered in the same manner as card

S 12,

The Super Box Type. N must be greater than zero and
less than or equal tc SBOX (parameter 1, card 2).

The starting point in the x direction. IX1 must be at
least 1 ard less than or equal to SBXMAX {parameter 2,
card 2.




IX2

INCX

IYL

IYZ2

INCY

171

1722

INCZ

ISTP

NOTE

Card 14

1 REFCST(1)
2 REFCST(2)
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.The ending point in the x direction. IXZ2 must be at
least-1 and less than or equal to SBXMAX.

The number of super box by which increments are made
in the positive x direction. INCX must be greater than
zerc and less than or equal to SBXMAX.

The starting point in the ¥ direction. IY1 must be at
least 1 and less than or equal to SBYMAX (parameter 3,
card 2).

The ending point in the y direction. IYZ must be at
least 1 and less than or egual to SBYMAX.

The number of super boxes by which increments are made
in the positive y direction. INCY must be greater than
zero and less than or equal to SBYMAX.

The starting point in the z directicn. IZ1 must be at
least 1 and less than or equal to SBZMAX (parameter 4,
card 2).

The ending point in the z direction. IZ22 must be at
least 1 and less than or equal to SBZMAX.

The number of super boxes by which increments are made
in the pesitive z direction. INCZ must be greater than
zerc and less than.or equal to SBZMAX.

Indicate whether to read another set of mixed super
box orientation data.

= 0, read ancther set of data.

# 0, do not read any more mixed super box orientation

data.

The data of this card have the same feature as card 12.
The 1ast set of mixed super box orientation data must have

a nonzero entry in the last field.

Reflector Constants {6F10.0)
The value of the reflector constant is the specular

albedo, that is, the fractional return for that face.

Reflector constant for +x face of the array.

Reflector constant for -x face of the array.
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3 REFCST(3) Reflector constant for +¥ face of the array.
4 REFCST(4) Reflector constant for -y face of the array.
5 REFCST(5)  Reflector consatnt for +z face of the array.
6 REFCST(6) Reflector constant for -z face of the array.

Card 15 END CASE. (A8)
This card is optional. It enable MUTUAL to read to the
end of a case that contains an error and tolstart on a

new case.

Card 16 END MUTUAL. (A10)
This card is optional and comes after the last card of
the last case. No more data will be read after this

card has been encountered.

4.3 Output Data Information

A unique number is defined for each unit in the system. The
number of BOX and SUPER BOX in which the unit is located, and printed
out. Calculated fractional solid angle of units subtended by each
other is printed out using above number. Where, the fractional solid
angle occupied by the solid angle for all space, i.e., Umw. The final
result obtained is the effective multiplication factor (keff} of the
system. If necessary, neutron balance for each unit, that 1s,
absorption, fission, out-leakage,in-leakage and net leakage can be
printed out. "Out-leakage" means a quantity of neutrons escaped from
the specific unit. "In-leakage" means that of neutrons which reached

the specific unit from the others.
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5. Sample Input and Output
Input data for a sample problem is shown in Fig 5. This problem
is a 3x3x2 array of identical cylinders. The result is shown in Fig.
6, and this JCL is shown in Fig. 7.
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Appendix A New Solid Angle Method
A solid angle method has been newly derived with the fundamental
equation of MUTUAL for evaluating neutron interaction between array

units.. Derivation of the equation will be shown as follows.

As shown in Chap. 2 of this repoert, the eigen equation for array

units is,
-1 -1
K “(I-TD ")(D¢) = 1/x(D¢) (A1)
The element aij of the matrix A = K_l(I—TD—l) is represented as
follows,
2.2 22
a;; = Uk {1-((B%),0, . )/4m)/(1+ (MR )j)} , (A.2)
L 2.2 o (22
ajy = (l/ki){((M B )jﬂji/”ﬂ)/(l (M™B )j)} (A.3)

The above Egs. (A.1), (A.2) and (A.3) are the same as Egs.(7),(8}
and (9) of Chap.2, respectively.
Applying the theorem of Gerschgorinl) to Eg.{A.1), following
relation is obtained (see note).
n

Min (aii-, E. ,|aij|) < 1/x (A.4)
j=1,n j=1,j#1

With FEgs.(A.2) and (A.3),the above relation is expressed as

follows,

Min {(1-v,)/k.} < 1/x , (A.5)

. 177710 =

i=1l,n

n n n
2.2 2.2

where v. = § {(M7B). }/{1+(MB) }eq.. = JFQ.. = ] V..,

1 j=1 J J Ji j=1J J1 j=131

2.2 2.2 o
Fj = {(M B )j}/{1+(M B )j} : neutron leakage probability frem

a unit j,



JAERI-M 86-140

vji: Fjgji : probability of neutron transfer
I from unit j to i,
vi = z vji probability of neutron transfer
Jj=1

from all units to unit i.

With the maximum eigen value of A, keff, the subciriticality

condition of the array system is expressed as folows,

K oo  Max { k,/(1-9,) [ (A.6)

. klimit ’
i=1,n

where, is the suberitical limit of neutron multiplication

k,. .
i1imit
factor and is chosen lower than 1. Relation (A.6) requires the

following relation for any unit i,

kg M08 <y o (A.7)
I
where Qi = z Q_l,
=1 7
n n
i=1,j#1 j=1,j#1
I n
= {170 7} Q.i>} ¥ (1-k, /% )0 -
j=1,3#i 41 j=1,j#i J
Relation (A.7) is rewritten as,
ﬂi 1/fi(1—ki/klimit) . (A.8)

This 1is the relation we recommend here to evaluate nuclear
criticality safety, and we name it JAERI's solid angle method.

In relaticn (A.8), if we set fi and k to be equal teo 1, the

relation is the same as that reported in CE;T§E311&, and if we set fi
and klimit to be equal 0.66 and 0.95 respectively, the relation
becomes the same as that shown in TID-7016 except the directien of
solid angle. In TID-7016, Qi is obtained by summalizing the solid

angles subtended at the center of unit i by other units, whereas the
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solid angle Qi of (A.8) is obtained by summalizing the solid angles
subtended by unit i at the centers of other units.

The limited golid angles Qi obtained by JAERI's, ORNL's and CEA's
methods are compared in Fig. A.l for the system of two identical

units. In this Figure, k of relation (A.8) is set equal to 0.94,

limit
and [ is expressed by ki and Kni with changing hwi parametrically.
From this Figure, we conclude that JAERI's method is less over-

conservative than the methods of TID-7016 and CEA-R-311j
{ Note >  Gerschgorin's Theorem

Let A = (aij) be an arbitfrary nxn complex matrix, and let

n
A = ‘2- |aij|; 1
J#1

A
H
(115
=t

Then, all the eigenvalues A of A lie in the union of the disks

<A, 1

| 7y [ & A

A
-

[t
=3

Proof : Let A be any eigenvalue of the matrix A, and let x. be an
eigenvector cof A corresponding to A. We normalize the vector x so that

its largest component in modulus is unity. By definition,

( x-a;; )x; = §. 8%y 1< 1i g n.
J=1,j#1
In particular, if [[x_{| =1, then
n n
ll—a”[éjﬂgj#ilaﬁ ' Xj|éj:1§j¢i!a”'| "t

Thus, the eigenvalue X lies in the disk |z—arr| é.Ar. But since X was
an arbitrary eignvalue of A, it follows that all the eigenvalue of the

matrix A lie in the union of the disks |z-a, | < A;, 151 = n,

- 1
completing the proof.

1)} Gerschgorin, $. "Uber die Abrenz und der Eigenwerte einer

Matrix", Izv. Aked. Nauk. SSSR Ser. Mat. 7, 749-754:16,22,25 (1931).
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'NBOXMX'
NBXMX
NBYMX
NBZMX
NSBMX
NSBXMX
NSBYMX

“NSBZMX
MAXU
MAXU2

NSPBCX
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Table 1 Parameter irt MAIN Routine

preset

value
10
10

10

10

100

- 200

25

meaning

Summation of box types'for each

super box.

Number of boxes in the x

of the array made by box types.

Number of boxes in the ¥y

of the array made by box types.

Number of boxes in the =z

of the array made by box types.

Number of super box types.

Number of
direction.

Number of
direction.

Number of
direction.

Number of

MAXU * 2

Number of

super
super

super

‘units

super

boxes in the x

boxes in the y

boxes in the z

in the system.

boxes.

Using above value of the parameters, the réquired core strage

about 780 K bytes.

direction

direction

direction

size is
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Fig. 1

Calculation Method of Sclid Angle
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Fig.A.1 various Limited Solid Angles for the System Consisted of Two
Identical Units



