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MUTUAL is a computer code for analysing nuclear criticality safety
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been revised in the following three aspects: (1) the input format has
been changed from the original BOX-type to the absolute coordinate type;
(2) the eigen equation has been changed to obtain the maximum eigenvalue
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1. Introduction

A computer code MUTUAL was developed to analyse nuclear criticality
safety on array system, and was published in 19861). This code has
merits over the solid angle method2) that 1) the effective multiplica-
tion factor is obtained, 2) the theoretical base is clear, 3) effects
from shadowed units and reflector can be easily taken into account. The
computational CPU~time of MUTUAL by FACOM M380 is less than a few seconds,
which is roughly 2 orders shorter than that of KENO-IV3), a typical Monte
Carlo code, to obtain a reliable result. For these reasons, MUTUAL has
been introduced in the Criticality Safety Handbook of Japan which was
published in 19884).

Some difficulties, however, have been pointed out in using MUTUAL:

(1) BOX-type input form®) is mot easily handle, especially when applied
to mixtures of various types of unit.

(2) The subroutine EJERBESb) adopted in MUTUAL for obtaining the minimum
eigenvalue is not easy to be introduced in computer system other
than JAERI's.

Also an error is found in the subroutine SOLIDA which has a role to
transmit reflector albedo to the main routine.

The original MUTUAL code has therefore been revised in the following
three aspects: (1) the input format has been changed from the original
BOX-type to the absolute coordinate type; (2) the eigenvalue equation
has been changed to obtain from the minimum to the maximum eigenvalue;
{3) the subroutines SOLIDA, SOLIDZ and SOLID3 have been improved to
correctly take into account contributions to the solid angle from image
units;

Like the original manual, the basie equation expressing the neutromn
balance among fissile units is shown in Chapter 2. The logical flow of
the program is summarjzed in Chapter 3. Limitations of the program as
well as input and output data informations are explained in Chapter 4.

Sample inputs and outputs are shown in the last Chapter.



JAERI-M 88~-140
2. Theory
2.1 Derivation §f Eigenvalue Equation
" The neutron balance equation of the array system which consists of
nuclear fuel units is represented as follows. The neutron balance for

unit i1 is expressed as,

1
I'Ai(Dchpi-ei)dAi - fViZaiq)idV + KfVi\”zfid:’idV +t1j4 e+ tp =0

(1)
where tyi = —ijDjV2¢jdV'f(ei°er)dAi/4wr2,
fAi(DiV¢i-ei)dAi : neutron leakage from unit i,
Sy$Lai01dv : neutron absorption in unit i,
S Syivieiidv : neutron preduction in unit 1,
A ! eigenvalues whose maximum corresponds to the

effective multiplication factor of the system,
r : distance between the center of unit j and the
dA; surface,
er : unit vector directing from the center of unit
J to the dAy surface,
e ' : unit vector perpendicular to the dA; surface,

dagy : differential area on the surface of unit 1.

The equation (1) can be represented as a matrix form by using the

following threeée approximations.

(i) Even if there were neutron interactions ameng units, the neutron
flux distribution in each unit is assumed to be as the same as that

without interaction. Namely, neutron lezkage from unit 1 in an array
system is approximated as follows in terms of the buckling B;2 of unit

1, in isolation from the other units:
Sai(DiVoirey)dA; = fyiDiV26idVy = -/y;DiBf¢1dVy . (2)

(ii) Neutrons are assumed to be emitted isotropically from the center
of each unit; the transportation probability tii from unit j to unit {1

is approximated as,

= DaBE D AV s
ty = fVJDJBJ¢JdVJle , (3)
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where Wi is a fractional solid angle defined by a quatient of fiyi. a

solid angle subtended at the center of unit j by unit i, devided by 4.

(iii) All neutrons emitted from other units into a specific unit are

assumed to he absorbed in it.

It should be noticed that the effective multiplication factor of
the system is underestimated by the assumptions (i) and (ii), whereas
is overestimated by the assumption (iii).

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

can be rewritten as,

' i

(- D+ T+ T2)¢ = 0, : (4)
where

D =[d1 0} T =[TM'--] P =[Pl 0] b =[¢1]

0 dn 3 e Tnn L) 0 Pn ] ¢I‘1 »
dj = {(DB2); + I41}Vy : neutron destruction operator for unit i,
Ti3 = (DBz)jViji : neuftron transportation operator from unit

j to unit i,

Py = vEgiVy i neutron production operator for unit i,
X3 : averaged neutron flux for unit i,

And matrices K and I are respectively defined as follows:
PD~1 = K = [kl 0 ] I= [l O]
0 kpd o 14, (3)

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

The following equation is derived from Eq. (4},

Loy = @ - e (6)
The above equation can be rewritten with the matrix K and a matrix A as

(X - A)7IK(DS) = (Do) (7

Equation (7) is the eigenvalue equation to be solved, where the matrix
A is defined by TD™! and its element ajj can be represented as follows

using the relation M2 = D/Zg,
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(MZBZ)jwji
ajj = 5 7 (8)
3 l+(M2B2)i

The multiplication factor of the array system is obtained by solving

Eq.(7) as the maximum eigenvalue of the matrix (I-A) !K.
2,2 Calculation of Solid Angle

The solid angle subtended at the center of unit j by unit i is equal
to an area of the image of unit 1 on the unit sphere from the viewpoint
of the center of unit j. As an example, the calculation method for
cylindrical unit is being explained. The diameter and height of cylin-
drical unit i is expressed as D and H, respectivel&. And the distance
from the center of unit j to the surface of unit i is defined as L.

Using the spherical coordinate whose origin is set to the center of unit
j» the solid angle is obtained by integrating sin8déd¢ over the area

surrounded by a curve J in Fig., 1, defined by the following relation:

tanf = {(2(L+D/2))/H}{sin¢+/ ((D/2)/(L+D/2))%-cos? ¢} (9)

Calculating the solid angle with this curve is disadvantageous with
respect toc computing time, because numerical integration must be per-
formed. To reduce cemputing time, and to obtain an evaluation on safety-
side, solid angle is assumed to be obtained by integrating sinfdf€dd¢ over

the rectangular ABCD in Fig. L.
2,3 Calculation of Partially Shadowed Area

The effect of "shadow" caused by other units is considered in cal-
culating a solid angle as shown in Fig. 2. That is, in calculating the
solid angle at unit j subtended by unit i if the unit k is between the
twe units, the unit k causes 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. 1 is subtracted from the area ABCD, This

relation is expressed as

G

3i = 941 -~ Jfgsin6dedé
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2.4 Consideration of Neutron Reflection by Wall

If the specific unit is surrounded by the wall, the contribution
of neutron reflection by the wall is considered. In this case, image
units are added to the system in order to take into account the effect
of neutron reflection. The transportation operator tii from the image

unit j' of the unit j to the unit i is given as
o= 2Y V6B s
ty1 = (DB9)3V464B8 wii
where B' is albedo of the wall. If there are walls in many sides, the
operators are added with respect to every direction., The total trans-

L}
portation operator tj1 can be written as

tji = tji + Sum tyi

L) n
(DBz)jVj¢j(wji + B ERET + B wi'i + .ee)
Therefore in calculating tii in Eq.(7), the solid angle fraction
1 L "
wji = wjyi + g wj'i + B wj"i + e

should be the substitute for wjj as shown in Fig. 3.
2,5 Reaction Rates

Various quantities of reaction rates, which are optiomal outputs,
are explained hereafter. As shown in Eq.(7), the eigenvector has been
defined as a quantity of neutron destruction, i.e., leakage plus absorp-
tion. Therefore, reaction rates of unit i can be written as follows with

element i of the eigenvector,

X; = Djog = {(DBA)g + £51}Vidis
Aj = Tp4Vi04 = X3/{1 + (M2B2)4},
Lout,i = (DBE)jVidy = A;(M?B%)4,
Lin,i = Sum(ujilout,y):

-1

Lnet,i = Lout,i in,1 »

Fi =k, iAi/Keff >
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where A4 : absorption in unit i,
Loyt,i : leakage from unit i,
Lin,i : leakage into unit i from all other units,

Lpet,i ¢ net leakage for unit i,

Fi - i fission in unit i,
ki -t infinite-medium multiplication factor of unit i,
keff ¢ effective multiplication factor of the array system.

Absolute value of each quantity is normalized as,

Sum(A; + Lnet;i) =1,
i

2.6 Indices of Neutron interaction

The following three index parameters are also calculated to measure
an amplitude of the neutron interaction.
i} the maximum solid angle fraction among two units, max Wi i
wii : a solid angle subtended at the center of unit j by unit i
ii) difference between the neutron leakage rate of the single umit and
that in the array system n
2niFy
1

EF}'_

i

ni : n value of unit i

Fi : fission rate of unit i

and
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Li : neutron leakage from unit 1

Ag ; neutron absorption in unit 1
Li,a : neutron net leakage from unit i
Ai,A : neutron absorption in unit i in
ki : effective multiplication factor
ky : effective multiplication factor

ifi) ratio of the neutron leakage from the other

in array system
array system
of unit 1

of array system

unit and the fission

neutron
L(ILjwii/Fi)Li,out
9 = =
?Li,out
i
where Lj : neutron leakage from unit j
wji : solid angle fraction subtended at the center of
unit j by unit i
Fy : neutron fission of unit 1

Lj,out @ neutron leakage from unit 1

Li,out = Li (1 = Zwij)
N

to out of the system
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3., Structure of Program
3.1 Logical Program Flow

3.1.1 Reat Input Data
Input data are read by subroutine CRDIN. Subroutine GTYPE1 deals

with geometrical data, A1l 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 configuration of units is checked by subroutine GEOCHK.

3.1.3 Calculation of Solid Angle

At first, direction vector is calculated from the center of a
specific unit to other units. The coordinates of the center of each
unit are given by input data. Subroutine RELATV calculates relative
coordinates of the centers of two units. The center of the specific

unit is assumed to be the origin of the spherical coordinate system to

describe the location. The coordinate of a shadow on the unit sphere
projected by the specific unit is calculated. Then subroutines CUBQID
and CYLNDR are respectively used for a cuboid and a cylinder. The sub-
routine which calculates the solid angle from the coordinate as mentioned
above is SOLID2 for a cylinder and SCOLID3 for a cuboid. If there is a
reflector, the location of the image unit is calculated by subroutine
SOLTIDA. Subroutine SOLIDA controlls the subroutines and prints out the

calculated solid angles.
3.1.4 Calculation of Eigenvalue and Eigenvector
Subroutine EIGEN calculates the coefficient matrix for the eigen-
value equation and solves the equation in subroutine MULMS.
3.2 Tree Structure of Program
The tree structure of MUTUAL is shown in Fig. 4.

3.3 Alphabetical Subroutine Summary

The following is a list of subroutine summaries. The symbol (F)

after the subroutine name indicates that it is a function routine.
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ANORM (F)

ANORM calculates a distance between two points.

BDYCHK
This subroutine examines whether a face of each unit crosses the

boundary box or not.

CRDIN

This subroutine reads the input data.

CRDINZ
CRDINZ calculates the rest of the three nuclear data, i.e. the
infinite multiplication factor k, effective multiplication factor kg fsf

and leakage ratio M2BZ, from the other two which have been input.

CRDPRT
This subroutine edits and prints input data and control 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.

CUBCUB

This subroutine examines whether two cuboidal units are separate.

CUBCYL
This subroutine examines whether a cuboidal unit and a cylindrical

unit are separate,

CYLCYL

This subroutine examines whether two cylindrical units are separate.

CUBOID
This subroutine calculates the coordinate points of a shadow on

unit sphere projected by a cuboid.

797
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CYLNDR
This subroutine calculates the coordinate points of a shadow on the

unit sphere projected by a cylinder.

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

DOMEG1
This subroutine gets the overlapped part with respect to ¢ coordi-

nate in two integral regions in calculating "shadow" between two units.

DOMEG2 (entry name DOMEG1)
This .subroutine gets the overlapped part with respect to & coordi-

nate as subroutine DOMEGIL.

DOMEG3

This subroutine calculates a "shadow" for a cuboid.

DTLIST

This subroutine echoes back the input data,

EDIT]
This subroutine evaluates criticality safety of the system with the

‘method described in CEA-R-31147), and prints out the result,

EDIT2

This subroutine calculates and prints out reaction rates,

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

MULMS to solve the eigenvalue equation.

CEOCHK
This subroutine controls the subroutines CUBCHK, BDYCHK, CUBCUB,
CUBCYL, CYLCHK and CYLCYL for geometrical examinations.
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GIYPEL

This subroutine processes geometrical data.

HEADER

This subroutine prints out the problem title with data and time.

MAIN
MAIN program defines the maximum number of units and controls the

whole flow of computation.

MULMS
This subroutine solves the eigenvalue equation by the power method.
The iteration for the power method is judged to be converged when the

relation below is satisfied:

Mix [yy® - 07 [yl S e,
1

where ¥~" is the i-th element of n-th trial function of D¢. The maximum
number of iterations and ¢ are set 100 and 1077, respectively in the

subroutine.

MULM
This subroutine calculates (l—A)‘1K¢Jh where v is the n-th trial
function of Dy, The inverse of the matrix (1-A)~! is calculated by the
power method. The convergence criterion is set as same as subroutine

MULMS.

NOTEQ (F)
This function is equivalent to the relational operator ".NE." (in

FORTRAN) for single precision real type variables.

EQUAL (entry name of NOTEQ)
This function is equivalent to the relational operator ".EQ." (in

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

This function is equivalent to the relatiomal operator ".NE." (in

FORTRAN) for double precision real type variables.



JAERI-M 89-140

DEQUAL (entry name of NOTEQ)
This function is equivalent to the relational operator ".EQ." (in

FORTRAN) for double precision real type wvariables.

OMCYL1 (F)

This function calculates a solid angle with 9 and ¢ coordinates.

OMCYL2 (F)
This function calculates the solid angle of overlapped part in two

integral regions.

RCLEAR
This subroutine sets single precision real type array eqaul to a

constant value.

DCLEAR (entry name of RCLEAR)
This procedure sets double precision real type array equal to a

constant value.

ICLEAR (entry name of RCLEAR)

This procedure sets an integer type array equal to a constant value.

CCLEAR (entry name of RCLEAR)

This procedure sets character type array equal to a constant value,

RELATV

This subroutine calculates relative coordinates of two space-points.

SOLIDA

This subroutine controls subroutines which are used to calculate

solid angles.

SOLID2
This subroutine calculates a solid angle with ccordinate of a shadow

on unit sphere projected by a cylinder.

S0LID3

This subroutine calculates a solid angle with coordinate of a shadow



on unit sphere projected by a

This subroutine performs

type arrays.

This subroutine performs

type arrays.

This subroutine gets the

This subroutine gets the

JAERI-M 89-140

cuboid.

SORT

quick sorting for single precision real

SORTD

quick sorting for double precision real

DATE

running date.

TIME

running time,
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4. Program Usage

4,1 Limitations

4.1.1 Limitations of Available Geometry Shape and Location

Cylinder, cube and cuboid are available as a geometrical shape of
a unit. Cylinder should be so located as their center lines parallel to
the z-axis. Cube and cuboid should be located so that any edge of them

parallel to either x-, y~ or z-axis.

4.1.2 Dimension of Array

Dimension of arrays in the code is determined by PARAMETER statement
in MAIN routine. The present value of the maximum number of units in the
system is 100. Therefore, the value in the statement must be changed,

when the array size is short of capacity.
4.2 Input Data Instructions
Card 1 Title Card (A80)

TITLE Contains title only. When the first column is blank, the

reaction rates explained in Section 3.5 are not calculated.

Card 2 Unit Number Card (13)
NUNIT Number of units
Card 3 Unit Shape and Location Card (I3, 1X, A8, 3E12.5)
1 ID Unit identification number arbitrarily chosen by the user.
2 CT1 Geometrical shape, which must be chosen among "CUBE",

"CUBOID" and "CYLINDER".

3 ALOC(1) x—coordinate of the center of unit [em].
4 ALOC(2) y—coordinate of the center of unit [em].
5 ALOC(3) z-coordinate of the center of unit [cm].
.Card 4 Dimension Card for Unit (12X, 3EL2.5)

1 LPARAM(1) Length for CUBE, length in x~direction for CUBOID and
diameter for CYLINDER [cm].
2 LPARAM(2) Length in y-direction for CUBOID and height for CYLINDER

Lem].
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3 LPARAM(3) Length in z-direction for CUBOID [ecm].

Card 5 Nuclear Constant Data Card for Unit (12X, 3E12.3)

1 SQMK(1) M2B2 for the unit.

2 SQMK(2) Effective multiplication factor kgff for the unit.

3 SQMK(3) Infinite multiplication factor kinf for the unit.

NOTE 1: Only two of SQMK must be input. The other one is calculated
automatically from the input data.

NOTE 2: Card 3 ~ Card 5 should be repeated NUNIT (Cf. Card 2) times,

Card 6 Boundary Location Card (4X, A8, 3E12.3)

1 CT2 Must be "BOUNDARY",

2 SALOC(1) x-coordinate of the center of a cuboidal box forming
boundary [cm].

3 SALOC(2) y-coordinate of the center of a cuboidal box forming
boundary [cm].

4 SATLOC(3) z—coordinate of the center of a cubocidal box forming

boundary [cm].

Card 7 Boundary Dimension Card (12X, 3EI2.5)

I SGPARM(1) Length in x-direction of the boundary box [cm].
2 SGPARM(2) Length in y-direction of the boundary box [cm].
3 SGPARM(3) Length in z-direction of the boundary box [cm].

Card 8 Reflector Constand Card (6EL12.5)
The value of the reflector constant is the specular

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

1 BETA(1) Reflector constant for +x-face of the boundary box.

2 BETA(2) Reflector constant for -x-face of the boundary box,

3 BETA(3) Reflector constant for +y-face of the boundary box.

4 BETA(4) Reflector constant for -y-face of the boundary box.

5 BETA(5) Reflector constant for +z-face of the boundary box.

6 BETA(6) Reflector constant for -z-face of the boundary box.
Card 9 End Card (AlQ)

CT3 Must be either "END CASE" or "END MUTUAL". "END CASE"

enables MUTUAL to start reading following cards and

caleculating for a new case. '"END MUTUAL" terminates the
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calculations.

4.3 Output Data Informations

A sequential number is assigned automatically to each unit in the
order of input. This number as well as the identification number given
by user, geometrical shape; size, coordinates of the center of unit and
nuclear constant data are printed out. Calculated fractional solid
angles.of units subtended by each other are printed out using the as-
singed numbers. Then, a relative error in each iteration step to solve
the eigenvalue equation and the corresponding eigenvalue are printed out.
The final result obtained is the effective multiplciation factor (keff)
of the system.

Neutron balances for each unit, ji.e. absorption, fission, out-
leakage, in-~leakage and net leakage are optionally printed out. '"Out-
leakage" means a quantity of neutrons escaping from the specific unit.
"In-leakage' means that reaching the specific unit from the all others.

The three index parameters shown in 2.6 are alsc optionally printed

out to measure an amplitude of the neutron interaction,



JAERI-M 89-140

5. Sample Input and Output

Input data for a sample problem is shown in Fig. 5. This problem
is a 3x3x2 array of identical cuboids. The result is shown in Fig. 6,

and its JCL is shown 1n Fig. 7.
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is a 3x3x2 array of identical cuboids. The result is shown in Fig. 6,

and its JCL is shown in Fig. 7.
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ix***!x*ltt**xk****kzt*

*
*
x

*

INPUT DATA LIST x

CONTINUED  ***

*

DEN = J3755.SAMPLE.DATA(MUTUAL) PAGE

DATE 89/05/09 " TIME 11:49:00

*******x**zt'xtt*:t**xx*
.*....1....*....2....x....3....*....4....*....S....x....6....*....?....3....

CUBDID 3X3X2 (50CM) 206U/L H/U=1.0 (21.BCM,21.8CM,100CM> wk

CUBCID o. 0. 0.

21.8 21.8 100.0

0.70878 1.46%9

cUBoID 0. 71.8 0.

21.8 21.8 400.0

0.70878 1.469

CUBOILD 0. 163.6 O.

21.8 21.8 100.0

0.70878 1.469

cyeolib 71.8 0. 0.

21.8 21.8 100.0

0.70878 1.069

cuBoiD 71.8 71.8 0.

21.8 21.8 100.0

0.70878 1..46%9

cusolp 71.8 143.6 0.

21.8 21.8 100.0

0.70878 1.469

cuBOID 143.6 o. o.

21.8 21.8 100.0

0.70878 1.669

CuB01D 143.6 71.8 0.

21.8 21.8 100.0

0.70878 1.469

CyUBOID 1463.6 143.6 0.

21.8 21.8 100.0

0.70878 1.469

cuB0ID 0. 0. 150.0

21.8 21.8 100.0

0.70878 1.46%

cuB0lLD 0. 71.8 150.0

21.8 21.8 100.0

0.70878 1.469

CuBOoOLD C. 143.6 150.0

21.8 21.8 100.0

) 0.70878 1.469

cuB0ID 71.8 0. 150.0

21.8 21-.8 100.0

0.70878 1.469

cuBoiIl 71.8 71.8 150.0

21.8 21.8 100.0

0.70878 1.469

CUBOID 71.8 163.6 150.0

21.8 21.8 100.0

0.70878 1.5669

cuBpOD1ID 143.5 0. 150.0

21.8 21.8 100.0

: 0.70878 1.469

..x....1....*....2....*....3....*....b....x....5....*....6....*...;?...,*....

Fig. 5 Sample Input Data

G e~ LS
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AAKKKERKKRKXEER XA X EX £ X
x DSN = J3755.SAMPLE.DATACMUTUAL) . FAGE
* INPUT DATA LIST %

®

*

KREKEKE A AR KKK E AR R kX

* ‘.1....*....2....*..

INPUT DATA END

. 17 CUBOID 143.6

21.8

18 CUBQOID 143 .6

21.8

BOUNDARY 71.8

200.0

0.0 c.0

END MUTUAL

PP S R - SX.

Fig. 5 Sample Input Data.(cont'd)

% DATE 89705/09 TIME 11:49:00

. T S A . DT DU SR Y S SRR
71.8 150.0
21.8 100.0
0.70878 1.469
163 .6 150.0
21.8 100.0
0.70878 1.469
71.8 75.0
200.0 400.0

0.0 0.0 .0 0.0
W3 L S A %, L9 LK - T S S S
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