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The coarse-mesh rebalancing technique is introduced inte the general-
purpose neutron and gamma-ray Monte Carlo transport code MORSE, to

accelerate the comvergence rate of the iteration process for eigenvalue

calculation in a nuclear reactor system. Two subroutines are thus attached

to the code. One is bookkeeping routine 'COARSE' for obtaining the

quantities related with the neutron balance in each coarse mesh cell, such

as the number of neutrons absorbed in the cell, from random walks of

neutrons in a batch. The other is rebalance factor calculation routine
'REBAL' for obtaining the scaling factor whereby the neutron flux in the
cell is multiplied to attain the neutron balance. The two subroutines and

algorithm of the coarse mesh rebalancing acceleration in a Monte Carlo

game are described.
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1. Introduction

The Monte Carlo method has recently taken increasingly an important
post in a wide field of theoretical stﬁdy in reactor physics as computers
grow in their abilities, However, the problem exists still in the fact
that it takes too much computer time for obtaining the result with a small
statistical error, especially for solving eigenvalue problems. One of the
urgent necessities is therefore to accelerate the convergence rate of
iterations of Monte Carlo eigenvalue calculations.

We have shown in a previous reportl) that the coarse mesh rebalancing
method can successfully be used for accelerating the convergence of one
dimensional eigenvalue calculations. At every completion of the Monte
Carlo game for one batch of neutron histories, the scaling factor for the
neutron flux is calculated so as to acbieve the neutron balance in each
coarse mesh cell. The rebalancing factor is multiplied to the weight of
each fission neutron in the coarse mesh cell for playing the next batch of
sampling calculations.

This acceleration tachnique has recently been extended to two dimen~
sional calculations2). The results have shown that the rebalancing method
gives a new usable sampling techmique for the estimation of the number of
neutrons lost or produced in each coarse mesh cell.

In order to apply the coarse mesh rebalancing method to Monte Carlo
calculations, we have programmed two new subroutines "COARSE" and "REBAL",
and added those to "MORSE"3). oOn solving one, two or three dimensional
transport equation for neutrons in a reactor, the rebalancing equation in

a coarse mesh cell L may be written as

+ (AB)L + (SD)L] = (QQ)L + If '(CUR)K+L’

fL[LZ'(CUR)L+L, It
cee [1-1])
where (CUR)L+L' : total neutron current crossing the interface from
a cell L to a cell L',
(AB)L : the number of neutrons abscorbed in a cell 1,
(SD)L : total number of neutrons slowing down below the
cut-off energy in a cell L,
(QQ) : total number of source neutrons for a celll L,
* o JESL
L keff ° .
(FS)L : total number of fission neutrons produced in a cell,
fL : rebalance factor for a cell L,
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kefg : effective multiplication factor,
[1-2]
One of the new subroutines, COARSE gets informations of neutron abrorption,
boundary crossing, slowing down and fission from random walks in 'MORSE".
Another subroutine "REBAL" calculates the rebalance factor fL using the
output data from the "COARSE".
The present report describes the details of these two subroutines as

well as the algorithms for solving equation [1-1].

2. Bookkeeplng subroutine "COARSE"
Let fL be the rebalance factor for a cell L and whj neutron's weight
at the j-th collision on the h-th history. Then, each term in equation

[1-1] is given by the following "weight summation" in a Monte Carlo game:

_ L'
(CUR)L+L, = ¢ I wh’j_l [2-1]
h j
- La,g
(aB) = 121 L GO0 M, -1 [2-2]
(SD)L = I WhJ R [2-3]
h
- vif.g, 2-4
(Fs)L = }zl ;(Zt)L Wy, § [ ]

where L,, Lg, L; and v designéte, respectively, the absorption cross
secﬁion, fission cross section, total cross section and average number of
neutrons emitted per fission. The g is the energy group index and J the
number of collisions at which a neutron slows down below the cut-cff energy.
The present routine is the pre-processor routine which accepts the
random walk information and calculates the quantities [2-1] ~ [2-4] for the
rebalance factor calculation., It is known that the rebalancing methed
with coarse mesh cells effectively accelerates the convergence of iterative

processes of the current S computer codes. However, when the method is

N
especially applied to a Monte Carlo calculation, it is necessary to accumu-

late a great deal of informations of neutron histories for obtaining
accurate values of f's. In our program a coarse mesh cell corresponds to

L
one medium region, whose material composition is uniform in 'MORSE", and

fis are computed at the end of one batch runm.
Therefore, (CUR)L+L" (AB)L, (SD)L and (ES)L have to be obtained from
the summation over histories of one batch on a medium cell L. As seen in
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kofg : effective multiplication factor.
[1-2]
One of the new subroutines, COARSE gets informations of neutron abeorption,
boundary crossing, slowing down and fission from random walks in 'MORSE".
Another subroutine "REBAL"Y calculates the rebalance factor fL using the
output data from the "COARSE".
The present report describes the details of these two subroutines as

well as the algorithms for solving equation [1-1].

2. Bookkeeping subroutine "COARSE"

Let fL be the rebalance factor for a cell L and Whj neutron's weight
at the j-th ceollision on the h=th history. Then, each term in equation
fi-1] is given by the following "weight summation" in a Monte Carlo game:

L*L!
(CUR}, .. Tz wh,j*l [2-1]
h j
_ lag
(aB) = 121 DG Y, 1 [2-2]
(D), = I W [2-3]
h
_ Vif.g, 2-4
(1?3)L = I g(zt)L Wh, 4 [2-4]
h j

where L,, ILf, L, and v designéte, respectively, the absorption cross
section, fission cross section, total cross section and average number of
neutrons emitted per fission. The g is the energy group index and J the
number of collisions at which a neutron slows down below the cut-off energy.

The present routine is the pre-processor routine which accepts the
random walk information and calculates the quantities [2-1] ~ [2-4] for the
rebalance factor calculation. It is known that the rebalancing method
with coarse mesh cells effectively accelerates the convergence of iterative
processes of the current SN computer codes. However, when the method is
especially applied to a Monte Carlo calculation, it is necessary to accumu-
late a great deal of informations of neutron histories for obtaining
accurate values of fis. In our program a coarse mesh cell corresponds to
one medium region, whose material composition is uniform in "MORSE", and
fis are computed at the end of one batch runa.

Therefore, (CUR) (AB)L, (SD)L and (FS)L have to be obtailned from

sL"?
the summation over histories of one batch on a medium cell L. As seen in
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expressions [2-1] © [2-4], different energy-groups are involved in each
event of random walk but the contributions have already been summed up in

a Monte Carlo game. Generally speaking, the coarse mesh rebalancing method
accelerates effectively the convergence only at the beginning of iterative
processes but its effect slows down after a few times application. There?
fore, the new modified "MORSE" need also have the normal Monte Carlo option
without the coarse mesh rebalancing not to waste computing time.

The neutron current into a cell LU*) or from a cell L in the rebalanc~
ing method is given by summing up the weight of neutrons passing the cell
boundary over all histories in one batch. Hence, for simplicity of matrix
calculation to obtain a rebalance factor fL’ the cell structure is assumed
only of rectangular type. Especially in two dimensional geometry, the

current is decomposed to the component on each side of a lattice-like cell.

2.1 COARSE for one dimensional geometry

As shown in Fig. 1-(a), we define FRXR the current from a cell (2-1)

to & and inversely FLX, the current from & to (2-1)}. The FRX£+1 and

FL are defined similarly on the boundary between cells £ and 2+1.

X041
Therefore, two terms including the current in the balance equation [1-1]

are rewritten as

% (CUR) , = FRX + FLX ,
pro e b [2-5]
Efk(CUR) fog, = Epo TR ¥ Fouy PR o

where FRXl, FLXl and FRX(£+l)max and FLX(2+l)max depend on the boundary

conditions. On the vacuum bourdary, for example, FLXl or FRX(2+1)max gives

the net loss of neutrons from the whole system, and FRX1 or FLX(£+l)max
becomes Zero.

In addition as shown in Fig. 1-(b) it is possible to divide the
uniform medium region (A) into cells (1)~(3) to obtain more rapid accelera-
tion of the conmvergence by this method in the modified MORSE. 1In this
case, each cell in the same medium has to be given the same total cross
sections for the actual calculation of collision. The subroutine for one

dimensional rebalancing method is named as "COARSE", the details of which

are given in APPENDICES I and IV.

(*) L represents general index of a coarse mesh cell. 30 in one dimension

L denotes % and in two dimension (2, 2").
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2.2 COARS2 and COARS3 for two dimensional geometry (cylinder)

One can extend naturally the procedure mentioned above for one
dimensional case to two dimensional case. For calculating the neutron
current, the weight of a neutron passing on each boundary of a coarse mesh
cell, which is assigned by two indices [&, %'] in this case, is summed up
to obtain four quantities FRX, FLX, FRY and FLY, as indicated in Fig.2-(a).
For example, on the right boundary of Fig. 2-(a), the current from [f+1,2'"]
to [2,2'] is stored in FLX(%+1,2') and the opposite current in FRX(2+1,2").
As seen in Fig. 2-(a), the index for the absorption (AB), fission (FS) or
slowing down (SD) is in agreement to the ﬁell index or the index of the
current on the left or lower boundary of the cell [see also Fig. 2-(b)].

Therefore, the expressions im [2-5] are, in two dimensional geometry,

written in the forms: .

= FRX(%+1,%")+FLX(%, & ") +FRY (%, 2 "+1)+FLY(L,2"),

Lz' (CUR) oL
= - 1 . 1
éfK(CUR)K+L fl_l’g, FRX(Z,% )+f2,2,_1 FLY(2,2")
. T - T
+f£+l,gr FLX(2+1,8 )+f9..,2'+l FLY(R,Q, +1).

ceaaee [2-6]

When one desires to calculate the total leakage TCR from the outer

boundaries (the rightest and highest boundaries), the following formula is

used: IRY IRX
TCR = ¢ FRX(IRXP,MY) + ¢ FRY(MX,IRYP) ,
MY=1 MX=1

where IRX and IRY are the total mesh numbers in r- and Z-directions
respectively (IRXP=IRX+l, IRYP=IRY+l).

The subroutine for two dimensional rebalancing method is named as
"COARS2". Furthermore, for a parctical use, the "COARS2" is extended to
"COARS3", in which meshes in the z-direction have to form perfectly cross
sectional boundaries, while those in the r-direction can be taken arbitrari-
ly for each z-mesh (see Fig. 3). The flow diagram of "COARS2" is shown in
APPENDIX II and the program lists of "COARS2" and ''COARS3" are given in
APPENDIX IV,

2.3 Interface with "MORSE"

The "MOSE" has many options of storing various informations obtained
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from the Monte Carlo game in the form of the so-called collision tape’ .
Those informations, for example, the weight of neutrons in an event on
each random walk, are controlled only by the subroutine "BANKR'". After the
occurrence of any event on random walk, all the necessary informations
generated on the event are stored by "BANKR" through the labeled COMMONs
/NUTRON/ and /FISBNK/. ‘

In the present rebalance options, ''COARSE" in modified ""™MORSE" is
immediately called after the entry to "BANKR" as shown in Fig. 6 and it
obtains the data necessary for the coarse mesh rebalancing over all
histories in one batch. These data are as follows:

MEDOLD :  index of a medium (=one coarse mesh cell) where
there exists- the previous collision point,
NMED : dindex of a medium where there exists a new

collision point,

WATE : weight of a particle (=a neutron) at a new
coliision point,

OLDWT : weight of a particle at the previous collision
point,

WATEF : fission weight at a new collision point, defined
by WATE*PNUF, where PNUF = (-v;—f)% ,

IG : index of energy group of a par:icle at a new
collision point, which is required for the COARSE
to obtain the mext parameter PNAB,

PNAB : non-absorption probability, which is a function of

medium number and group number at a collision point.
Since it is exceptionally not included in COMMON
bank, we have to calculate the value using the

subroutine NSIGTA.

As three dimensional co-ordinates of a collision point are included
in COMMON bank, we can know the relation between a cell boundary plane and
the direction of the particle movement., In our method described above,
however, it is not necessary to obtain the angle with which a particle
crosses on the boundary plane but only the total weight of particles
passing the whole boundary plane. Even if a particle passes through a
cell without collision, the cell number is replaced by the next cell
number by taking an imaginary collision peint on the cell boundary. So in

the process of summation, neutrons coming only from the neighboring cells



a5

JAERI-M 6251

may be taken account for obtaining the current. Events required for the
present method out of many events of '"MORSE" and operation in "COARSE" for
the events are summarized in Table 1. Tor the event 8, "MORSE" gives a
signal NMED=0. At the corner cell ABCD in two dimensional geometry shown
in Fig. 4, we cannot determine from NMED=0 whether a particle escapes
through the boundary AD or CD. However, as these components of leakage
are added together to the first term in parentheses on the left hand side
of the balance equation [1-1], it 1is not necessary to distinguish the
leakage through AD from that through CD. We therefore set in the "COARS2"
that the leakage through AD is equal to that through CD, and in the
"cOARS3" that these values are proportional to the surface areas.

The modification performed on the "MORSE" for introducing the coarse

mesh rebalance option is summarized as follows:

(1) A new input IREBAL is added as the fourteenth imput of the second
card B read by the subroutine UINPUT" with FORMAT(14I5);

IREBAL = 0; don't carry out the coarse mesh rebalancing,

n; apply the rebalancing to the first n batches.

(2) Two new labeled COMMON's are added;
/COARS/NBATCH, IREBAL, SWATE,
where NBATCH is the batch number and SWATE is the sum of source

particle weights.
/FACTOR/RFACT(L),

where k(o)
- keff MEY

which is multiplied to the weight of each fission neutron produced in
the cell L, stored in the fission bank of the blank COMMON (see the

next section).

(3) Slight alteration of the subroutine "BANKR" as shown in Fig. 6, and
the subroutine "SOURCE" to multiply RFACT(L) to the weight of each

fission neutron source.

(4) Restriction;
Cell numbers (MED) in two dimensional case have to be sequentially
named radially from the center, with the outer loop from the bottom

in the z-direction (see Fig. 4).

-7 -
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Table 1 Sampled events for the coarse mesh rebalance calculation

Event Event Operation in COARSE
index .
-2 ~ batch start -Initialize FRXL and FLXL
-3 batch end *Qutput FRXL and FLXL
CALL REBAL
3 fission +Add WATEF(h,j) to (FS)L
5 real collision +CALL NSIGTIA to obtain PNAR
| “Add OLDWT(h,3)*(1-PNAB) to (AB)
7 boundary crossing | +Add OLDWT(h,3j) of a particle crossing

the boundary of a medium cell to the
corresponding counter for the current
with taking the direction into
congideration

8 escape (NMED=0) «Add OLDWT(h,j) to the counter of the
outward current on the surface

9 energy cut-off +Add WATE(h,J) to (SD)E

(*) Index (h,j) indicates the j-th collision in the h-th history.
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3. Rebalance factor caleulation subroutine "REBAL"
Whenever all calculations on histories of particles included in one

batch have completed, the WREBAL" can cbtain the information necessary to
p ’ y

calculate the rebalancing factor fL from the "COARSE". This section
describes the method to solve the balance equation [1-1] for obtaining fis
with the use of the quantities obtained in Monte Carlo game, the boundary
condition and convergence criterion for one, two and three dimensional
cases. However, in APPENDIX, the program flow chart is given only for one
dimensional subroutine "REBAL", because it is essentially the same for the
other cases.

The balance equation [1-1] on a lattice like cell is represented for
each case as follows (see Fig:- 1, Fig. 2 and Fig. 5);

for one dimensional case, .

fi[FLXi+FRXi+l+ABi+SDi} = QQi+fi_lFRXi+fi+lFLXi+l,

(i=1 ~ IX) e [3-1]

for two dimensional case,

+AB, ,+SD,.]
i i

f, ,[FLX, ,+FRX +FLY, ,+FRY, .
. i i,] i,i+l »J h|

i s ] i+l,]

3

= . . . . =+ .
QQ s+ 5 TRy 57,5 FLX, 1 575 31 TR 54 50 FLY; 4410

(i=1~IX, j=1~1Y) .... [3-2]

for three dimensional case,

f 3,k

L]

+ + +FRZ
FLX, FRX FLY, _,k+FRYi j+l,k+FLZi,j,k FRZ .

L TR S HE T T et W ,

By 30,5,

= . -+ « F1, -+ .
QQi:j;k+fi_lsj’k FRXisj9k fi+l:jsk F Xi+lsjsk fi:j_lsk FRYi,jsk

*FRZ f,

g a1, T, 5,k e, 5 ke RTINS AL I RS

(i=1nIX, §=1~IY, k=IvIZ), [3~3]

where IX, IY and IZ indicate the numbers of coarse meshes in the X—,

y-— and Z— directions respectively.
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In the case of one dimensional geometry, equation [3-1] is directly

(i=1,2, .... IX) without iteration

solved for the rebalancing factor f
process, provided that the value of QQ for all cells are given.

as shown in expression [1-2], the

However, since the QQi contains also fi

iteration process is requiredwith the initial value f =1 for QQ for all 1i.

The f(O)'s obtained from the first iteration are multlplled to FLX FRX

1, i+l?

's are then obtained by solv1ng

' (0
f (klee™t £

1
ThlS process is repeated

ABi, SDi and FS (see Fig, 1) and f

equation [3-1] agaln with the source QQ; = f( )-FS /k'
z QQl) and new coefficients, FRX' = f, l-FRX etc.
i

until f( n) converges within certain crlterlon. In two or three dimensional

*FS./
1

' case, 1t is necessary to solwve [3-2] or [3-3] by using an iteration method

for the rebalancing factor f( ) (or i ; k) even if the source QQ 3 (or
»J? ,
k) are given at the beglnnlng. After obtained the converged value
ES; (or f( i k), equation [3-2] (or [3- 3]) is modified as in one
,
dimensional case and then the process is repeated to get the next converged
value fg ? (or f§l2 ).
s3] i,j,k
3.1 One dimensional case
For simplicity, we represent equation [3-1] by the matrix form;
>
A-f = g [3-4]
7 ’ RN
a; ~by £ q1
-cp ap -ba 0 £ qz
-c3 asz -bg . .
= « . . - - -+ ’
A= . . ,f=1 |, 9=]"
0 oL ) :
. IX-1 _
~C1x 21X f1x d1x
™ N~/ \
where aj = FLX, + FRXy4] + ABy + 8D (i=IIK), b
b. = FLX, (i=1nIX-1)
i+l ’
* [3-5]
¢y = FRX;  (i=20IX),
qq = QQ4 (i=1~IX) .
s
The above matrix equation is solved by the Gauss elimination method.

As A is thidiagonal,

its algorithm of the forward elimination and backward

substitution becomes very simple as follows:
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Fig. 5 Three dimensional cell
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Fig. 6 Modification for the subroutine "BANKR"
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forward elimination: Ty = a4~CiHi_3, (Hy, =0,
Gi = (q +C1G1—l) /Tl’ (GG .:-0) s [3—6]
Hi = bi/Ti’ (i=1'\JIX)
s
Kk . . _ ™
backward substitution: fyyx = Gix»
[3-7]
£ =.Qi+Hifi+l, (i=IX~1,n1)

~

(0)'

The rebalancing factors £i = s (i=IlnIX), obtained from substituting

G; and Hy of [3-6] into [3-7], are multiplied to the coefficients ay, bj_7

ors f( )'s (i=11IX) are recalculated from the balance

(n)

and Cit1 and new fact

equation [3-4] with the modified qi. In general, provided that fj

indicates the rebalancing factor of a cell i in the n~th iteration stage,

(n)

the iteration formula for fi is written as follows:

.
A ) >(n-1) e [3-8]
where -~ ~
(n-1) 0
1
(n-1)
ﬁm=AmlLﬁnD’le)= f{
(n—l)
0 frx '
“ /
3.2 Two dimensional case
The equation [3-2] is expressed as the matrix equation:
7
/ N5 ] .
Al, -Dg 1 q1
0 7 a
-E2, Ap, -D2 f2 q;
r >
-E3, Az, -D3, £3 = 43 e [3-9]
0 .o Py, N
“Bry Ay fry a1y
~ e L / N Ve
where A_, Dj and Ej are IX-dimensional square, tridiagonal matrices, and

aj and i are IX-dimensional vectors defined as follows:
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é al sj ’-bl 9j \|
-c2,55 az,30 b2,5 O
Ay T . , (3=101Y),
.o T TPIx-1,j
0 ey e
—— -~
(i=1vIX, j=1~IY),
by 5 = FLXj41,3 (i=10I1X-1, J=10IY),
Ci’,j = FR'Xi,j’ - (fl..=2'\fIX, j=l’UIY),
- - -
dij 0
dzj
D, = . » dy 5 = FLY§ 3541, (i=1nIX, j=1vIv-1),
0 41X, 3
— ~
o~
€1,] 0
= €2.] - f = s _ .
E.j 4 3 FRYi,j’ (1=1IX, j=2~IY),
0 1X, j
e -
> T B
qj = (qu, qzj ..... qlx,j) s (J=]_"'UIY),
qi,j = QQi,j9 (iélmIXs j=1’UIY),
- T
fj = (f1,4, £2,5 «-00- fix,3) > (j=11Y)

Putting E,=D;;=0 at the boundaries, equation [3~9] is equivalent to

a set of IY equations:
éEjfj_1+Ajfj—Djfj+l = q3, (§=1IY). ceee [3-10]}

- .
Before calculating the n-th rebalancing factors f§n)(jslmIY) from the

+(n—
f§n l)(j=lf\»IY), it is necessary to have a convergence process for the
iteration scheme of %§n-l) according to formula [3-10].

*(n,m)

The m-th iteration values fj 's at the n-th stage are computed

from the following equation:
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(n) +(n m-1) _
J+1

Agn)'¥§n,m) (n) +(n m)

+(n—l)
3 q s

3

- z(n—l,m-l)(j

. =1~TY
J )

+D.
h|

[3-11]

which are solved similarly to the one dimensional case by the forward and

backward algorithm because A§ )'s are also tri-diagonal matrices. The

> > -
fgnlm) on the right hand side of equation [3-11] are substituted for f(nlm D

to utilize the newest information in
0,0 .
? )'s are assumed to be 1 and starting values

the iteration procedure.

The initial values fg
n .
fg ,o),s at the n-th stage are the newest values at the previous stage

f(n—l,newest)-s After converged the iteration procedure, the

(n)’ and q(n

(j=201IY) .
(n) (n)

square matrices AJ j

the next equations as in one d1mens;ona1 caser

and D are modified according to

(n) _ (o-1), (n-1) A
AJ = Aj FJ ’
(n) (n-1) _(n-1)
Es™ = By *F: ,
] J R : [3-12]
(n) _ _(n-1) .(n-1)
Dj = Dj FJ R
§?§ = Fsgnszé?; . (4=10IX)
where e
' (n—l) b
1]
(n-1)
Fin_l) - 3 , (J=1nID),
(n-1)
0 f1x,3
. P
FS§n3 - injl) Fsinjl), PRI FS(n)/ z q§°§,
i,j i,
(n-1), :
s stand for the converged values.

in which f
i,]

3.3 Three dimensional case

We represent also equation [3-3] as a matrix form:



where

7
51, -T} T fl W
-
Ua, S2, -T; 0 .f2
.
-U3, S3, -T3 f3
0 “Tyz-1 .
~U--, S f1z
L 1z 1z PN s

Here Sk's (k=

dimensional vectors de
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[3-13]

1I1Z) are (IXxIY)-dimensional tridiagonal matrices,

Ty and Uy (k=1IZ) are (IXxIY) diagonal matrices,

> >
and f and q are {IX~IY)

fined respectively as follows:

v e
Ak D1,k )
-Ep,k A2,k D2,k 0
Sk = ’ ' . , (k=1~12), [3-14]
=D1vy-1,k
k\ 0 -E17,k AIY,k )
a1,i,k “b1,3,k h
—c2,4,k 22,3,k ~P2,3,k
Aj,k = . : , (3=1IY)
0 -b1x-1,3,k [3-15]
-c1X, i,k 2IX,j,k '
k' s s p
fdl,j,k 0 \{
dZ,j,k '
D,k = , (3=1V1Y)
- [3-16]
L\ 0 41X, 1,k /J
7
elsj’k 0 \1
E5 k= €2,3,k , (§=1~1Y). [3-17]
0 eIx, i,k
§ >
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The elements of these matrices are given by

a3 3,k = FLXi,j ’k+FRXi+l’j ,k+FLYi,j ,k+FRYi,j+l ,k+FLZi,j ,k+FRZi,j ,k+1

+ABy 4,kMSDi, 5, ko

bi j,k = FLXi+1,j,k»

ci,j,k = FRX{ § k>

di 3,k = FLY4 j+1,ko

e,j,k = FRY{ j k- -

The matrices Ty and Uy are written respectively in the forms:

/' —
Tik | 0
T
T, = 2,k , (k=1nTZ), [3-18]
0 e
T
g 17,k |
- ~
1
U,k , 0
U = U2,k . (k=1112), [3-19]
0 I
L\ UIY,k

t 1
where Tj,k and Uj,k (j=1nIY), glements of which are represented respec-

tively as ti,3,k = FLZi;j,k+l and Ui,j,k = FRzi,j,k are IX-dimensional

diagonal matrices:.

r S
tl!j?k 0
L . .
T5,k = t?,J,F , (1=1n1Y, k=1vIZ)
0 K
_ t1X,3,k
e ~
ul,j,k 0
1 .
Uj,k = Y2,3,k , (3=1~IY, k=1IZ)
0 .
L\ uIX,j,k/



JAERI-M 6251

Furthermore we can decompose the (IX+IY)-dimensional vectors ¥k and

Ek as follows:

> > - -+ T
fr = (81 ks ko > I1y,K
N >, N N N ERERY [3-20]
ag = (47,5 92,k ;00" » 41y, k) ;
where
' _ )'T
j.k T (flsjsk’ 2,j ke =ene i *IX,J,k
T . - T .
qj,k = (q]_,j,k.’ qz,j,k’ ..... N qIX,j,k) » (J-"—-l'\:IY, k=l"UIZ),

in which 9,4,k = QQi,4,k and f3 4 k indicates the rebalancing factor for

a cell [i,i,k].
Now putting forma'ly U, = Tyz = 0 in equation [3-13], a set of IZ

equations equivalent to [3-13] is obtained:
> > > >
_Uk.fk—l + Skfk - kak+l = qyp (d=1~12). [3-21]

Setting Ey g = Dry,k = 0 in [3-14] and Uj,; = T4,z = 0, which is
derived from U; = Tyz = O using equation [3-18] and [3-19], [3-21] is

decomposed to
v >y +y >y vy _
U5 kEk-1-Eq,kG-1 k™A, k3, kDg,kE 541, kT3, k5, kbl = 95,k
LIy, k=10VIZ)Y O L. [3-22]

Equation [3-22] leads now to the following iteration scheme as in two

dimensional case and it can be solved by the algorithm described already

because Aén%‘s are tridiagonal matrices.
>3 _ _
Agn)f-(n,m) _ agn 1,m-1)
ij.k7i,k J.k
+(n-1,m-1) _ >'(n-1) ()7 (a,m)_ _(n)2'(o,m) ()2 (n,m-1) ' ()" (n,m-1)
1 =apy e f s Bk Ok ek e Tk

....... {3-23]

@ _ ,(n-1) (n-1)
where R R R
"(n)_ ' (@-1) (n-1)
[ S L I
(n) _ _(n-1) _(n-1)
Bk "Bk ik o

u
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(n) (n-1) _{(n~1)
D, =D, *F, [
j.k ik i,k

'(n) '(n~1) (n-1)
T, 0 =T, F.
i,k i,k .k’
~
/f(n—l)
l!j’k 0
f(n-l)
F(n—l) - Z!j’k
ik . ?
0 . (n-1) .
fIX,j,k (j=1~IY, k=1vIZ).
. -~

3.4 Boundary conditions, convergence criteria and remarks

The subroutine "REBAL'" has two options for the boundary condition of
a reactor, vacuum and reflective conditions. We describe here the treat-
ment of the boundary condition in one dimensional geometry only, because

the extention can easily be performed to two or three dimensional case.

(i) TFor the vacuum boundary condition at both ends of a reactor

(I=1 and I=IX+1),

FRX1=(‘.1=0,FLX =0

41 - Prx

Hence, it is not necessary to alter equation [3-3].

(ii) For the reflective boundary condition at the left surface (or
center) of a reactor, putting fp = f; and FRX; = FLX, in
equation [3-1] with i=1, we get

So the first term on the right hand side of a; in [3-5] vanishes

at i=1l, namely
a, = FR, + AB; + SD;.

Similarly, for the reflective boundary condition at the right

surface,
aIX = FLXIX + ABIX + Snlx.
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In the "REBAL", the convergence of the rebalance factor is judged from

the following criterion:

1.0 - ————?;:IY < E3

This means that the relative change in the total number of fission neutrons

produced in the system becomes less than g3 after the coarse mesh scaling

is applied n times to it. In two or three dimensional case, in additionm,
it is judged if the rebalancing factors converge in the inner iterative

loop. For example, the criterion for two dimensional rebalancing factor

fén,m) is given as
£ (m,m)
max 1.0 L | <
. - _ O .
L £ (n,m-1)

1,

If the computed rebalancing factor becomes negative, if the absolute
value of a denominator in the forward algorithm of Gauss method [3-6]
becomes extremely small, or if the standard deviation of effective multi-

plication factor K, is very large relative to the difference between the
eff ¥ 24 3

rebalancing factor and 1, we use one rebalancing factor f for the whole

system, given by

2 (QQ)
L L

-

NL + E(AB)L

The NL represents the net leakage from the whole system and is given for

each dimensional case as follows:

one dimensional case;

NL = FLX; + FRXyy41 - [FRX1 + FLxlx+l],

two dimensional case;

NL = 3 (FLxl,jQ—FRXIxﬂ,j) + I (FLY]-_,1+FRY:-L,IY+1)
: : i

1

N + '

three dimensional case;
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NL = % (FLXI,j,k+FRXIX+1,j,k)+“E(FLYi,l,k+FRYi,IY+1,k)+'E(Fin,j,1+FRZi,j,IZ+1)

i,k

i,]3

[ ¥ (FRX 3, 1cHFLXx4l,§,k0+ £ (FRY4 p ptFLY4 1v41, 1)
i,k

Ly

+ & (FRZi,4,1%¥FL21,5,12+D 1,

where the expressions shown in brackets are for the reflective boundary

condition.

4. TInterface between "COARSE" and "REBAL"

(1)

Argument variable

FS
FR
FL
AB
SD
Qas
VAR
EPS1
EPS2
EPS3
EPS4
IR
IRP

NBATCH
(*)

NBDL

NBDR

FKT
IEND

(i1)

Argument variable

FS

One dimensional case;

Dimension

IR
IRP
IRP
IR
IR

Two dimensional case

Dimension

(IRX, IRY)

_20_

Content

(FS),
(FRX) g,
(FLX) ¢
(AB) g,
(sD) 4,
SWATE

Standard deviation of k
eff

Measure for convergence

(€1, €25 €35 €4)

Total number of cells

IR+1
Batch number
Boundary condition at left edge
Boundary condition at right edge
[keff]OId from MORSE

Flag for normal job end

Content

FS(L,%")
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NL = % (FLxl,j,k+FRXIX+1,j,k)*ﬂE(FLYi,l,k+FRYi,IY+1,k)+'E(FLZi,j,1+FRZi,j,Iz+1)
i,k i,k i,

-[ Zk(FRXi,j,k+FLXIX+1’j,k)+'Zk(FRYi,1’k+FLYi,Iy+1,k)
j, 1!

+ I (FRZ4,j,1+FLZ4,3,12+1) 15
i,]

where the expressions shown in brackets are for the reflective boundary

condition.

4. Interface between "COARSE" and "REBAL"

(i) One dimensional case;
Argument variable Dimension Content
FS IR (FS) ¢
FR IRP (FRX)
FL IRP (FLX)
AB } IR (4B)
SD IR (8D) 4
QQs SWATE
VAR Standard deviation of keff
EPS1
EPS2 Measure for convergence
EPS3 (€1, €25 €35 EL)
EPS4
IR Total number of cells
IRP IR+1
NBATCH Batch number
NBDL(*) Boundary condition at left edge
NBDR(*) Boundary condition at right edge
FKT [ko g™ from MORSE
TEND Flag for normal job end
(ii) Two dimensional case
Argument variable Dimension " Content
FS (IRX, IRY) FS(Z,2")



CE

CN
Cs

sD

QQs

VAR
EPSO
EPS1
EPS2
EPS3
EPS4
IRX

IRY
IRXP
IRYP
NBATCH
NBDXL(*)
NBDXR(*)
NBDYL(*)
NBDYR(*)
FKT
IEND
RAMBD

JAERI-M 6251

(IRXP, IRY)

(IRXP, IRY).

(IRX, IRYP)
(IRX, IRYP)
(IRX, IRY)
(IRX, IRY)

FRX(%,%")
FLX(2,2")
FRY(%,2")
FLY(2,8")
AB (L,2")
SD (%,L')
SWATE
Standard deviation of Kkeff

Measure for convergence

(€0, €15 €25 €3, E4)

Number of cells in r-direction
Number of cells in z-direction
IRX+1
IRY+1
Batch number
Boundary condition at left edge
Boundary condition at right edge
Boundary condition at top edge
Boundary condition at bottom edge
kegf(Old) from MORSE
Flag for normal job end

Converged value for 2 FS{L,%")
2,8

(*) for indeces for boundary conditions;

0 : vacuum boundary

1 : reflective boundary.



1)

2)

3)

4)

JAERI-M 6251

References

T. ASAOKA et al., "Coarse-Mesh Rebalanéing Acceleration for Eigenvalue
?roblems," in Proc. NEACRP Meeting of a Monte Carlo Study Group, ANL-
75-2 (NEACRP-L-118), Argonne National Laboratory (1975).

T. ASAOKA et al., "Application of Coarse~Mesh Rebalance Acceleration
to Monte Carlo Eigenvalue Problems,” to be submitted to Nucl. Sci. Eng.
(1975).

E. A. STRAKER et al., "The MORSE Code-A Multigroup Neutron and Gamma-
Ray Monte Carlo Transport Code," ORNL-4585, Oak Ridge National
Laboratory (1970).

V. R. CAIN, "SAMBO, A Collision Analysis Package for Monte Carlo Doses, "
ORNL-TM-3203, Oak Ridge Natiofal Laboratory (1970).



JAERI-M 6251

APPENDIX I, Flow chart of one dim_ensional "COARSE"

DIMENSICH: SD(R),AB(2),FS{%),FL{%+1),FR(2+1)

COMMON: /NUTRON /NHMED, MEDOLD, WATE, OLDWT

JFISBNE/FTOTL, WATEF
JCOARS/ NBATCH, IREBAL, SWATE
/JOMINI /NORAD,

<ENTRY>
Argument ¢ EVENT

TVENT:-2 Y - IR=NORAD, IRP=NORAD+1
sp* = a* = £s? - 0,
- L T
N
¥ <gutput> CALL REBAL
EVENT:-3 FTOTL |
PRT = Lo i et
SWATE NBATCH, "i 5D 'SS FS,FR, FL., AR, SD, SWATE,
st pLitl Y 0.,0.,0.,1,8-2,0.,IR,
N IRP,NBATCH,1,0,FKT, IEND
EVENT: ¥
i‘“‘*‘ £2,4,6 or 210
I
1 W
I
|
1
{ EVENT:8 b FRIRPzRIBPATE
i leakage)
: N ¥ 1
! RMEDOLD_ MEDOLD ) pyy
|
1 Y N
: EVENT:7 NMED : MEDOLD NMED .GT .MEDOLD
I i
1 {boundary [ FLIMEDa e MED oL 00T
1 croasing) Y ]
I
|
e} f [, 3] ¥
Implicity Explicit EVENT:9 spPMELLspNMED e
loop | oop (slowing down cut)
| N
1
[
|
K Y
| . .
! EVENT:3 £5MMED poNMED 1y g
: (fisaion}
1
N
1
|
|
1 Y NMED,, g NME
[ “EVENT:5 CALL NSIGTA | ABTMED-aBNEDs >
b - real collision) (16, NMED, TSIG, PNAB) CLIWT - (1-PHAB)
RETURN
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Flow chart of
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COMMON : /NUTRON/NMED, MEDOLD, WATE, OLDWT
/FISBNK/FTOTL, WATEF

/COARS/ NBATCH, IREBAL, SWATE
JJOMIN1/NORAD, NOHGT

<ENTRY>
Argument: EVENT

FVANT:
$2,4,6 or 210

two dimensional "COARS2"

DIMENSION: SD(£,8'), AB(2,%£'), F5(2,2%),
CE{Z+1,4") ,CW{4+1,2") ,CR(L,2"+1)

Ccs{z,%'+1)

IRX=NORAC, IRXP=NORAD+1
IRY=NCOHGT, IRYP=NOHGT+l

RATIC1-0.5, RATIO2=
sptrtaants faps s bacp Pl s bagpt L Lop Wt o gt g

0.5

CALL INTRPT
NMED, MEDOLD
(wx, v, X, My

and

(el lrn, 11

implicit
loop

explicit
loop

Ciat )

(leakage)

(current)

NORAD+1 , NOHGT|

MX ;NORAD
MY : NOHGT

RETURN

MX.LT.NORAD

CRNCRAD+1 NOHGT .
+OLDWT#RAT102
|y NORAD , NOHCT-H1 o NORAD, NOBGT+1) | oo NORADHL , 20 (i, NOHCT+1
+OLDWT*RATIOL | |=CENORADHL MYy gr gyl | < onXNOHETHL 7 ngp
L ¥ ]

MEDOLD: NMED

¥
ot % MY cpiE MY st MY oI
=cw® M o1 =cEV 5 N Lo e =cs? MY g =on % M op ot
i 1 1 ¥
!
RETURN

Py



i
!
i
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II Flow chart of two-dimensional "COARS2" (continued)

FKT

* SWATE

FTOTL

<Qutput>
NBATCH
spt>®, Fs

2,8 aphst

cetLE gytth ot o 2+l

APPENDIX

|
i 2
|
|
[
1
| v spi%,NY
] EVENT:9 =gDNX, N g7
: (5iowing down)
| N
|
}
I v psiX Y
| .
] EVER?: 3 =FgNE, Y yaTEF
I fission)
| N
|
|
! CALL NSIGTA AN
1 EVENT:S o L =aBNE N
L IG,5MED

——————— (Isic,PNaB +OLDWT* (1~PNAB)

N {sbsorption)
RETURN

CALL REBAL

FS,CE, (W,CN,CS,AB, 5D;

SWATE,0.,0.

,0.,1.E-2,

0.,IRX,IRY,IRXP,IRYP,
NBATCH,1,0,FKT, TEND

_

< Subroutine INTFRT

COMMON: / FOMINL1/NORAD, NOHGT

<ENTRY> arguement:
NMED, MEDOLD, NX,NY, MX, MY

= NMED_
NORAD

HX=NORAD
N{=K

MEDOLD

[ o ¥* = Nomap

MX=NORAD
My=KK

NX=NMED-K*NORAD
NY=K+1

MX=MEDOLD-KE*NO
MY=KK+1

K ]
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APPENDIX TII. Flow chart of one dimensional "REBAL"

h

e

MORSE

( r—th batch )ﬁ---— RFACT1=1.0
' ]

G=)

h

1,0) o
F97 7, GRIY

)

FLT,

pel’s) )r,(d

A ,(SD)E’@,(QQS)r-l,EVr’@ (=z(FS)
13

r, (o)

/(e F™H

'

IEND=

G (o)

0
() ©=ws) ) evm @ | 4

—m 55

K=1

i |

RFACT ,=(QQS) =1 /rcr

{o)_ r-1 (o)
off [(Qgs) ~/TCRI*K

K eff

= e
RFACT, =FRACT? caeyest

IFND=0 |
(QQ)E’(O)=(FS)£’(0) /Ev'r,(o)
(9~ (qgs) T~ Leev™(® _JEJ‘_?h'f
1 >
@Dy ! 70 |
(next {_ Calculation of f(K) -:"—""J K) %
page’ Lee oo —— notty __1 RFACT = §X) #RFACT )
] (F8) 0 =£ K0 (rs) (K1)
AT 0| ®- o O
k=210 / (qes) ™1
- (qQ) (K =(s) §) /c{§)
¥ R>30
85 XN
R
B2=[1 kigl | K&zl
17 krgl(newest) N
o (e v (31
N (re) §O =g x (1)
- (aB) =) 5 (ap) )
[ 1mwp=100 | (sp; = {8 % (sp) §K)
ON T i
(o)



JAERI=-M 6251

APPENDIX IITI Flow chart of one dimensional "REBALEK)

(calculatlon of the scaling factor f;

TCR=FL1+FRyy4 + [ [(AB) (+(SD), ]

=T .- *
TJT FRH

Y
@ @ Gj=Q0Q;/T5

Gj=(QQj+FRj *Gj -1) /Tj

Hy=FLsy1/T;

~

|
!
!
i
;
}
1
]
|
!
]
|
|
|
|
|
]
I
I
|
1-
I
|
|
|
|
|
|
|
i
|
|
|
|
I
|
|
!
i
|
|
|
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w £ LR R

[

10
12
13
14
15
1b
T
18
19
20
2%
22
23
24
23
26

27
248
29
30
3l
32
K]
34
al>
36
3t
k1l
39
40
41
42
43
44

L]

a7
44
“9
50
51
52
53
54
53
50
57
58
59

60
6l
62
63

&
65

1]

67
68
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Program list of "COARSE", "COARS3", "REBAL", and "REBAL3"

SUBROUT INE COARSE (EVENT)

INTEGER EVENT

COMMON/ APULLO/DUM(30) 4 IR

COMMON FNUTRONZ NAME sNAMEX y [Go [ GON4EDMEDULD e NREG WU oV 4w UOLD VOLD
1 «WOLDsXsYs2 o XOLD v YOLDvZOLD e WATE »OLOWT oWTBC+BLINT sBLZONAGE +OLDAGE
COMMON AF1ISBNE/ MFISTR «NF [SBHWNF ISHeFTOTL FwATE s WA EF.

COMMON/F | SHM/F [SBNK (2952) «FTOTL o FWATE sMFISTP oNFISH - FPTaWATEF
COMMON FCOARS/ NBATCHs IREBAL«SwATE

DIMENS JON SDCLOI+ABCLO) WFS(LUI A CURCLO 10D WFLLLIL) +FRCLL)
TFCEVENT JEMa Y DR EVENT EGe =2 OREVENT sEGe=3)WR]ITE(E 412
LIR+EVERT o JRP

1 FORMATCLHOw'#% [k ='y 15+ 10X'EVENT ='+ i35 10X [RP =14 15)

IFCEVENT ,wE =23 GO TC 100
[RP=|R+1

TCR=(G

D 1U L=l4l0

SDCL)=U,

A (Lr=0,

F5¢.)=0,

FL(L)=G,

10 FR(L)=u.

FLCiLa=0, -
Fr{i12=C,

PO 20 L=lisik

DO 20 wu=lisvIR

20 CURCLWLDY=O,

RE TURN

100 CUNTINUE

3Gy

309

03

305

400

700

500

510

[ o—
620

[14]¢]

610

IFCEVENT  EE.=3) G0 TC 700

*  COUNIS EVERY EVENTS IN mMED]um (L) =

IFCEVEMT A LE 2 OREVENTEQ 4, OREVENT «QE 10, OREVENT . E@+6) RETURN
[F(EVENT NELB) GO TO 307

TOUH=TUR+#ATE

GO TQ «50

TFLEVENT . NCLT) GO TD 309

[FCMELGLD JEWWWMED) GO TC 00U
CURCHEDDLDYNMED) = CURTMLOCLL o NMEDLY #OLDWT
GT Ty s00 .

T#CEVENT oNE 30 GO TO 3C3
SDONMED )} =50 [NMEL) +WATE

GO TO «00

IFCEVENT (NEL 37 GO TO 305
FS{WNMED) =F 5 (NMED) +WATEF

GO 10 400

IFCEVENTWMNE LS GG TO &G0

CALL NSTGTACIG NMED TS G PNAB)

AGCWMED) = AR ANMED) +0LUW T # {1 =P NAB)
RETURM

CONTINUE

QW 310 M=l [R

FR{M+1)=(,

FLCM+1) =G

DU 510 L=1vI]R

DU 5iu Lbu=l.IR

[FCLoLE™M) GO TO 200
[FLD,GT.M) GO TO 510
FLIM#1) mFL (M+1)+CuRCLLD)
Gu T0 10

[F{Lp.LE.M2 GU TO 510
FR{M+LIMFR{Me1I+CURCL 4LD)
CONT [NUE

FRrR{IRPI®T(R
FXT=F[OTL/SwATE

WHITELG620) NBATCH

FORMATR/ZL0X e 21H%® BATCH KUMBER #%  (old.2M) £F)
WRITELGO6Q0) Ly FSCLY vABCLY +SDIL) s L=14[RD
FURMAT R/ /L0y 5SHMEDIUM NOW

Fs
1AB SDACLAR V| Z911X 14X, EL12,502X+E12,5,2X4E12,5))

WHITE(LoBLOY CLaFLCLY vFR{L)IsL =1 [RP)
FORMAT(/ /10K« 3ITHMEDIUM NC. FL FRACLGXs[2911X

LeB12.5+42%4E12.932

CALL HEBALCFS+FHRoFLAYAB«SD+SWATE D, v Ui 30401 E=210,2 JRsIRPANBATCH,

1 LeDs FRTWIENUSFTOTL)
CCC 1 1+Qe FRTWLENDY

ReTURr
EnD
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Applndix IV-=2

1 SuBkaul Il COARSIEVE T

¥ LUDARSE ROUTINE Furk Twet D1MENS[ON wcUMETRY (CYRINU:R)

[aEaN &

SieTRoen pvesT

JUURLE PRECTSION  mADLUS s [ GHT vHMAX vAMAX B[ Gy ADUMs YDUMCZDUM

CuMMUn A AFOLI O, BUMLIT) o ]

CoMMong STy NAME s AREA TGy 1D NMED Y MEDDLL NREG LV awa UULD «VULD Y
1 NdLJ!-‘-nY1LoAOL|)0YULuUL&)LUOWATE-QLU*T WIBC+BLENT »BLZONAGE « DLDAGE

CUMMOREF LOhNKAME T STP o 1SN [SHeF TOTL s FwATE swATEE

CuMMuh.COArSIh&AT;HvthBAL-SwATF
6 ;Jﬁ“un/JQthl/bADlUS(gU-?U)vﬂ]uHT(ZU)vHMAK-FMAXaBlunNuNAu|VOHan

1 MEDCZU«202 8 IVOID [RAL v IHGT

kj SIMENSION SUCLOv1U) eApildal0)+#S5{1UN lU)vCE(ll-lO)'L*(ll-lUJvLN(lOn
11lUa11)CSCIV1i0v1L)

LU

-~

"
[

I’ [FCEVENT NE=£) GO TO 100
11 I KA =R ICAD
12 iR Y®m T
13 [RaF=]rX+l
14 [FYPe]RY+1
15 RATlarMAX
L] DU 11 L=lNURKD
i L=,
1d [FCHMar=HA [USINORLT oL 2 #1, 0010 12410d01l
1y 11 COUNTINJVE
FaY; 12 iFfLo.cw,10 GO TO 13
21 RNEXAT=AD ok (NOrGT o b=12
2 RATl=mrMAX=KNEAT
3 13 fuibzptax
24 DU 14 L=1.LUHAD
22 L=l
i . 26 TF(RMAA=RALTUS{1+3#1,00L) 15,1514
| 21 L4 CUNTINUE
‘ 24 15 IFgLi.ci,l) GO Tu 16 ,
| 29 CRNEXT=RAD{USCLLD=1)
U HaThermAXx=pMEXT
‘ 31 16 RNEXT=pSwki (KMAX)
32 ﬂkT&-c|*HNtXT*(H[uHT(HUFQIJ'HIbﬂT(NUHbT'i)J
33 HATAmZ  #HNEXTHRMIGHT (L)
a4 RAT]OL=RATLI/{RATLI+KATZ)
35 KaTlRi=kATE/ (RATS+RATA)
3o RaTlue=l.=rATIDL
at HAT [ sZ2=l.=kAT]B]
C
38 DU 20 L=laikX
| 39 D 20 LO=l+ikY
! 40 Spllabod=0,
| 4l Af(L+Lidd=0,
L¥3 20 FS{LsLuI=L,
: 43 Du 30 L=ly kXK
&b DU 30 LD=14IRY
49 Cedlsiu) =l
4t 30 Calleiu)=0,
47 DG 4U LelyiHX
4y DU 30 LDzl RYF
4% U 40 I=1yiR4
50 CNLL e oz =0, 0
51 40 Co{La[LDI=G.0
5¢ HETURN
B 109y CinT vk
D 1FCEVENT, EWwa=3) GO TO 7C0
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4
c ®  COUNTS EVERY EVENTS IN MEDIUMCTJ)
[«
55 1F CEVENT »LE 2 QR EVENT (EG &+ ORLEVENT +E@,6.OK,EVENT ,GE.10) RETURN
56 [RADNE [HAD
57 [HOTne [HGT
58 XouM=xULD
59 Yl UMa Y UL
60 ZLUMeLOLD
6l CaLL LOUKZCXDUMYYLUMYZDUMY
62 IFCEVENT.NEL8) GO TO 307
63 TFCIHGT=NORGT) 2122022
[-T) 22 IF{RACIUSCIHGT +IRADI=~KMAAR,999) 318+318.328
[-3-] 328 CECIiRAL®Ly [HGTI=CEL[RAD* 14 JHGT) +OLDWT#RATIOZ2
66 CNCIRAD s TRAD e JHGT+ 1) =CHNCIRAD « [RAD+ [HGT+1) +QLDWT®RA 1 {01
67 G0 To <400
Y] 21 TFCIHGT=1) 23423425
89 23 TFCRALIUSCIMGT « JRAD) =FMAX®.999) 31943194329
70 329 Cb{ JRAD+141) =CEL JRAD+E+1)+QLDWTRATIB2
Tl CSCIRAD [RAD1YoCS CTRAD IRAD« 1) +OLDWT#RAT IBL
12 G TO 400
73 318 CNUIRAL S [RAD IRGT+1)=(NCIRAD [RAD IHGT+1) «OLDWT
T4 G T 400 )
73 319 CSCIRAD S [RAD LI mCSCIRAD Y IRAD + 1) +OLDWT
Té GO TO &00
77 25 CELIRAU+L [HOT)=CECLIRAD+1 v THGT) +OLDWT
T8 Gu TU 4w
c
79 307 IFCevENT.NELTY GO 1O 309
&9 IFCMEDULD.EQ.NMEDRY GO TO 400
81 [FCIRGI=[HOINY 344364327
b2 327 Cb\lhAU-[RAUN-!HuT)-CbulﬁhD-IRADN-INGI)+0LDWT
53 GU TC 00
84 34 CNLIRAD IRADNIHGTNI =CN CIRAD  [RADN IHGTN) +0LDWT
85 GO TO &G0
Bt 36 IFCIRED=]RAUND 3174400337
gl 417 CeCIRAUNS [RGTNI®CECIRADN « THGTN) +CLDW T
1 GO TO 400
Hy 337 CACIRAD Y THGT ) mCHC{RAL o iMGTI+GLOWT
L 1Y) Gu TO wuC
9l 309 IF(EVENT.NE.9) GO TO 303
9¢ © SUCIRAUNY [HOTRIESD{TRADN Y TRGTNI +WATE
93 GG TO 400
94 303 IFCEVERTONEC3) GO TO 305
95 FSCIRADN ERGTNY =F S CTRADN  [MGTNI +WATEF
96 GO TU 400
97 305 1F CEVENT.MNE.D) GO TO 400
1 CALt. NSIGTACTGWNMEDTSIGWPNABY
99 AB(IEAJN-iHGrn)-AB(IRADN-lHGTNJ+OLD*T*(1 Q=PNAB)
loc 4Gy lkAL=1rRADN
1ol JHGT=HGTN
102 RETURMN
C
103 760 FRT=F TUTL/SWATE
104 WRITECO+62CINBATCH
105 620 FORMATC//1Gar21H#% BATCH wuUMBER ## (o[#,42H) II)
106 CALL REBAL G(FSeCE«CWACNICS1ABVSD 1 SWATE 1, E=2 1 E=241,E=211.E=201.E
1=2+¢1.,b=2+ IqulRVcJRXPnIFYF-NGATCHvthvOaO'FKToI:NQ FTOTL?
127 Rk TURR
108 END

'
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Applndix IV-3

s W

&~ AT

il

13
14

12

le

17
18
19
2u
2}

23
24
2
24
21
24

9
W
31
32
33
34
35
3¢
a7
38
39
40
41
4e

43
4o

46
ud
48
49
50

2l
52

1
ccc 1

SUBROUTINE KEBAL (F3eFRaFLeABISUvGUS VAR VEPSLVEP521:PS3vEPS4
1y JRP yNEATCHSNBDL WNEDR WEv s JENDRWRAMBD)
IRy bRE s NBATCH W NBOL «NBDRvEV + | END)

DIMENSLUN FSUIRY 2« FRCIRFI FLUTRPY JABL IR SDCIRD

DIMENSION FLE0)aTC10) yGE102 vHLL0) +ui{10) yABSDCLID

CoMMON FFACTCOR/ REACTCLR)

TENO=0
DU 10 L=lalk

10 @sli}=rS{LI/EY

RAMOLLU=RGS*EV

K=l

EvOLD1=EY
TLR=EL L) +FRUTRP)
GU 15 L=ls1R
ABSD(LI=An (L) +S0(L)

15 TCR=YCR+ABSDLL)

CHhas

NKETESL160U) NBATCHIEV 55 TCK

BUG FORMATL/ /1Ky " wanda REBAL ROUTINE WERET 20 INBATCP=Y (25200 'K (EFF)

1-'-312.5.2;|‘&m5-'-512-5-2xl'TCR*AH*SD-'-ElZ.b/le'K-O')
AR ITECEB0S)  (FSCLD vbmla [R)

WHITELE610) (GEILYsL=1v1i2 .

wWrITE(E1625) CABCL)«LwloInd

WhITE(Ev0ZU) (SDCLIsL=LviR)

WH1TECo1622) CFRCLI eLmlviRF)

WRITERE 6390 CFLILIsL=LaIHFD

605 FURMATLLIXr2rFS10C2X21PELO. 3D}
61U FURMATCLX+2HUE.1002X1PELQ.3))
€LY FUtMAT(ix«2HAB 10(2X 1PELD,3))
620 FURMATALA2A5L10(2X1FELD.3))
6259 FURMATC1X+2rFR+1102X+1FELQ.3)2
630 FurMAT(LAZHFL«11(2X+1PELO.2D)

s
C

U FURWARD ELIMINATION

C

L0000 DU 40 J=1eIR

TCJ)=eBSuCI)
[FCCJED,1) «AND, (NBDL,ED.12) 6D TO 0
T =Teny L {0

20 IF(CJ Lo, Ir) AND, (NBURLE®.LI) WO TO 25

Tl =T CJ)+FR{J+1)

25 [FlJenNE+1) GO TO 30

GLHmyu (/TN
GU TO 23

30 TCHImILJI=FRE{J)*A(I=1)

PFCABSLTCID) LT, L. 0E=TU) GO TO 5%
GLIIm WU CJI+FR DI #GE(I=12/T (D

35 HOJImpLCIv LIV
&0 CUNT IUE

[alakal

BACKWARD HUBRSTITUTION

FCIRI=G{]R)
IFLFCLRY L LE.0.0) w0 TG 53
[KMLe [ =]

DL 45 JwlelHML

I=jR=d
FAL)mGUId+mi|InF (1+1D
IFCFC1dLE.OsU) GO TU 55

45 CONTINUE

[ TS

WRITECH 633) Ky C(FLLYsL=14[R)

635 FURMATCLXy A®'y|3/1Xe2H Fal0(2x41PEL0.3D)

Chnn
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H4

95
56
57
h4
5%
[-3Y)
6l
02
63
6%
[P
6%
67
-1
69
T
Ti
Te
73
T

75 .

0
71
L
79
5U
81
8é
83
g
8>
-1
81
3¢
8y
90
91
9z

93
94

92
36
97
94
99
Lo
1
10<
103
104
03
106
7

30

151

3l

35

3&

“yJ

a1

42

43

(& T3
CALCULATION START

<

1Quy

JAERRI-M 6251

M= RY=LY+1
WRITECSH¢650) My CFSLLXAM) 2 LX=14IRX)

WRITE(e+610)

WRITE(ov645) (Ia]®lelhn)

DO 31 Ly=1+IRY

MmjRY=LY+1

WRITECH 6503 My (QULLAVM) vLX®m5 4+ |[RXD)
WRITEC(G6v&15) : -
WHITE(D+685) (lel=laikn)

00 35 LyY=l+]RY

M= |Ry=LY+l

WRITECS1650) My (AB(LAWMI s LX=]LIRX)
WRITE (620D

weITECov645) (Telmlefrn)d

DU 36 LY=1w]RY

Mm]RY=LY#+1

WRITELD 16500 M (SOILAMIsLA=L|RX)
wR1ITEL{be62D)

WHITE(D645) (|a]=le]RXD

00U 40 LY=ls[RY

ME[RY=LY+]

WHITECOv6IU) Mo(FRACLXeM) sLX=1 s [RAP)
AH[TE w630

WRITECE+645) (fri=isIRX)

LU 41 LY=Ly [RY '
Mu |Ky=4L{¥Y+]l
WRITEC o B30) iy CFLACLX +M) JLXul ¢ [RXP)
whlTE Ltoes32) .

PO 4g Jml.]RX

WRITECOv645) CleImLoifn)

DO a7 LyslylRYP

Mm[RYIP=LY+]

WhITECE 16500 My lFRY{LAsJosM) s Am1vIRAD
wrFECOO%0)

DO 63 Jwla]lRX

WR[TECe643) (lyl=lelkx)

DU 83 LY=is[RYP

M= [ RYFwi Y&l

WRITECEVE5U) My (FLY(LXv Sy M) sLXE1 4 IRA)
1k GN) LU0V 1000.1001

-

N=1

2000 DU 100 Ly=lsIRY

C
C

ADJUST nG RIGRT HAND VECTOR

46

20

7

45

DU 4% LX=1lv]RA

WTlLXsL Y=L XaLY)

[FiLy.Ee.1) GU TO 50

FRYSUM=G,0Q

DU 46 J4=lsiRkX

FRYSUMSFRYSUM*FRY (JeLX«L¥I®F (JalY=1)
GTCLX LY I T (L XL YI+FRYSUM
[FeLy bR, [RY) GO TO 45

FLYSUM=U.O

DU 47 J=laIRA

FLYSUMEF LYSUMHAFLY CUaLXsLY+1I#FOLD{JLY+1)

QICLX LY mu T (L ALY I+FLYSUM
CONT LNk

4.32._
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I
|
I
!
!

108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132
133
134
133
136
137
-138
139

140
141
142
143
las
142
146
147
148
149
150
153
152
153
154
155
158

157
158
159
160
161
162
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C FORWARD ELIMINATION

56

60
65

28
T0

9
75
80

85

90
C

DO 90 J=lalRX

A

TCJImABSD(JoLY? ’
TFC(J.EQ.1) «AND, (NBDXL,EQ,12) GO TD €0
TCHIwTLII+FLACILY)
[FCCJE@. LRX) JAND. (NBDXR.E@,12} GO TC &5
TCII =T CII$FRXCI4LaLY)

IFCCLY EG. L) +AND, {NBDYL,EG.13) GO TO TO
D0 58 wKwlelRX

TCIITCJIFLY LI KK ALY

1FCLLY E@« IRY) +AND, (NBOYR.E®,12) GO TO 75
DO 59 KKksls[RX

TCJImTCIY+FRYCUsKR W LY +12

IFCJ.NE.1) GO 1O 80

GCJIw@TCJALYIATCD)

GO TO &% .
TAJ)=TCII=FRXCISLYI#H(J=1D
1FCABS(TCU 7 +iTo 1, 0E=T0) GG TO 110
GCJImLETCJILY) *FRXCIILYI G (J=13D /TP
HOJYmFLXCJ*1sLY)/TCY)

1F (RMAA=RADIUS(LY +J)#1,001) 57457490
CONT INUE

C  BACKWARD BUBSTITUTION

57

36

95
100
CREd

300

303

310

31%

3240

101

LG5

FCJHAX LY =G {JIMAXD
IF(GCJMAR) . LE,Q0.0) GO TO 110
IRMLmJMAX=L

IFCIRMLY 100100496

DO 95 u=1la4jRM1 -

= MAX~ .
FOIWLY)mGCi)+HCII#FCl+1aLY)
IFCFCIoLY)oLESQ.0) GO TO 110
CONT INUE

CONT INUE

PFONGNES2) GO TO 310

Do 305 LY=lelRY

DU 305 Lxala IRy
FOLOCLASLYI=F (LXALY)
N=N+1

GU TO 2000

IF(N.aT,.10 ) GO TO 320
EQ=Q,u

DO 315 Ly=l:IRY

DO 315 Lx=l+]Rx

TEMPeF (LX oY) FFOLD(LXLY)
TEMPRABS (L. O=TEMP)
EGRAMAALCEU+TEMP)
[FCEQ.9EEFS0) GO TO 300
6o TO L0

WRITE(2+690)

RETURN

E1%Q,O
LU 105 Lysle[RY

DU 105 Lx=ialRX

TEMP=L1.0=F (LX1LY)
ElmAMAX1 (E1+ABSCTENMP))
[FCOVAR=ELY «LE.EPS&Y GO TU 120

_.33._



lod
P
T}
lag
1eT
led
169
110

171
172
173
174
175
176
177

178
179
180
18l
lez
1la3
i84
i85
16
187
188
189
190

i9l1
192
193
194
195
196
197
198
1%
200
201
202
203
204

205
206
207
208
209
210

211
212
212
214
215

T 216

217

218

219
220
221
222
223
224
225
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C  WHOLE SYSTEM DALANCING

ilv

115

120

125
130
135

140-

146
145

Chaxh

150
Chnn

C
1061

165
170

175

TEHP e s S/ TLR
BuU 115 LY=lelRY

RO L1595 LX=le[RX
REACT(LXsLYImTEMP
EveTErP#EVOLDL
RAMBL=EV#BUS
WRITE(54660) K TEMP
G TU 165

[FCORANE VL) «OR (NBATLH,EW, 1)) GO TO 125

wRITECE+665) EVWEVOLD
Eem(evULU=EV)/EVOLE
E2eABS{EZ}

[FCCEL.GE.EPSL), OH-(Eé.GE EP523) G0 TO 125

TeNU=100
RETURN

RAMBD=U,0

DO 130 LY=1+[RY

DO 130 LX=mls]RX
REACTC(LXoLY)mF (LX+LY)#RFACTLLXLY)
FSOLX o LYY®FCLAILY) SFS(LAWLYD
RAMBD=HRAMBUO+FSILXLY)
EV=RAMUED/GUS

WRITECH+6TOY) tV‘RAMBDwHAMOLD
DO 135 LyslylIRy ’

DO 5135 LK=sLsIRX
QR{LX+LY)=FSCLALY)IFEY
IF{NBATCH,LE,30) GO TG 140
GO TO 1é3

TEMP= { KAMULD=RAMBL) /RAMGLOD
TEMP=ABS (TEMPY

IFCTEMP.LT.EPS3) GO TQ 165

RAMOL D=RAMBD

DO 145 Lys=ls+]RY

DO 145 Lx=l+]RX
FRXCLASLLYImF (LA LY)2FRX(LX+14LY)
FLXCLXLY)=  FOLXoLYI®RFLACLXALYD
DO l4e Jule[RX
FRY\LX1JvLY*lJ-F(LK-LY)*FRY(LK-J\LY+1)
FLYCUX v JoLY)=F (LX2LYI®FLY (LA vJaLY2
ABCLXsLY)= FOLXLYI#ABCLXLY)
SDILXsLY)= FCLXaLYI%SDCLRLYD
ABSDCLAWLY)=F (LX LY #ABSDCLXLY)

WRITE (646057

WRITECS+645) C(Lalamle]RKD

DO 150G LyslelRY

M=lRY=LY+1

WRITECb 650D M|(PS(LX;M)|LK'1 IRX)
G TD 151

KaKel

1F L LE.10 ) GO TO 1000
WRITEL61675)

60 TO 110

DJ 176 LymleIRY

DO 170 LX=kyRX

REACT (LX +LY) mRFACT (LX'LYI #EVOLDL/EV

EvOLD=EV

WRITE (O 68L)

WRITECE+645) C(ivimivIRX)

DO 175 Ly=Lls[RY

Ma[RY=LY+] )
WRITECE+650) MeCRFACTLLX vM) sLX=L s [RAD
RETURN '
END

i
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Applndix IV-=-U4

1 SUBROUT INE REBALB(FSeFRAsFLXAFRYWFLY +AB ST bGS 1 VARIEPSUEPS1EFS2e
1 P53 EFSa s [REy [RY ¢ [HAP 1 IRTP ANBATLH DAL JNEbXR
d NBDYL «NoOYREVe [ERD+RAMBD)
P DUUSLE PRECISIGN  RADIUSvHIGHT (HMAXWRMAXBIG
3 DIMERSION FSC 10010 D eFRAL 11410 JeFLAC 11419 J+iky(l0410411)
1 FLYCLOw1Uslll»ABC 10410 2 +50DC10410)
4 DIMERSLUN FCLu102 FOLUCLOLI0) vWQCLU10) vARSERIUELD
1 TEL0)GLL07 «HILE) +wT (104100 :
> COMMUN FFACTURS RFACT (10140)
[ COMMONZ JOMINLZRADIUS (200200 sHIGHT (20 +AMAK « AMAX s 88 1 GaNORAD 1NOHET
C
c
: 7 BUU FORMATCZF/La " unnen REDAL ROUTINE rEhEE? JOX W NBAT Y o [Z0Ene "R(EFF
t£ L IE G ELZ B 2R GUSE Y W ELZ 542KV TCRHAB+SD=Y 4 EL2+5/ 1R 1K=01)
8 605 FUHMATArZ1X+3¢8(1H=)" ¢S  Ye8(1H=))J
9 610 FURMATC/L1X+3C8CLH=) 2t w28 CLlH=2))
v 615 FURMATC/L1X+3C8C(1H=)+" AR 48 (1H=2))
il 620 FURMAT{/LA+3(d{(IH=) " SD "sB(lH=}))
12 629 FURMAT(/1Xe3CB(LH=)' FRX T+8(1H~3))
13 630 FORMATO/LXv3C8C(EH=) T FLX "+8{1H=)))
14 635 FUKMATL(ZLA+3C8LLIH=) " FRY "4 8(1h=)J)
15 640 FURMATC/1X43CACLH=) st FLY "38(LlH=2))
ie 645 FORMATLZXaPLY/LX vaXujle9]12) R
17 650 FURMAT{3XAe]11+10C2X-1PELC.32) '
18 60 FURMATC(LX K=Y ¢13/1X s ' wHOLE SYSTEM LALANCING. Fe®4E12,52
1% 665 FURMATCLATKCEFFY o,y NEWRPEL2, 542X '0LD="sEL1R¢5)
20 670 FOMMATALX s TE.V. B E1Z2.5vZX ¢ 'RAMBDA o NEWS® yEL12.5+2Xs 'OLO®P 1 ELL. 52
i 21 6759 FURHMAT(LIXeT2#¥ NOT CONVERGED (X=ITEKATIONI')
: 22 B0 FORMATLAIR20CLR+) ! RFACT 'e10(1H*))
: 23 690 FCRMATALX (' %#® NOT CONVERGED (n=[TERATION} ')
C .
24 letid =0
25 N=y
26 DU Lo e Y=lelRY
21 DS 10 LXmla[R2
28 FLLAsL Yyl 0
29 FLbuCLAasLYI=L 0
k1Y 10 WwlLaxeLY)=FSCLXsLYI/EY
34 RAMOLL=QRS*EV
: C
| 32 (=)
' 33 EvUl.Ll=Ev
[ 3% TEMPLI=U.D
; 3k DL 1y LYsLlsiRY
i 36 00 le Lx=lalRX
371 [F (RMAR=RAL T USCLY«LXDI#1.0013 17417016
38 le CUNTINUVE
39 17 TEMFL=TEMPL+FRX(LA+LeLY)
G4y 15 TEMPL= IEMPI+FLXC(1LY)
41 TEMPZ2ul i)
42 DU 20 LX=1lelRA
43 20 TEMPZ=TEMPZ#FLY (LAVLA 12 +FRYCLX LA IRYP)
44 TLR=1EMPL+1EMP2
L DG 29 LY=lslRY
H 46 DU 25 LXxmiv]RX
w1 ABSUCL ALY ) =ABCLASLY I 45D LKLY
48 2% TCR=TLA+ABSD(LXILYD
Chnr
49 WRITECHAGU) NBATCHAEVGESTCR
54 ARLITECH 60D}
: 51 wRiITELa+h4DY (lel=lvlkal
! 5¢ D0 30 cY=LlalHY
:. .
13
4
.
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c
53 Ele(,0
54 . DO 50 L=14lR
95 TeMP=1.0=F(L)
956 50 El=AMAXICELABS(TEMP))
57 IFCCYAR=EL) LELEPS4) GO TD 65
c
b1 5% TEMP=EWS/TCR
5% DY 80 L=lslR
3] 60 RFACT(L)=TEMP
&l EveTEMP#EVOLDL
CHaw .
682 wanE(b.éuo) Ky TEMP '
63 640 FORMATUL1X"Km? y13/1XK " wHOLE SYSTEM kEBALANClNG- Fut E12.5)
[ T2 ]
64 GO To 95
c i :
b5 65 [F{CK.NE+1)OR, (NBATCh.Eﬁ.l)) GO TO 70
C**i .
be WRITE(&41645) EVIEVOLD
67 645 FORMATOLX o 'KCEFF) o NEW"-ElZ 5.2x-'0LD-'.E12 8)
Chaw .
ab EZm (EvULD=EV) /EVOLD
59 E2sABSLER2) T
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