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A User's Manual for SCOPERS-2,
A Static Core Performance Simulator

for Light Water Reactors [Version 2]
Takanori SHIMOOKE* and Masafumi ITAGAKI

Department of Nuclear Ship Engineering
Japan Atomic Energy Research Institute

Toranomon, Minateo-ku, Tokyo

{Received March 11, 1986)

SCOPERS-2 is a new version to the FLARE program which had been
developed to simulate the core physical characteristics of boiling water
reactors. A generalized FLARE type nodal equation is used in SCOPERS-2
together with the nodal-form neutron migration kernel which is derived
in a relatively rigorous theoretical way and replaces the empirical
kernel used in the FLARE, The effort was also made to expand the
flexibility of the original FLARE program. The resultant program,
SCOPERS-2, has reliable theoretical basis and can be applied to both PWR
and BWR with wider options than before.

Present report describes the code performance, the physical model
used in SCOPERS-2, and describes in detail the format of the input data
required to execute various options available in this program. The input
and output of sample problems for both PWR and BWR are represented to
help user's understanding. Derivation of the new migration kernel is

also shown in Appendix.
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I. Intreduction

SCOPERS-2 program is a new version to the FLARE programl) which
solved first but intuitively a three-dimensional coarse-mesh neutronic—
balance equation to determine reactor core reactivity and core power
distributions for scoping evaluations. of the physical characteristics of
the boiling water reactor.

Some basic studies have been made so far by one of the authors to
improve the physical model employed in the FLARE program. In the
previous reportZ), the nodal-form neutron migration kernel was newly
derived in a relatively rigorous theoretical way and the so-called FLARE
kernel used in the FLARE program was shown not to be "the best kernel
that can be obtained" just as so claimed by Delp et al}), the authors of
FLARE program. It is also suggested that the FLARE equation given in the
program has to be modified if the original FLARE kernel 1is replaced by a
proper migration kernel.

Afterward, starting from the general nodal equation derived by
Z, Weiss3), one of the authors showed?) %) that the degeneration of
thermal and epithermal neutrons into one-energy-group under appropriate
assumptions in coarse node system resulted in a generalized FLARE-type
nodal equation which includes the original FLARE equation as a special
case of the application.

This generalized FLARE-type nodal equation together with the migra-
tion kernels are incorporated into the FLARE's original program-logics
and input-output format. The effort has also been made to improve the
flexibility of the program. The resultant program, SCOPERS-2, has the
reliable theoretical basis and can be applied to both types of Light
Water Reactors, i.e. BWR and PWR, with wider options than before.

SCOPERS (or SCOPERS-2) was written by one of the author (T. Shimooke)
for Japan Nuclear Ship Development Agency in March, 1972. This fore-
runner version of SCOPERS-2 was referred to in the report, JAERI-M 58052).
Later, change is made at JAERT so that the revised version, SCOPERS-2 is

obtained.
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II. GENERAL DESCRIPTION

SCOPERS-2 is a computer program that can perform following calcula-

tions for both boiling water reactor (BWR) and pressurized water reactor

(PWR) ;

three-dimensional (XYZ) steady-state nodal power distribution in
the core,

— core reactivity,

- axial void distribution (for BWR) or coolant temperature distribu-
tion {(for PWR) at any fuel positions in the core, which are
compliance with the power distribution,

~ three~dimensional burnup distribution in the core and core total
burnup.

SCOPERS-2 is designed to perform these calculations by a rather
simple model. A neutronlc balance is solved by a "generalized FLARE-
type nodal equation"z)’”). In the framework of a coarse mesh representa-
tion of a XYZ core geometry, the equation describes the one-group
representative Y that is essentially proportional to a fission rate
(called hereafter neutron source), in terms of an infinite multiplication

constant k., and a '"migration kernel" K An additional simplification

i+je
includes the replacement of the reflector by an albedo at the core
surface so that only mesh points within the active fueled region are
considered. In SCOPERS-2, a reactor core can be described by, for
example, one horizontal mesh point at the center of each fuel element,
and about a dozen of vertical points along the height of the fuel element.
This small number of mesh points and the one-group representation of
neutrons allow us to have a fast throughput for a three-dimensional core
calculation. |

The neutron source ¥ at each node is calculated as a function of kg
at the node, the sources at the eighteen neighboring nodes, and a

"migration kernel' K which is a measure of the probability that a

i+
neutron born at node i is absorbed at nede j. This migration kernel is

a given function of the noding space Lx’ Ly’ Lz, the Fermi age 71 of

thermal neutron and the thermal neutron diffusion area 1/k2. These age
and area are calculated at each node based on a fit to the moderator
void ratio or to the moderator temperature. The infinite multiplication
constant is also given by a simple fitting equation which includes the

following effects:
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(a) Presence (or absence) of a control rod or a rod-cluster.
(b) Local moderator void ratio or temperature,
(¢) Power-dependent equilibrium xenon and Doppler reactivity.

(d) Local fuel exposure.

The void (or coolant temperature) calculation consists of a
determination of the average steam quality (or coolant enthalpy) at each
node based on the inlet mass flow rate, inlet enthalpy, and power
integrated from the bottom of the channel to the node of interest. The
void (or coolant temperature) is calculated by a numerical fit to a void-
quality (or temperature-enthalpy) correlation curve. The inlet mass flow
rate is calculated as a simple function of the channel power.

The effects of the loss in reactivity resulting from fuel burnup are
included by a simple fit of k., to exposure, exposure-weighted voids, and
exposure-weighted local control. The data from which these fits are
generated must come from independent, complex calculations, or experi-
mental data.

SCOPERS~-Z program involves many portions of FLARE program which are
still valid to use. In other words, SCOPERS-2 follows FLARE in its
program resources such as basic subroutines and the logic structure,
while many modifications and improvements are also included in SCOPERS-2.

Main improvements on the physical model are:

(1) One-group, coarse mesh, neutron balance equation is completely
revised from the semi-empirical one to the generalized FLARE-

2),4) that has a firm foundation.

type nodal equation

(2) The nodal interaction is considered between a node and the
neighbouring 18 ones. In the old program only 6 neighbouring
nodes were considered. .

(3) The migration kernel used in the program is given beforehand by
analytically integrating the point migration kernel by six-
multiple space variables (Reference (2) or see Appendix) so that
there is no need to input any adjusting parameter for a kernel
as requested by FLARE,

(4) Albedo for the reflector effect is given by the program. A user
can input only nuclear constants A, D, k and To for top, bottom

and peripheral reflectors.

The effect of reflector gecmetry on albedo is also considered




(5>

(6)

(7>

(8)

PWR.
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automatically by built-in logic in the program, so that the user

is free from adjusting input of albedo as was at FLARE.

Main improvements on the code flexibility are:

A PWR as well as a BWR can be calculated now under a consistent
model and logic,

The relative allocation of control rods to the core nodal
assignment is enlarged from four patterns in original to seven
for input modeling.

The cross sectional core symmetry conditions in combination
with the boundary condition at an axis of symmetry are of 11
varieties for code users (It was 6 at FLARE.).

A critical search option has been completed in the code; a rod-
withdrawal search for BWR and a boron-concentration search for

PWR.

SCOPERS-2 can make any of the following calculations for BWR and

Each of these are one run which can be performed by one submission

of the job if a combination of options is properly selected by the user.

For

iy

2)

3)

4)

5)

BWR

calculates the three-dimensional power distribution within the
core under any of the control rod pattern at an arbitrary reactor

power (Power Distributionm Calculation).

calculates the three-dimensicnal void distribution in moderator
under any of the control rod pattéern at an arbitrary reactor power

{Void Calculation).

calculates the critical withdrawal patterns and length of control

rods for a given reactor power (Critical Search).

calculates the (thermal) power output of a reactor in compliance

with the control rods patterns given (Power Search),

calculates the final burnup attained by each fuel element loaded
in the core, taking into account the changes of power distribution
with the various control patterns encountered during the course of

reactor operation (Burnup Trace).




6)

7)

8)

For

1)

2)

3)

4)

5)

6)
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takes into consideration the fuel shuffling and the removal of poison
curtains during the calculation described in 5) (Burnup Trace with

Fuel-shuffling).

predicts the final core burnup to be attained, calculating the
power and exposure distributions at each burnup step for which the
control rods positioning is searched automatically in accordance
with a given priority for the withdrawal, to maintain the power

level against the exposure (Critical-Exposure Iteration).

performs the above-stated calculation 7) with the predetermined
plan on the fuel shuffling (Critical-Exposure Iteration with Fuel-

Shuffling).

PWR

calculates the three-dimensional power distirbution within the core
at any reactor power under any control program including the part
length rod-cluster and boron dilution in the moderator {Power

Distribution Calculation).

calculates the coolant temperature distributions along the core
height at any location of the core under any control program and

reactor power (Coolant Temperature Calculation).

determines the position of the regulating rod-clusters for a given

reactor power and boron concentration (Critical Search).

determines the concentration of boron for a given reactor power and

position of rod-clusters (Boron Search).

calculates the (thermal) power output of a reactor in compliance
with the rod-clusters position and the boron concentration given

(Power Search).

calculates the final burnup attained by each fuel element loaded
in the core, through changes of power distribution affected by the
rod-clusters position and the boron dilution during the course of

reactor operation (Burnup Trace).




JAERI-M 86-063

7) takes into consideration the fuel shuffling during the calculation

described in 6) for PWR (Burnup Trace with Fuel-Shuffling).
8) {(Critical-Exposure Tteration).
9) (Critical-Exposure Tteration with Fuel—Shuffling).
The present version of the code will handle a maximum array of

15 x 15 % 20 nodes with mirror, or diagonal, or 90°/180° rotational

symmetry. A full-core, half-core, or quarter~-core representation is

possible with either symmetry, each with or without a central fuel bundle.

It needs a core memory of 572 k-byte and File 5 for input, 6 for output
and 7 for card punch output. By utilizing a mirror symmetry with a
quarter core, & 32-bundle Nuclear Ship Mutsu reactor core can be re-
presented by 432 mesh points; 4 mesh points in each bundle with 12
points along height. Typical CPU time on FACOM M-380 is 8.6 second

for a solution of this problem with converged power and moderator

temperatures but fixed control rod position and burnup.
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If. PHYSICAL MODEL

3.1 Nodal Equation for Source

Presently starting from the general nodal equation derived by
Z. Weiss3), which was based on the response matrix theory, it will be
shown that the degeneration of thermal and epithermal neutrons into one-
energy-group under appropriate assumptions in coarse node system results
in a generalized FLARE-type mnodal equation”) that includes the original
FLARE equation as an extreme example of the application.

Being with the two neutron-energy-groups in the Weiss theory in
one-dimension, some assumptions are made on the partial incident-neutron

(1) (2)

current components ji and ] of node 1 for group 1 and 2. It is

supposed, for example, that eplthermal neutrons incident by jil) into
node i complete slowing down within the node and will be all absorbed
during diffusion in the same node. Once fission occurs after absorption,
the multiplied neutrons will partially leak from node i to the adjacent
nodes i-1 and i+l as an epithermal group. The rest of the multiplied
neutrons will leak from the node i as a thermal group. On the contrary,

(2)

thermal neutrons incident by ji into mode i are all absorbed in the
node without producing any new current. The epithermal and thermal
neutrons are thus treated in an asymmetric way, which is a feature of
the present model.

The final form of the equation derived for the fission rate multi-

plied by niy, i.e., for ?i = th koo g ) of node 1 is,
i
+ . n . . .
1 i t i,z 1 m =
[l -k, (L -1%n Ki+m - —E—-KS)]Wi = k_ % N Koy Yoo (1
m n
th
i_ i, 4 i,,-1 1
where  n" = n /n 4 o /G nth),

i i
e Kispy and e Kiom 1»m’

epithermal and thermal neutron, re5pect1vely. The factors ne and nt are

are fractions of the migration kernel K, for

always normalized so that n + nt = 1. th is the probability that a
fission neutron is thermalized in the native node where it is born.
ki

ool

and Ei are the infinite multiplication factors for the node i with and

without resonance escape probability correction, respectively, KS is
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given as I K;,.. Strictly, the equation is derived in one-dimension
because tge original Weiss equation is not proved rigorously for more
than one-dimension. In the application hereafter, however, it is
supposed wvalid also for two- and three-dimension.

The equation (1) is reduced to the original FLARE equation when

nt = 0 and n * 1. This implies physically that

(a) the unit node in consideration is relatively small
{~ ng = 0), and

(b} there is a condition that (vZf/Ea)-nth =, ® l)

(+ the node itself is just or nearly critical in neutron multi-
plication). It must be noticed that these two conditions (a) and (b}
are never satisfied simultaneously in a slightly enriched uranium-fueled

thermal reactor.

3.2 Migration Kernel from Nede to Neode

Migration kernels are shown in Table 3.1 in the form of equation
which are used for calculation in the code. These are the probacilities
that a neutron born in a node be absorbed in one of the neighbouring
nedes during its migration. They are derived by integrating a point
migration kernel analytically by using the method described in Appendix

in this report.




JAERI-M 86063

THN= N T A 4T Aeese 0 = 0

14— 2 %2) 242 N =27 147 e
hv\_nﬁlﬁ_mﬁwﬂuthHNvﬂleTﬁ .—.Nm V -«N wl hv\ﬂm!&*ﬂ.—.+hﬂnancm+ﬁ o.m v.w Nw IU
- (a¥g) apz 0y
hv\\wi Im ANNTT hmnu;‘w ) c‘Nm +( o vulml.w

z xMwlhxvﬁ v.lNuvm N.I xan vl H.H :um
(87) bA=(*T)*V “(9%) ‘Bg=(*T1) 'V ‘189 T=» ‘T P57 *T=A

E330N

hﬁ$:N<.h*Aﬁ|=mﬂv+ﬂhmm:.%+ auetd z - X
L9 T »d
, UT UOT3O9JITIPR
(*1) J?Tmi [S H.,N.MH )= T hwlmc W\l@lﬂmnuﬂrsﬁx TeuoSeTp oYz JIo0J
. £ _
() by o (1= 28y T 28y, suetd 4 —X
19 1 ¥
UT UOT}I0ITP
A2 X
AKAVﬂ¢:ﬁwHAMI.JwﬁV|~4~4 mw;u 357 =¥ | teuoserp ouy oz
mﬁuqvn<.pﬁﬁﬁu.Jw”vlhq+q?u Mww+ UOT108ITD
: ~ Z 8yl J0J
CD VT Qg 1 (1 B i)y 2k =my
: X
Lo -2 {(1- mwv..:Hmyq MMW+ uot3ooatp- 4
ﬁxAVﬁ<; ¥Hﬁﬂ|ﬁmﬁv+ANq+»qvxquleu ‘ z mvu&x JI0 =X 9y} J0J
2 o g~ U o/ =

TaWwiIay UOT]eIFTW TEPON

UOT}O9IT(]

7-S44d00S UT pas(l ST2uiay 943 Jo Liewung ¥ T°¢ 9Tqel




JAERI-M 86063
IV. 1Input Data Reguirements

4,1 Node and the Numbering

A node is supposed in this program to be a rectangular prism with
a square base. Moreover the height Tz is not much greater or smaller
than Ix(=Ly). It is not recommended that Lz > 1.5Ix or Lz < 0.5Ix.
The node numbering used in the program is shown in Fig. 4.1 where Node
1,1,1 is in the far left corner at the bottom. Where it is necessary
to specify a particular edge or corner of a node {(such as control rods
when they are not in the center of a node), the following convention is
used: The far left-hand corner at the top of each node is given the same

index as the node itself.

+ ]

Fig. 4.1 Rod/Cell coptions.

4.2 General Input Philosophy

Every card carries three 2-digit descriptors and 64 columns of free-
.form data. The descriptors always replace any descriptors previously
read from this card type. Since descriptors are sometimes used to
designate running options, options to be continued must be repeated on
overlay cards of that type. TIn other words, a blank descriptor 1is
interpreted as a zero and is so stored.

General data on the remainder of the cards, however, are always
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considered as overlay and skipped values remain unchanged from their
previous setting. Therefore, no card need be read in if the data from
this card are already contained in memory.

The effect of an Independent Case Card is to clear memory to zero
and then to initialize three arrays to unity. The three arrays set to
one are the source-guess, S, the fractional-flow, F, and the partial-fuel
factor, XK. Input to these arrays then need include only changes from
unity. Input to other arrays need include only changes from zero. If
any source values are read in, the source array is renormalized to one.
No other input array is ever normalized.

In general, no cards of a type need to be read if no change in that
type of data is to be made. However, it is imperative that all cards

which are used be ordered by card type from smallest to largest.

4,3 Card Order

The first card must be a CASE Card (see Section 4.5). The card
following a CASE Card must be Type 0l for an independent case. Sub-
sequent data cards must be ordered by card type. A Terminal Card,-Type
99, must follow data cards to initiate calculation.

It is possible to use a basic input deck and follow it ﬁith a
modification or overlay deck pertinent to a particular problem. The
overlay deck must be preceded by a Reorder Card, Type 33. The effect of
this card is to reset the counters to accept a new sequeﬁce of ordered
card types so that the overlay deck need not be merged with the basic
deck to maintain a single ordered sequénce of card types. A Reorder
Card must be inserted before every card whose type is lower than or equal
to the preceding card.

Following every Terminal Card, Type 99, either a CASE Card or a LAST
Card must be used. The CASE Card will leave input and calculated values
unchanged from the previous case if it carries a left parenthesis in

Column 1, designating a dependent case.

4.4 Card Format

All data input cards have the same format (except when ID cards are
used, see card type 10A). Any characters may be punched ir columns 1-190
for user identification. Three 2-column descriptors are punched in

columns 11-16. The first descriptor is the Card Type, punched in columns
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11-12. The other two descriptors are used for further identification and
for running options.

The general data supplied on each data card is punched in free form
in columns 17 through 80. Free form requires that each number be separated
by one or more spaces or commas from its neighbors. Thus, no spaces may
occur between the characters of a single value. Decimal points are not
required unless the value is non-integer. Exponential scaling is optional
with or without an E and followed by a signed integer scaling factor.
(Thus, minus pi may be punched as -314.,159-2 where the 10 characters are
contiguous). +10.2 and 10.2 are both allowed.

Additional flexibility is possible by the use of bSnb for spacking
by or skipping n values in the input array and by the use of bRnb for
repeating the last given number n MORE times. (Thus, blbR12bS2b3b would
store unity in the first thirteen elements of the array designated by
card type, would leave the l4th and 15th values unchanged, and would
store 3.0 in the 16th). Note that a maximum of 16 words per card is
allowed. This applies to repeats and skips also (bR10b counts as ten
additional words).

It is possible that the required data will not fit on a single card.
Sequential data can be continued on successive cards without limit.
Numbers may not be split between cards, and blanks are never required in
Columns 17 and 80. Each continuation card, however, must have punches in
Columns 11-16 which are identical with those on the preceding card.

It is recommended for ease of reading and checking of the input that
decimal points not be used with integers and that the configuration of
geometrically dependent quantities be arranged in a regular form similar
to the reactor core shape. It is usually better to repeat integers and

zeros explicitly than to use repeat and skip options.
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4.5 Input Descriptions by Card Type

Type CASE r

Columns Content Descripticn

1~ 5 Jbbbb This is an independent case, input data shall be all
or initialized.

{bbbb This case is dependent on the precdeding case, and

or the revised and/or newly added data are only required.
JLAST terminates a batch of rums of calculations.
6 v 69 Any alphanumeric statement, edited as a heading on
every page of output.
Type 01 ‘
Columnsg Content Description
11 ~ 12 01
13 ~ 14 B/P =(}; selects BWR type calculation.
=]1; selects PWR type calculation.
15 ~ 16 BRN-LST =0; the program will calculate a source for the
exposure distribution up to and including E=E_ ...
=1; an extra exposure distribution is calculated for
E=Ep.x + AE after the last source calculation is
over for E=Ep,y.
17 ~ 80 FREE FORM DATA
Columns Content Description

E, Initial average core exposure in 1000MWD/T.

Enax Maximum average core exposure (in 1000MWD/T) for
which a source is to be calculated.

AE Amount (in 1000MWD/T) that the program is to advance
the average core exposure for every source recalcula-
tion until Ep,, i1s reached.

pth Thermal power of the reactor in MW.

The program assumes the constant™) power level pth

+) TFor different power level calculation, use the "dependent case" option,
specifying E, and E, ., for each power level.




NOTE:

rated

AX
AZ
Rod/Cell
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during calculation for E, through E .

This is also used as the initial guess for the

power level, when the power search option is chosen.

Rated power of the reactor in MW.

Node width (cm) = AY.

Node length in axial direction (cm}.

This number specifies the relative location of

control rods to a node, and therefore their effect

to the node. These are specified as shown below.

=0; a node has a control rod in it and is affected
directly and fully by the rod when inserted.

=1; a node has a control rod at the corner and is
affected by 1/4 worth of the rod inserted.
=2; a node has two control rods at the two corners,
and is exerted separately by 1/4 worth of each
rod .

=4; a node has four control rods at the all corners,
and i1s governed separately by any rod, each by
1/4 control-worth.

=-1; a four-node group is exerted an equal effect
in the member node by a control rod pesitioned
at the group corner.

; a four-node group is controlled equally in the
member node by each of two control rods which
are at the two corners of the group and act
separately.

=-4; a four-node group 1s controlled equally in

the member node by one of four control rods
which are located at the group cormers and
have a separate effect.

See also Figure 4.1.

If Rod/Cell > 0, then a control rod positioned at a cormer is
thought to govern the nearest 4 nodes. If Rod/Cell < O, then a
contrel rod at a node corner is supposed to have an effect also

on the peripheral 12 nodes beyond the nearest 4 nodes.

— 14 —
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BC Boundary condition indicator. Figures 4.2 through

4.3 illustrate the following table.

(See also the foot note++))

=9; 1/4 core, diagonal mirror symmetry, with a
center node.

=8; 1/4 core, diagonal mirror symmetry, no
center node.

=7; 1/4 core, mirror symmetry, with central nodes.

=6 '1/4 core, 90° rotational symmetry, with central
nodes,

=53; 1/4 core, mirror symmetry, no central node.

=43 1/4 core 90° rotational symmetry, no central
node.

=3; 1/2 core, mirror symmetry, with central nodes.

=2; 1/2 core, 180° rotational symmetry, with
central nodes,

=1l; 1/2 core, mirror symmetry, no central node.

=0; 1/2 core, 180° rotational symmetry, no central
node,

=-1; Full core.

Each figure shows an x-y plane, and the type of

boundary condition is the same for all z.

Any input model requires the symmetric boundaries

are placed at the top and left sides just illustrated

in Figures 4.2 and 4.3. When BC = 8 and 9, put the

symmetric boundaries obliquely at the right and left

(not at the upper and lower sides).

Inax Number of nedes in y-direction (<15),.
Jpax Number of nodes in x-direction (<l15).
Kmax Number of nodes in z-direction (£20).
3] Boron concentration in primary cooling water for

PWR calculation (in 1000ppm).

Leave blank or put zero for BWR calculation.

1) To specify BC, one must take into consideration control rod with-

drawal pattern and core flow distribution as well as fuel loading

pattern.

‘ﬁls —




Type 02 __J

Columns Content
11~ 12 02
13~ 14 IPCH
15 16 KPCH
17 ~ 80
DSIJK
NS
DL{S)
NV
DL(V)
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Degcription

=n; Sijk’ Eijk’ and Vijk are punched onto cards
after every n exposure steps if KPCH = 1,

=03 Sijk’ Eijk’ and Vijk are punched at the end
of the final exposure step if KPCH = 1.

=0; no card punching is done.

#0; card punching is done according to IPCH, and
KPCH i1g punched in columns 1~ 2 of §, E and V
Cards for identification of run.

FREE FORM DATA

Convergence criterion for source convergence.

If

) n-1
Maximum |Si?k - Sijkl
< DSILIK,
n-1
ijk

the source loop is terminated.

Maximum number of source iterations per moderator
void (for BWR) or temperature (for PWR) calculation.
Two iterations will be run even if NS <2,

Another source convergence criterion. Loop is

terminated if

[Ag = Ap-1l = DL(S).

n
Maximum number of void (or temperature) loops per
exposure step. If NV=0, Viik and kWiik are re-
calculated but Sijk is not, so that input Source
(or Source from previous case) will be used in
burnup calculation. On the other hand, if NV#0,
source-void iteration begins.

If A from the final source jteration of the
previous void loop is less than DL(V) from the A of
the last source iteration of the present void loop,

then the void loop is terminated (converged).

|h, = A,_1 | 2 DLV

v



NOTE :
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DL(SH) This is another void convergence criterion an the
quantity labeled SHANK., The source-void iteration

is thought to be converged if
| SHANK - A, | < DL(SH)

where

52
Avxv—Z Av—l

e = ZAv_l + A, 0

SHANK =

See the next input.
DSHNK One more void convergence criterion, which is back
up to the above-stated DL{SH) criterion. The void

loop may be converged if
| SHANK - SHANKSQ| < DSHNK

where
. - 2

SHANKSQ = “SHAWR. = 2SHaN . + SHANK__
v 1 v=-2

Both DL(SH)} and DSHNK criteria must be satisfied to
terminate the loop.

LMBDA A3 the initial guess on A. It is also the value of

o?
A to converge on for the critical search, the power
search, and the fuel reload option. -

Zero—-input assumes A = 1,0.

In a sequential burnup calculations, the calculated X in the

previous exposure step will be used as an initial guess for & for

the new step.

JP Output control for Sij

JS Qutput control for Siik "
JV Qutput control for Viix

JK Qutput control for kwijk

=n: prints them every n itera-
* tions in void loop.

=0; doesn't print.
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Type 03 1

Columns Content DescriEtibn
11~12 03
1314 Blank
15~ 16 ICH Option for search
=~1; Power Search
=+1; Critical Search (control rod positioning
search) .
=+2; Boron Search.
=0; no search at all,
17 ~ 80 FREE FORM DATA

(When ICH=-1 or +2, the following data should be input in columns
17 80.)
NC >0 ; Maximum number of jterations for Power Search
or Boron Search.
DL(C) Convergence criterion for Power or Boron Search.

If
X, = X0l < DLCO),

Power or Boron Search is terminated, where ig is
given in input and usually 1.0 (but not limited to).
Apth Adjusting band to be used for the first guess of
(48) power or boron concentration during Power of Boron
Search. &pth must be given a variation in MW.per
1% reactivity change. The program guesses first a

power according to the equation:

pth = pth(initial guess) + Apth(A-—ho) x 100,

after it has calculated the eigenvalue X for the pth

(initial guess) of the input. At the second guess
and thereafter, the program interpolates or
extrapolates the two or three previous values to
search a power with no input-assistance.

AB is given in 1000ppm/1% Ak/k and used in the

. th .
program just as the same way as Ap is.

...,18 —




Columns

Content

NOTE:
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DescriEtion

With ICH =-1, boron concentration and control rod position are

fixed as given in input. With ICH=+2, power level and control

rod position are fixed.

(When ICH=+1, the following data should be input in columns 17 ~ 80).

NOTE ;

NC

DL{C)

AB

>0 ; maximum number of iterations for Critical
Search.
Convergence criterion for Criterical Search.

1f
|A. = 2p! < DL(C),

Critical Search is terminated, where Ag is given in
input and normally 1.0 (but not limited to).
=0,

The following data are a prority assignment and related data for

withdrawing control rods until the criticality is reached.

NGR1

RLL1
RULL

AZrodl

NGRZ
RLL2
RUL2Z

AZrodZ

NGRn
RLLn
RULn

AZrodn

The group number of control rods (or a rod) which
are (is) to be withdrawn first in a gang.

Minimum length of insertion of NGRI rods.

Maximum length of insertion of NGR1 rods.

A differential insertion length (in bank) of NCRI1
rods which is used for the first guess of the
position being

Rij = Rij(initial guess} * AZ_ 4

during the course of control rod positioning for
NGR1 rods. The length Is in tips and fractions of

nodes.

The group number of contrel rods (or a rod) which
are {is) to be withdrawn after NGRl rods come to

the limit position, and the relevant data.

The group number of control rods (or a rod) which

{:are (is) searched finally, and the relevant data.




Columns
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Content Description

NOTE

The control rod group numbers are not necessarily sequential.

The location in a core is assigned in Type 07 Card.

NOTE: RLL and RUL are given in terms of the inserted length (in tips
and fractions of nodes) within a core, Hence, RLL=0 means a rod
is fully out of a core. ‘

NOTE: Control rods will be inserted in a sequence just opposite to
that described in input (i.e. from NGRn to NGRL) when the
criticality is searched with A>1.

NOTE: Guess AZ.,q as precisely as possible, or use so large value for
it that over-criticality may be attained (when approaching it
from a sub-critical state) and vice versa. This helps the code
to get a quick and correct answer.

NOTE: If the input Rij for the initial guess of control rod position,
or the Rij calculated by the Critical Search in the previous step
of Burnup Trace, goes beyond the range RLL ~ RUL, then, the Rij
is reset within the range.

NOTE: If a user wants to change the control rod pattern (e.g. a pattern
swapping) during Critical-Exposure Iteration, use Type 03 Card as
many times as desired together with Type 01 Card where Ey and E__ .
are re-input for the pertinant exposure period.

Type 04 !

Columns Content Description

11~12 04

13~ 14  Blank

1516 IBR #0; outputs the albedos used for calculation.

=0 or Blank; doesn't output.
17 80 FREE FORM DATA
At A constant {cm).
pt Diffusion ceoefficient for water (cm).
kL Inverse diffusion length in water (em™ 1),
et Effective Fermi age of fast neutron in reflector
(em?).
NOTE: These four parameters are given for Core Top Reflector.



Type 05

Columns Content

1112 05
13~ 14 KZ
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The same as above for Core Bottom Reflector.

The same as above for Core Peripheral Reflector.

(for BWR type calculation)

Description

=1; denotes upper section of a core.
=0; middle section of a core.

=-1; lower section of a core.

NOTE: This input specifies the material constants dependent on core

axial height.

1f there is no variation of material in axial direction, then put

KZ=0.

Columns Content

15~ 16 T
17 v 80
B, (T,KZ)
Bl ’\'Bg
By v Bg

Description
Fuel type (<13).
FREE FORM DATA
Material constants for fuel type T, specified by
the axial dependence KZ.
There are 28 constants (n=1 v 28) needed to specify
each material type, which have the following
definitions. For convenience the superscripts T
and KZ have been dropped.
=B (1+B, V+B3V2)
where 7 is the Fermi age (cmz) of fission neutrons
and V is the moderator void fraction.
1/k?=By (14B3V+BgV?2)
where 1/k? is the thermal neutron diffusion area
(cm?).




Columns

Content

By vBig

Big, Br7

B1gVvBog
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DescriEtion

These are used to determine k, as a function aof
void ratio and control. There are three equations
which evaluate kg, as a function of V: one for
uncontrolled ke, one for half-control, and one for

full-control.

If the node being considered is less than half-
controlled the program does a straight line inter-
polation using the results of the first two
equations. Similarly, for mere than half-ceontrol

it uses the results of the second and third equations.

kgncontr0119d = By (14+BgV+BgV?)
2
y1/2 controlled _ By g (14+By 1 V4B 5V2)

kfull—contr01led = 313(1+B14V+BI5V2)

[e0]

These constants are used to define the xenon

reactivity effect (Ak/k) by the following
xenon

equation;
@%5 _ SijkP(1+B16)317
k “xenon S... P+ Bg

ijk

where P = Pth/PratEd.

This is in turn used to modify the nodewise k given

above.

[1+(éEJ +C%§

k “xenon

) ]

k°°ijk‘c= kmijk Doppler

See below for (Ak/k)Doppler'
Used to define the Doppler reactivity effect
(Ak/k)Doppler;

Ak _
(WZJDoppler B SljkPZZ

where Z; = Bygll4B1g(BapV-1)].
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By vBog These constants are used to specify the exposure

dependence of k. in terms of the following

equation;

ke (E (E/B

kwEO; =1+ le - B22(1+B25U)E-B23-e (E/ 24)-
Bog used in summing up the nodewise exposure through

burnup step;

e+l e
ijk = Eijk + Bzgsijk’AE.
Usually put = 1,0,
Bsv, Bog used to define the exposure-weighted average void

fraction U in a node;

e+l _ e e e+l

where Vijk and Cijk are a temporary void fraction
and a fraction of control in node ijk, respectively.
ZR Height (in unit of the nodal axial length) of the
upper or lower section of a core (if KZ=1 or KZ=-1).
Leave blank when KZ=0.
NOTE: Redundant Material Constants can be input for the fuel type that
is not assigned in Type 06 Card.

NOTE: Only By and By have the dimension of cm?, the others all

dimensionless.

Type 05 1 (for PWR type claculation)
Columns Content Description
1112 05

13~14 KZ =]; denotes upper section of a core.
' =0; middie section of a core.
=-1; lower section of a core.

NOTE: See the corresponding NOTE in 05 Card for BWR.
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15~16 T Fuel type (<13}.
17 80 FREE FORM DATA
B, (T,KZ) Material constants for fuel type T, specified by

the axial dependence KZ.

There are 30 constants (n=1130) required to
specify each fuel type for PWR calculation, which
have the following definitions. For convenience
the superscripts T and KZ have been dropped.

Bl’ B2 T = B1+B2(t—t0)

where 7 is the Fermi age (cmz) of fission neutrons
and t, tg are the moderator temperature (°C) and

its reference value, respectively.
Bz, By 1/k2 = Ba4By (t-tp)

where 1/<? is the thermal neutron diffusion area
(cm?),

Bs v Boo These constants are used to determine k_ as a
function of boron concentration B, moderator tem-
perature and control. B is given in 1000ppm.

See the corresponding description for k., in BWR

case for more detail.

trol
guncontrolled _ Bs+Bg B+B7A%+(Bg+BgR+B] 982) (t-tg)

kl/2c0ntrolled

o

= Bl1+B128+Bl382+(qu+3158+31682)(t—tg)

f -
kmull controlled _ B17+B188+31982

+(By+B;18+B2282) (t-tg)

Bog, Bou used to define the zenon reactivity effect

(Ak/k)xenon by the following equation;

k “xenon SijkP+B23
where p = pi/prated,
Bss defines the Doppler reactivity effect by the

following equation for PWR calculation:
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Ak B
(ﬁzoDoppler - —SijkP Bos

NOTE: The xenon and Doppler reactivity effects are incorporated into
k., calculation;
Ak Ak
Koijk = Koijill + (1c)xenon + Lk;)Doppler]
where the righthand side ks's dre given by constants Bz through
Boo.
Bog “Bog used to specify the reactivity loss due to exposure
by following equation for PWR calculation;
ke{E} _ -E/Bog
ke (0) = 14+Byg —ByvE —Boge
LEN a weight for fuel type T in summing up the nodewise
exposure through burnup step;
i+l _ e
Eijk = Eijk + B3OSijk AE.
Usually put 1.0.
ZR Height (in unit of AZ) of the upper or lower
section of a core (if KZ=1 or Ki=-1).
i.eave blank when KZ=0.
Type 06
Columns Content Description
11~12 06
13~ 14  Blank
I5~16 I Row designation
17 ~ 80 FREE FORM DATA
. .th I .th
T; i Fuel type in j  position of i~ row (put zero at
b

(j=1 to jmax) no-fuel positions).




Type 07

Columns Content

1112
1314
1516
17~ 18

(3

NOTE:

07
Blank
1

GRi 5
=1 to jmax)
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DescriEtion

Row designation

FREE FORM DATA

Group number to which a control rod is classified.
Identify the same group members by a number,

The group numbers are not necessarily in sequence.

07 Card is only needed when "critical search" option is selected.

Type 08
Columns Content
1112 08
1314 Blank
I5~16 I
1718
81,3

(j=1 to jmax)

NOTE ;

The dat ..
e data GRI’J
be related to

Description

Row designation

FREE FORM DATA

Axial insertion length of control rod given in tips
and fractions of nodes. It has been assumed in

the program that the control rods entered from

the core bottom for the BWR case, and from the top
for the PWR case. With the "critical search"
option, this input is used as the initial guess

for the control rod position search.

and R; ; 1lnput at the node position (i,j) should
3

the control rod which is

(1) positioned in the same node, when Rod/Cell=0, or

(2) positioned at the left-top corner of the node specified, when

Rod/Cell#0.
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Input Example: 1 /J 2 3 4 5 6 7 8 9 1¢
(fOI GRij & Rij) 1
) -I— inserted by
2.514 nodes
3
A inserted by
j 12 nodes
5
the others all out
6
4
7
8
9
10
GRy

o O o o 0O O o o o o
O O O o o © O o o o (e
o o O O oo O o o o o
oo O O o o o o o o
o O O N D FHOS o O O
OO O O o0 O O 9O O o
OO O O N O O O O
o O o o O o o o o o
o o o O o QO o o o o
o O O O o Qo o o oo o

Ry
S 10 (a special input technique which stands for;
s 10 skip 10 places; equivalent to 10 zeros)

s 10

S 10

S 4 12.00 S 1 2.514 § 3

S 10

S 4 2,514 s 1 12.00 S 3

s 10

S 10

S 10
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Type 09 ‘
Columns Content Description
1112 09
13~ 14 Blank
15~ 16 I Row designation
17 « 80 FREE FORM DATA
XK4 | j Partial fuel factors by i,i location.- This is
(3=1 to jmax) another multiplier on ke but is only i,j dependent.
Tt may represent Ak of poison curtains or any
other fudge factor the user requires.
Kot g,k = Kot 3,070
NOTE: Skipping 09 Card leads to all XKij=1'
Type 10
Columns Content Description
11~ 12 10
13~ 14 Blank
15~ 16 I Row designation
17 ~ 80 FREE FORM DATA
Fy 3 Relative flow up each channel, normalized to 1.0
3

NOTE:
NOTE :

. in full-core basis.
(J=1 to jmax) w

Skipping 10 Card leads to all Fs j=l.

The input of F; i shall be given for the center and the central
?

nodes just as the same basis as for the ordinary node. That is,

the volume fraction of the center and the central nodes need not

be taken into account.
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Type 11 1

Columns Content Description
11 12 11

13 14 I Row designation

15 1l J Column designaticn

17 80 FREE FORM DATA

(

1,3,k Source guess: k=1 to kyux for this I,J.

k=1 to kmax) Increment J by 1 for the next set of sources and
so on until J=j .., then increment I by 1 and
repeat the next set of J's (and their associated
k's) until I=i ... The values of the source guess

are normalized to an average value of 1.0 by the

program,
NOTE: - Skipping 11 Card leads to all 8; i =1 in Independent Case.
- P ]
In Dependent Case, on the other hand, the source guess is set
automatically by program identical to the source solution of just
a previous run. Give the explicit data both in Independent and
Dependent Cases if the user has the special purpose.
NOTE: 1In practice, cards disorder in I's and J's is immaterial.
Type 12A (ID Card)
Columns Content Description Description
11~12 12
13~v14 1 Row designation
15~ 16 00 Zero
17~ 20 ID; 4 Four alpha-numeric characters. ©Notice this is
L]
2124 Dy » not free format data. 1D, i is the identification
3 h—— ) )
2528 ID; 4 label of each bundle (i,j location) in the problem;
etc, use blanks where there is no fuel.
7376 IDi,lS

The purpose of the fuel ID is to facilitate fuel
shuffling and te maintain records of the rearrange-

ment., It has three functions, labeling, fuel
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shuffling, and exposure data relocating functions.

Normally, Exposure Cards (Type 12B} will be read
in originally for each i,j location with non-zero
exposure, followed by the ID cards (Type 12A) to
label each fuel bundle (Labeling function).

In Dependent Caseg thereafter, ID cards of any
row for a bundle to be replaced will be ordered to
precede the Exposure Cards for the new bundles
(Fuel shuffling function).
NOTE: An ID card is required only for the row where there are fuels to
be replaced. 1In this case, the label for all bundles in the row

must be given.

Once one or more ID cards have been read in, all
following exposure cards supplied in each case or
exposure data in computer core memory with ID label
will be assigned to the i,j position whose ID label
is equal to that punched in columns 3+ 6 of each
Exposure Card. Thus, an ID card not only changes
the labels in the ID array but also forces all
succeeding Exposure data in the case under problem
or any following Dependent Case to be stored by the
label in columns 3+v6 of 12B Card rather than by
the i,j carried in columns 13 v 14 gnd 15~ 16 of the

Card (Exposure data relocating function).

(/ Type 12B {(Exposure Card)
Columns Content Description
12 Run Number (Punched output contains KPCH from input.)
3 vb ID; ; Identification label of a fuel bundle.
3
78 Blank
11~12 12
13~14 I Row designation
15~ 16 J Column designation
17 ~ 80 FREE FORM DATA
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Ei ik Exposure in 1000 MWD/T in the same manner as the
3 x

(k=1 to kpax) source guess.

NOTE:

NOTE :

NOTE :

NOTE ;

NOTE :

NOTE :

NOTE:

NOTE :

When E; ; 1 Card has been input before going to ID Card (Type 124),

23

the E; 1,k data will be stored in the i,j position (carried in
3 >

columns 13~ 14 and 157 16). This setup of cards deck will be

used for e.g. calculations of burnup without fuel shuffling.

In the above case, a blank can be used in columns 346, and the

ID Cards can be skipped.

Once ID Card has been read in, the succeeding data punched in
Ei,j,k Card will be stored at the IDi,j position designated in
columns 36 of the Ei,j,k
position shown in columns 13 v 14, and 1516, will be ignored.

Card. In this case, the i, and j

In the above case, the E; i,k data of the fuel assigned by ID
3 r

Card must be always input. The E; ; | data with the fuel lable

which is not found in ID Card will’éé stored separately, so that
the data can be used later if the IDi,j position is given by
Dependent Card.

If the user wants to simulate fuel shuffling during burnup
calculation, assign the exposure up to the time when refueling
begins by Card 0l, and input fuel loading locations by ID Card.
(In this case, if there is a change in the map of fuel types,
input new fuel types by Card 06.,) The Ei,j,k Card for newly

loaded fuels should be added after ID Card.

If the user wants to simulate poiscon curtain unloading, assign E
by Card 0l and input fuel types by Card 06.

(Careful! Tt is assumed here that fuel locations are unchanged
before and after poison curtain unloading.) 1In this case, the
special nuclear constants for fuel must have previously been
produced under the condition of no poison curtain. Card 09 is

useful when considering these nuclear constants.

In case of fuel shuffling without unloading poison curtain, care

should be taken about input.

An error is not detected when Exposure Card has been input for a

fuel which is not loaded in the core.



(/ Type 13

Columns Content
1~ 10
1112 13
13~ 14 I
1516 J
17 v 80
Ui,3,k

(k—l,:kmax)

NOTE :

Tvpe 14

Columns Content
11~12 14

13~ 14 Blank
1516 IACCEL
17 v 80

Type 15

Columns Content
1112 15

13~ 14 Blank
1516 10
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DescriEtion

The same as in Type 12B,

Row designation

Column designation

FREE FORM DATA

Exposure weighted average void fraction (see card

type 05 for BWR) in the same arrangement as Si,4,ke

These cards are allocated to i,j positions exactly the same manner
as Exposure Card (Type 12B) in regard to the Label Card (Type 124)

and corresponding ID array.

Descrigtidn

Type of socurce acceleration
=-1; source over-relaxation
=0; point Jacobi

=+1; Gauss-Seidel

FREE FORM DATA

Acceleration factors, n=1 to 16,

(for BWR type calculation)

Description

specifies the quality-void correlation
=0; A quadratic function in Q

#0; Bankoff type correlation
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1718 FREE FORM DATA
C Thermal-hydraulic comnstants (n-1 ~ 18), prepared
according to the following definitions.
C; ~ Cy These give the total coolant flow in core W

{Ton/hr} as a function of reactor power
P = Pth/Prated.

Cy

W= Cy + CoP + C3P (with Cy > 1).

Fitting examples
(1) C # 0, C # O, C3 =0, Cy =1
(2 ¢, =0, ¢C; =0, Cz3 #.0, C, > 1

NOTE: The value of W should be the sum of in-channel flows, excluding
the leakage flow.

Cs v Cg give the subcool enthalpy ahs (kcal/kg) as a function

of reactor'power;
-Cg .
Ahs = Cs5 + CgP + CyP (with Cg > 1).

Fitting examples
(1) Cg # 0, Cg # 0, C7 =0, Cg = 1

(2) C3 =10, C, =0, Cz #0, Cg » 1

NOTE: The Ahs is defined in positive value.

Cg ~v Cyy Coefficients in the quality-void correlation.
When IQ = O,

) Ciz3 - Q

V.= ~C9 + C10Q + C11Q° - C12 eXp(—CT)

or when 1IQ # 0,

Cig - Q
- C12 exp(——?itr"-)

Cio
1+ 011(2690

V=~0Cg +

where V is the volume fraction of steam wvoids at

quality Q. In the latter equation,
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* s(slip ratio)

o]
Cyp = 8
P

according to Bankoff.

NOTE: O =V £ 1.0 and 0 < Q < 1.0.

Cis, Cig If these are non-zero, the channel relative flows
Fi,j's (given in Type 10 Card) will be modified in
terms of channel relative power;

Fy

2
’j{1+C15(Si’j—l)+C15(Si’j—l) 1.

fi,j «
NOTE: The large correction of Fj i by ClB(Si j—l)2 may be not considered
? ]

because Fi i is not renormalized after the modification.
b ]

Civ =hfg; latent heat for evaporation (kcal/kg) at
rated conditiom,
Cis =Yips the power fraction to be spent for generating

the steam void in channels.

th
Hoxit = Hinlet = 860'Yin "W
Type 15 ‘ (for PWR type calculation)
Columns Content Description
11~12 15
13~ 14 Blank
1516 Blank
17 ~ 80 FREE FORM DATA
Ci~vCy These constants give the total coolant flow in core,

W({Ton/hr), as a function of reactor power

P = Pth/Prated:

Cy

W=2C; + CyP + C3P (with €, > 1).

Fitting examples
(1) C3#0, Cy#0, C3=0, Cu=1

(2) Cl=03 C2=O= C3#Os CH>1°
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CgnCyq These constants determine the core inlet enthalpy,
hi,(kcal/kg), as a function of reactor thermal

output P = Pth/PratEd:

h. = CS + C6P + C7P_C8

in (with Cg > 1)

Fitting examples
(1) Cs#0, 05#0, C,=0, Cg=1

(2) C5=O, C6=O, C7%O, C8>l

Cg Gy Coefficients in an enthalpy-temperature correlation

equation at rated condition:
t = Cqg + Cygh + Cllhz,

where t is the coolant temperature (°C) and h is

the coolant enthalpy (in kcal/kg).

NOTE: If a calculation is going to be done for a low pressure reactor
condition, then, this correlation must be given at and around the
condition,

Ci12, C13 The same as Ci5 & Cjg in Type 15 for BWR calculation.
Ciy =tg; a reference coolant temperature (°C) used in
Card Type 05 for PWR calculation.

NOTE: A coolant average temperature may be suitable for Cj,, but not
limited to.

Ci1s =Yins Put 1.0 for PWR case.

Type 20

Columns Content Description

11~12 20

13~ 14  Blank

1516 T Fuel Type




17~ 80

JTAERI-M 86063

FREE FORM DATA

The following four inputs given for each fuel type
T are used in the present version program to supply
the additional data which are required to run the
generalized FLARE-type nodal equation.

Ng An epi-thermal neutron portion of the migration
kernel K;, . At present, a value 1.0 is recommended
for any case.

Ne A thermal neutron portion of the migration kernel

K Presently, a zero is recommended for all time.

i-»m*

Neh This is the probability that a fission neutron is
thermalized in the native node where it is born.
Program users may give a value for Nip» assuming
it is proportional to the self-migration kernel

K The values 0.3 ~ 0,5 are recommended for the

ii-
proportional factor.

: all
é Ki+m'
{(or any other non-zero values). This is because,

K is definied as But presently, put 1.0

with n =0, the K, term does not work in the nodal

equation coded in program.

Type 33

Columns

Content Description

11v12
13~ 14
1516
17~ 80

NOTE:

33 Reorder Card
Blank
Blank

Any alphanumeric statements

A Reorder Card must be inserted before every card whose type is
lower than or equal to the preceding card in the input deck.
This makes a user be possible to use a basic input deck and
follow it with a modification or overlay deck pertinent to a

particular problem.
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( Type 99

Columns "Content Description

1112 99 Terminal Card
1314 Blank
1516 Blank

1780 Any alphanumeric statements

NOTE: A Terminal Card signals end of data for this case, starting for

calculation. It precedes Case Card or Last Card.
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BC=238

ZON

7R

BC=9

1T
|

BC=6

BC=7

BC=4

BC=5

Fig. 4.2 Boundary condition indicators (I).
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T

BC=1

Fig. 4.3 Boundary

/R
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condition indicators (IL).
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Sample Problems

V.

5,1 BWR Sample Problem
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OPERATION GAMMA PROBED CORE

JPI 100 HR.

QUTPUT OF SCOPERS-2 PROGRAM

CXBRHL/XBRHLC/AVE/ANS/AHL)

ALBEDOS IN GEOMETRIC CONSIDERATION

10

0.0
0.0
0.0

2.0000
0.0

0.0

0.0
0.0

0.0

2.0000

0.9014
0.4507
0.9014

0.0

0.0

0.0
0.0
0.0

0.9014
0.4507
0.9014

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

'1.0000
0.0

0.0
0.0

3.0000
1.0000
1.8027
0.9014
0.9014

2.0000
0.0

1.0000
1.0000

0.0
0.0

1.0000
1.0000
0.0
0.0
0.0

1.0000

2.0000
0.0

3.0000
1.0000
1.8027
0.9014
0.9014

0.0
0.0
0.0

1.0333
0.5167
0.4507

0.0

0.9014
0.4507
0.9014

1.0333
0.5167
0.4507

0.9014
0.4507
0.9014

0.0
0.0

0.0

10

0.0

0.0

0.0
0.0
6.0
0.0

2.0000
1.0000
1.9347
0.9673
0.4507

2.0600
1.0000
1.9347

0.0
0.0

0.0

0.0

0.0
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0.0
0.0
0.0

0.0

0.9673
0.4507

0.0
0.0
0.0

0.0
0
0

PAGE

OPERATION GAMMA PROBED CORE

JPDR 100 HR.

QUTPUT OF SCOPERS-2 PROGRAM

CHANNEL

BY

CYCLE 0 R(I,J)

0.0

EXPOSURE

14

13

12

11

10

0}

0.0
0.0

0.0
0.0

0.0

0.0
0.0

6.0

0.0

0.0

0.0

¢.0
0.0

0.0

0.0

0.0

6.0

6.0
0.0

0.0
0.0
0.0
0,0
0.0

0.0

12.0000

0.0
0.0

0.0

0.0

2.5140

0.0
12.0000

0.0

0.0

0.0

0.0
0.0

0.0 2.5140

0.0

0.0

0.0

g.0

0.0
0.0

0.0

0.0

0.0
0.0

0.0

0.0

10
11

4.0
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NS MUTSU BOL,FULL POWER,ND XENGN,G1,G2 INSERTED, MAY 1976 *FCR J

OUTPUT OF SCOPERS-2 PROGRAM
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NS MUTSU BOL,FULL POWER,NO XENOM,G1,G2 INSERVED, MAY 1976 *FOR J

OUTPUT OF SCOPERS-2 PROGRAM
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APPENDIX

Derivation of Migration Kernel from Node to Node An Approximate

Method to Integrate Analytically a Point Kernel by Six Space-Variables in

Cartesian Co-oridinates,

I. General Expression of the Migration XKernel

A. Definition of the Kernei

In the one-energy-group nodal reactor theory a reactor core is
devided into a uniform array of the rectangular parallelepipeds (hereafter
called the "node") that have long edges in three directions comparable to
the migration length, and the neutronic reactions in the core are
described in terms of the production rate of the fission energy neutrons,
Yo (neutrons/cm3sec), in a node &. If we introduce the absorption rate
of neutrons, 4y (neutrons/cm3+sec), for the node £, then, ¥, can be

written as:
Yy = koA, {AD)

where Koy is the infinite multiplication factor for the medium of which
the node 2 is made. '

Slowing down and diffusion of the neutrons are described together in
terms of the migration kernel, Ky , which is defined as the probability
that a fission neutron born in the node m suffers slowing down and
diffuses until it is absorbed in another node £. According to this defini-
tion of the kernel, A, can be given as

18
Ay = L Kypv¥p + Kyoo¥y- (A2)
m=1
Since the spacing between nodes is large in comparison with the square
root of the age of thermal neutrons, the migration kernel is supposed to
be non-zero only between two adjacent nodes in any directions. Moreover,
the kernels between the two nodes that are positioned in a point contact

to each other as shown in Fig. A3, will be neglected because they are
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small compared with those for the nodes that are positioned in a line or
a surface contact. In these approximations, the summation in Eq. (A2)
is extended to 18 neighboured nodes, examples of which are given in
Figs. Al and AZ., The summation in Egq. {(A2) is, in the original FLARE
equation, made only for 6 neighbouring nodes which are in a surface
contact to the source node. In this report, the summation in Eq. (A2) is
enlarged to the seential amount and the kermel between the two nodes in a
line contact to each other will be also estimated.

Equations (Al) and (A2) are combined to give the FLARE nodal

equation (1), shown in Chapter III, for ¥,'s of the internal nodes &'s.

Node m

Fig. Al

Four of the nodes that
are positioned in a
surface contact to the
node m {there are all
six nodes of this kind},

Fig. A2

Two of the nodes that are
positioned in a line contact
to the node m (there are gll
12 nodes of this kind).

Node m

Node m

Fig. A3

One of the nodes that are
positioned in a point
contact to the node m
(there are all 8 nodes

of this kind).
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B. Slowing Down and Diffusion of the Fission Neutrons emerged from a

Point Source in an Infinite Medium

We will first calculate the number of neutrons that are absorbed per
unit volume and per sec. at the distance r from the origin where there is
a point source emitting one fission neutron per sec. The thermal neutron
slowing down density at a distance r from this source is given according

to the Fermi age theory as follows:
.2
o f /4t

(4ﬂT)3/2 (43)

q (r,1) =
where 7 is the age of the thermal neutrons for the medium concerned,
which is considered as infinite temporarily. Consequently, in an element

of volume dr', at the position r', the source of thermal neutrons is

_pt2
o~ Jat

S{(r")dr' = W dr' . (A4)

On the other hand, it follows by the elementary diffusion theory that the

point source diffusion kernel in an infinite medium is

- |r-r']
e

Gpt(r,r') = e (A5)

where Kk is the reciprocal of the diffusion length and D is the diffusion
coefficient., Combining the two expressions (A4) and (A5), we can get the

thermal flux ¢(r) at the point r as

$(r) = | G (T, T') S(r")dr!
p
all space
et | _pt2
_ 4iD . - 13/2 exp(—x|r r'] r'“/4T) dr'.  (46)
(477) 77/ %311 space RIS

To obtain the integral (A6), take the direction r as the z-axis of

the spherical coordinate system (see Fig. A4); then

1 - /2_ f2_2 ) '
$(r) = )3/2 Lg exp (- Vro+r rr'cosg')

(47DY * (4T VeZir'2-2rr'coss!

X exp(—r'2/41)r'2dr‘sin6'de'dw' . (A7)
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Fig. A4

Spherical coordinates
system for integration
of the kernel Gpt(r,r').

Integrating Eq. (A7) by ¢' at first, then transforming the integral

variable 6' to p = Yri4r'2-2rr'cosh’ , we can integrate Eq. (A7) as
follows:
-r'? /41 |r+r'}

$(r) = L. 2% fri, (| I le_Kde)r'zdr'
r-r'

1 I " "2/4T(e-K\r—r'| ”e—K|r+r'

21D (4vt)3/2 r I) dr'. (A8)

The integral (A8) can be carried out in a similar manner to that described

in a textbookS). The solution is

T —Kr Kr

e r /oyl & _ T
[ {l+erf(2%;_ «vV1)} = {1 erf(z/?

o(r) = =

o + «/1) }]

, (A9)
which is the thermal flux distribution for the point source emitting one
fission neutron per sec, at the origin., Notice that this expression can
be applied at the distance r from the origin in any direction, since the
flux distirbution should be isotropic for a point source.

Then, multiplying ¢(r) by the macroscopic absorption cross section
Za*), we can get the number of neutorns absorbed per unit veolume per sec.

at the distance r from the origin with unit source;

K(r) = £(r)

2 KT -Kr
-5 [F </T) ]
e e O £(<V/T+—52) ) Sl (A10)
T2 Jwm “2ct-r £lx T.—ZV?_-_ZKT+ < 2%? r

*¥) Remember the medium is considered uniform and infinite.
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where f(x) is the complementary error function multiplied by vn/2, i.e.,

2
f{x) = %gjx e erfc (x). (A1)

This result can be put in a more general form so as to express the
absorption probability after slowing down at a field point denoted by the
vector T, for the fast neutrons emerging isotropically from a point source

at the vector r'; thus,

K(|r—r'i)

ke [t 1 per?| 1 ir-r'|
= L £ (- - Yok
27 j;f ZKTTJP—T | (Ve 2/?') 2xT4+|r-1" | EGr 2/ )
(r=1")?
e a1
x
|r-r'|

C. Nodal Integration Form

Now we will evaluate the migration kernel Ky, in nodal theory, or the
probability that the neutrons, borm by fission in the node m, is absorbed
in the node %.

Consider the three-dimensional array of nodes in a neutron-multiplying

medium, each having Ly, L, and L, cm long three edges. Let one neutron

y
be born per unit sec, in a node (hereafter, denoted as m), then the source
density will be 1/V within the node, where V=T, Ly L,. In the volume
element dx' about x' within the node m, there are ~- dx' neutrons emitted
per second. For these source neutrons, dK neutrons are absorbed per cm?

per sec, at x, and hence from Eq. (Al2),
T
ar = k(|x-x']) S, (a13)

Since the source is distributed uniformly within the node m, the
total number of neutrons absorbed per unit volume per sec. at x is obtained

by integrating the expression (Al3) over the space within the node m; thus;

dx!
v

K(x), = [  K(|x-x']) : (al4)

node m

Futhermore, take the position x within the node 2. Then, by integrating
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K(x)m over X within the node £, the total number of neutrons absorbed in

the node £ is
Koy = H%]_ f f K(|x—x"|)ax"dx ,
node £ nodem
or explicitly,

K

Lm
2
_ ~Re/4T
1 k%t 1 R 1 R ,.e
Ty 21TJTT g'iEZKT—R f('m/%_-z/g) T 2¢T+R f(K/?_’-z/?)] R
x dx'dv'dz'dxdydz (Al15)

with R = V(x=x")7 + (y-y")? + (z-z")? .

Equation (Al5) is nothing but the integral expression for the migration
kernel, between the nodes 2 and m, which is defined in Section II-A.

In derivation of the kernel described above, it is implicitly
supposed that the medium is the same for both nodes £ and m, and further-
more it is also the same for other nodes which are adjacent both to the

nodes £ and m, if any (e.g., (&) and in the case shown in the Fig. AS).

7
CD ggé Fig. A5
//i/// Source node m,

Kim absorption ncde
6 £ and their

%/ A neighbouring nodes.

It is obvious that this is not a good assumption, because the medium
generally varies node by node in a reactor-core, even though the medium

is roughly approximated to be uniform within a node in the present model.
In such cases, the nuclear constants in the migration kernel (Al5) should
be chosen as identical to one of those of different nodes, or to some sort

of averaged value.

k'?'o e
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II. Six-Multiple Integration over Source and Absorption Nodes

It is necessary to make the integration of Eq. (Al5) over six variables
in a multiple way, in order to evaluate the from-node—to-node migration
kernel. It is no wise way to try to do so in straightforward. A hint
emerges from the fact that the probability represented by Eq. (Al2) may
essentially vanish, if the two points, i.e., the source and absorption
points, are apart from each other by more than a certain length, e.g., Le
cm. The critical length L. depends on the medium concerned, being on the
order of the migration length in the case of a thermal reactor.

In the following will be described how to approximate and perform the
six-multiple integration given by Eq. (Al5) to obtain some analytical
expression of the results, which are useful for computer-—-azided evaluation
of nodal theory. The method described will be applied for the nodal
multiple integrations of a general physical quantity that has a similar

property to that the migration kernel has,

A. Details of the Procedure; Integration over y’ and z'

Meanwhile, we will confine our interest to such a case in which two
nodes % and m are adjacent in a surface contact to each other as shown in
Fig. A6. Take the rectangular coordinate systems for each node, as shown

also in Fig. A6.

Node m R

Node £ X

Wy

Fig. A6

Rectangular coordinate systems for
two nodes £ and m which are adjacent
in a surface contact to each other.
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We first perform the integration over y' and z' with the certain x'
fixed in the source-node, fixing also the counter point x(x,v,2z) in the
absorption-node %£. This is physically equivalent to evaluating the
contributions to the absorption at the point x by the source on the plane
(y's2'). Then, it is obvious that the largest contribution to the point x
is from the source point on the plane (y',z'), whose coordinates are such
that y'=sy and z'=z, i.e. the point with the shortest distance from the
point x. The contribution decreases gradually as the source point spreads
on the plane outwards from this center of the strongest contribution,
because the plane has the uniform source, each isotropic; and each source
in the plane gives the contribution to the point x as a function only of
the R that is the separation distance between the two points. Hence, we
can replace the integration over the square-plame (y’,z') by that over a
certain circle of radius r_., neglecting the contributions from outside the

circle. The critical radius r_, should be given as

c
r% + (x4+x") 2 = Lg or r, = VL% - (x+x" 2 . (Al6)
Let

A(X,Y:Z;X')

1 R 1 R
= £ (VT - - £(/T+—=
Plani(i',z')[ZKT_R e 2/?) zerr L0 2/%)]
-R? /4T
* 3——?-_ dy'dz', (A17)

i.e., the integrations over y' and z' in Eq. (Al5). Then, according to the

above argument,

Alx,y,z;x")

re 2T 1 Wes Ve 2 (tx )2

= yz3xtx") [ f (vt~ )
gy, zsxtx ﬂl% 2KT-—/%'2+(x+x')2 2VT
. r' 24 (x4x1)?
v 12 1y 2 4t
a 1 f(KV?:F r' e+ (x+x') e . .
26T + 7V 2+ (x+x 1) 2/ Vet 24 (x-x")
X r'dr'd¢' (Al18)
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where r' and ¢' are the radial and azimuthal coordinates on the plate with
the origin at the point (y,z). g (y,z; x+x') is a correction factor for

the overestimated integral in Eq. (Al8), when the circle of radius r,
exceeds the boundary of the square-plane (y',z') as illustrated in Fig. A7.

Fig. A7
The circle of radius

’ e extends over the
node boundary.

The exceeding occurs generally if the absorption point X near the node
boundary is considered and/or if the distance (x+x') is short. For the
latter case, the circle of contribution becomes large (see Eq. (Al6)) and
exceeds the square boundary. In these circumstances, however, the integra-
tion over the circle is carried out as if there is no boundary, and then
the ratio of real integral area to the full circle will be applied to the

value integrated. Thus, g (y,z; x+x') is given as
g (v,2; x+x') = 1

when the circle of radius r, is within the square and

the real integral area (hatched in Fig. A7)

2
c

g (y,z; x+x') =
T
when a part of the circle of radius r. is outside the square. It is
obvious, from this argument, that A (x,y,z; x') will be underestimated
compared with the true value when it is approximated by Eq. (Al8).
The integral appeared in Eq. (A18), B(x+x'), can be easily evaluated

as follows:

Putting R = vr'?4(x+x')? and dR = r'dr'/Vr'2+(x+x')2; then

Le 2
o 1 R, 1 R -R“/4T
Bhc) = 2Tr){+xt[2K-T—R F/T 52 - gy T e ax
(x+x')?
_ 2w 1 x+x' 1 x+x', . 4t
= =l P ey (K‘/T__sz ) T (K/T_Jrzfi‘ ) Je
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2
LC
L L. -—7=

1 c 1 c 4t
-{ 2¢T~Le £ (/7 - 2/,[_) + 2kT+L, £ (VT + 2'/-%-) e . (Al9)

Interest is in the thermal reactor.for which it is well assumed that

2kt » x4x' and VT » 1.

Then it is put that

£GerT + L L e /D) :%,
T

Therefore, we can make the expression of B(x+x') simpler for the later

convenience as follows:

B(x+x') = QWT[EZKT)2_1X+X')2 . 4t f};?%ﬁifg . 4 ]
”K—Trr,[[(l+%%e b -+ e 1. (a20)

Notice that the second step in Eq. (A20) is not necessarily required for
the final purpose of performing the integration, but the approximation is
made to have the simpler fimal results than otherwise. A.simple expres-
sion of the kernel will be disirable for achieving economic computer
calculations when it is applied. Hence, using the g (y,z ; x+x') factor

and Eq. (A20), it is given finally that
Ax,y,z3x'") = g(y,z ; x+x") *B(x+x"). (A21)
Now we will consider the integration of A (x,y,z ;x') over y and z.
As A (x,y,z;x") is given by Eq. (A21), it is sufficient for us to

integrate the factor g (y,z ; x+x') over y and z, This integration of g

will be discussed below.
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B. Evaluation of the g-Factor and Integration over y and z

L
< L

1. 0=r 3

C

We will first consider the case where the critical radius r. is
shorter than the shorter edge of the rectangle, e.g., Ly cm, of the two
edges, i.e. Ly and L, cm. These circumstances occur when the two points,
i.e., the source point and the absorption peint, are far apart from each
other; hence, the distance x+x' = L.,

To consider whether the circle of radius r. is within the rectangle
ABCD, divide the rectangle into four regions of small rectangles, as
specified in Fig. A8. 1In the figure, only a quarter of the rectangle is

considered because of symmetrical property of the problem.

o]

?” I - | A

Iy I v
“-ll“_.m-_d7 |

I i

1 % y
L, } 0 |

—ir
i e Fig. A8
1 | Division of the node
- |_~——————~—-—T"— rectangle section ABCD
into four regions.

cC Ly 7D &

When the center of the circle is on the region I, the whole circle

is completely within the rectangle ABCD., Therefore,

g (yozsx+x') = g, (y,2) = 1, (A22)
L
when o =y < %}-— r. and o £ z g-?? - Te-
When the center of the circle is on the region II, a part of the
circle is beyond the boundary AD, as shown in Fig. A%. In this case, it

is easy to show that

gly,z;x+x') = g,(y,2)

L
A
L L -, 27
= 1 {(%_y)./rg_(—zx - y)2 + r%(w—cos !

2
Y
C

Y, (A23)
c

a— 75_
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—

@ (L -y)?

ol

\ Fig. A9

The center of the circle
(radius r.) is on the

¢ region IL.
D
L L

if %g-_ ro <y £ 7;— and o0 £ z = 7;-— Te.

The situation is similar if the center of the circle is on the region

IL. 1In this case, a part of the circle is beyond the boundary AB insetead
of AD, and

g(y,Z;X+X') = g3(YSZ)

L / L — -z
=_1_2_{(Tz_ z) . r%—(—iz-——z)z + rg(ﬂ—cos_l 21_ . {A24)

'FT]_"C C

i L L L
if ogyg—zz—rc and %-—rc<zg—z~z—.

When the center of the circle is on the corner region IV, the circle

goes beyond both edges AB and AD (see Fig. AlQ). In this case

Fig. AlQ
The center of the circle (radius r.)
is on the corner region IV.
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gly,z;x+x") = gy(y,2)

L L L L L
-1 {@¥~w-e§-m+%+%—wakg-e}-w2+%@§-wa&g~e§-zﬂ

-
L
5 by _ 2z,
re 127 1 2
+ TT-(jT"+Sin + sin™ = 3} ” (A25)
c
L L L, L,
if Tg'" re <y < 7;— and 7 T <Z:s5 .

Hence, taking into consideration the symmetrical property of the g~

factor, the integration of g over y and z can be performed as follows:

f f g(y,z;x+x")dydz

ABCD

Ly Lz

4fj-ﬂf g(y,z;xtx")dydz

L L L L
L E_ L -y Z .y,
2 c.2 c 2 2
=4f / g1(y,2)dydz + | [° 7 ea(y,2)dydz
g 0 EX 0
\ Y.
Ly Lz Ly Ly
2 Tte 7 p) 7
+ [ f g3(y,z)dydz + | fL gy {y,z)dydz] . (A26)
L L z
" - T Fote g oTe

Introducing the equation (A22), (A23), (A24) and'(AZS) into the

integrands in Eq. (A26), we can get the following final solution for the

integral;:
[ | a¢ z‘x+x')ddz=LL.-—4—(L +L,) +(}l 1) (A27
BLY» 23 v yiz T 3p Wy tla)re (- D, )
ABCD
where T, =4/Lg - (x+x")? .

The result given by Eq. (A27) is without approximations.

Ly
S—-—

2

Here, we will consider the case where the critical radius r. 1s

L
2. ‘7¥ < Te

intermediate between Ly/2 and L,/2, provided that L, is longer than Ly.
To evaluate where the circle of radius r. exists relative to the rectangle

as a function of the circle center, we divide the rectangle area inte six
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regions, as shown in Fig. All. Because of the symmetrical property of the

problem, only a quarter of the rectangle is considered here.

z

B/ Te

A
- I \
T~
A v Te
(| Lz
- -T ~= [
L £ < ;Ii T y
Ly
r Fig. All
Division of the node
rectangle section ABCD
C\__ D into six regions.
Ly

The region I is specified as the rectangle having the widths of

5 g 2
Te = 3 and — ~ Tc. Hence, the circle cuts the edges AD and BC at two

points for each, if the circle center is on the region I (see Fig. Al2).

It follows, therefore, that

B
ity O
Ly Ly,

T 2
C D
Fig. AlZ

The center of the circle (radius r.)
is on the region I.
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g(y,Z;X+X') = g1 (YJZ)

1 L L L L
= (G-l - G -2+ Gyl - (Fay)?

L
, s L3
+ 1y (7 ~cos - cos ) 1, (A28)
c c
LZ
if o<y <, - %¥~ and o 2 z < 5 " Teo

If the center of the circle is on the region II, the circle cuts only

the edge AD at two points (see Fig, Al13)., 1In this case, it follows that

re-(-y)?

Fig. Al3
The center of the circle (radius 1)
is on the region II.

gly,z;xtx") = go(y,2)

LZ
1Ly fo_ Iy 2 27
Y LA - + - s A29
TTI'2{( 3 v) 13 ( 5 v) t; (7 -cos™ o 3} (429)
c
L L L
where e ——21 <y < —21 and 0 £ 2z < -Tz -Te.

The region T is an area enclosed by three boundaries, i.e., z-axis,
edge AB and a part of the circle whose center is on the corner B and whose
radius is r.. When the circle center is on this region, the circle never
cuts the edge AB; instead, it cuts the edges BC and AD, at a point for

each., The situation is shown in Fig. Al4. Then, it follows that
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& 2)

72
7

Fig. Al4
The center of the circle (radius r.)
is on the region TI.

gly,z;x+x') = g3(y,z}

1 L, 1 L L 1 L d/ L
= =5 Ly(F-2) +5(FL - Jrd - (F-p2+5F+ ) frd - G2

Ty
L L
r2 I S A s
+ = (m - cos e - cos o Y1 (A30)

Stfictly speaking, this is valid if the coordinate (y,z) is within the
region II., However, we will make an approximation and suppoese that the
expression (A30) is valid also when the coordinate (y,z) is within the
region If'. Under this approximation, Eq. (A30) is valid when

L L L
0Ly T —-—21 and — - r <zg~—25.

The region IV is an area enclosed by four boundaries, i.e., edge AB,
edge AD, the vertical line specified by the equation y = r, - 7;—, and a
part of the circle whose center is on the corner A and whose radius is rc.
When the circle center is on this region, the circle cuts the edges AB

and AD at only a point for each (see-Fig. Al5). Then it follows that

gly,z;x+x") = gu(y,z)
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B
l2 L
I'e (“21'3’)2
Fig. AlS
The center of the circle (radius rg)
C D is on the region IV.

L L L L L L
— (Fop F2) + T/ w2 -k e/ er- By

e
2 =y Zog

+ = (%+sin™! + sin~! Y, (A31)
2 "2 c Te

if the coordinate (y,z) is within the region IV, We make an approximation
in the same way as above; that is, Eq. (A31) is applied also in the small
region 1IV', Hence, Eq. (A31) is valid when
"L L L L
This assumption is good because the additional region IV' is small in
area and it is located adjacent to the region IV,
Now we can integrate g (y,z ; x+x') over y and z in the rectangle

ABCD as follows:

Ly Lz
22
f f g(y,z;x+x")dydz = 4 f f g(y,z;x+x")dydz
ABCD o o
Ly L L L
e-g 7T 7 7T
= 4lf / g1(y,2)dydz + | / g2 (y,2)dydz
0 0 By o
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Lz

o-F 7 Ly L
2 2
+ f f g3(y,z)dydz + | f g, (y,2z)dydz].
Ly L, Ly
0 -5 - Fom e —-T

Introducing Eq. (A28), (A29), (A30) and (A31l) into the integrands in Eq.
(A32), the following solution is finally obtained:

4 11
. ' = ——e i 2 .
f ({ gly,z;x+x')dydz = LyLz T (Ly-l-Lz)rC-P-(3TT l)rC y {A33)
ABCD

where T, =¢/Lg - (x+x")7. L L ,
1t should be noticed that this result for —& < r < 7;— has the same form

L 2 ¢
as the result (A27) for 0 £ ro 2 =

= 2
L
_z 1 /2 3
3. 5 < Ig E 3 Ly + L3

L
Next we consider the case in which 7§'< T, S'% *!Lé + L%, i.e., the

critical radius fc is longer than half the length L, and shorter than
half the diagonal length of the rectangle ABCD, In this case, in order
to evaluate the relative positions of the circle to the rectangle ABCD,
the latter can be divided into the four regions and the three additional
ones as specified in Fig. Al6 (typically, a quarter part of the rectangle

is considered here).

B ]
\3}
N
B2
f
Lg
C‘\_E§;
Fig. Alé

Division of the node rectangle
section into seven regions.
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1f the circle center is on the region T which is enclosed by the
four boundaries, i.e., y-axis, zZ-axis, the line specified by the equation

Lg
Z=r, -5, and a part of the circle whose center is on A and whose

C
radius is r., the circle then surely cuts the four edges at two points
for each. We will ignore, however, the part of the circle beyond the
edges AB and CD, because the exceeding area is small compared with the
other exceeding over the lines AD and BC*). And make one more approxima-
tion that the region 1' is considered as a part of the region I.

Under the similar approximation also for the regions II and TH, we

can integrate the g-factor over y and z in the rectangle area; and it

follows finally that

4 11
f f g{v,z;x+x")dydz = LyLz—ﬁ- (Ly+Lz)rc+ (ﬁ—l)r% . (A34)
ABCD

for

L
2z 1/ 2
3 < re £ 3 Ly + Lz'

Again, this result has the same expression of r. as the previous cases.
It should be noticed that the integrations for a certain region differs
from each other in different cases but the cancellation occurs in their

sum, resulting in the same functiom of r. for any case.

1/ 2
4, E‘ Ly + LZ < .= Ly

This case occurs when the x-coordinates of the two opposite points,
i.e., of the source point and of the absorption one, are near to each
other; and the source region, from which non-negligible contributions come
to the absorption point x, extends itself over almost entire area of the
rectangle-section of the node.

In this case, taking the same approximation as the case 3, it follows

that

4 11
f f gly,z;x+x')dydz = LyLz-gg'(Ly-FLz)rc+-G;;-l)r§ , (A35)
ABCD
which is the same function of r. as the previous cases.

In conclusion up to this point, we can state that

*#) This means the small exceeding areas are included in the g-factor.
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4

f f g(y,z;xtx")dydz = L LZ'_E?

¥
ABCD

for all r, < Ly’ where . =/ L%-—(x+x')2 .

Notice that Eq. (A36) is symmetrical in L

11 2
(Ly+Lz)rC+(3—ﬂ—l)rc (A36)

y and Ly. So, the condition

supposed before the evaluation in this section, that L, is longer than Ly’
is no longer restrictive hereafter for application of the results given by
Eq. (A36).

We made approximations in this section, especially for large value of

r to carry out the Iintegration of g-factor. Generally, these approxima-

c?

tions produce overestimated g-factors, and hence the overestimated

solution for the integration given by Eg. (A36).

In the limit that r. is much lafger than Ly, it can be written by

c
definition that

2

¢ for any value of (y,z).

gly,z;x+x') = LyLZ/ﬂr

Then,
L, L,
f f glv,z;xtx")dydz = —ii;-LyLz. (A37)
ABCD e X
L, L L L,L
Setting r. = L., Eq. (A37)} becomes ~E L L =-a5=—jLE-, taking into con-
c y? WL% vz w Ll

sideration that Ly*Lz. On the other hand, Eq. (A36) given for r. = Ly

becomes, at r. =1L

y’
- 8 11 2
* Lylz =37 LZLy + (BW - 1)LY
. g8 11 _ 1
* LyLp(l = 5=+ 53—~ 1) = 7 LyL,.

This fact shows that Eq. (A36) and Eq. (A37) coincide with each other at
re = Ly. So we can combine both the equations in order to cover the whole
range of r.(0 < r. < L. = ZLy)‘ Meantime, L. is put arbitrarily equal to

2 Ly'
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Now we will assume that Eq. (A36) tends to LyLZ/4ﬂ that is the limit
value of Eq. (A37) at r, = Lc(=2Ly)s modifying the quadratic term of r
in Eq. (A36) (the smallest term in Eq. (A36) for the range o < re < Ly)'
Then, '

4 11 LyLy
LyLZ - 5‘; (Ly+Lz)rc+ 6(5‘;‘-1)1‘% > —%—T—T-—— , when r. > LC(=2Ly)'

This equating leads to

67

11 1
S - D =7 Gz - .

Hence, the integration of g-factor finally becomes

1,67

4 .
f f gly,z;x+x")dydz = L,L, —3;{Ly-+Lz)rchZ(E§ﬁj~l)rg (A38)

b
ABCD

for all values of Ty ﬁJ/L% - (x+x')2 < La»

C. Integration over x and x' and the Final Results

The migration kermel Ky, whose solution we are looking for, is now

written as

Kam =y mfffff A(x,y,z3x") dxdydzdx '
v ZWV/h_ff{jfg(y’z x+x')dydz }B(x+x')dxdx" , (A3

where A (x,y,z3;x') is defined by Eq. (Al7) and is approximated by Eq. (Al8)
or (aA2l).

Using the solution for B (x+x') given by Eq. (A20}, and the sclution
for the Integral ffg(y,z;x+x')dydz given by Eq. (A38), K, can be modified
to

Ly Lx
Kﬁm = %'5%7'%'% . {a + Q//Lz - (x+x")? + c(Li - (x4+x")?) }

2
(x+x')2 5 _ EE
(x+x")? 4t c 4t R
x [{1 4 FFE I +—=—) dxdx’, A4O
[{ (oxe)2 Je { 20 © ldxdx (A440)
h = b= - ) and ¢ = & (2L-1)
where a = LyLz, = o L +L,) and c = ; 9oy .
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In order to integrate this function analytically, we must approximate
the factor‘JL%-—(x+x')2 in the integrand by a polynomial of {(x+x'). The

quadratic function of (x+x') was taken to approximate the part of the

circle-function; then,

o L(Z;--(x+x')2 = Lc(l-— o (x+x")2) .
212

C

where o = %—(9¢§:—4W-2) = 1.1681. The o was determined by equating the

integrated values of both sides of the equation, that is,

L Lx Lx
X >
f f 4 L%-—(x+x')2 dxdx' = L, f f (1-——25-(x+x')2)dxdx'
) 2L
o o c
with Le consistently put to 2Ly (=2Lg).
Neotice that the 2Znd factor in the integrand in Eq. (A40), i.e., the
exponential function part has the largest value at x+x' = 0, decreasing

gradually as x+x' - L. and vanishing to zero at x+x' = L Therefore,

cv
main contribution from the integrand to the integral is expected for the
range x+x' <<L,. If we took this drastic approximation, the o were unity.

Hence, the approximation taken above may be better than the drastic one.

Let
(x+x')? 2 L%
1 Lx Ix (x+x")%, ~ 41 Lo T4
= AEIX - (1 +—— r,
Al = 5z fo fo [(1+ CZKT)Z)E ( +(2m)2>e ] dxdx

(A41)

This can be easily evaluated by partial integration, using the formula;

a2

' 2
feaxerf(bx)dx = %‘{eaxerf(bx) —e 4b erf(bx-—é%)} (A42)
and

ferf(x)dx = x erf(x) + e ., (A43)

-

The solution becomes
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A = AL(Ly)
R
S2(1l vy le 4T
K=T
2
2 2 X
1 Ly 1 Lx 1 Ly T
- {201+ F(R) = (14— +0— (L +—— = , Abh
{2( 2K2T) (]/7[.) ( KZT) 77 ( - T)}e (A44)

where f(x) is the complementary error function multiplied by ¥n/2, given

by Eq. (All). 1In Eq. (A44), L. is put equal to 2L, for simplicity.

2
L, L Sfiilri 2 _EE
1 x (x+x )2 41
Let Apr =—— (x+x')2[Cl+—***———O Al +——) Jd=dx'.
2 812 f f )2 (2x1)?
{A45)
Then, in the same manner as above, we can get
Ay = Ay (Ly)
2
>
2 1 Ly 41
2(l+ﬁ)-ﬁﬂ}e
L2
2 1 X
- l-+ f +—=) - —— —
{( )(/_) (1+—) - 55—
2
SRV
7 1 X T
- —_ =) —= 6
+ 78 (l-!-l(ZT T) TZ} e . (A46)

Using Eqs. (A44) and (A46) for the solutions of the integrals, and
also introducing explicitly the values for a, b and ¢, with L = 2Ly, the

migration kernel K¢, becomes

-1 4/—_ [{Lylz ~ 53— L, (L, +L )-r( 1)L§}-A1(LX)
4o Lytlz 67 .
+ 5 L, (To7 - 1) t-a2(Ly]. (A47)

-— 87_
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T, Derivation of the Kernels for Different Directions

In this section, the kernels will be derived for directions other

than x-direction.

A. Kernel for z-Direction

It is sufficient for us te replace Ly by Ly, L, by Ly and Ly by L, in
the result obtained above, in order to have the kernel for the node which

is in a surface contact to the source node in z-direction. The result is

_lT 3 Ll 11z}
Kom = 7 |7 [{Lxly =50 LaLx +Ly) + (g5 - DLZ A1 (Ly)
4o, Lx'+Ly 67
{gF' T - (12n'_l)}T.A2(LZ)]’ (A48)

where A1(L;) and A;(Lz) are given by Eq. (A44) and (A46) substituting L,
for Ly.

Remember that the node length L, is equal to L, in our simple assump-

¥
tion, so that the kernel for the y-direction is the same as that for the

x—direction which is already derived.

B. Kernel for the Diagonal Direction in x-y Plane

In this subsection we will consider the migration kernel between the

nodes which are positioned as in Fig. Al7. Let K 8) be the kernel
»

(o, 8)>(y
from the region of the two nodes « and B to that of the two nodes vy and §.
These nodes are relatively positioned as shown in Fig. Al8. Then, by

definition, it fellows that

Fig, Al7

Two nodes adjacent in a
contact to each other in
the diagonal direction
on X-Y plane.
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Fig. 18
Four nodes adjacent in
a contact to each other.

1 +K

_ 1 -
Kea,)>(v,8) =2 (Ku+»(+Ka+cS) Tty (KB*Y"LKB—HS) - Ka—*y arss  (A49)

It is assumed in this equation that the nodes o and B are the same in
material, and also the nodes y and 8. Hence, the kernel to be derived

are given by the following equation:

s = Kea,B)+(v,8) ~ Fasy (450)

Since K >y in Eq. (A50) has been already solved, it is sufficient to have

K(a 8)+(y,8) here in order to get the kernel Kysg

Replacing L, by 2Ly, and Ly by L, (with Ly and L. unchanged), we can
argue in the same way as described previously to derive the kernel Kgp.

Then we can have

1l .67 1)rl

_ 4 27
f gdydz = 2LyLz - 3. (ZLy+L2)rC +Z (lZTr - c,

and

Ka,B)>(y,8)

= zi_[j f [2L4L, ——(2L +L,)r.+ i (1627 1)r2]

(X+X')2 ’ Lo

(x+x")? bt c ' A51
X {{l-+252;33;-} {1-+?E;;3§-}e ]dxdx (A51)
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Substracting Ka+y given by combined Eqs. (A38) and (A39) from Eq. (A51),

we can get K ,s as follows:

Kors
(x+x')?
_11 7 ILXILX[L SRR ST SRR L PR €.o 3D L W L
TV 2t 3q z'c T 8§ ‘127~ ~Tc (Ze1)2
0 @
2
L2 —zL;S
c T
- {1+——=1} dxdx'.
t (2c1)? © b
Thus finally, it follows that
11/T,..8 67 4o Lz

24 b7 _
Kars =3y ?7[{3?-LXLZ‘—(EZE;L'I)LX}'Al(LX)-F{_ 3 LX_F(lZv D
x Ap(Ty) ], (A52)

This is the migration kernel in the diagonal direction on x-y plane.

The kernel for the diagonal direction in x-z plane can be derived in
the same way as above. The four kinds of kernels so far derived are
independent of each other in the simple assumption that Ly = Ly, and the
kernels of other directions coincide with one of these féur. All of
these kernels derived are summarized in TAble 3.1. In Table 3.1, the
factor q multiplied to the kernels is a correction factor for the escaped

neutrons beyond the absorption nodes (see below for details).

C. Correction for Escaped Neutrcns beyond the Absorption Nodes

It should be noticed that some neutrons reach the outside region,
i.e., the region which surrounds the absorption nodes on the outside,
even when the dimensions of the node are large. The probability that
neutrons reach one of these third nodes is small, much less than 1% for a
typical case, But the sum of these probabilities becomes large because
the third nodes are many in number, and the sum cannot be neglected.

In the framework of the coarse-mesh approximation in which the kernels
are considered only for the adjacent nodes, the probability that neutrons
go beyond the absorption nodes should be in some way included in these
kernels for adjacent nodes. In order to estimate these effects, we will

consider three regions devided spherically (see Fig. Al9); i.e., the
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Fig. Al9
Three regions divided
spherically.

center sphere (radius Rg) that represents the source node; the middle
shell {(outer radius R;), the total of adjacent nodes; and the outward
region, the total of surrounding nodes. Then, the probability that

neutrons are absorbed in all the adjacent nodes are approximately given as

R

: .
Py = 4ﬂf K(r)rzdr
Ro
]’.'2
= [erf(=*= -z~/f{-'?-’:‘-’f-lw (VT - =T +557L pevT 45 Yle [ ]Rl
= |er 2‘/'{) T 2KT-T 241 2T+ 2VT Rg
(A53)

using Eq. (12) for K(r). 1In this equation, Rp and R; may be taken as

1/3 %)
Ry = (z2)  /(L2+12+12)/3 and Ry = Ro + Ly. (A54)

Since f(xV1 + E%:) ~ £(kvT) 2-%, P; can be made simpler i.e.,
T

rZ
- R
(2c%7 + 1) T 1
P, = [erf(~£~)—2‘/z£—--———e I
1 2 T (2kT)? -1 Rg
R2
0]
: R Ro(ZKZT-+l) -
=2 [T + e T
il RO 2\/’['_ (ZK'T) —RO
2
Ry
Ri R1(2K2T-+l) I
-2 [T s = + —— e bt (A55)
T Ry 2Vt (2k1)* -~ RY

%) The volume of the sphere of the radius Ry is taken equal to the node,

when Iy = Ly = Lg.
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In the same way, the probability that neutrons are absorbed in the region

consisting of the third nodes 1is

2
. R,
2 -
T 2 R, Ry (2¢“1+ 1) Lt
P, =2 [—{>f + . A56
Ir T Ry (ZV?J (ZKT)Z'—R% Ie ( )

Thus, the probability that neutrons are absorbed at the region behind the

' Pyr
PI .
added to the kernel Ky, we can finally obtain the kernel Kgp in the

adjacent node & is on the order of Kpy x . When this probability is

coarse-mesh approximation; i.e.,

K' = K + K E.L.];.—K PI—+i1_
fm = TEm fm P I Bt Py

The correction factir (PI + PII)/PI, denoted as q hereafter, can be written

as follows using Eqs. (A55) and (A56),

RS
{2 ( Ro) Ro(2k27+1) ~ it
= f + "
.- Pr+Py Ro '2/1  (2«1)? ~R§ .
- N 2 2
1 o X » _x
12 £ Ro) +Ro(2+< r+1)} bt _ 2 £ R1 +R1(2+< T+1) 4t
- e -1 - e
Ry 297 (ZKT)Z-R% R 2V/7T (ZKT)Z-R%

(A57)

where Ry and R; are given by Eq. (A54).




