Journal of the Korean Nuclear Society
Volume 13, Number 2, June, 1981

{Original)

Berrensen Model Computation for Neutronic Benchmark
Problems

Bub Dong Chung, Chang Hyo Kim and Chang Hyun Chung

Seoul National University
(Received April 17, 1981)

Neutronic Benchmark % o] =} g} Berrensen mu ¢4
¥ 8 5-d & 5-3 & &

Al g sta
(1981. 4. 17 A<)

Abstract

Bgrrensen proposed a coarse mesh, three-dimensional one-and-half group diffusion
schems for computing the gross power distribution in light water reactors as an alte-
rnative to the conventional fine mesh finite difference approach in dealing with three
dimensional problems, which require a prohibitively long computing time. The method
reported takes extremely small execution time. However, its computational accuracy has
not been investigated yet. The Bgrrensen method is revised in this work and both
efficiency and accuracy are examined by applying it to IAEA benchmark problem and
RIS® benchmark problem. It is found that two modifications on core-reflector boundary
conditions and Bgrrensen’s model constants may improve computational accuracy of

power distribution calculation.
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¢ ; another constant derived from ‘s’

Nomenclature ¢! ; another constant derived .from ‘a?’
D ; diffusion coefficient
a ; the weighting factor for the fast group flux f; coarse mesh factor
a' ; the weighting factor for the thermal group % ; mesh size to the horizontal direction
flux 7 ; index of nodes
b ; the constant derived from ‘@’ j ; index of nodes
b* ; the constant derived from ‘a*’ J ; current of neutrons
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k ; mesh size to the vertical direction, effective
multiplication factor

L ; diffusion length

R ; the constant, A2/k?

S ; contacting area with reflector of node

V' ; volume of node

a ; albedo values

4 ; reflector thickness

¢ . neutron flux

%, ; macroscopic absorption cross section

2, ; macroscopic removal cross section

3y ; macroscopic fission cross section

v ; neutron numbers emitted per fission

1; Ist group or the fast group (subsript)

2; 2nd group or the thermal group (subsript)

1. Introduction

Nuclear analysis of a large light water
reactor (LWR) generally includes numerical
calculation of few group neutron diffusion
equations. The straightforward and reliable
method for the solution of the diffusion
equation is the conventional finite difference
method. However, for many applications
this solution technique is unfavourable,
since too many flux points and thereby too
long computation time are necessary.

Various approximate methods may also
be utilized-; the nodal method?; the finite
element method?®; the response matrix me-
thod®; the flux expansion method?; and
other coarse mesh finite difference methods.
In this paper the applicability of the coarse
mesh finite difference method®, proposed
by B¢rrensen, is discussed.

This method has already been used to
the three dimensional program PRESTO,
but numerical investigation on its compu-
tational accuracy has not been clear yet.
In a recent paper®, it is reported that the
maximum error of the power distribution
for 3-D IAEA benchmark problem is appr-
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oximately 129, compared to PDQ fine

mesh calculation.

In the present paper both efficiency and
accuracy of this method is investigated and
an attempt is made to improve the method
by Ireplacing the empirical core-reflector
boundary condition with the analytical
boundary condition proposed by Kalambokas
and Henry?® To improve the computational
accuracy of the power distributions, we
modify the constants of the Bgrrensen’s
model.

Calculations are perfomed for two test
cases, i.e. three dimensional IAEA bench-
mark problem® with its related two dime-
nsional problem and three dimensional RIS®
problem?®,

Investigations are carried out concerning
the differences from other methods in the
accuracy and computational time.

2. Theory

2.1. Bgrrens:n model

Bgrrensen proposed a one and half group
coarse mesh diffusion scheme for calcula-
ting the gross power distribution in a
boiling water reactor core. It is based on
two group diffusion equation such as

—7-Dwdr) + Ea+2) ¢

=% WZagr+vdags) (1)

—F (Do ) 4 Zazpa= 2,1 2)

Then a finite difference formulation is
used for the fast flux equation, whereas a
smoothed asymptotic distribution is assumed
for the thermal flux.

In solving the finite difference equation,
the following approximation is introduced
to reduce the computer memory.

Dl'Di ~
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And an improved formula is obtained by
expressing the average fast flux in a node
as the sum of a weighted average of ‘the
mid point flux in that node and the flux
values on the six interfaces.

q3;=b¢.-+ze(;j¢.-f+ze§¢,~f) (4)
where

—a . 1

b=3a < i ®Ty

c= 1—a . 1

4 3¢+ (1—a) (R+2) °

R=h3/k?,
and

i. D . 4D,

¢i; 24/D]¢,+21/D Vi

Here ¢ is determined using the continuity
conditions between node 7 and node j, and
‘a’ is called the weighting factor.

Bgrrensen proposed that this weighting
factor for fast group is close to 0.3 from
his model cell analysis, and another weigh-
ting factor for the thermal group, defined
similar to the factor of the fast group, is
0.7. ‘And he used these values to all nodes
whose sizes are equal to the width of fuel
assemblies.

But in the assemblies with control rods,
there are strong absorption of the thermal
and thereby the self-shielding
effects occur. So the effect of the interface
flux on the averaged thermal neutron flux

neutrons,

is diminised, and accordingly the weighting
fa ctor for thermal group should be changed.
Un fortunately the factor is not derived in
t he explicit form, so we choose it as one
fit ting parameter for calculating the gross
power distribution of the core.

2.2. Boundary conditions

Kalambokas and Henry derived the ge-
neral analytical expression for core-reflector
boundary conditions involving the properties
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of the reflector material alone.. These -ana-
lytical expressions are employed in Bgrren-
sen’s model.

For the one-dimensional homogeneous re-
flector, the boundary conditions are given

by
¢1 =a’u] 1 (5)
do=an Ji+azl (6)
where
ap = —{‘)‘—tanh < LAl >

Mgg== 52 tanh(

i)

2 (Diay—Daaas)

= S —Dasy
For the 90°-wedge homogeneous reflector
with infinite width, these become

o (1) > livee (-2 -

1(—-> (7
0( ) =g (e (- 2) ) -
Is(77)+ ziz/DlE;
(bfrremn(-1) |

)

where y is the distance from the corner.

2.3. Application of boundary conditions

In the case of one dimensional homogene-
ous reflectors, the fast group (eq. (5)) is
fomulated as

i—disd
h

$iryan Dy 9)
2
where subscript z'+-% denotes the core-re-
flector interface and ¢ the node center
point.
But the approximation is very poor due
to a coarse mesh model and the fact that

for most cases the fast group flux gradient
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is decreasing in the vicinity of the reflector.
Thus the fast flux at the interface, ¢:.4,
may be underestimated using the above
approximation and the average flux value of
boundary assemblies may also be expected
to be underestimated. To compensate this
effect, we proposed the coarse mesh fa-
ctor,'® f, defined as

¢i+i‘=duD1 fﬂ_—}?'—d‘— (10)
2

where f is usually greater than 1.0. Con-
sidering that the mneutron flux behaves
similarly in the node adjacent to the refle-
ctor, we assume this factor is mnearly
constant over the nodes and choose it as
another fitting parameter.

But for the thermal group (eq. (6)), a
difficulty is arised in direct formulation of
the finite difference, because the Bgrrensen’s
model is one and half group whereas the
boundary conditions are deduced from two
groups. So we applied the conditions by
following procedures. If there is no thermal
neutron leakage to the reflector region, the
average thermal neutron flux is expressed

as
$i=b'9:*+2c' (597 +RE6) :

+2¢t (n+R-m)¢:* (11)
where ¢ denotes node center, » the numbers
of adjacent reflector nodes in horizontal
direction, » the numbers in vertical dire-
ction and ¢;* asymptotic thermal flux

defined a Next considering the-

rmal leakage to the reflector, the relation
is formed by

S V=S02bsV—Ja-S (12)
where §; denotes the averaged thermal flux
in the node considering the thermal leakage.
And the thermal current J; can be expressed
as a function of as;, az and the fast flux

¢1; by using the boundary condition eq.

(6), and asymptotic thermal flux assum-
ption. Substituting this value and rearran-
ging give

$r=Fs+ (A:+A,+A) 1 (13)
A= [0; no reflector in the ¢ direction
[ﬁfl“ . 1_},“ <Ca!zl . allDlh
2 Dy 1 auD1+-—2—
2 )] ; in presence of the
5,/ ): reflector
1=x,9,2

Its expression is developed for a coarse
mesh only, so if the coarse mesh factor.is
introduced, we substitute a;; by aunf and
an by aaf.

In case of 90° wedge reflector with the

finite width, we modify eq. (7) and-(8) as

() e [1rexn (~25) )1 (2) a0
$2 (L%) ~az [1+exp ( —LLZ> ] T (_z’:)

z, a ( A ]
11 (B (r+exe (-2
L L?

~ge{ue () ) A(E) o
With integrating from the origin to the

node length, %, and assuming the flux and
current are varying slowly, these become

¢1:z'u] 1 (16)
Nl oY 3 +aals 17
where

e 1000 (~2) )

y
azz—-j:azz[l'i‘exp( Ii’ )] ay,

+

and
asy 2
a2 (B e (-4 |
Lz Ll
~Gefrexe (=) |) -
Thus the boundary conditions for 90°

wedge reflector are reduced to one dimen-
sional, and the finite difference formulation
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and application are followed by the same
procedures.

Eventually the theory has two empirical
fitting parameters, i.e. the weighting factor
and the coarse mesh factor.

3. Method of the Calculations

the finite difference form of the diffusion
equation can be solved with inner iterations
and outer iterations. For inner, Gauss-Seidel
method is used. For each outer, the effective
multiplication factor can be obtained such
as
w(?I(rx)’ ?l(n))+(?52<n)’ ?z(n))
(?l(rx)’ ?l(n—l)) _%_(?zin)’?z(n—l))

(18)

where ¢,*; column vector of gth group

k (n) =k (n—1)

flux defined as

{?gz(")§ I=1,2,...,N}
and the source term is recalculated and
extrapolated to improve the convergence

rate, that is

gi(n) — (”Ef1¢1(") +u2f2¢24n)) i (19)
S,‘(")= _klrn) S‘,(n) +a Sk(n) __S (n—1}
4+ B{S; 1 =SBy (20)

where S;™ denotes the extrapolated source,
n the outer index, ¢ the node index, and N
the total node numbers. The extrapolation
parameter a« and 3 range between 0 and 1,
and can be chosen by using methods based
on Chebyshev polynomial interpolation. But
in this paper, we choose the optimal values
by numerical experiments to avoid the
complexity.

Computer code B®R3D for three dimen-
sional calculation is constructed and BOR2D
for two dimensional calculation is constru-
cted by modifying BO®R3D. In B&R2D, the
axial bucklings are assumed to make two

dimensional diffusion equations of eq. (1)
and eq. (2),.and the constant R of eq. (4)
is zero because of the infinite axial mesh
size.

The flow diagram of BOR3D and BOR2D
is shown in Fig. 1.

TINPUT DATA
ASSEMBLY HOMOGENIZED
2-GROUP CONSTANTS

CALCULATE CONSTANTS
OF _EACH ASSEMBLY

PERIPHERAL

SSEMBLY 2
BOURDARY ASSEM
CONDITION

NO

GUESS INITIAL souach
AND F

MATRTX INVERSION
USING THE GAUSS-
SEIDEL METHOD

SOURCE
EXTRAPOLATION

CALCULATE NEW SOURCE
AND EFFECTIVE MULTI-
| PLICATION

Fig. 1. Flow Diagram of BOR2D and BOR3D

4. Numerical Calculations of the Model

4.1. TAEA benchmark problem

The three dimensional IAEA benchmark
problem® simulates a quarter clean core of
the light water reactor (LWR) with varying
enrichment zones and insertion of the con-
trol rods. Its configuration and the cross
sections for each regions are given in Fig.2
and Table 1. The two dimensional problem
is establised with axial bucking of 0.8x
10~*cm™% at the midplane of it.

The weighting factor at the assemblies
with control rods is chosen by empirical
tests, and the coarse mesh factor is also
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adjusted by tests. The results are shown
in Table 2 for three cases of two dimen-
sional problem, and the comparison with
other methods!? is shown in Table 3. Where
A-type represents the original Bgrrensen
model, of which the coarse mesh effect is

not considered on the boundary conditions.
In B-type (f=1.1), we consider the coarse
mesh effect only. In C-type (f=1.1, a'=
0.78), we consider the weighting factor at
the assemblies with control rods and the
coarse mesh factor.

Table 1. Assembly Homogenized 2-group Cross Sections of IAEA Benchmark Problem

. Diffusion coeff., Removal c.x. Absorption c.x. vkfission c.x.
Region Group (cm) (cm™?) (cm-1) (cm-1)
1 1 1.5 0.02 0,01 0.
2 0.4 — 0.08 0.135
2 1 1.5 0.02 0.01 ' 0.
2 0.4 — 0.085 0.135
3 1 1.5 0.02 0.01 0.
2 0.4 — 0.13 0.135
4 1 2.0 0.04 0. 0.
2 0.3 — 0.01 0.
5 1 2.0 0.04 0. 0.
2 0.3 —_ 0. 055 0.
Horizontal section “Vertical section
\Q 10 70 90 130 150 170 0
= X(cm)
A 3] ( 20 5545 4
. 3
8¢

\‘r(cm)

(6O —-F1--1r1-
36
4 4
38
z(Cm)

1; High k.. fuel assembly
3: Fuel assembly with control rods

Fig. 2.3-D Geometry of IAEA Benchmark Problem
2: Low k.. fuel assembly
4; Reflector

5: Reflector with control rods
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Table 2. Assembly Averaged Power Distributions for 2-D IAEA Benchmark Problem
Position of PDQ BOR2D BoR2D BoR2D
assembly center |reference A-type B-type C-type
x%(cm) I y(cm) ’ value | value L % ' value % value %
*Q ( 0 0.7447 0. 8008 7.57 0.7637 2.5 0.7237 —2.82
0 20 1.3042 1.3659 4.73 1.3038 0.0 1.3016 —0.20
0 40 1.4491 1. 4606 0.79 1.3991 —3.5 1.4040 —3.11
0 60 1. 2065 1.2546 3.99 1.2099 0.3 1.2084 0.16
*0 80 0.6102 0.6461 5.88 0.6332 3.8 0.5994 —-1.77
0 100 0.9329 0.9511 1.95 0.9540 2.3 0.9498 1.81
120 0.9327 0.8998 —3.53 0.9253 -0.8 0.9273 —0.58
0 140 0.7520 0. 6906 —8.16 0.7396 —1.7 0.7414 —1.41
20 20 1.4301 1.4890 4.12 1.4235 —0.5 1.4282 —0.13
20 40 1.4755 1.5018 1.78 1.4408 —2.4 1.4487 ~1.82
20 60 1.3114 1.3544 3.28 1.3093 —0.2 1.3135 .16
20 80 1.0670 1.1009 3.17 1.0800 1.2 1.0770 0.94
20 100 1.0349 1.0494 1.40 1.0519 1.6 1.0530 1.75
20 120 0.9496 0.9239 —-2.71 0.9513 0.2 0.9548 0.55
20 140 0.7340 0.6765 —7.83 0.7273 —2.2 0.7300 —0.54
40 40 1. 4657 1. 4839 1.24 1.4296 —2.5 1.4391 —1.81
40 60 1.3425 1.3576 1.12 1.3182 —-1.8 1.3250 —-1.30
40 80 1.1780 1.1726 —0.46 1.1548 —-2.0 1.1572 —1.17
40 100 1.0709 1.0633 —0.71 1.0705 0.0 1.0737 0.26
40 120 0.9767 0.9597 —1.74 0.9950 1.9 0.9993 2.31
40 140 0.6957 0.6194 —10.9 0.6803 —-2.2 0.6875 —1.18
60 60 1.1912 1.2209 2.49 1.1943 0.3 1.1976 0.54
60 80 0. 9664 0.9930 2.75 0.9848 1.9 0.9814 1.55
60 100 0.9087 0.9179 1.01 0.9327 2.6 0.9316 2.52
60 120 0.8533 0.7976 —6.53 0.8389 —1.7 0.8416 —-1.37
*80 80 0.4729 0.5002 5.77 0.5045 6.7 0.4751 0.47
80 100 0.6891 0.7173 4.09 0.7370 7.0 0.7282 5.67
80 120 0.6073 0.5692 —6.27 0.6034 —0.6 0.6031 0.69
100 100 0.5942 0.5481 —7.76 0.5942 —0.7 0.5856 —1.45
effecfilgf ‘rzrzl;fllltelphca] 1.0296 ‘ 1.0294 1.0304 1.0296
% ; fuel assemblies with control rods
%:; (BOR2D-PDQ)/PDQx 100
For three dimensional calculations, we

recalculated the weighting factors to make
the same weighting of node-center fluxes;
i.e. the same ‘b’ values for two dimension
in eq. (4).
factor 0.3 of 2-D (R=0) becomes 0.222 for
the special 3-D (R=1) and the other factors
can also be calculated from 2-D weighting
factors. The results and the comparisons
with other methods are shown in Table 4.

For example, the weighting

4.2 RISO benchmark problem

Another problem, proposed from Danish
Atomic Energy Commision,® is selected.
Its configuration and the cross section data
are shown in Fig. 3 and Table 5. The cal-
culations are performed for two cases that
the control rods are inserted to 110cm(case

1) and to 269cm (case 2).
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Table 3. Comparison of 2-D Results with Other Methods
PROGRAM PDQ®» MEDIUM IQSBOX*% FEM2D BoR2D
METHOD FDM |NCPM| NSM | NEM | NEM | FEM | FEM | B-type | C-type
R coarse; 606 182
mesh width (cm) 1 10 10 10 20| nodes|  nodes 20 20
polynomial —] — — 4 4 2 2 — —
k-eff. 1.0296 1.0292 1.0299| 1.0298 1.0300; 1.0297| 1.0302| 1.0304| 1.0296
Maximum power difference] reference 17%| 1.3%| 1.8%| 3.4%] 3.7%| 13.2%| 7.0%| 5.6%
local error 8X107% 9x107% 6X1077| 7x107¢ 1x10™% 1x10-% 1x10°% 1x10~% 1x10-°
Cp-time (sec) 4004 4.89] 15.51 4,17 1.77 35. 8 1.98 1.98 1.96
symmetry v 8 vy vd  uvd vy vg vg s
% NCPM ; nodal collision probability method
NSM ; nodal synthesis method
NEM ; nodal expansion method
FEM ; finite element method
FDM ; finite difference method
% Calculations are perpormed on CDC6600 computer, except BOR2D on CDC6400.
Table 4. Comparison of 3-D Results with Other Methods
Peak/ave. power
Computer codes Mg}:h:d, order Mesh Eigenvalue
pprox. .
] value location
VENTURE® FDM, 17X17X17 1.02913 2.567
mesh 102X102X 114 1.02896 2.378
centered extrapolation 1.02903 2.354
PDQ-7» FDM, 34X34%38 1.03054 2.039 35, 35, 170
coner mesh 68X68X76 1.02933 2.266 32, 32,175
FEM-3D FEM, 16X 16X 13 1.02917 2.298 32,32, 174
2nd order
IQSBOX* NEM, 9XxX9x%x19 1.02875 2.412 30, 30, 170
4th order 17X17x21 1.02903 2.356 30, 30, 170
CUBOX* FEM*, 9IxX9X19 1.02888 2.387 50, 30, 170
3rd order 9xX9x%x19 1. 02895 2.340 50, 30, 170
BOR3D Bgrrensen 8x8x17 1.03019 2.143 40, 20,190
model

FEM* ; flux expansion method

The results and the comparison with other
methods are shown in Table 6, and the
typical flux distributions are shown in Fig.
4 and Fig. 5; where the numbers of the
flux points are 28x28x 31 for DC4!®, 27x27
%25 for SYNTRON'®, 6 and 8x8x16 for
BoR3D, For the coarse mesh factor and
the weighting factors, the same values are
taken as for IAEA benchmark problems.

5. Results and Discussions

In 2-D TAEA benchmark test, it is found
that the direct application of the analytical
boundary condition underestimates the po-
wer of the boundary region assemblies by
10%. For that reason, we assume the
coarse mesh factor and use as a fitting
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Table 5. Assembly Homogenized 2-group Cross Sections of RIS® Benchmark Problem

. Diffusion Removal Absorption v* fission c.x.
Region Group coeff. (cm) c.x. (cm™1) c.x. (cm™) {cm=1)
1 1 1.5 0.02 0.01 0.
2 0.4 -— 0.08 0.13145
2 1 1.5 0.02 0.01 0.
2 0.4 — 0.085 0.13145
3 1 1.5 0.02 0.01 0.
2 0.4 — 0.13 0.13145
4 1 2.0 0.04 0. 0.
2 0.3 — 0.01 0
5 1 2.0 0.04 0. 0.
2 0.3 — 0.055 0
Harizontal  section Vertical section
Q10 30 50 70 90 130 150 | x ( cm) 0
31 (3] 12] Py - 11 CICI E B
2
3 |3 13
13 3 3
:] no 1 L L
1_3:] 3 3 2 |il4
| | 200 — — ——— 44 -
4
269~ - e = - =~ o .
1 ’/
\ 38
Y{cm) 4 4
Z (cm)

1: High koo fuel assembly
3 : Fuel assembly with Control rods
5 : Reflector with Controlrods

2 : Low koo fuel assembly
4 : Reflector

Fig. 3. 3-D Geometry of RIS® Benchmark Problem

parameter. The modification of the consta-
nts of Bgrrensen’s model is needed for the
assemblies in which control rods are inse-
rted. We find the optimal value of the
coarse mesh factor for an assemblywise
mesh is 1.1 and the thermal weighting

factor for assemblies with control rods is
0.78.

Using these values, the maximum diffe-
rence with PDQ fine mesh calculation is
5.6% in calculations of the assembly ave-
raged power, but the results agree within
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+(x)
(x,y)z  (60,60) {0,140)
DCe — -
of SYMTmON °
BgR3D o A
5 e
M S . 1 S
100 & 200 309 400 Z(cm)
Fig. 4. Axial Fast Flux Distributions (Case 1); Maximum fast flux point is set equal to 10.
z L4 [ 4 1 1
¢ = [ 1] {0,140)
(XY)= (69, $0) '
DC4 — --———
2} sywTmon . X 4
8gr3p . ©

[l L
100 200

Z{cm)

Fig. 5. Axial Thermal Flux Distributions (Case 1); Maximum fast flux point is set equal to 10.

3.1% except this one assembly. The effe-
ctive multiplication factor agrees well with
PDQ. And the B®R2D requires about 2
seconds for the processing on CDC 6400 at
KAERI in Korea. It is very small compared
to the time of PDQ, because the ratio of
numbers of mesh points for BOR2D to those

for PDQ is about 1/800 and the processing
times are approximately proportional to the
numbers of mesh points.

In 3-D IAEA benchmark test, the effe-
ctive multiplication factor agrees within
0.19%, but the position of the peak power
is differentiated with 20cm, and the value
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Table 6. Comparison of 3-D Results with Other Methods

83

Effective Processor time
; Computer codes multiplication values Method (min)
case 1 [ DC41® 1.0198 finite difference 35
SYNTRON® 1.0170 synthesis 6.1
BOR3D 1.0170 B¢rrensen 0.58
case 2 DC4 ( 1.0032 finite difference 45
SYNTRON 1.0000 synthesis 6.5
} BOR3D 1.0010 Bgrrensen 1.13

% DC4 and SYNTRON ; On Burroughs B6700 computer

* BOR3D ; On CDC6400 computer

is 8% underestimated compared with PDQ
calculation. BOR3D is based on the coarse
mesh FDM, thus it cannot predict well
the sharf change of the flux along the
channel with partially-inserted-control rods.
Moreover BOR3D can only predict the
averaged values in the mesh box (20cm X
20cm x 20cm), so the peak position of the
power can be located within the mesh box
and the value may be higher than that
of BOR3D. The BOR3D requires about 30
seconds for the processing, but it is still
very small compared with the calculations
of 3-D clean core due to the coarse mesh.

In 3-D RIS® problem test, the effective
multiplication factor is between the results
of the two other computer codes DC4 and
SYNTRON, and the flux distributions are
also between the predictions of the two.
This shows B®R3D predictions are well
compared with the conventional FDM (DC4)
or the synthesis method (SYNTRON), whose
mesh sizes are about a half of that for
BOR3D. But we cannot compare the proce-
ssing time precisely, because DC4 and SY-
NTRON calculations are perpormed on the
Burroughs B6700 computer at RIS® in
Denmark whereas BOR3D calculations on
the CDC6400 at KAERI in Korea.

These tests have shown that, although
the modified B¢rrensen model needs the

empirical coarse mesh factor and the wei-
ghting factor, it requires extremly small
execution times and has reasonable accu-
racy.
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