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Abstract

A number of reactivity devices are distributed in a CANDU-PHWR core to control the power
distribution and excess reactivity. The effects of these devices are represented by incremental cross
sections in core analysis. The incremental cross sections are generated by the SUPERCELL code
using the two-group constant set calculated by the lattice code, WIMS. The incremental cross sect-
ions are then assessed for adjusters and zone controller by core simulation. Reactivity worth and
channel powers are compared to the reference values. The deviation of reactivity worth and the
maximum channel power are less than 0.97% and 0.6%, respectively, for the initial and equilib-

rium core.
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nels which are horizontally arranged in the core.
1. Introduction Hence, these devices cannot be easily represented
for CANDU core analysis due to geometrical
Reactivity devices of CANDU-PHWR are loc- complexity. Therefore, the properties of a device
ated vertically through the midst of fuel chan- are usually smeared over a certain region along
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the entire length of the device, which results in
addition of reaction cross sections to that region.

The reactivity control devices of a CANDU-
PHWR consist of adjuster rods, zone controller
units, mechanical control absorbers and shutoff
rods. Of these devices, mechanical control abso-
rbers and shutoff rods are fully withdrawn when
a reactor is normally operating at full power.
Adjuster rods of stainless steel are, however,
fully inserted into the core during normal ope-
ration. Zone controller units regulate the reactor
power of each zone by varying the amount of
light water in the corresponding compartment.
Incremental cross sections are thus considered
for zone controller units and adjusters.

There are two methods available to model
reactivity devices. One method is that fuel and
reactivity devices are treated as line sources and
line sinks in the reactor simulation model. This
method!,2" has been introduced since 1956, but
has not been used in power reactor simulations
because of long computing time. The other
method® is that reactivity devices are presented
in the reactor model as regions with modified
neutron cross sections. This method is preferred,
since it is simple to apply and requires relatively
short computing time. In this method, neutronic
interaction between fuel and reactivity device
is precalculated and its effect is implicit in the
cross sections that are assigned to the regions
representing the reactivity devices.

The SUPERCELL progrom is used for the
precalculation and the method used for the gen-
eratron of incremental cross section is developed
for the CANDU-PHWR lattice in this work.
And the method is developed to be applicable
when the design parameters such as fuel enric-

hment are changed.

II. Numerical Calculations

II. 1 Lattice Calculations

Considered in a lattice calculation is a unit
cell consisting of single fuel channel and appr-
opriate amount of moderator. The lattice cell
of CANDU-PHWR is presented in Fig. 1. The
cell is modified to have cylindrical configuration
in order to usc thc WIMS code'"

as shown in
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Fig. 2. Lattice Cell Model in WIMS
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I 1.1. WIMS Model

Although it is possible in practice to perform
transport calculations in all WIMS 69 library®
groups, it is practical for energy groups not to
be elaborated since few group calculations can
do with little error in a well-thermalized reactor
such as a CANDU-PHWR.® Ten broad energy
groups are used to generate two group constants,
and Table 1 shows energy group boundaries.
Two-group constants are calculated from ten-
group constants.

Neution thermalization is represented by the
single cross section, X, to account for the eff-
ective thermalization of fast neutrons. Neutron
production is also represented by the single
notation, ,Y;, to conserve the total neutron
production. Two-group constants spatially wei-
ghted are calculated from energy collapsed group
constants by flux-volume weighting. The one
dimensional cell cross section is designated by
2.

In the WIMS model, the cell is divided into
three regions such as fuel channel, annulus tube
and moderator for the lattice which does not

Table 1. Energy Group Boundaries
Broad Group Boundaries

Group Energy(eV)
1 1.0x107 ~ 1.1x10°
2 1.1x10% ~ 9118.0
3 9118.0 ~ 148.728
4 148.728 ~ 9. 877
5 6. 877 ~ 4.00
6 4.00 ~ 1.15
7 1.15 ~ 0.625
8 0.625 ~ 0. 250
9 i 0.250 ~ 0. 030
10 | 0.030 ~ 0.0
Two Group Boundaries
Group ! Energy(eV)
1 1.0x10" ~ 0.625
2 0.625 ~ 0.0
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Fig. 3. WIMS Model for Reactivity Device

include reactivity device. If the cross sections
of cell materials with reactivity device are req-
uired, the equivalent volume of the device is
located at the boundary of the lattice cell as
shown in Fig.3.

II. 1.2. Time-averaged Model

For the equilibrium core, the core contains
fuels ranging in irradiation from zero to some
terminal irradiation. The time-averaged param-
eters at terminal irradiation repressent the ave-
rage over all irradiation intervals. The terminal
irradiation used in this model is 6500 MWd/tU.

The time-averaged cross section is represented
as follows:

3 2 (4w;) dw;
=1

» dw;
=t

where j denotes the time-interval mesh, dw; is
the amount of irradiation and ¥ (dw;) represents
the interval-averaged cross section.

The H-factor is defined as the fission power
over the average thermal flux in the cell,
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where € is the average energy released per fiss-
ion. This factor is used to calculate the channel
power by multiplying average thermal fux of
the cell which contains the fuel channel.
I1I. 2 SUPERCELL Calculations

II. 2.1 Modelling

The properties of a given device are smeared
over a fairly large region along the entire length
of the device. The choice of size of this region
is arbitrary. However, one lattice pitch by one
bundle length® is typically taken for this study.
The SUPERCELL code is used for the supercell
calculations. The supercell model is taken as
1/8 of the the three dimensional lattice because
of symmetrical geometry as shown in Fig. 4,
Model (A) is a cell without a device, model (B)
is with a rod-in-tube adjuster, and the last mo-
del(C) is with a zone controller.

A rectangular geometry is simply used in the
supercell since the SUPERCELL code is a diff-
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Fig. 4. Supercell Model
(A), B), (©

usion code which has rectangular meshes, and
two kinds of modelling are tested. In the first
model, the volume of each region is kept unch-
anged when converting from the cylindrical ge-
ometry to the rectangular one. In the second
model, the surface area of the fuel region is
kept unchanged. Hence, the cross sections of
the fuel region are increased by a factor of 4/7

and the cross sections of the annulus region are

decreased by a factor of (Rc®*—a?) / (Re?2— ma®

4 )7

where Rc is the outer radius of the calandria
tube and a is the outer radius of the fuel cha-
nnel.

The results of these two models are compared
with those of the WIMS in Table 2 for the
initial core and the second model is adopted for

supercell calculations.

Table 2. Flux Distributions in WIMS and

SUPERCELL
Average SUPERCELL
frﬁg}:onal WIMS Equivalent | Equivalent
1 | wvolume | surface area
Thermal iDeviatio~ Deviatio-
flux n(%) n(%)
Fuel 1.0 1.0 0.0 | 1.0 0.0
Annulus | 1. 37220, 1. 22439 1.24219, 9.5

10.8

ﬁdeefat'l 1. 82640, 1.61609’ 1.5 | 1.62981] 10.2
Fast flux \ !

Fuel 124358 1.18778 4.5 | 1.18933 4.4
Annulus | 0.96075| 0.99499| 3.6 |0.98125 2.1
Moderat-} . 64935/ 0.70878 9.2 | 0.68742 5.9

) MS—SUPERCELL

Deviatlon:; Wi SWIMS X100 | (%)

II.2.2. Incremental Cross Sections

The cross sections for supercells which contain.
reactivity devices are obtained by incrementing”
the cross sections, 3,p, calculated by the lattice
code WIMS,

7 — Z,3D
Z; _ZID ZSD

where 33/,p and 3 ;p are cross sections of a su-

percell with and without a reactivity device,
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respectively. Y;p differs slightly from 33,p bec-
ause:
(1) a rectangular geometry is used to obtain
Y20 whereas a radial geometry is used for 3,p,
(2) two codes, SUPERCELL and WIMS, are
basically different in the solution procedures.
The incremental cross section and incremental

H-factor are represented as following:

4= ( L'sb _ 1)

pRET)
fuel . R
Ly V:
s ’
4H=H,)p ~7f%ﬂl——¥L—1
‘Z V39 V!
¢72: cell 3D

where subscript 3D’ and 3D are the values of

the supercell with and without a reactivity
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device.

Incremental cross sections are thus calculated
and tabulated in Tables 3 and 4 for the initial
and equilibrium core. The physical characteristics
of adjusters and zone controller are in reference

(6).
II1. Core Simulations

The incremental cross sections calculated by
the SUPERCELL are assesed for the initial and
equilibrium core through core simulations using
the reference incremental cross sections® which
were derived by different methods”»? and verified
by experiments.!® In core simulations, the cell
averaged cross sections are obtained from the
POWDERPUR-V!,12  code and the CHEBY
code!® is used for the core simulations. Table 5

Table 3. Incremental Cross Sections for Initial Core*

Adjuster type 43, 25, 43, 83, | m3, | 4% 4H
1 —.11048 - ~2|—. 35545E-2| .72751E-4| .50605E-3 .76404E-4] .71529E-4| .38504E-2
2 —.12388E-2—. 36776 E-2) .64836E-4| .44945E-3 .64068E-4| .62088E-4| .32194E-2
3 —.88802E-4|—. 32646 E-2| .11462E-3| .82096E-3 .16096E-3| .12876E-3 .80878E-2
4 —.88802E-4|—. 32646 E-2) .11462E-3| .82096E-3 .16096E-3 .12876E-3 .B80878E-2
5 —.14013E-3—.33350E -2 .11224E-3 .79632E-3 .15656E-3| .12609E-3 .78613E-2
6 —.15032E-2—. 38170E -2 .49095E-4{ .35073E-3 .39713E-4] .42218E-4| .19973E-2
7 —. 14349E-2]—. 37203E -2 .55452E -4 .38264E-3 .45563E-4| .49200E-4| .22062E-2
8 -48502E-4 .GTA6LE-4 .1239E-4 .13342E-4 .36206E-4| .14196E-4 .18205E-2
Zone controller unit | .21853E -2 . 14544 } .16578E-5 .12148E-2 .82633E-4| .12094E-2 .41452E-2

* 1.59ppm of natural boron in moderator

Table 4. Incremental Cross Sections for Equilibrium Core‘

.
D45, | 4,

4%, WE, 43k 4H

Adjuster type | 42y, |
1 ;— 11144E-2|—.26533E-2| .50777E-4] . 556721:5—3l .94615E-4|—. 19161 E-4] .45404E-2
2 {—. 12457E-2—. 28842 E-2| .43075E-4] .49822E-3 .86388E-4/—. 12562E-4| .41414E-2
3 '—. 12289E-3|—. 15012E-2| .92812E-4/ .88409E-3! .14583E-3/—.55345E-4| .69975E-2
4 l—*. 12289E-3|—. 15012E~2| .92812E-4/ .88409E-3] .14583E-3—.55345E-4 .69975E -2
5 |—.17198-3—. 16095 E -2| .90486E-4| .85886E-3 .14281E-3i—.53662E-4| .68420E-2
6 —.15027E-2|—. 32384E~2| .27592E-4, .39616E-3| .70279E-4|—.16681E-5 .33533E-2
7 —. 14358E—2|—. 31000E-2] .33552- -4 .42872E-3| .74004E-4—.37400E-5/ .35395E-2
8 : .64339E-4 .44610E-4/—.10250E-4| .46805E-4| .19985E-4 .12777E-4] .94222E-3
Zone controller unit ’: .72543E -2’! . 14039 . 26228E —3i -12553E-2/ .87593E-4, .24587E-2| .41882E-2

- ¥ Burnup=6, SOOMWd/tU,M Boron EZ)ncentratiOII;O. Oppm
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Table 5. Simulation Conditions

| Initial Core | Equilibrium

a ore
Depleted fuels ‘ Loaded Unloaded
Bo:::(n)rm D;O mode- | 1. 59ppm 0. Oppm
Adjusters ! fully inserted | fully inserted
Zone controller level ‘ 44. 3%

63.8%

Table 6. Reactivity Worth Comparisons

] Refere- | SUPE- | Deviati-
o nce* | RCELL | on(%)

Initial Adjusters 13. 24039,13. 32189 0. 62
core Zone controller | 7. 36985’ 7.29967, 0.95

Equilibr- | Adjusters 15. 81632/15. 87017} 0. 34
{
ium core | Zone controller | 7. 34340| 7.41478 0.97

* Values are obtained by core simulation using the

reference incremental cross sections

Table 7. Maximum Power Deviations

Reactivity Ma};o cv};:;mel K/I—a%;g\irrfdlé

devices™ deviation(%) |deviation (%)
Initial Adjusters :\ 1.0
core Zone controller 1 0.5
Equilibr- | Adjusters t 0.6 l 1.2
jum core | Zone controller | i 0.3 ]‘ 1.3

* Devices for which mcremental cross sectxons cal
culated by the SUPERCELL are used

of 02 63 04 05 06 07 08 63 16 11
A 0.1 01 et
B 0.0 0.0 0. 01 0.1 0.l
¢ 0.0 0.0 0.0 0.0 0. 0.1 0.1
D 0.0 0.0 0.0 ¢.0 0.0 c.1 0.1 0.2
€ 0.0 0.6 -0.1 -0.1 -0.1 -0.1 0.0 0.1 0.2
F 0.0 0.0 -0.1 -0.1 -0.3 -0.3 0.1 9.2 0.2
¢ 0.0 0.0 0.0 -0.2 -0.3 -0.4 -0.3 0. 0.3 0.2
K 0.0 0.8 0.0 -0.2 -0.3 -0.4 -0.3 0.1 0.3 0.3
gl ol 01 00 00 -0.2 -0.3 -0.3 -0.2 0.1 0.4 0.5
k| 61 01 0 01 00 -0.2 -0.3 -0.3 0.1 0.4 0.5
t el o1 01 o1 0.0 -0.1 -0.3 -0.2 0.1 0.4 0.6
k01 01 01 01 00 -0.1 -0.3 -0.3 0.1 0.4 056
N 01 01 01 0.0 00 -0.2 -0.3 -0.2 0.0 0.4 0.5
6] 01 0.1 0.0 0.0 -0.2 -0.3 -6.3 -0.3 0.1 0.3 0.4
P 0.0 0.0 0.0 -0.Z -0.3 -0.4 -0.3 0.1 0.3 0.3
Q 0.0 0.0 0.0 -0.3 -0.3 -0.4 -0.3 0.1 0.2 0.2
R 0.0 0.0 -0.1 -0.2 -0.3 -0.3 0.1 0.2 0.1
s 0.0 0.0 -0.1 -0.1 -0.0 -0 0.0 0. 0.1
T 6.0 0.0 -0.1 0.0 0.0 8.1 0. 0.1
u 0.0 0.0 0.0 0.0 0.1 0.1 0.1
v 0.0 0.0 0.1 8.1 0.1 0.1
v 0 o1 o

Values in percent (%)

Fig. 5. Channel Power Deviations for Adjusters-
Initial Core

ol 02 03 04 05 o6 o7 G& 05 1o 1
A 2.0 0.0 0.0
B 0.0 0.0 0.0 0.0 0.0 0.0
c 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.%
F 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 -0.1
6 6.0 0.0 0.0 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0
H 0.0 0.0 0.0 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0
J 0.0 0.0 0.0 0.0 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0
X v.0 0.0 0.0 00 -6.1 -0.1 0.0 0.0 00 0.0 0.0
L 0.0 0.6 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[ 9.0 0.0 0.0 00 0.0 0.3 3.0 0.0 0.0 0.0 0.0
N 6.0 6.6 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0
o 0.0 ©0.¢ 0.0 0.0 ©.0 6.2 0.0 0.0 0.0 0.0 0.0
[ 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0
Q 0.0 0.0 0.0 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0
R 0.0 6.0 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0
H 0.0 6.0 -0 -0.1 0.0 0.0 0.6 0.0 -0.1
T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
1 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
v 6.0 0.0 0.0 0.0 0.0 0.0
] 0.0 0.0 0.0

values in percent (%)

Fig. 6. Channel Power Deviations for Zone Con-
troller-Initial Core
shows assumptions used in core simulations.
From the simulation, reactivity worths are
calculated and compared in Table 6. Fig. 5 and
6 show the initial core channel power deviations
from the values which were obtained using the
reference incremental cross sections,® when in-
cremental cross sections calculated by the SUP-
ERCELL are used for the reactivity device. The
channel power deviations for the equilibrium
core are slightly higher than those of the initial
core. The maximum channel and bundle power
deviations from the reference values are shown
in Table 7.

1V. Summary and Conclusions

(1) A method has been developed to calculate
incremental cross sections for regions in CANDU-
PHWR core that contain reactivity devices.

(2) The method uses the WIMS code to cal-
culate material cross sections in a supercell and
the SUPERCELL code to calculate the increm-
ental cross sections of a supercell using the

cross sections obtained from the WIMS.



104

(3) Depending on the size of a supercell mo-
del, the computing time for supercell cross sec-
tions varies typically 100 sec to 400 sec on a
CYBER 174-16 while the integral transport
method® takes 950 sec to 1050 sec.

(4) Deviations of reactivity worth and channel
power distributions are within 0.9% and 0. 6%,
respectively. A conclusion can be drawn from
the results that the method is very useful for a
CANDU-PHWR analysis with reactivity devices.

(5) The present method has, however, some
limitations because of various assumptions taken
for the modelling and approximations. It is thus
recommended to develope a practical computer
code by use of an integral transport method or
a transport-corrected diffusion method.
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