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ABSTRACT

A generalized perturbation program has been developed for the purpose of estimating zonal power
variation of a CANDU reactor upon refueling operation. The forward and adjoint calculation
modules of RFSP code were used to construct the generalized perturbation program. The numerical
algorithm for the generalized adjoint flux calculation was verified by comparing the zone power
estimates upon refueling with those of forward calculation. It- was, however, noticed that the
truncation error from the iteration process of the generalized adjoint flux is not negligible.

INTRODUCTION

The first attempt to apply the generalized perturbation theory (GPT) to CANDU fuel management
was made to correct the undesirable flux distributions rather than to minimize fuel cycle cost.
The optimization techniques suitable for CANDU reactor fuel management have been studied
byh&nakgVﬁghgVVQﬁnand(ﬁnnuud,BonhyIhﬂxﬁsand}hxﬁn,Romn;andlhumnand}kmcnf
Motoda firstly studied the continuous refueling problem in a slab geometry and one energy group
with no restriction on maximum flux. The other studies were engaged in determining an optimal
discharge burnup distribution of a reactor under the equilibrium refueling condition, which will
maximize the average exit burnup while obeying constraints on maximum power and excess
reactivity. Recently, Rozon et al. have investigated the potential of using Reactor Regulating
System (RRS) as a response to refueling perturbation in order to select optimal refueling channels.

In this paper, we introduce a procedure for obfaining zone power variation to refueling
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perturbations using first order GPT equations. In principle, the perturbation program uses RFSP
modules for the forward calculation and data transfer and a module *PERTURB was written
for the generalized adjoint flux and zone power calculation.

PHYSICS METHOD OF RFSP CODE

The RFSP is a 3-dimensional finite difference diffusion code used for the CANDU reactor design
and analysis. It is being used for the lattice property calculation, time-average and instantaneous
calculation, refueling simulation, and core transient (kinetics) calculation. It is composed of many
modules such as *DATA for model definition, *TIME-AVER for time-average calculation, and
*SIMULATE for refueling simulation. Each module executes independently and shares data
through the RFSP direct-access file.

The two-group neutron diffusion equation solved by RFSP is as follows:

—v - DD V(P) + (Za(P) + Zn(7) (7~ Vie(f,r) (1) =0 M
—V - Dy V() + (P () — Zu (P $1(7) =0 o))

The finite difference scheme of RFSP is a mesh-centered formulation, i.e., the finite difference
equation is written in terms of the fluxes at the centers of the nodes. The static diffusion equation
can be written as:

M¢=AF¢ €)

and the flux solution is normalized to the total reactor power defined as:
Po=<H,¢>r= 2H;$sV; @

b2
where H= Vﬂ,,[-%%f] E;F.x1.60207x10"3x 10" #W for one lattice bundle, Ey is the
therma

average energy release (MeV) per fission, F. is the fraction of power into the coolant, and V;
is the volume correction factor of the node ;.

GPT METHOD FOR RFSP
Suppose that the diffusion equation, Eq. (3), has been solved for the reference (unperturbed)
system such as:

(Ma_AoFa) ¢o=0> (5)

the perturbed equation with first order approximation will be written as
(M, — A, F,)d¢= — (UM — A AF — JAF,)¢,= S . (6)

In Eq. (6), the variation of system matrix is known once the refueling channel is selected. In
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principle, it is possible to get the flux variation by solving a fixed source problem but this
requires a large amount of calculation which is not desirable for the selection of optimum refueling
channel. If GPT method is used to predict the sensitivity of flux (power) to the refueling operation,
the number of calculations can be saved appreciably when estimating the system characteristics
of interest.

The CANDU reactor is divided into 14 control zones, and the liquid zone controllers (LZC),
located at the center of each zone, are controlled individually to maintain the reference zone
power. Therefore, the zone power (or level) can be regarded as an index that represents the
deviation of current power distribution from the reference one. For such a case, the system
characteristics of interest are the zone power fractions, which are defined for the unperturbed
state by:

{H,, $>; -
. o»
Po = TH, 8, @

The goal is to obtain the variation in zone power fractions caused by a single refueling
perturbation. For example, refueling of channel ; will perturb the zonal power fractions:

b= i+ 4pP ®

The variation of zone power fraction can be divided into two components: the direct effect
of H and the indirect effect of flux change. The direct component can be obtained by differentiate
the zone power fraction with respect to A The indirect component can be obtained by introducing
a generalized adjoint flux (I7) to Eq.(6):

(Mo — A, F)I7, 469> = <I7,S)> ©®

Now, the indirect component can be given as
A 4y = <I%, S 10)

under the condition that
) ) " 317
_ N — [ Y28 )]
(M= LFOIT, 49> = (5L, 267) (11
When the direct and indirect components are collected, the variation in zone power fraction
due to refueling of channel ; can be easily obtained:
(4H®, 85y, . (4H?, $,5,

(H,, 855 P <H, 6004 ' 12)

— {17, (AMP — 2,4F®)¢,) .+ O({4¢}?)

9P =

where the generalized adjoints are obtained by solving an adjoint source problem for each control
zone / as shown in Eq. (13):
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(M~ A, F:)IT = S; (13)

and the multigroup spatial source is defined as:

sy {8v(7) = b H7)
36 (1) = <H,, $o7

where, §,,=1 only for regions in control zone /.

Si= (14)

Eq. (12) contains only the perturbation operators and the unperturbed flux. The generalized adjoint
equation, Eq. (13), is more simple than the perturbed equation, Eq. (3), since it is not an eigenvalue
equation but a singular source problem. Once the generalized adjoints are calculated, the variation
of zone power can be estimated to the second order accuracy by a simple inner product, rather
than solving the perturbed field equation for each perturbation.

NUMERICAL TEST

The algorithm of GPT program for CANDU physics code RFSP has been developed. The
perturbation program basically adopts RFSP method for input preparation, forward diffusion
calculation and data transfer. A numerical test of GPT program for CANDU refueling simulation
has been performed for the DUPIC core under a 2-bundle shift refueling scheme. Fig.1 shows
forward, adjoint, and generalized adjoint flux in x-direction of the core, where the generalized
adjoint flux is for zone 1. Table I shows the variations of zone power and effective multiplication
factor for four single refueling and a simultaneous refueling perturbations, and the results are
compared to those of RFSP forward calculations. The forward and GPT calculations have shown
good agreements when the zone power variation is relatively large. However, when the magnitude
of the perturbation is relatively small, it was found that the truncation error during the iteration
process is not negligible.
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Table 1. Comparison of Zone Power and Effective Multiplication Factor

Refueled
Channel P-7 0-8 M-16
Ak Forward| GPT | Error* |Forward| GPT | Error* |Forward| GPT | Error*
1.74E-4| 1.57E-4| -99|1.55E4|143E4| -75|1.60E4|1.52E4| -50
4p” |Forward| GPT | Error* [Forward| GPT | Error* |Forward] GPT | Error*
1| 3.1E4| 3.2E4 32| 3.0E4| 3.3E4 89|-12E-3| -1.1E3| -32
2| 26E-3| 25E-3|  -6.7| 1.7E-3| 1.6E-3 -53]-10E-3| -98E4| -37
3] -13E-3| -1.1E-3| -172| -9.7E4| -8.1E4| -16.1|-3.9E4| -4.1E-4 4.6
4| 2.0E-4| 8.0E-5] -60.0| 7.5E-4| 64FE4| -14.0| 6.5E4]| 59E4| -89
5| 12E-3] 1.1E-3| -10.1| 9.6E-4| 87E4| -94| 9.1E-5| 6.8E-5 -
6| -14E-3| -13E-3| -6.6| -1.1E-3| -1.0E-3 52] 13E3| 12E-3] -69
Zone |11 -83E-4 80E-4| -29|-63E-4|-63E4|- -05| 19E-3| 1.8E-3] -63
8| 1.4E4| 1.7E-4| 142| 7.6E-5| 1.1E4 -1-13E3| -12E3]  -61
9] 2.1E-3| 2.0E-3| -59] 12E-3| 1.1E-3 -45]-12E3| -1.1E-3|  -65
10| -14E-3| -1.2E-3| -17.8|-1.1E-3| -93E4| " -16.0|-6.8E4| -5.8E-4| -14.7
11] -6.2E-5| -1.9E-4 -| 26E4| 15E4| -429| 8.0E-5| 6.4E-5 -
12| 84E-4| 7.5E4| -104] 54E4| 48E4| -11.3|-33E4| -2.8E4| -14.0
13] -1.5E-3| -14E-3|  -6.5] -1.2E-3| -1.2E-3 45| 77E4| 76E-4| 20
14| -8.9E-4| -8.7E-4| -32|-74E-4| -7.3E4 -0.8] 12E-3| 12E3] -29
Refueled
Channdl G-11 P-7, 0-8, M-16, G-11
dk.y Forward| GPT | Error* |Forward| GPT | Error*
1.43E-4| 135E-4| -5.8]|6.26E-4| 5.87E4 6.2
Ap$? |Forward] GPT | Error* |Forward] GPT | Error*
1| 53E-4| 46E-4| -13.7]-9.3E-5| -3.6E-5 -
2| -59E-4| -56E-4| -49] 2.7E-3| 2.5E3 9.0
3[ 2.4E-3| 193] -20.1|-3.6E-4| -3.5E4 -0.4
4| 3.0E-4| 57E-4| 91.7] 1.9E-3| 1.9E-3 1.3
5]-1.2E-3| -1.1E-3| -82| 1.1IE-3| 9.1E4| -17.1
6| 2.2E-4| 2.0E-4| -10.5|-1.0E-3| -9.3E4 -83
Zone |_I-7TE-4] 7.1E-4 82| -3.1E4| -33E4 4.4
e el 25E4| 20B-4| -133| 8.1E4| -72E4| -11.3
9| -73E-4| -68E-4| -6.8| 14E-3| 13E3 7.0
10] 1.7E-3| 14E-3| -17.8]-1.6E-3| -1.3E-3| -164
11| -5.0E-6| 2.1E-4 -| 29E4| 23E4| -203
12| -1.3E-3| -1.2E-3| -89]-1.7E4| 24E4| 429
13| 2.96-5| 3.1E-5 -|-19€3] -18E-3| 65
14| -84E-4| -7.76-4| -8.8] -1.2E-3| -1.2E-3 3.5

* (GPT — Forward)/Forward x 100 (%)
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