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ABSTRACT - The objective of this work is to study the effect of intense perturba-

tions» such as control rod insertion in the core of PWR reactors, through a perturba

tion approach consisting of a modified version of the pseudo-harmonics method. A

typical one-dimensional PWR reactor model was used as a reference state» from which

two perturbations were imposed, simulating gray and black control rod insertion. In

the first case» eigenvalue convergence was achieved with the 8 order of approxima-

tion and perturbed fluxes and eigenvalue estimates agreed very well with direct cal-

culation results. The second case tested represents a very intense localized pertur-

bation. Oscillations in keff were observed as the order of approximation increased

and the method failed to converge. Results obtained indicate that the pseudo-harmon-

ics method can be used to compute 2 group fluxes and fundamental eigenvalue of per-

turbated states resulting from gray control rod insertion in PUR reactors. The meth-

od is limited» however» by perturbation intensity, as other perturbation methods are.

X. INTRODUCTION

The determination of flux and fundamental eigenvalue» corresponding to a

number of material configurations close enough to a reference nuclear reactor confi¿

uration» can be advantageously performed by perturbation methods.

The usual procedure is to expand the perturbed flux in a sum of terms $

(the first term being the unperturbed flux, * ) extending to a certain order K of

approximation. The perturbed eigenvalue is similarly expanded. When these expansions

are substituted in the perturbed eigenvalue equation, a recurrent system of fixed

source type equations results for determination of the ^ s. In this system, the



operator acting of each • coincides with the unperturbed problem operator» which

i« singular. In this case, a solution of the fixed source problem will only exist if

one imposes a virtual source condition. Applying this condition, an expression for

each A can be obtained» and one can then reconstruct the perturbed flux and eigen

value, up to the K-th order of approximation. One disadvantage of this procedure ap-

pears when one has a number of perturbed cases, due to the need of performing "di-

rect type" calculations for each case.

To overcome this, explicit methods with respect to the perturbations were

proposed I1* 2|. These methods expand the perturbed flux in a basis of eigenfunc-

tions- (modes) -pertaining to an operator related to the reference problem. By this

procedure, once the expansion coefficients are obtained, the perturbed flux may be

easily computed. However, difficulties associated with the appearance of degenerate

and/or complex eigenvalues have been reported |'|.

II. BRIEF DESCRIPTION OF THE METHOD

The pseudo-harmonics method |*| avoids this problem by expanding the per tur

bed flux in eigenfunctions of an operator which is only part of the reference prob-

lem operator (leakage + absorption). This "partial" operator is self-adjoint, has

real eigenvalues and corresponding eigenvectors which are real and orthogonal. Since

intragroup transfer is not included, the multigroup equations can be decoupled, when

calculating group pseudo-harmonics.

In previous work, a modified-version'of the pseudo-harmonics method was de-

scribed and tested for simple one dimensional test cases |*|. In another work |*|, lo

caused perturbations were imposed on a one dimensional representation of a typical

PW1 power reactor |7|, consisting of 7 regions as follows: 2 control rod regions

(water holes when rods are out), 3 different enrichment zones (corresponding to dif-

ferent burnup rates) and 2 regions to represent core baffle and reflector. The axial

buckling, which depends on material region and group energy, was not considered.

Starting from a reference configuration with rods out, gray rods were inserted,

giving rise to a perturbed condition, which was calculated with the pseudo-harmonics

method* Eigenvalue convergence was achieved with the 15 order of approximation,

using 16 harmonics. The resulting flux and eigenvalue estimates agreed to four fig-

ures with values obtained by direct calculation.



111. TEST CASES

Thii paper presents new one dimensional results, for the reactor above men-

tioned, now taking into account the axial buckling dependance on Material region and

group energy. Starting with the reference configuration with rods out, 2 perturba-

tions ««re simulated. In the first one, gray control rods were inserted and the per-

turbad «tata calculated with the pseudo-hamonics method.

The second perturbation is the insertion of black control rods in the water

boles. Perturbed group constants vary up to 60Z of reference parameters, thus charac

terising a vary intense localized perturbation. Group parameters for reference and

perturbad cases are presented in table I.

For the first test case, the pseudo-harmonics calculation gave a value of

1.0099 for k .., which is to be compared to the direct calculation value of 1.0037.err ^v
Eigenvalue convergence was obtained with the 8 order of approximation. The order

of approximation, in all cases, was determined by the following convergence crite-

rion:

At)
A < c .U

«bare K is the required order when the above criterion is satisfied. A value of

e • 10 was employed in both test cases. Figures I and II below show, respectively,

fast and thermal fluxes obtained by direct calculation and by the pseudo-harmonics

method (using 16 harmonics in flux expansions).

The above results indicate that the method is able.to correctly reproduce

integral parameters and flux distribution for perturbations as intense as gray rod

insertions.

In the black control rod insertion test case, however, oscillations in keff

estimate ware observed as the order of approximation increased, and the method fail-

ed to converge. This noncoovcrgent behaviour is thought to be associated with the

vary intense and localised unbalance between neutron production and destruction,

which cennot be fully considered by the basis adopted in the method. However, conve£

genca problems for this test case, with other perturbation approaches, have been

reported |7|.



TABU I - Group constants for r«f«r«nc« and perturbed configurations

REGION

ia

2« 1*2

•In

1

(*) 1

2.2869 - 1
2.3421 - 1
2.3303 - 1

1.0927 - 2
1.3062 - 2
1.5257 - 2

1.4993 - 2
1.3997 - 2
1.3259 - 2

8.5585 - 1
8.5262 - 1
8.8174 - 1

9.9964 - 2
13353 - 1
1.5977 - I

5.7076 - 3
5.7076 - 3
5,7076 - 3

1.5079 - 1
1.5079 - 1
1.5079 - 1 ,

2

2.3154 - 1

1.1482 - 2

1.3620 - 2

8.4293 - 1

1.0947 - 1

6.7829 - 3

1.7350 - 1

(*) 3

2.2869 - 1
2.3421 - 1
2.3303 - 1

1.0927 - 2
1.3062 - 2
1.5257 - 2

1.4993 - 2
1.3997 - 2
1.3259 - 2

8.5585 - 1
8.5262 - 1
8.8174 - 1

9.9964 - 2
1.3353 - 1
1.5977 - 1

5.7076 - 3
5.7076 - 3
5.7O7¿ - 3

1.5079 - 1
1.5079 - I
1.5079 - 1

4

2.3168 - I

1.1434 - 2

1.3626 - 2

8.4257 - 1

1.0956 - 1

6.8423 - 3

1.7444 - 1

5

2.3364 - 1

1.0321 - 2

1.3958 - 2

8.2018 - 1

9.8258 - 2

7.9835 - 3

1.7196 - 1

6

2.6805 - 1

4.4080 - 3

5.4000 - 5

8.2039 - 1

1.2906 - 1

0.0

0.0

7

1.9778 - I

7.0200 - 4

3.I960 - 2

1.1201 • 0

2.1000 - 2

0.0

0.0

(*) reference paraneter
gray rod parameter
black rod parameter
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IV. CONCLUSIONS

Results obtained indicate that, for one dimensional calculations, the

pseudo-harmonics method, as developed in |5|, can be used to compute two-group fluxes

and fundamental eigenvalue of perturbed states of PUR reactors, resulting from

localised perturbations as intense as gray control rod insertion. This is particular

ly important when one has a series of configurations close to a reference state, "a

priori1* determined. The method is limited, however, by the perturbation intensity,

as fell perturbation methods are.
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