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frequencies are given in Table 3, which also
contains those by the consistent scheme,

As seen from these results, the use of lumped
bases brings generally some deterioriation in ac-
curacy, but the results are still acceptable and the
drawback may well be justified by the considerable
saving of the computing process for mass matrices.
The lumped basis for plate bending presented here
could be utilized in nonlinear dynamic analyses
of plates and shells, and its theoretical validity
will be reported in due course.

The numerical computations of the present
work were carried out by HITAC 5020E computer
in the Computer Center, University of Tokyo.

SuorT Notk (F. Kikuchi et al.; H. Motoda) 751

- REFERENCES

(1) CroucH, R. W., FEL1PPA, C. A.: Proc. 2nd Conf.
Matris Methods Struct. Mech., Ohio, 1968,
pp. 399~440, (1968).

(2) Key, S., BEISINGER, Z. E.: To be published in
Proc. 3rd Conf. Matrix Methods Struct. Mech.,
Okhio, 1971,

(3) Tone, P, Pian, T.H.H., BucciarrerLl, L. L.:
Comput. Struct., 1{43, 623 (1971),

4) KikucHi, F., Anpo, Y.: Nucl. Eng. Design, 21
(13, 95 (1972).

(5) Zwienkiewicz, O. C.:  “The Finite Element
Method in Engineering Science”, (1972), Mec-
Graw-Hill.

(6) KikucHy, F.: To be published in Int. J. Numer.
Meth. Eng.

Journal of NucLEAR ScIENCE and TEcHNOLOGY, 9(12), p. 751~753 (December 1972).

SHoRrT NoTE

Investigation of the Fuel Loading
Pattern on the Core Burnup
by FLARE Simulation

Hiroshi MOTODA

Atomic Energy Research Laboratory,
Hitachi, Ltd.*

Received October 9, 1972

KEYWORDS: optimal loading, fuel loading,
burnup, boiling water reactors, zone loading,
power peaking, fuel management, poison
management, nuclear poisons

Suzuki ez al.*” have presented a new method
of optimizing fuel shuffling by assuming the
stationary property of a region-averaged nuclear
constant, e.g. k., throughout a reactor life, and
have thus succeeded in separating in-core fuel
management from poison management. This
approach is considered very useful if the assumed
nuclear constant is carefully chosen in each region.
The optimal %, distribution has been determined
by Mélice® for a PWR chemical-shim reactor.
The present author® has solved this problem for

BWR by one-dimensional analysis and has shown
that the optimal fuel loading pattern consists of
three-regions (hereafter called the “optimal princi-
ple” in this paper), and that the corresponding
control rod programming can thereby be uniquely
determined. This optimal loading pattern is very
similar to the solution of the minimum critical
mass problem®.

This principle was applied to the initial core
of an actual commercial BWR (1,352 MWt, 400
fuel assemblies) and the effect of differences in
fuel loading pattern on the core burnup was
investigated by FLARE code®®,

The main parameters determining a three-region
fuel loading are the following four.

(1) Volume fraction of each region (w1, vz, vs

=100~ v1—1v3)
(2) The k. of the fuel in each region (&, ks,
ks=(const.—kwx—kgm)/vs)

Three different combinations of volume fraction
{vi, vz, vs) | (38,33, 34), II (30,30, 4p), TI (41, 30, 29)
were taken up, which were thought adequate
from the previous study®. There are six com-
binations (3P;=6) of &, distribution. The optimal
principle is one which satisfies the relation

kz( = kmax) > k1> ks( = kmin)-

The k. of the first region (&) was determined
such that the excess reactivity is canceled at the
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end of life (EOL) by the reactivity decrease caused
by fuel burnup. The k. difference, dk=Fk;—k,
was varied as a parameter.

It is necessary to determine the control rod
programming prior to burnup calculations. It
has been shown that the effect of differences in
control rod programming is rather small as far
as the k. distribution of fuels is near optimum®
and thus, Haling’s principle®® was adopted. The
FLARE code has the capability of calculating
this power distribution. It was assumed that the
control rods would be withdrawn by certain dis-
tances to realize this power distribution at all
times throughout the operational period. (Strongly
absorbing control rods inserted from the bottom
cannot match the actual k. distribution to the ideal
target distribution.)

Effect of Optimal Loading Principle

Figure 1 shows the relation between fuel
burnup € and power peaking factor f for six
combinations of three-region loading in the case
of (w1, vs, vs)=(33, 33, 34) and 4%,=0.08, and uni-
form loading. It is evident that the optimal
principle (marked O) has a great advantage for
both power peaking and fuel burnup over uniform
loading (marked [1). The same result holds also
for comparisons on other aspects of thermal per-
formance such as minimum critical heat flux ratio.

better
o
1 (1,2,3) Legend :
L O |
(2,1.3)1 O Optimal
|
6.0 ! * a Uniform
a\"- I (1.3.2)
z - e Others
o
™
3.1,
o 40 (3.1,2)
o
2 | Vol.frac.% ®{(2.3,1)
5 I(33,33,34)
m
2.0 (3.2.1)
| |
20 30 40

Power peaking factor f
(1 2,3) efe. means the rank of k. among
regions. 4k=0.08.
Fig. 1 Burnup ws. power peaking for six com-
binations of three-region loading
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As far as the burnup is concerned, it is best to
load the better fuels toward the inner region
(k1> k2> Es). However, this results in a very poor
power distribution. In other words, the optimal
principle indicates loading of the better fuels
toward the inner region within the constraint of
thermal performance.

Effect of %. Difference between Regions

Figure 2 shows the relation between the k.
difference, Ak—=k;—k;, and fuel burnup. Since
ks (=kme) is approximately proportional to the
core average k., at FOL, the burnup gain 4é is
also proportional to 4k. The quantitative relation
between 4é and 4k is obtained from Fig. 2 as
Ae(GWD/T)=0.254k(9). Although the burnup
gain is smaller than 1,000 MWD/T for an actual
case (dk~a few 9), this amount is still worth
consideration. The effect of 4k on the thermal
performances, ¢.g. power peak, heat flux etc., is
small,
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Fig. 2 Effect of k. difference between regions

Effect of Volume Fraction

Figure 2 also shows the effect of differences in
the volume fraction of each region. The burnup
is near maximum when the regions are divided
into egual volume.

The radial and the axial power distribution
for optimal loading is shown in Fig. 3. The
radial power distribution in the central region is
very flat. Other loading patterns result in poorer
power distribution.

In summary, one-dimensional analysis of the
optimal loading pattern was verified by a three-
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Fig.3 Power distribution in case of optimal
loading (O mark in Fig. 1)

dimensional burnup simulation of BWR. It is
concluded that the optimal distribution of the region
averaged nuclear constants is very important. This
should be carefully determined from the standpoint
of both reactor physics and reactor engineering
to satisfy the various operational limitations such
as stuck rod margin, local power peaking and so
on,

Once an optimal A, distribution has been
determined, the optimization of the numbers of
fuels to be loaded and discharged, and the al-
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location of the individual fuel assemblies is fairly
straight forward @,

The author is indebted to Mr. S. Kusunose
of the Nuclear Power Plant Reactor Engineering
Section of Hitachi Work, Hitachi Ltd., for furnish-
ing the nuclear data,
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For application to the liquid metal MHD
energy conversion cycle, there have been proposed
to data four basic cycles, i.e. separator, injector
condenser, emulsion and slug flow cycles™,

In the first two cycles, the working fluid flows
through the generator channel in liquid phase
alone if complete separation or condensation can
be obtained of the vapor used to accelerate the
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