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ABSTRACT

The advanced-RCCA adopts B4G with 90% enriched 10B(enriched B4C) as the RCCA (rod cluster
control assembly) absorber to enhance control rod worth. The basic specifications are determined
considering control rod worth, irradiation behavior, RCCA weight, and interface to core internal. The
B4C/Ag-ln-Cd axially hybrid design is selected to increase the weight of the control rod to a reasonable
value. And the B4C absorber is positioned to upper part to avoid neutron irradiation which would release
helium gas and may cause the clad cracking by pellet swelling and the increase of clad stress by inner
pressure rising. The 60% B4C/40% Ag-ln-Cd design is reasonable proportion at APWR design from the
viewpoint of control rod worth and RCCA weight. In order to achieve significant increase of control rod
worth, the production B4C density is required to 70% of TD (theoretical density) and 10B enrichment is
required to 90wt%. From the view of wear-resistance reliability and inspect-facility, the duplex cladding
design is selected.

With the advanced-RCCAs, MOX capability can be enhanced, in other words, the lumber of
RCCAs can be reduced keeping the same loading capability. In APWR, MOX capability can be
enhanced from 1/3MOX up to 1/2MOX core with the same number of RCCAs, or the number of RCCAs
can be reduced from 77 to 69 for the same MOX capability.

The critical experiments were carried out for the purpose of investigating the neutron absorption of
enriched B4C in PWR condition and the verification of nuclear design method for it. The experiments were
performed at the facility of TCA (tank-type critical assembly) of Japan Atomic Energy Research Institute,
which H/U of core is almost same as PWR operation condition. Ag-ln-Cd, B4C with natural 10B(natural
B4C), and enriched B4C were investigated in the experiments. It is confirmed that the neutron absorption
of enriched B4C is about 30% up compared to Ag-ln-Cd. And the comparison of measurements and
calculations in neutron absorption and rod power distributions shows the adequacy of nuclear method to
calculate enriched B4C as the RCCA absorber.
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The basic specifications of the advanced-RCCA were designed and the neutron absorption effect

of enriched B4C was confirmed by the critical experiments. We also performed some experiments such
as RCCA drop test, RCCA flow-induced vibration test, and confirmed the verification of our evaluation.

1. Introduction

The control rod worth should be enhanced in order to have flexibility of extended burn up fuels
and large MOX fuels loading capability in PWR. The large number of RCCAs would be one of solutions,
but it would not meet the requirement of reduction of construction costs for future plants. Therefore,
Japanese PWR utilities (Kansai Electric Power Co.,Inc., Hokkaido Electric Power Co.,Inc., Shikoku
Electric Power Co.,Inc., Kyusyu Electric Power Co.,Inc., Japan Atomic Power Company) and Mitsubishi
Heavy Industries, Ltd. had investigated the advanced-RCCA which the individual control rod worth can be
considerably increased.

B4C with 90% enriched 10B is adopted as the advanced-RCCA absorber to enhance control rod
worth, and the B4C/Ag-ln-Cd axially hybrid design is selected to increase the weight of control rod to a
reasonable value. With the advanced-RCCA, the required number of RCCAs can be reduced for the same
MOX capability. And the duplex cladding design can increase the reliability against the RCCA-wear and
result in reduction of inspection cost.

In order to confirm the integrity of the advanced-RCCA, we performed the RCCA drop test to get
the scram time data, the RCCA vibration test to confirm that the wear would not be larger than the
current RCCA. The hot cell PIE data of the B4C pellets irradiation performance was acquired in order to
verify the margin of the design evaluations. And, the critical experiments were carried out for the purpose
of investigating the neutron absorption of enriched BiC in PWR condition and verification of nuclear
design method for it.

In this paper, the basic specifications of the advanced-RCCA, merit of it and the critical
experiments of enriched BtC are described. Another tests, such as RCCA drop test, RCCA vibration
tests, and irradiation tests are described in "Development of Advanced-RCCA in PWR (2) - Design of
Advanced-RCCA and Verification Test -".

2. Basic Specifications of Advanced-RCCA

The basic specifications shown in Table-1 and Figure-1 are determined considering control rod
worth, irradiation behavior, RCCA weight, and interface to core internal.

Specifications

Absorber

B4C pellet density
10B Enrichment
Absorber length
Clad diameter

Clad thickness

Current RCCA

Ag-ln-Cd

-
-

Approx. 3.6m
Approx. 9.7mm

Approx. 0.5mm

Advanced-RCCA
Axially hybrid

upper 60% : B4C / lower 40% :Ag-ln-Cd
70% of theoretical density

90wt%
Approx. 3.6m

Approx. 9.7mm
Duplex cladding design

outer / inner: approx. 0.5mm

Table-1 Comparison of RCCA specifications

Control Rod

I

RCCA

Section X-X

Ag-ln-Cd
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Figure-1 Advanced-RCCA structure compared with current RCCA

(1) Absorber Material

Ag-ln-Cd is usually used as RCCA absorber in Japanese PWRs, but other materials are used in
BWRs, FBRs, and foreign PWRs. Considering the experiences of these plants, B4C (natural 10B or
enriched), Hafnium, and Gadolinium are expected as candidates of the RCCA absorber. The control rod
worth, the experiences in PWRs, the material characteristics and the cost are compared, and finally,
B4C (enriched 10B) is selected as the advanced-RCCA absorber for following reasons.

(a) The enriched B,C has large neutron absorption ability.
(b) The cost of it is expected reasonable.
(c) RCCAs with natural HE are used in some PWR plants in USA and France.

And, as mentioned in detail later, the BiC/Ag-ln-Cd axially hybrid design is selected to increase the
weight of the control rod to a reasonable value.

(2) B4C Pellet Density and 10B Enrichment

The neutron absorption of B|C depends
on the 10B number density (= B4C pellet density x
10B enrichment). Figure-2 shows that the neutron
absorption ability tends to saturate at more than
60% 10B number density, therefore it is required
to be more than 60%. Considering the
requirement for 10B number density, pellet
production method and production cost, 70% of
TD is selected for B4C pellet density and 90wt%
is selected for 10B enrichment.

0.6

'B number density

0.8

(3) Axial Ratio of B4C/Ag-ln-Cd Figure-2 Neutron Absorption Ability
versus 10B number density

The density of B4C pellet with 70% of TD
is about 1/5 compared to that of Ag-ln-Cd.
Because the RCCAs drop by dead load at plant trip in PWR, the reduction of RCCA weights causes the
RCCA drop time longer compared than the current RCCA. If the RCCA drop time becomes longer,
minimum DNBR (Departure from Nuclear Boiling Ratio) would be smaller and fuel temperature could be
higher at some anticipated transients or accidents. Therefore, the RCCA drop time should be limited by
safety analysis. In case of full length B4C, the RCCA drop time have not met design criteria, because of
the severe seismic condition of Japanese plant design. The EyC/Ag-ln-Cd axially hybrid design could be
the solution for increasing the weight of RCCA. The axial ratio of B(C/Ag-ln-Cd should be determined
considering control rod worth and RCCA weight.

When 10B absorbs neutron, helium gas is produced by (n, - ) reaction. As helium gas releases,
it may cause the clad cracking by pellet swelling and the increase of clad stress by inner pressure
rising. They would limit the RCCA useful range. Therefore, Ag-ln-Cd that is affected slightly by neutron
irradiation, is placed at the lower part of RCCA where the neutron irradiation is large. And, the axial ratio
of B4C is required to be less than 80%, because the RCCA insertion limit is about 20% at hot full power
condition.
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The number of RCCAs is required to meet the required shutdown margin from safety analysis.

Figure-3, which was evaluated in APWR MOX cores, shows that the control rod worth increases
gradually with increasing of the axial ratio of BtC and tends to saturate at more than about 60%.
Therefore, the axial ratio of B4C is required to be more than 60% from the viewpoint of nuclear design.
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Figure-3 Shutdown Margin Gain versus Axial Ratio of B4C in APWR
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The axial ratio of B4C is required to be less than 60% from the viewpoint of RCCA drop time with
the severe seismic condition of Japanese plant design, though foreign PWR plants have used hybrid
RCCA with about 70% B4C.

Finally, evaluating irradiation behavior, control rod worth, and RCCA drop time, the axial ratio of
B4C/Ag-ln-Cd is determined 60%/40% which B4C is placed to upper part of RCCA.

(4) Clad Design

If the clad is cracked by some reasons, B4C could be release into the moderator. Because the
B4C release causes the reduction of control rod worth and loss of shutdown margin, the clad should be
designed and inspected frequently in plant operation to prevent B«C release. In order to gain wear-
resistance reliability and inspection flexibility, the duplex cladding structure with chromium plating on
each outside surface is applied. Two following merits are obtained by adopting the duplex cladding
design.

(a) Even if the outer clad is cracked by some reasons, inner clad could prevent the
exposure of absorber.

(b) The RCCA inspection becomes simply, because the inspection of outside view
of outer clad is only needed to investigate the clad cracking.

3. Merit of Advanced-RCCA

With the advanced-RCCAs, the number of RCCAs can be reduced keeping the same MOX
loading capability. The required number of advanced-RCCAs in APWR is shown in Table-2. About 10% of
RCCAs can be reduced in APWR design, that also fulfill the requirement of reduction of construction
costs for future plants, though the cost of individual RCCA becomes up slightly because of the
production cost of enriched B4C pellet.
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MOX loading capability

1/3 MOX
1/2 MOX
1/1 MOX

Current RCCA
69
77
97

Advanced-RCCA
65
69
85

Table-2 Comparison of number of RCCAs

Another merit of advanced-RCCA is simplification of RCCA inspection by adopting the duplex
cladding design. The detail of this merit is described in "Development of Advanced-RCCA in PWR (2) -
Design of Advanced-RCCA and Verification Test -".

4. Critical Experiment

In order to confirm the integrity of the advanced-RCCA, we performed the following tests. In this
paper, the critical experiment of enriched 4CB is described.

(a) RCCA drop test
(b) RCCA vibration test
(c) B 4C irradiation test
(d) Critical experiment of enriched B4C

The critical experiments were carried out for the purpose of investigating the neutron absorption of
enriched B4C in PWR condition and the verification of nuclear design method for it. They were performed
at the facility of TCA in Japan Atomic Energy Research Institute, which H/U of core is almost same as
PWR operation condition. The experiment core consists of UO2 fuel rods and the absorber rods and
figure-4 shows one of core patterns. Enriched B4C, B4C with natural 10B(natural B4C), and Ag-ln-Cd were
investigated in the experiments. The reactivity worth and power distributions were measured when the
number of absorber rods and the distance between them were changed as experiment parameters.

UO2rod(2.6wt%)

RCOod

Figure-4 One of Experiment Core Patterns in TCA

The reactivity worth of individual absorber rod is shown in Figure-5 and it is confirmed that the
neutron absorption of enriched B4C is about 30% up compared to Ag-ln-Cd. Figure-6 shows the reactivity
worth of 9 rods which was measured with changing the rod pitch. The power distributions in case of 9
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absorber rods insertion are shown in Figure-7,

The calculation values by PHOENIX-P code, that is two dimensional neutron transport code of
our standard nuclear method, are also shown in figure-5, figure-6 and figure-7. Figure-5 and figure-6 show
good agreement of the measurements and calculations in neutron absorption of absorber materials, and
Figure-7 shows also good agreement of them in power distributions. From these evaluations, it is verified
that our nuclear method has the adequacy to calculate enriched B4C as the RCCA absorber in PWR
condition.
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Figure-5 Comparison of reactivity worth of unit absorber rod
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5. Conclusion

The advanced-RCCA has been developed in order to enhance the control rod worth in PWR. The
B4C with 90% enriched 10B is adopted as the absorber and the 60%B4C/40%Ag-ln-Cd axially hybrid
design at which B4C is placed at upper part of RCCA is selected evaluating reactivity worth, RCCA
weight and irradiation behavior. It is confirmed that adoption of the advanced-RCCAs results in significant
reduction of number of RCCAs in PWR.

The neutron absorption effect of enriched B4C was confirmed and our nuclear method for enriched
B4C verified by the critical experiments. We also confirmed the verification of our evaluations by some
experiments such as RCCA drop test, RCCA flow-induced vibration test. Therefore, the advanced-RCCA
can be applied in Japanese PWR in near future.
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