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a b s t r a c t

The Burnable Poison (BP) is very important for all Light Water Reactors in order to hold-down the initial
excess reactivity and to control power peaking. The use of BP is even more essential as the excess
reactivity increases significantly with a longer operation cycle. In this paper a feasibility study was
conducted in order to investigate the benefits of a new combinational BP concept designed for 24-month
cycle PWR core. The reference designs in this study are based on the two Korean fuel assemblies; 17 � 17
Westinghouse (WH) design and 16 � 16 Combustion Engineering (CE) design. A modification was done
on these two designs to extend their cycle length from 18 months into 24 months. DeCART2D-MASTER
code systemwas used to perform assembly and core calculations for both designs. A preliminary test was
conducted in order to choose the best BP suitable for 24-month as a representative for single BP concept.
The comparison between the results of two concepts (combinational BP concept and single BP concept)
showed that the combinational BP concept can replace the single BP concept with better performance on
holding down the initial excess reactivity without violating the design limitations.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are many benefits of extending the cycle operation length
of Pressurized Water Reactor (PWR). For example, improving fuel
utilization, increasing the total energy produced per cycle, reducing
the number of outages during a nuclear power plant lifetime,
reducing the amount of spent fuel, etc. Therefore, designing PWR
core with a longer cycle operation is essential. One of the keys to
design such PWR core is by using higher fuel enrichment. This
design requires a large number of Burnable Poison (BP) to hold-
down unavoidable increase in initial excess reactivity and to keep
the change in moderator temperature coefficient (MTC) and local
pin power peaking values within design limitation [1].

The existing design of different kinds of discrete and integral BP
show good performance for 18-month cycle PWR core despite each
type of BP has its own advantages and disadvantages [2]. For
example, the required number of Gadolinia (Gad) pins is very low
due to its high thermal neutron absorption cross-section. However,
it has high local peaking factor due to fast depletion of gadolinium
and low thermal conductivity leading to low fuel enrichment. On
by Elsevier Korea LLC. This is an
the other hand, 24-month cycle PWR core is very sensitive for the
distinctive characteristics of each type of BP, due to the significant
increase in the number of BP required. As a result of this, the design
requirements may not be achieved by using a single type of BP
alone [1]. In other words, the accompanying high excess reactivity
with 24-month cycle PWR core needs a large number of BP to hold-
down it. Wet Annular Burnable Absorber (WABA) can be only
installed in Guide Tubes (GT) that do not have control rods, which
could be not enough to give adequate control to the excess reac-
tivity. Integral Fuel Burnable Absorber (IFBA) has a small absorption
worth so the needed number of IFBA pins to give adequate control
to the excess reactivity and negativeMTC is very large thatmight be
there are no enough fuel pins to accommodate them. Large amount
of Gad pins could cause high power peaking, and the large number
of Erbia pins cause a very high excess reactivity penalty at EOC.

In the present paper, two types of BP pins are combined together
in a single fuel assembly. The expected benefit of this concept is to
complement each other's weaknesses when they load together in
the same fuel assembly. Similar concepts were presented in many
other studies [1,3e5]. Some of them proposed very interesting and
sophisticated designs but these designs need to be licensed and
approved before can be used in PWR core while others did not
consider all possible combination options of the existing BP de-
signs. Therefore, in this study, all possible standard existing BP
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Fig. 1. Horizontal cross section of ACE7 fuel assembly type.
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designs without any modification on their designs are considered.
Two different reactor designs, Kori unit-4 and Hanul unit-3, are

selected to be modified from 18-month cycle into 24-month cycle.
Kori unit-4 is a 17 � 17 WH fuel assembly and Hanul unit-3 is a
16 � 16 CE fuel assembly. These two fuel assembly types were
developed by Korea Nuclear Fuel (KNF) and named as ACE7 and
PLUS7 respectively. Table 1 shows some of the design parameters of
ACE7 and PLUS7 fuel assembly type [6e8]. Figs. 1 and 2 illustrate
horizontal cross section of ACE7 and PLUS7 fuel assembly type
respectively. DeCART2D/MASTER code system is used as a design
tool for this study to perform assembly and core calculations [9,10].
The design parameters concerned here are the Critical Boron Con-
centration (CBC), cycle length, power peaking factor, and MTC.

2. Conceptual core design with combinational BP loading

The two reference design cores were modified in order to
extend their cycle operation length from 18 months to 24 months.
Different options can be applied for this purpose. Increase fuel
enrichment, resize the fuel pellet, increase the physical density of
fuel, or increase conversion ratio by adjusting moderator to fuel (H/
U) ratio, these options can be potential candidates. In this paper, a
simple and easy method, i.e., increase the enrichment of fuel ˃ 5w/o
was chosen because the use of BP is the main theme of this study.

Generally, the utilization of BP is to hold-down the initial excess
reactivity, to control local pin power peaking and to reduce the CBC.
There are two types of BP designs used in PWR fuel assemblies. The
first one is discrete designs, which includes Borosilicate Glass (Py-
rex), WABA and Solid Burnable Poison Rod (SBPR). The other one is
integral designs, which includes Gad, Erbia and IFBA. In this study
only Gad, Erbia, IFBA and WABA are considered due to their
exclusive use in the existing PWR designs. Fig. 3 shows a horizontal
cross section view of Gad or Erbia fuel rod and Figs. 4 and 5 show
horizontal cross section of IFBA and WABA rods respectively
[11e13]. The characteristics of these BP are discussed based on their
effect on reactivity control, peaking factor, MTC and cycle operation
length. Also, the different options of combining the BP types under
consideration are presented below.

2.1. Reactivity control

Gad pins can hold-down the initial excess reactivity very effi-
ciently comparing to the other BP types, due to large thermal ab-
sorption cross-section of the gadolinium. For the same reason, a
high concentration of gadolinium in a few fuel rods is needed in
order to achieve the self-shielding effect and avoid a fast
Table 1
ACE7 and PLUS7 design parameters.

Design Parameter ACE7 PLUS7

Fuel Rod Array 17 � 17 16 � 16
Number of Fuel Rods 264 236
Active Fuel Length 365.76 381
Number of Guide Tube 24 4
Number of Instrumentation tube 1 1
Fuel Assembly Length (cm) 406.3 452.8
Fuel Assembly Pitch (cm) 21.5040 20.7772
Fuel Rod Length (cm) 388.1 409.4
Cell Pitch (cm) 1.260 1.285
Fuel Diameter (cm) 0.8192 0.8192
Cladding material ZIRLO ZIRLO
Cladding I.D. (cm) 0.8357 0.8357
Cladding O.D. (cm) 0.95 0.95
Guide Tube material ZIRLO ZIRLO
Guide Tube I.D. (cm) 1.008 2.286
Guide Tube O.D. (cm) 1.224 2.4892

Fig. 2. Horizontal cross section of PLUS7 fuel assembly type.
consumption. While, theWABA pins can reasonably hold-down the
initial excess reactivity, due to the intermediate absorption cross-
section and a large quantity of the boron. On the other hand,
even though IFBA also uses boron as neutrons absorber, it cannot
hold-down the initial excess reactivity as much as the above BP
designs, due to the small quantity of boron used in IFBA. Further-
more, IFBA can be fully depleted within a short period of the reactor
operation. This fast consumption of IFBA is not favorable for a long
cycle. Similar to IFBA, Erbia cannot hold-down the initial excess



Fig. 3. Horizontal cross section of Gad or Erbia fuel rod.

Fig. 4. Horizontal cross section of IFBA rod.

Fig. 5. Horizontal cross section of WABA.
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reactivity effectively, due to its smaller absorption cross-section
comparing to the other BP designs [4,5,14].

2.2. Peaking factor

Due to the low thermal conductivity of UO2-Gd2O3, the
enrichment of U235 should be reduced in order to meet the design
limitation for maximum fuel temperature. This reduction of U235

content with high gadolinium concentration in the Gad pins can
cause high power peaks. Also, WABA pins can cause high power
peaking due to the high concentration of absorber material. On the
other hand, IFBA unlike gadolinium, can be distributed in the fuel
assembly and no need to be concentrated in some fuel rods, which
leads to reasonable power peaks. Finally, due to a smaller absorp-
tion cross-section of erbium, it guarantees smoother power distri-
bution following its depletion, which leads to favorable power
peaking [4].

2.3. Moderator temperature coefficient (MTC)

Erbium can reduce the MTC through two different mechanisms.
Firstly, similar to the other BP types, by hold-down the excess
reactivity that leads to reducing the concentration of soluble boron
in the coolant. Secondly, due to the resonant behavior of erbium
MTC becomes a lower value. The absorption cross-section curve of
Er167 at the epithermal range (�0.5 eV) has a relatively wide
resonance. In a typical neutron spectrum of Light Water Reactor,
this resonance is mainly responsible for the erbium resonant
behavior due to its large contribution of the overall neutron cap-
tures [4,5].

2.4. Cycle operation length

Gad and Erbia displace the UO2 from the fuel matrix and they
have residual reactivity penalty due to undestroyed high absorp-
tion cross-section daughter isotopes. Resultantly, the cycle opera-
tion length will be reduced [15]. Also, due to the design limitation
for maximum fuel temperature the enrichment of U235 in UO2-
Gd2O3 fuel mixture must be reduced, which will further reduce the



Fig. 6. Example of single and combinational BP pin arrangements.

Table 2
Candidate optimum options for ACE7 fuel assembly type.

Option Primary BP Secondary BP

Option A Erbia WABA
Option B IFBA WABA
Option C WABA Erbia
Option D WABA IFBA

Table 3
Candidate optimum options for PLUS7 fuel assembly type.

Option Primary BP Secondary BP

Option A' Erbia Gad
Option B' IFBA Gad
Option C' Gad Erbia
Option D' Gad IFBA

A. Dandi et al. / Nuclear Engineering and Technology 52 (2020) 238e247 241
cycle operation length. On the other hand, IFBA does not displace
the fissile material from the fuel matrix and it has no residual
reactivity penalty, which in favor of the cycle operation length [4].
Generally, WABA is designed for WH fuel assembly type and can be
installed in GT. In this case WABA does not displace the fissile
material from the fuel matrix and the residual reactivity penalty is
small comparing to Gad and Erbia. Therefore, the effect of WABA on
the cycle operation length is limited. On the other hand, if WABA
was used in CE fuel assembly type, it would replace a whole fuel
Fig. 7. Comparison of
rod, which will be reflected negatively on the cycle operation
length.

In other words, in terms of reactivity control, Gad and WABA
give the best performance. While, for peaking factor, Erbia and IFBA
show reasonable power peaks and in terms of MTC Erbia is the best
among all the other BP designs. Finally, for cycle operation length,
IFBA and WABA (WABA here in WH fuel assembly type only)
guarantee the longest cycle operation length. Therefore, by
combining two or even three different kinds of BP pins can
compensate for the weak points of each other. By way of example,
and not limitation, if Gad is combined with Erbia in the same fuel
assembly, the expected result from the new designwould be a good
performance in terms of reactivity control, peaking factor and MTC.
Furthermore, if IFBA also is added to the mentioned combined
design, i.e., (Gad þ Erbia þ IFBA), will be reflected positively on the
cycle operation length too. In this paper, for simplification, the
focus is done only on the combination of two different kinds of BP
pins.
2.5. Combined burnable absorber options

The possible options of combining and locating the BP pins
within a single fuel assembly are quite large. The first step of
investigation in this study is how to combine a particular BP with
another. All possible combination options of 4 BP types (Erbia,
WABA, Gad and IFBA) were classified based on their characteristics,
excess reactivity.



Fig. 8. Comparison of radial peaking factor.

Fig. 9. Comparison of moderator temperature coefficient.

Table 4
Preliminary results of 24-month cycle core design uses single BP.

Gad Erbia IFBA

Radial peaking factor (Fxy)
at BOC 1.6354 1.4741 1.5663
at MOC 1.5417 1.4917 1.5671
at EOC 1.5247 1.4643 1.4359

Max. Fxy 1.6354 1.4962 1.6147
MTC (pcm/C�)
at HZP BOC �1.87 �11.54 �2.19
at HFP BOC �18.85 �32.59 �16.96
at HFP EOC �77.89 �84.25 �78.66

Cycle Length (EFPD) 677.77 715.33 742.32
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i.e., when a certain BP is considered as primary, then its secondary
BP should be suitable to compensate its weak points. For example,
Gad and WABA can cause high power peaks due to their high
thermal absorption cross-section. Therefore, their secondary BP
pins were selected to be IFBA or Erbia pins due to their positive
effect on power peaks. On the other hand, IFBA and Erbia pins don't
have the ability to control the initial excess reactivity efficiently.
Therefore, when these latter two BP types were considered as
primary, then Gad or WABA pins were selected to be their sec-
ondary BP. This selection was based on the fact that Gad andWABA
have strong ability to control the initial excess reactivity.

The second step in this study is how to determine the BP loading
positions and the amount in the fuel assembly. Since the reference
core designs are commercial andwell-optimized designs, therefore,
their BP loading positions are assumed to be ideal. These positions
were used in our modeling for the strong BP (Gad and WABA). On
the other hand, the loading positions of the weak BP (Erbia and
IFBA) were dedicated to the higher power peaking positions. In
other words, Gad or WABA should be loaded first in the same po-
sitions that are used in reference designs. Then Erbia or IFBA should
be loaded in the positions that have high power peaking. For
instance, firstly a fuel assembly with only Gad was modeled with
similar amount and positions of BP as in reference assembly design.
Then, this fuel assembly was remodeled by replacing some of the
Gad pins with Erbia pins that have an equivalent effect as shown in
Fig. 6. This figure shows an example of ¼ ACE7 fuel assembly with
single and combinational BP pins arrangements. The left side of
Fig. 6 shows ACE7 fuel assembly with a single BP pins arrangement.
On the other hand, the right side of Fig. 6 shows the same fuel
assembly with an equivalent combinational BP pins arrangement
(Gad is primary and Erbia is secondary). Also it shows that the
arrangement of Gad pins is changed to another suitable reference
assembly arrangement.

In the PLUS7 fuel assembly type, the WABA options are not
considered due to the fact that WABA replaces the entire fuel rod,
which reduces fissile material from the core significantly. Further-
more, it changes H/U ratio dramatically which could change the
core design from under moderated to over moderated core.

3. Assembly calculations

Many options were considered and tested by assembly calcu-
lation. Among these possible options, 4 options for each fuel as-
sembly type (ACE7 type and PLUS7 type) were selected as the best
candidate options as shown in Tables 2 and 3. Even though all of the
listed options showed reasonable results, option C and C' for ACE7
type and PLUS7 type, showed better performance respectively.
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To elaborate results without repeating similar cases, only C and
C' options for ACE7 type and PLUS7 type respectively are discussed
as examples. Fig. 7 through 9 show a comparison among three
different cases for each fuel assembly type. Numbers in the cases’
names mean how many BP pins are used, and the following words
refer to the types of BP being used e.g. (24WABA) means 24 pins of
WABA are used. Plus sign (þ) means this case uses combination of
two different BP types e.g. (20WABAþ16Erbia) means 20 pins of
WABA are combined with 16 pins of Erbia in the same fuel as-
sembly. For all cases, the normal fuel enrichment is 6.960w/o and
zoning fuel enrichment is 6.460w/o. In Gad pin, the fuel enrichment
is 2.5w/o and gadolinium concentration is 8.0w/o. While in Erbia
pin, the fuel enrichment is 6.960w/o which is the same as the
normal fuel enrichment, and erbium concentration is 2.0w/o.
Lastly, in WABA pin, the natural boron concentration is 10.972w/o.

Fig. 7 shows the k-infinite letdown curve of combined cases in a
comparison to single cases. The left side of Fig. 7 shows the com-
parison among 24WABA, 20WABAþ16Erbia and 96Erbia cases of
ACE7 type. The initial excess reactivity values of these cases are
about 19,196 pcm, 19,421 pcm and 21,760 pcm respectively. Here,
the 20WABAþ16Erbia case maintains the initial excess reactivity
value similar to the value of 24WABA case. On the other hand, when
it compares with 96Erbia case, the difference is about 2,339 pcm.
The k-infinity of the three cases decreases smoothly with the
burnup until around 25 MWD/kgHM, where all the cases start to
have almost the same k-infinity until the End-Of-Life (EOL). The
right side of Fig. 7 shows the comparison among 24Gad,
20Gadþ20Erbia and 112Erbia cases of PLUS7 type. These cases have
initial excess reactivity about 14,978 pcm, 15,280 pcm and 19,102
pcm respectively. The 24Gad and 20Gadþ20Erbia cases have
almost the same value of the initial excess reactivity. The k-infinite
difference between 20Gadþ20Erbia and 112Erbia cases is about
3,822 pcm. At the Beginning-Of-Life (BOL) 24Gad and
20Gadþ20Erbia cases have almost the same k-infinity letdown
curvewhich is almost flat until the burnup of 17 MWD/kgHM. Then
the k-infinity for both cases start to increase little bit until the
burnup of 22 MWD/kgHM, where they meet with the k-infinity
letdown curve of 112Erbia case and decrease continually with the
burnup. Around 39 MWD/kgHM a small difference starts to appear
between 24Gad and 20Gadþ20Erbia cases from one side and
112Erbia case from the other side. This difference at EOL is about
1,604 pcm. In other words, the combined cases (i.e. 20WABA-
þ16Erbia case and 20Gadþ20Erbia case) maintain the initial excess
reactivity the same as in 24WABA and 24Gad cases respectively. On
the other hand, these combined cases show a clear improvement to
control the initial excess reactivity when they compared with Erbia
cases.

Fig. 8 illustrates a comparison among the combined options and
the single options in terms of radial peaking factor (Fxy) versus
burnup (MWD/kgHM). The left side of Fig. 8 shows the comparison
among 24WABA, 20WABAþ16Erbia and 96Erbia cases of ACE7 type.
At BOL the Fxy of 24WABA case is equal to 1.1016 which is the
highest value among all cases. While 96Erbia case has the value of
1.0631 and 20WABAþ16Erbia case is equal to 1.0537 which is the
lowest Fxy among all cases. The Fxy values of 20WABAþ16Erbia case
and 96Erbia case decrease slowly with the burnup. In contrast, the
Table 5
Fuel enrichment for developed cores (kori Unit-4).

Erbia Core WABA þ Erbia core

Cycle 22 (only fresh fuel) 5.70w/o 5.70w/o
Cycle 23 (only fresh fuel) 5.90w/o 5.90w/o
Cycle 24 (only fresh fuel) 6.80w/o 6.80w/o
Fxy of 24WABA case decreases dramatically until around the burnup
of 35 MWD/kgHM. After this burnup until the EOL, the Fxy differ-
ences among all cases become very small. In general, this means in
ACE7 type, WABA is working in a very compatible way with Erbia
regarding controlling the Fxy. The right side of Fig. 8 shows the
comparison among 24Gad, 20Gadþ20Erbia and 112Erbia cases of
PLUS7 type. The 112Erbia case has the lowest Fxy all over the
burnup steps. At BOL the Fxy of this case is equal to 1.0513 and then
it starts to increase slowly until the burnup of 11.5 MWD/kgHM.
From 11.5MWD/kgHM to 13.5MWD/kgHM, the Fxy of 112Erbia case
remains constant at 1.0646 and then decreases gradually until the
EOL. On the other hand, 24Gad case has the highest Fxy at the BOL
with the value of 1.1796 and decreases dramatically until the EOL.
While the 20Gadþ20Erbia case starts it's Fxy with the value of
1.1236 which is between the two other cases (i.e. 24Gad case and
112Erbia case). This behavior is due to the effect of Erbia in com-
bined option. Then the Fxy of the under discussion case is slightly
increases before to start decreasing until the burnup of 11.5 MWD/
kgHM. From 11.5 MWD/kgHM to 20 MWD/kgHM, the Fxy is almost
straight line before starting reducing again. Around the burnup of
24 MWD/kgHM the Fxy values of 24Gad case and 20Gadþ20Erbia
case become almost the same value and continue to reduce with
the same manner together until the EOL. Generally, this result is as
expected since the Erbia provides preferable Fxy.

Fig. 9 demonstrates the MTC (pcm/C�) curves of combined cases
in a comparison to single cases. The left side of Fig. 9 shows the
comparison among 24WABA, 20WABAþ16Erbia and 96Erbia cases
of ACE7 type. At the BOL the 96Erbia case has the most negative
MTC among all cases with value of �36.52 pcm/C�. While 24WABA
and 20WABAþ16Erbia cases have MTC values equal to�31.91 pcm/
C� and �33.08 pcm/C� respectively. The difference between the
latter two cases decreases until the burnup of 20 MWD/kgHM
where their MTC values become similar to each other and continue
with the same manner until the EOL. From the burnup of 40 MWD/
kgHM until the EOL, the 96Erbia case becomes little bit less nega-
tive than the two other cases. The right side of Fig. 8 shows the
comparison among 24Gad, 20Gadþ20Erbia and 112Erbia cases of
PLUS7 type. Similar to 96Erbia case in ACE7 type, 112Erbia case
provides the most negative MTC at BOL with value of �39.31 pcm/
C�. On the other hand, 24Gad and 20Gadþ20Erbia cases have MTC
values equal to �30.52 pcm/C� and �32.35 pcm/C� respectively.
From around 30 MWD/kgHM until the EOL, the 20Gadþ20Erbia
case changes places with the 112Erbia case and its MTC value be-
comes the most negative value among all cases. This result also is
expected since Erbia gives the best MTC among the other BP types.

Generally, Erbia provides preferable power peaking factor and
the best MTC among all BP types. On the other hand, it has a weak
ability to control the initial excess reactivity. Therefore, when it is
combined with WABA or Gad, the resulted combination will have a
good power peaking factor and a good MTC. It also can hold-down
the initial excess reactivity very well with a significant reduction in
the number of BP pins required. For instance, 112 pins of Erbia can
be replaced by 20 pins of Gad combined with 20 pins of Erbia, with
better effect on the initial excess reactivity as shown in Fig. 7.
Moreover, the behavior of the combined BP can be adjusted to be
somewhere between the behavior of the two BP types separately.

4. Core calculations

The core calculations were performed for both core designs, Kori
Unit-4 by using option C and Hanul Unit-3 by using option C'. These
options were selected due to their good performance as demon-
strated in the previous section. Also, a preliminary test was done by
testing different BP types in order to find out which BP type by itself
(i.e. not combined BP) gives the best performance for 24-month



Table 6
Fuel enrichment for developed cores (Hanul Unit-3).

Erbia Core Gad þ Erbia core

Cycle 12 (only fresh fuel) Normal 5.40w/o 5.40w/o
Low 4.90w/o 4.90w/o

Cycle 13 (only fresh fuel) Normal 5.80w/o 5.80w/o
Low 5.30w/o 5.30w/o

Cycle 14 (only fresh fuel) Normal 6.60w/o 6.60w/o
Low 6.00w/o 6.00w/o

Fig. 10. Fuel assembly loading pattern for Kori Unit-4 and Hanul Unit-3 cores.
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extended cycle core. In this test only fresh fuel enrichment was
increased into 6.59w/o and the rest of design parameters remained
the same as in reference design. Table 4 shows the preliminary
results of 24-month cycle core design uses single BP (Gad, Erbia and
IFBA). Among them Erbia (as a single BP) gives the best
performance for a 24-month extended cycle core [16,17]. Therefore,
in this study Erbia case was considered as a representative case for
all single BP cases to be compared with combined cases.

Based on Kori Unit-4 and Hanul Unit-3 core designs, four reload
24-month (680 EFPD) core designs weremodeled. Each core design



Fig. 11. Critical boron concentration (Kori Unit-4).

Fig. 12. Radial Peaking Factor for core calculation (Kori Unit-4).

Fig. 13. MTC for core calculation (Kori Unit-4).

Table 7
Results summary for developed cores (kori Unit-4).

Erbia Core WABA þ Erbia core

Cycles 22 23 24 22 23 24
CBC (ppm) at BOC 1930 2369 2563 1917 2375 2621
Max. Fxy 1.5433 1.4747 1.4993 1.5121 1.4333 1.4905
MTC (pcm/C�)
at HZP BOC �0.88 1.6 �0.48 �0.67 2.1 0.61
at HFP BOC �25.67 �22.79 �22.89 �24.99 �22.25 �21.4
at HFP EOC �85.69 �85.88 �87.81 �85.61 �85.97 �87.7

Cycle Length (EFPD) 522 616 676 524 620 682

Fig. 14. Critical boron concentration (Hanul Unit-3).

Fig. 15. Radial Peaking Factor for core calculation (Hanul Unit-3).
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wasmodeled two times. Onewith option C or C' and the second one
with only Erbia was used. This is in order to make a comparison
between the combined case and single case (i.e. Erbia) for both core
designs.

Determining the exact fuel enrichment that is needed to achieve
a 24-month cycle length is not an easy task and there is no math-
ematical formula to do that. Since the fuel enrichment and the cycle
length in the reference design are about 4.617w/o and 475 EFPD
respectively. Therefore, by applying the Cross-multiplication
equation, the required fuel enrichment for 24-month is roughly
determined and it is about 6.61w/o. Even though this value is not
accurate, the search for the required fuel enrichment is become
much easier. However, increasing the fuel enrichment to this level
directly will cause a high power peaking. Therefore, in order to
achieve the target cycle length (680 EFPD) without violating the
design limitation for power peaking, the fuel enrichment was
increased step by step for each cycle (from 22~24 for Kori Unit-4
and from 12~14 for Hanul Unit-3). For example, in cycle 22 only
the fuel enrichment of fresh fuel batch was increased to 5.7w/o, and
the fuel enrichment of the other two batches was kept the same as
the reference design. Then, in cycle 23 the fuel enrichment of fresh
fuel batch was increased to 5.9w/o. This means in cycle 23 the fresh
fuel batch and once burned batch were increased their enrichment,
but the twice burned one was kept the same as the reference
design. Finally, in cycle 24 the fuel enrichment of fresh fuel batch



Fig. 16. MTC for core calculation (Hanul Unit-3).

Table 8
Results summary for developed cores (hanul Unit-3).

Erbia Core Gad þ Erbia core

Cycles 12 13 14 12 13 14
CBC (ppm) at BOC 1556 1906 2086 1492 1859 2033
Max. Fxy 1.4797 1.4919 1.5151 1.5041 1.5145 1.5443
MTC (pcm/C�)
at HZP BOC �0.27 �0.96 �0.81 �0.95 �0.51 �0.44
at HFP BOC �22.03 �20.85 �19.22 �22.41 �20.13 �18.59
at HFP EOC �75.3 �78.1 �79.89 �74.77 �77.46 �79.54

Cycle Length (EFPD) 550 621 681 551 617 682

Table 9
Number of BP used in all cores.

Kori Unit-4 (ACE7) CYC-22 CYC-23 CYC-24

Erbia Core 6016 12672 16128
Erbia þ WABA Core 5216 10432 12528
Difference 800 2240 3600

Hanul Unit-3 (PLUS7) CYC-12 CYC-13 CYC-14

Erbia Core 7152 13168 16224
Erbia þ Gad Core 5728 10112 12912
Difference 1424 3056 3312
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was increased to 6.8w/o. In this cycle all fuel batches were
increased their enrichment and achieved the targeted design. The
fuel enrichment for the four core designs (WABA þ Erbia,
Gad þ Erbia and two Erbia cores) are shown in Table 5 and Table 6.
The fuel assemblies loading pattern for both core designs are
shown in Fig. 10, the black font represents the fuel assemblies that
are the same as the reference design, and the red font represents
the fuel assemblies that are developed in this study. Worth
mentioning, core design limitations (peaking factor and MTC) of
two reference cores were applied to the four developed core de-
signs. Furthermore, the concentrations of erbium, gadolinium and
natural boron are the same as in assembly calculations.

For the Kori Unit-4 core design, Fig. 11 shows the CBC (ppm) of
Erbia and WABA þ Erbia cores versus Effective Full Power Day
(EFPD) from cycle 22 through cycle 24. In cycles 22 and 23, the CBC
values of both cores are almost the same with very small differ-
ences at the Beginning-Of-Cycle (BOC), � 13 ppm and 6 ppm
respectively. Furthermore, these negligible differences are reduced
throughout fuel depletion. On the other hand, in cycle 24 at BOC,
WABA þ Erbia core has a slightly higher CBC than Erbia core by
58 ppm. Also, this difference is reduced with the fuel depletion.
Even though the number of BP pins used in WABA þ Erbia core is
much lower than the number of BP pins used in Erbia core, both
cores have almost the same CBC. Due to this fact, the CBC can be
simply further reduced by adding a few numbers of BP pins into
WABA þ Erbia core. Fig. 12 shows the comparison between Erbia
and WABA þ Erbia cores regarding Fxy versus EFPD for cycles from
22 to 24. At BOC and Middle-Of-Cycle (MOC), WABA þ Erbia core
has Fxy lower than Erbia core. In contrast, from 390 EFPD until the
EOC both cores have almost the same Fxy for all cycles except cycle
22. The differences between both cores at the maximum Fxy are
~0.0312, 0.0414 and 0.0088 for the cycles 22, 23 and 24 respectively.
This behavior is in agreement with the results obtained from as-
sembly calculations. Fig. 13 demonstrates the MTC (pcm/C�) curves
for all cycles of both cores. Despite the lower number of BP pins
used in WABA þ Erbia core comparing to the ones used in Erbia
core, both cores have similar MTC values. Table 7 illustrates the
results summary for the three cycles of Erbia and WABA þ Erbia
cores.

For the Hanul Unit-3 core design, Fig. 14 shows the CBC (ppm)
versus EFPD curves for the cycles from 12 through 14 of Erbia and
Gad þ Erbia cores. In the three cycles the CBC values of Gad þ Erbia
core are lower than the values of Erbia core at BOC and MOC. While
from � 390 EFPD until the EOC both cores have almost the same
values all through the three cycles. The differences between the
CBC values of both cores at BOC for the cycles 12, 13 and 14 are �
64 ppm, 47 ppm and 53 ppm respectively. Since CBC and k-infinite
are two sides of the same coin (i.e. excess reactivity), the combi-
nation of Erbia and Gad pins has a little bit higher ability to hold-
down the initial excess reactivity than only Erbia pins. Since the
number of BP pins in Erbia core are much higher than in
Gad þ Erbia core, the reduction of the CBC by adding more number
of BP pins into Erbia core cannot be the solution. Fig. 15 illustrates
the Fxy comparison of Erbia and Gad þ Erbia cores for the cycles 12,
13 and 14. In this comparison Gad þ Erbia core has higher Fxy than
Erbia core for all cycles, except cycle 12 at BOC both cores have
almost the same values. The differences between the maximum Fxy
of both cores are � 0.0244, 0.0226 and 0.0293 for the cycles 12, 13
and 14 respectively. Also, this is in agreement with the results ob-
tained from assembly calculations. Even though the Fxy for
Gad þ Erbia core is higher than Erbia core, these values are still
within the design limitation. Lastly, Fig. 16 shows the MTC (pcm/C�)
versus EFPD curves of Gad þ Erbia and Erbia cores in the cycles 12,
13 and 14. Even though Gad þ Erbia core has lower number of BP
pins than what Erbia core has, both cores have almost the same
MTC values throughout the depletion steps. Table 8 illustrates the
results summary for the three cycles of Erbia and Gadþ Erbia cores.

The analyzed results emphasis that WABA and Gad pins are
worked very well with Erbia pins for Kori Unit-4 and Hanul Unit-3
core designs respectively. Furthermore, the total number of BP pins
used in both developed core designs is significantly reduced as
shown in Table 9. This reduction of BP pins can be converted into
monetary benefits and flexibility in core optimization and
management.

5. Conclusions

New sets of combining two existing BP designs were presented
in this paper. In general, the expectation from the combinational BP
concept is that a combination of two carefully selected BP types can
cooperate together and complement each other's weaknesses. Even
though similar concepts were introduced in some other studies
with complicated designs and limited options, in this study, all
possible conventional BP designs without any design modification
and toomany different combination sets of BP were considered and
tested.

Assembly calculations showed that a combination of two BP can
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replace a single BP with a good performance. For example,
20WABAþ16Erbia and 20Gadþ20Erbia cases can improve the hold-
down of the initial excess reactivity by about 11% and 20% respec-
tively comparing to Erbia cases.

Erbia core was found to be the best option among the other
single BP cores. Therefore, two Erbia cores were modeled (based on
Kori Unit-4 and Hanul Unit-3 core designs) and used as reference
cores to be compared with combined BP cores. Even though all
modified cores (i.e. single and combined BP cores) in this study
achieved 24-month cycle length with similar performance and
without violating the design limitations, combined BP cores used a
very less number of BP pins comparing to single BP cores. This
makes the combined BP cores easier to manage and optimize than
single BP cores. Despite this reduction in the number of BP used in
the combined BP cores, an extensive economic study is still needed.
Therefore, the combined cores such as WABA þ Erbia and
Gad þ Erbia are promising options for 24-month cycle PWR core.
Since these BP designs have already existed and widely used, they
can be directly used without any additional approval or licensing
procedures.

Lastly, the methodology presented in this paper can be consid-
ered as the base to show how to combine two or more different BP
types in any PWR core designs.
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