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A 24-month Advanced Power Reactor 1400 (APR1400) core with a very-low-boron (VLB) concentration
has been investigated for an inherently safe and high-performance PWR in this work. To develop a highperformance APR1400 which is able to do the passive frequency control operation, VLB feature is
essential. In this paper, the centrally-shielded burnable absorber (CSBA) is utilized for an efﬁcient VLB
operation in the 24-month cycle APR1400 core. This innovative design of the VLB APR1400 core includes
the optimization of burnable absorber and loading pattern as well as axial cutback for a 24-month cycle
operation. In addition to CSBA, an Er-doped guide thimble is also introduced for partial management of
the excess reactivity and local peaking factor. To improve the neutron economy of the core, two alternative radial reﬂectors are adopted in this study, which are SS-304 and ZrO2. The core reactivity and
power distributions for a 2-batch equilibrium cycle are analyzed and compared for each reﬂector design.
Numerical results show that a VLB core can be successfully designed with 24-month cycle and the cycle
length is improved signiﬁcantly with the alternative reﬂectors. The neutronic analyses are performed
using the Monte Carlo Serpent code and 3-D diffusion code COREDAX-2 with the ENDF/B-VII.1.
© 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/).
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1. Introduction
The Advanced Power Reactor 1400 (APR1400) is an evolutionary
pressurized water reactor (PWR) designed by Korea Electric Power
Corporation (KEPCO). The APR1400 system is one of the
Generation-III PWRs and generates 1400 MW of electric power
[1,2]. There are two units in operation (Shin Kori Units 3&4) and
eight units under construction in South Korea and the United Arab
Emirates.
APR1400 was originally designed for an 18-month cycle fuel
management. A longer fuel cycle with a ﬁxed outage time will yield
a higher plant availability, which offsets the increased fuel cycle
costs. It also lessens the radiation exposure on the operation and
maintenance personnel and improves the “as low as reasonably
achievable (ALARA)” design. Extension to 24-month fuel cycle
removes one outage in every six-year operating period compared to
18-month fuel cycle. Therefore, the fuel cycle management with
refueling interval of 24 months may bring down the total costs.
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Motivated by these advantages, 24-month cycle designs for various
PWRs are gaining more attention recently [3,4].
Extension of cycle length may give negative effects on the plant
design and operation. The U-235 enrichment should be increased
and accompanying higher initial excess reactivity requires higher
concentrations of boron and lithium in the coolant and that makes
the water chemistry more costly and harder. It also results in
several concerns such as boron-induced corrosion of structures,
increased probability of axial offset anomaly (AOA), and a generation of larger amount of liquid waste. Moreover, the moderator
temperature coefﬁcient (MTC) is likely to be positive due to a high
boron concentration at the beginning of cycle (BOC) during the hot
zero power (HZP) and low power operation.
In this paper, a very low boron (VLB) concentration is pursued to
achieve two goals. The ﬁrst goal is to minimize the adverse effects
of the soluble boron in the primary system. The second one is to
enable APR1400 to do the passive frequency control (PFC) [5], in
which active reactivity controls are not required during a frequency
control operation. If boron concentration is low enough, a strong
negative MTC is secured and the negative MTC can accommodate
small moderator temperature changes during a frequency control
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licenses/by-nc-nd/4.0/).
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without any control rod movements. The VLB APR1400 core is
called hereinafter APR1400-VLB in this work.
To perform physics studies on the APR1400-VLB core with 24month cycle length, a Monte Carlo (MC) and diffusion hybrid
two-step procedure [6] is utilized in the current work. The Serpent
2 code [7,8] with the Evaluated Nuclear Data Fila ENDF/B-VII.1 library is used for the fuel assembly (FA) lattice calculations and the
COREDAX nodal diffusion code [9] is used for 3-D nodal calculations
of the APR1400-VLB cores.

Table 1
APR1400 core technical parameters.
Parameter

Value

Thermal power (MWth)
Active core height (cm)
Equivalent diameter (cm)
Fuel assembly type
Number of fuel assemblies
Maximum fuel enrichment (wt%)
BA cutback (cm)
Coolant inlet temperature ( C)

3983
381
365
16  16
241
4.50
15.24
290.6

2. Design goals and methodology for APR1400-VLB
2.1. Major design features of APR1400
The reactor core of APR1400 is designed to generate 3983 MWth
power [1,2]. The active core consists of 241 FAs made of fuel rods
containing uranium dioxide fuel. Radial layout of the APR1400 core
is depicted in Fig. 1 and Table 1 shows the major design features of
the APR1400 core. Each FA consists of a 16  16 array of 236 fuel
rods and 5 guide thimbles (GTs), as shown in Fig. 2 [1]. In-core
instruments are installed in the central instrumentation tubes of
selected FAs. The moderator inlet and outlet temperatures are
290.6  C and 323.9  C, respectively. In the standard 18-month cycle
design, the maximum fuel rod enrichment is 4.5 wt% and gadolinia
(Gd2O3) admixed with UO2 is utilized as the burnable absorber (BA)
to manage excess reactivity and power proﬁle. The critical boron
concentration (CBC) for a typical equilibrium core is about
1250 ppm for unrodded full power operation condition at BOC. In
each gadolinia-bearing fuel rod, a low enriched fuel, typically 2.0 wt
% U-235 is used and there are top and bottom 6-inch cutbacks,
where BA is not applied.
2.2. Design goals
It is presumed that the essential design goals of the standard
APR1400 core should be satisﬁed in the APR1400-VLB pursued in
this work. Table 2 lists design basis or design limits relevant to
APR1400-VLB core design.
The design limits on the power distribution for APR1400 are
determined in terms of peak linear heat generation rate (PLHGR)
and required power margin for the minimum departure from nuclear boiling ratio (DNBR). Since the power density and the rated
thermal power for APR1400-VLB are the same as in APR1400, the
same design limits on the power distribution are assumed in the
APR1400-VLB design. The peak fuel rod burnup is usually limited
for fuel integrity in the APR1400 core design. In this paper, a new

Fig. 2. Typical 16  16 CE-type fuel assembly conﬁguration.

fuel design is adopted for the APR1400-VLB core and there is no
clear guidelines regarding the peak fuel burnup. Nevertheless, it is
assumed that the current burnup limit for the APR1400 fuel rod is
applicable to APR1400-VLB, too. To prevent possible Xe instability
or spatial power oscillation in big PWRs, the power shape should be
controlled. Extreme saddle shape should be avoided for effective
control of any Xe oscillations with control rods. In view of the
economy, it is obvious that the fuel discharge burnup should be
maximized for a given fuel enrichment and cycle length.
To be able to do the PFC operation, the equilibrium APR1400VLB core should maintain sufﬁciently low CBC from the BOC condition. It was demonstrated that the PFC is well possible for largesize PWRs if the MTC is below 25 pcm/ C as inlet coolant temperature variation is minimized [10]. Fig. 3 shows MTC vs. boron
concentration for a typical 16  16 Combustion Engineering (CE)type FA without BA, where the enrichment of 184 normal fuel pins
and 52 low-enriched fuel pins are 4.65 wt% and 4.1 wt%, respectively. The two-dimensional multi-group transport theory code
KARMA [11] was used for the MTC calculation at typical moderator
and fuel temperatures. Taking into account that the expected core
average burnup at BOC is about 12.5 GWD/MTU in the APR1400VLB core, the maximum CBC of 400 ppm is desirable for a VLB
core operation. In this study, however, the targeted maximum CBC
during equilibrium cycle is set to 500 ppm, since MTC is expected to
be well below 25 pcm/ C except for BOC in the targeted APR1400VLB core.
2.3. Monte Carlo diffusion hybrid methodology

Fig. 1. Cross sectional view of APR1400 core.

In this paper, the APR1400-VLB core is analyzed using a MCdiffusion two-step procedure [6]. For the ﬁrst step, the Monte
Carlo Serpent 2 code with nuclear library ENDF/B-VII.1 is used to

M. Do et al. / Nuclear Engineering and Technology 52 (2020) 869e877

871

Table 2
Design bases for APR1400-VLB equilibrium core.
Parameter

Design Bases or Reference Values

Power distribution
- Rod-wise radial peak power
- 3-D heat ﬂux peaking factor
Maximum fuel rod burnup
Power distribution stability
Least negative MTC
Maximum critical boron concentration
Cycle length

1.55a
2.43a
<60 GWD/MTUa
To suppress power distribution oscillation
Sufﬁcient for passive frequency control
Low enough for passive frequency control
>670 EFPDsb

a
b

Typical limits for APR1400.
Effective full power days.

Fig. 3. MTC vs. boron concentration for typical CE-type fuel.

perform the lattice depletion and branch calculations and to obtain
homogenized group constants (HGCs) for FAs loaded with the
centrally-shielded burnable absorber (CSBA) [12], which is the only
BA in the APR1400-VLB core. Advantage of the MC lattice calculation is that CSBA-loaded FAs can be accurately modelled in 3-D
geometry while most of the commercial lattice codes are unable
to analyze CSBA-loaded FAs. In the Serpent calculations, 500 active
and 100 inactive cycles are used with 200,000 histories per cycle.
Consequently, the standard deviation of the neutron multiplication
factor, keff, is less than 8.0 pcm and associated uncertainty of twogroup HGCs is less than 0.02%. There are a total of 34 burnup
points up to 70 GWD/MTU with relatively small burnup intervals in
the early depletion steps for accurate modelling of BA depletion,

and Xe and Sm buildups. The FA depletion is performed with core
average lattice conditions in terms of the speciﬁc power, fuel and
moderator temperatures, moderator density, and boron concentration. The branch calculations from the reference state are performed at discrete burnups for the four reactor conditions.
In the second step, a 3-D nodal diffusion code, COREDAX, is used
for thermal-hydraulic-coupled neutronic analysis of the APR1400VLB core. The COREDAX code is based on the analytic function
expansion nodal (AFEN) [13] method for the neutronic analysis and
it has a built-in thermal-hydraulic module which determines the
axial temperature proﬁles for given power proﬁles in each FA. The
standalone COREDAX code is a well proven deterministic code
against other commercial codes [9] and Serpent-COREDAX hybrid
procedure is also well validated [6]. COREDAX performs so called
macroscopic core depletion using the burnup-dependent macroscopic two-group cross sections. The lattice-based homogenized
two-group constants and their sensitivity coefﬁcients are tabulated
as a function of fuel burnup for the reference core conditions. For
each type of group constant, the sensitivity coefﬁcients are evaluated in terms of fuel temperature, moderator temperature,
moderator density, and boron concentration. Since the Xe and Sm
concentrations depend on actual nodal ﬂux and the boron concentration can be arbitrarily controlled, the microscopic absorption
cross section of Xe, Sm, and B-10 is tabulated for the burnup and
reactor conditions for the COREDAX analysis. The absorption cross
section of node can be determined in the following way:

2
vSa qﬃﬃﬃﬃﬃ vSa
vS
1 v2 S a
ref
Sa ðBu; Tf ; Tm ; Dm ; Sb Þ ¼ Sa ðBuÞ þ qﬃﬃﬃﬃﬃ D Tf þ
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ð
D
D
Þ
m
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where,

Table 3
Fuel design features and design parameters for APR1400-VLB.

ref

Sa ¼ Ref: macroscopic absorption XS
w=o Xe; Sm; and B  10;
Bu ¼ Burnup;
Tf ¼ Effective Doppler temperature in K;
Tm ¼ Moderator temperature;
Dm ¼ Moderator density;
Sb ¼ Soluble boron concentration;
sXe
a ¼ Xe microscopic absorption XS;

sSm
a ¼ Sm microscopic absorption XS;
sB10
¼ B  10 microscopic absorption XS;
a
NXe;∞
Hom ð4g Þ ¼ Xe number density;
NSm;∞
Hom ð4g Þ ¼ Sm number density;
NB10
Hom ðDm ; Sb Þ ¼ B  10 number density:
In the current COREDAX analysis for the APR1400 core, twogroup constants for bafﬂe-reﬂector region are determined in the
conventional way. First, the Serpent analysis is done for a 1-D
spectral geometry, which is composed of FAs, bafﬂe and reﬂector.
From the spectral geometry analysis, the homogenized two-group
cross sections and discontinuity factors of the bafﬂe-reﬂector region are determined.
3. Very low boron APR1400
3.1. Fuel assembly and burnable absorber designs
The conventional gadolinia-bearing fuels used in commercial
light water reactors (LWRs) are not very suitable for a VLB core
design or extended cycle operation because of their rapid depletion
and the consequent large reactivity swing. Also, the homogenous
mixture of Gd2O3 and UO2 results in degradation of thermal and
mechanical properties of the fuel. Hence, the CSBA is adopted in the
APR1400-VLB core design since Gd burning rate can be effectively
controlled by adjusting the self-shielding of the CSBA.
In the CSBA concept, Gd2O3 balls are loaded in the central region
of a typical UO2 pellet. The unique feature of the CSBA is that it can
offer high neutronic ﬂexibility by changing the size and the number
of balls in a pellet. Therefore, an optimum depletion pattern which
minimizes the excess reactivity and the reactivity swing during
operation can be easily achieved with the CSBA design. In the

Parameter

Value

Max. fuel enrichment (wt%)
CSBA type
CSBA cutback (cm)
Enrichment in cutback region (wt%)
Fuel stack density (g/cc)
Gd2O3 density (g/cc (%TD))
Fuel loading scheme
No. of feed fuel assemblies
Cycle length (EFPD)

5.00
3-ball
14.5
3.00
10.313
7.11 (95.95)
2-batch
136
670

APR1400-VLB design, a less self-shielded 3-ball CSBA is used to
accelerate the burning rate of the BA, taking into account the results
from CSBA-loaded lattice analyses [12,14]. The 3-ball CSBA concept
is illustrated in Fig. 4 and a unit pellet height is assumed to be 1 cm
in this analysis. Densities of the CSBA ball and uranium fuel are
listed in Table 3. The fabrication feasibility of oxide pellets containing a lumped Gd2O3 spherical particle was demonstrated in
other study [15].
Since the neutron-absorbing material is loaded in the center of
fuel pellet, CSBA is classiﬁed as integral type BA. One of the
important advantages of the CSBA design is that it remains inside
the fuel pellet even in a severe accident scenario. Also, the uranium
enrichment is not constrained by CSBA since the gadolinia ball is
completely separated from the UO2 fuel, while typical gadoliniabearing fuel has a lower enrichment, about 2.0 wt%, due to the
thermal conductivity degradation.
Table 3 summarizes fuel design features and core management
parameters for APR1400-VLB core. The 3-ball CSBA is included in all
fuel locations and the enrichment of the UO2 pellet is 5.0 wt% with
95.95% theoretical density. The fuel management employs a 2batch loading scheme and the number of replaced FAs for each
cycle is 136.
Table 4 shows three types of CSBA balls loaded in the APR1400VLB core. The CSBA Type A or Type B with larger Gd2O3 balls are
placed into inner core regions to reduce fuel depletion rates and
power peaking in these regions. On the other hand, CSBA Type C
with smaller Gd2O3 balls are loaded into peripheral region, where
the power density is generally lower. The FA conﬁguration is the
same as typical 16  16 CE-type fuel as shown in Fig. 2 and there is
no radial fuel rod zoning or axial blanket except for axial CSBA
cutback. The cutback in APR1400-VLB is 14.5 cm in length for both
top and bottom regions of fuel, and plays an important role in
ﬂattening axial power distribution.
On the other hand, assembly-wise local peaking factor in a
CSBA-loaded FA is a little bit high and the peaking occurs near the
large water holes since there is no radial enrichment zoning which
is common in commercial designs. Preliminary studies [6,16,17]
showed that BA-integrated GTs can be effectively used to manage
excess reactivity and to reduce the power peaking near waterholes. In this APR1400-VLB core design, Er-doped GT design is
optionally adopted in addition to the CSBA. For the Er-doped GT, a
small amount of natural Er is doped in ﬁve GTs including the central
instrumentation tube. The Er-doped GTs also have top and bottom

Table 4
CSBA types for APR1400-VLB core.

Fig. 4. The 3-ball CSBA fuel rod and Er-doped guide tube.

CSBA Type

Type A

Type B

Type C

No. of BA balls
Ball radius (cm)
U-235 wt %

3-ball
0.108
5.00

3-ball
0.105
5.00

3-ball
0.088
5.00
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axial cutbacks in the APR1400-VLB design.
3.2. Two-batch fuel management
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Table 5
CSBA loading strategies by fuel zone for APR1400-VLB core.
Core Axial Region

CSBA Type
Zone A

The proposed loading pattern for APR1400-VLB core is depicted
in Fig. 5. In APR1400-VLB design, fresh FAs are divided into three
zones (sub-batches) and each fuel zone is loaded with the corresponding CSBA type as described in Table 5. Table 5 also shows the
axial CSBA loading for each zone which is necessary in low boron or
soluble boron-free core.
In PWRs, MTC is a function of core average boron concentration
and the reactivity difference between core top and bottom region is
determined by magnitude of MTC. In a VLB core, the axial power is
shifted to bottom of the core at BOC because of its highly negative
MTC while the power distribution shift is not signiﬁcant since MTC
is barely less than zero at BOC in commercial PWR. As core depletes,
the axial power peak moves to top of the core at EOC because core
burns faster in bottom region in VLB core. Therefore, the axial CSBA
zoning is applied in Zone A to suppress the unbalanced axial power
peak and to prevent burnup delay in APR1400-VLB core.
3.3. Alternative reﬂector designs
To achieve 24-month cycle length, the effective full power day
should be 670 days assuming capacity factor of 0.96 and refueling
outage of 30 days. Different from the original APR1400 design,
materials other than water are considered as radial reﬂector in
APR1400-VLB design to extend the cycle length and to enhance
neutron economy. Other advantages of heavy reﬂector are that it
improves long term mechanical behavior of lower internals and it

Fig. 5. The loading pattern for 2-batch APR1400-VLB core.

Upper half
Lower half
a
b

a

Type B (Type A)
Type A

b

Zone B

Zone C

Type B
Type B

Type C
Type C

Axial CSBA zoning applied in Zone A.
Case without axial zoning for comparison.

protects reactor vessel against radiation embrittlement. As depict
in Fig. 6, the SS-304 or ZrO2 replaces bypass water between shroud
and barrel in APR1400-VLB design. Even though the design of
reﬂector will be complicated to include water channels for cooling
or other supporting structures, the solid SS-304 or ZrO2 are
assumed in this study. While only SS-304 reﬂector is adopted in
EPR design [18], the effect of ZrO2 reﬂector is also evaluated in this
study. As stated in other study [19], zirconium can be more effective
as a neutron reﬂector than iron because it has much lower absorption cross sections and it is much heavier than iron. Since there
is possibility that zirconium in reﬂector region may oxidized under
high temperature condition, even rare, the oxidized form of zirconium (ZrO2) is used as reﬂector material in APR1400-VLB to remove
the risk of damage in reactor system under severe accident.
3.4. Equilibrium cycle analysis
The reactivities calculated for various reﬂector materials are
compared in Table 6 to investigate the neutron economics for each
case. This table also compares maximum excess reactivities for BA
conﬁgurations. As can be seen from the table, the maximum excess
reactivities are decreased by about 800 pcm by applying Er-doped
GTs. In Table 7, the maximum CBCs and cycle length are
compared based on the BA loading conﬁguration and the type of
reﬂector materials. The numerical results show that the cycle
length is extended by 14 EFPDs with SS-304 reﬂector and 18 EFPDs
with ZrO2 reﬂector. Among heavy reﬂectors, it is found that ZrO2reﬂected core has slightly longer cycle length, about 4 EFPDs, than
SS-reﬂected core. Fig. 7 shows the boron letdown curves for equilibrium cycle of six APR1400-VLB cores. It is clear that the CBC at
BOC are signiﬁcantly reduced due to the effect of Er-doped GT
compared to the cases without Er-doped GT. Meanwhile, previous
study [20] showed that the loss in cycle lengths due to CSBA loading
is no greater than 30 EFPDs by comparison with the cycle length for
BA-free APR1400-VLB core.
To conﬁrm that the APR1400-VLB core is capable of PFC operation, MTC values during the operation are analyzed. The MTC for

Fig. 6. Alternative SS-304 (I) and ZrO2 (II) radial reﬂectors.
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Table 6
Comparison of excess reactivities for BA loading conﬁgurations and reﬂector types.
Reﬂector Material

Excess Reactivity (pcm)

Water
SS-304
ZrO2

Without BA

CSBA only Loaded cor

CSBA with Er-doped GT

20228
-

4205
4220
4296

3398
3439
3468

Table 7
Comparison of CBCs and cycle lengths for reﬂector types with or without Er-doped GT.
Case

Water-Bafﬂe
SS-304
ZrO2

Without Er-doped GT

With Er-doped GT

Maximum CBC (ppm)

Cycle Length (EFPD)

Maximum CBC (ppm)

Cycle Length (EFPD)

613
609
614

654
667
673

501
497
500

651
665
669

Fig. 7. CBC vs. cycle length for APR1400-VLB core with or without Er-doped GT.

the APR1400-VLB core was evaluated at 500 ppm boron concentration in this study. The evaluated MTC is 35.0 pcm/ C at the BOC
condition, where the core average burnup is about 12.5 GWD/MTU.
Based on the study in Ref. 10, it is expected that the PFC is possible
with the current APR1400-VLB design.
Fig. 8 illustrates normalized radial and axial power proﬁles at
three burnup points for APR1400-VLB core with water, SS-304, and
ZrO2 reﬂectors. Though Fig. 8 represents the power distributions for
the cases with Er-doped GT, the study showed that the power
distributions are very similar for cases without Er-doped GT.
Fig. 8 also shows that the relative power in peripheral assemblies increase with heavy reﬂectors. However, there may exist
margin for the loading pattern optimization since the maximum
relative powers are not decreased with increasing minimum relative powers with heavy reﬂectors. The maximum radial assembly
power is clearly less than 1.5. Therefore, the radial peak power is
estimated to be less than 1.7, which is slightly higher than the limit

value in Table 8. However, the 3-D peak power in the APR1400-VLB
cores is expected to be within the limit value, 2.43, as the axial
peaking factor is about 1.30. It will be possible to reduce the radial
peak power below the requirement through core optimization.
Note that the BOC, MOC, and EOC axial power distributions for
all reﬂector types show almost symmetric distribution due to the
axial CSBA zoning applied in APR1400-VLB design. As discussed in
Section 3.2, the axial CSBA zoning is applied to mitigate axial power
shift and the axial power evolutions with and without axial CSBA
zoning are compared in Fig. 9 for reference. The comparison model
is water-reﬂected APR1400-VLB core and Er-doped GTs are not
applied.
The axial shape index (ASI) at all rod-out (ARO) condition of the
APR1400-VLB core at BOC is about 0.062 and it changes to 0.005 at
EOC while ASI ranges from about 0.05 to 0.02 during reload cycle
of commercial PWRs. The axial power shape of APR1400-VLB core is
slightly bottom-skewed at BOC because of its negative MTC,

M. Do et al. / Nuclear Engineering and Technology 52 (2020) 869e877

Fig. 8. Radial and axial power distributions for APR1400-VLB core.
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Table 8
Discharge burnups for APR1400-VLB with CSBA.
Discharge Burnup (GWD/MTU)

Average discharge burnup
Average discharge burnup of once burnt FAs
Average discharge burnup of twice burnt FAs
Maximum discharge burnup
Minimum discharge burnup

Radial Reﬂector Design
Water Reﬂ.

SS Reﬂ.

ZrO2 Reﬂ.

44.69
33.32
49.34
57.03
29.08

46.68
31.49
51.17
57.54
30.08

46.93
31.06
51.61
57.69
29.71

Fig. 9. Axial power distributions: Uniform vs. non-uniform CSBA loading for waterreﬂected APR1400-VLB.

however, ASIs at MOC and EOC are bounded by the ASI of commercial PWRs. For EOC, the saddle shape is noticeable, but it is
similar to saddle shapes at MOC in the initial core of commercial
reactors.
Since the axial power shapes with different radial reﬂector
design are very similar as shown in Fig. 8, axial temperature proﬁles
in the case of SS-304 reﬂector are only depicted in Fig. 10. Obviously, the axial fuel temperature distribution follows axial power
shape closely while the coolant temperature distribution at EOC is
noticeably different from BOC and MOC due to the saddle power
shape. The coolant temperature rise throughout the core is 33.3  C.
In addition to the power distribution, there are additional constraints regarding burnup in reload design procedure. First, there is
a limit with maximum rod average burnup. The maximum
discharge burnup and the minimum discharge burnups are summarized in Table 8 for various reﬂector type. Although the rod
average burnup is not evaluated in this paper, it is expected that the
maximum rod average burnup will exceed 62 GWD/MTU assuming
pin-to-box factor of 1.131 and it is not acceptable in the current
state.
On the other hand, discharged assemblies are recommended to
satisfy the minimum discharge burnup. The spent fuels are to be
stored at Region I or II according to discharge burnup. Spent fuel
pool (SFP) Region I is usually used for fresh or partially burnt fuel

assemblies and has a storage capacity for one full core, one refueling batch, and ﬁve damaged FAs [21]. If the discharge burnup of
spent fuel is less than a speciﬁc value, that assembly cannot be
stored in Region II. Typical minimum burnup requirement for
storage in Region II is 35e45 GWD/MTU for 5.0 wt% fuel. For
APR1400-VLB, the average discharge burnup of once-burned fuel is
33.3 GWD/MTU, while the average burnup of all discharged fuels
are nearly 47 GWD/MTU which is greater than that of 18-month
standard APR1400, 44.8 GWD/MTU, due to the higher fuel
enrichment.
The local power proﬁles calculated by Serpent code are
compared in Fig. 11 for CSBA-loaded assemblies with and without
Er-doped GT. The maximum local powers (pin-to-box factor) at BOC
are 1.131 and 1.111 without and with Er-doped GT, respectively. The
local peaking factor is quite low compared to that of commercial
FAs, considering that there is no radial zoning in the CSBA-loaded
assembly. Since the pin peaking factor is found at fuel rods neighboring with large water holes, it can be reduced by applying Erdoped GTs as shown in Fig. 11. It is noted that the associated uncertainty of the pin power is less than 0.15%.
It should be mentioned that the primary shutdown strategy of
the standard APR1400 is applicable to the APR1400-VLB core due to
following reasons: 1) the control rod design is identical, 2) the core
excess reactivity is smaller at BOC condition, and 3) the MTC values
for both standard APR1400 and APR1400-VLB are similar and
highly negative at EOC condition. As a result, it can be mentioned
that the APR1400-VLB core has a sufﬁcient shutdown margin.

4. Conclusions and recommendations
A neutronic investigation on the conceptual design of 24-month
cycle APR1400-VLB core loaded with CSBA is presented in this
paper, utilizing the MC-diffusion hybrid two-step procedure. The
proposed fuel management for APR1400-VLB equilibrium core is 2batch cycle scheme and replaces 136 FAs for each outage to attain
24-month cycle length. The numerical results show that the power
distributions during normal operation are acceptable and the
extremely low boron operation is feasible with 24-month cycle
length. It is concluded that the highly reliable PFC will be attainable
with APR1400-VLB conceptual design by maintaining sufﬁciently
negative MTC from the BOC. This paper also demonstrated that the
use of heavy reﬂector increases the cycle length by at least 14 EFPDs
compared with the water-reﬂected core.
The fuel cycle management with the refueling intervals of 24
months is advantageous since it yields a higher plant availability
and may bring down the total cost. The CSBA-loaded APR1400-VLB
core design enables the cycle length extension without compromising reactor performances, while minimizing the adverse effects
of the soluble boron.
For future work, further design optimization is required to increase the cycle length and fuel discharge burnup. Also, major
safety parameters need to be evaluated and compared with those of
the existing design.
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Fig. 10. Core average fuel and modertor temperature distribution for SS-Reﬂected APR1400-VLB.

Fig. 11. Local power distribution for Zone B (rCSBA ¼ 0.105 cm) assembly at 0 GWD/
MTU.
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