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Safety and reliability are the most desirable conditions that each nuclear power plant
should improve. Since the Fukushima Daiichi accident, Accident-Tolerant Fuel
(ATF) has been extensively researched to improve the performance of the nuclear
fuel system. This paper presents the investigation of the ATF system from a
neutronics perspective, which positively reflects on the performance of the APR-
1400 nuclear power plant. Several advanced fuel candidates such as UC, U;Si,, and
UN, which have better thermophysical properties than current UO, nuclear fuel,
have been considered. Meanwhile, advanced cladding candidates such as FeCrAl,
Zr-alloy with coating, and SiC which can reduce or even eliminate the oxidation
rate of current Zr-alloy cladding have been adopted in this study. The Monte Carlo
Serpent code, in conjunction with ENDF/B-VII.1 nuclear data library, has been used
to calculate and evaluate the important neutronics parameters at the assembly level
such as the fuel residence time, discharge burnup, kinetics parameters, pin power
distribution, temperature reactivity feedbacks, and fissile evolution. The advanced
fuels show better neutronics performance than the current UO, fuel. In addition, SiC
provides optimum neutronic performance as cladding.

© 2020 Atom Indonesia. All rights reserved

INTRODUCTION

The devastation left by the Fukushima Daiichi

tolerate severe accidents occurring in the reactor
core for a period longer than the one of the current
UO,/Zr-alloy fuel system. Moreover, the ATF

nuclear accident questions the performance of the
nuclear fuel system in the Light Water Reactors
(LWRs) during accident conditions. The severe
damage of the current nuclear fuel system which
consists of UO, fuel and Zr-alloy cladding caused
the hydrogen explosion and the release of
radioactive  materials to the environment.
Consequently, this accident has demoted public
acceptance towards nuclear energy and slowed down
the construction rate of nuclear power plants. As an
outcome to enhance fuel safety and reliability during
normal and accident conditions, the Accident-
Tolerant Fuel (ATF) concept has been investigated
extensively such in PWRs (pressurized water
reactors) [1-4] PHWRs (pressurized heavy water
reactors) [5], VVER (Russian’s PWR) [6].
ATF consists of a fuel and cladding system that can
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should enhance the thermal, mechanical, chemical
properties, and the economics of the current fuel
system [7,8].

Choosing the suitable enhanced fuel and
cladding to replace the current fuel system in the
LWRs is challenging. It requires comprehensive
feasibility studies to examine the changes in the fuel
system’s performance under several conditions
starting from the normal operating conditions in the
reactor core to the most severe incidents that could
occur. Moreover, any new concept regarding the
accident tolerance fuel concept should be evaluated
in constraints of safety, current design, and
operational desires and requirements to assess the
regulatory safety commitment with operational
constraints [9].

The objective of this paper is to investigate
and evaluate the performance of the ATF system
from a neutronics perspective in the APR1400
(Advanced Power Reactor 1400) nuclear power
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plant. The reactor was designed by Korea Electric
Power Corporation (KEPCO) and produces about
1455 MWe power. Furthermore, it is considered as
one of the most advanced pressurized water reactor
designs that meets the highest international
standards in performance and safety [10].

In this study, combinations of several
advanced fuels and claddings were considered for
the ATF system, and Serpent Monte Carlo code [11]
was used to simulate the neutronics properties. The
calculation was performed in a two-dimensional fuel
assembly lattice. Several important neutronics
characteristics such as discharged burnup, fuel
residence time, fuel and moderator temperature
reactivity feedbacks, pin power distribution, fissile
isotopes evolution, and kinetics parameters were
evaluated and compared among current nuclear fuel
system and the ATF systems. In addition, the radial
temperature distribution of the combined advanced
fuel and cladding systems was calculated for a single
fuel rod at the average condition as the input data for
the Monte Carlo code Serpent.

The paper is organized as follows.
The considered advanced fuels and claddings are
discussed in section 2. Section 3 describes the
APR1400 fuel assembly, while section 4 evaluates
and discusses the results. The conclusion and
recommendation for future works are given in
section 5.

ADVANCED FUELS AND CLADDINGS

Advanced fuels for ATF

Recently, many fuels have been studied and
proposed to replace the current UO, fuel in
light water reactors. However, in this study,
three different advanced fuels were considered.
The preferred fuels for ATF system were Us;Si;
[12-15], UN + UsSi, [16-18], and UC [19].
The thermophysical properties of the three advanced
fuels and UO, fuels for the APR1400 fuel assembly
are summarized and compared in Table 1 including
fuel density p, heavy metal density py, average
fuel temperature Tfuel, thermal conductivity k,
specific heat Cy,, and fuel melting temperature T,
The advanced fuels are characterized by having
higher densities and, consequently, higher heavy
mass contents, and higher thermal conductivities
compared to the UO, fuel.

UsSi,, a proven nuclear fuel, has been widely
used in research reactors [20]. UC has also been
investigated as nuclear fuel for wvery high-
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temperature reactors [21]. Similarly, UN has been
proposed as a potential nuclear fuel for lead-cooled
fast reactors [22]. In this study, UN was mixed with
U,Si, with a volume fraction of 70 % and 30 % to
provide a protective barrier by waterproofing UN
and to provide oxidation tolerance [15].

Table 1. Thermal properties of the advanced fuels when
combined with Zr cladding.

Properties uo, UsSi, UN+U;Si, uc
pat95%T.D. 1040 1159  13.16 12.92
(g/cm?®)

pum (@lcm®) 9.13 1074 1215 12.30
Truer (K) 92936 693.98  683.37 685.49
katTy , (WmK) 329 16.78  20.31 21.22
G atTy,, (/kgK) 8275 27117 27393 237.08
Tovere (K) 3120 1938 Si23(UN) o ogs

1938 (UsSiz)

Advanced claddings for ATF

The failure of Zr-alloy during the Fukushima
Daiichi nuclear disaster is the main reason behind
the introduction of the ATF system. In this study,
3 types of advanced claddings were investigated
including FeCrAl, Zr-alloy with Nb,AIC coating,
and SiC. The thermophysical properties of the
advanced cladding for the fuel assembly of
APR1400 are summarized and compared in Table 2
including the average cladding temperature T,.q4.
cladding thermal conductivity k, specific heat C,,
and cladding melting temperature Ty, ;-

Table 2. Thermal properties of the advanced claddings when
combined with UO, fuel.

Zr + Nb,AIC

Properties FeCrAl coating SiC
Tsaa (K) 608.35 606.93 597.93
katT, g
(W/m.K) 15.81 18.04 126.43
Cp at Teyaq
(kg K) 669.70 356.48 1313.09
Trere (K) 1773 2123 3003

FeCrAl alloy is the combination of iron,
chromium, and aluminum, where the weight
percentage of Cr and Al are 21 and 5, respectively.
Due to its excellent thermal and mechanical
properties, and its compatibility with UO, fuel, it has
been proposed to replace Zr-Alloy as an enhanced
accident tolerance cladding in LWRs [12,13].
Meanwhile, SiC has been long suggested as cladding
for LWRs because it has excellent thermal properties
and irradiation resistance [2,23,24]. Another
advanced cladding concept is to apply a thin coating
at the outer surface of the Zr-alloy cladding. In this
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study, Nb,AIC was chosen as the coating material
due to its excellent thermal properties and a slightly
higher thermal neutron capture cross-section than
Zr-alloy’s [25]. The thickness of the coating was
50 um to minimize the reduction of the reactivity by
the coating.

METHODOLOGY

APR1400 fuel assembly

APR1400 has 241 fuel assemblies, a total
of 93 control element assemblies and 61
instrumentation assemblies located inside the core.
Fuel assemblies are arranged in a way that is almost
a right circular cylinder with a diameter of 3.647 m
and an active length of 3.81 m. Each fuel assembly
has a total of 236 fuel rods located in a 16x16
array, together with 4 guide tubes and 1 central
instrumentation tube. The operating cycles of
APR1400 core are set to 18 months with a discharge
burnup reaching up to 60,000 MWD/MTU [26].
Each fuel rod in APR1400 consists of a ceramic
cylindrical pellet containing enriched Uranium
Dioxide (UO,) contained within Zr-alloy cladding.
The design configurations of fuel assemblies and
fuel rods simulated in this study are shown in Fig. 1
and Table 3, respectively.

000000 Fuel
0000 uel pin
00.0"’./'

ooe Coolant

Guide tube

Instrumentation
tube

o0
o0
L)

Fig. 1. Fuel assembly model.

Table 3. Fuels assembly and fuel rod design configurations [23].

Parameter Value
Pellet material uo,
Pellet diameter (cm) 0.8192
Pellet density (g/cm?®) 10.340
Pellet enrichment (%) 5
Clad material Zr-alloy
Clad inner diam. (cm) 0.8375
Clad outside diam. (cm) 0.9520
Clad density(g/cm®) 6.5220
Guide tube material Zr-alloy
Guide tube inner diam. (cm) 1.1376
Guide tube outer diam. (cm) 1.2395
Instrumentation tube inner diam. (cm) 1.1452
Instrumentation tube outer diam. (cm) 1.2470
Space grid material Zr-alloy
Space grid linear density (g/cm) 2.903
Pin pitch (cm) 1.2878
Assembly pitch (cm) 20.8756
Power density (W/gU) 36.8225

Serpent 2 monte carlo code

All the required simulations in this study were
performed by the Serpent 2 code developed by the
VTT Technical Research Center of Finland. It is a
continuous-energy Monte Carlo three-dimensional
transport code with the capability to perform burn-
up calculations [10]. Meanwhile, the ENDF/B-VII.1
nuclear data library [27] was used. In this study,
each fuel assembly was modeled as a two-
dimensional problem, and a reflective boundary
condition was applied. The number of the neutron
histories during the burn-up was 30,000, with the
total active cycles of 200 and 50 inactive cycles,
providing about 20 pcm standard deviations of
multiplication factor k. For the reactivity
coefficients, the number of neutron histories was
increased to 300,000 to reduce the uncertainty of k.

Linear reactivity method

The linear reactivity method is used to find
the fuel residence time in a multi-batch core by
using the information from the lattice calculation.
It is a declaration that the reactivity is a linear
function of burn-up as shown in Eq. (1) where p,
is the reactivity controlled by the poison at
the beginning of life (Ak/k), A is a constant
(kg U/MWd) relating to a linear function of fuel
conversion ratio and has different values for
different fuel enrichment and fuel-to-moderator
ratio, and B is burn-up (MWd/kg U) [28].

p(B) = p, —AB €Y)

In the beginning, the fresh fuel that is inserted
in the reactor core is controlled at k =1 or zero
reactivity by inserting enough amount of control
absorber. As the burning up carries on, the control
absorber is removed slowly. After that, the reactor
core reaches the reactivity-limited end-of-cycle
(EOC) condition, where p = 0, which means that
part of the fuels in the core around 1/n has been
burned and will be replaced by new fresh fuel,
where n is considered as the number of fuel batches.

For fixed fuel assembly design, the discharge
burnup B, and the cycle burnup B, can be calculated
as follows. First, the end of burnup B; of fuel
assembly is calculated by Eg. (2) when the end of
the reactivity-life or p,.,4 is 0. In this work, the p.,.4
was assumed to be 3 % to count the neutron leakage
difference in the fuel lattice and the core [29].
Then, B, can be calculated by using Eq. (3). Finally,
the whole cycle discharge burnup B, is calculated
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by using Eq. (4). Finally, the fuel residence time
(years) is calculated by using Eq. (5) where M (U) is
the mass of uranium in the fuel assembly (kg), and
Pyssm 1S the power of the fuel assembly (MWth).

Po (2)
B, =22
21 4 2
Po (3)
B.=——B, =——=2
¢ n+121 n+12A
n n p,
B, =nB. = - Fo (4)
a =M = I T 1A
B, x M(U
. Ba ) )
Passm

RESULTS AND DISCUSSION

Centerline fuel temperature

A 1-D single-channel thermal-hydraulics code
was created to analyze the radial temperature
distribution in the fuel rod, including the centerline
fuel temperature [30]. The average bulk coolant
temperature, average fuel pin power, and average
mass flow rate of APR1400 were used in the script.
The heat transfer coefficient for the coolant was
calculated by using the Dittus-Boelter correlation.
Moreover, the empirical formula for the fuel and
clad thermal conductivity was also used [19].

Table 4 compares the centerline fuel
temperature for different fuels and claddings, and it
shows that the three advanced fuels have a lower
centerline temperature compared to the UO, fuel due
to their high thermal conductivities. Moreover, the
results also show that SiC cladding gives the lowest
centerline temperature because it also has the highest
thermal conductivity and the highest specific heat

Fuel residence time

The first neutronics parameter to be compared
is the fuel residence time, which is defined as the
time between the insertion and removal of a given
fuel assembly. The calculated residence time for the
three advanced fuels with three different advanced
claddings are shown in Table 5, and they are
compared to the standard UO, nuclear fuel. The fuel
residence time was calculated by using the linear
reactivity method and uniform 5 % fuel enrichment.

Table 5. Residence time in years.

Cladding uo;, uc UsSi;  UN+Us;Si,
Zr-alloy 4.218 - - -
FeCrAl 3.325 4.698 4.105 4.720

Zr-alloy w/ Nb,AIC 4123 5.558 4.951 5.581
SiC 4.477 5.901 5.259 5.923

capacity among the other different advanced
claddings.
Table 4. Centerline fuel temperature (K) for different
fuel and clad.

Claddlng uo, ucC Ugsiz UN+U3Si2
Zr-alloy 1063.91 70629 72175  703.18
FeCrAl 1068.16  709.03 72433  705.84
Zr-alloy w/ Nb,AIC 106391  706.29 72175  703.18
Sic 1038.10  689.60 706.06  687.03

It is worth mentioning that the effective fuel
temperature has been used for the lattice calculation.
It was calculated using the average function of the
temperature profile in the fuel region. The effective
temperature was used in Serpent code to get the
following results in the subsequent sections and,
therefore, to compare the performance of the fuels.
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It is noticed that the advanced fuels increase
the residence time because the fissile density of
the advanced fuels is higher than that of UO, fuel.
The advanced cladding also contributes to the fuel
residence time depending on its absorption cross-
section. FeCrAl, which has the highest thermal
neutron capture cross-section among the advanced
claddings, as depicted in Fig. 2, reduces the number
of thermal neutrons, as illustrated in Fig. 3, and
consequently gives a shorter residence time.
Meanwhile, the Zr-alloy cladding with Nb,AIC
coating provides a slight reduction of the fuel
residence time compared to the one of Zr-alloy
because the thermal neutron capture cross-section of
Nb,AIC is slightly higher than that of Zr-alloy.
Lastly, SiC cladding, which has the lowest thermal
neutron capture cross-section and contains neutron
moderator carbon, increases the number of thermal
neutrons, as shown in Fig. 2, and consequently
increases the fuel residence time.

* | —— Zr-alloy|
—— FeCrAl
1074 ——NBAIC
—8iC

10° Ty ey T T Ty T T

T
107 107 107 107 107 107 107 107 10° 107 107 10° 10
Energy [MeV]

Fig. 2. Microscopic capture cross-sections of claddings.
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Fig. 3. Neutron spectra for UO, fuel with different
cladding materials.

Reactivity coefficients

Three primary reactivity coefficients in PWR
were calculated in this study. They were Fuel
Temperature  Reactivity Feedback Coefficient
(FTC), Moderator Temperature Reactivity Feedback
Coefficient (MTC), and Coolant Void Reactivity
Coefficient (CVC).

The FTC was calculated using the Eq. (6)
[31] below, in which k; is the multiplication factor
at normal fuel operating condition, k, is the
multiplication factor at fuel temperature increases by
300 K from normal fuel operating condition, T; is
the fuel temperature at normal fuel operating
condition, and T, is the moderator temperature
increases by 300 K from normal fuel operating
condition.

1_1
FTC—_K2 ki (6)

Table 6 summarizes the FTCs at BOC
(beginning of cycle) and EOC (end of cycle).
The negative FTC values are required as an
important inherent safety parameter. It is remarked
that FTC values are always negative for any
advanced fuel and cladding combinations. At BOC,
the FTC values of any advanced fuel and cladding
combinations are very close to the FTC value of
UO; and Zr-alloy nuclear fuel system. However, it
can be different at EOC depending on the fertile
composition in the fuel.

It is well established that the FTC is negative
due to the increase of neutron absorption at the
resonance energy by the fertile isotopes with the
increase of the fuel temperature, which therefore
decreases the resonance escape probability and the
multiplication factor. It is also observed that at EOC,
the FTC value is consistently more negative than
that at the BOC due to the build-up of Pu-240, which

is also a resonance neutron absorber, from the
capture reaction of Pu-239.

Another interesting observation is that FeCrAl
cladding provides more negative FTC than other
claddings at BOC due to its large thermal neutron
capture cross-section that leads to a smaller number
of thermal neutrons in the fuel region. On the other
hand, the FTC for FeCrAl cladding is less negative
because the discharged burnup of fuel with FeCrAl
cladding is low. Consequently, the amount of
Pu-240 is also less compared to other fuel and
clad systems.

Table 6. FTC in pcm/K at BOC and EOC.

Claddlng UOZ uc U3Siz UN+U3Si2
Zr-alloy
BOC -104.15
+1.33
EOC -197.64
+2.56
FeCrAl
BOC  -111.57 -107.15 -103.39 -107.41 +
+1.66 +141 1.24 1.32
EOC  -186.79 -194.97 -185.54 -187.59
+241  +226 2.14 241
Zr-alloy w/
Nb,AIC
BOC  -103.67 -103.81 -95.07 =
+146  +125 122 5082190
EOC  -195.90 -202.46 -193.79 2 42 -
+2.52 +2.28 2.35 '
SiC
BOC  -101.37 -102.53 -93.28 +
£133 121 130 yooetdd
EOC -190.74 -185.54 -199.19 2 .:30 -
+2.37 +2.14 2.39 '

To determine the MTC, Eq. (7) [31] was used,
in which k; is the multiplication factor at normal
coolant operating condition, k, is the multiplication
factor at coolant temperature increases by 20 K, T; is
the coolant temperature at normal moderator
operating condition, and T, is the coolant

temperature increases by 20 K from normal
moderator operating condition.
1 1
ky ki
MTC = 7
T =T (7)

From Table 7, it is noticed that the MTC
values in BOC and EOC are always negative for any
combinations of advanced fuel and cladding.
The rise of the coolant temperature reduces the
coolant density and consequently reduces the
moderating ability and causes an increase in both the
resonance escape probability and the neutron
leakage. Therefore, the multiplication factor is
reduced when the coolant temperature increases. It is
shown that the MTC values from the combinations
of any advanced fuel and cladding are comparable to
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the one of the current nuclear fuel system, UO, and
Zr-alloy. The MTC values at the EOC, meanwhile,
become more negative than at BOC, and they
depend on the fuel composition at the discharged
condition.

Table 7. MTC in pcm/K at BOC and EOC.

Claddlng UOZ uc Ugsiz UN+U3Si2
Zr-alloy
BOC -31.46 £
0.32 - - -
EOC -70.54 £
0.59
FeCrAl
BOC -30.93 £ -35.60 £ -32.69 £ -36.26 £
0.37 0.38 0.35 0.36
EOC -63.94+ -72.79 + -63.60 + -71.82 +
0.53 0.62 0.58 0.61
Zr-alloy w/
Nb,AIC
BOC -32.04% -36.51 + -33.16 + -36.65 +
0.33 0.34 0.32 0.34
EOC -70.24+ -81.49 + -70.22 + -82.13 +
0.59 0.60 0.59 0.63
SiC
BOC -29.72+ -35.00 + -30.86 + -34.55 +
0.31 0.33 0.35 0.32
EOC -66.16+ -80.30 + -69.73 + -77.39 +
0.61 0.64 0.62 0.60

1 1
ki ko

(V€ = ————"—
Void fraction

®)

Kinetics parameters

Two Kkinetics parameters: effective total
delayed neutron fraction Bes and prompt neutron
generation time A were calculated, and they are
shown in Tables 9 and 10. These parameters are
adjoint-weighted values, calculated by Serpent. It is
observed that advanced fuels have a larger S.¢ and
shorter A at BOC due to higher fissile fraction
compared to the UO, fuel. At EOC, the B¢ becomes
smaller, and A becomes slower as the number of
U-235 is reduced.

Table 9. B in pcm at BOC and EOC.

Table 8. CVC in pcm/%void at BOC and EOC.

Claddlng UO, ucC UsSi; UN+U3Si,
Zr-alloy
BOC -383.21#
0.11 - - -
EOC -888.06 =
0.23
FeCrAl
BOC -370.60+ -350.11+ -340.04+  -348.09+
0.11 0.11 0.11 0.11
EOC -708.75+ -621.89% -616.36 + -614.36 +
0.18 0.19 0.16 0.19
Zr-alloy w/
Nb,AIC
BOC -39257+ -371.07+ -360.62+  -368.95+
0.12 0.12 0.12 0.11
EOC -904.07% -75256+ -757.58+% -743.61 +
0.23 0.20 0.22 0.21
SiC
BOC -359.04+ -343.23% -331.14 + -341.08 +
0.10 0.10 0.10 0.10
EOC -876.01+ -71209+ -737.26+ -703.52+
0.25 0.19 0.22 0.22

Eq. (8) was used to calculate the CVC, where
k, is the multiplication factor under normal
condition, k, is the multiplication factor under a
void percentage of 99 %. It is extracted from Table 8
that the CVC values are also negative due to the
same reason behind the negative values of MTC.
However, the CVC values of advanced fuels are less
negative compared to UO, fuel. The presence of
the oxygen in the UO, fuel, which is about
12 %, slightly softens the spectrum when the
voiding occurs.
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Claddlng uo, ucC Ugsiz UN+U33iz
Zr-alloy
BOC 676.08 +
458 - - -
EOC 47388+
5.24
FeCrAl
BOC 67254+ 68444+ 681.16 + 680.71 +
5.39 5.26 5.02 5.02
EOC 49413+ 481.24 + 489.43 = 485.34
5.32 5.22 4,75 5.17
Zr-alloy w/
Nb,AIC
BOC 67129+  691.26 + 681.73 + 681.97 +
4.98 474 5.09 4,57
EOC 470.90 = 473.68 = 465.11 = 475.76 =
5.77 5.19 5.04 5.35
SiC
BOC 67429+ 68454+ 683.96 + 685.76 +
5.04 4.70 4.86 4.96
EOC 45548 + 47411 47143 = 463.06 =
5.16 4.94 5.55 5.12
Table 10. Ain ps at BOC and EOC.
Claddlng uo, ucC U3si2 UN+U3si2
Zr-alloy
BOC 1401 +
0.01 - - -
EOC 2659+
0.03
FeCrAl
BOC 13.92 + 10.90 = 11.96 = 10.83 =
0.01 0.01 0.01 0.01
EOC  20.00 = 15.09 + 17.30 + 15.07 +
0.02 0.01 0.02 0.02
Zr-alloy w/
Nb,AIC
BOC 1411+ 11.02 + 1212 + 10.99 +
0.01 0.01 0.01 0.01
EOC 2549 + 17.77 20.96 £ 1781+
0.02 0.02 0.02 0.02
SiC
BOC 1407 10.98 + 12.04 + 10.92 +
0.01 0.01 0.01 0.01
EOC 2541+ 17.87 + 21.77 £ 1790+
0.02 0.02 0.02 0.02
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Radial power distribution

Radial power, which shows the fission power
distribution in the radial direction of the lattice, is
plotted in Figs. 4 to 11 for a quarter assembly of the
current nuclear fuel system (UO, and Zr-alloy) and
combinations of advanced fuel and cladding at BOC
and EOC. The location of the maximum radial
power is near the guide tube, where more
moderations occur. The maximum radial power is
increased by about 2 % at BOC and about 2.8 % at
EOC compared to the UO, and Zr-alloy system
when the advanced fuel is used. This increase is
expected because the advanced fuels have higher
fissile density than UO,. The increment of the radial
power does not affect the thermal-hydraulics
performance of the reactor since the core operates at
critical condition in conjunction with the reactivity
control systems. It is also observed that the
impact of advanced cladding on the radial
power distribution is smaller compared to the
advanced fuels.

1.111 | 1.028 Zr

1.113 | 1.026 FeCrAl

1.103 | 1.038 Zr with Nb,AIC
1.118 | 1.026 SiC

0.988 | 0.987 | 1.020
0.984 | 0981 | 1.025
0.991 | 0985 | 1.023
0.995 | 0.991 | 1.018
0.948 | 0989 | 1.101
0.951 | 0.978 | 1.101
0.950 | 0.992 | 1.100
0.948 | 0.984 | 1.106
0.947 | 0.974 | 1.098
0.934 | 0974 1.099
0.933 | 0,966 | 1.097
0.947 | 0.972 1.111
0.925 | 0957 | 1.003 | 1.113 | 1.107 | 1.029
0.924 | 0954 | 1.015 | 1.111 | 1.113 | 1.017
0.925 | 0.944 1.002 1.104 1.111 1.012
0.921 0.951 1.026 1.105 1.109 1.024
0.932 | 0.949 | 0.967 | 0.994 | 0.991 | 0.984 | 0.980
0.931 | 0.946 | 0.971 | 0.987 | 1.008 | 0.978 | 0.974
0.929 | 0.941 | 0.958 | 0.987 | 0.993 | 0.979 | 0.975
0.930 | 0.934 | 0.971 | 0.994 | 0.992 | 0.986 | 0.986
0.964 | 0.973 | 0.994 | 1.001 | 1.004 | 0.988 1.002 | 1.024
0.972 | 0.978 | 0.988 | 1.008 | 1.012 | 1.011 1.012 | 1.061
0.960 | 0.961 | 0.977 | 0.984 | 0.996 | 0.988 1.010 | 1.046
0.965 | 0.973 | 0.980 | 0.984 | 0.992 | 0.996 | 0.997 | 1.047

Fig. 4. Normalized radial power distribution for UO, with
different cladding at BOC.

1.110 | 1.032 Zr

1.111 | 1.034 FeCrAl

1.108 | 1.029 Zr with Nb,AIC
1.092 | 1.023 SiC

0.995 | 1.003 | 1.028
0.977 | 0.993 | 1.032
0.990 | 0.992 | 1.021
1.001 | 0.996 | 1.031
0.956 | 0.971 | 1.104
0.947 | 0.986 | 1.098
0.952 | 0.988 | 1.112
0.954 | 0.983 | 1.092
0.951 | 0.975 | 1.099
0.924 | 0.966 | 1.089
0.946 | 0.982 | 1.100
0.994 | 0.977 | 1.088
0.928 | 0.953 | 1.007 | 1.100 | 1.101 | 1.023
0.916 | 0.955 | 1.007 | 1.095 | 1.105 | 1.034
0.936 | 0.959 | 1.004 | 1.098 | 1.088 | 1.009
0.930 | 0.951 1.015 | 1.100 | 1.091 | 1.003
0.931 | 0.941 | 0.979 | 0.991 1.000 | 0.979 | 0.976
0.915 | 0.934 | 0.966 | 0.988 | 1.002 | 0.982 | 0.978
0.932 | 0.941 | 0.961 | 0.997 | 0.997 | 0.985 | 0.989
0.926 | 0.936 | 0.967 | 0.996 | 0.995 | 1.002 | 0.981
0.964 | 0.975 | 0.976 | 0.995 | 0.998 | 0.993 1.009 | 1.043
0.962 | 0.968 | 0.984 | 0.992 | 1.000 | 1.001 1.008 | 1.047
0.951 | 0.969 | 0.990 | 0.997 | 0.996 | 0.997 1.006 | 1.027
0.950 | 0.961 | 0.977 | 0.991 | 0.992 | 0.986 | 0.991 1.036

Fig. 5. Normalized radial power distribution for UO, with
different cladding at EOC.

1115 | 1.028 FeCrAl

1.128 | 1.033 Zr with Nb,AIC

1131 | 1.033 sic

0.984 | 0.984 | 1.027

0.983 | 1.002 | 1.025

0.985 | 0.980 | 1.026

0.935 | 0.970 | 1.114

0.940 | 0977 | 1.124

0.948 | 0.964 | 1.127

0.928 [ 0.969 | 1.127

0923 | 0.962 | 1.117

0.925 | 0.965 | 1.131

0.923 [ 0.955 | 1.014 | 1111 | 1124 | 1.029

0992 | 0.949 | 1019 | 1135 | 1127 | 1015

0916 | 0.952 | 1.008 | 1130 | 1123 | 1.024

0.936 | 0.940 [ 0.965 | 0995 [ 0.985 | 0.981 [ 0.961
0919 | 0.931 | 0958 | 0987 | 0.987 | 0.984 | 0.971
0.928 | 0.940 | 0963 | 0986 | 0.986 | 0.965 | 0973
0.962 | 0.979 [ 0.993 | 1.005 [ 1.007 | 1.000 | 1.003 | 1.054
0.956 | 0.974 | 0973 | 0989 | 0985 | 0.992 | 1.014 | 1.054
0.957 | 0.965 | 0975 | 0995 | 0993 | 0.991 | 1.004 | 1.038

Fig. 6. Normalized radial power distribution for UC with
different cladding at BOC.

1126 | 1.044 FeCrAl

1125 | 1.032 Zr with Nb,AIC

1.125 | 1.039 SiC

0979 | 0.983 | 1.028

0.990 | 0.993 | 1.027

0.990 | 1.001 | 1.023

0.944 | 0.984 | 1.129

0.937 | 0.983 | 1.128

0.957 | 0.985 | 1.120

0914 | 0962 | 1.113

0914 | 0964 | 1.113

0926 | 0.961 | 1.119

0911 | 0933 | 1.012 | 1.129 | 1.138 | 1.028

0.906 | 0.936 | 1.005 | 1.119 | 1.134 | 1.034

0.922 | 0.940 | 1.021 | 1.133 | 1.133 | 1.026

0.913 | 0.943 | 0.964 | 0.990 | 1.006 | 0.983 | 0.975
0911 | 0.935 | 0.964 | 0.983 | 0.982 | 0.963 | 0.976
0918 | 0.922 | 0.963 | 1.003 | 1.001 | 0.975 | 0.965
0.955 | 0.979 | 0.975 | 0.991 | 1.019 | 0.991 | 1.010 | 1.046
0.946 | 0.972 | 0.987 | 0.990 | 0.989 | 0.989 | 1.005 | 1.034
0.953 | 0.951 | 0.982 | 0.986 | 0.997 | 0.988 | 0.995 | 1.041

Fig. 7. Normalized radial power distribution for UC with
different cladding at EOC.

1.103 | 1.024 FeCrAl

1.106 | 1.028 Zr with Nb,AIC

1117 | 1.032 SiC

0.984 | 0.984 | 1.026

0.983 | 1.002 | 1.022

0.985 | 0.980 | 1.033

0.982 | 0977 | 1.112

0992 | 0986 | 1.111

0.990 | 0.982 | 1.120

0.950 | 0.968 | 1.102

0.949 | 0.981 | 1.092

0.960 | 0.991 | 1.112

0.932 | 0.969 | 1.008 |1.1009 | 1.116 | 1.030

0.923 | 0959 | 1.011 | 1.120 | 1.116 | 1.022

0934 | 0973 | 1.007 | 1.113 | 1.112 | 1.012

0.929 | 0.940 | 0.968 | 1.002 | 0.993 | 0.970 | 0.985
0.930 | 0.944 | 0.961 | 0.981 | 0.996 | 0.985 | 0.968
0.926 | 0.948 | 0.965 | 0.992 | 0.987 | 0.980 | 0.976
0.931 | 0.947 | 0.978 | 0.995 | 1.006 | 0.992 | 1.013 | 1.065
0.936 | 0.944 | 0.991 | 1.001 | 1.005 | 1.000 | 1.020 | 1.063
0930 | 0.944 | 0.971 | 1.002 | 0.997 | 0.999 | 1.005 | 1.050

Fig. 8. Normalized radial power distribution for U;Si, with
different cladding at BOC.
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Fig. 9. Normalized radial power distribution for U;Si, with

Fig. 10. Normalized radial power distribution for UN+U5Si,

Fig. 11. Normalized radial power distribution for UN+U3Si,

184

D. Hartanto, et al. / Atom Indonesia Vol. 46 No. 3 (2020) 177 — 186

1.113 | 1.037 FeCrAl

1116 | 1.037 Zr with Nb,AIC

1111 | 1025 SiC

0.983 | 0.982 | 1.027

0.992 | 0.991 | 1.049

0.997 | 1.007 | 1.034

0.957 | 0991 | 1.123

0.954 | 0.988 | 1.109

0.953 | 0998 | 1.110

0.929 | 0.964 | 1.118

0.939 | 0974 | 1123

0.922 | 0971 | 1.091

0.921 | 0942 | 1.020 | 1.110 | 1.131 | 1.025

0.920 | 0.950 | 1.009 | 1.123 | 1.109 | 1.018

0.920 | 0.953 | 1.029 | 1.108 | 1.101 | 1.035

0.925 | 0.943 | 0.969 | 1.003 | 1.006 | 0.977 | 0.975
0.919 | 0.943 | 0.971 | 0.996 | 1.007 | 0.989 | 0.962
0.937 | 0.943 | 0.974 | 0.999 | 0.989 | 0.984 | 0.971

0.968 | 0.976 | 0.986 | 0.984 | 1.003 | 0.988 | 1.013 | 1.053
0.962 | 0.958 | 0.983 | 0.997 | 0.996 | 0.993 | 1.004 | 1.031
0.954 | 0.970 | 0.984 | 0.982 | 0.996 | 0.991 | 1.002 | 1.034

different cladding at EOC.

1.130
1119
1.270

1.030 FeCrAl
1.026 Zr with Nb,AIC

1.030 SiC

0.983
0.980
0.994

0.989 | 1.030
0.990 | 1.030
0.982 | 1.022

0.949
0.940
0.942

0974 | 1114
0975 | 1.118
0.986 | 1.117

0.926
0.925
0.923

0.963 | 1.122
0.966 | 1.110
0974 | 1.129

0.917
0921
0.920

0.945 | 1.006 | 1.118 | 1.127 | 1.025
0941 | 1.009 | 1.110 | 1.119 | 1.021
0.957 | 1.008 | 1.118 | 1.134 | 1.037

0.927
0911
0.925

0.934 | 0.966 | 0.980 | 0.985 | 0.980 | 0.967
0.942 | 0.957 | 0.990 | 1.002 | 0.967 | 0.963
0.952 | 0.966 | 0.993 | 1.000 | 0.977 | 0.966

0.969
0.969
0.966

0.969 | 0.985 | 1.000 | 1.005 | 1.004 | 0.999
0.978 | 0.972 | 0.999 | 1.003 | 0.993 | 1.001
0.967 | 0.983 | 0.997 | 0.992 | 1.000 | 1.020

1.037
1.053
1.055

with different cladding at BOC.

1128
1141
1.133

1.036 FeCrAl
1.029 Zr with Nb,AIC

1.04 SiC

0.996
0.986
1.003

0.983 | 1.040
0.988 | 1.034
0.980 | 1.023

0.953
0.935
0.944

0.984 | 1119
0.960 | 1.123
0975 | 1.131

0.925
0.919
0.929

0.968 | 1.112
0974 | 1119
0.969 | 1.120

0912
0.918
0.920

0.943 | 1.013 | 1.126 | 1.120 | 1.025
0943 | 1.017 | 1.133 | 1.140 | 1.037
0.941 | 1.015 | 1.133 | 1126 | 1.025

0.925
0.919
0.926

0.927 | 0.964 | 0.991 | 0.984 | 0.975 | 0.969
0.935 | 0.964 | 0.998 | 0.996 | 0.966 | 0.971
0.935 | 0.954 | 0.996 | 0.985 | 0.977 | 0.956

0.958
0.972
0.948

0.967 | 0.996 | 0.996 | 0.995 | 0.991 | 0.995
0.964 | 0.995 | 0.981 | 0.987 | 1.005 | 1.008
0.957 | 0.989 | 0.994 | 0.985 | 1.000 | 0.992

1.049
1.054
1.035

with different cladding at EOC.

Fissile isotopes evolution

Another parameter considered in this study
was the build-up of fissile isotope Pu-239 resulting
from the neutron capture of U-238. Figure 12 shows
that the highest amount of Pu-239 build-up is when
FeCrAl is used as the cladding, and the lowest
amount of Pu-239 is given by SiC cladding. It is also
observed from Fig. 13 that more U-238 is consumed
when FeCrAl is used as cladding, and consequently,
more Pu-239 is produced. Meanwhile, it is expected
that more Pu-239 is consumed when SiC is used as
cladding because of its softer neutron spectrum.
Furthermore, the fissile evolution of the advanced
fuels shows similar behavior as the standard UO,
fuel for the evolution of U-235, U-238, and Pu-239.
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Fig. 12. Evolution of Pu-239 for UO, fuel with
different cladding.
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Fig. 13. Evolution of U-238 for UO, fuel with
different cladding.

CONCLUSION

Three advanced nuclear fuels with three
different claddings for the ATF system have been
analyzed from the neutronics point of view, and their
performance was compared with the current
standard nuclear fuel system used in APR1400 (UO,
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and Zr-alloy). The advanced fuels show better
performance than current standard nuclear fuel for
LWRs. The centerline fuel of the advanced fuels is
shown to be much lower because of its excellent
thermal properties. In addition, the fuel residence
time for the advanced fuels is about 1 year longer
than the one of UO, because advanced fuels have a
higher fissile fraction. Furthermore, the reactivity
feedback coefficients of the advanced fuels are
always negative, and the values at BOC are
comparable to the one of UO, fuel. However, the
reactivity feedback values of the advanced fuels can
be more negative than the one of UO, fuel at EOC
due to their higher residence time and, consequently,
the fuel burnup. Likewise, the kinetics parameters of
the advanced fuels at BOC are close to the ones of
UQO,, and they are slightly smaller at EOC depending
on the fissile content at the discharge burnup. It is
also interpreted that the radial power distribution of
the advanced fuels can be slightly increased
compared to UO, because of higher fissile densities.
It can be concluded that if the reactor is using the
same level of uranium enrichment as UO, fuel, the
control system worth should be slightly increased for
the advanced fuels. Otherwise, a lower enrichment is
required for the advanced fuels while maintaining
the performance of the current UO, fuel.

SiC provides the optimum neutronics
performance as cladding compared to other
advanced claddings considered in this study due to
its lower absorption cross-section and excellent
thermal properties. This advanced cladding can be
considered as a future cladding in APR1400 while
waiting for its readiness. Meanwhile, coating the
outer surface of Zr-alloy with, for example, Nb,AIC
shall be considered since it provides similar
performance to the current Zr-alloy cladding with a
resistance improvement to the high-temperature
steam. However, the use of FeCrAl as a clad
requires slightly higher uranium enrichment to
achieve the same performance as the current
standard nuclear fuel system due to its high thermal
neutron capture cross-section.
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