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1. Introduction

In the Fukushima nuclear accident, it was recognized
that hydrogen explosion could seriously affect the
accident. In high-temperature steam environments, the
oxidation rate of current Zr-based alloys increases
rapidly, resulting in hydrogen generation and explosion.
Therefore, fuel claddings must maintain inherent
performance during normal operation as well as
accident conditions in order to improve the reliability
and safety of nuclear power plants. FeCrAl alloys, one
of Accident-Tolerant Fuels (ATF), have a slower
oxidation rate than Zr and are advantages for hydrogen
brittlement. Because of these characteristics, the
development of ATF is currently a major concern for
LWR research [1]. This study aims to find the average
fuel enrichment of the core using FeCrAl cladding that
meets the design requirements of Yonggwang Unit 3
(YGNS3) with Zr based cladding.

2. Pin-cell problem with FeCrAl alloy and Zr-4

The substitution of Zr-4, a conventional cladding
material, with FeCrAl alloys causes loss of reactivity.
Thus, to compensate for the loss of reactivity, changes
in fuel concentration are essential. In this section,
sensitivity tests for reactivity and U?® enrichment
changes using a single pin-cell model are performed.
The code used for the calculation is STREAM/RAST-
K(ST/R2) code developed by UNIST, and ST/R2 code
are two-step code used to solve whole core problems.
The composition of using FeCrAl is Fe-13Cr-6Al which
is representative of FeCrAl. It is composed of 13wt%
chromium and 6wt% aluminium in iron base. Design
parameter of pin-cell are shown in Table I.

Table I: Design parameter of fuel pin-cell [2]

Parameter Values
Pellet OD [mm] 8.1915
Clad Thickness [um] 571.5
Clad OD [mm] 9.4966

U Enrichment [wt%)] 4.9

Fig. 1 shows the results of reactivity for FeCrAl alloy
and Zr-4 cladding at U®® enrichment of 4.9wt%.
Considering the 3-batch, the average of the reactivity of
each batch is shown in Fig. 2. When FeCrAl alloys are
used for the cladding, the overall reactivity tends to be
lower than when using Zr-4. This reactivity loss can be

compensated for by increasing the fuel enrichment by

1.2wt%, as shown in Fig. 2.
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Fig. 1. Comparison of reactivity when using the FeCrAl
alloy and Zr-4 cladding under the same conditions.
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Fig.2. Comparison of cycle lengths of FeCrAl alloy
cladding and Zr-4 cladding with changes in

concentration.
3. Whole-core problem with FeCrAl alloy and Zr-4

The nuclear design target was set prior to whole core
calculation with FeCrAl cladding, and the design target
referred to the Nuclear Design Report (NDR) of YGN3
cycle 1 and cycle 2. The codes used for calculate the
NDR and core using FeCrAl cladding are the
DIT/ROCS and ST/R2 codes, respectively. Table 1l
shows nuclear design target.

Table I1: Nuclear Design Target [3-4]

Parameter Values
>370 (Cycle 1)
Cycle Length [day] >276 (Cycle 2)
Fuel Assembly (FA) Max Power <1.380
Pin Peaking Factor <1.530
Axial Max Power <1.335

Moderator Temperature Coefficients

(MTC) [pcm/K] <0 (Negative)

Fuel Temperature Coefficients

(ETC) [pcm/K] <0 (Negative)

Isothermal Temperature Coefficients

(ITC) [pcm/K] <0 (Negative)
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Table 111: Compare Assembly specifications on YGN3 Cycles 1~2 with FeCrAl Cladding[3-4].

YGN3 NDR in Cycle 1-2 FeCrAl Cladding in Cycle 1-2
. . . Gd203 wt% in

Assembly Type Fuel Enrichment (wt%) Gd203 wt% in Fuel | Fuel Enrichment (wt%) Fuel
A0 1.30 - 2.17 -
BO 2.37 - 3.17 -

Bl 2.36/1.30 4.0 3.36/2.30 1.0

B2 2.37 4.0 3.47 1.0
CO0 2.87/2.35 - 3.82/3.30 -

Cl 2.87/2.36 4.0 4.17/3.66 2.0
DO 3.35/2.87 - 4.40/3.92 -

D1 3.36/2.85 4.0 4.71/4.20 1.0

D2 3.35/2.87 4.0 4.55/4.07 3.0
EO 4.08/3.61 - 5.08/4.61 -

E1l 4.08/3.61 6.0 5.08/4.61 2.0

E2 3.60/3.11 6.0 4.55/4.06 3.0

Average 2.39 (Cycle 1) 3.43 (Cycle 1)

Fuel Enrichment 3.02 (Cycle 2) ) 4.09 (Cycle 2) )

The type of assembly and loading pattern in whole
core were based on YGN3 cycle 1 and cycle 2. To
satisfy design target, the uranium concentration, loading
pattern, gadolinium fraction, and gadolinium pin
position were changed. Fig. 3 shows the geometry of the
assembly type using cyclel and cycle 2. Table 11l shows
the specifications of the assembly into the core using
FeCrAl cladding.
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Fig. 3. Assembly Type of the Core using FeCrAl
Cladding [3-4].

Fig. 4 shows the loading pattern in cycle 1, and Fig.
5-7 show the power distribution in Beginning Of Cycle
(BOC), Middle Of Cycle (MOC) and End Of Cycle
(EOC) in cycle 1. Table IV shows the comparison
between the calculated core result and the design target.

The Fuel Assembly (FA) max power is 1.257, 1.250
and 1.221 in BOC, MOC and EOC, respectively, and it
is below the design target of 1.380. The cycle length is
370.3 days and it satisfies design target of 370 days or
more. Pin peaking and axial max power are 1.527 and
1.321 respectively, all of which meet the design target.
Fuel Temperature Coefficient (FTC), Moderator
Temperature  Coefficient (MTC) and Isotope
Temperature Coefficient (ITC) are all negative and
these indicate that the design target was satisfied. The

maximum value of negative MTC in the BOC, which
has a 600ppm boron concentration with moderator
temperature of 296.1°C, is -10.97. The result of YGN3
cycle 1 in NDR is -10.52, which is similar to the core
using FeCrAl cladding. Average U?® enrichment is
shown to increase 1.04wt% in Table Il compared to
NDR in cycle 1. Table 1V shows a comparison of the
calculation results of the core using FeCrAl cladding
with the YGN3 NDR data in cycle 1.
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Fig. 4. Loading Pattern Comparison between NDR and
Core using FeCrAl Cladding in Cycle 1.
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Fig. 5. Power Distribution Comparison between NDR

and Core using FeCrAl Cladding in cycle 1 at BOC.
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Fig. 6. Power Distribution Comparison between NDR
and Core using FeCrAl Cladding in cycle 1 at MOC.
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Fig. 7. Power Distribution Comparison between NDR
and Core using FeCrAl Cladding in cycle 1 at EOC.

Fig. 8 shows the loading patterns in cycle 2, and the
power distribution in cycle 2 in BOC, MOC and EOC
are shown in Fig. 9-11. Table V shows the comparison
between the calculated core result and the design target.
The maximum FA power of 1.328 in the MOC satisfied
the design target of 1.380 or less in cycle 2. The cycle
length is 277.2 days, which is 1.2 days longer than
design target of 276 days. The pin peaking factor is
1.528 and the axial max power is 1.137, which is lower
than the design targets of 1.530 and 1.335, respectively.
In addition, FTC, MTC and ITC are all negative and
satisfed the design target. In condition of 600ppm boron
concentration with moderator temperature of 296.1°C,
the maximum value of negative MTC in the BOC is -
19.73 and the result of YGN3 cycle 2 in NDR is -18.98.
Average UZ® enrichment is shown to increase 1.07wt%
in Table Il compared to NDR in cycle 2. Table V
shows the results of calculation of the core using
FeCrAl cladding in cycle 2 and the data of YGN3 cycle
2 NDR.
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Fig. 8. Loading Pattern Comparison between NDR and
Core using FeCrAl Cladding in Cycle 2.
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Fig. 10. Power Distribution Comparison between NDR
and Core using FeCrAl Cladding in cycle 2 at MOC.
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Fig. 11. Power Distribution Comparison between NDR
and Core using FeCrAl Cladding in cycle 2 at EOC.

Table V: Comparison of Design Parameters for Cycle 2 of
YGN3 Reactor [3-4].

Desian Parameter Zr Cladding FeCrAl

g (NDR) Cladding
FA Max Power at BOC 1.340 1.323
FA Max Power at MOC 1.380 1.328
FA Max Power at EOC 1.260 1.300
Cycle Length 276.0 277.2
Pin Peaking Factor 1.530 1.528
Axial Max Power 1.140 1.137
MTC at BOC [pcm/K] -18.98 -19.73
MTC at MOC [pcm/K] -27.55 -32.00
MTC at EOC [pcm/K] -40.97 -53.05
FTC at BOC [pcm/K] -2.75 -2.70
FTC at MOC [pcm/K] -2.83 -2.80
FTC at MOC [pcm/K] -2.83 -2.80
ITC at BOC [pcm/K] -22.56 -22.47
ITC at MOC [pcm/K] -31.18 -34.85
ITC at EOC [pcm/K] -44.65 -56.01

4, Conclusions

As shown in Fig. 1, FeCrAl cladding has a higher
reactivity loss than Zr based cladding. Thus, when fuel
cladding is replaced with FeCrAl cladding, the fuel
enrichment must be increased to compensate for this
reactivity loss. This study aims to find the average fuel
enrichment of the core using FeCrAl cladding that meets
the design requirements of YGN3 with Zr based
cladding. In the core using FeCrAl cladding, the loading
pattern of the core, the fuel enrichment, the gadolinium
fraction and the location of the burnable poison rod
were changed to satisfy the design conditions of YGN3.
The average fuel enrichment of the core using FeCrAl
cladding that met the design conditions was increased
by about 1.04wt% in cycle 1 and about 1.07wt% in
cycle 2 than the average fuel enrichment of YGN3. In
the future, cycle 3 and equilibrium core cycle using
FeCrAl cladding that satisfies the design conditions will
be compared with the fuel enrichment of YGN 3, and
the economic effects of cladding change will be
analyzed.
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