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The most limiting design criteria for nuclear reactor normal operating conditions (ANS Con-
dition I) are known to be rod internal pressure and cladding oxidation, while those for nu-
clear reactor transient operating conditions (ANS Conditon IT) to be fuel centerline tempera-
ture and transient cladding total tensile strain. However, the design margins against fuel
temperature and transient cladding tensile strain become smaller since power uprating is be-
ing or will be utilized for the most of nuclear power reactors to enhance the economics of nu-
clear power. In order to secure sufficient design margins against fuel temperature and clad-
ding total tensile strain even for power uprating, the current axial rod power profiles used in
the reactor transient analysis were optimized to reduce over-conservatism, considering that
118% overpower of a steady-state peak rod average power was not exceeded during the reac-
tor transients. The comparison of the current axial rod power profiles and the optimized ones
indicates that the latter reduces the fuel centerline temperature and cladding total tensile
strain by 26 °C and 0.02%, respectively.
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INTRODUCTION

Fuel design requirements are defined in the NRC
Standard Review Plan (SRP) to satisfy 10CFR50 (Ap-
pendix A “General Design Criteria for Nuclear Power
Plants”). In detail, the reactor core and associated
coolant, control, and protection system shall be de-
signed with the appropriate margin to assure that spec-
ified acceptable fuel design limits (SAFDLs) are not
exceeded during any condition of normal operation,
including the effects of anticipated operational occur-
rences. The NRC SRP4.2 describes fuel system design
criteria covering fuel system damage, fuel rod failure
and fuel coolability. The fuel system damage and fuel
rod failure criteria employed by the most of fuel ven-
dors are steady-state cladding stress and strain, clad-
ding fatigue, cladding fretting wear, cladding oxida-
tion and hydriding, fuel rod growth, fuel rod internal
pressure, fuel rod internal hydriding, cladding flatten-
ing, fuel centerline temperature, transient cladding
stress and cladding total tensile strain, and departure
from nucleate boiling ratio (DNBR). The fuel rod in-
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tegrity is to be evaluated during the reactor normal op-
eration (ANS Condition I) and the reactor anticipated
operational occurrences (ANS Condition II) [1]. It is
noteworthy that the ANS Condition II related design
criteria include fuel centerline temperature, transient
cladding stress and total tensile strain, and DNBR. It
has been found that the most limiting design criteria
for nuclear reactor normal operating conditions may
be rod internal pressure and cladding oxidation, while
those for nuclear reactor transient operating condi-
tions may be fuel centerline temperature and cladding
total tensile strain. Recently, the fuel reliability has
been steadily increasing with the help of various ro-
bust designs against fuel failure [2-4]. However, fuel
vendors are striving to employ reactor power uprating
up to about 20% and to increase the batch average fuel
burnup from45.000 MWd/MtU to 55.000 MWd/MtU
[5, 6]. With the introduction of power uprating into
power reactors, it is obvious that design margins
against fuel centerline temperature and cladding total
tensile strain will become smaller. It is reported that
the Korea Hydro & Nuclear Power Company (KHNP)
plans to adopt power uprating up to 5% in some PWR
in Korea in the near future. Therefore, it is necessary to
have sufficient design margins against fuel centerline
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temperature and cladding total tensile strain even for
anticipated power uprating since the most limiting de-
sign criteria for nuclear reactor transient operating
conditions are fuel centerline temperature and clad-
ding total tensile strain, as mentioned above.

For a 14 x 14 fuel assembly integrity evaluation
under the reactor anticipated operational occurrences
(ANS Condition II) in Korea, a box-shaped transient
axial rod power profile simulating all control rod-out
condition is employed below 380 W/cm, while a bot-
tom-skewed transient one simulating some control
rods’ insertion is used above 380 W/cm without
changing its axial profile with the increase of transient
power levels. However, it is found that the current bot-
tom-skewed axial profile generates somewhat a
rod-averaged power higher than 118% overpower of a
steady-state peak rod-averaged power during the reac-
tor transients. It should be noted that 118% overpower
ofa steady-state peak rod-averaged power is the maxi-
mum rod-averaged power allowed during the reactor
transients. In this study, therefore, optimized bot-
tom-skewed transient axial rod power profiles above
380 W/cm are proposed as a function of transient peak
power in order to reduce over-conservatism included
in the current bottom-skewed axial profile and provide
more design margins against fuel centerline tempera-
ture and cladding total tensile strain.

PREPARATION OF OPTIMIZED
BOTTOM-SKEWED AXIAL PROFILES

The currently used box-shaped and bot-
tom-skewed axial rod power profiles are shown in figs. 1
and 2, respectively. The box-shaped axial profile is used
when a rod power increases from a steady-state power to
the transient power of 380 W/cm (see step 1 in fig. 3),
while the bottom skewed axial profiles are used when a
rod power increases from a steady-state power to the
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Figure 1. Current box-shaped axial power profile at a
peak power level of 380 W/cm
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Figure 2. Current bottom-skewed axial power profiles at
peak power levels greater than 380 W/cm
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Figure 3. Fuel rod power history and power transient
simulation

transient powers above 380 W/cm such as 450, 550, and
666 W/cm (see steps 2, 3, and 4 in fig. 3). The current
bottom-skewed axial profiles represent rod averaged
powers much higher than the 118% overpower percent-
age allowed during the ANS Condition II, which gener-
ates over-conservative transient average powers above
380 W/cm. In order to reduce over-conservatism in-
cluded in the current bottom-skewed axial profiles, opti-
mized bottom-skewed axial profiles are proposed at the
transient power levels of 450, 550, and 666 W/cm, as
shown in fig. 4. It is noteworthy that the areas under the
bottom-skewed axial profiles represent transient rod av-
eraged powers. The optimized bottom-skewed axial pro-
files generate more or less the same rod averaged power
as the 118% overpower percentage of the maximum
steady-state rod averaged power. The transient rod aver-
aged power used for the optimized bottom-skewed axial
profiles may be given as follows

q =[overpower percentage]Fy ¢y, (1)
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Figure 4. Optimized bottom-skewed axial power profiles
at peak power levels greater than 380 W/cm

where ¢ is the transient rod averaged power over-
power percentage = 118%, Fay — the maximum
steady-state radial power factor during the reactor nor-
mal operation, and q:wgf the core averaged linear
power.

For the 14 x 14 fuel assembly considered in this
study, ',y and g, are givenas 1.49 and 212.3 W/cm.

CALCULATION PROCEDURES

With the help of a fuel rod performance analysis
code [7], fuel centerline temperature and cladding total
tensile strain during the ANS Condition II are calcu-
lated for the 14 x 14 fuel assembly considered in this
study. The key input data for the performance analysis
code are composed of the reactor core and fuel
assembly design parameters (see tab. 1) as well as of
the fuel rod dimensions and performance model con-
stants (see tab. 2). For the fuel centerline temperature
calculations, the maximum pellet-to-cladding gap and
fission gas release are simulated, while for the clad-
ding total tensile strain calculations, the minimum pel-

Table 1. Reactor core and fuel assembly design
parameters for 14 x 14 PWR in Korea

Design parameters Values
Core thermal power 1723.5 MW,
Core average linear power 212.3 W/em
Fosal e Iinear poweracievable | 65w
Inlet coolant temperature 2823 °C
Reactor system pressure 155 bar”
Number of fuel assemblies in the core 121
Number of fuel rods per fuel assembly 179
Fuel rod pitch 14.12 mm

"1 bar = 100 kPa

Table 2. Fuel rod dimensions and performance model
constants

Input data

Input variable — -
Minimum | Average | Maximum

Pellet porosity [%] 3.73 5.10 6.50
Pellet diameter [mm)] 8.04 8.05 8.06
Clad outer diameter [mm)] 9.45 9.50 9.55
Clad inner diameter [mm] 8.18 8.22 8.26
Dishing volume [mm’] 8.00 11.00 14.00
Plenum volume [mm’] 5.70 6.40 7.00
Initial rod inner pressure 21.50 22,50 23.50
[bar]

5(1;1581;1;1 égas release model 8.00 38.00
Radial relocation model 0.48 0.83
constant

Swelling/densification 0.34/3.48 0.46/4.10
model constant

Clad creep model constant | 0.77E-20" 1.10E-20

"read as 0.77-107%°

let-to-cladding gap and fission gas release are simu-
lated. In detail, for fuel centerline temperature calcula-
tions, the minimum values of pellet diameter, dishing
and plenum volume, radial relocation model constant,
swelling model constant, and cladding creep model
constant are utilized, whereas the maximum values of
pellet porosity, cladding outer and inner diameters,
initial rod pressure, fission gas release model constant
and maximum densification model constant. The input
data for cladding total tensile strain calculations are
just the opposite to those of fuel centerline tempera-
ture calculations. The transient peak rod power al-
lowed during the ANS Condition II is 666 W/cm,
which falls down from a rod burnup of about 20
MWd/kgU due to the decrease in reactivity with the in-
crease of burnup, as shown in fig. 5. In this study,
therefore, the rod burnup of up to 20 MWd/kgU is
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Figure 5. Transient peak rod power vs. fuel rod burnup



K. T. Kim: The Effect of Axial Fuel Rod Power Profile on Fuel Temperature ...
Nuclear Technology & Radiation Protection: Year 2010, Vol. 25, No. 2, pp. 114-119 117

considered because the transient power decrease be-
low 666 W/cm after 20 MWd/kgU will reduce drasti-
cally the fuel centerline temperature and the cladding
total tensile strain. The peak steady-state rod power
used in this study is given in fig. 3 and the power ramps
from the steady-state power to various transient power
levels of steps 1 through 4 initiate at the burnups of 0,
6.5,9.7,16.2, 18.3, and 20.0 MWd/kgU.

RESULTS AND DISCUSSION

The fuel centerline temperatures and the total
tensile strains at 666 W/cm vs. the fuel rod burnup are
plotted in figs. 6 and 7, respectively. From fig. 6, it can
be seen that the fuel centerline temperatures increase
with the increase of the fuel rod burnup and the fuel
temperatures for the optimized bottom-skewed axial
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Figure 6. Fuel centerline temperatures at 666 W/cm vs.
fuel rod burnup
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Figure 7. Total tangential strains at 666 W/cm vs. fuel rod
burnup

profiles are lower than those for the current bot-
tom-skewed axial profiles, indicating that the
over-conservatism included in the latter is reduced.
The fuel centerline temperature at the rod burnup of
20 MWd/kgU reaches 2730 °C for the current bot-
tom-skewed axial profiles, while it reaches 2704 °C
for the optimized bottom-skewed axial profiles, indi-
cating that the fuel centerline temperature is reduced
by 26 °C, comparing with that for the current bot-
tom-skewed axial profiles. It should be noted that the
current bottom-skewed axial profiles exceed the de-
sign criterion for fuel centerline temperature at the rod
burnup of 20 MWd/kgU, while the optimized ones
meet the design criterion. The reason that the opti-
mized bottom-skewed axial profiles reduce fuel cen-
terline temperature is that the total energy contained in
the fuel rod at the power level of 666 W/cm is lower for
the optimized axial profile, comparing the areas under
the bottom-skewed axial profiles at 666 W/cm (see
figs. 2 and 4), and consequently the amount of fission
gas release is lower for the optimized axial profile, as
shown in fig. 8. Naturally, the highest fractional fis-
sion gas release at 20 MWd/kgU generates the lowest
pellet-to-cladding gap conductance even though the
pellet-to-cladding gap is the largest at around
8 MWd/kgU (see fig. 8) and subsequently produces
the highest fuel temperature at 20 MWd/kgU. On the
other hand, the optimized axial bottom-skewed axial
profiles might also exceed the fuel centerline melting
temperature when a reactor is up-rated only by a few
percent. Therefore, it is recommended that the current
pellet microstructure be improved against fission gas
release. Some fuel vendors have already developed
Cr,0;-doped pellets or Al,O;-doped pellets to in-
crease pellet grain size and then reduce fission gas re-
lease [8-10].

From fig. 7, it can be seen that the cladding total
tensile strain decreases up to the fuel rod burnup of
7 MWd/kgU and then increases all the way after this
burnup. Also, the total tensile strains for the optimized
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Figure 8. Fractioal fission gas release vs. fuel rod burnup
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bottom-skewed axial profiles are lower than those for the
current bottom-skewed axial profiles, indicating that the
over-conservatism included in the latter is reduced. The
total tensile strain at the rod burnup of 20 MWd/kgU
reaches 1.0% for the current bottom-skewed axial pro-
files, while that reaches 0.98% for the optimized bot-
tom-skewed axial profiles, indicating that the total tensile
strain is reduced by 0.02%, comparing with that for the
current bottom-skewed axial profiles. It should be noted
that the current bottom-skewed axial profiles barely meet
the total tensile strain design criterion of 1.0% at the rod
burnup of 20 MWd/kgU, indicating that a small amount
of power up-rating will exceed the total tensile strain de-
sign criterion with the use of the current bottom-skewed
axial profiles. The reason that the lowest total tensile
strain occurred at about 7 MWd/kgU can be explained in
the following. The cladding total tensile strain is con-
trolled by pellet-to-cladding gap sizes before the power
transients and power transient-induced fuel tempera-
tures. The pellet-to-cladding gap sizes before the power
transients are shown in fig. 9. The pellet-to-cladding gap
size is a function of cladding creepdown and fuel
densification/swelling. The cladding diameter is ever de-
creasing with burnup until the cladding-to-pellet contact.
The pellet diameter decreases up to about 8 MWd/kgU
due to a dominant effect of fuel densification in a low
burnup range but increases due to a dominant effect of
swelling after 8 MWd/kgU [11-13]. However, the pellet
diameter contraction due to densification is much faster
than cladding creepdown. Therefore, there exists a maxi-
mum pellet-to-cladding gap creepdown at around 8
MWd/kgU, as shown in fig. 9. Moreover, the amount of
fission gas release increases with the increase of fuel rod
burnup and the higher fission gas release generates pro-
duces the higher fuel temperature. It is noted that the
higher fuel temperature generates the larger cladding to-
tal tensile strain if the pellet-to-cladding gap is the same
before the power transients. The combination of the pel-
let-to-cladding gap size variation and ever-increasing
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Figure 9. Schematic dimensional change vs. fuel rod
burnup before power transients

fuel temperature with burnup may explain why the low-
est total tensile strain occurred at about 7 MWd/kgU. On
the other hand, the reason that the optimized bot-
tom-skewed axial profiles reduce total tensile strain is
that the total energy contained in the fuel rod at the power
level of 666 W/cm is lower for the optimized axial profile
and consequently the amount of fission gas release is
lower for the optimized axial profile, resulting in the
lower fuel temperature, as explained above. Since the
lower fuel temperature generates the less cladding total
tensile strain if the pellet-to-cladding gap is the same be-
fore the power transients, the optimized bottom-skewed
axial profiles generated lower total tensile strain than the
current bottom-skewed ones, as shown in fig. 7.

CONCLUSIONS

With the use of the reactor operating condition
that 118% overpower of a steady-state peak rod-aver-
aged power will be exceeded during the ANS Condi-
tion I, the optimized bottom-skewed axial profiles are
proposed to reduce over-conservatism contained in
the current bottom-skewed axial profiles. The opti-
mized bottom-skewed axial profiles reduced fuel cen-
terline temperature and cladding total tensile strain by
26 °C and 0.02%, comparing with the current ones.
The lower fuel temperatures and total tensile strains
for the optimized axial profiles may be explained by
lower fission gas release. In addition, the lowest total
tensile strain at the fuel rod burnup of 7 MWd/MtU
may be supported by the combination of the pel-
let-to-cladding gap variation and ever-increasing fuel
temperature with the increase of the burnup. It is rec-
ommended that the current pellet microstructure be
improved to reduce fission gas release, which will pro-
vides more margins for fuel centerline temperature
and cladding total tensile strain.
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Kjy-Tae KUM

E®PEKAT AKCHJAJTHE PACIIOJAE/IE CHATE Y IT'OPUBHOJ
IIMIIKN HA TEMIIEPATYPY I'OPUBA N HAINIPE3AIBBE KOIIY/bUIE

YHyTpallllby NMPUTUCAK TOPUBHE IIMIKE M OKCHAalHja KOILIYJbULE CY HajpecTPUKTUBHUjU
MPOjeKTHU KPUTEPHjyMH 3a HYyKJI€apHE eJIeKTpaHe y HOPMAIIHUM IOTOHCKUM YCJIOBHUMA, TOK Cy 3a
HYKJIEapHE peakTope y HEeCTAl[MOHApHUM YCIOBMMAa TO TeMIlepaTypa y CPEAMIIbOj OCH TOpHBa M
HECTAallMOHApPHO YKYIIHO Halpe3ame KOLIyJ/bUlle Ha HcTe3ame. MebyTum, npojekTHe MapruHe 3a
TeMmIepaTypy I'OpuBa M HECTAIlMOHAPHO Halpe3ame KOIIyJbHIIEe Ha UCTe3ae MIOCTajy joul yKe, Oyayhu fa
ce ToamKe cHara BehmHe HykjeapHUX peakTopa, WU Ce TO IJIaHWpa pajud NoOoJblIaka €KOHOMUje
HyKJIeapHe eHepruje. Y Iuiby Jia ce 00e36efie JOBOJbHE NMPOjeKTHE MapruHe 3a TeMIlepaTypy ropusa u
YKYIIHO Hallpe3ame KOIIyJbULE Ha UCTe3ame M Yy ciyyajy Iopacra cHare, pagu peaykluje IpeTepaHo
KOH3€pBaTUBHOT pelliekha ONTUMU30BaH je nocrojehn akcujamHu npogui cHare y TOpUBHO] LIAIIKK KOjU je
kopuitheH y aHanu3ama TpaH3ujeHaTa, Oyayhu 1a TOKOM peak TOPCKUX MTPeIa3HuX CTala HHlje H0J1a3uio 10
npekopauewa Beher ong 118% cranmmoHapHOT cpefilbel NMUKa cHare y ropuBHoj mmnku. [lopeheme
nocrojeher akcujamHOT MpodwIia cCHare y TOpuBHOj MUKW ¥ OHOT ONTHMHU30BAHOT TTOKa3yje /la Ceé OBUM
ApyruM peiyKyje TemiepaTypa ropuBa y cpefiuliimboj ocu 3a 26 °C, a yKyIHO Hamnpe3ame KOLIyJbUIle Ha
ucre3ame 3a 0,02%.

Kwyune peuu: HykaeapHa 20pusHa wuilka, UpojeKiiHU KpUuitepujymu, iemilepaillypa zopusa y
cpeouLLboj ocu, YKYUHO Hallpe3arbe Koulypule Ha uctiiedarbe, akcujaata pactiooend
CHAZe Yy 20pUBHOJ WULIKU



