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Abstract: This paper reports the results on the predictions of behavior of AP-1000 nuclear reactor
fuel rod under steady state operating condition by using FRAPCON-4.0 software. The predictive
items were the temperature distribution in the fuel rod, including fuel centerline temperature, fuel
pellet surface temperature, gas temperature, cladding inside and outside temperature, oxide surface
and bulk coolant temperature; and gap conductance and thickness.The predictive items also include
deformation of fuel pellets, fission gas release and rod internal pressure, cladding oxidation and
hydration. The predictive data were suggested the fuel rod behavior image in nuclear reactor.
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I. INTRODUCTION

Uranium dioxide (UO-) enriched 3-5%
U5 is the essential material for the fabrication
of fuel ceramic pellet for light water reactor
(LWR), including pressurized water reactor
(PWR) and boiling water reactor (BWR) [1-2].
Evaluating state of the UO; pellets in particular
and nuclear fuel in general in the nuclear
reactor is very important to establish the safety
criteria of nuclear fuel. The quality of the UO;
pellets is assessed on the safety standards of
each nation or organization. Under steady-state
operating condition, the evaluations are
assessed by software’s such as FRAPCON,
TRANURANUS, COSMOS, FEMAXI,
FUELROD and etc. FRAPCON-4.0 code, one
of fuel performance codes verified and licensed
by United States Nuclear Regulatory
Commission (NRC) to review fuel design of
LWR, is designed to perform the thermal-
mechanical calculations of LWR fuel rod such
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as the temperature, pressure, and deformation
as functions of time-dependent fuel rod power
and coolant boundary conditions [3-5].
FRAPCON-4.0 code uses data of material
properties documented in the updated version
of the MATPRO material properties package
for high burn-up conditions and advanced
cladding alloy such as Zircaloy-2, Zircaloy-4,
ZIRLO™, M5 and etc. [5].The main models of
FRAPCON-4.0 code used in the calculations
include the FRACAS-I thermal-mechanical
model and Forsberg-Massih fission gas release
model. In the study and our previous [6], the
latest version of the steady state fuel
performance code, FRAPCON-4.0, was
utilized to predict the thermal behavior of fuel
rod under steady-state operating condition in
reactor. And fuel rod design of AP-1000
designed by Westinghouse Electric
Corporation was input data for the code [6-7].
FRAPCON-4.0 software was supported by
Vietnam Atomic Energy Agency.
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Il. CALCULATION MODEL FOR AP-
1000 FUEL ROD

Description of AP-1000 fuel rod design

The AP-1000 fuel rods consist of
cylindrical, ceramic pellets of slightly enriched
uranium dioxide (UO,). These pellets are
contained in cold-worked and stress-relieved
ZIRLO tubing, which is plugged and seal-
welded at the ends to encapsulate the fuel.
ZIRLO is an advanced zirconium-based alloy.

Table 1. Main parameters of AP-1000 fuel rod

The UO; pellets are slightly dished to better
accommodate thermal expansion and fuel
swelling, and to increase the void volume for
fission product release. The void volume will
also accommodate the differential thermal
expansion between the clad and the fuel as the
pellet density increases in response to
irradiation. An AP-1000 fuel rod comprises the
following parts: Upper plug, cladding, lower
plug, fuel pellets and a spring (Table I, Fig.1)
[7-9].

Parameter Value
Number of fuel rods in fuel assembly 264 ' '
Rod array 17x17 | =
Fuel rods pitch, mm 12.6 T
Fuel Uo.
Fuel density, kg/m? 95.5 KR
Cladding material ZIRLO™ gl -
Total fuel rod length, mm 4267.2
Total active fuel height, cold state, mm 3657.6 =
Outer diameter of fuel cladding, mm 9.5
Cladd thickness, mm 0.57
Diameter gap, mm 0.0825 | e
Outer diameter of fuel pellet, mm 8.2 b s umsessmieson:
Fuel pellet height, mm 9.8
Average linear power, KW/m 1576 Fig. 1. Configuration of AP-1000 fuel rod.
Peak linear power for normal operation, W/cm 48.86
Enrichment U?*® (maximum value), % 4.50

Modeling method

The AP-1000 fuel rod has been modeled
using FRAPCON-4.0 code based on the design
parameters, reference data in the operation of
AP-1000 reactor [7-9]. The dimensions for AP-
1000 fuel rod were taken from design data.
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The fuel rod was divided into 24 time steps (50
days/1 time step), 17 (fuel) radial boundaries
and 9 (equal-length) axial nodes [4, 10] (Fig.2).
The axial and radial nodes are numbered from
bottom to top of total active fuel height and
fromthe fuel rod centerline to the cladding
outside surface, respectively.



Main parameters of the boundary

the length of each cycle was 351 effective full

conditions were given in Table Il power days.
Calculations were performed for 3 fuel cycles;
Table I1. Main parameters of the boundary conditions » Axial nodes
[ * Radical boundaries
Parameter Value Sjen
H® =« & & B% @
The rod initial fill pressure, in Mpa 2.35 / Stack of fuel pellets
Coolant system pressure, in Mpa 155 o~ Cladding
Coolant inlet temperature,in K 552.6 1n » o R
Mass flux of coolant, in kg/(s.m?) 3466
Linear heat generation rate,in KW/m e 21
1t cycle 18.4
2" cycle 20.3
3 cycle 20.2 £

The temperature distribution throughout
the fuel and coolant was calculated at eachaxial
node. A schematic of the temperature
distribution at an arbitrary axial node might be
found in the document [4].

Fig. 2. Fuel rod nodalization.

1. RESULTS AND DISCUSSIONS

A. Predicted fuel rod temperature
distribution predictions as a function of
burnup

Table 11 is summaries of predicting the
fuel rod temperature distribution calculated by

FRAPCON-4.0 code. Fig.3. show image
thermal behavior of fuel rod.
Table I11. Results of the thermal calculations
Temperature, in K
Axial node
ch Tfs Tci Tco Tox Tb
Maximum 1098.4 775.2 595.1 577.7 576.7 562.7
Node 1
Nominal 1058.9 727.7 593.8 576.7 576.3 562.6
’ Maximum 1345.4 851.2 618.5 592.0 588.7 567.1
Node 2
Nominal 1322.6 738.4 615.4 589.4 587.9 567.0
Maximum 1400.4 861.8 627.7 600.1 595.1 572.6
Node 3
Nominal 1362.8 731.3 624.0 596.6 5944 5723
Maximum 1393.7 863.9 634.0 606.6 600.3 578.0
Node 4
Nominal 1358.8 732.8 629.3 602.2 599.4 577.6
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Maximum 1383.1 863.7 639.0 612.6 604.9 583.3

Nodes Nominal 1342.9 735.0 633.7 607.4 603.9 582.8

Maximum 1363.4 863.5 644.6 618.8 609.4 588.3

Node® Nominal 1328.2 737.5 638.0 612.4 608.1 587.7

Maximum 1357.7 866.3 650.3 625.0 613.8 593.1

Node 7 Nominal 1324.0 738.3 642.7 617.5 6125 5924

Maximum 1309.8 856.9 651.8 628.6 616.5 597.6

Node Nominal 1278.9 747.1 643.9 620.6 615.2 596.7

Maximum 1107.5 799.1 637.3 620.9 614.2 601.0

Node9 Nominal 1067.3 743.3 631.5 615.5 612.6 600.1

Rod fuel Maximum 1306.6  766.7 633.1 609.1 6022 582.6

nominal Nominal ~ 12716 7368 628.0 6043 601.1 582.1
T To Ta Te maximum of average fuel centerline
2 temperature  was 1306.6K. The fuel

5
Axial Nodes

(=] o (=] o
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1200
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Fig. 3. Image thermal behavior of fuel rod.

The predictive data show that the
centerline temperature (Tr) reaches its
maximum of 1400.4 K and was lower than
the limit value of the AP-1000 nuclear
reactor fuel rod design Tr(max.) = 2866.3 K
(for prevention of centerline melt) [7]. The
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centerline temperature at the bottom (node 9)
and top (node 1) of the fuel rod was lower
than that at the center (from node 2 to node
8) of the fuel rod. The reason is that the
distribution of neutron flux in the core of the
reactor varies depending on the operation
and control of the reactor. Also for this
reason, the deformation of fuel pellets along
the fuel rods axis also varies according to the
location of the fuel pellets.

The temperaturedifference between the
fuel centerline and fuel pellet surface
temperature (AT) was predicted. The
maximum temperature difference is 711K at
node 3 and node 4, but at the top and end of
the fuel column, the temperature difference
is lower, about 385 K, for 4.1 mm of radius
of pellets. The reason is also the distribution
of neutron flux in the core of the reactor
varies depending on the operation and
control of the reactor. And at each node
positions, temperature difference increases
with the operating time. Thus, the thermal
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conductivity of the fuel pellets increases with
operating time.

The heat transfer from the fuel surface to
the cladding inside depends on the thermal
conductivity of the gap. Fig.4 shows the
predicted thermal conductance and the change
thickness of the gap. Thus, gap conductance
was very high; its maximum calculated by the
code was approximate 90 kW/(m2.K) and the
fuel clad gap was closure due to cladding creep
down and the fuel pellet solid fission product
swelling; the gap thickness calculated by the
code was 2.6 um during 3 cycles.
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Fig. 4. Predicted gap conductance and gap
thickness during 3 cycles.

The maxima of the average cladding
outside surface (Tc), oxide surface (Tox) and
bulk coolant (Tp) temperature are 609.1K,
602.2K and 582.6K, respectively. The Ty
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value is close to average coolant temperature
in core of 617K [7]; this denotes that the
cooling system always ensures the
requirements for the operation.

B. Predicted deformation of fuel pellets

The results of deformation of fuel pellets
were given in Fig. 5 (nominal value),
including: Fuel stack axial extension, fuel
swelling, fuel densification, fuel relocation and
fuel thermal expansion.
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Fig. 5. Deformation of fuel pellets.

About 100 days of first cycle (burn-up
about 5 to 10 GWd/tU), the re-sintering effect
has the greatest effect on the deformation of
the ceramic. The ceramic shrinkage was about
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9 pm, which reduces the length of the fuel
column. Then, the effect of this phenomenon
was gone.

The fuel pellets were deformed due to
the influence of temperature, irradiation, and
reactor operating conditions.The results show
that during three cycles of operation, maximum
fuel stack axial extension was 49.42 mm and
the fuel clad gap was closure (see part 3.1).
However, the rise of the fuel column and the
disappearance of the capsule gap remain within
the design limits of the AP-1000.

C. Predicted fission gas release and rod
internal pressure
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Fig. 6. Fission gas release and rod internal pressure.
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Fission gas release (FGR) and
rodinternal pressure (Pi) have a major impact
on mechanical properties of fuel rod. Fission
gas release can cause fuel swelling, pressure
build up (xenon, krypton), pellet-cladding
mechanical interaction, stress corrosion
cracking, etc. So, the excessive fission gas
release can cause the rod pressure to rise
beyond system pressure and lead to fuel
damage. Thus, rod pressure need to be limited
by safety criteria and must be calculated for the
design evaluation.

Maximum fission gas release of fuel rod
(FGR) was 1.12 % at the end of 3™ cycle.
Thus, almost all fission products were stored in
pottery (in porous holes). Maximum rod
internal pressure was 12.08 Mpa during three
cycles of operation and lower thanthe limit
values (16.2 MPa) [7]. The calculation results
of FGR and internal pressure show the
guarantee of design in order to protect the fuel
against cladding lift-off. These results are
lower thanthe limit values and show that they
ensure toprevent the diametric gap between the
fuel and the cladding from re-opening during
steady state operation, which causes ballooning

and affect the coolant flow or the local
overheating of the cladding.

D. Predicted cladding oxidation and
hydration

The results of oxide thickness and
hydrogen concentration of cladding are given
in Fig. 7 (nominal value). Oxidation and
hydriding under normal operating conditions of
reactor directly impact fuel performance, not
only during normal operation, but during
transients and accidents as well. Cladding
corrosion reduces the effective thickness of the
cladding, decreases the effective thermal
conductivity of the cladding and thus increases
the cladding and fuel temperatures and also
reduces effective cladding-to-coolant heat
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transfer. Hydrogen absorption by the cladding
and subsequent formation of hydrides may lead
to cladding embrittlement. These phenomena
are in creasingly important at higher exposures.
So, the analyses have to show ability to protect
the fuel against any type of cladding corrosion
induced failure.

The results of surface corrosion and
cladding hydration calculation show that
maximum oxide thickness was 36.13 um and
maximum hydrogen concentration was 347.29
ppm during three cycles and lower than the
limit values (100 pm and 600 ppm
respectively) [7]. As such, the cladding rod
was ensuring safety during the operation of the
nuclear reactor.
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Fig. 7. Cladding oxide thickness and hydrogen
concentration.
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IV. CONCLUSIONS

Thermal behavior of AP-1000 nuclear
reactor fuel rod under steady state operating
conditionwas predicted by using FRAPCON-
4.0 simulation software. Predictive data show
that the fuel centerline temperature reaches the
maximum of 1404.4K at 3 cycles and was
lower than the limit value of the AP-1000
nuclear reactor fuel rod design; the maximum
of average bulk coolant temperature was
582.6K and close to the average coolant
temperature in core. Gas temperature also
predicted, plenum gas about 610K and gas
temperature in the gap about 630K at the end
of cycle 3. The calculation values by
FRAPCON-4.0 code met acceptance criteria
and suggested the fuel rod temperature image
in nuclear reactor. The deformation of fuel
pellets, fission gas release and rod internal
pressure, cladding oxidation and hydration
were predicted. The predicted values were
lower than the limit values and fuel rod was
ensuring safety during the operation of the
nuclear reactor.
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