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Abstract. In recent years, the rising demand for carbon-free energy sources makes alternative sources, such as nuclear
energy, a promising solution to do away with the effects on long-term climate changes, reducing greenhouse effect
gases in electricity generation. Notwithstanding, the nuclear solution must overcome high construction costs and safety
risks to succeed. The thermodynamics and heat transfer inside the reactor core is physically and mathematically
complex to simulate or predict based on non-linear governing equations. In this regard, this paper aims to investigate
the radial thermal diffusion and temperature distribution of the fuel rod of a pressurized water reactor (PWR) using
finite element modelling technique (FEM). This study first conducted a steady-state analysis considering
temperature-dependent parameters as gap conductance approximation, density, thermal capacity, the thermal
conductivity of the fuel pellet and clad, and a uniform volumetric heat-generation rate. Geometric characteristics of
Westinghouse AP1000 were also implemented. In addition, a transient analysis of the fuel rod is developed to evaluate
the effect of the cylindrical fuel pellet shifted radially. The temperature profiles of the fuel pellet and clad resulting from
FE analysis shows important maximum temperature spots as the outside surface of the fuel and the inner surface of the
clad.
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1. INTRODUCTION

With the growing demand for electricity and the constant search to reduce greenhouse gas emissions, power
generation by nuclear sources stands out to produce clean energy. However, nuclear reactors, like other generation
systems, present inherent risks. The accidents of Chernobyl (1986, Soviet Ukraine) and Fukushima 1 (2011, Japan) are
well-known examples. However, the risks associated with nuclear generation are extremely low compared to other work
systems. From this standpoint, nuclear generators are one of the ways of producing large amounts of electrical power
without much harm to the environment (Lamarsh and Baratta, 2001). In this context, an accurate description of the
temperature distribution in fuel elements is essential to predict the lifetime behavior of core structural materials
(Todreas and Kazimi, 2011).

In a nuclear reactor, the heat transfer process between the fuel rod and the cooling fluid has great importance to
predict the core components behavior and It is, consequently, crucial for safety assurance. Conversely, knowing the
temperature distribution in the fuel rod in a steady-state by the analytical procedure is a difficult task. Furthermore, the
complexity of the phenomena increases when a transient state is taken into consideration and when the main physical
parameters of the pellet and clad such as thermal conductivity, density and thermal capacity are set to be
temperature-dependent to represent the real operational condition.

For this reason, the finite element modeling approach (FEM) was utilized to investigate temperature
distribution in a fuel pellet out-of-center positioned inside the tubular clad protection. Such a condition is caused by
turbulent flow-induced vibrations which lead to a relative motion between the fuel pellet and the cladding (D'Ambrosi,
2021) that shortens the gap in some locations and consequently changes the temperature profile radially once the
thermal resistance is modified locally.

The fuel rod dimensions were based on the Westinghouse AP1000 pressurized water reactor (PWR) to produce
real-life engineering results and conclusions. The PWR type was chosen due to the amount of data available and due to
the fact that pressurized water reactors are the most popular project type in this century, and they are responsible for
two-thirds of the nuclear-installed capacity in the world (Kok, 2017). The study analyzed the rod in the steady-state and
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transient state with the pellet centered and with a convective boundary condition applied to the external surface of the
clad protection tube. Following this, the pellet was geometrically shifted radially and steady state and transient analysis
were done again.

2. METHODOLOGY

Based on Newton and Fourier's laws (Incropera et al., 2008), and considering the temperature-dependent material
properties of the fuel rod, this section will provide all the parameters and details used in the FEA model for the AP1000
reactor study. According to (Todreas and Kazimi, 2011), under certain conditions, the neutron and temperature fields
can be decoupled and, thus, assuming that the energy deposition rate is known, it is possible to obtain the radial
temperature profile on the rod. The outer surface convective coefficient of the cladding was determined according to
(El-Wakil, 1971) and (Westinghouse, 2011) for the axial position of the rod. In addition, the stationary and transient
analysis considered a non-irradiated fuel pellet with the largest possible gap thickness.
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where is the coolant mean temperature, is the coolant mean temperature in the channel inlet, is the
volumetric heat generation rate, is the fuel radius, is the effective core length, is the equivalent diameter,

is the specific heat of the coolant, is the coolant mass flow in the channel and is the mass velocity of the
coolant from (Costa, 2017), the is the axial position from the fuel rod center, is the dynamic viscosity of the
coolant, is the thermal conductivity and is the convective heat transfer coefficient. Once the temperature of the
coolant on the fuel rod center axial position is acquired from Eq. 1, it is possible to calculate, using the water coolant's
physical properties for the given temperature found in (NIST, 2021), the heat transfer coefficient utilizing Eq. 2.
These properties are shown in Table 1.

2.1 Fuel Pellet

Inside the fuel pellet is where the fission process of the uranium nuclei occurs and the chain reaction is sustained to
produce heat converted into electricity. Following (Westinghouse, 2011) the fuel pellets are circular cylinders made of
enriched uranium-dioxide powder compacted by cold pressing and finally sintered until the target density. Those pellets
are stacked inside a tubular clad protection to form the fuel rod.

The volumetric heat generation rate ( ) can be obtained by the Eq. 3 from (Todreas and Kazimi, 2011), where
is the linear power rate of 18770 W/m from (Westinghouse, 2011), is the extrapolated core length, is

the fuel radius available in Table 1 and is the axial coordinate of the fuel rod being the origin positioned at the center.
In addition, Eq. 4 (Martin, 1988), Eq. 5 (Lucuta et al. , 1996) and Eq. 6 (Newman, 2009) model fuel density ( ),
thermal capacity ( ) and thermal conductivity ( ) respectively.
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2.2 Gap

On a fuel rod, a space is provided between the UO2 pellet and the cladding. Initially, this space is filled with helium
at a certain pressure that depends on the type of core and the operating conditions of the reactor. To determine the
temperature distribution in the radial direction, it was assumed an as-fabricated condition, that is, with the gap in its
largest thickness and smallest gap conductance (Fenech, 1981). The heat transfer in the gap was treated purely by
conduction as in Tang et al. (2017), even though in the case of an inert gas layer the heat transfer between the fuel and
the cladding occurs by conduction, thermal radiation and convection (Lanning and Hann, 1975). Furthermore, it was
assumed that density and thermal conductivity are dependent on temperature and specific heat under constant pressure
(Mihaila et al., 2009). In addition, Eq. 7, 8 and 9 (Bejan, 1993) model gap density ( ), thermal capacity ( ) and
thermal conductivity ( ) respectively.
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2.3 Cladding

The fuel rod cladding is the first barrier to the release of radioactivity in a nuclear reactor. This cladding is usually
made of a zirconium alloy or stainless steel. In the AP1000 reactor the cladding is made of a zirconium alloy called
ZIRLO developed by Westinghouse. This material is an evolution of earlier zirconium alloys that presents greater
resistance to corrosion, fuel temperature and higher burnup rates (Westinghouse, 2016). In addition, Eq. 10, Eq. 11
(Hagrman, 1995) and Eq. 12 (IAEA, 2006) model the zirconium cladding density ( ), thermal capacity
( ) and thermal conductivity ( ) respectively.
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3. FINITE ELEMENT MODELING

The geometry analyzed consisted of three main domains, a central cylindrical solid to represent the UO2 fuel pellet,
the gap layer and the cladding. When the pellet is centered, the physical problem is axisymmetric. Due to this fact, only
one-eighth of the model is represented in order to save computer processing power. However, when the pellet is shifted
radially, a model sliced in half is required since the azimuthal symmetry is no longer present. Figure 1.a shows the
sliced geometry, the directions and the domains for AP1000, where is 4.096 mm, is 4.178 mm and is
4.750 mm (Westinghouse, 2011).

The model mesh was constructed mainly with a hexahedral SOLID70 ANSYS element with eight nodes with one
temperature degree of freedom in each node. Note in Figures 1.b and 1.c, that there is a gross discretization in the axial
direction. This configuration was chosen because the heat generation rate was considered constant along this direction
of the fuel rod partition analyzed. Therefore, this dimension is only for representative purposes in the present study.
Figure 1.b shows the mesh of a one-eighth slice of the fuel rod utilized in pellet-centered analysis while Figure 1.c
shows the mesh of the half-sliced fuel rod with the pellet shifted radially. It is important to highlight that the gap
intentionally presents more than two elements in thickness to better capture the temperature gradient. It is also worth
mentioning that the half model was re-meshed for each case of shifted pellet and the mesh presented in Figure 1.c is a
sample of the cases analyzed. Also, a mesh convergence study was performed to ensure that the mesh size does not
impact the temperature results throughout the fuel rod. Table 2. shows four different mesh densities that were
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implemented in ANSYS and how it influences the maximum temperature. It was observed to change less than 0.01 K in
mesh 04.

Two different axial points of the fuel rod were analyzed, one being the axial center and the other being the fuel rod
end positioned at the exit of the coolant fluid path. For both transient and steady state analysis the heat generations of
3.5621e+08 W/m³ for the fuel rod axial center and 3.8525e+07 W/m³ for the fuel rod axial exit calculated by Eq. 3 were
assigned to the pellet while the external surface of the cladding received convection with heat transfer coefficient of
37023 W/m².K for the fuel rod center analysis and 39401 W/m².K for the fuel rod exit calculated by Eq. 2 for the bulk
temperature of 587 K and 606K respectively. Figure 2 shows the applied conditions with flag A and B respectively.

Table 1. Physical Properties utilized in this study.

Properties
Variables Description Center (1) Exit (2)

Temperature in the channel inlet, K 552.59 -
Coolant mean temperature, K 587 606
Volumetric heat generation rate, W/m³ 3.5529e+08 3.8525e+07
effective core length, m 4.2672 -
Axial position at fuel rod axial, m 0 2.1336
Equivalent diameter, m 0.0118 -
Extrapolated core length, m 4.5832 -
Fuel radius, m 4.096e-03 -
Outside gap radius, m 4.178e-03 -
Outside clad radius, m 4.750e-03 -
Specific heat of the coolant, J/kg.K 5884.2 7043.9
Coolant mass flow in the channel, kg/s 0.3152 -
Mass velocity of the coolant in the channel, kg/s.m² 3458.6 -
Dynamic viscosity of the coolant, Pa.s 8.2979e-05 7.4700e-05
Thermal conductivity, W/m.K 0.5344 0.4900
Convective Heat transfer coefficient, W/m².K 37023 39401

(1) Measured at 15.375 MPa.
(2) Measured at 15.238 MPa.

Figure 1. (a) Rod geometry, (b) one-eighth sliced meshed geometry and (c) Half-sliced pellet shifted meshed geometry .
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Table 2. Mesh convergence analysis.

Mesh Number of nodes Maximum temperature
Mesh 01 7942 1236.45 K
Mesh 02 15974 1236.75 K
Mesh 03 30698 1236.76 K
Mesh 04 84222 1236.76 K

4. RESULTS AND DISCUSSION

4.1 Steady-state

Figure 2 shows the summarized results for the cases in which the pellet is centered and those where it has been
shifted radially. The graph in Figure 2.a shows the temperature profile for various shifted dimensions. It can be noted
that on the left side of the graph, where the fuel becomes close to the clad protection, the fuel wall temperature
approximates to the temperature value on the cladding’s inner wall. Consequently, on the right side of the graph a higher
temperature value on the fuel wall can be observed when compared to the centered pellet temperature profile. In the
same graph, it can be noted that while the pellet moves to the left the maximum temperature spot moves in the opposite
direction. This phenomena can be explained by decrease of thermal resistance where the gap is shortened, which
intensifies the heat flux, leading to a higher temperature gradient between the fuel center and its wall, and the increase
of the thermal resistance where the gap is thickened that induces higher temperature spot to be shifted to this side due to
the diminished heat flux, consequently a lower temperature gradient.

Figure 2.b shows the temperature change for different spots for each radial shift length analyzed in respect to the
centered pellet results. It is possible to observe that the major change occurs on the fuel pellet while the temperature
change on the cladding is almost negligible. It is important to highlight that the maximum temperature on the fuel
decreases with the increase of shift length. This behavior can also be explained by the thermal resistance change. In
cylindrical coordinate problems the increase of thermal resistance in one side of the fuel rod is followed by a decrease
on the other side but not by the same amount, i.e. this change is not linear, but proportional to a logarithmic expression
(Incropera et al., 2008). Due to this fact, when compared to the pellet centered, the thermal resistance of the shifted
pellet problem is smaller what leads to a better heat transfer condition, i.e. higher heat flux from the pellet, consequently
leading to lower maximum temperatures on the pellet.

Figure 2. (a) Temperature profiles for shifted dimensions for the fuel rod center ( ) and (b) Temperature change for
the fuel rod center ( ).

Figure 3 shows a similar analysis for the final position of the rod ( ). In this case, the graph in Figure 3.a
shows a reduction in the temperature of the entire pellet as a consequence of reduced volumetric heat generation and
increased convection at that point. The graph in Figure 3b. shows the same behavior noted for the fuel rod center region
but with smaller temperature gradients.
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Figure 3. (a) Temperature profiles for shifted dimensions for the fuel rod exit ( ) and (b) Temperature
change for the fuel rod exit ( ).

4.2 Transient-state

Figure 4 shows the summarized results over time for the cases in which the pellet is centered and for those in which
it has been shifted radially. The graph in Figure 4.a shows the maximum temperature on the fuel pellet for the fuel rod
center ( ). It is possible to note that up to the ten-seconds mark the difference among the cases is not evident.
Figure 4.b shows the maximum temperature over time for the fuel wall for the fuel rod center ( ). The major
differences between the curves are more noticeable from the four-seconds mark onwards. Additionally, the steady
condition is achieved after about thirty seconds and no major change happens after this time stamp. The same results
were also extracted for the fuel rod exit analysis ( ) and can be seen on Figure 5.a and 5.b, similar behavior
can be observed, although with small temperature gradients. This becomes evident when figure 4.b shows a temperature
difference of 100 K between the centered pellet curve and pellet shifted 0.07 mm curve while in Figure 5.b this is about
10 K.

Figure 4. (a) Max. Temperature over time on pellet for the fuel rod center ( ), and (b) Max. Temperature over time
on pellet wall for the fuel rod center ( ).
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Figure 5. (a) Max. Temperature over time on pellet  for the fuel rod exit ( ), and (b) Max. Temperature over
time on pellet wall  for the fuel rod exit ( ).

5. CONCLUSIONS

This study evaluated the influence of fuel pellet displacement on the temperature distribution of a fuel rod from an
AP1000 reactor using the FEM technique. The temperature profile in the radial direction provides information on how
the pellet shift can change the temperature in the pellet wall and how it can influence the maximum temperature of the
inner and outer surface of the cladding. When the pellet is radially shifted, the maximum temperature change occurs on
the pellet, with no significant impact on the fuel cladding. Additionally, a maximum temperature spot shift inside the
fuel and the decrease of the maximum temperature registered on the fuel pellet could be noted as result of the modified
thermal resistance of the gap. Furthermore, the transient analysis showed consistent results in comparison to
steady-state analysis. Results provided by this analysis can be the focus of future thermal structural analysis to evaluate
the stress-induced on the fuel by the differential thermal expansion and also to a result comparison with an analysis
conducted on finite volume by a Computer Fluid Dynamics approach (CFD).
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