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Abstract. Nuclear power industry is facing uncertainties since the occurrence of the
unfortunate accident at Fukushima Daiichi Nuclear Power Plant. The issue of nuclear power
plant safety becomes the major hindrance in the planning of nuclear power program for new
build countries. Thus, the understanding of the behaviour of reactor system is very important to
ensure the continuous development and improvement on reactor safety. Throughout the
development of nuclear reactor technology, investigation and analysis on reactor safety have
gone through several phases. In the early days, analytical and experimental methods were
employed. For the last four decades 1D system level codes were widely used. The continuous
development of nuclear reactor technology has brought about more complex system and
processes of nuclear reactor operation. More detailed dimensional simulation codes are needed
to assess these new reactors. Recently, 2D and 3D system level codes such as CFD are being
explored. This paper discusses a comparative study on two different approaches of CFD
modelling on reactor core cooling behaviour.

1. Introduction
The design and development of a nuclear reactor has always been focused on its reliability to operate
safely throughout its lifetime. The early nuclear reactor designs are mostly dependent upon
experimental analysis [1], where complex configuration and various phenomena have to be
investigated. This approach would require very specialised experimental facilities which may not be
affordable to many researchers or institutions [2][3]. Later, the development of computational method
has brought about new approaches on the design and analysis of nuclear reactor safety. This is where
the usage of numerical method was employed for most of the nuclear safety assessment activities. The
one dimensional simulation codes designed specifically for nuclear reactor safety analysis were then
developed by various nuclear engineering institutions specifically to simulate the neutronics and
thermal-hydraulic behavior of the reactors [4]. These one dimensional simulation codes have been
extensively used since the last 3 decades by the nuclear industry in the nuclear reactor design process
[5]- However, the complexity of the recent advanced nuclear reactor design requires three dimensional
capabilities to investigate specifically localised phenomenon in the nuclear reactor. Thus, the last
decade has shown new interest on using three dimensional simulation codes to analyse nuclear reactor
performance and safety designs [3].

For most of the reactor design process and safety analysis, 1D simulation codes are used
extensively due to its maturity and abundance usage experience. However, for the last two decades,
3D Computed Fluid Dynamics codes such as FLUENT and CFX have started to be used in addition to
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1D simulation codes. The 3D capability is needed in certain cases where 1D code might not be able to
predict. Most of the applications are in the Pressurised Water Reactors (PWR) which have more
complex design and operating condition compared to Light Water Reactors (LWR). Among the
applications are the study on sub cooled boiling phenomena, void fraction distribution, slugging,
counter current flow limitation and pressurized thermal shock [6][7]. Although the operation and
design of LWR reactors are less complicated, 3D CFD code is still needed in certain cases. Most of the
works in LWR reactors, which employing CFD method are related to the emergency analysis of the
reactors [3,7,8,9].

CFD study on reactor operational behaviour may involve the modelling of the reactor core as the
heat source. 3D CFD modelling would require 3D configuration of the reactor core. Modelling the
details of core configuration may incur heavy computational load as well as time consuming. Most
CFD studies employ the simplification model to reduce the computational load and simulation time,
especially during preliminary analysis [10][11][12][13][14]. Among the typical methods used are the
simplified core approach and porous media approach. The simplified core approach would either
simplified the core geometric configuration [11][14] or assuming the core as a single element [12];
whereas for porous media approach requires the input on porous media parameters obtained from the
empirical study of the actual core [10][13]. In this study, the aspect of model configuration in CFD
was investigated, two different model configurations were modelled and the results were compared to
study the effect on cooling behaviour of a hypothetical reactor core.

2. Methodology

A typical open pool reactor core was modeled using CFD software FLUENT. The reactor is of
cylindrical type with the top exposes to the ambient. The wall was assumed to be adiabatic so as to
simulate the typical concrete shielding of an open pool reactor. Two different core configurations were
modelled as shown in figure 1. The core of the reactor was modeled as a single cylinder and as an
array of rod fuel elements. The two different core models were subjected to the same heat flux, which
is expected to undergo cooling process through conduction and convection of the cooling medium.
The model is assumed to be in steady state condition to simulate a normal operation of the reactor. The
cooling fluid is normal water, operating at pool bulk temperature and at atmospheric pressure. No
external force or pressure is imposed on the fluid, thus, it is assumed to be in stationary and in laminar
flow condition. The pool wall is considered smooth and no frictional force is exerted on the fluid. The
top part of the model is considered as convective wall, exposed to free stream air at room temperature.
The convective heat transfer coefficient in free stream air is set to 10W/m’ K as used by Rodriguez et.
al. [15] and Gastelurutia et. al. [16]. Other fluid properties of the model are shown in figure 2. The
validation of the models was conducted on modeling program verification and numerical solution
verification aspects as described in [17].

3. Results and discussion

The results of the simulation on both models with adiabatic wall condition are shown in figure 3 and
figure 4. Both core models were subject to 3.5W/m” heat flux. The detail core model shows that the
maximum temperature on the surface of the fuel core is about 127°C, which is a typical maximum
surface temperature of low power open pool reactor [18]. However, the result on the single core
reactor shows much lower surface temperature at about 63°C. It may resulted from the smaller surface
area in the single core model that at the same heat flux per unit area, would produce much lower heat
from the core surface. Both core models should be undergoing almost the same rate of heat dissipation
process that the model with detail core and higher total heat, ended up with higher core surface
temperature.
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Figure 1. Detail core model (left) and single core model (right) of the reactor pool.
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Figure 2. Schematic of the reactor pool model.
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Figure 3. Temperature profiles (in K) of detail core model with 3.5W/m” heat flux and adiabatic

wall.

L]

Vertical view Top view

Figure 4. Temperature profiles (in K) of single core model with 3.5W/m2 heat flux and adiabatic wall.
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The stream function profiles illustrated in figure 5 shows distinct features, where detail core model
has lower stream mass. Most of the recirculation stream occurs around the core with longer
recirculation stream above the core and along the cylinder until the top of the cylinder. Two distinct
convection modes could be seen that are the rigorous stream around the core and the more stable
stream above the core. Whereas, for single core model, the same recirculation mechanism occurs
around the core, however the convection streams distributed into three flow behaviours; rigorous
around the core, mixed mode at the middle and more stable stream at the top. These features show that
the detail core model has higher temperature gradient between the core and the ambient. The
maximum mass stream is lower and the convection mechanism occurs in a stable manner up to the top
of the pool. In the single core model, the significant temperature gradient may only be up to the middle
of the pool where the mixed mode stream occurs. These convection mechanisms substantiated the
discussion that the detail model may have higher surface heat due to more surface area, compared to
the single model case. From the above results and discussion, the simple model such as single
cylindrical core may not be a good representation of the actual core. A more detail modelling such as
the detail core model would be a better representation of the actual reactor cooling behaviour as shown
by Figure 3, where the results is comparable with the typical maximum core temperature of low power
open pool reactor [18].

Figure 5. Stream function profiles (in kg/s) for full core model (left) and single core model (right).

Another comparative study was also conducted between the adiabatic wall and fixed wall cases.
Both models were subjected to the same heat flux with the pool wall either set as adiabatic or fixed
temperature at 300K. The results of the simulations are shown in figure 6 and 7. Both models show the
same characteristics where the models with fixed temperature have lower core surface temperature
compared to models with adiabatic walls. The models with adiabatic walls have only the top opening
as the region of low temperature, where it is set as a free stream with temperature at 300K. This will
reduce the heat dissipation capability when compared to the fixed wall temperature. In the fixed wall
temperature case, low temperature region is on the surrounding wall as well as the bottom surface of
the pool. Thus, heat would be dissipated quickly to the surrounding wall and the floor of the pool.
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Figure 6. Temperature profiles (in K) of detail core model with adiabatic wall (left)
and fixed wall temperature (right).

Figure 7. Temperature profiles (in K) of single core model with adiabatic wall (left)
and fixed wall temperature (right).
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The stream function profiles show similar characteristics for both cases where in the case of detail
core model, the stream has two modes and the single core model has three stream modes as discussed
earlier. This phenomenon signifies that both the adiabatic wall and fixed wall temperature undergoing
the same heat convection mechanism in both models, and the amount of low temperature region will
determine the heat dissipation capacity. The results of this comparative study also reveal that the
adiabatic wall model is a better representation of the actual reactor pool wall compared to fixed wall
temperature model. The adiabatic wall in detail core models resulted in 127°C of maximum core
temperature; whereas the fixed wall temperature model has only 88°C maximum core temperature,
which is much lower than the typical maximum core temperature for low power open pool reactor.

4. Conclusion

CFD modeling of a reactor core cooling behaviour would be more representative for a detail core
model compared to a single core model. The detail core model produced similar characteristics of
temperature and flow profiles to the typical low-power open-pool reactor as compared to the single
core model. CFD modeling with adiabatic wall model is a better representation to simulate reactor
core cooling with concrete shielding wall compared to fixed wall temperature model. The adiabatic
wall model produced temperature and flow profiles which have close characteristics with the typical
open pool reactor. A comparison with porous media approach may also be pursued to further evaluate
the accuracy of each model.
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