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Abstract. Nuclear reactors are commonly subject to significant variable energy demands. These variable energy require-
ments can negatively affect the effective capacity factor of the reactor and result in severe penalties with the waste and
inefficient use of fissile fuel. Coupling a nuclear reactor to a thermal energy storage system can enable the use of nuclear
energy in power and propulsion systems more reasonably. The nuclear reactor can operate at a constant power level,
supplying heat to the TES (Thermal Energy Storage), which can supply the power system, as required, rapidly responding
to variations in demand without overloading the control system. Nonetheless, the linkage results not only increased the
safety of the energy conversion system but also implies that less nuclear fuel is used, resulting in more compact nuclear
reactors. Thus, this study aims to understand high-temperature latent heat storage systems with nanoparticles during the
melting processes, in order to ensure the compactness and safety of a reactor. The study will be carried out through the
use of computational tools such as computational fluid mechanics (CFD), applied to a known TES available in the open
literature.
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1. INTRODUCTION

Although it is not the closest planet to us, Mars is considered, a compelling astrobiological target due to its similarities
with earth and high life-potential. Thereby the human exploration of Mars would have the potential to bring new advances
to science and prospects for future habitations for earthly life.

However, sustaining human life in a hostile environment during the transfer, stay and return to Earth-Mars is one
of the most notable problems during this type of mission. Immence spacecraft would be needed to ensure safety and
comfortable conditions for the crew during the travel. This results in the need for a large system and an enormous amount
of uninterrupted power with a stable quality.

Solar energy is the most common and main form of energy used in space travel, however, it becomes progressively
more inefficient depending on the solar flux. The alternative to solar cells is compact nuclear reactors, capable of powering
the propulsion system and supply the energy demand of the other equipment, which can allow the extension of space
mission, from an interplanetary exploration to spacial colonization.

Fast micro-reactors have been studied and developed as an alternative for space nuclear propulsion (Guimares et al.,
2011). However, considering that the reactor will provide energy for more than one purpose, variable power demand
results in a significant amount of reactor stress, since these systems are generally designed to operate at a constant energy
level, resulting in a robust control and safety system, and a larger reactor. The coupling of a nuclear reactor to a thermal
storage system can make feasible the use of nuclear energy in power and propulsion systems. The nuclear reactor can
operate at a constant power level, supplying heat to the TES (Thermal Energy Storage), which can supply the power system
as required, quickly responding to demand variations without overloading the control system. The coupling suggests that
less nuclear fuel is used, resulting in a smaller and lightweight reactor.

In recent years, thermal energy storage technologies have drawn attention by using phase change materials (PCMs)
as an effective way of storing thermal energy with high storage density and energy (Fernandes Farias et al., 2018).
PCMs have been widely used in the control of heat pumps, solar engineering, and space applications. To reduce the
charge/discharge time of the TES system, materials with high diffusivity can be used. However, the fluids traditionally
used (water, alcohol, ethylene glycol) have low thermal diffusivity when compared to metallic solids. Therefore, to
increase the thermal exchange efficiency, it is necessary to increase the available heat transfer area between the surface
and the working fluid. This results in larger, heavier, and therefore more expensive systems (Wang and Mujumdar, 2007).
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In order to increase the heat transfer rate without increasing equipment size, metallic solids can be dissolved in the
liquids to increase the thermal conductivity of the blend. However, solutions with micro or milli solid particles have
low solution stability and tend to sediment, creating a new resistance to heat transfer, which can cause erosion of the
equipment. The dispersion of high conductivity nanoparticles can be a solution to improve the thermal conductivity of
these PCMs. Nanoparticles, with an average size smaller than 50nm, have a contact surface larger than the micro or milli
particles and greater stability of the solution. Thus the thermophysical properties can be improved (Wang and Mujumdar,
2007).

Thus, this study aims to understand the latent heat storage systems during the melting process using a high-temperature
material asNaCl and nanoparticles. The study will be done through the use of computational tools such as computational
fluid mechanics (CFD), applied to a heat exchanger found in the open literature.

2. COMPUTATIONAL PROCEDURES

In this study, NaCl will be used as a phase change material to absorb the heat supplied from the nuclear reactor.
However, it has a low thermal conductivity when compared to metallic solids. In order to increase the heat transfer rate
without increasing equipment size, metallic solids can be dissolved in the material (da Fonseca, 2007). Studies have been
developed to predict the behavior of thermal conductivity in nanofluids, from simple correlations as described in Maxwell
(1881) to complex and more detailed models. However, the model that best describes the nanofluid behavior must consider
that the metallic particles not only alter the thermal conductivity but also viscosity, density, and consequently, the heat
transfer capacity. In this study, the model proposed by Hamilton and Crosser (1962) is the chosen model used to compute
the nanofluid thermo-physical properties as follows.

keff
kf

=
kp + (n− 1)kf − (n− 1)φ(kf − kp)

kp + (n− 1)kf + φ(kf − kp)
(1)

CFD is used to simulate the fluid behavior, considering the phenomena of diffusion, natural convection and phase
change. Initially, a traditional workflow will be simulated in order to validate the numerical model with experimental
data. To the commercial code, the physical characteristics model of nanofluids must be added, which must consider that
the metallic particles not only alter the thermal conductivity, but also the viscosity, the density and, therefore, the capacity
of heat transfer as described in ?, which is used as the numerical model reference for this project.

The problems of fusion and solidification can be solved from a porosity-enthalpy formulation used to monitor the
movement of the liquid-solid interface. In this technique, the fusion interface is not explicitly tracked, instead, the net
fraction, which indicates the fraction of the volume of the cell that is in liquid form, is associated with each cell in the
domain. The net fraction is calculated at each iteration, based on an enthalpy balance.

The mush zone is a region in which the liquid fraction is between 0 and 1 and is modeled as a porous media in which
the porosity decreases from 1 to 0 as the material solidifies. When the material solidifies completely in a cell, the porosity
becomes zero and therefore the velocities also fall to zero (Fluent, 2009). The enthalpy of the material is computed as the
sum of the sensible enthalpy (h) and of the latent heat (∆H), where h is defined by the eq. 2.

h = href +

∫ T

Tref

cpdT (2)

where href is the refence enthalpy, cp the specific heat and T temperature.
Liquid fraction (β), can be defined by the eq. 3, if T > Tliquid, then β = 1 and if T < Tsolid, then β = 0.

β =
T − Tsolid

Tliquid − Tsolid
if Tsolid < T< Tliquid (3)

This model treats density as a constant value in governing equations, except in one of the terms of the momentum
equation, where the density, ρ varies with temperature and is computed taking into account a coefficient of thermal
expansion, βexp, according to the Boussinesq approximation as eq. 4.

ρ = ρi (1− βexp ·∆T ) (4)

The latent heat content can now be written in terms of the latent heat of the material, according to eq. 5, where the
latent heat can vary from 0 when solid and L when liquid.

∆H = βL (5)

For the melting and solidification process, the energy equation reduces to eq. 6, where ~v is the velocity of the fluid,
S is the source term and ρ density. Thus, the solution for temperature is essentially an interaction between the energy
equation and the liquid fraction equation.

∂

∂t
(ρH) +∇ · (ρ~vH) = ∇ · (k∇T ) + S (6)
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For solidification and melting of a pure substance, the phase change occurs at a different melting temperature Tmelt.
For a multicomponent mixture, however, there is a pasty solidification/melting zone between low solid temperature and
high liquid temperature. When a multicomponent liquid solidifies, the solutes diffuse from the solid phase to the liquid
phase.This effect is quantified by the partition coefficient of the solute, denoted by Ki, which is the ratio of the mass
fraction in the solid to the liquid in the interface (Maliska, 2001). The temperature of the liquid and the solid in a mixture
can be calculated as:

Tsolid = Tmelt +
∑

miYi/Ki (7)

Tliquid = Tmelt +
∑

miYi (8)

where, Yi is the mass fraction of the solute, and mi is the inclination of the liquid surface in relation to Yi.
Considering a given volume V of the fluid mixture, and letting Mi be the mass of the component i present in this

volume, then ρi = Mi/V . The partial volume of the component i is defined as the volume, Vi, which would be occupied
by the given mass of the component at the same localized temperature and pressure of the mixture. The thermodynamic
density of the component, which results from the evaluation of its state equation in the temperature and pressure of the
mixture, can be expressed as 〈ρi〉 = Mi/Vi.

The partial volumes of all the components must add up to the volume, V. The multi-fluid equation is given by the
following equation.

1

ρ
=

∑
Yi/ 〈ρi〉 . (9)

Thus, the density of the blend can be calculated by the mass fraction and the thermodynamic density of the component.
The density component ρi, is related to the composition of the blend while 〈ρi〉, is the properties of the material. The
enthalpy-porosity model treats the soft region (partially solidified region) as a porous medium. The porosity in each cell
is equal to the net fraction in that cell. In fully solidified regions, the porosity is equal to zero, extinguishing the velocity
profile in this region. Thus, the equation of the moment is reduced by the following form:

S =
(1− β)

2

(β3 + ε)
Amush (−→v −−→v p) (10)

where ε is a negligible number used to avoid division by zero, Amush is the constant of the soft zone, −→v p is the velocity
of the solid due to the inertia of the solidified material out of the domain (also known as the traction velocity). The mush
zone constant measures the damping amplitude, the higher this value, the steeper the material velocity transition to zero as
it solidifies, too large values can cause the solution to oscillate. Numerical analysis is performed using the Finite Volume
Method for volume control, treating the fluid as incompressible, as described in Maliska (2001).

The SIMPLE method was used to solve the governing equations. The time interval for integrating the time derivatives
was set to 1 s. The differentiation scheme Second Order Upwind was used to evaluate the convective flow on the faces of
the control volumes, while the SIMPLE scheme was adopted for the pressure correction equation. Where the governing
equations are described as follows, in Equation (11) mass conservation, the momentum conservation Equations (12, 13
and 14) and the energy Equation 15. Where, u, v and w refer to the velocities in the directions x, y and z and u is the
vector of microscopic velocity, S is the source term, as described in malalasekera1995introduction.

∇ · (u) = 0 (11)

∂(ρu)

∂t
+∇ · (ρuu) = −∂p

∂x
+∇ · (µ∇u) + SMx (12)

∂(ρv)

∂t
+∇ · (ρvu) = −∂p

∂y
+∇ · (µ∇v) + SMy (13)

∂(ρw)

∂t
+∇ · (ρwu) = −∂p

∂z
+∇ · (µ∇w) + SMz (14)

ρcpT

∂t
+∇ · (ρcpTu) = −p∇ · (u) +∇ · (k∇T ) + Φ + Si (15)
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3. RESULTS

In reason to evaluate the NaCl discharge cycles of a latent heat storage unit (LHS), as described in Farias and Ribeiro
(2019), through computational models. The LHS unit includes a Shell-and-tube and NaCl heat exchanger as thermal
energy storage material, which can be enhanced with the use of different nano-additives.

In this study, the heat exchanger is made of copper. The outer diameter, the length and the thickness of the shell
are 450 mm, 385 mm and 1 mm, respectively. Likewise, the outside diameter and the thickness of the tubes are 22
mm and 1 mm. The longitudinal fins are connected to tubes of length, width and thickness of 230 mm, 40 mm and 1.5
mm, respectively. The 50 mm thick chlorofluorocarbon-free wire insulation is cushioned around the outer surface of the
enclosure to minimize thermal losses as shown in Figure 1.

Figure 1. Benchmark shell-and-tube heat exchanger.

During the loading phase, the NaCl is initially in a solid state, so its initial temperature must be smaller than the
melting point, which is 1072K. During this phase, the pipe wall is maintained at a fixed temperature of 1090K, transferring
heat to the solid that will change phase until its complete fusion when it reaches thermal balance.

In the same line, we will evaluate the effect of the change of the properties ofNaCl by adding different concentrations
of nanofluids to the material of phase change. For the given analysis, we will use the following properties of nanofluids.

Table 1. Properties of nanoparticles.

Material ρ (kg/m3) Cp (kJ/kg.K) keff (W/mK)
CuO 6500 536 20
Al2O3 3900 880 42

As can be seen in Figs. 2 and 4, Alumina presents a better performance reducing loading time in relation to copper
oxide, due to the increase in thermal diffusivity, which showed an increase of up to 6.77 % for 5 % of alumina when
compared to copper oxide. The thermal diffusivity increases the thermal dissipation in the material, thus the PCMNaCl−
Al2O3 reaches higher temperatures in a shorter period of time, for materials with 5 % volume addition.

To reach 90 % of the volume of the PCM in liquid state, with pure base it takes 145 seconds, a time that can be reduced
by 3, 8 and 12% by adding Al2O3 in volumetric fractions of 1, 3 and 5 %. For the same volumetric fraction, adding CuO
time reduces by 2, 6 and 10%.

Figure 4 presents the temperature lines at point B-top displayed in Fig. 1, where initially the effect of nanofluids, up
to the phase change temperature, is less relevant, since the addition of 5% de Al2O3 reduces in only 3% the time it takes
the PCM to reach a temperature of 1072 K. However, after reaching the melting temperature, a greater dissociation of the
curves up to the equilibrium temperature of 1090 K can be seen in the results, due to the dependence of thermal properties
with temperature leads to an increase in thermal diffusion. In the lower right corner of the Fig. 4 there is an enlargement
of the graph for the time quadrant between 200 and 250 seconds, where the detachment of the lines is more representative.

By the same token, Fig.5 shows the temperature lines at the point B-top, where initially the addition of 5% CuO
reduces by only 2 % the time that the PCM takes to reach the temperature of 1072 K.

Another point worth mentioning is the mass and time product of the nanofluids. As can be seen in Fig. 6, the behavior
of the product average mass and melting time of CuO is different from that of alumina. While copper oxide has an
increasing function, indicating that the increase in mass has a greater influence on the PCM than the reduction in melting
time. For alumina the situation is opposite, presenting a decreasing function where the influence of mass reduction is
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Figure 2. Liquid Fraction change over time for the nanofluid NaCl-Al2O3.

Figure 3. Liquid Fraction change over time for the nanofluid NaCl-CuO.

Figure 4. Temperature change (K) of the PCM with the addition of Al2O3.
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Figure 5. Temperature change (K) of the PCM with the addition of CuO.

stronger.

Figure 6. Variation of product mass vs.. time reduction.

For the NaCl − CuO nanofluid, it is observed that the increase in concentration from 3 to 4% results in a smaller
percentage reduction (1.5%) in the melting time compared to the results of 2-3% and 4-5%. When looking at Fig. 6,
for CuO the variation of the product m.t rises 1.4% in the volume fraction of 3-4%, presenting the highest increase
in the interval. The point of least growth of the product is for the concentration of 5 % that presents 0.5% of growth.
Therefore, the use of NaCl − CuO nanofluid is not justified in the application of compact and lightweight TES, where
mass reduction is relevant.

This same lag can be seen for the alumina nanofluid, because when adding the concentration from 4 to 5%, the time
reduction drops from 3% to 1.5%. For alumina, the ideal concentration is 4%, as it presents the greatest percentage reduc-
tion in melting time and the greatest reduction in the product m.t, indicating that alumina is indicated in the application
of compact TES.

4. Conclusions

This work was developed with the main objective of contributing to the development of nuclear reactors, by introducing
thermal storage technology in the energy conversion system, aiming to reduce the stress applied in the reactor control
system, which can operate at a lower power. and more constant, increasing the safety of the project and reducing the final
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mass of nuclear fuel.
The study is developed from the simulation of a heat exchanger with a high temperature phase change material, suitable

for the operating temperature of a nuclear reactor.
When using a high temperature material, such as NaCl, the performance of alumina proved to be much superior to

the performance presented by copper oxide. The increase in specific mass in the NaCl − CuO nanofluid becomes very
relevant for the definition of thermal properties, which directly affects the performance of the heat exchanger.

For the NaCl − CuO nanofluid, it is observed that again the increase in the mass of the nanofluid is less than the
reduction in the melting time. Therefore, the use of NaCl−CuO nanofluid is not justified in the application of compact
TES. However, for alumina, when the concentration of nanoparticles rises from 4-5%, the time reduction drops from 3 %
to 1.5 %, indicating that for alumina, the ideal concentration is 4 %, since it presents the greatest percentage reduction in
melting time and the greatest reduction in the productmt. Thus, the use of alumina inNaCl is indicated in the application
of compact TES in high temperature space applications.

In general, the results obtained in this work are encouraging for the continuity of the study of the application of
nanofluids in thermal storage with spatial systems.
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