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Abstract. This study investigates the use of CuO-enhanced Paraffin wax
(RT-55) in a horizontal co-axial regenerator, addressing the challenge of low
thermal conductivity in Phase Change Materials (PCM). The focus is
primarily on examining the influence of CuO nanoparticles on the thermal
and energetic performance of the regenerator. The research begins by
exploring the impact of CuO volume fraction on both the total melting time
and energy density. Subsequently, the study incorporates the addition of 3
wt.% of nanoparticles to diverse regenerator configurations, including non-
uniform longitudinal fins, eccentricity, and combined fins with eccentricity.
The objectives are twofold: firstly, to evaluate the effect of nanoparticles on
power densities across various geometries; secondly, to assess the
implications of natural convection within each configuration upon
nanoparticles addition. The results demonstrate that while the nanoparticles
enhance the power density of the system, they concurrently modify the
storage capacity of the Latent Thermal Energy Storage System (LTES).
Furthermore, the impact of nanoparticles varies depending on the
regenerator's configuration, owing to the influence of natural convection.
Therefore, it was demonstrated that in the eccentric case, which experiences
the highest impact of natural convection, the total melting time is increased
by 2% when nanoparticles are added. Conversely, the finned and combined
cases show a 4% and 8% reduction in the melting time with the addition of
the same amount of CuO nanoparticles.

Keywords: Phase Change Material (PCM), non-uniform fins, regenerator,
eccentricity, nanoparticles, combined techniques.

1 Introduction

In recent years, the pursuit of efficient energy utilization has promoted the development of
innovative thermal energy storage systems, among which Latent Thermal Energy Storage
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(LTES) has garnered significant attention, due to their high energy density and their ability
to store and release energy within constant temperature range. One of the primary challenges
associated with LTES is the low thermal conductivity of PCM, leading to low power density.
To overcome this challenge, many techniques have been proposed in the literature [1]. These
techniques range from the incorporation of fins [1-3], eccentricity [4—6], and triplex heat
exchangers [7-9], to the utilization of metal foams [10—13] and high conductive nanoparticles
[14]. Among these techniques, the integration of nanoparticles has emerged as a promising
approach to enhance the thermal performance of LTES systems. Nonetheless, the
introduction of nanoparticles introduces a nuanced interaction between enhanced power
density and the consequential alterations in energy storage capacity and cost implications,
complicated further by the regenerator's specific configuration.

Earlier studies have focused on combining nanoparticles with other thermal enhancement
techniques. Zhang et al. [15] suggested combining novel branch-structured fins with Al,O3
nanoparticles to improve solidification performance in a triple-tube heat exchanger (TTHX).
The numerical study demonstrated that the integration of fins and nanoparticles notably
decreased solidification time. Nevertheless, the utilization of metal fins led to higher power
densities in comparison to the use of nanoparticles. Similarly, Mahdi and Nsofor [16]
conducted a numerical study on the integration of nanoparticles, fins, and PCM within a
TTHX to assess its performance during the melting process. The study explored the effects
of different fin’s dimensions and nanoparticles volumes. Their findings suggested that the
combination of fins and nanoparticles with PCM outperformed the pure PCM, fin-PCM, and
Nano NEPCM. Sheikholeslami [17] numerically investigated a novel honeycomb
configuration filled with a mixture of paraffin and AlLO; nanoparticles, to enhance the
charging rate of the LTESS. They analysed the effect of the honeycomb structure material
and holes configurations on the melting performance, while they kept the NEPCM volume
constant. It was found that the incorporation of Al,O3; nanoparticles into paraffin within the
novel honeycomb-shaped heat storage system led to faster charging and improved thermal
conditions. While several studies have explored the impact of adding nanoparticles alone or
in combination with other enhancement techniques to improve the thermal performance of
the system, none of them have assessed their influence on different regenerator
configurations. This lack of understanding raises the question of whether the use of
nanoparticles is universally beneficial, regardless of the specific configuration. In this regard,
this study aims to investigate the intricate relationship between CuO nanoparticles,
regenerator configuration, and the thermal behaviour of the system, thereby discerning the
effects of these elements on the overall performance of LTES. Therefore, the impact of
nanoparticles on different regenerator’s configurations is still unknown. Notably,
understanding the impact of nanoparticles on diverse designs is crucial in determining the
optimal enhancement techniques to achieve the highest thermal performance.

2 Numerical study

2.1 Problem statement

Fig. 1 (a) illustrates the 2-D schematic of the physical domain consisting of a horizontal co-
axial regenerator.
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Fig. 1. 2-D schematic of the LTESS, (a) cross section of the physical domain, (b) computational
domain.

The PCM fills the annular space between the inner tube and the adiabatic shell. These
tubes, made of stainless steel and plexiglass, have diameters of 20 mm and 40 mm,
respectively. Paraffin (RT-55) is selected as PCM due to its availability, cost-effectiveness,
stability, and the absence of supercooling effect, CuO nanoparticles are chosen for their high
thermal conductivity and low cost compared to other nanoparticle’s types.

The inner tube is maintained at a constant temperature of 339 K. The initial temperature of
the system is set to 323 K. Considering the symmetrical behaviour of the PCM melting inside
the regenerator, only the half of the regenerator was simulated. The computational domain is
depicted in Fig. 1 (b). Table I presents the thermophysical properties of the materials used in

the present study.
Table 1. Thermophysical properties of the PCM (RT-55) and CuO nanoparticles.

Paraffin (RT-55) | CuO

Density (Kg/m3) Is‘(i)‘lli‘gfi;ggo 6510

Thermal conductivity (W/m.K) 0.2069 18

Specific heat (J/Kg.K) 2011 540

Latent heat (KJ/Kg) 162.77 -

Phase change temperature (K) 325 -

Initially, the simulation included the reference case with various CuO volume fractions
to investigate their effects on the total melting time (TMT) and the stored energy. The studied
volume fractions were 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and 9 wt.%. Subsequently, 3 wt.%
of CuO nanoparticles were introduced into three different configurations employing various
heat intensification techniques: the non-uniform longitudinal fin, the eccentricity, and the
combined fins and eccentricity. The aim was to analyse how the identical volume fraction of
nanoparticles influenced diverse designs and determine whether the enhancements exhibited
similar improvements. Fig. 2 illustrates the methodology adopted for this study.
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Fig. 2. Workflow of the study.

2.2 Governing equations

The numerical simulation of the PCM melting inside the regenerator considered the following
assumptions: (1) The melting behaviour of PCM is axisymmetric; (2) the flow is laminar and
unsteady; (3) the thermophysical properties of the HTF and PCM are constant with respect
to temperature; (4) the shell wall is assumed adiabatic; (5) the Boussinesq approximation
holds, assuming that the density variation is accounted for solely in the buoyancy term.
According to this approximation, the density is defined as bellow:

Pliq

G =

Where py;4 is the liquid PCM density, T;,, is the PCM phase change temperature, and f8 is
the thermal expansion coefficient.

To numerically solve the PCM melting inside the regenerator, the enthalpy-porosity
approach was utilized [18]. The conservation equations of continuity, momentum and energy
are defined as follows:
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Where p denotes the density, v represents the velocity, p the pressure, p is the dynamic
viscosity, k defines the thermal conductivity, T the temperature, and h denotes the enthalpy.
S; and Sp represent the momentum and the buoyancy source terms, respectively, and are
defined as:

l1-a
Si = Amvi (5)
Sg = pB(T = Tm)g (6)

https://doi.org/10.1051/e3sconf/202454503003
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Where ¢ represents a small number implemented to prevent division by zero when LF
equals zero, and A denotes the mushy zone constant, with a suggested value from the
literature set at 10° [19].

The inclusion of the following equations allows for the measurement of the liquid fraction

and enthalpy.
T
f Cp'sdT; T < TSOl
Tref
Tsot
H= Cps dT + LFAh, Tsot <T <Tyq (7)
Tref
Tso1 T
f Cps AT + Lpcy + f Cpy dT, T > Tyg
Trer Tiiq
( 0, T <Tso
H 1, T > Tliq
LF = L = T — Tsol (8)
PCM _Sor Teo1 < T < Ty
Tliq — Tsol ’ sol liq

Where C, s and C,,; denotes the PCM specific heat capacity at the solid and liquid states,
respectively. while T,..¢ refers to the reference temperature. Lpcy represents latent heat of the
PCM, T, and Ty, are the melting and solidification temperatures, respectively. The
thermophysical properties of NEPCM are obtained using the following equations [20,21]:

PnEPcm = @Pcuo + (1 — @)ppey €))
aPcuoCPcuo + (1 — @)ppcuCpem
Cpnepem = = = (10)
PNEPCM
tngpem = tpem (0.9197¢%28539¢) (11)
(1 = @ppcmulpcm
Lygpey =—————— (12)

PNEPCM

Keuo + 2Kpem — 2a(kpen — Keuo)
Keuo + 2 + alkpey — Kcuo)

Knepem = Kpem (13)

Where a describes the nanoparticles volume fraction.

2.3 Computational methodology

The computational study is carried out using the finite volume method with the commercial
software Ansys Fluent. V23 R2. The pressure-based solver is adopted to solve the Navier-
Stokes and energy equations, and the COUPLED algorithm is used to solve the pressure-
velocity coupling. The second-order upwind scheme was utilized to discretize the energy and
momentum equations, while the PRESTO method was applied for pressure discretization. A
time step of 0.1 s and a mesh size of 49,019 cells were adopted, based on the findings of the
previous study [1]. According to the same study, the numerical model was validated against
the experimental findings of Dhaidan et al. [22], indicating a strong correlation between the
numerical model and the experimental data. it is worth mentioning that the connection
between the liquid and solid phases does not account for the displacement of the nanoparticles.
The model assumes a uniform dispersion of the CuO nanoparticles within the regenerator
during the phase change process.
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3 Results and discussion

3.1 Effect of nanoparticles volume fraction

To explore the influence of the CuO nanoparticles on the thermal performance behaviour of
the regenerator, six different distinct cases were simulated and compared, including the
reference case without any enhancement technique, along with varying volume fractions of
CuO nanoparticles: 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and 9 wt.%. The results are presented
in the form of mass fraction evolution and stored energy with respect to time. Fig. 3 illustrates
the temporal evolution of melting fraction corresponding to the different cases. As shown in
the figure, four distinct stages can be observed.

Initially, the curves overlap. In this first stage, the melting rate is at its peak, primarily
due to the melting of the first thin layer in direct contact with the inner tube, without any
PCM layer impeding the heat transfer, and the impact of nanoparticles is negligible.
Subsequently, between 50 s and 400 s, the impact of nanoparticles becomes noticeable, given
the predominance of solid PCM and, thus, conduction as the main heat transfer mechanism.
Which leads to emphasizing higher melting fractions for cases with elevated CuO volume
fractions compared to the reference case. During the following stage (400 s to 1250 s), the
increased quantity of liquid PCM results in a more considerable influence of natural
convection. Consequently, the cases with higher CuO volume fractions, specifically the 5
wt.%, 7 wt.%, and 9 wt.%, exhibit the lowest mass fraction. This phenomenon is due to the
higher density of the NEPCM resulting from the increased volume fraction of nanoparticles,
which subsequently diminishes the impact of natural convection. However, in the final stage,
the enhanced thermal conductivity compensates for the density increase, leading to the cases
with the highest CuO volume fractions exhibiting the greatest liquid fraction and lowest
melting times. The complete melting times for the reference case, 1 wt.%, 3 wt.%, 5 wt.%, 7
wt.%, and 9 wt.% are 2768 s, 2687 s, 2559 s, 2383 5, 2284 s, and 2196 s, respectively,
indicating the positive impact of increased nanoparticle volume fractions on the regenerator's
power density.
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Fig. 3. Effect of nanoparticles volume fraction on the PCM liquid fraction with time.

While the positive impact of nanoparticles on the charging rate of the regenerator is
evident, assessing their influence on the stored energy remains critical, as an efficient LTESS
is defined by both high energy density and power density. Fig. 4 depicts the temporal
progression of stored energy for the different cases. Notably, the reference case achieves the
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highest total energy storage at complete melting, amounting to 241.3 KJ/Kg. The addition of
CuO nanoparticles results in a reduction in the total stored Energy.
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Fig. 4. Total specific energy storage capacity of different volume fractions.

Specifically, cases with 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and 9 wt.% achieve complete
melting with corresponding stored energy values of 225 KJ/Kg, 196 KJ/Kg, 174 KJ/Kg, 156
KJ/Kg, and 141 KJ/Kg, respectively. It is noteworthy that the total melting time for cases
with 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and 9 wt.% is reduced by 3%, 8%, 14%, 17%, and
21%, respectively, in comparison to the reference case. Correspondingly, the stored energy
experiences reductions of 7%, 19%, 28%, 35%, and 42% for the same cases. The results
demonstrate that while the addition of CuO nanoparticles enhances the charging rate of the
regenerator, it simultaneously leads to a reduction in total stored energy. Balancing these
trade-offs is essential in optimizing the performance of the system for practical applications.

3.2 Impact of nanoparticles on various regenerator’s configurations

As previously shown, the incorporation of nanoparticles within a case devoid of enhancement
techniques, improves power density but also leads to a notable reduction in stored energy.
Nevertheless, the behaviour of the system when combined with heat intensification methods
like fins and eccentricity remains to be explored. This exploration aims to discern the extent
of the benefits of nanoparticles integration when applied to a LTESS with diverse
enhancement techniques. Fig 5. Depicts the liquid fraction temporal evolution of different
cases: the case with non-uniform fins, eccentricity, and combined fins with eccentricity, with
and without 3 wt.% of CuO nanoparticles. As can be seen, the influence of nanoparticle
addition is less pronounced in cases employing enhancement techniques compared to the
reference case. The total melting time for the finned case, finned case with CuO, eccentric
case, eccentric case with CuO, combined case, and combined case with CuO is 1050 s, 1008
s, 1274 s, 1294 s, 1171 s, and 1082 s, respectively. Notably, the finned case shows a 4%
improvement with the addition of nanoparticles, the combined case exhibits an 8%
enhancement, while the eccentric case surprisingly experiences a 2% decrease. The observed
variation among the different cases is attributed to the influence of natural convection and
conduction in the melting process.

For instance, in the eccentric case, natural convection plays a significant role compared
to other cases. The addition of nanoparticles increases the PCM density, reducing buoyancy
forces and impeding heat transfer within the regenerator. Indeed, the increase in thermal
conductivity induced by the addition of nanoparticles, proved insufficient to compensate for
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the reduction in the natural convection, resulting in an overall increase in the total melting
time. In the finned case, the extended surfaces impede the circulation of the PCM, reducing
the impact of natural convection. Consequently, the addition of nanoparticles results in
improved heat transfer, albeit less significantly compared to the combined case (4% decrease
in the finned case versus 8% in the combined case).
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Fig. 5. Temporal evolution of liquid fraction of different enhancement techniques with and without
addition of nanoparticles.

To gain further insight into this observation, Fig. 6 illustrates the melting fronts and
velocity contours of the different cases. With the less prominent improvement in melting time,
the distinction between cases with and without nanoparticles is not readily discernible in the
liquid/solid fronts. However, the velocity contours clearly indicate variations in buoyancy
forces when nanoparticles are introduced. It is evident, as mentioned earlier, that the eccentric
case exhibits the highest influence of natural convection, followed by the finned case, and
lastly, the combined case. This justifies the enhancement rates for each case, confirming that
the greater the effect of natural convection in the regenerator, the weaker the impact of
nanoparticles. The reason for the combined case having the lowest effect of natural
convection is the presence of fins in the upper part of the regenerator, which is the section
most affected by natural convection, which hinders the liquid PCM movement and thus limits
the buoyancy forces effect.
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Fig. 6. Contour plots of the melting fronts and velocity of various cases.
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4 Conclusion

This study undertook a comprehensive numerical exploration of a horizontal co-axial
regenerator employing PCM enhanced with CuO nanoparticles. The primary focus was on
assessing the impact of CuO nanoparticles volume fraction on the thermal and energetic
performance of the regenerator, followed by examining their influence on total melting time
and power densities across different configurations. The following conclusions are drawn:

CuO nanoparticles enhance the power density of the system, showcasing potential for
improved thermal performance.

The addition of 5% of CuO to the regenerator reduced the melting time and stored energy
by 14% and 28%, respectively.

The addition of nanoparticles reduces the storage capacity of the LTESS, highlighting the
need for a balanced consideration of power and energy densities.

The influence of nanoparticles is less pronounced in cases employing enhancement
techniques compared to the reference case.

The influence of nanoparticles varied based on the regenerator's configuration.

The finned and combined case show a 4% and 8% reduction in the melting time with the
addition of nanoparticles, respectively.

The eccentric case demonstrates a 2% augmentation in melting time attributed to the
increased density of the NEPCM, reducing buoyancy forces and impeding heat transfer
within the regenerator.

the study highlights a significant correlation between the impact of nanoparticles and the
natural convection within the regenerator. The greater the influence of natural convection,
the weaker the overall impact of nanoparticles on the system.
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