ISSN 2350-1049

International Journal of Recent Research in Interdisciplinary Sciences (IJRRIS)
Vol. 12, Issue 2, pp: (1-10), Month: April - June 2025, Available at: www.paperpublications.org

A Control Volume Analysis of Energy
Distribution on Nano-Enhanced Phase Change
Material

Florence Awuor Misawo!, Thomas T. O. Onyango?, Fredrick O. Nyamwala®
!Department of Mathematics, School of Biological & Physical Sciences, Moi University, Eldoret, Kenya.

2Department of Pure and Applied Mathematics, Technical University of Kenya, Kenya.

DOI: https://doi.org/10.5281/zenodo.15223406
Published Date: 15-April-2025

Abstract: The growing global energy demand has led to research into effective energy storage technologies such as
Thermal Energy Storage (TES) and Phase Change Materials (PCMs). This study explores the use of Nano-Enhanced
Phase Change Materials (NEPCMs) to enhance thermal conductivity and overall performance. Results show that
nanoparticle inclusion significantly improves thermal conductivity and energy distribution, especially at higher
temperature differences. Future research should focus on the long-term stability and effects of different nanoparticle
types and concentrations in energy storage systems.
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I. INTRODUCTION

The growing worldwide energy demand, combined with the need for sustainable energy solutions, has fueled research into
effective energy storage technologies [25, 1]. Thermal Energy Storage (TES) is one of the most promising technologies in
this field, as it can help balance energy supply and demand by storing extra energy during low-demand periods and releasing
it when demand is high. Among the different TES approaches, Phase Change Materials (PCMs) have received a lot of
attention due to their high energy storage density and ability to store and release energy at virtually constant temperatures
during phase transition.

Nanoparticles, such as metals, metal oxides, carbon nanotubes or Single Walled Carbon Nanotube (SWCNT) and Multi
Walled Carbon Nanotube (SWCNT) MWCNT, and graphene, exhibit unique properties compared to bulk solids, including
a high aspect ratio and elevated thermal conductivity [18, 9]. For instance, the TC of MWCNT can exceed 3000 W/m.K,
and a single layer of graphene can reach up to 5350 W/m.K, compared to the much lower TC of paraffin, a common PCM,
which is about 0.305 W/m.K. The inclusion of nanoparticles has been shown to enhance both the TC and other
thermophysical properties of PCMs.

PCMs can store large amounts of thermal energy in the form of latent heat during the phase change process, typically from
solid to liquid and vice versa [12]. This property makes them highly efficient for use in TES systems. However, despite
their advantages, PCMs face challenges related to their thermal conductivity, which is generally low, ranging between 0.1
and 0.7W /mK. This low thermal conductivity restricts the rate of heat transfer within the material, leading to inefficiencies
in thermal management and energy storage applications. Researchers have explored various strategies to enhance the
thermal properties of PCMs. One of the most effective methods is the incorporation of nanoparticles into the PCM matrix,
creating what is known as Nano-Enhanced Phase Change Materials (NEPCMs). Nanoparticles such as metals, metal oxides,
carbon nanotubes (CNTSs), and graphene have been used to improve the thermal conductivity of PCMs. The high aspect
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ratio and unique thermal properties of these nanoparticles contribute to significant enhancements in the overall thermal
performance of the composite material. For instance, the thermal conductivity of MWCNTS can exceed 3000W /mK, while
a single layer of graphene can reach thermal conductivities as high as 5350W /mK. These values are considerably higher
than those of conventional PCMs like paraffin, which has a thermal conductivity of about 0.305 W/mK. The inclusion of
such high-conductivity nanoparticles not only improves the heat transfer rate within the PCM but also affects other
thermophysical properties such as latent heat, melting/solidification time, and phase change temperature.

The enhancement of thermal conductivity through nanoparticle doping has been confirmed by various studies. For example,
Mahdi and Nsofor [17] observed a significant reduction in the solidification time of Al ,O ; enhanced PCMs, while
demonstrated that the thermal behavior of CuO-paraffin nanocomposites is highly dependent on the flow rate and inlet
temperature. [17] found that nanoparticle inclusion can drastically reduce the melting time of NEPCMs in a vertical single-
tube heat exchanger.

Despite these advancements, the thermal behavior of NEPCMs is complex and influenced by multiple factors including the
type, shape, concentration, and distribution of nanoparticles, as well as the base PCM material. Moreover, the interaction
between nanoparticles and the PCM matrix can lead to non-linear effects on thermal conductivity and phase change
properties [11]. For instance, while some studies have shown that increasing nanoparticle concentration enhances thermal
conductivity, others have found that beyond a certain threshold, further increases can lead to a decrease in latent heat or
even hinder heat transfer due to nanoparticle agglomeration. A control volume approach provides a systematic method for
analyzing the energy distribution and thermal behavior of NEPCMs [10]. This approach involves dividing the PCM into
discrete control volumes and applying the principles of conservation of mass, momentum, and energy to each volume. By
solving the governing equations for heat transfer and fluid flow within each control volume, it is possible to predict the
temperature distribution, phase change dynamics, and overall thermal performance of the NEPCM system.

In addition, one of the primary challenges in using PCMs for thermal energy storage is ensuring uniform energy distribution
throughout the material. Non-uniform distribution can lead to hotspots, reduced efficiency, and material degradation. The
effectiveness of PCMs can be significantly influenced by temperature gradients. Understanding how temperature
differences affect energy distribution is crucial for optimizing PCM performance.

Il. RELATED WORKS

Several studies have demonstrated improvements on PCM performance, for instance, [21] investigated a triplex tube filled
with Al_2 O_3 and found that the solidification time was significantly reduced by increasing nanoparticle concentration.
[23] observed that NEPCM behavior is largely influenced by flow rate and inlet temperature in a triangular tube filled with
CuO-paraffin nanocomposites. Similar findings have been reported by [3, 18, 31] who noted that the amount and distribution
of nanomaterials play a crucial role in enhancing thermal conductivity.

However, the benefits of nanoparticle inclusion in PCMs extend beyond just thermal conductivity enhancement. For
example, [33] found that the distribution of nanomaterials is as important as their thermal conductivity. [2] highlighted that
agglomeration of nanoparticles can create a conductive network that enhances thermal conductivity, while [24, 7]
demonstrated the importance of surfactants in improving nanoparticle dispersion and preventing cluster formation, though
excessive surfactant can reduce thermal conductivity.

Research also indicates that the inclusion of nanoparticles can improve PCM’s latent heat capacity without causing chemical
reactions. For example, [25] observed significant increases in thermal conductivity when adding silver nanoparticles to
organic ester, with no new substances being created. However, the thermal conductivity and latent heat enhancement are
not consistent across all studies. Some researcher like those by [30, 2] report that thermal conductivity increases only around
the phase transition temperature and decreases as the temperature exceeds the melting point. This variability highlights the
complexity of nanoparticle-PCM interactions and underscores the need for detailed analysis, such as control volume
analysis, to fully understand and optimize the thermal behavior of nano-enhanced PCMs in thermal energy storage
applications. The control volume approach allows for a more precise examination of energy distribution and thermal
dynamics within the PCM, considering factors such as heat conduction, phase change, and the influence of nanoparticles
on these processes. This method is essential for designing more efficient thermal energy storage systems that leverage the
benefits of hano-enhanced PCMs.
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Furthermore, the shape and aspect ratio of nanoparticles are critical factors in thermal conductivity enhancement. For
example, [33] found that carbon nanofibers with a higher aspect ratio significantly improved TC in erythritol. Additionally,
studies by [29, 6, 16] show that nanoparticle concentration can influence both latent heat and TC, with optimal
concentrations leading to better performance.

I11. CONTRIBUTION

The proposed study provides significant insights into how energy is distributed within nano-enhanced PCMs under varying
conditions. The analysis highlights the impact of temperature gradients and spatial positioning on the effectiveness and
uniformity of energy storage, offering valuable information for optimizing PCM performance in thermal energy storage
applications. While there is a substantial body of research on traditional PCMs, studies on the thermal behavior of nano-
enhanced PCMs are limited. Comprehensive data is required to fully understand their potential and limitations. Applying
control volume analysis to study energy distribution within PCMs provides detailed insights into the internal thermal
dynamics, which are not sufficiently covered in existing literature.

V. PROPOSED METHOD

This study employs a control volume approach to simulate the thermal behavior of Nano-Enhanced Phase Change Materials
(NEPCMs) within an annular enclosure formed by two concentric horizontal cylinders. The inner cylinder wall is subjected
to a constant heat flux of 225 °C, marginally above the PCM melting point, while the outer wall and vertical boundaries are
adiabatic. The melt enters at a velocity of 0.003 cm/s. A representative 2D cross-section of dimensions 10 cm X 1 cm is
used, as shown in Fig. 1.
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Fig. 1: Cross-sectional cavity used to model the phase change process
A. Governing Equations

The fluid domain is governed by conservation of mass, momentum, and energy. Under the assumption of incompressible
laminar flow and thermal equilibrium between nanoparticles and base fluid, the following equations apply:

Continuity Equation (Mass Conservation):

V-V=0 (1)
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Momentum Equations:
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Energy Equation:
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B. Finite Volume Discretization

The domain is discretized into control volumes (Fig. 2), and governing equations are transformed into algebraic form using
the Finite Volume Method (FVM).

Fig. 2: 2D control volume for discretization

C. Non-Dimensionalization and Energy Equation Formulation

Using characteristic quantities (L, U, AT), the non-dimensional form of the energy equation is expressed as:

1 9(pH) ( L OT* *6_7“*) _L(azr* aZT*)
AT at* tpep (U ax*+v y*)  Uoo \0x*2 +ay*2 ®)

Discretizing this yields the full finite volume energy balance in dimensionless form:

S(Hys1 — Hi)  +0.54pcpui(Tiyq — Tim1) + 0.5Bpcyvi(Tiyg — Tj—y)

n , (6)
= U_of [Q(Ti+1 —2T;+Ti-1) +R (Tj+1 —=2T; + Tj—1)]
where § = Aﬁy, A = AyAt, B = AxAt, Q = %, R = Ajst, H is the enthalpy, T is the temperature, u, v are velocities in

x and y. The thermal conductivity and dynamic viscosity of NEPCM are computed using Maxwell and Brinkman models
respectively:
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D. Enthalpy-Temperature Relation for PCM

The enthalpy of the PCM is defined as:

H=c,(T-T)+fL

The liquid fraction f; is evaluated using:

0, H < H;
H-Hg

fi = . H; < H < H,
1, H = H,
V. RESULTS

A. Parameter estimation

The numerical simulations depends on the following parameters estimated in TABLE I.

U]
®)

)
(10)
(11)
(12)

(13)

(14)

TABLE I: PARAMETER ESTIMATION (ESTIMATION IS BASED ON ALUMINUM OXIDE (4l,05,))

Paper Publications

Parameter  [Description IValue range Value used |[Value Computed [Units Source
Py Density of Al,0, 4—-495 45 3*g/cm3 [19]
2*ppem Density of NaN 0, 2.26 2%2.17 [15]
Density of KNO; 2.11 [17]
Cp Heat capacity of Al,0, 0.849 — 0.9 0.88 - 3*J/K [5]
2*Cppcm Heat capacity of NaN O, 0.072 — 0.298 0.129 2*0.137 [4]
Heat capacity of KNO; 0.142 [14]
By Coefficient of Thermal expansion volume of Al,0, 75 x 1076 75 % 107¢ 3*/K [26]
2*Bpem Coefficient of Thermal expansion volume of NaNO; 83 x 107 2*%57.2 (9]
Coefficient of Thermal expansion volume of KNO; 30—100x 107° 140 [12]
kp [Thermal conductivity of Al,0, 237 - 3*W /mK [32]
2%k pem [Thermal conductivity of NaNO; 0.5-0.512 0.512 2*0.58 [20]
IThermal conductivity of KNO; 0.62 [27]
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B. Numerical simulation

We use the Fig. 2 and with (6) to analyze control volume on energy distribution on thermal behavior of nano-enhanced
PCMs in thermal energy storage.
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Fig. 3: Contour of Energy vs. AT (Temperature Difference)
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Fig.3 indicate how energy distribution changes with varying temperature differences. The gradient suggests that as the
temperature difference increases, the energy distribution becomes more concentrated, particularly at higher AT values. This
implies that the PCM is more effective at storing energy at higher temperature differences, where more energy can be stored
due to the higher driving temperature gradient.
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Fig. 4: Contour of Energy vs. AT (Temperature Difference)

Fig. 4 show how energy distribution varies along the spatial dimension (X-direction). Energy distribution seems more
uniform across smaller Ax values, but as you move towards higher Ax, there’s a sharper gradient in the energy distribution.
This indicates that energy distribution within the PCM is more uniform closer to the heat source or within the central region
of the material, while further away (at larger Ax), energy distribution becomes less uniform, possibly due to heat losses or
non-uniform thermal conductivity.
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Fig. 5 shows lines representing energy distribution along the Y -direction. Energy distribution is more uniform at smaller
Ay values, while it becomes more variable as Ay increases. Similar to the Ax plot, this suggests that energy distribution is
affected by the spatial positioning within the PCM, potentially indicating directional dependence of thermal conductivity
or the influence of boundary conditions.

Fig. 3- Fig. 5 contour plots collectively demonstrate how energy is distributed within nano-enhanced PCMs under different
conditions. The variation along temperature difference (AT) and spatial dimensions (Ax and Ay) offers insights into how
these materials behave in thermal energy storage applications. Specifically, the analysis points to a significant impact of
temperature gradients and spatial positioning on the effectiveness and uniformity of energy storage within these materials,
which is crucial for optimizing their performance in practical applications.
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Fig. 6: 3D Surface Plot of A,, Ay, and Mean Energy

Fig. 6 plot shows how the mean energy varies with changes in spatial distance (A,) and temperature difference (A7). As A,
and Ay increase, the mean energy also increases, indicating a direct relationship. The curvature suggests nonlinear behavior,
with energy distribution becoming more significant at higher values of A, and A;. The plot can indicate how thermal energy
is distributed within the PCM as it undergoes phase change, influenced by the spatial distance and temperature gradient.
Higher mean energy at larger A, and A may imply more effective thermal energy storage or transfer in those regions.
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Fig. 7: 3D Surface Plot of A,, A,, and Mean Energy

Fig. 7 plot show how mean energy varies with changes in spatial distances (A, and A,). Similar to Figure 6, as A, and A,,
increase, the mean energy increases. The surface suggests a symmetrical energy distribution with respect to A, and A,,. This
plot provides insight into the spatial uniformity of energy distribution within the PCM. Higher energy values at larger A,
and A, suggest that energy is being stored effectively across the material.

Fig. 6 - Fig. 7 plots collectively illustrate how mean energy distribution within nano-enhanced PCMs is influenced by spatial
variations and thermal gradients. From a fluid dynamics standpoint, these visualizations help understand the efficiency and
effectiveness of energy storage in the materials. It can be included that:

* Mean energy increases with larger spatial and thermal variations.
* Energy distribution appears symmetrical with respect to spatial parameters.
* The nonlinear nature of the plots suggests complex interactions within the PCM during phase transitions.

VI. CONCLUSION

The growing global energy demand and the need for sustainable energy solutions have driven research into effective energy
storage technologies, with TES emerging as a promising approach. Among TES technologies, PCMs are particularly notable
for their high energy storage density and consistent energy release during phase transitions. However, their low thermal
conductivity poses significant challenges, limiting the efficiency of heat transfer within the material. This study investigates
the enhancement of thermal conductivity in PCMs through the incorporation of nanoparticles, creating NEPCMs. The
methodology involves applying a control volume approach to analyze energy distribution and thermal behaviour within
NEPCMs under varying conditions, with a focus on temperature gradients and spatial positioning. The results reveal that
nanoparticle inclusion significantly enhances the thermal conductivity and overall performance of PCMs. Energy
distribution becomes more concentrated at higher temperature differences, and spatial uniformity is observed in regions
closer to the heat source, with nonlinear behaviour indicating complex interactions during phase transitions. The findings
underscore the importance of considering temperature gradients and spatial positioning in the design of NEPCMs. Future
research should explore the long-term stability of NEPCMs and the effects of varying nanoparticle types and concentrations
to harness their potential fully in energy storage systems.
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