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A B S T R A C T

Amidst escalating fuel expenses and growing concerns over greenhouse gas pollution, the adop-
tion of renewable alternative energy sources has become increasingly imperative. In response,
scientists are fervently dedicated to identifying energy-saving solutions that are readily adapt-
able. Notably, silica aerogels have demonstrated remarkable efficacy in temperature manage-
ment under both hot and cold conditions, while phase change materials are renowned for their
capacity to store thermal energy. The study examines the effect of initial pressure on the thermal
performance of silica aerogel/PCM/CuO nanostructure in a cylindrical duct. This was investi-
gated using MD simulations and the LAMMPS software. The study will investigate several ele-
ments, such as density, velocity, temperature patterns, heat flux, thermal conductivity, and
charge time or discharge time of the simulated structure. According to the results, with an in-
crease in the initial pressure, the maximum density increases from 0.0838 atom/Å3 to 0.0852
atom/Å3, and the maximum velocity decreases from 0.0091 Å/fs to 0.0081 Å/fs. Also, the find-
ings show that, by increasing the initial pressure, the temperature decreases from 931.42 K to
895.63 K, and thermal conductivity and heat flux decrease to 1.56 W/m.K and 56.66 W/m2 with
increasing the initial pressure to 5 bar. Finally, the results show that charging time increases to
6.34 ns at 5 bar. The increase in charging time with increasing initial pressure may be attributed
to the reduced mobility of particles within the structure as a result of the higher pressure. The
findings of this study can help for a better understanding of energy-saving solutions, advanced
thermal management systems, and the design of efficient energy storage technologies tailored to
specific pressure-related operating conditions.
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1. Introduction
Increasing levels of greenhouse gases and rising fuel costs caused a growing demand for cleaner energy alternatives [1]. Efficient

energy storage methods that are easily adaptable to different forms pose difficulties for contemporary technology experts [2]. Energy
storage plays a crucial role in regulating the energy reserves and consumption. Additionally, it assists in reducing expenses and con-
serving energy [3]. The concept of thermal energy storage involves the preservation of heat and cold to be utilized at a later time. The
arrival of summer allows air conditioning units to convert cold winter air into a beneficial energy resource [4]. There are two primary
methods to store heat: physical means, storing heat as either latent or sensible heat, and using chemical methods [5]. The ability of
this method to adjust stages and maintain a constant temperature while storing a substantial amount of energy is genuinely intriguing
[6]. The focus of this text is centered around a topic called phase change materials (PCMs). PCM refers to a form of substance that
transforms one state into another. The forms of these objects are subject to alteration. Various changes can occur in substances, such
as the transformation from a solid to a liquid, solid to a gas, or liquid to a gas, along with additional modifications [7]. PCM can store
and release energy by transitioning from a solid state to a liquid state and vice versa [8]. Aerogel is a lightweight and highly porous
solid material which are known for its low density, high porosity, and excellent thermal insulation capabilities, making it valuable for
a wide range of applications. Aerogel maintains its properties throughout its transition from liquid to gas [9]. The energy storage ca-
pacity of PCMs can be significantly increased and prolonged by utilizing materials with numerous small air-filled compartments and
efficient heat transfer properties. By learning techniques to save and preserve energy, they enhance their capacity in this field [10].

So far, various studies were done on the thermal behavior of PCMs, aerogels, and PCM/aerogel nanocomposites. For instance,
Mahdavian et al. [11] focused on the thermal energy storage density and thermal conductivity of colloidal aerogels impregnated by
PCMs. The model accurately predicts energy storage characteristics, demonstrating the potential for designing and optimizing energy
storage materials for applications such as smart storage devices. Rostami et al. [12] reviewed the thermal performance and potential
of 2D nanomaterial-based aerogels for encapsulating PCMs. By providing an overview of aerogel fabrication and their roles in com-
posite PCMs, the review aims to stimulate interdisciplinary research and guide the design of advanced multifunctional 2 D aerogel-
based composite PCMs, fostering breakthroughs in fundamental research and commercial applications. Patil et al. [13] investigated
the thermal conductivity of reinforced silica aerogels with glass fibers. The results indicated that when silica is mixed with glass
fibers, it creates materials with reduced thermal conductivity. Guingon et al. [14] investigated the effect of temperature changes on
the thermal performance of PCM. According to the results, incorporating nanoparticles (NPs) enhances the thermal management and
stability of the PCM's temperature. Li et al. [15] investigated the thermal behavior of paraffine PCMs incorporation of CuO NPs at dif-
ferent temperatures. The study discovered that adding CuO NPs to the simulated structures resulted in a more uniform change in the
samples, and the melting time of the PCM decreased.

Previous studies show that various factors, such as temperature change, type of structure, addition of NPs, etc., affect the thermal
behavior of nanostructures containing PCM and aerogels. However, so far, the effect of initial pressure on the thermal behavior of the
silica aerogel/PCM/CuO nanostructure has not been investigated. Therefore, in the present study, a significant advancement in the
field of initial pressure effect on the thermal behavior of the silica aerogel/PCM/CuO nanostructure within a cylindrical duct using
molecular dynamics (MD) simulation. The innovative use of MD simulation techniques allows for a detailed investigation of proper-
ties such as maximum density, velocity, temperature, heat flux, thermal conductivity, and the charging and discharging time of the
simulated structure at different initial pressures of 1, 2, 3, and 5 bar. This research holds great promise in providing valuable insights
that can be applied to practical engineering applications, such as the design of advanced thermal management systems and energy
storage devices. By addressing the complex interplay between initial pressure and thermal behavior, this study aims to fill a crucial
gap in the current understanding of nanoscale thermal dynamics. The findings of this study are poised to contribute significantly to
the existing body of knowledge in this domain and pave the way for future advancements in the field of thermal engineering and ma-
terials science.

2. Simulation method
MD simulation is beneficial for gaining insight into the mechanisms of large molecules in living organisms. By employing com-

puter simulations, the MD method investigates the movement and interaction of particles within virtual models for a specified dura-
tion using the principles of physics.- Employing this method aids in improving our grasp of particle kinetics [16]. Scientists can gather
information on particle movement in a system by employing a method known as MD simulation [17]. Newton's findings allow us to
streamline the process by solving the equations that illustrate the motion of each part within the system. This technique enables us to
replicate and gain comprehension of the motion and interaction between particles within a designated period [18]. In MD simula-
tions, examining the relevance of the potential function and forces that govern particle interactions is essential. In other words, the
potential function can be separated into bonded and non-bonded potentials. The total energy of a cluster of particles can be deter-
mined by considering their bonding and non-bonding properties [19].

Etotal = Ebonded + Enonbonded (1)

The interaction between atoms, particularly when they are not bonded, creates various forms of energy. The total energy can be
determined by analyzing the values acquired by applying Lennard-Jones potential functions. Our research will involve further inves-
tigation of these functions in the future [20,21]. The Lennard-Jones potential, a valuable mathematical tool, enhances our under-
standing of the interaction between two neutral particles or molecules [20,22]. To illustrate the Lennard-Jones potential function, Eq.
(2) is commonly employed.
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r < rc (2)

When particles are at a specific distance from each other, the εij indicates the depth of their potential well.” rc” is a concise way of
referring to the maximum distance commonly seen in computer-generated samples, typically about 12 Å. Selecting an accurate cut-
off radius for every element in our simulations is essential [23–25]. When deciding, it is crucial to select and incorporate information
about the area of expertise and consider the physical properties of the samples being examined. The quantities of gold, iron, silver, hy-
drogen, and carbon particles are depicted in Table 1.

By utilizing Table 1 and Eqs. (3) and (4), it can determine the values of “r” and gain insight into particle interactions. Here are the
specific values that have been listed [28]:

Aij =
√
AiAj (3)

𝜎ij =

𝜎i + 𝜎j

2
(4)

Examining temperature, pressure, energy, and structure within ensembles aids in determining the stability of a system. Ensembles
are commonly classified into three different groups: 1) microcanonical ensemble (NVE), 2) canonical ensemble (NVT), and 3) grand
canonical ensemble (NPT) [29]. Multiple options are available to form a group that aligns with your preferences. Numerous methods
are available in the microcanonical ensemble to maintain a constant temperature. Altering the velocity and ensuring a connection to a
heat source are effective methods to maintain a consistent temperature. In addition, using Andersen and Nose-Hoover thermostats al-
lows for temperature adjustment [30]. The simulations were utilized two distinct groups: the canonical and micro-canonical. Scien-
tists in MD simulations utilize two different approaches to explore thermal properties. The first approach is the balance technique,
whereas the second is called unbalanced dynamics. Thermal conductivity can be determined using the Green-Kubo formula's thermal
calculations [31].

K =
V

3kBT2∫
∞

0

dt (J (𝜏).J (0)) (5)

2.1. Simulation details
This research aimed to examine the influence of initial pressure on the behavior of silica aerogel and PCM inside a cylindrical

channel in the presence of CuO NPs. Computer simulations were utilized by using a specific software, LAMMPS. This research em-
ployes computer software to simulate a space with dimensions of 300 × 300 × 100 Å3. The tube contains a cylinder of silica aerogel,
PCM, and CuO NPs located in the tube's center. PCM, silica aerogel, and CuO NPs can be modeled using the Avogadro software (See
Fig. 1). The TIP3P model was used to model water molecules. The PCM and NPs structures are unified by employing the Packmol soft-
ware. It is necessary to establish the boundary condition in all directions. Temperature changes are regulated utilizing the Nose-

Table 1
Parameters of the Lennard-Jones potential function for particles in MD simulations [26,27].

Particle type σ (Å) ε (kcal/mol)

Cu 3.495 0.005
O 3.500 0.06
C 3.851 0.105
H 2.886 0.044
S 4.035 0.274
H (H2O) 0.4 0.046
O (H2O) 3.1507 0.1521

Fig. 1. Different views of the atomic structure of silica aerogel/PCM/CuO nanostructure from different views in the first step of MD simulations.
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Hoover thermostat in computer simulations of atoms. Once the structure model is created, its stability is demonstrated using the NVT
ensemble. Next, the ensemble changes to NPT, and the thermal properties such as maximum density, velocity, temperature, heat flux,
thermal conductivity, and the charging and discharging time of the simulated structure at different initial pressures of 1, 2, 3, and
5 bar are investigated.

2.2. The equilibration process
The equilibration in samples will be studied by analyzing temperature and potential energy. The changes in temperature over a

specific time are shown in Fig. 2. This visual representation showcases the atomic elements in a virtual form. The data indicates that
temperature converges to 300 K after 10 ns. This convergence shows the adequacy of the simulation time.

Fig. 3 displays the change in the potential energy of the samples. Fig. 3 demonstrates that the potential energy of the analyzed
sample converges to 276.46 kcal/mol after 10 ns. In the context of molecular dynamics simulations, the convergence of potential en-
ergy during the equilibration process is a critical indicator of the stability and adequacy of the simulation. When the potential energy
converges, it signifies that the system has reached a state of equilibrium, where the intermolecular forces and interactions have bal-
anced out. The system has settled into a stable configuration. This convergence demonstrates that the simulation has adequately cap-
tured the behavior of the system under study, and the selected simulation parameters, such as the potential function and simulation
time, are appropriate for accurately representing the system's dynamics. It is an essential step in ensuring the reliability and accuracy
of the simulation results.

Fig. 2. Temperature changes concerning simulation time in the atomic structure of silica aerogel-paraffin in the presence of CuO NPs.

Fig. 3. Potential energy changes concerning simulation time in the atomic structure of silica-aerogel paraffin in the presence of CuO NPs.
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Understanding the atomic structures’ radial distribution function allows us to determine the arrangement and precise locations of
atoms. Fig. 4 shows the spacing between oxygen atoms in water molecules in the studied sample once a state of equilibrium is
reached.

3. Results and discussion
3.1. Results

The change in the sample's initial pressure significantly affects the evolution of the simulated samples. To check the effect of this
factor, the initial pressure in the atomic samples is set equal to 1 bar, 2 bar, 3 bar, and 5 bar, and the atomic and thermal evolution of
the samples is checked. Fig. 5 shows how the density of the simulated samples changes based on the initial pressure. Based on the
findings, the maximum density has increased, rising from 0.0838 atom/Å3 to 0.0852 atom/Å3 with increasing pressure to 5 bar.

Fig. 6 shows the initial pressure's effect on the maximum velocity variations observed in the simulated samples. An increase in the
initial pressure was resulted in a decrease in the maximum velocity of the sample.

Fig. 7 shows the observed temperature changes with increasing initial pressure. The data analysis revealed that the increase in ini-
tial pressure leads to a decrease in the maximum temperature. Fig. 7 reveals that as the pressure rises to 5 bar, the temperature de-
creases from 931.42 K to 895.63 K.

Fig. 4. Radial distribution function in the atomic structure of silica aerogel-paraffin in the presence of CuO NPs after equilibration in it.

Fig. 5. Maximum density changes in the atomic structure of silica aerogel/paraffin/CuO at different initial pressures.



Case Studies in Thermal Engineering 54 (2024) 104064

6

Y. Gao et al.

Fig. 6. Maximum velocity changes in the atomic structure of silica aerogel/paraffin/CuO at different initial pressures.

Fig. 7. Maximum temperature changes in the atomic structure of silica aerogel/paraffin/CuO at different initial pressures.

Fig. 8 shows the changes in thermal conductivity due to the increase in initial pressure. The obtained results showed that as the
nanostructure's pressure increases, the nanostructure's thermal conductivity decreases from 1.62 to 1.56 W/m.K. Numerical results
are reported in Table 2.

According to Fig. 9, the heat flux in the atomic sample decreases to 56.66 W/m2 with increasing the initial pressure to 5 bar. Nu-
merical results are reported in Table 2.

Fig. 10 shows the changes in charging time due to the increase in initial pressure. As the initial pressure increases, the charging
time also increases. The results in Fig. 10 show an increase in charging time to 6.34 ns at 5 bar. On the other hand, increasing the
pressure does not affect the discharge time of the structures, and the rate of this process remains constant in the thermal sample. Ac-
cording to Fig. 10. B, the discharge time remains at 8.27 ns.

3.2. Discussion
As the initial pressure is increased, the intermolecular spacing within the nanostructure decreases, leading to a higher packing

density of atoms or molecules within the given volume. This compression effect results in a higher atomic density, as the atoms are
forced to occupy a smaller space due to the applied pressure. Also, the results show that as the initial pressure of the structure is
raised, the maximum velocity it can reach declines from 0.0091 Å/fs to 0.0081 Å/fs. The decrease in maximum velocity as the initial
pressure of the structure is raised can be attributed to the increased intermolecular forces and reduced available space for movement
within the structure. When the initial pressure is raised, the molecules within the structure experience greater compression, leading to
a higher density of particles in a given volume. As a result, the interactions between molecules become stronger, causing a decrease in
the overall mobility of the particles. Additionally, the higher initial pressure results in a more confined environment, limiting the
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Fig. 8. Changing the thermal conductivity in the atomic structure of silica aerogel-paraffin-CuO at different initial pressures.

Table 2
Numerical outputs related to the atomic and thermal behavior of the atomic structure of silica-aerogel paraffin at different initial pressures.

Initial
temperature (K)

Maximum density
(atom/Ă3)

maximum velocity
(/fsÅ)

Maximum
temperature (K)

Thermal conductivity
(W/m.K)

Heat flux
(W/m2)

Charging time
(ns)

Discharging time
(ns)

1 0.0838 0.0091 931.42 1.62 60.88 6.16 8.29
2 0.0844 0.0086 908.88 1.59 60.03 6.25 8.28
3 0.0845 0.0084 901.16 1.58 58.61 6.31 8.27
5 0.0852 0.0081 895.63 1.56 56.66 6.34 8.27

Fig. 9. Changing the heat flux in the atomic structure of silica aerogel-paraffin-CuO at different initial pressures.

available space for the molecules to move freely. This confinement restricts the maximum velocity that the particles can achieve, as
they encounter greater resistance and reduced freedom of movement within the structure. In the following, the decrease in maximum
temperature as the initial pressure of the structure is raised can be explained by the changes in the energy distribution and intermolec-
ular interactions within the system. When the initial pressure is increased, the molecules within the structure are subjected to higher
compression, leading to a higher density of particles in a given volume. This increased density results in a more significant interaction
between the molecules, causing a reduction in the overall kinetic energy of the system. As a result of the increased intermolecular in-
teractions and reduced available space for movement, the energy distribution within the system becomes more confined, leading to a
decrease in the maximum temperature that the structure can reach. The higher initial pressure effectively limits the thermal energy
that can be distributed among the particles, resulting in a lower maximum temperature for the system.
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Fig. 10. Changing the a) charging and b) discharging time of the atomic structure of silica aerogel-paraffin-CuO at different initial pressures.

As mentioned before, as the initial pressure is increased to 5 bar, the average velocity of the atoms in the sample decreases. This
decrease in velocity is a result of the higher density and closer proximity of the atoms due to the increased pressure. With reduced av-
erage velocity, the atoms have less kinetic energy to transfer heat through collisions, leading to a decrease in thermal conductivity.
And the mean free path limits the ability of the atoms to transfer heat decrease, resulting in a lower thermal conductivity. Overall, the
combination of reduced mean free path and lower atom velocity contributes to the observed decrease in thermal conductivity as the
initial pressure increases. And the decrease in the heat flux in the atomic sample with increasing initial pressure to 5 bar can be attrib-
uted to the reduced thermal conductivity and increased intermolecular interactions within the system. When the initial pressure is
raised, the molecules within the structure experience higher compression, leading to a greater density of particles in a given volume.
This higher density and increased intermolecular interactions impede the flow of thermal energy through the system, resulting in a
decrease in thermal conductivity. As a result, the transfer of heat energy becomes less efficient, leading to a reduction in the magni-
tude of the heat flux. The increased intermolecular interactions and reduced available space for movement restrict the mobility of
thermal energy within the structure, leading to a lower heat flux.

Finally, the increase in charging time with increasing initial pressure may be attributed to the reduced mobility of particles within
the structure as a result of the higher pressure. The increased pressure can lead to a decrease in the mobility of particles, slowing
down their movement through the material. This reduced mobility results in a longer time required for the charging process to reach
completion. On the other hand, increasing the pressure does not affect the discharge time of the structures. This may indicate that the
discharge mechanism is less sensitive to the changes in pressure compared to the charging process.
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4. Conclusion
This research aims to investigate the effect of initial pressure on the thermal behavior of the silica aerogel/PCM/CuO nanostruc-

ture within a cylindrical duct. To achieve this goal, computer simulations and the MD method were utilized. The equilibration results
showed that the temperature and potential energy of the simulated structure reached 300 K. and 276.45 kcal/mol after 10 ns. This
convergence shows the appropriateness of the selected pencil function and the adequacy of the simulation time. The results show that
as the initial pressure of the structure is raised, the maximum velocity it can reach declines from 0.0091 Å/fs to 0.0081 Å/fs. The in-
crease in initial pressure leads to a denser and more confined environment, resulting in stronger intermolecular forces and reduced
space for movement, which collectively contribute to the observed decline in maximum velocity and temperature. Also, the results re-
veal that the thermal conductivity and heat flux in the atomic sample decreases to 1.56 W/m.K and 56.66 W/m2 with increasing the
initial pressure to 5 bar. The increase in initial pressure leads to a denser and more confined environment, which hinders the flow of
thermal energy and reduces the overall thermal conductivity and heat flux within the system. The results of the present simulation
can help to advance the development of more efficient thermal energy storage systems, contribute to heat transfer enhancement in
electronics and aerospace applications, improve environmental control systems in enclosed environments, aid in the engineering of
advanced insulation materials, and facilitate advancements in nanomaterial-based thermal management solutions.
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