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A B S T R A C T

The initial thermodynamic condition can influence the organizational behavior of molecules and the energy 
transportation in nanocomposites of phase change materials, whereas the pressure dependence property 
behavior of fatty acid-silica is not fully known on the molecular scale. In this work, MD simulations were per
formed to study the effects of the initial pressure of the first phase range of 1–3 bar, which impacts structural and 
thermo-physical properties for a capric acid-silica nanocomposite. The simulated system for the second-phase run 
was divided into two parts: first, an equilibration stage to maintain the system temperature at 300 K; second, a 
production stage to measure changes in local number density, atom velocity, temperature, heat flux, thermal 
conductivity, charging time, and discharging time. The consistency during thermal equilibration verified that the 
system reached a stable state, followed by evaluation. The maximum local number density at the heat reservoir 
increased from 0.0338 atoms/ to 0.0323 atoms/ under higher initial pressures, with a decrease in maximum 
velocities and temperatures from 0.0010 to 0.0008 Å/fs and 328.26 to 318.22 K. Concomitant decreases of 
thermal flux and thermal conductivity can also be observed during this period. The heat flux decreased from 8.10 
to 7.79 W/m, and thermal conductivity from 0.29 to 0.23 W/mK, while the charge time slightly increased from 
4.68 to 4.88 ns and the discharge time was almost invariant, close to the mean value of 6.19 ns, with slight 
variance at different initial pressures. In addition, this initial pressure can affect local molecular mobility and 
local structural properties. The research provides evidence of the influence of initial thermodynamic pressure on 
structural features, dynamics, and transport of the nanocomposite from a molecular view.

Abbreviations: TES, Thermal energy storage; PCM, Phase change material; TC, Thermal conductivity; MD, Molecular dynamics; SiA, Silica aerogel; Max-D, 
Maximum local number density; Max-V, Maximum velocity; NPs, Nanoparticles; Max-Temp, Maximum temperature; HF, Heat flux; PE, Potential energy; TE, Total 
energy; HT, Heat transfer; CT, Charging time; DT, Discharge time; P, Pressure.
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1. Introduction

With the growing requirement for optimized and sustainable energy 
utilization, enormous efforts have been devoted to researching thermal 
energy storage (TES) to cope with the fluctuating characteristics of 
intermittent energy, such as solar energy [1,2]. In parallel with advances 
in thermal storage, recent studies on nanostructured materials, 
including Ce(OH)₃-rGO nanocomposites, WS₂-loaded conductive poly
pyrrole matrices, and rare-earth high-entropy oxides, have demon
strated the important role of material design in improving 
electrochemical energy-storage performance [3,4]. For thermal appli
cations, TES provides an effective approach for capturing and subse
quently releasing thermal energy according to energy demand. Among 
the available TES approaches, latent heat storage using phase change 
materials (PCMs) is attractive because it combines relatively high 
energy-storage density with heat absorption and release over a narrow 
temperature (Temp) range [5–8]. Organic PCMs, particularly fatty acids, 
have received considerable attention because of their suitable 
phase-transition Temps, chemical stability, low toxicity, biodegrad
ability, congruent melting, and relatively limited supercooling [9–11]. 
These characteristics make fatty acids promising materials for low- and 
moderate-Temp TES applications. However, their intrinsically low 
thermal conductivity (TC) and possible leakage during the liquid phase 
restrict heat-transfer rates and long-term practical performance [12,13].

As a result, combining organic PCMs with porous supporting 
matrices has already been shown to be a promising way to achieve 
shape-stabilized composites [14,15]. The characteristics of porous silica 
aerogels (SiAs) with low density, high porosity, large specific surface 
area, and an interconnected nanopore framework make them favored 
porous support materials [16,17]. By holding PCM, the porous silica 
framework can act as a physical barrier against bulk flow and alter the 
arrangement of molecules at the PCM-solid interface [18]. Thus, the 
thermal performance of these composites is determined not only by the 
intrinsic properties of PCM but also by other factors such as confinement 
effect, interface effect, and PCM's structural change inside or around the 
silica support, which are crucial for understanding their thermal sta
bility and energy transportation performance [19,20].

In recent studies, we applied silica-based architectures and structures 
to stabilize organic PCM materials and alter their thermal properties. He 
et al [21] presented the application of alkylated SiAs encapsulating a 
paraffin mixture and incorporating wood fibers. They showed that 
nano-confinement and interfacial interactions of PCMs alter both 
melting and freezing transition behavior. Shen et al [22] prepared a 
paraffin/SiA composite that exhibited an adequate latent heat of 94.45 
J/g with very little decay of enthalpy after 1000 freeze and thaw cycles. 
Silica-based encapsulation was investigated to enhance thermal stability 
and prevent leakage of PCMs. Chinnasamy et al [23] showed encapsu
lation of lauryl alcohol into a SiO-coated microcapsule. Encapsulated 
lauryl alcohol with a SiO shell yielded both melting and freezing latent 
heats of 90 and 88.2 J/g, respectively, whereas myristyl alcohol with a 
Hybrid Boron Nitride (h-BN)/Silica shell yielded higher heat-transfer 
performance [24]. Recently, more focus has been given to 
fatty-acid/silica-based PCMs. Liu et al [25] successfully encapsulated a 
capric acid-stearic acid mixture into nano-SiO shell-based microencap
sulation. They reported improved thermal stability and prevented 
leakages with a high melting enthalpy of 138.16 J/g for an optimum 
formula, using additional expanded graphite (EG) and CuO to increase 
TC [26]. The preparation of capric acid-myristic acid-stearic 
acid/nano-SiO composite to control leakages and provide stability to the 
fatty acids mixture using physical confinement and capillarity was also 
achieved by Sun et al [27].

Due to these recent advances, silica-based encapsulation and sup
ported structures have been extensively highlighted as an excellent 
approach for stabilizing leakages, structural stability, and transport 
phenomena in several review and experimental papers [28,29]. The 
molecular-level interactions that control phase-transition behaviors and 

transport phenomena through changes in molecular mobility, structure, 
and interfaces in fatty-acid/silica materials are still poorly addressed 
[30–32]. MD simulation has been increasingly applied to investigate 
phase transition characteristics and transport properties based on mo
lecular motion, organization, and intermolecular interactions [30,31,
33].

Although this improvement in PCM-in-matrix systems was made, 
prior research has typically emphasized measurements of macroscopic 
properties, including melting point, latent heat, TC, thermal resistivity, 
and cycling life of the composites. While providing fundamental infor
mation about the performance of composite materials, these measures 
gave little insight into the underlying molecular mechanisms that 
determined the structural assembly, molecular movement, and energy 
transmission at the PCM-silica interfaces. MD simulations played a 
crucial complementary role, allowing us to access atomic trajectories 
and intermolecular forces, thus enabling us to connect them to macro
scopic thermal properties by tracking structural and dynamical changes 
occurring at the molecular and nanoscale [32,33]. This aspect would 
particularly apply to the fatty acids-based composite, in which inter
molecular association at the interface greatly influences the transport 
properties.

An additional factor that received comparatively limited attention at 
the molecular scale was the initial thermodynamic state of the nano
composite. In particular, the influence of initial pressure on capric 
acid–silica systems was not systematically resolved in terms of local 
number-density distribution, molecular mobility, Temp response, and 
thermal transport. Pressure can modify molecular spacing and inter
molecular configurations, and the resulting equilibrated structure may 
subsequently influence energy transport. However, these effects could 
not be inferred reliably from macroscopic PCM measurements alone. A 
molecular-level assessment was therefore required to determine 
whether changes in the initial pressure state produced measurable dif
ferences in the subsequent structural and thermophysical response of the 
composite.

Hence, we used MD simulations to study a capric acid-silica nano
composite under initial pressures from 1–3 bar. The organic phase PCM 
was capric acid because its phase change Temperature span matched the 
low Temperature range required for TES, whereas the inorganic silica 
phase offered a nanoscale solid surface, similar to real life, but in a pure 
form, with the latter being the solid supported by the real composite 
PEH. We chose a relatively small pressure range to examine how sen
sitive the composite was to small changes in its initial thermodynamic 
conditions, while changing nothing in terms of the material's composi
tion under study. We examined the Maximum Local Number Density 
(Max-D), Maximum velocity (Max-V), maximum temperature (Max-T), 
heat flux (HF), TC, charging time (CT), and discharging time (DT). 
Instead of solely focusing on the final macroscopic indicator value and 
comparing across the tested material conditions and the pressure, the 
different parameters and such values were treated as molecular 
behavior- and structure-dependent variables that indicate, among other 
things, how their value changes under external compression and their 
dependence on different degrees of motion available to each atom/ 
molecule. The primary achievement of the paper will therefore be to 
highlight how certain properties are very sensitive, while others are less 
dependent on the initial thermodynamic condition.

2. Molecular dynamics simulation

The initial molecular configurations were built in Avogadro, which 
was later used to pack them into the simulation box using Packmol. The 
initial cubic box size 150× 150× 150 Å³ contained 75,780 atoms (See 
Fig. 1). The system size was chosen because it provided sufficient mol
ecules around which the composite structures' behavior was to be 
evaluated, while not being too costly for 20 ns simulations. The appli
cation of periodic boundary conditions in all three Cartesian directions 
allowed us to model a bulk-like environment and prevent arbitrary free- 

N.S.S. Singh et al.                                                                                                                                                                                                                              Chemical Engineering Journal Advances 28 (2026) 101426 

2 



surface effects. The concentration of the additive was fixed to 1 at—% % 
for all considered systems. As we wanted to explore dependence on 
initial pressure without creating other independent parameter-additive 
concentration-we chose a relatively low, fixed percentage. Therefore, 
any dependence on pressure resulted from the dependence on initial 
state in a particular setting. Thus, all pressure-dependent simulations 
consisted of equally concentrated components and similarly sized cells. 
No wide sensitivity tests (for varying number of molecules and different 
concentration) were executed, since the task was to check the depen
dence only on the initial pressure in a fixed system and at constant 
composition. Therefore, the conclusions about pressure effects referred 
to the 150 150 150 box at fixed 1 at—% % additive. The initial tem
perature for all systems was 300 K. Before the equilibrium run, spheres 
closer than 0.5 were removed to prevent severe molecular overlaps. 
Energy was minimized using the conjugate-gradient method, and then 
atomic velocities were generated at 300K using an independent velocity 
seed. The time step was fixed to 0.1 fs during the entire run.

Thermal equilibration was subsequently conducted under the ca
nonical ensemble using a Nose–Hoover thermostat at 300 K with a 
damping parameter of 10 fs. The equilibration stage was continued for 
10 ns. After equilibration, the thermostat was removed, and the pro
duction stage was performed for an additional 10 ns. During production, 
fix nve was used for time integration together with a Berendsen barostat 
for pressure control. Separate simulations were conducted at target 
pressures of 1, 1.5, 2, 2.5, and 3 bar. Berendsen barostat continuously 
rescaled the simulation cell to relax the instantaneous pressure toward 
the prescribed target value. Each production simulation was continued 
for 10 ns. Three independent simulations were performed at each 
pressure using different initial velocity seeds, and the resulting proper
ties were averaged, with the corresponding standard deviations reported 
as error bars. The complete simulation duration was therefore 20 ns. No 
thermostat was applied during the production stage to avoid direct 
thermostat interference with the energy and heat-flux fluctuations used 
for transport analysis. Structural, dynamical, and thermal quantities 
were extracted from the resulting production trajectories.

2.1. Force-field and interaction model

An atomistic, all-atom classical force-field description of molecular 

interactions was performed using the LAMMPS (Large-scale Atomic/ 
Molecular Massively Parallel Simulator) simulation tool. Molecular 
structure assignment used in the additive was taken from [34], where 
"SiA", corresponding to PubChem CID 1151680, with a reported mo
lecular formula of C23H22N2O3S2, was used. The molecular model had 
five types of atoms: C, H, N, O, and S. This molecular representation 
from the database was applied to all systems. Non-bonded interactions 
were represented by a combination of 12–6 Lennard-Jones (LJ) potential 
and pairwise Coulomb interactions. The LJ contribution was calculated 
as Eq. (1) [35]: 

ULJ = 4ε
[(σ

r

)12
−
(σ

r

)6
]

r < rc (1) 

where r is the separation between atoms i and j, ε represents the 
potential-well depth, and σ is the distance at which the LJ potential 
crosses zero. Electrostatic interactions between charged atoms were 
represented by Eq.(2): 

U =
Cqiqj

εrrij
rij < rc (2) 

where qi and qj are the partial atomic charges, and C is the unit- 
conversion factor associated with the real unit system. The non- 
bonded interactions were implemented using the lj/cut/coul/cut pair 
style. Cutoff distances of 10 Å and 8 Å were employed for the LJ and 
Coulomb contributions, respectively. Therefore, electrostatic in
teractions were evaluated as explicitly truncated pairwise Coulomb in
teractions, and no Ewald or particle–particle particle–mesh long-range 
electrostatic solver was employed. This interpretation follows directly 
from the selected LAMMPS pair style, for which two specified cutoff 
values correspond to the LJ and Coulomb cutoffs, respectively. The LJ 
parameters and partial atomic charges used in the simulations are 
summarized in Table 1.

Only the self-interaction LJ coefficients were explicitly specified in 
the input script. Consequently, the LJ coefficients for unlike atom pairs 
were generated using the default geometric mixing rule implemented in 
LAMMPS (Eqs. (3) and (4)) [36]: 

εij =
̅̅̅̅̅̅̅εiεj

√ (3) 

Fig. 1. Initial atomic configuration of the simulated capric acid–additive composite.
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σij =
σi + σj

2
(4) 

LAMMPS applies geometric mixing by default when unlike-pair co
efficients have not been explicitly specified, and no alternative pair_
modify mix setting is provided. Bond stretching and angle bending were 
represented using harmonic potentials (Eqs. (5) and (6)): 

Ubond = Kb(r − r0)
2 (5) 

Uangle = Kθ(θ − θ0)
2 (6) 

where Kb and Kθ denote the corresponding force constants, while r0 and 
θ0 represent the equilibrium bond length and angle, respectively; har
monic dihedral terms were additionally used to describe molecular 
torsional interactions. The complete bonded parameters employed in 
the simulations are summarized in Table 2.

The angle equilibrium values ranged from 92.10◦ to 109.471◦, 
depending on the local atomic environment, while 18 dihedral types 
were included in the molecular topology. These bonded parameters 
were maintained unchanged for all pressure conditions so that differ
ences between simulations could be attributed to the investigated initial 
thermodynamic state rather than changes in the interaction model.

2.2. Calculation of structural and thermophysical properties

The structural and thermophysical behavior of the system was 
analyzed by examining the local number density, local atomic velocity, 
and local temperature at specific points within the simulation box as 
well as the radial distribution function (RDF), HF, and TC as a whole. To 
resolve the spatially varying behaviors of the system, the simulation cell 
was binned into regions of width 1.5 in the x-direction. The local number 
density, y-component of atomic velocity, and local temperature were 
then time-averaged within each of these 1.5-wide spatial regions. The 
previous value referred to as Max-D should, more correctly, therefore be 
the maximum of the spatially binned number density profiles, rather 
than the mean number density for the whole of the simulation cell. This 
differentiation needs to be taken into account when looking at the 
dependence of Max-D on Pressure. The RDF, gij (r), was used to 
characterize the probability of finding atoms of type j at a distance r 
from atoms of type i relative to an ideal homogeneous distribution (Eq. 
(7)), 

gij(r) =
1

4πr2ρj

dNij(r)
dr

(7) 

where ρj is the number density of species j and dNij(r) represents the 

number of atoms of type j within a spherical shell around species i. Pair- 
resolved RDF analysis was used to examine changes in local atomic or
ganization under the investigated initial pressure conditions.

The microscopic heat-flux vector was calculated in LAMMPS from 
the per-atom kinetic energy, potential energy, and virial stress contri
butions using compute heat/flux. The instantaneous simulation volume 
normalized the heat-flux components. TC was subsequently evaluated 
using the equilibrium Green–Kubo formalism (Eq. (8)) [37]. 

K =
V

3kBT2

∫ ∞

0
dt(J(τ).J(0)) (8) 

where kB is the Boltzmann constant, T is the equilibrium temperature, V 
denotes the system volume, and J is the heat-current component

The heat-current autocorrelation functions along with x, y, and z 
directions were sampled using fix ave/correlate. In the implemented 
procedure, heat-current data were sampled every 100 timesteps, 10,000 
correlation samples were considered, and the correlation output interval 
was 1.0×106 timesteps. Direction-dependent conductivity contributions 
were obtained by numerical integration of the corresponding heat- 
current autocorrelation functions.

The charging and DT were estimated by monitoring the time evo
lution of RDF in the thermal charging and discharging process. The RDF 
was traced as the molecular ordering and phase evolution descriptor. 
The DT, CT, was thus estimated to be the time when the RDF curve 
becomes equivalent to the characteristic stabilized distribution curve 
describing the structure of the thermally induced state from the atten
uation of structural peaks appeared early in the transient time region 
and then saturation of RDF shape, while the DT, DT, was that in evolving 
towards the characteristic structure of the cooled state by sitting near 
equilibrium. Comparison could be directly performed at the same 
structure based on RDF among various CTs.

2.3. Equilibration assessment

The attainment of a proper equilibration state was evaluated based 
on the time dependence of T, PE, and TE in the NVT stage. Fig. 2 shows 
the evolution of PE at 300K. There was an initial fluctuation stage during 
which the molecular configuration relaxed energetically and structur
ally. After this fluctuation, the PE varied around a fixed mean, without a 
constant decrease over time (to 29.26kcal/mol), which means the pri
mary energetic relaxation has been achieved. This equilibration did not 

Table 1 
Lennard-Jones parameters and partial atomic charges employed in the MD 
simulations.

Atom type ε (kcal/mol) σ (Å) Charge (e)

C 0.305 3.725 − 0.073
H 0.010 2.852 +0.049
N 0.415 3.561 − 0.006
O 0.415 3.306 +0.007
S 0.215 3.690 +0.024

Table 2 
Bond parameters employed in the molecular model.

Bond type Kb (kcal/mol⋅Å²) r0 (Å)

C–C 350 1.530
C–H 350 1.090
C–N 350 1.462
C–O 350 1.420
C–S 350 1.800

Fig. 2. Temporal evolution of the normalized potential energy during NVT 
equilibration at 300 K.
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mean that there existed an "average attractive force", as written in the 
original manuscript, but just that the energetic state of the system was 
quite stable under the NVT ensemble conditions.

Fig. 3 presents the corresponding evolution of TE, defined as the sum 
of PE and kinetic energy. Similar to PE, TE exhibited an initial transient 
followed by stationary fluctuations (to 30.18 kcal/mol). The simulta
neous stabilization of Temp, PE, and TE was therefore used as the cri
terion for completing the 10 ns equilibration stage before initiating the 
NVE production calculations.

3. Radial distribution function

As an additional assessment of the structural characterization of the 
simulation systems, the RDF at 300 K was calculated following 10 ns 
equilibration. The RDF for pure capric acid at 300 K is depicted in 
Fig. 4a, and the RDF for the SiO-SiA nanocomposite is represented in 
Fig. 4b. RDF for pure capric acid, distinct short-range peaks were 
observed for the pure system with prominent peaks appearing near 1.2 
and2.2Å, beyond approximately 3Å the intensity of RDF decreased 
significantly and only minor oscillations of RDF can be noticed beyond 
which no significant correlations were present in the short range scale. 
RDF profile changed quite noticeably upon addition of the silica-based 
additive, as shown in Fig. 4b. This nanocomposite showed a pro
nounced first peak near 1.1 Å and the following few oscillations that 
were observed between approximately 1.5 and 3.0 Å and at relatively 
larger ranges only a few oscillations were observed and that had a much 
lower amplitude, showing a clear change in the structure of pure capric 
acid as mentioned. These changes at shorter ranges were also compared 
with a well-characterized structure reported [38].

In addition to thermodynamic information about the behavior of the 
composite phase, the RDFs provided details concerning its structure. 
Strong short-range peaks and rapidly decaying longer-range correlations 
implied that the equilibrium structures of these systems had local 
ordering but no long-range positional order. By comparing the pure 
capric acid and nanocomposite RDFs, it is clear that the addition of the 
additive affected the organization of molecules at short range within the 
PCM. The relevance of these structural changes to what was happening 
molecularly during thermal energy storage was evident, and thus, in this 
work, they were used to describe the evolution of the structure with the 
charging and discharging processes. Nevertheless, this simulation was 
not set up to ascertain the detailed phase change thermodynamics of the 

nanocomposite, but rather to study the pressure dependence of molec
ular structure and thermal transport. Melting points, latent heats, spe
cific heats, and long-term thermal cycling effects were not calculated. 
The calculation of such information would necessitate specifically 
designed heating/cooling simulations crossing the solid/liquid transi
tion and running several cycling sequences. The information from the 
present work can thus only be considered an analysis on a molecular 
level.

4. Results and discussion

Studies of pressure effects on the structural, dynamic, and thermal 
properties of capric acid-SiA composite material were performed at 1, 
1.5, 2, 2.5 and 3 bar. Each study comprised three independent simula
tion runs, set up with a different initial seed in velocities and represented 
in the figure by error bars of statistical variations. Because several 
quantities studied below characterize local rather than bulk values of 
material (e.g., local or highest values of quantities considered), the 
dependence of properties on pressure will be explained in terms of 
variations in local density and local disorder.

The dependence of Max-D on Pressure is shown in Fig. 5. The value of 
Max-D decreased smoothly from 0.0338 atoms/ to 0.0323 atoms/ as the 

Fig. 3. Temporal evolution of the normalized total energy during NVT equili
bration at 300 K.

Fig. 4. RDFs of (a) pure capric acid and (b) the capric acid–SiA nanocomposite 
after 10 ns of equilibration at 300 K.
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pressure increased from 1 bar to 3 bar. The decrease in Max-D with 
Pressure can be attributed to a change in the atom configuration of space 
and to a decrease in the magnitude of the highest local densities.

As the distance between atoms and the short-range forces were 
modified due to increased pressure, the atoms were reorganized and 
redistributed. The atomic distribution was not localized in the maximum 
crowded area but rather distributed more evenly across the whole sys
tem, thus reducing Max-D. Similarly, a decrease in the value of Max-D 
with increasing pressure was observed for the paraffin/copper system 
[39], where increasing pressure reduced the maximum local density. 
The error bars obtained from three independent simulations confirm the 
reproducibility of the observed pressure-dependent trend.

Fig. 6 shows the atomic behavior of the nanocomposite, exhibiting 
velocity distribution at 1 bar (Fig. 6a) and pressure dependence of Max- 
V (Fig. 6b). Atomic velocities had a dispersed distribution at 1 bar. There 
was no single, constant Max-V (Fig. 6a), demonstrating that the mo
lecular behavior was heterogeneous. Atoms concentrated on the lower 
to moderate velocity ranges, and the high-velocity events were only 
distributed in the tail of atomic velocity distributions. From Fig. 6b, it 
can be noted that the average Max-V reduced approximately from 
0.0010 Å/fs at 1 bar to 0.0008 Å/fs at 3 bar, (i.e., about 100m/s to 80m/ 
s), owing to the effect of pressure to molecular neighborhood on which 
atoms underwent shorter-range collision as free volumes and molecular 
spaces being minimized at increasing pressures, leading to increased 
interactions among different species and Pressure driven structural/ 
reorganizational effects restricting translational motion. Numerical re
sults of Max-D, Max-v, and Max-temp at different pressures are given in 
Table 3.

Fig. 7 shows that the trend of Max-Temp with initial pressure varied 
from 328.26 K at 1 bar to 318.22 K at 3 bar. This implies that as the 
initial pressure increased, the values of local largest thermal fluctuations 
became lower in the case of the composite. The rationale behind this 
trend was that increased pressure changed the degree of free volume for 
molecular mobility and redistribution of kinetic energy among neigh
boring molecules. For example, with the higher pressure values the 
number of intermolecular interactions at close range increased, and at 
the same time the mobility volume available became smaller due to 
restriction of large molecular scale motion of molecules so energy 
redistributed for maximum number of neighbors to share minimum 
amounts energy with others, which in turn made the occurrence of in
dividual maximum kinetic-energy localization low and the resulting 

local highest Temp would be reduced. The result was in agreement with 
the Max-V as discussed above in Fig. 6, that with the increment of the 
initial Pressure, Max-V also declined. This type of reduction of Temp 
versus initial pressure was found in the works of Gao et al [40] in SiA / 
PCM / CuO nanostructure; the range of highest Temp was from 931.42 K 
reduced to 895.63 K by raising the initial pressures, which agreed well 
with this study finding that high pressure can limit the motion of mol
ecules and reduce the highest localized Temp among neighbors for 
silica-aerogel / PCM based TES system. Three individual runs with error 
bars confirmed that this tendency was repeatable.

Fig. 5. Variation in the Max-D of the capric acid–SiA composite with pressure. 
Error bars represent the standard deviation obtained from three independent 
simulations.

Fig. 6. Atomic velocity characteristics of the capric acid–SiA nanocomposite: 
(a) atomic velocity distribution at an initial pressure of 1 bar and (b) variation 
in Max-V with initial pressure. Error bars in (b) represent the standard deviation 
of three independent simulations.

Table 3 
Numerical results of Max-D, Max-v, and Max-temp at different pressures.

Initial pressure (bar) Max-D (atom/Å3) Max-V (Å / fs) Max-Temp (K)

1 0.0338 (±0.0001) 0.001 (±0.00001) 328.26 (±0.52)
1.5 0.033 (±0.0002) 0.001 (±0.00001) 325.15 (±0.91)
2 0.0328 (±0.0001) 0.0009 (±0.00002) 320.91 (±0.63)
2.5 0.0325 (±0.0001) 0.0009 (±0.00001) 319.14 (±0.52)
3 0.0323 (±0.0001) 0.0008 (±0.00002) 318.22 (±0.88)
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Fig. 8 plots the dependence of the HF on the initial pressure. It shows 
a decline of HF with initial pressure from 8.10 W/m at 1 bar to 7.79 W/m 
at 3 bar. This means the microscopic energy transfer weakened as 
pressure increased. One reason for this decrease could be the 
compression-induced effect on molecular structure (packing) and 
mobility. The microscopic motions contributed 73.74 W/m to thermal 
transport at 1 bar and 70.88 W/m at 3 bar. As pressure increased, the 
available free volume reduced, and intermolecular interactions among 
atoms became more important. Short-range interactions more easily led 
to the redistribution of energy between nearby atoms and a decrease in 
large-amplitude motion of atoms. This, in turn, may weaken the extent 
and lifetime of high-mobility, high-energy microscopic energy currents. 
The reduction of both Max-V and Max-Temp provided supporting evi
dence for this description at initially increased pressure. The calculated 
HF value decreased with increasing initial pressure. Thus, the averaged 

result of three independent simulations (shown with error bars) showed 
good agreement with each other and represented a stable decrease in 
HF.

Before studying the pressure dependence of TC, Green-Kubo was 
checked for convergence by taking measurements of HCACF, presented 
as HCACF versus correlation number in Fig. 9. HCACF quickly decreased 
at lower numbers of correlations and then fluttered around the baseline, 
damping out more, and the ACACF oscillated around zero after a sig
nificant increase in the number of correlations. This decrease and loss of 
continued oscillation at low correlation means that the size of correla
tions was large enough to use for green-kubo integration; the result was 
insensitive to running the HCACF for longer.

Fig. 10 shows the change in TC versus initial pressure. As the pres
sure increased from 1 to 3 bar, the average TC went from 0.29 to 0.23 W/ 
mK, showing that the composite was less adept at carrying thermal 
energy. This may be understood by considering the effects of pressure on 
molecular structure and dynamics of energy transfer. When the pressure 
increased, the available free volume decreased, and more high-energy 
short-range molecular interactions hindered molecular mobility and 
changed the nature of the channels through which fluctuations in energy 
were transferred between neighboring atoms and molecules. In turn, this 
led to smaller amplitude and shorter lifetime of correlated microscopic 
heat-current fluctuations, thus a lower Green-Kubo TC. This interpre
tation was consistent with the corresponding declines in HF, Max-V, and 
Max-Temp, all indicating less molecular mobility and microscopic en
ergy transport at high pressure. The error bars from three runs ensured 
that the decreasing trend observed overall was indeed reliable.

Fig. 11 presents the variation in CT with initial pressure. Increasing 
the pressure from 1 to 3 bar increased the mean CT from 4.68 to 4.88 ns, 
indicating that the structural evolution associated with the charging 
process became slightly slower at higher pressure. This means that 
structural relaxation related to the charging process became slightly 
slower at higher pressure. The higher pressure means that molecular 
motion was being restrained to some extent due to the effect of pressure. 
That is, the free volume space and short-range intermolecular in
teractions became denser as pressure increased, and the mobility of 
molecules was inhibited. Capric acid molecules spent more time 
reaching the stabilized configuration predicted from the RDF, as their 
rearrangement was prevented; the time to stabilize the profile was 
longer, and CT increased accordingly. This trend of CT increase matched 
the decreases in Max-V, HF, and TC, all indicating reduced molecular 
mobility and microscopic energy-transport kinetics under higher 

Fig. 7. Variation in the Max-Temp of the capric acid–SiA composite with initial 
pressure. Error bars represent the standard deviation of three independent 
simulations.

Fig. 8. Variation in the HF of the capric acid–SiA composite with initial pres
sure. Error bars represent the standard deviation of three independent 
simulations.

Fig. 9. HCACF as a function of correlation index used to evaluate the conver
gence of the Green–Kubo calculation.
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pressure. The accuracy of these trends was proven by the reproducibility 
obtained after three runs each time.

Fig. 12 shows the behavior of DT against initial pressure. This con
trasts with the behavior of CT at increasing initial pressure. It varied 
only slightly and in a non-monotonic fashion within the measured 
pressure range. Increasing the pressure from 1 to 2 bar caused a very 
small reduction in the mean DT from 6.19 to 6.18 ns. Raising the pres
sure to 2.5 bar yielded a slight increase to 6.20 ns, then a reduction again 
back to around 6.19 ns at 3 bar. This varied by only 0.01-0.02 ns, 
indicating that pressure played a small role in the structural relaxation 
that occurred as part of discharge. The structure became more ordered 
with less energy on discharging, so this implied that this RDF-based 
restructuring took place at the same speed over the measured pressure 
range. Furthermore, the overlap between the error bars means the dif
ference among adjacent points was simply statistical error from 

independent simulations. There was no trend, so it can be observed that 
the discharge behavior was fairly constant between 1 and 3 bar. Nu
merical results of TC, HF, CT, and DT at different pressures are given in 
Table 4.

5. Conclusion

A Molecular Dynamics simulation was conducted to probe the effects 
of initial pressure on the structural and thermophysical characteristics of 
capric acid-silica nanocomposites. Both equilibration and production 
simulations were run for 10 ns each. Equilibration was monitored by the 
stabilization of potential and total energies, and the effects of three 
different initial pressures were observed through maximum local num
ber density (Max-D), maximum atomic velocity (Max-V), maximum 
Temp (Max-Temp), heat flux (HF), thermal conductivity (TC), charging 
time (CT), and discharging time (DT). Three different simulations were 
conducted, and the pressure-dependent trends were analyzed using 
three different initial velocity seeds. The main findings are summarized 
as follows: 

• The potential energy converged to approximately 29.26 kcal/mol 
after 10 ns, with stationary fluctuations indicating that the system 
reached an energetically equilibrated state.

• The total energy stabilized at approximately 30.18 kcal/mol after 10 
ns, further confirming the establishment of a stable equilibrium 
condition before the subsequent pressure-dependent analysis.

Fig. 10. Variation in the TC of the capric acid–SiA composite with initial 
pressure. Error bars represent the standard deviation of three independent 
simulations.

Fig. 11. Variation in the CT of the capric acid–SiA composite with initial 
pressure. Error bars represent the standard deviation of three independent 
simulations.

Fig. 12. Variation in the DT of the capric acid–SiA composite with initial 
pressure. Error bars represent the standard deviation of three independent 
simulations.

Table 4 
Numerical results of TC, HF, CT, and DT at different pressures.

Initial pressure 
(bar)

HF (W/m²) TC (W/m.K) CT (ns) DT (ns)

1 8.1 (±0.01) 0.29 
(±0.001)

4.68 
(±0.01)

6.19 
(±0.01)

1.5 8.02 
(±0.01)

0.28 
(±0.001)

4.76 
(±0.02)

6.18 
(±0.02)

2 7.91 
(±0.03)

0.26 
(±0.003)

4.79 
(±0.01)

6.18 
(±0.02)

2.5 7.83 
(±0.01)

0.24 
(±0.001)

4.83 
(±0.01)

6.20 
(±0.01)

3 7.79 
(±0.01)

0.23 
(±0.002)

4.88 
(±0.02)

6.19 
(±0.01)
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• Max-D decreased from 0.0338 to 0.0323 atoms/Å³ as pressure 
increased from 1 to 3 bar, indicating pressure-induced redistribution 
of atoms and a reduction in the highest local density regions rather 
than a decrease in the bulk density of the entire system.

• Max-V decreased from 0.0010 to 0.0008 Å/fs as Pressure increased 
from 1 to 3 bar. The reduced maximum velocity was associated with 
decreased free volume, more frequent short-range interactions, and 
greater momentum redistribution among neighboring atoms.

• Max-T decreased from 328.26 to 318.22 K with increasing pressure, 
indicating suppression of the highest local thermal fluctuations and 
reduced large-amplitude molecular motion.

• HF decreased from 8.10 to 7.79 W/m² as Pressure increased from 1 to 
3 bar, demonstrating that pressure-induced changes in molecular 
organization and mobility reduced microscopic energy transport.

• TC decreased from 0.29 to 0.23 W/m⋅K over the investigated pres
sure range, consistent with changes in molecular organization and 
reduced magnitude and persistence of correlated microscopic heat- 
current fluctuations.

• CT increased from 4.68 to 4.88 ns as pressure increased from 1 to 3 
bar. The RDF-based analysis indicated that reduced molecular 
mobility at higher pressure slowed the structural rearrangement 
required to reach the stabilized thermally evolved configuration.

• DT remained nearly unchanged, varying only between approxi
mately 6.18 and 6.20 ns. Considering the small differences and 
associated statistical uncertainty, no systematic pressure-dependent 
trend was identified for the discharging process.

In summary, increased initial pressure primarily altered the local 
structure, molecular mobility, and microscopic heat transport of the 
capric acid-silica nanocomposite, yielding smaller values of Max-D, 
Max-V, Max-T, HF, TC, and a small increase in CT, while the DT was 
relatively insensitive to pressure in the 1-3 bar range considered. Our 
observations suggest that the response to pressure varies for different 
properties and provide insight at the molecular level, aiding the design 
and operational environment of silica-supported PCM for energy 
storage.
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