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Ribbed channel geometries are widely recognized for their ability to modify flow structures and influence
thermal transport. In this study, the nanoscale thermal behavior of nano-enhanced phase change materials
(NePCMs) confined within a ribbed nanochannel was investigated using molecular dynamics simulations. The
model consisted of a confined domain (50 x 150 x 50 A%) with non-connected rotating ribs, and the effect of rib
number (1-4) on atomic-level structural and thermal properties was systematically analyzed over a 10 ns
simulation period. The results show that increasing the number of ribs altered local atomic arrangements,
enhanced fluid-structure interactions, and intensified velocity fluctuations within the confined region. These
effects led to measurable, statistically significant improvements in thermal transport. Specifically, heat flux
increased from 5.19 + 0.02 to 5.54 + 0.01 W/m? (approximately 6.7%), while thermal conductivity increased
from 0.65 + 0.01 to 0.72 + 0.02 W/m-K (approximately 10.8%) as the rib number increased from 1 to 4. In
addition, the phase transition time was slightly reduced, indicating faster energy absorption and release dy-
namics under enhanced mixing and interfacial interaction conditions. It should be noted that the findings provide
atomistic-level insight into how internal geometric features influence heat transfer and phase transition mech-
anisms. These results contribute to the fundamental understanding of nanoscale transport phenomena and may
inform future multiscale design strategies for advanced thermal management systems.

1. Introduction renewable Energy, effective thermal management improves the effi-

ciency of energy conversion processes. It also extends the lifespan of

Effective thermal management plays a crucial role across various
technological domains, such as electronics cooling, renewable energy
systems, and the regulation of building temperatures (T) [1]. As
contemporary devices and systems grow increasingly powerful and
compact, the need for efficient heat control and dissipation becomes
vital to maintain performance, reliability, and safety [2]. In the realm of

components such as solar panels and batteries. In the field of electronics,
it mitigates overheating that could impair functionality and lead to
failures [3,4]. Moreover, in building applications, thermal regulation
directly affects energy consumption and indoor comfort [5]. Thus,
improving heat transfer (HT) and energy storage materials, such as
phase change materials (PCMs), by incorporating nanoparticles and
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optimizing structural features, is vital for advancing sustainable, high-
efficiency thermal management solutions [6,7]. Paraffin wax is exten-
sively utilized as a PCM owing to its substantial latent heat of fusion,
chemical stability, minimal supercooling, and safety; it effectively ab-
sorbs and releases considerable amounts of thermal Energy during the
processes of melting and solidification, rendering it a proficient medium
for thermal energy storage and T regulation across diverse applications
[8].

Recent research has demonstrated notable progress in enhancing the
thermal conductivity (TC), T response, and storage capacity of PCMs by
incorporating various nanoparticles. Furthermore, these studies have
highlighted the importance of addressing nanoparticle dispersion
mechanisms, multi-cycle performance, and geometric optimizations,
including nanochannel designs and ribs, to enhance HT efficiency [9].
For instance, Agarwal et al. [10] revealed that integrating structured
porous materials with phase change composites significantly enhanced
heat absorption behavior and thermal performance in heat sink systems,
highlighting the growing importance of engineered PCM structures in
advanced thermal energy storage applications. Ru et al. [11] investi-
gated the effect of nanoparticle size on the thermal performance of a
paraffin/O2/Al;03 hybrid heat sink using molecular dynamics (MD)
simulation. They found that increasing nanoparticle size improved the
system's TC. Qing et al. [12] used simulations to show that, in silica
aerogel/paraffin nanostructures, increasing the size of copper oxide
nanoparticles decreased density (D) and TC, thereby affecting the
charging and discharging behavior of PCMs. Zhao et al. [13] found that
thicker silica nanolayers in silica-paraffin composites reduced melting
enthalpy. However, by enhancing molecular interactions, they
improved TC, revealing the trade-off between structure and HT. Using
carbon-based nanomaterials and metal oxide nanoparticles also showed
promise for tuning PCM properties. Wu et al. [14] observed significant
improvements in specific heat, TC, and storage capacity when Al:Os
nanoparticles were added to molten-salt PCMs, demonstrating that
nanoparticle additives can optimize thermal energy storage.

Building upon these advances, the present study aimed to investigate
the nanoscale thermal behavior of nanoparticle-enhanced phase change
materials (NePCMs) confined within rib-structured nanochannels, with
particular emphasis on the role of non-connected rotating ribs, a struc-
tural feature that received limited attention in previous studies. Using
MD simulations, this work systematically examined how variations in
rib number influenced key thermophysical properties, including D, ve-
locity (V), T, heat flux (HF), and TC at the atomic scale. Unlike prior
studies that primarily focus on material composition, this work em-
phasizes the role of internal geometric features in shaping atomic tra-
jectories, intermolecular interactions, and energy-transfer pathways
within confined environments. The presence of rotating ribs induced
localized perturbations in particle motion, leading to increased V fluc-
tuations, enhanced collision frequency, and stronger momentum ex-
change among particles, thereby influencing phase transition dynamics
and thermal transport behavior. It should be noted that the present study
was conducted at the nanoscale, and the results were intended to pro-
vide fundamental insight into the structure-property relationships
governing HT and phase-change behavior under confinement. Rather
than relying on continuum-scale interpretations, the analysis was based
on atomistic mechanisms derived from MD simulations. The findings,
therefore, contributed to a deeper understanding of nanoscale transport
phenomena and may serve as a foundation for future multiscale in-
vestigations aimed at connecting atomistic behavior with larger-scale
thermal systems. Based on these considerations, the present study was
guided by the hypothesis that increasing the number of rotating ribs
within a confined nanochannel induces systematic perturbations in
atomic motion, thereby enhancing V fluctuations, intermolecular in-
teractions, and momentum exchange within the nanoparticle-enhanced
PCM. It was further hypothesized that these atomistic effects resulted in
measurable and systematic variations in thermal transport properties,
including HF and TC, as well as modifications in phase transition
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dynamics.
2. Simulation method

In this study, an atomic-scale model of a nanochannel with
embedded rotating ribs was constructed to investigate the thermal
behavior and phase change dynamics of paraffin-based PCMs enhanced
with Cu NPs. The dimensions of the simulation box were set to 50 x 150
x 50 A%, To model the initial structure, Avogadro [15] was used to
model paraffin, Cu nanoparticles, and ribs (with carbon particles), and
Packmol [16] was used to extend and pack the structures. LAMMPS
software [17] was used to model carbon walls. Boundary conditions
were set as fixed (non-periodic) in the x-direction and periodic in y- and
z-directions. Periodic boundary conditions (PBCs) in MD simulations
effectively model an infinite system by replicating the simulation cell in
all spatial directions, eliminating edge effects and enabling accurate
representation of bulk material behavior at the atomic scale. Although
the simulations were performed on nanoscale volumes, using PBCs
ensured that the local structural, thermal, and flow properties exhibited
intrinsic bulk-phase change and thermal transport characteristics. These
atomic-scale insights and equations describing TC, HF, and phase-
transition dynamics can be scaled up using multiscale modeling frame-
works or continuum-based models to inform and optimize macroscopic
thermal management systems [18]. MD simulation settings in current
computational research are given in Table 1. Fig. 1 shows a schematic of
the modeled structure. The flow within the nanochannel was simulated
by applying external forces directly to the paraffin-Cu nanoparticle fluid
atoms, thereby inducing fluid motion and shear and replicating physical
flow conditions at the nanoscale. These forces were implemented using
‘fix addforce’ and ‘fix efield’ commands [19] available in LAMMPS,
applying both constant and time-dependent sinusoidal components to
mimic flow-induced mechanical shear. The ribs inside the channel were
modeled as atom groups rotating around the channel axis via discrete
angular increments, generated by ‘displace_atoms’ command [19]
(around the tube's longitudinal (z) axis by discrete angular increments
(e.g., —15°)). In this simulation setting, the rotated sample underwent a
displacement process with an intensity of 75,000 degrees/ns. This
setting enabled the designed system to be suitable for ultrafast HT
conditions [20,21]. In actual cases, these proposed systems can be
implemented to enhance microfluidic convection and nanoparticle-
mediated heat transfer in advanced cooling systems, such as those for
quantum computing components. This combined approach created
complex convective flow patterns and enhanced interaction between
rotating ribs and the nanoparticle-enhanced PCM, enabling realistic
modeling of HT phenomena. MD simulations using external forcing to
induce flow were a well-established method to investigate fluid dy-
namics and thermal transport in nanochannels, providing insights into
nanoscale V profiles, D fluctuations, and energy transport that were
difficult to capture with continuum methods [22-24]. Initially, the
system was equilibrated at 300 K under the canonical ensemble (NVT)
using a Nose-Hoover thermostat for 10 ns. To ensure equilibrium in MD
simulations, the time evolution of key system properties, such as

Table 1
MD simulation settings in current computational research.

Computational Parameter Parameter Ratio/Setting

MD Box Length 50 x 150 x 50 A3
Boundary condition FPP

Number of Atoms 14,000

Time Step 0.01 fs

Initial T 300 K

Damping T 1

Ensemble NVE/NVT

Force field Lennard-Jones/C
Equilibrium Time 10 ns

Total MD Time 20 ns
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Fig. 1. Schematic of the simulated nanochannel structure in the MD study: (a) with paraffin and (b) without paraffin. Gray and blue spheres represent carbon and
hydrogen atoms in paraffin, green spheres represent atoms forming the ribs, and brown indicates carbon nanochannel walls. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

potential Energy, was analyzed. Subsequently, the ensemble switched to
microcanonical (NVE) to simulate phase change behavior during a 10 ns
production run. To model rib rotation within the nanochannel, the ribs
were explicitly constructed from groups of atoms arranged in fixed
volumetric regions (shown as green atoms in Fig. 1). The total simula-
tion time of 20 ns with a very fine timestep of 0.01 fs guaranteed the
high temporal resolution necessary to capture ultrafast atomic motions
and thermal transport processes at the nanoscale. As reported in previ-
ous research, a small time step (0.01 fs) yielded more accurate outputs,
accessible from standard MD simulations [25]. Additionally, each MD
simulation was repeated five times, and the average value of outputs was
reported to minimize computational errors. Technically, this process
was done by repeating the run procedure of LAMMPS script by changing
the “SEED” numbers inside them.

2.1. Force field details

The interaction potentials used in this MD study combined Lennard-
Jones (LJ) and Coulombic potentials to accurately represent atomic-
level forces among paraffin molecules, Cu NPs, carbon walls, and rib
atoms. Specifically, force field parameters (including LJ well depth (g)
and size parameter (o) for different atom pairs, as well as partial atomic
charges for electrostatic interactions) were adopted and validated based
on extensive prior literature and parameter sets commonly used for
similar molecular systems [26,27]. The combined potential energy
function U(rij) employed is given by the sum of LJ [28,29] and Coulomb
[30] potentials as:

sin=sa| (3)- G ]+

where r is the distance among the particles, € represents the depth of the
potential well, and o is the finite distance at which the potential is zero.
The parameters ¢;; and o are calculated as [31]:
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The parameters of the LJ potential function for the present particles

[26,27] are given in Table 2. LJ parameters for the particles, such as
copper, were adopted from general-purpose force fields, such as
DREIDING and UFF, which provide standardized parameters based on
typical chemical environments. While these parameters were widely
used and served as a reasonable initial point, they were not specifically
optimized for Cu-paraffin interactions, which did not account for
environment-dependent effects, such as polarization or specific metal-
organic coordination. The literature acknowledged that UFF and
DREIDING assign one parameter set per element, which may limit ac-
curacy for some complex interactions. Ideally, these parameters should
be validated or refined by comparing simulation results to experimental
data or higher-level theoretical calculations. In the absence of such data,
using these parameters and their potential limitations was transparently
acknowledged as a current practical approximation commonly accepted
in molecular simulations involving metals [32,33]. The harmonic po-
tential in LAMMPS models represents covalent bond stretching and
bending by assuming a quadratic energy function of deviations from
equilibrium values, following Hooke's Law. For bonds, the potential
energy V bond is given by [34]:

1
Vbond = Ek(r - To)z (4)

where r is the bond length, r is the equilibrium bond length, and k is the
force constant indicating bond strength. This approach accurately rep-
resented bond stretching if correctly implemented in LAMMPS. Simi-
larly, atomic angles were modeled with a harmonic potential for
bending [35]:

1
Vangle = 5ko(0 — 6o)? 5)

With 0 is the current angle, 6y is the equilibrium angle, and kg is the

Table 2

The parameters of the LJ potential function for the present particles [26,27].
Particles ¢ (kcal/mol) 6 (A)
C 0.105 3.851
H 0.044 2.886
Cu 0.005 3.495
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bending force constant. This allowed LAMMPS to capture molecular
shape changes and dynamics effectively. The specific bond and angle
parameters depended on the system and are outlined in detail in the
relevant interaction tables. Finally, the electrostatic interaction is
defined by Coulomb's law and the partial charges of each atom, esti-
mated using the Online Atomic Charge Calculator [36]. The equilibrium
distance in a simple bond interaction is given in Table 3. Also, the
equilibrium angles in angular bond interaction are given in Table 4.

2.2. Equilibration process

The convergence of potential Energy to a stable, nearly constant
value over time was a strong indicator that the system equilibrated.
Fig. 2 represents the change in potential Energy over 10 ns. Monitoring
the potential energy curve during the initial equilibration phase (under
the NVT ensemble) revealed that, after some fluctuations at early times,
the potential Energy stabilized around a constant value, as illustrated in
the figure. This plateau in potential Energy indicated that the atomic
system relaxed into an equilibrium state in which energy exchanges
balanced. Numerically, the potential Energy of the atomic sample sta-
bilized at 1.42 kcal/mol after 10 ns of simulation.

3. Radial distribution function

After equilibrating the initial paraffin sample, we validated the
computational method to ensure the accuracy and physical reliability of
simulation outputs. The system consisted of pure paraffin molecules
contained in a simulation box with periodic boundary conditions
applied in all three spatial directions, thereby mimicking a bulk envi-
ronment without explicit solid walls. Under these conditions, the
paraffin remained in the liquid phase at simulation T, consistent with its
melting point and reported physical phase behavior in the literature. The
radial distribution function (RDF) of paraffin molecules at the final stage
of the equilibrium process is shown in Fig. 3. The RDF was computed
between the carbon atoms of adjacent paraffin molecules, providing a
measure of average atomic spatial distribution around a reference atom.
This function characterized short- and medium-range order, indicating
the local structural organization in the simulated liquid. Furthermore,
the calculated RDF pattern remained consistent before and after the HT
procedure (as shown in Fig. 3), indicating the structural stability of the
paraffin PCM throughout the simulated thermal process. This temporal
stability of the RDF profile supported the robustness and reproducibility
of our MD simulation approach. Fig. 3b shows a good match between the
simulated and experimental RDFs, validating that the chosen compu-
tational method accurately captures the structural properties of paraffin
as a PCM [37]. The slight differences in the RDF peaks compared to the
reference may stem from inherent limitations and approximations in the
force field used in the simulation. Force fields, which defined the po-
tential energy functions and parameters for atomic interactions, were
typically parameterized to reproduce specific experimental or ab initio
data. However, they may not perfectly capture all aspects of molecular
structure and dynamics. Variations in LJ parameters, electrostatic terms,
or bond-stretching potentials can shift peak height and position in RDFs.
Additionally, the force field may under- or overestimate specific
attractive or repulsive interactions, thereby affecting local atomic
packing and coordination, as reflected in RDF peaks. Such deviations
were common and highlighted the need for ongoing force-field refine-
ment or reparameterization to improve accuracy, potentially including

Table 3
The equilibrium distance in a simple bond
interaction.
Bond Type Bonds (10\)
CC 1.530

CH 1.090
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Table 4

The equilibrium angles in angular bond interaction.
Central atom Angles (0)
C-C-C 109.471
C-C-H 109.471
H-C-H 109.471
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Fig. 2. Variation of potential Energy during 10 ns simulation.

fitting to RDF data directly or incorporating higher-level quantum-me-
chanical calculations. Despite these discrepancies, the overall agree-
ment validated the force field's ability to capture key structural
behaviors relevant to the study system [38-40].

4. Results and discussion

In this section, the effect of the number of rotating ribs on the atomic
structure and thermophysical properties of PCM containing 7% Cu
nanoparticles was investigated. Fig. 4 illustrates the variation in D as a
function of rib number. Quantitatively, increasing the number of
rotating ribs from 1 to 4 led to a slight decrease in the maximum D from
0.0856 to 0.0850 atoms/A%. This reduction can be attributed to rib-
induced perturbations in atomic motion, which enhance V fluctuations
and increase intermolecular separation within the confined nano-
channel. As the number of ribs increases, more frequent disturbances in
atomic trajectories disrupted local packing arrangements, leading to the
formation of transient low-D regions. These effects arose from increased
atomic mobility and kinetic energy, which promoted spatial redistri-
bution of particles and slightly expanded the effective occupied volume.
In addition, the enhanced atomic mobility contributed to a more uni-
form spatial distribution of nanoparticles within the PCM matrix.

Fig. 5 presents the variation in the maximum V of PCM-Cu nano-
particles as a function of the number of rotating ribs. The results indicate
that increasing the rib number from 1 to 4 increased particle V from
0.00481 to 0.00511 A/fs. This increase was attributed to rib-induced
perturbations in atomic motion, which enhanced V fluctuations and
momentum exchange within the confined nanochannel. As the number
of ribs increased, disturbances in atomic trajectories became more
frequent, leading to greater redistribution of kinetic energy among
particles. These perturbations disrupted the local atomic equilibrium
arrangement and promoted increased atomic mobility within the sys-
tem. In addition, the interactions between fluid atoms and rotating rib
surfaces contributed to localized momentum transfer, further acceler-
ating particle dynamics. Consequently, the increased atomic mobility
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Fig. 3. RDF of paraffin structure at (a) initial and final phases in this study, and
(b) comparison with the referenced study [37].
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Fig. 5. V variation with rib numbers in the sample.

enhanced energy transfer efficiency at the nanoscale, contributing to the
observed improvement in thermal transport properties.

Fig. 6 presents the variation in the maximum T of PCM-Cu nano-
particles as a function of the number of rotating ribs. The results show
that increasing the number of ribs from 1 to 4 led to an increase in
maximum T from 762 K to 780 K. This T rise was attributed to rib-
induced perturbations in atomic motion, which enhanced V fluctua-
tions and increased kinetic energy within the confined system. As the
number of ribs increased, more frequent disturbances in atomic trajec-
tories promoted intensified intermolecular interactions and momentum
exchange, leading to more efficient conversion of externally applied
mechanical work into internal energy. In addition, interactions between
fluid atoms and rotating rib surfaces contribute to localized energy
accumulation, resulting in the formation of transient high-T regions.
These effects reflected enhanced energy redistribution at the atomic
scale, governed by confinement and interfacial interactions rather than
continuum-scale transport mechanisms. The maximum values of simu-
lated parameters of the simulated structure according to the number of
rotating ribs are given in Table 5.

In the present MD simulations, the HF and TC were computed using
the Green-Kubo method, a statistical mechanics-based equilibrium

790 —
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< [
g
E L
%770—
: : i
15} L
H
760 |~
TN TN TN N N TN TN TN T AN TN TN TN T NN T NS T NN T Y S W |
0 1 2 3 4 5
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Fig. 6. T variation with rib numbers in the sample.
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Table 5

The maximum of simulated parameters of the simulated structure versus the

number of rotating ribs.

The number of Maximum T

Maximum V (A/fs)

Maximum D (atom/

rotating Ribs K) A3
1 762 + 1 0.00481 + 0.00002  0.0856 + 0.0001
2 763 +1 0.00488 + 0.00003  0.0855 + 0.0002
3 766 + 2 0.00493 £ 0.00001  0.0852 =+ 0.0001
4 780 + 3 0.00511 + 0.00005  0.0850 + 0.0001

approach. This method calculated TC from the time integral of the HF

Heat Flux (W/m’)

Flux Autocorrelation Function

Journal of Energy Storage 179 (2026) 123841

autocorrelation function at equilibrium, without imposing an external T
gradient. HF itself was computed in LAMMPS using the compute heat/
flux command, which provided the instantaneous microscopic HF vector
derived from atomic energies and atomic-level virial stresses. This
function is represented as follows [41]:

k:kBLTz / <Jx(0)Jx(t)>dt:fYTz / (J(0).J(t) )dt ©)

0

In the x-direction, J,(0) and J,(t) display the heat HF currents at
every time and the simulation's initial moment. On the other hand, the
sentence inside the integral referred to the average HF function. HF

5.6 —
541 i
52 ;
5
TR T T T [N T O SN N | TR R [N TN T TN T [N TN N S M |
0 1 2 3 4 5
Number of Rotating Ribs
0.25 —

0.2

0.15

0.1

0.05

80 100

b)

Fig. 7. a) HF variation with the number of ribs in the sample. b) The heat flux autocorrelation function output of the Green-Kubo calculation for the pristine system
(modeled sample with one rotating rib). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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vector is obtained from the following equation:

J= \17 [Zeivi - ZSiVi]

1
\%

Zeivi - Z (fijVj)Xij } @)

i<j

1
Y

Z:eivi 7%; <fij‘(Vj +Vj)Xij :|

This method was previously used in research with satisfactory per-
formance [42-44]. Regarding the potential forms, HF in LAMMPS
combined the contributions from LJ and Coulombic potentials within a
single expression. Hence, the calculated HF accounted for both van der
Waals and electrostatic interactions concurrently. The Green-Kubo
approach estimates transport properties from equilibrium fluctuations,
without applying an external T gradient or an imposed HF (as in NEMD
methods).

Fig. 7a presents the variation in HF with increasing number of
rotating ribs. The results show that as the number of ribs increased from
1 to 4, the HF rose from 5.19 to 5.54 W/m? To ensure the convergence
of our thermal calculations using the Green-Kubo method, the heat-flux
autocorrelation function was analyzed. The output and convergence of
them for the pristine system (modeled system with one rotating rib) are
depicted in Fig. 7b. As shown in this figure, the heat flux autocorrelation
function convergence is detected in the current thermal calculation. The
enhancement of HF output was attributed to rib-induced perturbations
in atomic motion, which increased V fluctuations and promoted more
frequent intermolecular interactions within the confined nanochannel.
The higher rib D led to stronger interactions between fluid atoms and rib
surfaces, resulting in greater momentum exchange and more effective
energy redistribution at the atomic scale. These effects facilitated more
efficient energy transfer across the system and contributed to the
observed increase in HF. The results indicate that internal geometric
features can significantly influence thermal transport behavior under
nanoscale confinement. Similar trends were reported in previous
studies, where structured geometries were shown to enhance thermal
transport in phase change systems [45]. For instance, Yang et al. [46]
demonstrated that the incorporation of rib-like structures can improve
the thermophysical performance of composite PCMs by enhancing
interfacial interactions. Thermal quantities according to the number of
rotating ribs are given in Table 6.

Fig. 8a presents the variation in TC with increasing number of
rotating ribs. The results show that as the number of ribs increased from
1 to 4, TC rose from 0.65 to 0.72 W/m-K. This enhancement was
attributed to rib-induced perturbations in atomic motion, which
increased V fluctuations and promoted more frequent intermolecular
interactions within the confined nanochannel. The higher rib D inten-
sified interactions among fluid atoms, nanoparticles, and rib surfaces,
thereby enhancing momentum exchange and more efficiently enabling
energy transfer pathways. In nanoparticle-enhanced PCMs, TC was
strongly influenced by nanoparticle dispersion and interfacial in-
teractions. The presence of rotating ribs increased atomic mobility and
improved the spatial distribution of nanoparticles, thereby creating a
more effective network for energy transport. To better analyze the

Journal of Energy Storage 179 (2026) 123841
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Fig. 8. a) TC variation with rib numbers in the sample. b) Interaction energy
between paraffin and NPs variation with rib numbers in the sample.

physical analysis of the heat transfer process inside the modeled system,
the interaction energy between the pristine paraffin sample and NPs was
calculated and depicted in Fig. 8 b. As shown in this figure, the
magnitude of the mean interaction energy between the paraffin sample
and NPs increased to —3.22 kcal/mol by increasing the number of ribs to
4. This energy evolution indicated that the energy exchange between the
pristine heat transfer system and NPs was more intense in the presence
of a higher number of ribs. So, the heat transfer process occurred more
efficiently by adding rotating ribs inside the designed atomic sample,
which arises from better interaction in the paraffin-NPs system. At the
atomic scale, thermal conduction occurs through energy transfer via
molecular interactions in fluids and via vibrational energy exchange
(phonon-like mechanisms) in solids. The rotating ribs modified local

Table 6
Thermal quantities according to the number of rotating ribs.
The number of rotating Ribs HF (W/m?) TC (W/m.K) CT (ns) DT (ns)
Interaction Energy (kcal/mol)

1 5.19 £+ 0.02 0.65 + 0.01 -3.07 6.28 £+ 0.01 7.15 £ 0.02
2 5.26 = 0.02 0.66 + 0.01 -3.11 6.25 + 0.02 7.10 £ 0.01
3 5.36 = 0.03 0.68 £+ 0.02 -3.16 6.24 + 0.01 7.11 £ 0.02
4 5.54 +£0.01 0.72 £+ 0.02 —3.22 6.09 + 0.04 7.08 £ 0.01
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atomic configurations and packing arrangements, increasing the fre-
quency and effectiveness of these interactions. As a result, energy
transfer between nanoparticles and surrounding atoms became more
efficient, contributing to the observed increase in TC.

The obtained TC range (0.65-0.72 W/m-K) was consistent with
previously reported values for nanoparticle-enhanced paraffin systems.
For example, Gogoi et al. [47] reported a TC of approximately 0.6 W/
m-K for paraffin composites containing carbon nanoparticles, while
other studies reported values near 0.7 W/m-K for nanoparticle-
reinforced paraffin [48]. Also, the nanoscale reports presented similar
TC outputs for thermally improved paraffin nanosystems. Bora et al.
[49] reported 0.71 W/m.K for TC of the nanoparticle-enhanced paraffin
system. The nanoscale interfacial effects were characterized in their
research. Minor differences can be attributed to variations in nano-
particle type, concentration, dispersion state, and methodological ap-
proaches. These comparisons supported the reliability of the present
results and confirmed the roles of nanoparticle additives and internal
structural features in enhancing thermal transport at the nanoscale.
Furthermore, consistency between current computational outputs for
thermal constants and previous reports validated our simulation set-
tings, such as the used force field and atomic modeling process, under
defined conditions.

Fig. 9 illustrates the variation in phase CT with increasing number of
rotating ribs. The results show that as the rib number increased from 1 to
4, CT decreased from 6.28 to 6.09 ns. This reduction was attributed to
rib-induced perturbations in atomic motion, which enhanced V fluctu-
ations and increased intermolecular interactions within the confined
nanochannel. As a result, energy redistribution within the system
became more efficient, facilitating faster molecular rearrangements
during the phase transition. In addition, the increased number of ribs
promoted a more uniform spatial distribution of nanoparticles and
strengthened momentum exchange between particles, thereby acceler-
ating structural evolution at the atomic scale. It should be noted that the
absolute timescale reported here was specific to the nanoscale simula-
tion domain and captured atomistic transition dynamics rather than
macroscopic phase-change durations. The observed reduction in CT
therefore, represented a relative acceleration of phase transition kinetics
at the atomic level, providing insight into how internal geometric fea-
tures influenced energy transfer and structural evolution under confined
conditions.

Fig. 10 presents the variation in DT with increasing number of
rotating ribs. The results show that as the number of ribs increased from
1 to 4, DT decreased from 7.15 to 7.08 ns. This reduction was attributed
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Fig. 9. CT variation with rib numbers in the sample.
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Fig. 10. DT variation with rib numbers in the sample.

to rib-induced perturbations in atomic motion, which enhanced V
fluctuations and increased intermolecular interactions within the
confined nanochannel. As a result, energy redistribution became more
efficient, facilitating faster structural reorganization during solidifica-
tion. In addition, the increased rib number promoted a more uniform
spatial distribution of nanoparticles and strengthened momentum ex-
change among particles, further contributing to accelerated phase
transition kinetics. It should be noted that the absolute timescale re-
ported here was characteristic of atomistic simulations and showed
nanoscale transition dynamics rather than macroscopic cooling dura-
tions. The observed decrease in DT therefore showed a relative
enhancement in phase transition kinetics (~1%), providing insight into
how internal geometric features influenced energy transfer and struc-
tural evolution under confined conditions.

5. Conclusion

This study examined the effect of unconnected rotating ribs on the
thermophysical behavior of nanoparticle-enhanced phase change ma-
terials (NePCMs) confined within nanochannels using MD simulations.
The results show that increasing the number of ribs altered the local
atomic environment and strengthened fluid—solid interactions, leading
to increased atomic mobility, improved nanoparticle dispersion, and
more frequent intermolecular interactions within the confined domain.
Consequently, enhanced HT behavior and a slight reduction in phase
transition time were observed. At the atomic scale, these enhancements
originated from rib-induced perturbations in particle motion, which
increased V fluctuations and momentum exchange, thereby promoting
more effective energy redistribution and facilitating molecular rear-
rangements during the phase transition process. These effects were
governed by confinement and interfacial interactions rather than
continuum-scale transport mechanisms. A consistent enhancement
trend was observed, corresponding to a relative increase of approxi-
mately 6-11% in thermal transport properties with increasing rib
number, confirming the systematic influence of internal geometric fea-
tures at the nanoscale. Periodic boundary conditions were employed to
minimize finite-size effects and represent an effectively extended sys-
tem; however, the simulations remained inherently atomistic. There-
fore, the reported thermophysical values were not directly transferable
to macroscopic systems. Instead, the findings provide fundamental
insight into the role of nanoscale geometry and confinement in gov-
erning HT and phase transition behavior.
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5.1. Future suggestion

Future work should focus on extending these atomic-scale insights to
larger-scale and more complex geometries, exploring different nano-
particle materials and concentrations, and investigating dynamic oper-
ating conditions to fully realize the potential of ribbed nanochannel
configurations in practical applications.
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