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1 Introduction

Graphene-silver hybrid nanoparticle embedded
phase change materials for enhanced thermal
management of lithium-ion batteries
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Effective thermal regulation of lithium-ion battery (LIB) modules requires phase change materials (PCMs)
with enhanced heat transfer capability without compromising latent heat storage. In this study, graphene
nanoplatelet-silver (GNP-Ag) hybrid nanoparticles (NPs) were synthesized and incorporated at a low
loading (0.1 wt%) into a paraffin-based PCM and evaluated using 3.0 mm and 6.0 mm cavity test rigs
simulating battery module configurations. Compared to the base PCM, the hybrid composite exhibited
a 20.37% enhancement in thermal conductivity (0.325 vs. 0.270 W m~* K™1). The complete melting time
was reduced by 17.26% in the 3.0 mm cavity configuration, while the overall heat transfer rate increased
by 12.60% and 15.50% in the 3.0 mm and 6.0 mm cavities, respectively, demonstrating improved
performance under both conduction and convection dominated regimes. Further, the composite
exhibited a maximum overall heat transfer coefficient of 448.8 W m~2 K~ and a Nusselt number of 2.07,
marking a transition from a conduction-dominated to a convection-enhanced regime during the phase
transition. In particular, the energy storage capacity increased significantly, reaching 1775.93 J in the
6.0 mm cavity compared to 892.15 J for the base PCM. The composite maintained stable phase change
behaviour with low Stefan numbers (0.026-0.047), demonstrating a favourable balance between latent
and sensible heat storage. Importantly, a comprehensive uncertainty analysis, performed following 1SO/
IEC GUM and ASME PTC standards, confirmed that the observed enhancements were statistically
significant and within acceptable experimental error limits, thereby validating the reliability of the
reported thermal improvements. These enhancements were achieved at minimal NP loading, ensuring
cost-effectiveness and scalability, and thereby establishing the developed GNP-Ag hybrid NP embedded
PCM as a reliable and economically viable solution for advanced LIB thermal management systems.

sustainability, and efficiency.® Research efforts have particularly
focused on reducing costs, increasing energy and power

In the pursuit of revolutionizing energy storage and enhancing
the performance of lithium-ion batteries (LIBs), effective
thermal management within battery modules has become
a critical priority. LIBs are extensively used in electric vehicles
(EVs), portable electronics, and renewable energy systems
owing to their high energy density and long cycle life;* however,
ensuring thermal stability remains a significant challenge for
maintaining safety and reliability.” Numerous studies have
explored the fundamental science and recent advancements in
LIBs, underscoring the need to address existing limitations and
develop next-generation systems with enhanced safety,
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density, and designing innovative electrode materials and
architectures to mitigate challenges such as volume expansion
and low conductivity.*® Additionally, studies have highlighted
the crucial role of LIBs in facilitating the transition from
internal combustion engine vehicles to EVs and enabling large-
scale energy storage for sustainable power systems.® To ensure
peak performance, safety, and long-term stability, these
batteries must operate within an optimal temperature range of
approximately 20 °C to 50 °C.”*

In this context, as the demand for higher energy density and
faster charging rates continues to grow, effective thermal
management of LIBs has become increasingly critical.® Excessive
heat generation during battery operation poses a multifaceted
threat, compromising not only the performance but also the safety
and lifespan of energy storage systems. This challenge underscores
the urgent need for effective temperature regulation within battery
modules.” Among the various thermal management strategies,
phase change materials (PCMs) have emerged as a promising

© 2026 The Author(s). Published by the Royal Society of Chemistry
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solution to address the thermal challenges due to their ability to
absorb and release substantial amounts of latent heat during
solid-liquid phase transitions, thereby providing passive thermal
regulations. However, to fully harness their potential, innovative
strategies are required to enhance their energy storage density,
minimize volumetric changes during phase transitions, and
reduce thermal losses to the surroundings.*>*

To address these limitations, several studies have high-
lighted the potential of integrating nanoparticles (NPs) into
PCMs to enhance their thermal performance, particularly
through improvements in thermal conductivity. For instance,
Hayat et al.** reported a significant enhancement in thermal
conductivity by incorporating a hybrid of graphene nano-
platelets (GNPs) and multi-walled carbon nanotubes (MWCNTS)
into a PCM, observing a nearly linear increase with increasing
particle concentration. Trisnadewi et al'® demonstrated
improved thermal conductivity and phase change stability by
incorporating 0.5 wt% graphene and MAXene into soy wax.
Radhakrishnan and Sobhan'® investigated the effects of
embedding GNPs and GNP-silver (Ag) hybrid NPs into PCMs,
reporting a 52% increase in thermal conductivity; however,
their study did not comprehensively address other key param-
eters relevant to battery thermal management, such as energy
storage density or overall heat transfer behavior. Similarly,
Yarmand et al'” studied GNP-Ag hybrid NPs and reported
a 22.22% enhancement in thermal conductivity at 0.1 wt%
concentration at 40 °C. Rufuss et al.*® highlighted the superior
thermal performance of NP-enhanced paraffin compared to
base paraffin in solar still applications. More recently, the
optimization of battery thermal management systems (BTMS)
has evolved from fundamental material-level studies toward
advanced multi-physics modeling and structural design strate-
gies. A recent study emphasized the importance of coupling
effects, particularly thermal-fluid-magnetic regulation mecha-
nisms, in optimizing the performance of composite PCMs."
Concurrently, another study demonstrated that honeycomb-like
microchannel heat sinks integrated with PCM to improve heat
exchange area and temperature uniformity.*® Furthermore,
advanced numerical investigations have examined the effec-
tiveness of internal and external PCM placement strategies for
cylindrical battery configurations.”® Despite these advance-
ments, achieving comparable thermal performance enhance-
ments using ultra-low loading passive hybrid fillers remains
a significant challenge. Although existing studies convincingly
demonstrate that NP additives can improve PCM thermal
conductivity, many of them focus on generalized or application-
specific contexts, such as solar thermal systems, rather than
directly addressing the complex thermal management require-
ments of battery modules.*»** Therefore, comprehensive inves-
tigations are still required to evaluate not only thermal
conductivity but also overall heat transfer performance, energy
storage capacity, and reliability of NP-embedded PCMs under
realistic battery operating conditions.

The majority of PCMs used in latent thermal energy storage
systems suffer from inherently low thermal conductivity, which
significantly limits their practical performance.*® This limita-
tion reduces the heat transfer rate between the heat transfer
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fluid and the PCM, thereby diminishing the overall energy
storage and release efficiency of the system, prolonging the time
required for complete melting and solidification.”® The incor-
poration of NPs into PCMs has emerged as a promising strategy
to address these shortcomings. Owing to their high surface-
area-to-volume ratio and superior intrinsic thermal conduc-
tivity, NPs can substantially enhance heat transfer during both
melting and solidification processes.”* However, while such
enhancements improve thermal diffusion through the forma-
tion of conductive networks, it is important to note that the
simultaneous increase in dynamic viscosity of nanocomposite
PCMs may suppress buoyancy-driven natural convection,
potentially offsetting the gains achieved through improved
conductivity. Therefore, the overall thermal response is gov-
erned by the interplay between enhanced conductive pathways
and possible attenuation of liquid-phase convection. In the
present study, an ultra-low loading (0.1 wt%) was strategically
selected to ensure that the synergistic thermal pathways and
micro-convection effects induced by the GNP-Ag hybrid NPs
dominate over viscous suppression. This optimization enables
improved heat transfer performance while preserving latent
heat storage capacity, ultimately leading to enhanced energy
storage density and overall system efficiency. Moreover, the
ability to control and optimize these thermophysical properties
by varying the type, size, and concentration of NPs provides
a versatile approach for optimizing PCM performance for
specific applications.>”*® Thus, comprehensive investigations of
NP-enhanced PCMs within battery modules are essential for
designing efficient, reliable, and cost-effective thermal energy
storage systems.

Accordingly, the present study aims to synthesize and char-
acterize GNP-Ag hybrid NPs and incorporate them into
a paraffin-based PCM for enhanced thermal management of LIB
modules. The work systematically investigates the influence of
ultra-low NP loading (0.1 wt%) and cavity dimensions (3.0 mm
and 6.0 mm), representing realistic battery geometries,* on the
thermophysical and heat transfer characteristics of composite
PCM. Through detailed analyses of temperature distribution,
liquid fraction evolution, energy storage capacity, and dimen-
sionless heat transfer parameters including the Nusselt, Ray-
leigh, Stefan, and Fourier numbers; the study elucidates the
synergistic role of GNP-Ag hybrid NPs in enhancing thermal
conductivity, phase transition kinetics, and overall heat trans-
fer. Furthermore, a detailed uncertainty analysis in accordance
with ISO/IEC Guide 98-3:2008 (GUM) is performed to ensure the
statistical reliability and reproducibility of all measured
parameters. Overall, this study provides new insights into the
rational design and application of hybrid NP-embedded PCMs
for efficient and reliable thermal management in LIB modules,
thereby contributing to the development of safer and high-
performance energy storage systems.

2 Materials and methods
2.1 Materials

Stearic acid (CH3(CH,);COOH, 99% purity) and paraffin Wax
(99% purity), with a melting point in the range of 58-60 °C, were
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procured from Qualigens, India. Silver nitrate (AgNO;) and
sodium borohydride (NaBH,, 98% purity) were purchased from
Chemical House, India. Graphene nanoplatelet (GNP) aggre-
gates, characterized by submicron particles with a surface area
of 500 m* g™, were obtained from Alfa Aesar, India. Milli-Q
water was used as the solvent for all the synthesis procedures.

2.2 Synthesis of GNP-Ag hybrid NPs and GNP-impregnated
PCMs

The synthesis protocol for GNP-Ag hybrid NPs was followed
according to Radhakrishnan and Sobhan.' In a typical experi-
ment, 25 mg of GNP aggregates were dispersed in 50 mL of
water and subjected to ultrasonication for 3 h, followed by
magnetic stirring for an additional 3 h to ensure uniform
dispersion. Subsequently, AgNO; crystals were added to the
dispersion at a concentration of 1 mM, corresponding to
a GNP : AgNO; ratio of 1: 3 for the synthesis of GNP-Ag hybrid
NPs. The in situ reduction of AgNO; as described in eqn (1), was
initiated by the dropwise addition of 10 mL of 5 mM ice-cold
NaBH, to the dispersion under continuous stirring.

2AgNO; + 2NaBH, + 6H,0O —
2A¢° + 7TH, + 2B(OH); + 2NaNO; (1)
After the complete addition of NaBH,, stirring was stopped,
and the dispersion was maintained in an ice bath for 15
minutes to ensure complete reduction. The resulting GNP-Ag
hybrid NPs were collected by centrifugation, thoroughly
washed with water, and dried overnight in an oven at 70 °C. The
synthesis sequence is schematically illustrated in Fig. 1.
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For the preparation of the base PCM, paraffin wax (97 wt%)
and stearic acid (3 wt%) were melted together in a beaker at 65 °©
C. To prepare GNP-Ag hybrid NP embedded PCMs, GNP-Ag
hybrid NPs were dispersed into the molten PCM at a loading
of 0.1 wt% (Fig. 1). Dispersion homogeneity was achieved using
a combination of magnetic stirring and ultrasonication. After
the synthesis, the GNP-Ag hybrid NP embedded PCMs were
stored in sealed containers to prevent exposure to ambient
conditions.

2.3 Characterization

The structural phase analysis of the GNP-Ag hybrid NPs was
carried out using an X-ray diffractometer (XRD) [Rigaku Minifex
600 equipped with an XPERT-3 diffractometer system) with Cu
Ko, target (2 = 1.54 A]. The scanning range was set from 26 =
4.99° to 90.0° with a step size of 0.013°, and each step was held
constant for 30.345 s. The morphology of the GNP-Ag hybrid
NPs was examined using a field-emission scanning electron
microscope (FESEM, Hitachi SU6600). The presence of Ag on
the GNPs was confirmed through energy dispersive spectros-
copy (EDS) using a Horiba EMAX system operating at 137 eV,
integrated with the SEM. The thermophysical properties of the
prepared base PCM, GNP embedded PCM and GNP-Ag hybrid
NP embedded PCM were evaluated using different techniques.
The specific heat capacities (solid and liquid phases) and latent
heat of solidification were determined using a T-history
method.’ The melting onset and peak temperatures of the
samples were measured using a differential scanning calorim-
eter (Setaram Setline DSC, KEP Technologies) at a heating rate
of 5 °C min~'. The instrument specifications include an
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Schematic illustrating the synthesis procedure of GNP-Ag hybrid NPs and GNP-Ag hybrid NPs embedded PCM.
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enthalpy accuracy of £0.8% (precision +2.5%) and a tempera-
ture accuracy of £0.30 °C (precision £0.50 °C).

Thermal conductivity measurements were conducted using
a transient planar source method (Hot Disk-TPS 500 S, Sweden)
with a Kapton Sensor (5465 F2). As described in the SI file,
measurements were conducted at an output power of 25 mW
with a 5 s heat pulse at an initial temperature of 33 °C, ensuring
an accuracy better than 5%. The dynamic viscosity measure-
ments were carried out using a Rheometer (Brookfield LVDV-III
Ultra Cone Plate Rheometer, USA) over a temperature range of
60 to 75 °C. Detailed experimental parameters including the use
of a Cone Spindle CPE-40, a sample volume of 0.5 mL, and
a constant shear rate of 7.5 s~ " are provided in the SI file, along
with the instrument accuracy of +1% of the full scale range
(FSR). The weighted average densities of the samples were
calculated using the effective density model proposed by Yu
et al.,** utilizing manufacturer-provided density value for
paraffin wax, stearic acid, Ag and GNPs.

2.4 Test rig setup and heat flux studies

The experimental setup, as depicted in Fig. 2a, was designed to
emulate the specifications of 32700 lithium iron phosphate
(LiFePO,, 3.2 V 6000 mAh, 3C) cells, consisting of a vertical
concentric cylindrical configuration with a diameter of 32 mm
and a height of 70 mm. The outer surface of the rig was insu-
lated using aluminum silicate ceramic fiber (thermal resistance
up to 2300 °F) to minimize heat dissipation, thereby closely
simulating the thermal conditions within battery modules. The
inner copper cylinder was used to replicate the thermal envi-
ronment of the battery core. For temperature monitoring, T-type
thermocouples (0.3 mm diameter) were strategically positioned
at four radial points and connected to a data acquisition system
(DAQ, Agilent 34972A LXI with 20 channel multiplexer, India),
as shown in Fig. 2b. T-type thermocouples (blue, 30 SWG single-
strand, double Teflon insulated; Thermotronic Instruments,
India) were selected due to their excellent repeatability within
the temperature range of —200 °C to 200 °C. The exposed
(heated) junction length of each thermocouple was minimized
to ensure high measurement accuracy.

The experimental configuration included the cavity thick-
nesses of 3.0 mm and 6.0 mm rigs to reflect realistic battery
module geometries. The system was integrated with a high-
density electrical heater housed within copper pipes, along
with a wattmeter and a dimmerstat for controlled heat input
(Fig. 2b). The precise positions of the four T-type thermocouples
were defined by their radial coordinates to ensure spatial
accuracy and consistency. As illustrated in the cross-sectional
view (Fig. 2¢), two thermocouples were placed at the interface
of the inner copper wall (r; = 16 mm) to measure the heater wall
temperature (7, ;), while the remaining two were positioned at
the outer boundary of the PCM cavity (r, = 19 mm for the
3.0 mm rig and r, = 22 mm for the 6.0 mm rig) to record the
outer surface temperature (Tp,0).

This setup allowed for controlled heat generation within the
system. Rigorous monitoring procedures were implemented to
uphold the desired heat flux and ensure precise temperature

© 2026 The Author(s). Published by the Royal Society of Chemistry
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measurements. Optimal thermal contact between the thermo-
couples and both the heater and PCM surfaces was maintained
throughout the experiments to enhance measurement reli-
ability. Continuous monitoring ensured stable heat flux condi-
tions, providing a consistent foundation for experimental
analysis. The wattmeter and dimmerstat facilitated accurate
control of heat input, enabling the maintenance of predefined
thermal parameters. Overall, the experimental design was
structured to replicate realistic operating conditions while
ensuring strict control, validity, and reproducibility in evalu-
ating thermal management performance for battery
applications.

3 Uncertainty analysis

The uncertainty evaluation framework incorporates detailed
instrumentation specifications, measured thermophysical
properties, temperature-time responses, DSC analysis, liquid
fraction evolution, energy storage capacity calculations, and
dimensionless number correlations. The analysis was per-
formed in strict accordance with internationally recognized
standards, namely ISO/IEC Guide 98-3:2008 (GUM)** and ASME
PTC 19.1-2013,* to ensure statistical reliability and reproduc-
ibility of the results.

3.1 Mathematical framework for uncertainty propagation

The quantification of measurement uncertainty is based on the
law of propagation of uncertainty, as prescribed by ISO/IEC
Guide 98-3:2008 (GUM) and ASME PTC 19.1-2013 protocols.
This framework ensures that the experimental data obtained for
NP-enhanced PCMs are statistically robust and that the re-
ported performance enhancements are clearly distinguishable
from measurement uncertainty and experimental noise.

3.1.1 General functional relationship. The measurand Y
(the theoretical quantity being determined) is generally not
obtained through direct measurement but is instead deter-
mined from N input quantities Xy, X5, ...Xy through a functional
relationship f. The measurement result, or the estimate of the
measurand denoted by y, is therefore calculated by applying this

function to the corresponding input estimates x5, x5, ...Xy Ob-
tained during the experimental trials:
Y = fix1, X2, ....XN) (2)

3.1.2 Combined standard uncertainty. The combined
standard uncertainty, u.(y) represents the estimated standard
deviation of the measurement result y. It is determined by
combining the individual standard uncertainties of all input
quantities using a first-order Taylor series expansion:

=5 ()2 5 () (e

i=1 i=1 j=i+l
I
In this expression, —— are the sensitivity coefficients, which

describe how the output estimate y varies with changes in the
input estimates x;, The term u(x;) represents the standard
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Fig. 2 (a) Test rigs with 3.0 mm and 6.0 mm cavity thickness, (b) experimental setup used for the temperature measurements with schematic
representation and (c) cross-sectional schematic illustrating the 90-degree radial offset and boundary positioning of the four thermocouples at
the inner wall of the heater T,,; and the outer PCM surface T .
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uncertainty of each input, while u(x;x;) represents the covari-
ance between pairs of input quantities, accounting for potential
correlations.

3.1.3 Simplification for uncorrelated inputs. In the present
study of PCM thermal analysis, the input quantities are
assumed to be uncorrelated. This assumption is justified as the
thermophysical properties were obtained from separate, inde-
pendently calibrated instruments using distinct measurement
principles and methodologies.

Accordingly, the covariance terms are considered negligible,
and eqn (3) simplifies to the root-sum-of-squares (RSS) form:

This simplified expression forms the mathematical founda-
tion for all uncertainty evaluations presented in this work.

3.1.4 Expanded uncertainty and confidence intervals. To
provide a statistically meaningful range for scientific compar-
ison, the expanded uncertainty, denoted as U(y), is employed.
While the combined standard uncertainty u.(y) represents the
standard deviation of the measurement result, the expanded
uncertainty defines an interval that is expected to encompass
the true value of the measurand with a high level of probability.
It is calculated as:

U(y) :k;'uc‘(}’) (5)

where, k; is the coverage factor determined by the desired level
of confidence p. For a normal (Gaussian) distribution, the
standard choice in thermal sciences is k;; =2, which corre-
sponds to a confidence level of approximately 95%.

Under this framework, it can bestated with 95% probability
that the true value of the measurand Y, lies within the interval
defined by:

y-Uy =Y=y+ Uy (6)

This approach ensures that the reported differences between
baseline PCMs and NP-enhanced formulations are statistically
significant and represent actual physical changes in the mate-
rial rather than artifacts of experimental uncertainty.

3.2 Instrumentation and measurement uncertainty
specifications

The uncertainty analysis framework systematically integrates
both Type A (random) and Type B (systematic) sources of
measurement uncertainty to ensure high metrological fidelity.
Type A uncertainties were quantified through repeated experi-
mental trials followed by statistical analysis of the observed
variability, whereas Type B uncertainties were derived from
manufacturer specifications, calibration certificates, and trace-
able reference standards. All contributing components were
propagated using the mathematical framework outlined in
Section 3, in strict compliance with the Guide to the Expression
of Uncertainty in Measurement (GUM, ISO/IEC 98-3:2008). This
comprehensive approach ensures that both stochastic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fluctuations and instrumental biases are rigorously represented
in the combined standard uncertainty.

Expanded uncertainties were determined using a coverage
factor of k; = 2, corresponding to a 95% confidence level, for all
directly and indirectly measured thermophysical parameters
including temperature, thermal conductivity, specific heat,
latent heat, viscosity, and dimensionless correlations. This
methodology ensures statistical reliability, traceability, and
transparent benchmarking of GNP-Ag hybrid NP enhanced
PCMs against baseline formulations.

A Comprehensive Instrumentation Uncertainty Matrix
(Table 1) consolidates the entire measurement infrastructure
used for thermal characterization. Each entry specifies the
instrument or methodology employed, detailed technical spec-
ifications, quantified uncertainty values (expanded, k; =2),and
corresponding calibration or international reference standards.
This structured approach establishes a transparent and trace-
able uncertainty budget across all experimental subsystems.

3.2.1 Temperature measurement uncertainty. The primary
temperature sensing element employed in this study was a Type
T (Copper-Constantan) thermocouple, conforming to IEC
60584-2:2013 Thermocouples, Part 2: Tolerances.**** According
to the Class 1 limits of error, the permissible deviation is £(0.5 °
C or 0.004|T]), whichever is greater, within the operational range
of —40 °C = T = +125 °C. At approximately room temperature
(~25 °C), this corresponds to 0.5 °C, which was adopted as the
baseline tolerance in the present uncertainty budget for
temperature measurement. Temperature acquisition was per-
formed using an Agilent 34972A Data Acquisition/Switch Unit.
For Type T thermocouples, the manufacturer specifies
a temperature measurement accuracy of +£1.0 °C and a cold
junction compensation (CJC) accuracy of +0.8 °C (typical).>**®
Both values are reported as expanded uncertainties at the 95%
confidence level. These specifications were incorporated as
Type B uncertainty components in accordance with ISO/IEC
Guide 98-3 (GUM, 2008), Section 4.3.3.

An additional uncertainty contribution arising from thermal
contact resistance, probe placement variability, and immersion
depth was considered. This component was modeled using
a rectangular distribution with a half-width of +0.30 °C,
consistent with the recommendations of NIST Technical Note
1297, and Holman.*® These references recommend treating
placement-related effects as Type B contributions to account for
spatial temperature gradients and contact mismatches between
the thermocouple junction and the measured medium.

All individual contributors’ thermocouple tolerance (£0.50 ©
C, 95% confidence level), DAQ accuracy (+£1.0 °C, 95%), CJC
accuracy (+0.8 °C, 95%), and placement effects (+0.30 °C,
rectangular distribution) were statistically combined using the
root-sum-square (RSS) method, as prescribed by the GUM
framework. The resulting combined standard uncertainty was
calculated as u(T) = +0.71 °C, which, when expanded using
a coverage factor of k; = 2, yields an overall expanded temper-
ature uncertainty, U(T) = £1.42 °C (95% confidence level).
Although this expanded uncertainty exceeds the individual IEC
Class 1 tolerance limits, primarily due to DAQ accuracy, it

RSC Adv., 2026, 16, 16564-16585 | 16569
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Table 1 Complete instrumentation uncertainty matrix
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Uncertainty,
Parameter Instrument/method Detailed specification uy), k; =2 Standard
Temperature (7) T-type thermocouples + 30 SWG, 0.3 mm dia, double +1.42 °C ISO/IEC Guide 98-3:2008
Agilent 34972A DAQ Teflon insulated, 1.5 m long; (GUM), ASME PTC 19.3

20-channel multiplexer TW-2016, NIST TN 1297
Thermal TPS 500 S Transient plane source +5% NIST SRM 1450d
conductivity (k) method
Specific heat of T-history method Radhakrishnan & Sobhan +4.8% Reference standard
solids (Cp) methodology*®
Specific heat of T-history method Radhakrishnan & Sobhan +5.4% Reference standard
liquid (Cp,1) methodology*®
Latent heat of T-history method Radhakrishnan & Sobhan +5.3% Reference standard
solidification (Hy) methodology'®
Mass (m) Radwag AS 220.R2 balance Analytical balance, 0-220 g +0.00023 g OIML E2 weights

range
Radius/Length (r, L) Mitutoyo 530-118, Vernier
caliper

accuracy

Viscosity (u) Brookfield Rheometer

0-200 mm range, 0.02 mm
resolution, +0.03 mm

Rotational viscometry

+0.0000346 m Grade A, gauge blocks

+1% of the full-scale
range (FSR)

NIST standards

DSC onset Setaram-Setline DSC Differential scanning +0.30 °C Indium standard
temperature (7,) calorimetry
DSC peak Setaram-Setline DSC Differential scanning +0.50 °C Indium standard

temperature (7T},) calorimetry

ensures traceability, reliability, and methodological consistency
in the temperature measurement process.

3.2.2 Dimensional and mass measurement uncertainty
evaluation. Linear dimensions were measured using a Mitutoyo
530-118 Vernier caliper (manufacturer accuracy +0.03 mm),
with calibration verified using Grade A gauge blocks traceable to
NIST standards. Following the ISO/IEC Guide 98-3:2008 (GUM)
framework, the manufacturer's specification was treated as
a rectangular probability distribution. The corresponding
standard uncertainty was therefore estimated as u.(r,L) = a//3
= 0.0173 mm, and the expanded uncertainty at a 95% confi-
dence level was calculated as
U(r,L) = k; “ue(r,L) = £0.0346 mm. This methodology adheres
to the best international practices for Type B uncertainty eval-
uation as recommended by Taylor and Kuyatt.*

Mass measurements (m) were performed using a Radwag AS
220.R2 analytical balance, operating within a measurement
range of 0-220 g. The manufacturer's linearity specification of
+0.0002 g was treated as a rectangular distribution, yielding
a standard uncertainty of u(m) 0.002/\/3 = 0.000115 g. The
corresponding expanded uncertainty at the 95% confidence
level was determined as
U(m) = k;-uc(m) = 2 x 0.000115 = 0.00023 g. All type B
uncertainties components were evaluated in accordance with
ISO/IEC Guide 98-3:2008 (GUM), with calibration procedures
traceable to OIML E2 class weights and national metrological
standards.

4 Theoretical background

The density of the composite samples was determined using the
classical rule of mixtures, in which the effective density is

16570 | RSC Adv, 2026, 16, 16564-16585

expressed as the weighted sum of the constituent densities.
Accordingly, the composite density is given by:**

p=2 _wip (7)

where w; and p; represent weight fractions and component
densities, respectively. The corresponding sensitivity coeffi-
cients were obtained through partial differentiation, yielding
dap ap
EPy o = Pi-
Pi ow;
combined standard uncertainty in density, u.(p) is expressed as:

w; and Based on these -coefficients, the

=

i

welp) = | S bwieu(p) + 3l ulws) (®)

The uncertainty analysis produced a combined standard
uncertainty of u.(p) = 0.0099 g cm >, corresponding to an
expanded uncertainty of U(p) = +0.0198 g cm > at a 95%
confidence level (coverage factor of k; = 2). This represents
a relative uncertainty of +2.2%, demonstrating strong agree-
ment with theoretical mixture models typically applied to NP-
enhanced PCM systems and confirming acceptable precision
for composite characterization.

The investigation of heat transfer and phase change
phenomena within PCMs and NP-impregnated PCMs is guided
by a set of derived governing equations forming the theoretical
foundation of this study. The equations are essential for
analyzing and interpreting the observed thermal behaviors of
the prepared materials. The steady-state heat conduction within
a cylindrical sample quantifies the heat transfer rate Q through
the material, where £ is the thermal conductivity, T,,; and T,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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are the temperatures at the inner and outer radii r, and r,, and
is the length of the cylinder is given by.***

0 =2kl (Twi ~ Tyo)
In &
r

The sensitivity coefficients were obtained via partial differ-
6Q _ ZTCI, (Tw,i — Tp,o)

ok (rz) '
In{ —=
&1
00 _ ﬂ and additional terms for dimensional and

aTW_’i o In (r_z)
1

temperature variables. The combined standard uncertainty for
heat transfer rate, u.(Q) is expressed as:

u(Q) = {(g—g)zuz(k) + (g—lQ,) W (l/) + (607"%1)2142(7"“)

1

+ (a(;i) 2uz (Tpo) + (g—f) 2uz(l’l) + (g_er) zuz(Vz)} 2 (10)

The expanded uncertainty associated with heat transfer rate
determination was +14.18% (95% confidence), consistent with
experimental thermal transport studies involving cylindrical
PCM configurations.

In the phase change analysis, the liquid fraction (f;) (eqn (11))
characterizes the dynamic state of the material during melting.
It represents the fraction of the material that exists in the liquid
phase relative to the total volume. In the analysis of phase
change phenomena, it is often assumed that the transition
between solid and liquid phases occurs within a small
temperature range, denoted as [T, Tj], as explained by Chen.*
When the temperature (7) is below T, the material is in the
solid phase. Conversely, if the temperature surpasses 7Tj, the
material is in the liquid phase. In the intermediate temperature
range (T; = T = T), the material exhibits characteristics of
a mixed phase or mushy zone. Accordingly, f is defined as
follows:

9

entiation, where key terms include

0 T <T,
T—T,
fi= Tl—T) T.<T=T (11)
1 T>T

To evaluate the measurement uncertainty, sensitivity coeffi-
cients were derived through partial differentiation of f; with
respect to each temperature variable. The principal coefficients
g1 o _ (T-T)

identified as = )
aT (Tl - Ts) dT; (T] — TS)Z

were

o _ (11
0T (T1 — TS)Z‘
dard uncertainty of liquid fraction, u.(f) is expressed as:

Using these coefficients, the combined stan-
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b 2u2 (r-mn) !
((Tl - Ts)) () + <(T1 — Ts)2> (7o)
+ (H> ()|
(Tl - Ts)

The expanded uncertainty in liquid fraction determination
reached +34.8% (95% confidence), reflecting the intrinsic
difficulty of accurately characterizing phase distribution within
the mushy zone. This high relative uncertainty represents
a metrological limit for technical-grade organic waxes with
narrow melting ranges; in such cases, the steep thermal
gradient in the mushy zone mathematically amplifies the
standard temperature uncertainty through the sensitivity coef-

I

ficient, ar This finding is consistent with Saeed et al.," who

u(fi) =

(12)

demonstrated that non-equilibrium thermal gradients in PCMs
lead to significantly higher statistical variability than those
observed in pure or standard materials.

Recognizing the significance of efficient thermal manage-
ment, the present study focuses on a comprehensive evaluation
of energy storage capacities over time, with a specific emphasis
on identifying materials that not only possess a substantial
capacity for storing thermal energy but also exhibit rapid
responsiveness to changing thermal conditions. One critical
aspect of thermal energy storage is the utilization of PCMs,
which undergo a phase transition as they absorb or release
thermal energy. The latent heat associated with this phase
change is a key factor contributing to the effectiveness of
thermal storage systems. In this context, latent heat is defined
as the energy required for a material to undergo a phase change.
Pagkalos et al*® provide a fundamental expression for the
energy storage capacity (Qenergy storage) Of @ solid-liquid PCM in
the form of latent heat storage, given by

(13)

where, the terms Cp,) and Cpg) represent the specific heat
capacities in the solid and liquid states respectively, f; is the
fraction of sample melted, H; is the latent heat of fusion (Hy =
|Hg|), m is the sample masses utilized (m = 1.683 g for the
3.0 mm rig and m = 6.732 g for the 6.0 mm rig), and AT; and AT,
are the temperature changes during the solid and liquid phases,
respectively. The first term represents the sensible heat of the
solid phase, the second term is the latent heat of fusion, and the
third term accounts for the sensible heat of the liquid phase.
The inclusion of latent heat in the formulation underscores the
advantage of utilizing phase-change materials in thermal
storage applications. This theoretical framework serves as
a robust foundation for understanding the thermal behavior of
materials in the context of energy storage.

Sensitivity coefficients were obtained through systematic
partial differentiation of the governing expression for the energy
storage capacity (Qenergy storage) With respect to each input
parameter. The  principal terms derived include

Qenergy storage — M° Cp(s)'ATs + WIHtfl +m- CP(')'ATI

RSC Adv, 2026, 16, 16564-16585 | 16571
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aQenergy storage
am
sensitivity of energy storage to variations in sample mass, and

Cp(s) ‘ATg + Hg ﬁ + Cp(l) ‘AT, representing the

aQenergy storage
0H¢
heat during the phase transition. Additional sensitivity coeffi-
cients were determined for all other independent variables to
ensure complete uncertainty propagation across the sensible
and latent heat regions. Accordingly, the combined standard
uncertainty associated with the total energy storage capacity,

Ue(Qenergy storage) 15 €xpressed as:

2
(M) W2 (m)

= m-f;, which quantifies the contribution of latent

U (Qenergy storage) =

om
90, ? 90, :
energy storage 2 energy storage 2
—_— Cos —_— AT,
+( an(s) ) u ( p()) + ( OAT, ) u ( )
aQenergy storage ? 2 aQenergy storage ? 2
1
aQenergy storage ? 2 aQenergy storage : 2 ?
—_— C —_— AT,
+< 3Co ? (Coy) + AT, w (ATh)

(14)

The energy stored during solid-phase heating exhibits an
expanded uncertainty of +13.55% (95% confidence level),
primarily governed by solid-phase specific heat measurement
precision and temperature quantification accuracy. The energy
stored during phase transition demonstrates a substantially
higher expanded uncertainty of £70.4%, attributed to the
intrinsic complexity of liquid fraction determination (£34.8%)
within the mushy zone, where minor temperature variations
yield pronounced phase redistribution due to steep thermal
gradients characteristic of the narrow melting range (5 °C). This
liquid fraction uncertainty, contributing 99.7% to the latent
heat uncertainty variance, arises from temperature measure-
ment uncertainty (£0.71 °C, standard) amplified through the

o)
coefficient a—J; = 0.2 per °C. The

sensible heat component carries expanded uncertainty of
+201%, though this has negligible influence on total uncer-
tainty when liquid-phase heating is minimal (<0.1% of total
energy) within the experimental time scale. The propagated
total energy storage uncertainty is determined to be +41.83%
(95% confidence level), clearly dominated by phase transition
quantification challenges inherent to
characterization.

The overall heat transfer coefficient (Upyera) and the Nusselt
number (Nu) are critical parameters in characterizing heat
transfer processes in natural convection as mentioned by
Elsherbiny et al.** The heat transfer performance of the system
is characterized by the overall heat transfer coefficient Ugyeran,
which quantifies the cumulative effectiveness of the thermal
pathway from the heat source into the storage matrix. This
formulation traceably accounts for the total thermal resistance
network, including conduction through the copper heating
surface and the dynamic conductive-convective transport

sensitivity liquid-phase

mushy zone

16572 | RSC Adv, 2026, 16, 16564-16585

View Article Online

Paper

mechanisms within the PCM matrix. The overall heat transfer
coefficient is defined as:

*

A-AT (15)

Uoveranl =
where Q* is the controlled heat generation rate, A is the surface
area of the heater-PCM interface, AT is the temperature differ-
ence between the temperature at the inner wall of the heater
(Tw,) and the outer PCM surface (T} ).

The sensitivity coefficients of the overall heat transfer coef-
ficient with respect to each independent parameter are

/

expressed as anverall _ 1 anverall _ Q
P Q' A-AT’ 0A A2 AT
anverall Q, . .
= - . Accordingly, the combined standard
OAT A-AT? gly,

uncertainty associated with the overall heat transfer coefficient,
Ue(Ugveran), is expressed as:

1 2 ) Q/ 2
uc(Uoverall) = (m) u2<Q) -+ (AZAT> MZ(A)

(16)

The overall heat transfer coefficient determination yields an
expanded uncertainty of +20.07% (95% confidence level),
calculated through propagation of uncertainties in heat flux
measurement, surface area determination, and temperature
difference quantification. The uncertainty magnitude is appro-
priate for natural convection measurements in PCM systems,
where complex flow patterns and transient thermal boundary
conditions introduce additional variability.

The Nusselt number (Nu) relates the characteristic length of
the cavity (L), and thermal conductivity of sample (k) with
Uoveran- It is a dimensionless quantity that characterizes the
enhancement of heat transfer due to convection compared to
pure conduction, and is defined as:

UoverallL

Nu = 17
. (17)
. . . ONu L
Sensitivity coefficients were derived as ———= —,
anverall k

ONu U dNu U, L ., . .
oL %m“ and o —%;a“, yielding the combined

standard uncertainty for Nusselt number, u (Nu):

e (Nu) = [(i)u(v> o (M) e

1

Unera L\ 5 |?
+(7k2 ! ) uz(k)}

The Nusselt number calculation exhibits an expanded
uncertainty of £22.42% (95% confidence level), propagated
from uncertainties in heat transfer coefficient determination

(18)
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(£20.07%), characteristic length measurement, and thermal
conductivity evaluation. This uncertainty encompasses the
fundamental challenges in dimensionless heat transfer anal-
ysis, where multiple uncertain parameters combine
multiplicatively.

Understanding their relationships with the Rayleigh number
(Ra) provides insights into the transition from laminar to
turbulent flow and aids in predicting the heat transfer behavior
of the samples in various applications,* and is defined as

Ra = Gr-Pr (19)
where, Pr represents the Prandtl number and is defined as Pr =
Cpmu/k and Gr represents the Grashof number and is defined as
_ gﬁ(TwA,i - Tp.o)ﬂ2L3
= e
gravity, 8 is the coefficient of thermal expansion, T, ; and T}, ,
are the heater and sample temperatures, p is density, p is the
viscosity and Cp() is specific heat. The combined standard
uncertainty associated with the Rayleigh number, u.(Ra) is
expressed as:

Gr . The g denotes acceleration due to

=

u.(Ra) = [(Pr)zuz(Gr) + (Gr)*u?(Pr) + 2(Pr)(Gr)u(Gr, Pr)}
(20)

The Rayleigh number determination carries an expanded
uncertainty of £23.02% (95% confidence level), reflecting the
complex propagation of uncertainties from thermophysical
properties and geometric parameters required for natural
convection characterization.

For natural convection scenarios, the relationship between
Nu and Ra is often expressed empirically as power-law correla-
tions or obtained through experimental investigations. The
Nusselt number (Nu), Stefan number (Ste), and Fourier number
(Fo) are interconnected factors influencing heat transfer char-
acteristics. The Fourier Number (Fo), where « is the thermal
diffusivity of the sample and ¢ denotes the characteristic time,
a parameter representing the typical time scale associated with
the melting process of the samples is defined as

Fo = at/L? (21)
Sensitivity coefficients were determined by partially differ-
entiating the above equation with respect to each independent

. . . dFo t dFo «
variable. The resulting coefficients are — = — =
2at

da ¥ o I¥
dFo . .
AR Based on these coefficients, the combined stan-
dard uncertainty of the Fourier number, u(Fo) is given as:

(&) o+ () 00+ () oo

The Fourier number exhibits an expanded uncertainty of
+14.85% (95% confidence level), dominated by thermal

1
2

u(Fo) = (22)
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diffusivity uncertainty propagated from thermal conductivity,
density, and specific heat measurements.

Stefan number (Ste), where Cy,) is the specific heat of liquid
phase in the melting process of the samples, AT is the differ-
ence between the temperature of inner and outer radii ; and r,
during melting is defined as

Ste = Cp(])'AT/Hf (23)
Sensitivity coefficients obtained through partial differentia-
dSte _ AT OSte _ CP(I)

tion of the above relation are = —, —=—
Hy' 0AT Hg

Com
dSte Cp)-AT . .
— = —%. Accordingly, the combined standard uncer-
OH¢ H;
tainty associated with the Stefan number, u.(Ste) is expressed
as:

u.(Ste) = {(%)if(cpm) + (%)if(AT)

f

1
Copy AT’ 2
+( pr2 )uz(Hf)

The determination of the Stefan number resulted in an
expanded uncertainty of +17.85% (95% confidence level), ob-
tained through the propagation of uncertainties associated with
all experimentally measured variables.

The Nusselt number captures the overall heat transfer
intensity, while the product of Stefan and Fourier numbers
(Fo.Ste) characterizes the efficiency of the transient energy
storage process, identifying the rate at which latent heat is
absorbed relative to the system'’s thermal diffusion limit.** This
exploration aims to reveal how the interplay of overall heat
transfer and transient heat conduction impacts the cumulative
thermal characteristics of the system. The combined standard
uncertainty associated with the product of Stefan and Fourier
numbers, u.(Fo.Ste) is expressed as:

(24)

D=

uc(Fo.Ste) = |(Ste)’1?(Fo) + (Fo)™u*(Ste) + 2(Fo)(Ste)u(Fo.Ste)]
(25)

The combined Fourier-Stefan number product exhibits an
expanded uncertainty of £23.22% (95% confidence level), rep-
resenting the propagated uncertainties from both transient
time scale (+14.85%) and phase change intensity (+17.85%)
characterizations.

5 Results and discussions
5.1 Material characterization and synthesis validation

The synthesis of GNP-Ag hybrid NPs was comprehensively
validated using XR, FESEM, and EDAX. The XRD pattern
(Fig. 3a) of the synthesized GNP-Ag hybrid NPs exhibited peaks
at 38.17°, 44.31°, 64.41°, 77.59°, and 81.52°, corresponding to
the (111), (200), (220), and (311) crystallographic planes of face-
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centered cubic Ag. In addition, prominent peaks observed at
26.52° and 54.22° corresponds to the crystalline planes (002)
and (004) of graphite, respectively. The simultaneous detection
of characteristic Ag and graphitic peaks confirms the successful
formation of GNP-Ag hybrid NPs, indicating that Ag NPs were
effectively embedded on to the GNP framework.

Morphological analysis through FESEM (Fig. 3b) further
supports this conclusion. The micrographs clearly show bright,
uniformly distributed Ag NPs deposited on the layered GNP
surfaces. The Ag NPs appear well-dispersed, suggesting effective
nucleation and growth during synthesis, which is critical for
ensuring homogeneous thermal pathways in the composite.
Complementing these findings, EDAX analysis (Fig. 3c)
confirmed the presence of Ag in the composite.

The spectrum displays a dominant carbon (C) peak corre-
sponding to the GNP substrate, along with a distinct Ag peak
confirming the incorporation of metallic Ag. Quantitative EDAX

16574 | RSC Adv, 2026, 16, 16564-16585

(a) XRD pattern (b) FESEM image and (c) EDAX pattern of graphene nanoplatelets impregnated with silver particles (GNP-Ag hybrid NPs).

analysis yielded weight percentages of 92.42% C and 7.58% Ag.
The relatively low Ag signal intensity aligns with the intention-
ally low Ag loading (0.1 wt% relative to the PCM system),
demonstrating controlled synthesis and preventing excessive
agglomeration. These characterization results confirm the
successful fabrication of GNP-Ag hybrid NPs with well-defined
crystalline phases, uniform morphology, and verified
elemental composition. The incorporation of FCC-structured Ag
NPs onto thermally conductive GNP sheets establishes a hybrid
architecture capable of enhancing phonon and electron trans-
port pathways. Importantly, the minimal Ag loading (0.1 wt%)
ensures economic feasibility and scalability while maintaining
the desired thermal enhancement performance. This validated
material synthesis provides a strong structural and composi-
tional foundation for subsequent evaluation of the hybrid NPs
in PCM-based thermal management applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Thermophysical properties of base PCM and NP impregnated (0.1 wt%) PCMs

Specific heat

Jg 'K
Average density, Dynamic viscosity Latent heat of solidification, Thermal conductivity,
Samples Cp(s) Cp p(gem™) ta (mPa s) Hy(Jg™" kWm 'K
Base PCM 5.01 2.16 0.8982 4.95 147 0.270
Base PCM-GNPs 5.14 2.64 0.9004 6.91 140 0.301
Base PCM-GNP-Ag NPs 5.56 2.43 0.9006 6.52 144 0.325

5.2 Thermophysical properties evaluation

The thermophysical properties of the prepared base PCM, GNP
embedded PCM (base PCM-GNPs), and GNP-Ag hybrid NP
embedded PCM (base PCM-GNP-Ag NPs) were systematically
evaluated using different techniques (refer to the SI file for the
techniques) and are given in Table 2. These properties are
essential for characterizing thermal storage behaviour and serve
as fundamental input parameters for the theoretical and
dimensionless analyses presented earlier. The key parameters
assessed include specific heat capacity, average density,
dynamic viscosity, latent heat of solidification, and thermal
conductivity.

Dynamic viscosity measurements were conducted over the
temperature range of 60-70 °C, corresponding to the fully
molten state of the paraffin-based PCM (melting interval 58-60
°C). This post-melting regime is particularly relevant to lithium-
ion battery thermal management, where elevated operating
temperatures demand efficient heat dissipation. As illustrated
in Fig. S1, all samples exhibited a consistent temperature-
dependent decrease in dynamic viscosity, characteristic of
thermally activated molecular mobility in molten organic
materials. The reduction in viscosity with increasing tempera-
ture enhances internal fluid motion, thereby promoting
improved convective heat transport. At 70 °C, the base PCM-
GNPs displayed a comparatively higher dynamic viscosity than
the base PCM-GNP-Ag NP system. This behavior can be attrib-
uted to the planar morphology and potential aggregation
tendency of GNPs within the molten matrix, which may increase
flow resistance and alter rheological behavior. In contrast, the
Ag decoration in the GNP-Ag hybrid structure appears to
improve NP dispersion and reduce interparticle interactions,
thereby moderating viscosity while maintaining enhanced
thermal conductivity pathways.

Thermal conductivity values showed marked improvements
with NP inclusion, particularly for the GNP-Ag hybrid NP
embedded PCM, which exhibited a 20.37% increase in thermal
conductivity (0.325 Wm ' K ' vs. 0.270 W m™~* K '), directly
enhancing the conductive component of the heat dissipation
process. While density variations remained minimal and
consistent with the addition of metallic Ag, the 0.1 wt% loading
also increased the specific heat capacity, likely due to enhanced
molecular interactions at the NP-PCM interface. Conversely, the
latent heat of solidification decreased from 147 J g~ to a range
of 140-144 J ¢~', which supports accelerated phase-transition
kinetics and enhanced thermal responsiveness to transient

© 2026 The Author(s). Published by the Royal Society of Chemistry

heat loads in energy-storage applications. The improved rheo-
logical balance in the hybrid composite suggests a synergistic
effect between GNPs and Ag NPs. While GNPs provide high in-
plane thermal conductivity, the incorporation of Ag enhances
interfacial contact and dispersion stability, leading to improved
thermal responsiveness without excessively increasing viscous
resistance. This optimized thermophysical profile is particularly
advantageous for transient thermal management applications,
where rapid heat absorption and redistribution are required
under dynamic loading conditions.

5.3 Thermal performance analysis and dimensionless
parameters

The heat transfer characteristics of the prepared base PCM,
GNP embedded PCM (base PCM-GNPs), and GNP-Ag hybrid NP
embedded PCM (base PCM-GNP-Ag NPs) were investigated
under a constant heat flux of 624.45 W m™ 2, using cylindrical
cavities of 3.0 mm and 6.0 mm thickness. The thermal response
was analyzed through temperature-time profiles, from which
temperature distribution, stored heat rate, and melting
behavior were evaluated. Temperature distribution describes
the spatial and temporal variation of temperature within the
PCM matrix. It provides insight into heat propagation
dynamics, thermal gradients, and the uniformity of energy
diffusion throughout the material. The stored heat rate repre-
sents the material's capability to absorb and release thermal
energy during sensible and latent heat stages, thereby reflecting
the effectiveness of thermal energy storage. Melting profiles
characterize the phase transition process, including the onset of
melting, melting duration, and transient fluctuations within the
mushy zone. The comparative analysis focused on under-
standing the influence of NP impregnation on the thermal
equilibrium behavior between the PCM matrix and the heater
surface.

The incorporation of GNPs and GNP-Ag hybrid NPs in PCMs
modifies the internal heat transfer pathways by enhancing
effective thermal conductivity and promoting improved energy
redistribution within the molten region.

The heater temperatures depicted in Fig. 4a and b were
extracted from the temperature distribution plots. The nearly
overlapping heater temperature curves for all samples indicate
stable and uniform heating conditions across the experiments.
The minimal deviation among profiles confirms that variations
in melting behaviour and energy storage performance arise
from material modifications rather than external thermal
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Fig. 4 Temperature—time graphs for (a) heater surface in 3.0 mm cavity test rig, (b) heater surface in 6.0 mm cavity test rig, (c) outer surface in

3.0 mm cavity test rig, and (d) outer surface in 6.0 mm cavity test rig.

inconsistencies. In the initial stages of heat absorption within
the 3.0 mm cavity, the outer temperature-time profile of the
base PCM exhibits an extended quasi-isothermal region lasting
up to approximately 300 s (Fig. 4c). This behavior is primarily
attributed to the material's high latent heat capacity, coupled
with its relatively low thermal conductivity, which limits the
initial rate of heat propagation through the solid matrix. In
contrast, NP-embedded PCMs demonstrate a different thermal
response; their enhanced conductivity and high surface area-to-
volume ratios allow for significant latent heat absorption
without a substantial initial temperature rise. A similar trend is
observed in the 6.0 mm cavity (Fig. 4d), where the base PCM
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temperature remains consistent until 751 s before shifting as
the material reaches phase change temperatures. This suggests
that PCM initially absorbs heat primarily through sensible
storage before transitioning to latent heat-dominated behavior.

The horizontal temperature plateau observed at approxi-
mately 30 °C in the base PCM heating profiles (Fig. 4c and d) is
attributed to the endothermic solid-solid phase transition,
commonly referred to as the ‘rotator phase’. Technical-grade
paraffin waxes undergo this polymorphic transition as the
crystalline structure shifts from a rigid orthorhombic lattice to
a hexagonal phase, allowing the hydrocarbon chains to rotate
about their long axes.*® This phenomenon provides a critical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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initial thermal buffering stage, absorbing energy without
a significant temperature rise before the onset of the primary
solid-liquid phase change at ~56 °C. The attenuation of this
plateau in the base PCM-GNP-Ag NP composites suggests that
the NPs facilitate a more continuous thermal pathway, acting as
heterogeneous nucleation sites that reduce the energy barrier
for lattice rotation and promote a more rapid transition into the
liquid state.*” Consequently, the thermophysical properties re-
ported in Table 2 account for this transition, as the specific
heats and enthalpies determined via the T-history method
capture the cumulative energy absorption of both the solid-
solid and solid-liquid regimes. The transient temperature
anomalies and minor fluctuations observed during the peak
melting stage are attributed to the non-linear evolution of
natural convection cells and the localized disruption of flow
paths by the thermocouple probes. Such phenomena are char-
acteristic of phase transitions within vertical cylindrical enclo-
sures. As noted by Guarda et al.,*® the physical presence of
measurement probes can introduce localized thermal resis-
tance or promote the adhesion of solid PCM to the probe
surface. This disrupts the development of natural convection
patterns, inducing transient fluctuations that are inherent to
the experimental setup rather than indicative of instrumenta-
tion malfunction.

DSC analysis (Fig. 5) reveals a significant difference between
the onset and peak melting temperatures of the NP-
impregnated PCMs compared to the base PCM. These temper-
atures are crucial for efficient thermal management in energy
storage applications. The base PCM exhibits the highest onset
temperature (T, = 50.42 °C), indicating a higher energy barrier
for initial melting. Interestingly, incorporating GNPs and GNP-
Ag hybrid NPs resulted in a systematic decrease in the onset
temperature by ~0.6 °C and ~0.7 °C, respectively (from Fig. 5).
This suggests that the addition of NPs to the PCM could
potentially facilitate the melting process by lowering the acti-
vation energy required.

25

Base PCM
——Base PCM_GNPs
Base PCM_GNP-Ag NPs

2.0+

Heat Flow (W.g™")

0.5
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0.0 v T v T T T v T T
30 40 50 60 70 80

Temperature (°C)

Fig. 5 Differential scanning calorimetry analysis of the prepared base
PCM, GNP impregnated and GNP-Ag hybrid NP-impregnated PCM
samples.
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Further, the peak melting temperatures followed a similar
trend, with the base PCM displaying the highest peak (T}, =
56.53 °C), followed by the GNP embedded PCM (56.15 °C) and
GNP-Ag hybrid NP embedded PCM (55.93 °C) composites.
While the decrease in peak temperatures is less pronounced
compared to the onset temperatures, it could be attributed to
a broadening of the melting peak in the composites, suggesting
a less-defined melting process compared to the base PCM.*
This phenomenon can be explained by considering both
thermal conductivity and the temperature-dependent function
NPs as nucleation sites.’® Incorporating NPs generally enhances
thermal conductivity, with GNP-Ag hybrid NPs showing greater
enhancement compared to GNPs alone. Additionally, NPs serve
as nucleation sites, reducing the energy barrier for PCM to melt.
However, these sites become more active as temperature
increases, exerting a more significant impact during the later
stages of melting.>* With rising temperatures, NPs become more
effective in promoting the formation of liquid phase nuclei,
thus facilitating a quicker and more complete transition to the
liquid state at a lower peak temperature. Thus, the improved
melting behavior positions of these NP-enhanced PCMs offer
highly promising candidates for optimized thermal energy
storage applications.

The introduction of 0.1 wt% GNP-Ag hybrid NPs into PCM
notably increased heat transfer rates by 12.60% and 15.5% for
the 3.0 mm and 6.0 mm cavities respectively, surpassing the
effects of 0.1 wt% GNP alone which demonstrated a 3.47% and
6.67% rise calculated using eqn (9) (where Ty,; and T, , are
derived from heater and outer surface temperature profiles as
shown in Fig. 4). In comparison to NP-impregnated PCMs, the
base PCM exhibited slower temperature gains, indicating the
potential benefits of heightened thermal conductivity in
improving overall heat transfer rates. This observation aligns
with findings outlined in Table 2. The inclusion of GNP-Ag
hybrid NPs led to the most significant enhancement in heat
transfer, as evidenced by the improved melting rate and lower
phase change temperature compared to other compositions.
These findings emphasize the importance of NP impregnation
in optimizing the thermal performance of PCMs, highlighting
the potential for enhancing heat transfer efficiency in various
applications.

Analyzing the liquid fraction is a critical parameter in battery
thermal management, which quantifies the proportion of
a PCM that has transitioned from a solid to a liquid state. A
rapid increase in liquid fraction signifies efficient heat
absorption, essential to mitigate temperature spikes within
batteries. The liquid fraction data [calculated using eqn (11) and
shown in Table 3] revealed a marked improvement in phase
change kinetics for the NP-impregnated PCMs compared to the
base PCM. Initially, all PCM compositions exhibited low liquid
fractions, indicating a dominant solid phase. As the constant
heat flux progressed, there is a gradual increase in the liquid
fraction for each composition, reflecting the solid-to-liquid
transition.

The GNP-Ag hybrid NP embedded PCM demonstrates the
most rapid increase in the liquid fraction, reaching a complete
liquid phase at 2085 s. In contrast, the GNP embedded PCM and
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Table 3 Liquid fraction comparison during melting of base PCM, PCM impregnated with 0.1% GNPs, and PCM impregnated with 0.1% GNP-Ag
hybrid NPs as a function of time in 3.0 mm cavity and 6.0 mm cavity test rigs

Time, t (s)

3.0 mm cavity test rig

6.0 mm cavity test rig

Liquid Base Base Base Base Base Base
fraction, f; PCM PCM-GNPs PCM-GNP-Ag NPs PCM PCM-GNPs PCM-GNP-Ag NPs
0 1675 1345 1185 3410 2695 2310
0.1 1825 1455 1290 3590 3040 2555
0.2 1970 1600 1435 3750 3375 2905
0.3 2100 1755 1570 3755> 3670 3135
0.4 2195 1905 1695 3755> 3220
0.5 2250 2015 1800 3270
0.6 2290 2100 1870 3300
0.7 2340 2150 1925 3325
0.8 2395 2195 1970 3355
0.9 2455 2250 2020 3380
1 2520 2320 2085 3400

the base PCM took a longer time to achieve the same state, with
liquid fractions reaching completion at 2320 s and 2520 s,
respectively. This trend signifies that incorporation of GNP-Ag
hybrid NPs enhanced the PCM's ability to transition into
a liquid state more rapidly, thus improving its overall thermal
performance in terms of heat absorption and phase change
efficiency. The liquid fraction comparison during melting in the
6.0 mm cavity showed similar trends observed as in the 3.0 mm
cavity. However, due to the larger cavity size, the transition to
a complete liquid phase further took longer time for all samples
compared to the 3.0 mm cavity. In this case too, the GNP-Ag
hybrid NP embedded PCM exhibited the fastest transition to
a complete liquid phase, achieving this state at 3400 s. In
contrast, GNP embedded PCM and base PCM showed mixed-
phase liquid fractions at the same time, indicating a slower
overall transition to the liquid state. The larger 6.0 mm cavity
resulted in a slower transition to a complete liquid phase for all
samples compared to the 3.0 mm cavity. This highlights the
impact of volume on phase change behavior, as larger cavities
require more time for complete PCM liquefaction. However,
even in the larger cavity, GNP-Ag hybrid NP embedded PCM
exhibited remarkable advantages, demonstrating the fastest
transition and superior thermal management capabilities. The
inclusion of GNP-Ag hybrid NPs enhances the thermal
conductivity of PCM. This improved thermal conductivity
facilitates more efficient heat distribution within the material
during melting, leading to a faster and more complete transi-
tion from solid to liquid. Additionally, GNPs might act as
nucleation sites, lowering the energy barrier for the phase
change and promoting faster melting.

In the comprehensive investigation of the thermal behavior
of various PCM compositions during complete melting, the
present work further delved into the intricate details of their
energy storage capacities, exploring the impact of NP inclusion
on PCM performance designed for thermal management in
battery modules, which function as thermal batteries,

16578 | RSC Adv, 2026, 16, 16564-16585

absorbing heat during battery operation (charging) and
releasing it during discharge cycles to maintain optimal
temperature conditions. Assessing energy storage capacity
[measured in terms of Joules (J)] over time provides a more
comprehensive perspective on the dynamic thermal perfor-
mance of PCMs, capturing both latent and sensible heat
contributions. This approach is particularly relevant for appli-
cations like passive cooling in battery modules, where opti-
mizing thermal management is crucial.

The energy storage capacity of all the prepared PCMs
[calculated using eqn (13)] reveals a significant improvement in
energy storage and absorption rate for the NP impregnated
PCMs, particularly the PCM impregnated with GNP-Ag hybrid
NPs. The value demonstrated here is the point at which the
samples experienced a higher storage capacity at the onset of
complete melting (fi = 1). In a smaller cavity configuration (3.0
mm) as shown in Fig. 6a, the base PCM achieved a storage
capacity of 420.074 J at 2520 s (from Table 3 for fi = 1). On the
other hand, the base PCM loaded with 0.1 wt% GNPs exhibited
a slightly improved performance, reaching 407.879 J within
a faster time-frame of 2320 s at fi = 1. Sensible heat during the
liquid phase extends this capacity to 419.283 J. This indicates
a faster absorption rate and potentially a more complete phase
change due to the presence of GNPs. However, the PCM with
GNP-Ag hybrid NPs demonstrated the most impressive perfor-
mance, storing a remarkable 428.013 J within an even faster
time frame of 2085 s at fi = 1 and extended up to 451.040 J due to
influence of sensible heat during liquid phase. This faster
absorption and higher storage capacity highlights the potential
benefits of both NP inclusion and the specific role of Ag in the
GNP-Ag hybrid NPs. The improvement in energy storage was
due to the inclusion of NPs, which became even more
pronounced in a larger cavity test rig (6.0 mm) as shown in
Fig. 6b. In this setting, the PCM embedded with GNP-Ag hybrid
NPs not only experienced complete melting but also exhibited
an exceptional energy storage capacity, reaching an impressive

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Total energy storage capacity during melting as a function of time for (a) 3.0 mm cavity test rig (b) 6.0 mm cavity test rig.

1707.825 J at 3400 s at fi = 1, extending to 1775.926 J due to
influence of sensible heat. In comparison, the PCM with GNPs
and the base PCM exhibited the energy storage capacity value of
1010.993 J and 892.153 J, respectively, with the corresponding
34.31% and 20.52% of the material melted within the same
time frame. To verify the thermodynamic consistency of the
energy storage results illustrated in Fig. 6, the theoretical
potential was calculated using a combined sensible and latent
heat formulation as defined in eqn (13). For the 3.0 mm cavity,
the theoretical storage limits were established at 481.2 J (base
PCM), 478.3 ] (PCM with GNPs), and 502.0 J (PCM with GNP-Ag
hybrid NPs); the corresponding experimental values of 420.1 J,
419.3 J, and 451.0 J remain strictly within these bounds. Simi-
larly, for the 6.0 mm cavity, the experimental results for the base
PCM (892.2 J), PCM with GNPs (1010.1 J), and PCM with GNP-Ag
hybrid NPs (1775.3 J) are well-aligned with their respective
theoretical limits of 1924.7 J, 1913.2 J, and 2008.0 J. These
results confirm that the system adheres to the principle of
energy conservation and accurately reflects the non-isothermal
nature of the phase change process. The close agreement
between the theoretical and experimental values further vali-
dates the reliability of the thermal charging measurements and
the effectiveness of the NP enhancements. In conclusion, while
all three samples can store thermal energy, the NP-impregnated
PCMs offer a clear advantage. The PCM impregnated with GNP-
Ag hybrid NPs in the 3.0 mm cavity test rig demonstrates
superior performance due to its faster absorption rate, higher
storage capacity, and ability to handle larger heat transfer
distances typically encountered in practical battery module
applications.

These findings highlight the potential of NP-embedded
PCMs for improved thermal management efficiency in battery
systems or energy storage systems. From the above analysis, the
evaluation of two cavity-size test rigs prioritized the 3.0 mm
cavity test rig for in-depth dimensionless analysis for two

© 2026 The Author(s). Published by the Royal Society of Chemistry

primary reasons: (i) it more accurately simulates the actual
spatial gaps and high-density packing configurations charac-
teristic of modern lithium-ion battery modules, and (ii) it
provided a better-defined thermal boundary layer with consis-
tent and complete phase transitions. The larger 6.0 mm cavity
rig exhibited challenges with temperature distribution, heat
dissipation, and phase change, potentially due to the larger
sample volume. Larger cavity volumes can exhibit greater non-
uniformity and multi-cellular convection patterns that compli-
cate the isolation of hybrid NP effects on the overall heat
transfer coefficient (Uyyeran). Consequently, the 3.0 mm cavity
rig's-controlled environment offers a more robust platform for
a deeper examination of the wunderlying heat transfer
phenomena and the synergistic role of GNP-Ag hybrid in
enhancing thermal management efficiency.

To gain a deeper understanding of the heat transfer
processes governing phase change within the chosen 3.0 mm
cavity test rig, a comprehensive suite of dimensionless numbers
is meticulously analyzed. The implementation of dimensionless
parameters such as the Nusselt (Nu), Rayleigh (Ra), Stefan (Ste),
and Fourier (Fo) numbers is a well-established methodology for
identifying the non-linear coupling between heat conduction
and buoyancy-driven convection during phase transition. As
demonstrated by Shatikian et al,> these parameters are
essential for evaluating the internal thermal resistance of
encapsulated PCMs and predicting the efficiency of the energy
storage process under varying heat flux conditions. In
conjunction with these dimensionless metrics, the overall heat
transfer coefficient (Uyyeran) is evaluated to directly quantify the
effectiveness of energy transport between the heater surface and
the PCM, serving as a critical dimensional indicator of the
material's heat exchange capacity. Each parameter sheds light
on a specific aspect of heat transfer, collectively enabling
a holistic understanding of the system's performance.
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The Ugeran and Nu quantify the intensity and nature of
convection within the cavity and provide insights into fluid
motion's role in facilitating heat transfer. Ra is crucial for
assessing buoyancy forces and potential flow regime transitions
(laminar to turbulent) within the cavity, which are critical for
understanding the dominant heat transfer mechanisms. Ste
capture the influence of phase change phenomena on heat
transfer, allowing them to quantify the relative significance of
the latent heat associated with the phase transition. Finally, Fo
indicates the relative importance of heat conduction compared
to the rate of temperature change. By carefully analyzing these
values within the well-defined system of the 3.0 mm cavity, the
influence of GNP-Ag hybrid NPs on the composite's thermal
behavior is analyzed. This in-depth analysis aspires to establish
a robust foundation for optimizing the material's performance
and broadening its applicability in diverse thermal manage-
ment scenarios.

Fig. 7a, demonstrates a significant enhancement in overall
heat transfer coefficient (Ugyeran) for the composite material
impregnated with GNP-Ag hybrid NPs compared to the PCM
with GNPs and base PCM. This is evident when considering the
temperature-time plot for the heater surface (as shown in
Fig. 4a). Because the thermal conductivity of the copper heating
surface (k = 400 W m~> K™ ') is significantly higher than that of
the base PCM (k =~ 0.3 Wm ™ > K '), the conductive resistance of
the wall is mathematically negligible, allowing Ugyeran to accu-
rately quantify the system-level thermal responsiveness.

At 1685 s, the base PCM exhibited a Uyyeran = 122.961 Wm™
K™ '. This was observed when the heater surface temperature
was 56.259 °C, resulting in a temperature difference (AT) of
5.776 °C between the heater wall and the outer PCM surface. As
AT increased to 9.594 °C at 2190 s, the overall heat transfer
coefficient decreased to 74.024 W m™2 K ', with the heater
surface temperature rising to 64.464 °C. This suggests that the
base PCM's heat transfer efficiency decreases as the tempera-
ture difference increases. The PCM with GNPs demonstrated
a higher Ugyeran value of 241.122 W m ™2 K™ ' at 1555 s. This
occurred when the heater surface temperature was 54.805 °C,
corresponding to a AT of 2.945 °C. As AT increased to 4.97 °C at
2105 s, the overall heat transfer coefficient decreased to
142.902 W m 2 K ', with the heater surface temperature rising
to 61.86 °C. The addition of GNPs to the PCM appears to
enhance its thermal stability, as evidenced by the more gradual
decrease in Ugyyeran With increasing AT. The GNP-Ag hybrid NP
embedded PCM exhibited the highest Uyyeran value of 448.800 W
m~> K" at 1195 s. This was observed when the heater surface
temperature was 51.418 °C, corresponding to a AT of 1.582 °C.
As AT increased to 3.095 °C at 1840 s, highlighting the syner-
gistic effects of the GNP-Ag hybrid NPs in augmenting both
internal transport mechanisms and overall system-level heat
transfer performance. The Ugyeran decreased to 229.475 W m ™2
K ', with the heater surface temperature rising to 58.871 °C.
The superior performance of the PCM with GNP-Ag hybrid NPs
suggests that the combination of GNPs and Ag NPs enhances
the PCM's heat transfer efficiency. This substantial improve-
ment translates to a more efficient heat dissipation process,
making PCM with GNP-Ag hybrid NPs a compelling candidate
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for applications demanding rapid thermal management, such
as battery module cooling.

The dimensional parameters such as Ra and Nu play
a pivotal role in elucidating the effectiveness of overall heat
transfer performance within these advanced materials.>® Ra
quantifies the ratio of buoyancy-driven forces to viscous forces
in fluid flow, providing insights into the dominance of natural
convection and the fluid dynamics within the PCM matrix. On
the other hand, the Nu represents the ratio of total heat transfer
to pure conductive heat transfer, serving as a measure of the
effectiveness of the thermal transport mechanisms within the
system. From Fig. 7b, for the base PCM, the observed Nu range
of 0.683 to 0.411 reflects a conduction-dominated regime.
Mathematically, a Nu < 1 in the early and peak melting stages
suggests that natural convection is severely hindered by the
high viscous forces of the neat paraffin wax matrix. Although the
accompanying high Ra values ranging from 7.70 x 10> to 1.26 x
10° underscore a theoretical potential for buoyancy-driven flow,
the low Nu values confirm that the heat transfer process is
limited by the material's low thermal conductivity. This high-
lights the critical conductive bottleneck in neat paraffin and
sets the stage for investigating NP-induced enhancements.

Further, the incorporation of 0.1% GNP in PCM represents
a strategic intervention aimed at augmenting the overall heat
transfer efficiency (Fig. 7b). The expanded Nu range of 1.202 to
0.712, coupled with a lower range of Ra values (3.09 x 10> to
5.13 x 10°) compared to the base PCM, signifies a noticeable
improvement, pushing the system toward a convection-
enhanced state. This enhancement can be attributed to the
exceptional thermal conductivity of graphene, which facilitates
more efficient heat conduction through the PCM matrix. Addi-
tionally, the introduction of GNPs modifies the fluid dynamics,
promoting enhanced overall heat transfer rates by accelerating
internal transport mechanisms within the molten phase.*
These findings underscore the potential of NP doping to
improve thermal management capabilities within battery
modules, thereby enhancing their performance and reliability
under demanding operating conditions. The incorporation of
0.1% GNP-Ag hybrid NPs represents a multifunctional approach
to enhancing heat transfer. The extended Nu range of 2.071 to
1.059, along with comparable Ra values (1.50 x 10> to 2.89 x
10%) to GNP-doped PCM formulations, signifies a definitive shift
into a convection-dominated regime. As established by Saha
and Dutta,* the development of Nu-Ra correlations is a robust
methodology for demarcating this transition in encapsulated
PCMs. The synergistic effect between GNP and Ag NPs offers
unique advantages, including enhanced thermal conductivity
and modified fluid behavior that effectively disrupts the stag-
nant thermal boundary layer.

In summary, the analysis of Ra and Nu values provides
a comprehensive understanding of the overall heat transfer
performance. In the absence of NPs, the base PCM remains
conduction-limited with Nu < 1. Introducing GNP improves
these values, but the most notable enhancements are observed
with GNP-Ag hybrid NPs, showcasing a Nu significantly greater
than unity. This underscores the synergistic effects of GNPs and
Ag NPs in promoting natural convection and enhancing overall

© 2026 The Author(s). Published by the Royal Society of Chemistry
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heat transfer performance. Consequently, for applications
requiring augmented thermal management, such as battery
modules, the PCM with a low loading of 0.1 wt% GNP-Ag hybrid
NPs emerges as the most promising option, offering superior
thermal conductivity and heat transfer efficiency of NPs, the
base PCM exhibits moderate Ra and Nu values, indicating
inherent heat transfer capabilities. Introducing GNP into the
PCM matrix enhances both Ra and Nu values, suggesting an
improvement in both the buoyancy-driven flow and the overall
heat transfer efficiency. However, the most notable enhance-
ments are observed with the incorporation of GNP-Ag hybrid
NPs, showcasing significantly higher Ra and Nu value range
compared to both the base PCM and GNP-enhanced PCM. This
underscores the synergistic effects of GNPs and Ag NPs in
promoting fluid motion and enhancing overall heat transfer
performance. Consequently, for applications requiring
augmented thermal management, such as battery modules,
PCM with low loading of 0.1 wt% GNP-Ag hybrid NPs emerge as
the most promising option, offering superior thermal conduc-
tivity and system-level heat transfer efficiency.

The investigation further delves into the optimization of
thermal management in PCMs by analyzing the Fo during the
melting process (Fig. 7c). The Fo is a dimensionless number
that characterizes the rate of heat conduction. It is defined as
the ratio of the heat conduction rate to the rate of thermal
energy storage. In this study, PCM with GNP-Ag hybrid NPs
exhibited a Fo ranging from 0.33 to 88.11. This range was higher
than that of the PCM with only 0.1 wt% GNPs, which had a Fo
ranging from 0.28 to 66.12, and the base PCM, which had a Fo
ranging from 0.30 to 52.26. The higher Fo for the PCM with
GNP-Ag hybrid NPs indicates an enhanced thermal diffusivity,
which can be attributed to the synergistic effects of the GNPs
and silver NPs. The Ag NPs likely contribute to better heat
conduction properties due to silver's high thermal conductivity,
while the GNPs may enhance the thermal storage capacity of the
PCM.

Insights into the Ste, a crucial parameter reflecting the
balance between sensible and latent heat capacities, are
provided (Fig. 7d). Sensible heat refers to the heat absorbed or
released by a substance during a change in its temperature,
while latent heat refers to the heat absorbed or released during
a phase change. The balance between these two types of heat
capacities is critical for the performance of PCMs, particularly
in applications that require efficient heat management, such as
battery modules. In this study, the Ste for the base PCM ranges
from 0.084 to 0.101. This range indicates that the base PCM has
a certain balance between sensible and latent heat capacities.
However, when GNPs are embedded into the base PCM, the Ste
varies from 0.058 to 0.077. This lower range suggests that the
addition of GNPs shifts the balance towards latent heat
capacity, potentially enhancing the PCM's ability to absorb and
store heat during phase changes. Interestingly, the base PCM
integrated with GNP-Ag hybrid NPs exhibits the lowest Ste,
ranging from 0.026 to 0.047. This further decrease in the Ste
indicates a significant shift towards latent heat capacity. The
GNP-Ag hybrid NPs likely enhance the thermal conductivity of
the PCM, allowing it to absorb and release heat more efficiently
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during phase changes. This could lead to a more rapid response
to thermal transients, which would be advantageous for main-
taining optimal operating temperatures in battery modules. It is
crucial to consider the synergistic effects of the incorporated
NPs and their impact on the overall thermal performance. For
instance, while the lower Ste for the PCM with GNP-Ag hybrid
NPs indicates a superior balance between sensible and latent
heat capacities, other factors such as thermal conductivity,
specific heat capacity, and melting point also play a role in its
performance.

The investigation of heat transfer during melting often relies
on the independent analysis of the Fourier Fo and Ste numbers.
However, for a clearer understanding in the context of thermal
management applications, the product of these dimensionless
numbers Fo.Ste proves particularly insightful. While Fo char-
acterizes the internal heat diffusion rate, it does not directly
address the competition between sensible and latent heat
storage. Conversely, Ste highlights this thermodynamic balance
but lacks information regarding the characteristic timescale of
heat transfer. The product Fo.Ste bridges this gap by serving as
a unified dimensionless time scale for correlating phase
progression across various test configurations. According to
Agrawal,” the Fo.Ste product provides a comprehensive char-
acterization of the transient heat conduction and phase-change
intensity within cylindrical geometries, serving as a normalized
metric for melting progression. A high Fo.Ste value suggests
rapid heat diffusion potentially coupled with a preference for
sensible heat increase, a scenario less desirable for battery
thermal management where the goal is to maintain a stable
operating temperature. In contrast, a low Fo.Ste value indicates
slower heat transfer within a material that prioritizes latent heat
absorption relative to the system's thermal diffusion limit.
Following the framework proposed by Stritih,*® this unified
metric effectively quantifies the relative rate of latent heat
utilization.

The Nu versus the product of Fo.Ste provides additional
insights as shown in Fig. 7e. The Nu characterizes the overall
heat transfer, while Fo.Ste represents the interplay between
internal heat diffusion and the balance of sensible and latent
heat storage. The plot data provided further substantiates this
interpretation. The PCM with GNP and Ag hybrid NPs, despite
having the lowest Fo.Ste value of 4.174, exhibits the highest Nu
of 1.167. This high Nu value, coupled with a low Fo.Ste, suggests
an efficient overall heat transfer rate and a strong preference for
latent heat storage. This combination is ideal for applications
like battery thermal management. On the other hand, the PCM
with GNP alone shows a medium Nu value of 0.861 for a Fo.Ste
value of 5.120, indicating a moderate balance between overall
heat transfer and latent heat storage. The base PCM, despite
having the highest Fo.Ste value of 5.305, shows the lowest Nu
value of 0.571. This suggests a slower rate of overall heat
transfer and a preference for sensible heat increase, which
might not be as effective for maintaining optimal battery
operating temperatures.

To summarize, the comprehensive analysis of temperature
distributions, liquid fractions, energy storage capacity, overall
heat transfer coefficients (Uyyeran), Nu, Ra, Fo, and Ste numbers
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reveals that the low-level loading (0.1%) of GNP-Ag hybrid NPs
into the base PCM serves as a highly promising candidate for
thermal management across diverse energy storage applica-
tions. This composite material not only promotes favorable
temperature uniformity within the system but also exhibits
a superior capability for thermal energy absorption and release
due to its higher liquid fraction and energy storage capacity.
Furthermore, the enhanced heat transfer efficiency (highest Nu
and Uyyera)) and faster response to thermal transients (lowest
Fo.Ste) make the PCM-GNP-Ag NPs a compelling solution for
various energy storage systems beyond just battery modules.

6 Conclusions

In this work, graphene nanoplatelet-silver (GNP-Ag) hybrid
nanoparticles (NPs) were successfully synthesized and incor-
porated at an ultra-low loading of 0.1 wt% into a paraffin-based
phase change material (PCM) to enhance its thermal manage-
ment performance for lithium-ion battery (LIB) applications.
Structural characterization (XRD, FESEM, and EDAX) confirmed
the successful formation of Ag-decorated GNPs, forming
a synergistic thermal transport network within the PCM matrix.
The core novel contribution lies in the synergistic ‘silver-bridge’
architecture, which enhanced effective thermal conductivity by
20.37% and reduces complete melting time by 17.26%
compared with bulk PCM, while simultaneously mitigating the
viscous suppression of natural convection. Further, the hybrid
composite exhibits markedly improved heat dissipation,
achieving complete melting at 2085 s in the 3.0 mm cavity and
3400 s in the 6.0 mm cavity, significantly faster than both the
base PCM and GNP-only composites. This strategy shifts the
system from a conduction-limited bottleneck into a convection-
enhanced regime, yielding the highest overall heat transfer
coefficient (448.8 W m~> K™ ') and Nusselt number (2.07), sup-
ported by favourable Fourier and Stefan number correlations.
These results confirm the synergistic effect between graphene's
high in-plane conductivity and Ag's superior thermal diffusivity,
which combinely improved both conductive and overall heat
transfer processes, while outperforming traditional geometry-
based optimisation in terms of complexity and weight
efficiency.

Importantly, this work presents one of the first comprehen-
sive PCM heat transfer assessments conducted under a rigorous
ISO/IEC Guide 98-3:2008 (GUM) and ASME PTC 19.1-2013
uncertainty framework. By identifying the mathematical
amplification of error in the PCM mushy zone, the analysis
validates the accuracy, precision, and reproducibility of all
measured parameters and establishes a new metrological
benchmark for evaluating the reliability of NP-enhanced
thermal storage systems in real-world cylindrical battery
modules. The improved energy storage density, rapid phase-
change kinetics, and statistically verified performance of the
GNP-Ag hybrid NP embedded PCM composite underscore its
strong potential for passive cooling applications in lithium-ion
battery (LIB) modules. Overall, the study provides key mecha-
nistic and quantitative insights for the rational design of next-
generation nanocomposite based PCMs, paving the way for
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thermally stable, safe, and high-performance energy storage
systems.
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Abbreviations

Ag Silver
BTMS Battery thermal management system

DAQ Data acquisition system

DSC Differential scanning calorimetry

EDAX Energy-dispersive X-ray analysis

EDS Energy dispersive spectroscopy

EV Electric vehicle

FESEM Field-emission scanning electron microscope

GNP Graphene nanoplatelet

GNP-Ag Graphene-silver hybrid nanoparticle

GUM Guide to the expression of uncertainty in
measurement (ISO/IEC 98-3)

LHTES Latent heat thermal energy storage

LIB Lithium-ion battery

NP Nanoparticle

PCM Phase change material

TPS Transient planar source

XRD X-ray diffractometer

PCM-GNPs PCM embedded with 0.1 wt% GNPs

PCM-GNP-Ag PCM embedded with 0.1 wt% GNP-Ag hybrid

NPs NPs

List of symbols

Qcnergy storage TOtal energy storage capacity (J)

r Radius (m)

Ra Rayleigh number

Ste Stefan number

t Characteristic time (s)

T Temperature (°C or K)

l Height of the test rig (m)

y Measurement result

U®y) Uncertainty of a measurement result

Combined standard uncertainty
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k; Coverage factor corresponding to the desired
level of confidence

g Acceleration due to gravity (m s ?)

Fo.Ste Product of the Fourier and Stefan numbers

Greek symbols

o Thermal diffusivity (m? s™*)

6 Thermal expansion coefficient (K™")
Ua Dynamic viscosity (mPa s)

p Density (g cm™?)

AT Temperature difference (°C or K)

Subscripts

1 Liquid

S Solid

w,i Inner wall surface
p,o Outer PCM surface
o Onset

p Peak

i Initial
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