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ARTICLE INFO ABSTRACT
Keywords: Electronic equipment generates heat during prolonged operation, making efficient heat dissipa-
Copper foam tion essential to ensure continuous functionality and prevent premature device failure. Accord-

RT-54HC (PCM)

Clean energy storage solution

Zero emission thermal management
ZnO nanocarriers

ingly, phase change materials (PCMs) were employed for thermal management; however, their
low thermal conductivity limits their effectiveness in temperature-sensitive electronic systems.
PCMs can be made more thermally conductive with the use of nanocarriers-based phase change
materials (NcPCMs), which could lower system temperatures and increase device operational
lifetimes. In this study, the main objective is to improve overall performance of heat sinks by
integrating ZnO nanocarriers into RT54HC (PCM) to enhance thermal conductivity using ZnO/
RT54HC (NcPCM) across various transient heat energy loads (09 W-27 W) and different optimal
saturation levels of ZnO, varying between 1.0 wt% to 3.0 wt%. Simple and copper foam
embedded heat sinks demonstrated significant temperature reduction by incorporating ZnO into
cooling media within the internal cavities in contrast to the unfilled, unfinned heat sink under all
heat inputs. These findings showed the effectiveness of NcPCM based copper sink in reducing
peak temperature of 24.02 % and improving operational time of 35 and 69 min at targeted critical
temperatures of 50 °C and 60 °C owing to favorable characteristics of high thermal conductivity
and increased surface area. Hence, the incorporation of nanocarriers into nontoxic environment
friendly PCMs is strongly advocated to promote sustainable progress in electronic thermal
management, as it offers clean, zero-emission energy storage solution.
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1. Introduction

Effective thermal management (TM) is essential to ensure the durability and optimal performance of electronic components [1-3].
This necessity arises from the swift progression of technological advancements, continual efforts in miniaturization, elevated data
processing speeds and increasing power demands, which cause overheating problems [4-7]. TM, or controlling the heat, is crucial for
this reason. Inadequate control of temperature might lead to early device malfunctions [8-10]. A study reveals that 55 % of electronics
malfunction because of overheating and temperature exceeding operational limits [11]. Consequently, quick heat dispersion from
electrical circuits is necessary to improve the cooling efficiency of electronic equipment [12].

Advances in cooling methods have been the subject of numerous research, including spray cooling, air cooling, forced air cooling,
two-phase (liquid-vapor) cooling, nanofluid-based liquid cooling, and jet impingement cooling [13-16]. However, these technologies
involve rotating components like fans and pumps that contribute to weight and complexity, increasing costs and operational dis-
ruptions due to maintenance needs [17-20]. It is therefore possible that active cooling methods are impractical for small electronic
devices.

Phase change materials (PCMs), with their large thermal energy storage capacity, are frequently used with passively cooled heat
sinks [21-23]. Because of their promising qualities, including high latent and specific heat, reusability, minimal supercooling, a broad
melting and solidifying temperature range, chemical stability, and non-corrosive behavior, organic PCMs are favored for TM appli-
cations [12,24-26]. However, the primary concern with PCM is restricted heat transfer to the surroundings, attributed to their limited
thermal conductivity [27,28]. Various techniques are proposed to counter the thermal conductivity challenge as shown in Fig. 1.

Nedumaran et al. [34] studied numerically and experimentally pin fin heat sinks with n-eicosane as a PCM under varying heating
conditions. The variation in pin height accelerated melting rate. The triangular-finned heat sink exhibited a faster melting and so-
lidification rate compared to other pin-fin heat sinks. The increase in heating power shortens the base temperature. Tharwan and
Hadidi [35] experimentally investigated on solid and hollow rectangular plate fins with and without PCM. Their work presented a
phase-transition material integrated into a heat sink that controls the temperature of electronics, especially useful for controlling
thermal shock. Elshaer et al. [36] used RT35, organic PCM, to regulate the thermal conditions of the small satellite subsystems. Six
different pin fin geometries with 20 % and 50 % volume fractions were employed for experimental purposes. The result indicated a
significant reduction of 5.7 °C in the base plate temperature of thermal control equipment as the number of square fins increased from
15 to 80.

A comparative investigation was studied by Talele and Zhao [37] for battery TM using PCM and nano-PCM. Al;03-PCM outer
performed conventional paraffin wax PCM in delaying battery maximum temperature due to its superior heat transmission, preventing
premature liquefaction. Bhutto et al. [38] studied various types of nanocarriers with PCM for passive cooling system. The goal of
keeping the battery’s maximum surface temperature below 50 °C and its ATmax below 5 °C was achieved. Moaveni et al. [39] studied
hybrid and passive TM system using PCM, nano-PCM, fins and metallic foam. Findings revealed that including 9 % nanocarriers and 4
fins in the hybrid mode reduces peak temperature by 5.18 K and 10.36 K, respectively, compared to hybrid modes lacking fins and
nanocarriers.

The literature presented in Table 1 indicates a growing preference for PCM/NcPCM-based heat sink in recent years for TM of
electronics. However, many studies have primarily examined the impact of heat sink geometry with PCM, with only a limited number
investigating metallic foams and with nanocarriers PCM-based heat sink. The present study conducted an experimental investigation to
explore the effects of RT54HC (PCM) and ZnO nanocarriers on simple and metallic foam-based heat sink performance. Nanocarriers
phase change material (NcPCM), specifically (ZnO/PCM), with varying concentrations of nanocarriers (ranging from 1.0 wt% to 3.0 wt
%), is incorporated into simple and foam-based heat sinks. The integration of ZnO nanocarriers in organic PCMs within heat sinks
represents a promising advancement in thermal management for environmental sustainability. Organic PCMs, including paraffin
(RT54HC) and fatty acids, are frequently sourced from sustainable/biodegradable or renewable materials, rendering them more
environmentally sustainable than synthetic options. By using ZnO nanocarriers, abled to enhance the thermal properties, which
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Fig. 1. Various thermal conductivity improvement methods of PCMs [29-33].



M. Farooq et al.

Case Studies in Thermal Engineering 66 (2025) 105770

Table 1
Summary of nanocomposites with PCMs used in various thermal management systems.
Sr. PCM and Melting Nanocarriers (wt.%) Heat Sink/Geometry Power (W)/ Applications Authors
No Temperature (°C) (mm3) Temperature (°C)
1 RT-27 (27-28) - 108 x 30 x 65 - Battery Thermal [40]
(Rectangular Cube) management
2 RT-54 HC (52-54) - 100 x 100 x 25 8,16 & 24 Electronics cooling [41]
3 PT-58 (58) Silica, Carbon black - - PV Module [42]
(0.25 & 0.5)
4 Paraffin wax (25) Graphene, - - Building thermal [43]
Silver (0.1, 0.3 & 0.5) comfort
5 Paraffin wax (40-47) Silicon carbide (1,2 & 3) 50 x 50 x 5 15, 20, 35 & 45 Electronic Components [44]
6 RT-42 MWCNT (3 & 6) 110 x 110 x 25 10 Electronic Devices [45]
7 RT-82 SWCNT, Graphene Double tube Pipe (fins) - Heat Exchanger [46]
(1,2,3)
8 RT-70HC Al,03(0.15,0.20 & 0.25) 100 x 100 x 27 (Square 10, 20 & 30 Thermal Energy [47-50]
RT-54HC fins) Storage
9 Lauric acid (41-44.2) Al,03 and CuO (0.1) Shell and tube - Engine waste recovery [51]

allowed for more efficient heat dissipation using less material and less resource usage overall. Compared to other nanocarriers based on
metals or carbon, ZnO nanocarriers have a smaller environmental impact due to their abundance and lack of toxicity. The utilization of
active cooling systems is lessened, leading to lower energy consumption and carbon gas emissions, due to combination of ZnO and
PCM. This setup aims to analyze the heat transfer performance under different input powers, with the objective of enhancing the
operational efficiency of electronic devices across different set point temperatures.

2. Experimental setup

Fig. 2 illustrates the schematic representation of the current experimental setup which comprises a DC power unit, heat sink ge-
ometry for thermal management, data recorder and workstation. The rubber electrical heater, situated at the base of the heat sink
assembly, generated heat energy by a dc supply. 9-27 W of heating output might be produced by varying the voltage of a DC power
source. The heat produced by the heater simulates the thermal output generated by the processor/chip during operation. To minimize
the air entrapment and lower thermal resistance between the heater and heat sink base, the heater was affixed to the bottom cavity
using specialized thermal adhesive. A thermal adhesive (Vkingkeyn, China) with a thermal conductivity of 1.96 W/m-K was used to
bond the silicon plate heater to the back groove of the heat sink. Its low thickness (<0.1 mm) effectively prevents the accumulation of
trapped air, and the minimal layer thickness ensures negligible thermal resistance.

2.1. Composite heat sink assembly

An aluminum heat sink, featuring internal dimensions of 100 x 100 x 32 mm?®, is preferred over copper-based heat sink. This
preference is attributed to its excellent thermal conductivity, low coefficient of thermal expansion, lightweight nature, lower density,
corrosion resistance and high thermal diffusion. These qualities collectively make it a suitable and advantageous option for thermal
inspection purposes. Insulation is applied to the four side walls of the sink, while its top is covered with copper plate to enable one
dimensional heat flow from the heat sink.

The composite section of this heat sink comprises both metal foam and ZnO/PCM. The metal foam of similar dimension of internal
cavity of heat sink having thermal conductivity 395 W/mK and porosity of 93 % was tested into heat sink. Prior to its utilization in
thermal analysis within the heat sink, it undergoes cleaning with water and acetone. The design detail of the heat sinks being examined
thermally are illustrated in Fig. 3.

DC Power Supply

Heat Sink
Thermocouples
Heat Sink Assembly

livl ' CopperPlate «——+————————————

‘ Heat Sink .| NCPCM + Cu Foam &
Therm: c9uples ’

Rubber Heatere— 1 pe——

Workstation Insulation
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Fig. 2. Experimental setup for thermal management of NcPCM-based heat sink.
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Fig. 3. Simple and copper foam-based heat sinks.

2.2. NcPCM preparation

The selection of PCM, particularly RT54HC and ZnO-nanocarriers was made considering their thermos-physical properties with the
aim of enhancing thermal conductance of the heat sink as shown in Table 2.

ZnO nanocarriers were the preferred choice for their unique nanostructure characteristics, high thermal conductivity, effective
dispersion stability and cost-effectiveness for enhancing thermal conductivity of RT54HC, PCM. The SEM image accompanied by
energy dispersive X-ray (EDX) analysis of ZnO nanocarriers, which provides information about the morphology and elemental
composition are depicted in Fig. 4(a and b). The size distribution of non-spherical shape nanocarriers was analyzed using Image J
software, as depicted in Fig. 4(c), revealing an average size of approximately 0.43 pm. Initially, crystalline solid, PCM, was preheated
to its designated melting point temperature to its liquid state. Subsequently, to create NcPCM blend, varying concentrations of ZnO
nanocarriers were introduced into a molten cooling medium. The resulting mixture was magnetically stirred consistently for uniform
dispersion of nano carriers, and the temperature was kept at 40 °C, above the liquification temperature of the PCM. Following this, the
blend underwent ultrasonication for 2 h before being utilized as the final mixture. The ultrasonication not only improved the solubility
of nanocarriers in liquid cooling media but also helped in removing agglomeration and preparing a homogeneous mixture [52,53]. The
method of synthesis is depicted in Fig. 5 below. The above NcPCM preparing method was repeated for 1 wt%, 2 wt%, 3 % wt.%, 4 wt%
and 5 wt% of ZnO nano carriers into PCM. %. The addition of ZnO from 1 wt% to 3 wt% significantly enhanced the thermal con-
ductivity of the PCM. However, at 4 wt% of ZnO nanocarriers, the thermal conductivity plateaued, and further increasing the con-
centration to 5 wt% resulted in a decline. Therefore, the samples with the highest thermal conductivity (1 wt% to 3 wt%) were selected
and introduced into the heat sink cavity to achieve optimal thermal management performance. Following this, the sample was
introduced into the heat sink, and the stability of the prepared samples was assessed visually. Quality control checks of the PCM were
examined after each test, revealing no indication of sedimentation.

3. Validation and uncertainty analysis of experimental design

Before analyzing the results, experimental setup was endorsed through a comparative assessment of an empty heat sink against
previous studies conducted by Leong et al. [54] and Tariq et al. [55]. The temperature trend observed aligns with that of the empty
heat sink in this study, ranging from 28 °C to 54 °C. A heat sink with inner dimensions of 102 x 102 x 27 mm and a heating input are
utilized to establish a correlation between the results. Fig. 6 illustrates a close agreement between current study and previous research.
The slight deviation of 6-7 % in the temperature profile can be attributed to variances in heating power and ambient conditions.
Consequently, further investigation is underway to evaluate the effectiveness of the heat sink under different scenarios.

Uncertainty in experimentation arises from either instrument imprecision or human error. After analysis, it’s important to quickly
detect and eliminate erroneous data to ensure the authenticity of the results. Kline and McClintock [56] devised a root-sum-square
combination method to estimate uncertainty in experimental parameters. This approach involves expressing a variable as Equation (2).

Z = Measured *+ 82 @
Table 2
Properties of PCM and nanocarriers.
Material Melting Point (°C) Specific heat (KJ/Kg.K) Density (Kg/m®) Purity Thermal conductivity Latent Heat (kJ/kg)
RT54HC 53-54 2 0.8 (1), 0.85 (s) - 0.2 200
ZnO 1975 - 5606 100 2.5 -
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z = variable final value;
Zmeasured = variable measured value;

8z = uncertainty in the measured variable’s value as a result of instrument reading and scale fluctuations

The experimental results zg are dependent on several measured factors, each of which has a unique uncertainty value.
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Since the heating input uncertainty is a critical variable for the thermal evaluation of the heat sink, it is evaluated in the current
scenario. The calculation of the net fractional uncertainty in the heating input involves an assessment of uncertainties associated with
the applied voltage and current, along with considerations for the dimensions of the surface area, as outlined in equation (7)

q=g(V,LA) 7)

Where, Area = f(I x w)

9
?q: V12, 8V + (261 + (24 6AY] (8)
99
2,8 7, 5, s
" q q

The uncertainties in temperature due to thermocouples calibration, voltage and current, surface area (length & width) reported to
as + 0.15 °C, £0.02 V, £0.02 A, 0.01 mm and 0.01 mm, respectively. The calculations indicated that the uncertainties in heat flux
varied from a minimum of 3.41 % to a maximum of 5.76 %.

4. Results and discussion
4.1. The impact of ZnO nanocarriers concentration on heat sink bottom temperatures

Fig. 7(a—c) highlights the base temperature variation curves of zinc oxide NcPCM based heat sinks at different mass concentrations
of ZnO nanocarriers (1.0, 2.0 & 3.0 wt%) under heat energy load conditions of 9, 18 and 27 W. The effect of heat energy on the heating
and cooling phases of heat sinks is analyzed over durations of 75 min each. Thermal results of the NcPCM-composites filled heat sink
geometries were contrasted with the base temperature of the empty sink (without NcPCM and foam), serving as a reference.

At 9 W heat energy, maximum temperature of unfilled heat sink at the end of heating phase reached 73.4 °C, causing a risk failure
for electronics components which are commercially designed to withstand at temperatures below 70 °C at danger of malfunctioning.
Hence, it’s imperative to reduce the heat sink’s base temperature. The sudden increase in temperature was reduced after NcPCM was
inserted into heatsink cavity. Incorporating 1.0 wt% of ZnO into RT54HC led to peak temperature reductions of 18.57 % and 26.09 %
for simple and foam heat sinks, respectively as shown in Fig. 7(a). This was ascribed to the excellent heat conductivity and conveying
heat capabilities of ZnO nanocarriers within RT54HC. However, the temperature curves exhibit less steepness for the NcPCM
configuration due to the sensible heat storage within the PCM. As fraction of ZnO nanocarriers increased into PCM from 2.0 wt% to 3.0
wt%, it effectively works in further reducing the base temperature 19.14 %-19.87 % for simple heat sink. At subjected nano-
composites, maximum base temperatures showed by thermocouples were 59.34 °C and 58.80 °C. The foam composites configuration
(2.0 wt% and 3.0 wt%) demonstrated the most significant temperature reduction, quantified at 26.90 % and 27.67 % respectively,
compared with empty sink. The lower fraction of nanocarriers caused a small drop in base temperature but valuable improvement was
observed at 3.0 wt% due to altered PCM’s thermophysical characteristics. The foam-based heat sink showed optimum thermal
performance.
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Fig. 8. Different temperatures at the bottom of the heat sink for varying heat energy (9-27 W).
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Fig. 7(b) illustrates the thermal characteristics of heat sink topologies containing ZnO/RT54HC (1.0 wt%, 2.0 wt% and 3.0 wt%)
under input heat energy of 18 W. The peak temperature of heat sink attained 83.30 °C without PCM/NcPCM. It reduced to 17.19 %,
17.93 % and 18.70 % respectively, as weight percentage of ZnO increases from 1.0 to 3.0. This percentage drop in temperature of PCM
composites-based heat sinks at 18 W is lower compared to the values at 9 W because the higher heat energy leads to complete melting
of the PCM, followed by the onset of post-sensible heating. The temperature profile of foam composites geometry showed temperatures
of 63.75 °C, 63.12 °C and 62.53 °C as ZnO concentrations increases from 1.0 wt% to 3.0 wt%. At 18 W of heat energy, the peak
temperature reduction percentage of metallic foam heat sink was 22.54 %, 23.31 % and 24.02 % respectively. It is concluded that the
percentage reduction in peak temperature correlates with the improvement in thermal conductivity resulting from the RT54HC and
ZnO blend. The incorporation of ZnO improved the thermal properties of the RT54HC, thereby enhancing the heat transfer rate.

The charging and discharging behavior of ZnO/RT54HC integrated into various heat sinks under a heating energy 27 W with 1.0 wt
% to 3.0 wt% ZnO nanocarriers is shown in Fig. 7(c). The insertion of 1.0 wt% to 3.0 wt% of ZnO into PCM resulted in reduction of peak
temperatures of simple heat sinks i.e 12.92 %, 13.78 % and 14.63 %, respectively. The swift melting of PCM composites causes a build-
up of nanocarriers at the base, which lowers the proportion of base temperature as compared to applied heat energy of 18 W. Under the
applied heat energy and using ZnO nanocarriers as a heat transfer medium in a foam sink proved to be effective. The maximum
reduction in temperature for foam heat sink was observed 16.89 %, 17.72 % and 18.53 %, respectively, as nanocarriers concentration
varies 1.0 wt% to 3.0 wt% into RT54HC.

To facilitate thermal analysis, Fig. 8 shows the base temperature time profiles of simple and foam heat sinks under varied heating
energy and higher ZnO concentrations (3.0 wt%) in RT-54HC during the charging and discharging stages. At 9 W-27 W, foam heat sink
showed efficient thermal performance as compared to simple heat sinks. At lower heat energy 9 W, The NcPCM did not undergo phase
change until the end of charging phase for foam heat sink. This is made possible by the cooling media’s substantial heat-absorbing
capability and wide surface area for heat transfer of foam.

4.2. Critical temperature analysis to monitor heat sink thermal performance

The maximum temperature at which different portable electrical gadgets may operate varies based on their design. When these
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specified temperature thresholds are exceeded, the integrated chips in these devices may become less dependable and durable,
resulting in the loss of efficiency. To assess the thermal performance of different heat sink topologies over time, two targeted critical
temperatures (TCT) are considered: 50 °C and 60 °C, which are regarded as the maximum operating temperatures for charging phase.
To see notable differences in the data, one TCT (50 °C) is chosen before the melting point of RT-54HC, and the other (60 °C) is chosen
after the melting point. The temperature of 40 °C is selected to monitor cooling performance of the heat sink.

In order to determine which heat sink performs best, Fig. 9(a and b) shows how several heat sinks’ operating durations improve at
TCT of 50 °C. The lack of an isothermal heat storage medium allowed the reference empty heat sink to reach TCT fast. It is evident from
Fig. 9(a) that simple heat sink reached the TCT in 30, 34 and 35 min when ZnO nanocarriers concentration varies in heat storage
medium from 1.0 wt% to 3.0 wt% at heat energy of 9 W. Likewise, foam heat sink provided TCT durations in 51, 55 and more than 69
min, respectively. The combination of excellent thermal conductivity, a large surface area for heat transfer, and a large heat storage
capacity made the foam heat sink perform significantly.

Fig. 9(b) shows TCT of 60 °C to evaluate the performance of simple and Cu foam heat sinks at 3.0 wt% of ZnO nanocarriers
composites and heat energy of 9-27 W. The empty reference heat sink took 29, 23 and 12 min when heat energy increased from 9 to 27
W. The simple and copper foam-based heat sinks took longer than expected to obtain the necessary TCT during charging phase. A
similar trend was observed at heat energy of 18 W. At highest applied heat energy, unfilled reference sink, simple and foam-based heat
sink with ZnO/RT-54HC took 12, 44 and 54 min, respectively. Foam heat sink’s increased surface area for energy transfer, effective
thermal conductivity, and heat capacity allowed it to perform better thermally than a standard heat sink for electronics thermal
management.

The powerful thermal cooling performance of any heat sink is demonstrated by how quickly its bottom temperature may be
lowered. Fig. 9(c) illustrates the cooling performance comparison between simple and foam heat sinks employing NcPCM during the
discharging phase of a PCM containing 3.0 wt% of nanocarriers in RT54HC, under specified heating energy loads. At 9 W, these heat
sinks took 37 and 15 min, respectively, to reach TCT of 40 °C. Likewise, at 20 W, foam heat sink demonstrates the highest cooling
capacity in effectively dispersing heat to the surroundings, whereas simple heat sink exhibits the lowest performance in this regard.
The foam and simple sinks took 49 and 63 min to attain TCT of 40 °C.

4.3. Effect of ZnO nanocarriers and heat energy on absolute temperature and operational duration increment

Table 3 presents the % absolute temperature fall (ATF) alongside operational duration increment (ODI) of heat sink configurations
at TCT of 50 °C for various concentrations of ZnO and different heat energy loads. Equations (9) and (10) offer a method to calculate
ATF and ODI.

[(Tpeak:empty Sink) - (TPeak Sink)] *100

TPeak:empIy HS

% Absolute temperature fall =

9

Operational Duration Increment (ODI) = [(Timercr_sosink) — (Time cr—so:Empty sink) | (10)

Due to the heat sink experiencing high heat penetration, the ATF dropped as the heat energy loads rose. As the concentration of
nanocarriers grew from 1.0 wt% to 3.0 wt%, the %ATF of the simple heat sink increased from 18.57 to 19.87 for 9W. The heat sink
bottom temperature has decreased, which is the cause of this increase in ATF. Nevertheless, the period of OTE escalation extended from
15 to 19.20 min. Under all heat energy loads, similar trends were seen in different heat sink arrangements. For heat energy of 27 W and
a nanocarrier concentration of 3.0 wt%, the ATF values for simple and copper foam heat sinks were recorded as 14.63 % and 18.53 %,
respectively. Correspondingly, the ODI durations were 15.50 and 29.50 min, respectively. The exemplary thermal performance of heat
sink having copper foam with a 3.0 wt% concentration of nanocarriers is depicted in Fig. 10, demonstrating its superior effectiveness in
managing heating loads linked to electronic devices.

4.4. Comparison of results with thermal conductivity improvement methods

The literature provides a comprehensive analysis of methods aimed at improving thermal conductivity in electronic devices. This
includes the integration of PCMs with various extended surface configurations in heat sinks, the incorporation of nanocarriers with

Table 3
The comparison between % decrease in absolute temperature and operating time.
ZnO fraction in Absolute Temp. Decrease & Operational Heat Energy (9 W) Heat Energy (18 W) Heat Energy (27 W)
PCM (wt.% Duration Improvement (%, min . , .
(wt.%) prov e ) Simple Heat ~ Cu Foam Simple Heat ~ Cu Foam Simple Heat ~ Cu Foam
Sink Heat Sink Sink Heat Sink Sink Heat Sink
1.0 ATF 18.57 26.09 17.19 22.54 12.92 16.89
ODI 15 37.80 14.20 26.80 12.90 26.30
2.0 ATF 19.14 26.90 17.93 23.31 13.78 17.72
ODI 18.10 42.80 17.30 29.30 14.80 28.40
3.0 ATF 19.87 27.67 18.70 24.02 14.63 18.53
ODI 19.20 45.80 18.70 31.30 15.50 29.50
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Fig. 10. Comparative analysis of the Cu foam heat sink’s absolute temperature drop and operational duration increment at 3.0 wt of ZnO.

PCMs across different heat sink designs, and the application of metallic foams within heat sinks. This study investigates the thermal
regulation of heat sinks through the integration of ZnO nanocarriers into PCM, focusing on both simple and foam-based heat sink
designs. The objective of this study is to reduce the base temperature of the heat sink while improving the operational duration within
optimal thermal conditions. The results of current and previous studies [23,41,47,57-60] using various thermal conductivity im-
provements methods are discussed in Fig. 11. The application of PCM in conjunction with different fin configurations in heat sink
design contributes to a reduction in base temperature. Arshad et al. [58] used square pin fin of different thickness as thermal con-
ductivity enhancer and improved operating time of device. Rehman et al. [41] used copper and nickel foam as thermal conductivity
enhancer of the PCM and reduced base temperature 14.5 % and 17 %, respectively. However, the integration of nano-PCM results in a
more significant decrease in base temperature, thereby enhancing the operational duration of the device. But, the nano-PCM signif-
icantly reduced the base temperature due to its enhanced surface area, while the addition of metallic foam which contributed to
remove more heat from the hot temperature system to low temperature reservoir.

5. Conclusion

An experimental examination was conducted to optimize simple and foam-based heat sinks using ZnO nanocomposites integrated
with PCM for improved environmental sustainability. This analysis aimed to assess their effectiveness for passive thermal management
for portable electronics employing diverse heat energy loads. The influence of nanocarriers (ZnO) at optimal concentrations (1 wt% to
3 wt%) within RT54HC, along with varying heat energy loads, was analyzed in relation to the base temperatures of heat sink topologies
and their operational critical temperatures. These results were compared with an unfilled reference simple heat sink to achieve optimal
thermal management performance. The continuous high temperature profile of the simple empty sink, under all imposed thermal
loads, may adversely affect electronic components. The integration of ZnO-reinforced RT54HC enhanced the performance of all heat
sinks examined at lower temperatures. Out of all of them, the simple sink exhibited the least efficacy in bringing down the device’s
bottom temperature and increasing its device operational lifespan. The foam-based heat sink demonstrated enhanced optimal per-
formance relative to the conventional sink, owing to its augmented effective surface area provided by the integration of high-porosity
foam, which facilitated improved heat dissipation and thermal regulation. Overall, the copper foam sink- RT54HC excelled other
conventional sink with all mass concentrations of ZnO in terms of thermal performance throughout the heating aspects enabling it to
successfully reach the targeted critical temperatures of 50 °C and 60 °C. ZnO nanocarriers have a smaller environmental impact due to
their abundance and lack of toxicity. The utilization of active cooling systems is lessened, leading to lower energy consumption and
carbon gas emissions, due to combination of ZnO and PCM. This study also suggests the integration of both active and passive cooling
methodologies with highly conductive metallic foam and nanocarriers composites with cooling media.
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