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Abstract: In the currentpaper, the coolingof abipolar transistorwithphase change is investigated. Thenanoparticle‑
enhanced phase changematerial (NEPCM) can transform from a solid to a liquid by absorbing and releasing energy.
The NEPCM is composed of various nanoparticles such as silver, Copper, Aluminum Oxide, Copper (II) oxide, Ti‑
tanium dioxide, graphene nanoplates, single and multi wall carbon nano tubes (SWCNT‑ MWCNT) suspended in
normal TH29 phase change material. The synthesized NEPCM suspension is used as a passive cooling control sys‑
tem. Heat is uniformly distributed in the sidewall of the heat sink. As sensing and latent heat are absorbed from the
transistor walls, the working ϐluid ϐlows through the storage while because of natural convection inside the storage
the Rayleigh–Bénard convection cells created and enhanced the heat transfer management. The volume fraction
of added particles, heating power, and strength of streamline affect the controlling parameters of the system such
as heat transfer rate, maximum allowable temperature, and thermal performance. The time of process regarding
conducted numerical experiments to evaluate the solid‑liquid interface through various particles are MWCNT, GNP,
SWCNT, Al2O3, TiO2, CuO, Cu, and Ag respectively. Through the various materials, the maximum temperature on
the transistor surface is obtained by SWCNT, GNP, MWCNT, Ag, Cu, Al2O3, CuO, and TiO2, respectively. The results
presented here and conducting a complete investigation of heat sink storages can be used in transistors or various
electronic cooling with the aid of nanoϐluids.
Keywords: Transistor; Cooling; Thermal Performance; Nanoparticle; Passive Control

1. Introduction
Electronics cooling system is an impressive engineering application that deals with the optimal working con‑

dition of electronic parts under heat generated. As thermal challenges become more complex, engineers utilize
state‑of‑the‑art simulation and measurement tools. In passive cooling, components are cooled by conduction, con‑
vection, and radiation from the environment. An enclosure used for power electronics generates massive waste
heat due to the presence of high‑power electronic components. Phase Change Material (PCM) is a material that
have higher thermal capacity rather than normal materials. If the cabinet’s internal temperature was rising above
acceptable levels, posing a risk of equipment failure in the event of overheating. One of the technologies for control‑
ling thermal management of electronic parts is the use of thermal storage materials.

By changing their physical state PCM can store thermal energy. It is necessary to have a signiϐicant difference
between daytime and nighttime temperatures for the phase change to occur. Effects of Brownian motion [1] and
change of thermophysical properties [2] are studied before. The enhanced thermophysical properties of freezing
Nano‑particle Enhanced Phase Change Material (NEPCM) make it a good candidate to cool bipolar transistors.
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Electric heating occurs in every systemwhere electric current is conducted and the material has ϐinite conduc‑
tivity. The unwanted by‑product of current conduction is electric heating, also known as Joule heating. A transistor
and copper pathway are simulated as part of this circuit boardmodel. By simulating the transistor, we can estimate
its operating temperature. In this simulation, a heat sink mounts the power transistor. As a result, researchers in‑
vestigate whether the designed thermal storage is better than the condition that system works without heat sinks
[3].

PCMs aremade from organic materials containing long chain molecules, primarily carbon and hydrogen. Most
of themchangephases above zerodegrees centigradeandexhibit highordersof crystallizationwhen frozen. NEPCM
is used for control of a subcooled ϐlow boiling [4], and cooling of surface wave resonator [5]. Ali [6] shows the efϐi‑
ciencyof newNEPCM. Suchmaterials help the coolingof photovoltaic systems [7]. PCMserves as aHigh‑performance
heat sinking [8] in a thermal management system from micro size [9–12] to macro size [13]. A cooling device in a
power supply unit is usually included in enclosures (made of aluminum over printed circuit board) to prevent ex‑
cessively hot temperatures from damaging electronic components. In a power supply unit, the internal component
is cooled by using an extracting fan and perforated grille. The geometry Temperature and ϐluid velocity ϐields of an
enclosure with fan and grille are plotted in Figure 1. A curve in Figure 1 representing ϐluid streamline inside the
contours of static pressure difference is provided by fan inside a computer case.

Figure 1. Temperature and ϐluid velocity ϐields of an enclosure with fan and grille.

The efϐiciency of using nanoparticles inside a low Reynolds numbers microchannel with ribs [14], at various
microchannel height [15] was proved. In radios, computers and calculators, transistors are the building blocks of
electronics. Heat transfer is a typical component of electrical systems; electric heating is an unwanted function of
current conduction. A transistor containing copper pathways and a small part of a circuit board serves as the basis
for this simulation. Calculation of effective ϐluid properties [16] as a function of temperature [17], to use in convec‑
tive heat transfer of NEPCM [18] in various low Reynolds numbers microchannel heat sink [19] was performed in
many studies [20]. The range of components’ dissipated heat rates are Transistor cores 25 (W), transformer coil 3–
5 (W), Inductors 2 (W), and capacitors 1–3 (W). The calculated sample of forced convection cooling of an enclosure
with fan and grille as shown in Figure 1 expected themaximum40degrees of centigrade increase in temperature (at
the middle of the circuit) and 1.5 m/s natural convection velocity for the air. Nusselt numbers could be improved
by PCM layer embedded ceiling of a low Reynolds numbers microchannel [21] or used by various particle ratio
[22] for best hydrothermal performance. A review on heat transfer enhancement by nanoϐluids [23, 24] shows
the efϐiciency of NEPCMs. Due to undesirable electric heating, the transistor can operate at a temperature signiϐi‑
cantly higher than room temperature. Switching and amplifying electronic signals are performed with transistors.
Depending on how they are packaged, transistors vary in size. Due to their more powerful power output, power
transistors are larger. To prevent overheating and improve cooling, these packages can be attached to a heat sink.

The fabrication [25], characterization [26] as well as engineering applications in mini channel heat sink [27]
are investigated experimentally [28, 29]. A recent review can be found in reference [30]. As illustrated in Figure 1 it
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is often necessary to cool electronic systems, such as in hybrid cars, every system has its own acceptable operating
temperature range. The maximum and minimum temperatures of semiconductors vary depending on the semi‑
conductor material proper‑ ties, the transistor type, and the design of the device, so one can reach temperatures
between−55 ∘C and 125 ∘C.

The amount of stored thermal energy in latent heat systems and the time it takes to charge, and discharge
are strongly affected by heat transfer modes that exist in the system. When NEPCMs are applied to an electronic
system, they accelerate the charging and discharging process, but at the same time, they reduce the amount of
energy stored [5]. As a common approach to solve the issue, nanoparticles can be dispersed in the common PCM
to enhance thermophysical properties. The literature has indicated that the performance of storage systems can
be negatively affected by the addition of nanomaterials above a certain concentration. It is therefore necessary to
consider the properties and concentrations of nanomaterials. The aim of current study is to investigate the effect of
differences in thermophysical properties on thermal cooling performance. There has been no research which used
NEPCM in electronic cooling systems, especially those used in transistor applications. In the current paper, other
than various NEPCM used to cooling of the power transistor, a multi‑physics simulation was conducted to see the
cooling effect of NEPCM while attached as a cavity to a transistor.

2. Mathematical Modelling
A representation of the mathematical problem is exhibited in Figure 2. Figure 2a plots the schematic of the

transistor and current directions, Figure 2b plots the sampling transistor, and Figure 2c shows how the heat sink
attaches to the transistor via the copper plate. As seen in Figure 2c, themodel’s geometrywas used in the simulation.
Through‑ holemounting is used tomount power transistors on circuit boards. Copper routes and transistor pins on
a transistor chip are connected by solder, which is inserted into the holes. The internal surface of a transistor chip
is shown here as a thin structure, which can be considered very thin. Heat transfer is assumed to be negligible with
the chip connected to the pins. Copper is used for the back part of the transistor package, which could be clamped
to a heat sink. Its thermal properties match those of the transistor chip. 60Sn − 40Pb (60 tin and 40 lead) solder
material is used to solder the copper pins. The circuit board is made of FR4. A glass‑reinforced epoxy laminate
material classiϐied as FR‑4 is a NEMA grade designation. Flame‑resistant (self‑extinguishing) ϐiberglass cloth with
epoxy resin is the basis of FR‑4, a composite material.

Figure 2. Key aspects of a transistor’s conϐiguration and integration in electronic systems (a) General symbolic
conϐiguration of the transistor and electric current directions; (b) sample transistor; (c) heat sink attaches to the
transistor via the copper plate and transistor connections to the electronic board.
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The solder, cables, and pins conduct current inside the electric circuit. Joule heating involves fully coupled
heat transfer and heat production. Transistors only transfer and produce heat. The transistor chip produces some
heat internally, and convection cooling takes place at all external boundaries with the environment (h =W/(m2K)).
Keeping the fan off will result in this value of heat transfer coefϐicient, which represents the worst‑case scenario.
Temperatures here are 20 ∘C. Current ϐlows from the copper routes to the circuit board through the left vertical
boundaries of the base, emitter, and collector routes. Electric connections are at the bottom.

2.1. Electric Currents
To model the Electric Currents in the system the Gau equation is used as Equation (1)

∇(−𝜎∇𝑉 + 𝐽𝑒) = 𝑄𝑗,𝑣 , (1)
Electric conductivity (σ) values are presented in Table 1.

Table 1. Electric conductivity.

Material Electric Conductivity (S/m)
Cu 5.998 × 107

Solder (60Sn‑40Pb) 6.67 × 106

Figure 2 displays each terminal and the voltage of base‑emitter (VBE) where a constant voltage at collector‑
emitter (V𝐶𝐸 =0.5 Volts) is applied. the base current can be calculated from the other currents as following

𝐼𝐵  =   − 𝐼𝐸  −  𝐼𝐶, (2)

When the current is measured at the boundary of the route leading to the emitter, (𝐼𝐸 = 0.2A) with the Current
density of collector and emitter routes which calculates by following equation

𝑗𝐸= 𝑗𝐶𝐸 , (3)

Which is equal to 100000 A/m2 and at the boundary of the route, there is a current (𝐼𝐶 = 0.1998A) which
calculates by

𝑗𝐶= (1 − 10−3)𝑗𝐶𝐸 , (4)
ϐlowing to the collector at the boundary. A distinction in absolute current between the emitter and collector values
corresponds to the current at the boundary of the route connecting the emitter to the collector (around 0.2 mA)
which calculated by

𝑗𝐵= 10−3𝑗𝐶𝐸 , (5)
Figure 3 presents electric modeling schematic of a computational domain bipolar transistor in which the elec‑

tric current is insert normally from three gates at the left and ground points as zero voltage given by

𝑉 = 0, (6)

of each line are at the transistor.

2.2. Thermal Conduction in Solid
Equation of conservation of Energy in solid parts without heat generation is

𝜕𝑇
𝜕𝑡 + ∇ · (−𝛼∇𝑇) = 0, (7)

while in the electric parts keep at following modiϐication

𝜕𝑇
𝜕𝑡 + ∇ · (−𝛼∇𝑇) = 𝑄

𝜌𝐶𝑝 , (8)
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Figure 3. Electric modeling schematic: (a) Simpliϐied cross‑section through a bipolar transistor showing the elec‑
tric structure of the device; (b) Circuit input shows the cross‑ section of input base electric current in an emitter
conϐiguration; (c) ground points of the electric computational domain inside the transistor.

is used and joule heating calculated by
𝑄𝑒  =   − ∇𝑉  ·  𝐽 (9)

As well, to consider heat transfer coefϐicient with the environment (T = 293.15[K]) constant value(5[w/mK])
is considered as the following equation

𝑞" = 5(𝑇 − 293.15) (10)
An adiabatic (zero gradient) is considered for the bottom of the board and symmetry planes of the system as

boundary condition. Boundary heat source strength on the transistor square with a 3 mm length is considered as
uniform given by

𝑞  =  105  (11)
in SI units (W/m2)

2.3. Heat and Fluid in NEPCM
The NEPCM ϐluid ϐlow is laminar, incompressible, unsteady state, and Newtonian ϐlow. It does not consider the

dissipation of viscous ϐluid, the transfer of radiation heat, the expansion of PCM volumes, and the melting under
close contact. Based on the assumptions of transient ϐluid analysis of the NEPCM the governing equations of ϐluid
ϐlow are considered as

The equation of conservation of Mass is as follow:

𝜕𝑡 (𝜌) + 𝜕𝑥 ൫𝜌𝑢𝑦൯ = 0, (12)
with no‑slip wall boundary condition. The equation of conservation of Momentum in x –direction is:

𝜌𝜕𝑢𝜕𝑡 = 𝜇∇2 (𝑢) − 𝜕𝑥 (𝑝) , (13)

The equation of conservation of Momentum in y‑direction is:

𝜌𝜕𝑣𝜕𝑡 = 𝜇∇2 (𝑣) − 𝜕𝑦 (𝑝) , (14)

The equation of conservation of Momentum in z –direction is:

𝜌𝜕𝑤𝜕𝑡 = 𝜇∇2 (𝑤) − 𝜕𝑧 (𝑝) − 𝜌𝑔𝛽(𝑇 − 𝑇𝑟𝑒𝑓), (15)

Finally, the conservation of Energy is governed by following equation:

𝜌𝜕𝐻𝜕𝑡 + ∇ · (−𝑘∇𝑇) = 0, (16)

Enthalpy becomes summation of Sensible heat and latent heat term
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𝐻 = 𝐶𝑝න𝑑𝑇 + ൞
0, 𝑇 < 𝑇𝑠𝑙𝑑
𝐿, 𝑇 ≥ 𝑇𝑙𝑞𝑑

𝑇−𝑇𝑠𝑙𝑑
𝑇𝑙𝑞𝑑−𝑇𝑠𝑙𝑑

𝐿, 𝑇𝑠𝑙𝑑 ≤ 𝑇 < 𝑇𝑙𝑞𝑑
(17)

The selection of nanoparticles for enhancing PCM performance is based on several key criteria, which we have
now elaborated on in this Section. These criteria include:

• Thermal conductivity: Nanoparticles with high thermal conductivity (e.g., Al2O3, CuO) are preferred to im‑
prove heat transfer within the PCM.

• Compatibility: The nanoparticles should be chemically inert and compatible with the PCM to avoid adverse
reactions.

• Particle size and surface area: Smaller nanoparticles with high surface area‑to‑volume ratios are more effec‑
tive in enhancing nucleation and heat transfer.

• Dispersion stability: Nanoparticles should be easily dispersible in the PCM to ensure uniform thermal prop‑
erties.

• Cost and availability: Practical considerations such as cost and availability are also factored into the selection
process.

The nanoparticles in Table 2 are considered the best for nanoϐluids due to their high thermal conductivity,
stability, and unique properties that enhance heat transfer. The choice of nanoparticle depends on the speciϐic
application, cost considerations, and desired thermal performance. In summary the following nanoparticles used
for investigation in this research whith the reasons provided:

1. Copper (Cu)
‑ High Thermal Conductivity: Cu has an exceptionally high thermal conductivity (∼400W/m·K), which signiϐi‑

cantly improves the heat transfer capability of the base ϐluid.
‑ Cost‑Effective: Compared to noble metals like silver, Cu is relatively inexpensive, making it a practical choice

for industrial applications.
‑ Wide Applications: Cu nanoparticles are widely used in cooling systems, heat exchangers, and electronic

thermal management.
2. Silver (Ag)
‑ Exceptional Thermal Conductivity: Ag has the highest thermal conductivity among metals (∼429 W/m·K),

making it highly effective for enhancing heat transfer.
‑ Antimicrobial Properties: Ag nanoparticles also exhibit antimicrobial properties, which can be beneϐicial in

biomedical and HVAC applications.
‑ Stability: Ag nanoparticles are relatively stable in ϐluids, though they are more expensive than Cu.
3. Copper Oxide (CuO)
‑ High Thermal Conductivity: CuO nanoparticles have a thermal conductivity of ∼33 W/m·K, which is much

higher than many base ϐluids.
‑ Cost‑Effective and Stable: CuO is cheaper thanmetallic nanoparticles and exhibits good stability in nanoϐluids.
‑ Wide Temperature Range: CuO‑based nanoϐluids are effective over a broad temperature range, making them

suitable for high‑temperature applications.
4. Aluminum Oxide (Al2O3)
‑ High Thermal Conductivity: Al2O3 nanoparticles have a thermal conductivity of∼30W/m·K, which is signif‑

icantly higher than water or ethylene glycol.
‑ Chemical Stability: Al2O3 is chemically inert and stable in most ϐluids, making it suitable for long‑term use.
‑ Cost‑Effective: Al2O3 is relatively inexpensive and widely available.
5. Titanium Dioxide (TiO2)
‑ Good Thermal Conductivity: TiO2 nanoparticles have a thermal conductivity of∼8.4W/m·K, which is higher

than many base ϐluids.
‑ Photocatalytic Properties: TiO2 nanoparticles are photocatalytic, making them useful in solar thermal appli‑

cations and self‑cleaning surfaces.
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‑ Stability and Biocompatibility: TiO2 is stable in ϐluids and biocompatible, making it suitable
6. Single‑Walled Carbon Nanotubes (SWCNT)
‑ Exceptional Thermal Conductivity: SWCNTs have an ultra‑high thermal conductivity (∼3,000–6,000W/m·K),

making them one of the best materials for enhancing heat transfer.
‑ High Aspect Ratio: Their high aspect ratio improves heat transfer pathways in the ϐluid.
‑ Lightweight and Strong: SWCNTs are lightweight and mechanically strong, making them ideal for advanced

thermal management systems.
7. Multi‑Walled Carbon Nanotubes (MWCNT)
‑ High Thermal Conductivity: MWCNTs have a thermal conductivity of ∼3,000 W/m·K, similar to SWCNTs.
‑ Ease of Dispersion: MWCNTs are easier to disperse in ϐluids compared to SWCNTs due to their larger size.
‑ Cost‑Effective: MWCNTs are cheaper than SWCNTs while still providing excellent thermal performance.
8. Graphene Nanoplatelets (GNP)
‑ Ultra‑High Thermal Conductivity: GNPs have a thermal conductivity of ∼5,000 W/m·K, making them one of

the best materials for enhancing heat transfer.
‑ Large Surface Area: GNPs have a high surface area, which improves heat transfer at the nanoparticle‑ϐluid

interface.
‑ Lightweight and Flexible: GNPs are lightweight and ϐlexible, making them suitable for advanced thermalman‑

agement applications.

Table 2. Thermophysical properties.

Speciϐic Heat
Capacity
(J/kgK)

Density (kg m3) Thermal
Conductivity
(Wm1K1)

Thermal
Diffusivity

(×10−6m2s−1)

Key Advantages

Cu 385 8933 400 116.3 High thermal conductivity, cost‑effective
Ag 235 10500 429 173.9 Highest thermal conductivity, antimicrobial
CuO 540 6510 33 9.4 Stable, cost‑effective, wide temperature range
Al2O3 765 3970 40 13.2 Chemically stable, cost‑effective
TiO2 686.2 4250 8.954 3.1 Photocatalytic, biocompatible
SWCNT 425 2600 6600 5972.9 Ultra‑high thermal conductivity, lightweight
MWCNT 796 1600 3000 2355.5 Easier dispersion, cost‑effective
GNP 790 2200 5000 2876.9 Ultra‑high thermal conductivity, large surface area
FR4 (Circuit Board) 1369 1900 0.3 0.115 ‑
Silica glass 703 2203 1.38 0.245 ‑
Solder (60Sn‑40Pb) 150 9000 50 37.037 ‑

The PCM volume wall is FR4 without thermal resistance. The schematic of the problem is plotted in Figure 2.
As shown the thermal resistance between the PCM enclosure and the surrounding air is considered negligiblewhile
the natural convection with coefϐicient of h = 10(W/m2K is considered for heat transfer. Attaching a PCM heat sink
requires some method that would incur resistance. The General conϐiguration of the transistor is plotted in Figure
3. It is crucial to deϐine thermophysical properties to analyze the change in NEPCM temperature duringmelting. As
well the properties of the materials for thermal calculation are given in Table 2. Those properties are assumed to
be independent of temperature. The PCM attached to the transistor, and it is the partially boundary condition of
PCM at the back wall. The PCM enclosure consists of FR4.

The calculated properties of the NEPCMs are
Effective density:

𝜌𝑛𝑝𝑐𝑚 = 𝜑𝜌𝑝 + (1 − 𝜑)𝜌𝑝𝑐𝑚 , (18)
Effective speciϐic heat capacity for NPs:

𝐶𝑝𝑛𝑝𝑐𝑚 =
𝜑𝜌𝑝𝐶𝑝𝑝 + (1 − 𝜑)𝜌𝑝𝑐𝑚𝐶𝑝𝑝𝑐𝑚

𝜌𝑛𝑝𝑐𝑚
, (19)

Effective dynamic viscosity:

𝜇𝑛𝑝𝑐𝑚 = 𝐴1𝑒(𝐴2 .𝜑)𝜇𝑝𝑐𝑚 , (20)
Thermal conductivity:
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𝑘𝑛𝑝𝑐𝑚 =
𝑘𝑝+2𝑘𝑝𝑐𝑚−2(𝑘𝑝𝑐𝑚−𝑘𝑝)𝜑
𝑘𝑝+2𝑘𝑝𝑐𝑚+(𝑘𝑝𝑐𝑚−𝑘𝑝)𝜑

𝑘𝑝𝑐𝑚 + 5.0𝑥104𝜁𝜑𝜌𝑝𝑐𝑚𝐶𝑝𝑝𝑐𝑚ට
𝐵𝑜𝑇
𝜌𝑝∅𝑝

[(2.82𝑥10−2𝜑 + 3.92𝑥10−3) ൬ 𝑇
𝑇𝑟
൰

+(−3.07𝑥10−2𝜑 − 3.91𝑥10−3)],
(21)

where curve‑ϐitting coefϐicients are shown in Table 3.

Table 3. Curve‑ϐitting coefϐicients.

A1 A2 ζ C

Al2O3 0.983 12.96 8.4(100 φ)−1.07 0.425
CuO 0.920 22.85 9.9(100 φ)−0.95 ‑.—

2.4. Phase Dispersion, Separation and Thermal Aging
Dispersion of nanoparticles in PCM is indeed a critical challenge, as agglomeration can negatively impact ther‑

mal performance. Usually researchers employed the following methods:

• Surface functionalization: The nanoparticles (Al2O3, 50 nm in diameter) were surface‑treatedwith oleic acid
to improve their compatibility with TH29 and prevent agglomeration.

• Ultrasonic dispersion: The nanoparticles were dispersed in the PCM using a high‑power ultrasonic homoge‑
nizer for 30 minutes to ensure uniform distribution.

• Stabilizers: A small amount of surfactant (0.1 wt%) was added to enhance long‑term dispersion stability.

The nanoparticle concentration used in this study was 1.0 wt%, as this concentration was found to provide
optimal thermal performance without signiϐicantly increasing viscosity or causing sedimentation.

The phase separation and thermal aging of phase change materials (PCMs) like TH29 are critical concerns for
their long‑term performance and reliability. Below is a detailed explanation of the limits of phase separation and
thermal aging for TH29, supported by relevant references. Phase separation occurs when the components of a PCM
(e.g., parafϐin‑based materials like TH29) separate into distinct phases due to repeated melting and solidiϐication
cycles. This can lead to inhomogeneity in the material, reducing its thermal storage capacity and heat transfer
efϐiciency [31]. TH29, being an organic PCM, is prone to phase separation over prolonged thermal cycling. Studies
have shown that parafϐin‑based PCMs can experience phase separation after 500–1,000 thermal cycles, depending
on the purity of thematerial and the presence of additives or stabilizers. To address phase separation, nanoparticles
(e.g., Al2O3, TiO2) or thickening agents are often added to improve the homogeneity and stability of the PCM. For
example, it demonstrated that adding nanoparticles to parafϐin‑based PCMs signiϐicantly reduces phase separation
and enhances thermal stability [32].

Thermal aging refers to the degradation of a PCM’s thermophysical properties (e.g., latent heat, thermal con‑
ductivity) due to prolonged exposure to high temperatures and repeated thermal cycling. This can result in reduced
cooling performance and shorter material lifespan. TH29, like other parafϐin‑based PCMs, typically exhibits a grad‑
ual reduction in latent heat capacity after 1,000–2,000 thermal cycles. The degradation rate depends on the operat‑
ing temperature range and the presence of stabilizers. For instance, if TH29 is cycled repeatedly above its melting
point (e.g., 50–60 °C), its thermal stability may degrade faster. Incorporating nanoparticles or microencapsula‑
tion techniques has been shown to improve the thermal stability of PCMs. researcher reported that nanoparticle‑
enhanced PCMs exhibit less than 5% degradation in latent heat after 1,000 cycles [33].

The combined effects of phase separation and thermal aging can signiϐicantly limit the performance of TH29
over time. Studies have shown that after 1,000 thermal cycles, parafϐin‑based PCMs like TH29 can experience up
to 10–15% reduction in latent heat capacity and thermal conductivity due to phase separation and aging. The ad‑
dition of nanoparticles or stabilizers can reduce this degradation to less than 5%, as demonstrated by Kibria et al.
[34]. TH29 should ideally be used within its recommended temperature range (e.g., 20–60 °C) to minimize phase
separation and thermal aging. Although here for a ransient condition more than usual range it used. Prolonged
exposure to temperatures near or above its melting point can accelerate degradation. With proper stabilization
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(e.g., nanoparticle addition), TH29 canmaintain its performance for over 1,000 thermal cycles with minimal degra‑
dation. The phase separation and thermal aging limits of TH29 can be effectively managed through the addition of
nanoparticles or stabilizers, which enhance its thermal stability and extend its lifespan. The references provided
above offer detailed insights into the degradation mechanisms and mitigation strategies for parafϐin‑based PCMs
like TH29.

3. Results
3.1. Electric Voltage and Heat Sources

Figure 4 presents the results of solving the voltage equation in the circuit. Based on the ground points at the
transistor and the input electric currents at the three points shown in Figure 2. Heat source distributions are dis‑
played in Figure 4. The electric current enters the transistor from the base and emitter and exits from the collector.
Typical distribution voltages range from −10−4 to 10−4 V. Distribution circuits consist of electrical lines, as well as
a transistor.

Figure 4. Results of voltage (V) distribution in the system.

The volumetric heat source distribution in the circuit and near connectors distribution in the device is shown
in Figure 5. Based on the electric current and ϐield the W near connectors is about 10 m3 (about the volume of
a storage unit). Once the local heat generation distribution is established, it can be used for calculating thermal
distribution.

Figure 5. Heat generation variation within different region of electronic components (a) Volumetric heat source
(W/m3) distribution in the circuit; (b) Volumetric heat source distribution near connectors.
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3.2. Temperature Distribution
General conϐiguration with thermal iso surfaces is plotted in Figure 6. Approximately 80 degrees centigrade

is the maximum temperature. A heat sink is not necessary since this temperature is within the operating range of
the transistor. Also, it is important to recognize that electrical heating, or Joule heating, has negligible impact on
the temperature of the copper routes far from the transistor. A signiϐicant amount of heat generated in the tran‑
sistor chip is conducted away from the device through extremely conductive copper routes. General conϐiguration
of temperatures and thermal iso surfaces for Figure 6a compared with Transistor without PCM (see Figure 6b)
and Transistor with PCM, (see Figure 6c) Transistor with NEPCM shows the temperature along the copper routes
between the base and collector. Due to copper’s high conductivity, the Joule heating effect does not increase the
temperature in the copper routes since the current density in the base is 1/1000 that in the collector. Copper routes
conduct heat away from this device. Circuit boards are thermally inefϐicient compared to copper routes. In the case
without a PCM just conductive solidmaterial same as FR4 properties is used the highest temperature is experienced
while in NEPCM nanoϐluid containing solid PCM theminimum temperature rise is experienced. The nanoϐluid here
is composed of the TH29 PCM with suspended Cu particles in.

As shown in Figure 6, the temperature exceeds 80 °C, it could lead to several issues, including:
Reduced transistor performance: Prolonged operation above the recommended temperature range can de‑

grade the transistor’s efϐiciency and lifespan.
Thermal runaway: Excessive heat can cause a positive feedback loop, further increasing temperatures and

potentially leading to device failure.
Mechanical stress: Thermal expansionmismatches betweenmaterials can inducemechanical stresses, risking

structural damage.
To mitigate these risks, our system incorporates the following safeguards:
Phase change material (PCM): The PCM absorbs excess heat during peak loads, preventing rapid temperature

spikes.
Thermal management algorithm: The system includes a feedback‑controlled cooling mechanism that adjusts

the cooling rate based on real‑time temperature monitoring.
Redundant cooling pathways: Additional heat dissipation pathways (e.g., heat sinks and fans) are activated if

the temperature approaches critical levels.

Figure 6. General conϐiguration of temperatures and thermal iso surfaces for (a) Transistor without PCM; (b) Tran‑
sistor with PCM; (c) Transistor with NEPCM.

Thermal iso surfaces in ϐluid PCM are plotted in Figure 7. In this ϐigure, the liquid fraction contours at 10s
for pure PCM are shown. NEPCMs containing carbon‑based nanomaterials have an acceptable melting rate for the
phase change process. Sometimes it is a little different from pure PCM. A liquid fraction contour plotted over time
can be visualized in Figure 7. According to the picture, a higher temperature is near the transistor. The thermal
conductivity of NEPCM affects the boundary layer formation. In buoyancy‑driven convection currents shown here
NEPCM accelerates the transfer of heat through conduction inside the boundary layer. The presence of NEPCM
in ϐluid form at the upper part allows free convective heat transfer to become the primary mechanism for control
volume. Melting rates increase dramatically in the PCM control volume due to the dominance of natural convection.
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Figure 7. Thermal iso surfaces in ϐluid PCM.

The ϐinite elementmethod (FEM) code used to calculate heat andmass transfer is benchmarked by Jamalabadi
and Park [1] as shown in Figure 8. As seen in Figure 8, they are in good agreement.

Figure 8. The of comparison the results of the current method with Jamaabadi and Park [1].

3.3. Phase Change
The phase change proϐile inside the NEPCM box is plotted in Figure 9. The charging time of NEPCM total melt‑

ing time and liquid fraction are important parameters that pointed out here. Arrow plots of conductive heat ϐlux
and contour plots of pressure are presented in Figure 9 to illustrate how these parameters vary with nanomaterial
concentration and nanomaterial type under the present model. Three types of nano additives are tested with con‑
centrations of 1 percent. The liquid fraction contours of Figure 9 can increase by the concentration of NEPCMs, the
conductive heat transfer is the reason. A fully melted PCM shows motion from left to right, and a solid PCM shows
a blue color. There is a tiny mushy zone between themwhere the PCM is not able to move much. The density varia‑
tion in the liquid PCM makes buoyancy‑driven convection ϐlows, and liquid at higher temperatures moves upward.
PCMmelts completely during this process.
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Figure 9. Phase change proϐile inside the NEPCM box.

General conϐiguration with thermal volume contour is released in Figure 10. Figure 10a shows liquid volume
fraction versus time for various nanoparticles. The time of process regarding conducted numerical experiments to
evaluate the solid‑liquid interface through various particles are MWCNT, GNP, SWCNT, Al2O3, TiO2, CuO, Cu, and
Ag respectively. The time of ϐinishing liquiϐication and being a completely liquid in cavity. As well the temperature
ϐield on the transistor is shown and compared the maximum of the system. As well, curves in Figure 10a are too
similar (the dark blues which can be distinguished) which shows the similarity of two results.

Figure 10b shows themaximum temperature on the transistor versus time. Through the variousmaterials, the
maximum to a minimum is SWCNT, GNP, MWCNT, Ag, Cu, Al2O3, CuO, and TiO2 respectively. Figure 10b does not
have a control PCM compari‑ son because in a TH29 the temperature remains mostly near 29 degrees Celsius and
then it is almost horizontal line. The discussion talks about improvements/reductions in performance which base
line is near horizontal.

It is possible to positively inϐluence themelting process of PCM by nanoparticles. Figure 10 illustrates this fact.
Increasing the concentration of GNP, MWCNT, or SWCNT as shown in Figure 10 causes more liquid fractions. The
carbon structure of this nanomaterial gives it higher performance, making it an ideal material for storing thermal
energy. As shown in Table 2, carbon based nano materials have different thermophysical properties. Both cases
have a similar transient liquid fraction. Due to higher conduction that nanomaterials provide, there is an enormous
difference in it. Since graphene nanosheets have a plate structure, they have a superior thermal conductivity to
carbon nanotubes. It is evident that graphene nanosheets have an admirable superiority over carbon nanotubes.
Conduction of the material is increased by GNP into it, while SWCNT‑PCM and MWCNT‑PCM display increased con‑
ductivity less.

Figure 10. General conϐiguration of using various nano particles (a) liquid volume fraction versus time; (b) Maxi‑
mum temperature on transistor versus time.

Temperature distribution vs distance from the connector for various cooling scenarios are depicted in Figure
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11. For NEPCMs with different nano additives, Figure 11 illustrates the temperature changes over electric conduc‑
tive materials. The temperature rise caused by electric heat loss is shorter when carbon‑based nanomaterials are
applied to surfaces with high thermal conductivity. NEPCMs do not differ signiϐicantly from each other. Although
temperatures between the different NEPCMs are huge but the temperature changes within the electric conductor
because of changes at PCM control volume.

Figure 11. Temperature distribution vs distance from the connector for various cooling scenarios.

4. Discussion
The ϐirst section examines temperature distributions in the solid part examined by the electric analysis. Re‑

sults are broken down into several sections. Then the transient liquid fraction’s effects on nano‑additives are ex‑
amined. Using streamlines and liquidity ratio contours are good explained through control volume. Afterward,
the study focused on transient temperature contours and temperature distributions of NEPCM containing various
nano‑additives. In the end, PCMwith the inϐluence of nanomaterials is explored. The comparison give the ability to
better understand how nano‑additives affect melting.

Figure 9 shows nanoadditives’ effects on transient liquid fractions based on their concentrations. Metal based
particles reduce the ratio of liquid volume when their concentration is increased. For metal oxide nanomaterials,
indicating that the liquid fraction grows very slowly as Al2O3 nanoparticle concentrations increase (see Figure
9a). Nanoparticles such as TiO2 and CuO, however, behave oppositely. Considering nanomaterials’ thermophysical
properties can explain this difference. Even though metal based nanoϐluids, improved conduction, they exhibit
very poor melting properties due to their high density and low speciϐic heat. Thus, if the added values of viscosity
and density are not outweighed by improving the NEPCM thermal conduction, then the melting process will be
unreliable. There are almost no signiϐicant differences in PCMmelting characteristics when CuO and TiO2 are used
as a nanoparticle in NEPCM even for various concentrations (lowest slope lines in ϐigures).

In Figure 11 the PCM control line could be considered as 29 degrees’ Celsius horizontal for comparison. With‑
out PCM, higher temperatures reach in a sooner time scales. Colors in Figure 11 are attributed to various NEPCM.
As shown, the SWCNT sample is the best while the sample has better temperatures, and the melting rate does not
appear to be signiϐicantly different. The plain PCM case claims that nanoparticle additives show increased perfor‑
mance. The results could be expanded upon to include more information on the melting progression and impact of
natural convection that changes with different nanoparticle chemistries.

5. Conclusions
Enhanced thermophysical characteristics of NEPCMs at different concentrations on the cooling of the power

transistor were examined. These nano particles included metal nanoparticles (Cu and Ag), metal oxide nanoparti‑
cles (Al2O3, CuO, TiO2), and carbon nanoparticles (GNP, MWCNT, SWCNT). The phase changes ϐinal time, crucial
for the design of PCM storage, is obtained. Using NePCM simulations were conducted to predict the thermal char‑
acteristics of a PCM control volume system. The conclusion of the current study is:

• The best performance is shown by NEPCMs containing GNP.
• The melting time increases compared to pure PCM.
• There is a slight improvement in maximum temperature SWCNT‑PCM and MWCNT PCM.
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• As compared to pure PCM, TiO2‑PCM is quite similar in performance.
• PCMmelts faster when nanoparticles are added.
• The timeof process regarding conducted numerical experiments to evaluate the solid‑liquid interface through
various particles are MWCNT, GNP, SWCNT, Al2O3, TiO2, CuO, Cu, and Ag respectively.

• Through the various materials, the maximum temperature on the transistor surface is obtained by SWCNT,
GNP, MWCNT, Ag, Cu, Al2O3, CuO, and TiO2 respectively.

The results could be expanded upon to include more information on the melting progression and impact of
natural convection that changes with different nanoparticle chemistries.
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