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A B S T R A C T

This study numerically investigates the hydrothermal performance and entropy generation in a trapezoidal 
cavity filled with nano-encapsulated phase change material (NEPCM)-water mixture for electronic cooling under 
magnetohydrodynamic (MHD) and double-diffusive mixed convection. The governing equations were solved 
using the Galerkin finite element method. The novelty lies in exploring the coupled effects of MHD suppression 
and NEPCM thermal enhancement on integrated circuit (IC) cooling performance. Key parameters investigated 
include Reynolds number (Re = 10 − 100), Richardson number (Ri = 0.1 − 7), Lewis number (Le = 0.1 −

10), Hartmann number (Ha = 5 − 80), NEPCM volume fraction (ϕ = 0.015 − 0.035), Stefan number (Ste =

0.1 − 0.8), and fusion temperature (θf = 0.1 − 0.9). Results reveal that heat transfer enhancement reaches 
192.77% at Re = 100 when Ri increases from 0.1 to 7, with Le = 0.5, Nz = 2, Ste = 0.1, θf = 0.5, ϕ =

0.01, and Ha = 10 held constant), while NEPCM concentration increases the average Nusselt number (Nuav) by 
33.77% when ϕ increases from 0.015 to 0.035 at Re = 50, Ri = 1, Le = 0.5, Nz = 2, Ste = 0.1, θ f =

0.5, and Ha = 10. However, magnetic field strength suppresses convection, reducing heat transfer. Mass 
transfer characteristics show strong Lewis number sensitivity but remain insensitive to phase change parameters. 
Entropy generation decreases with both NEPCM concentration and magnetic field strength. These findings 
provide optimization guidelines for designing energy-efficient electronic cooling systems utilizing NEPCM under 
magnetic field influence.

1. Introduction

There is considerable interest in mixed convection, which is a phy
nominan in which free convection occurs simultaneously with forced 
convection [1–4]. The most commonly used applications of mixed 
convection are thermal management systems [5,6], cooling solutions for 
electronic devices [7–9], the nuclear power industry [10–14], clean 
power implementations [15–20].

The geometry is very essential in controlling thermal and solutal of 
mixed convection and hence many geometries have been explored 

[21–23]. Alsabery et al. [24] used numerical methods to assess how 
wavy walls impact mixed convection. It was found that the thermal 
performance as well as the fluid flow were highly dependent on the 
waves, with the heat performance increasing as the waves increased. An 
investigation of heat and mass transfer by mix convection has been 
conducted by Alsabery et al. [25] by using varying interior cylinder 
sizes. In conclusion, the size of the interior cylinder greatly influences 
the flow of mass and heat. Another paper studied the effects of using an 
internal cylinder on the mixed convection double-diffusive [26]. This 
study confirms the earlier founding that the internal cylinder had very 
effective role in controlling the transfer of heat and mass. Another 
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challenging paper was carried out by Li et al. [27] who investigated mix 
convection by considering multiple cylinders in rotation. The results 
confirmed that the internal cylinders had very vital role of controlling 
the transformation of mass and heat.

Improving thermal performance of some systems, like a solar trough 
collector, can highly improve the overall efficiency of the applications 
and this aim can be achieved by using high thermal working fluid, i.e. 
[28–32] nanofluid. There are many types of nanofluids with different 
shapes which have been explored to achieve the higher performance 
with lower cost [33–36]. A numerical study conducted by Selimefendigil 
et al. [37] investigated the effect of changing the shape of silicon dioxide 
nanoparticles in a cavity with a rotating cylinder was conducted. The 
authors concluded that the thermal performance was improved by 
adding nanoparticles, and that their cylindrical design was the most 
effective shape. Zhang et al. [38] investigated mixed convection in an 
enclosure containing Ag/water nanofluids. Some of the variables that 
had been considered were ϕ, Ri and Re. The results indicated that 
nanoparticle addition increased thermal transfer. This improvement 
further improved upon rising the volume concentration of the nanofluid. 
Cu/water was considered by Rajarathinam et al. [39] who stated similar 
finding of adding nanoparticles.

Thermal performance of the phase change material is slightly low; 
however, it has very high capacity to store heat. Researchers have found 
a clever way to combine the benefit of using sell nanoparticles, which 

are mainly made of metal, and filled their cores with phase change 
material which called NEPCMs (nano encapsulated PCMs) [40–43]. 
Irshad et al. [44] studied convection with double diffusivity in an 
enclosure containing NEPCMs. Researchers took into account a number 
of variables including θf and the results stated that melting zone was 
highly influenced by the mentioned parameter while had lower thermal 
performance impact. A numerical study by Herouz et al. [45] investi
gated mixed convection inside an octagonal enclosure containing porous 
NEPCMs. The authors considered range of Re, Da, θf and ϕ from which 
the results stated a noticeable improvement in heat transfer with 
increasing in Da number. Da number. Raizah and Aly [46] numerically 
studied double-diffusive mix convection within a porous media enclo
sure with a rotating cylindrical interior. According to the results, cyl
inder size had a high influence on the thermal and mass transformation 
and confirmed the previous founds regarding the Da number.

The magnetohydrodynamic has very high influence on heat, mass 
and fluid flow for that reason this topic has attracted many authors 
[47–51]. MHD's impact on double diffusive mixed convective flow was 
studied by Sáchica et al. [52]. The strength of the streams was drop by 
the presence of the MHD and both transformation for mass and heat 
were also dropped down. The same indications was stated by Mondal 
and Mahapatra [53] who investigated how MHD affects double diffusive 
convective flow. Furthermore, the negative influence of the MHD was 
heightened as the Ha number increased.

Nomenclature

Bo Magnetic field strength (A. m− 1)
Be Bejan number
c,C Dimensional concentration and Dimensionless 

concentration
Cp Constant pressure specific heat (J. kg− 1.K− 1)
Cr The heat capacity ratio (suspension/base fluid)
D Coefficient of mass diffusivity (m2.s− 1)
g Gravity constant (m.s− 2)
Ha Hartmann number
k Thermal conductivity (W.m− 1.K− 1)
Le Lewis number
n Normal direction to the wall
Nc The number of thermal conductivity for the suspension
Nu Nusselt number
Nv The number of dynamic viscosity for the suspension
Nz buoyancy ratio parameter
p,P Dimensional pressure (Pa) and Dimensionless pressure
Pr Prandtl number
Ra Rayleigh number
Re Reynolds number
Ri Richardson number
S Non-dimensional form of Entropy generation
Sh Sherwood number
Ste Stefan number
T Dimensional temperature field (K)
TMr Dimensional melting range (K)
u, U Dimensional (m.s− 1) and non-dimensional x-velocity 

component
v,V Dimensional (m.s− 1) and non-dimensional y-velocity 

component
W Width of cavity, the characteristic length
x,X Dimensional (m) and non-dimensional x-Cartesian 

coordinate
y,Y Dimensional (m) and non-dimensional y-Cartesian 

coordinate

Greek symbols
ı Core-shell weight ratio
α Coefficient of thermal diffusivity (m2.s− 1)
βc Concentration coefficient
βT Coefficient of thermal expansion (K− 1)
δ Non-dimensional phase change band
ΔT Dimensional phase change band (K− 1)
Θ Temperature field in a non-dimensional form
θf Non-dimensional form of fusion temperature
λ Heat capacity ratio
μ Dynamic viscosity (kg. s− 1.m− 1)
ν Kinematic viscosity (m2.s− 1)
ρ Density (kg.m− 3)
σ Electrical conductivity (S.m− 1)
ϕ Volumetric fraction of the nanoparticle
χ The irreversibility factor
ψ Stream-function
Ω Rotating speed

Subscript
av Average value
bf Base fluid
c Cold wall
co The core of NEPCM particle
f Fusion
h Hot wall
loc Local value
nf Nanofluid
p NEPCM particles
sh Shell of NEPCM particle
θ Thermal
ψ Viscous

Abbreviation
CPU Central processing unit
MHD Magnetohydrodynamics
NEPCM Nano–Encapsulated Phase Change Material
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Despite extensive research in this field, several critical gaps remain 
unaddressed. First, while NEPCM and MHD effects have been studied 
independently, their synergistic interaction in electronic cooling appli
cations remains poorly understood. Second, the influence of trapezoidal 
geometry—which better represents realistic electronic enclosure 
designs—on the coupled thermal-solutal-electromagnetic transport has 
not been systematically investigated. Third, comprehensive entropy 
generation analysis under combined NEPCM-MHD effects is lacking, 
despite its importance for energy-efficient system design. The present 
study addresses these gaps by investigating the entropy generation and 
hydrothermal performance of a trapezoidal cavity containing NEPCM- 
water mixture under magnetic fields and double-diffusive mixed con
vection for IC cooling applications. The novelty lies in three key aspects: 
(1) systematic analysis of the competing effects between MHD-induced 
flow suppression and NEPCM-enhanced thermal performance, (2) 
comprehensive parametric investigation of phase change characteristics 
Stefan number and fusion temperature coupled with electromagnetic 
and buoyancy-driven transport, and (3) detailed entropy generation 
analysis to identify optimal operating conditions that balance cooling 
effectiveness with thermodynamic efficiency. Key parameters evaluated 
include Reynolds, Richardson, Lewis, Hartmann, and Stefan numbers, 
along with buoyancy ratio, fusion temperature, and NEPCM volume 
fraction. This study provides valuable guidelines for optimizing elec
tronic cooling systems by providing a comprehensive understanding of 
the interactions between forced convection, natural convection, mag
netic damping, and phase change phenomena. Special attention is given 

to entropy generation analysis, which is crucial for designing energy- 
efficient thermal management solutions that minimize irreversibilities 
while maximizing heat dissipation from IC components.

2. Modeling mathematics

The physical representation shown in Fig. 1, consists of a trapezoidal 
cavity containing a mixture of water and NEPCMs (Nano-Encapsulated 
PCMs), subjected to horizontal magnetic fields (Bo). The cavity functions 
as a cooling system for four integrated circuits (ICs) positioned along the 
cavity walls, with dimensions of 0.2 W × 0.2 W each. The geometric 
configuration is characterized by a base width (W), a top width (1.5 W), 
and a height (W), as detailed in Fig. (1). The ICs generate heat, main
taining temperatures and concentrations of (Th) and (Ch), respectively. 
The upper surface remains at a lower degree of heating (Tc) and con
centration (Cc), with thermally insulated inclined walls.

The system employs double-diffusive mixed convection, with the 
water-NEPCMs mixture serving as a working fluid. The NEPCM particles 
consist of n-Nonadecane core material encapsulated within a poly
urethane shell, with their thermophysical properties listed in Table (1)
along with other materials used in this investigation [54,55].

The numerical analysis encompasses steady-state laminar flow in 
two dimensions under combined convection. The Boussinesq approxi
mation is employed to account for density considered negligible. Ac
cording to such assumptions, incorporating magnetohydrodynamic 
effects, the set of governing equations can be formulated as follows 

Fig. 1. Detailed physical model.

A.M. Hassan et al.                                                                                                                                                                                                                              Results in Engineering 29 (2026) 109380 

3 



[56–58]: 

∂v
∂y

+
∂u
∂x

= 0 (1) 

v
∂u
∂y

+ u
∂u
∂x

= −
1

ρnf

∂u
∂x

+ νnf

(
∂2u
∂x2 +

∂2u
∂y2

)

(2) 

u
∂v
∂x

+ v
∂v
∂y

= −
1

ρnf

∂p
∂y

+ νnf

(
∂2v
∂x2 +

∂2v
∂y2

)

+ g
(ρβT)nf

ρnf
(T − TC)

+ g
(ρβc)nf

ρnf
(c − cC) −

σnf B2
o

ρnf
v (3) 

(
ρCp
)

nf

(

u
∂Tnf

∂x
+ v

∂Tnf

∂y

)

= knf

(
∂2Tnf

∂x2 +
∂2Tnf

∂y2

)

(4) 

u
∂c
∂x

+ v
∂c
∂y

= Dbf

(
∂2c
∂x2 +

∂2c
∂y2

)

(5) 

In these equations, the variables represent fundamental flow char
acteristics: v, u are the velocity components along the y and x directions, 
c is concentration, p is pressure, Bo is magnetic field strength and T 
denotes temperature. For the NEPCM-water mixture, several thermo
physical properties are crucial: density (ρnf ), kinematic viscosity (νnf ), 
thermal and mass expansion coefficients (βT, βc), electrical conductivity 
(σnf ), thermal conduction factor (knf ), heat specific capacity (Cp), and 
mass diffusion rate (Dbf ). To facilitate numerical analysis, the following 
formulas are used to convert the governing equations to dimensionless 
form:

Spatial and Flow Parameters:
Spatial and Flow Parameters: 

Normalizedcoordinates
y
W

= Y,
x
W

= X

Normalizedvelocities : V =
( v

rΩ

)
,U =

( u
rΩ

)

Dimensionlesspressure : P =
p

ρbf r2Ω2

Normalizedtemperature : θ =
T − Tc

Th − Tc

Normalizedconcentration : C =
c − cc

ch − cc

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(6) 

NEPCM-Mixture Properties: 

Relativeviscosity :
μnf

μbf
= (1 + Nv.ϕ)

Relativethermalconductivity :
knf

μbf
= (1 + Nc.ϕ)

Double − diffusiveparameter : Nz =
βc(ch − cc)

βT
(
Tnf − Tc

)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(7) 

Characteristic Dimensionless Numbers: 

Lewisnumber : Le = αbf
/
Dbf

Hartmannnumber : Ha = Bo W
̅̅̅̅̅̅̅̅̅̅̅̅̅

σnf

ρbf νbf

√

Reynoldsnumber : Re =
rΩL
νbf

Prandtlnumber : Pr = νbf
/

αbf

Grashofnumber : Gr =
gβbf ΔTW3

ν2
bf

Rayleighnumber : Ra =
gβbf ΔTW3

νbf αbf

Richardsonnumber : Ri =
Gr
Re2

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(8) 

Using these dimensionless parameters, equations (1) through (5) can 
be transformed into their non-dimensional counterparts, as presented in 
subsequent equations [5,59]. 

∂U
∂X

+
∂V
∂Y

= 0 (9) 

(ρnf

ρbf

)(

U
∂U
∂X

+V
∂U
∂Y

)

= −
∂P
∂X

+
1
Re

(
μnf

μbf

)(
∂2U
∂X2 +

∂2U
∂Y2

)

(10) 

(ρnf

ρbf

)(

V
∂V
∂Y

+U
∂V
∂X

)

= −
∂P
∂Y

+
1
Re

(
μnf

μbf

)(
∂2V
∂X2 +

∂2V
∂Y2

)

+
Gr
Re2

(
(ρβ)nf

ρbf βbf

)

(Θ+Nz.C) −
Ha2

Re
.V (11) 

(

U
∂

∂X
(Cr Θ)+V

∂
∂Y

(Cr∗)
)

=
1

Re.Pr

(
knf

kbf

)(
∂2Θ
∂X2 +

∂2Θ
∂Y2

)

(12) 

U
∂C
∂X

+ V
∂C
∂Y

=
1

Le. Re.Pr

(
∂2C
∂X2 +

∂2C
∂Y2

)

(13) 

NEPCM and water are characterized by the following thermophysical 
properties:

Density Relations:
Nanofluid mixtures have the following effective density: 

ρnf = (1 − ϕ)ρbf + ϕρp (14) 

The NEPCM particle density is determined by: 

ρp =
(1 + l)ρcoρsh

ρsh + lρco
(15) 

where the subscripts denote: bf (base fluid), p (NEPCM particle), co (core 
material), and sh (shell material). In this investigation, the core-to-shell 
mass ratio (l) is maintained at 0.45 [60].

Thermal Properties:
Using [60], we can determine the nanofluid's specific heat capacity 

and thermodynamic expansion coefficient: 

Cp,nf =
(1 − ϕ)

(
ρ Cp

)

bf + ϕ
(
ρ Cp

)

p

ρnf
(16) 

Table 1 
Water and nanoparticles properties at 30 ◦C [54,55].

Property Polyurethane 
Shell

n-nonadecane 
Core

Water

Density 
(
kg.m− 3) 721 786 996

Dynamic viscosity 
(
kg.m− 1 .s− 1)

- - 797 ×
10–6

Specific heat capacity 
(
J.kg− 1.K− 1)

2037 1317 4200

Thermal conductivity 
(
W.m− 1.K− 1)

0.0253 0.189 0.62

Thermal expansion 
coefficient 

(
K− 1)

1.7 × 10–4 5 × 10–4 2.1 ×
10–4

The core-to-shell mass ratio 
(l)

0.45 ​
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βnf = (1 − ϕ)βbf + ϕβp (17) 

Based on the phase change effects incorporated into the NEPCM 
particles, its specific heat capacity can be calculated as follows [61]: 

Cp,p = Cp,p +

{
π
2
.

(
hsf

TMr
− Cp,co

)

.sin
(

π T − T0

TMr

)}

.σ (18) 

where σ is defined by the temperature-dependent function: 

σ =

⎧
⎨

⎩

0 T > T0
1 T1 < T < T1

0 T > T1

(19) 

Here, hsf represents latent heat of the core, and TMr denotes range of 
temperature of phase change.

Heat Capacity Ratio:
The effective heat capacity ratio is defined as [61]: 

Cr =

(
ρCp
)

nf
(
ρCp
)

bf

= (1 − ϕ) + ϕλ +
ϕ

δSte
f , (20) 

in which f is [62]: 

f =
π
2

sin
(π

δ
(
θ − θfu + δ

/
2
))

ζ (21) 

ζ =

⎧
⎨

⎩

0 θ < θfu − δ
/
2

1 θfu − δ
/
2 < θ < θfu + δ

/
2

0 θ > θfu + δ
/
2

⃒
⃒
⃒
⃒
⃒
⃒

θfu =
Tfu − Tc

ΔT
, (22) 

Dimensionless Parameters:
The key dimensionless parameters characterizing the system are: 

Stefan number: Ste =
(ρCp)bf

ΔT(ρsh+ıρco)

αbf(hsf ρcoρsh)

Melting range: δ = TMr
ΔT

Heat capacity ratio: λ =
ρcoρsh(Cp,co+ıCp,sh)
(ρCp)bf

(ρsh+ıρco)

Mass and Thermal Transfer Characterization:
Sherwood and Nusselt numbers can quantify mass and thermal 

transport phenomena. At the upper surfaces, these measurements can be 
defined as: 

Nuloc = − (1+Nc ϕ)
∂ θnf

∂n
(23) 

Shloc= − (
∂ C
∂n

(24) 

The surface-averaged transport numbers are calculated by: 

Nuav =
1
s

∫s

0

Nulocds (25) 

Shav =
1
s

∫s

0

Shlocds (26) 

The flow pattern within the trapezoidal cavity is characterized by 
streamline contours, defined through: 

U =
∂ψ
∂Y

,V = −
∂ψ
∂X

(27) 

The stream function satisfies: 

∂2ψ
∂X2 +

∂2ψ
∂Y2 =

∂U
∂Y

−
∂V
∂X

(28) 

The total entropy generation comprises thermal and viscous 

contributions: 

Stotal = Sθ + Sψ = (1+Ncϕ)
[(

∂θ
∂X

)2

+

(
∂θ
∂Y

)2]

+ χ(1+Nvϕ)
(

2
(

∂U
∂X

)2

+2
(

∂V
∂Y

) 2

+

(
∂V
∂X

+
∂U
∂Y

)2)

(29) 

here, the irreversibility factor χ is: 

χ =
μbf T0

kbf

(
αf

W (Th − Tc)

)2

(30) 

This is the Bejan number, which represents the ratio between ther
mal and total entropy production: 

Be =
Sθ

Stotal
(31) 

Defining the conditions of the boundaries:
The physical boundary conditions are established based on realistic 

electronic cooling scenarios. The trapezoidal cavity walls are thermally 
insulated (adiabatic) to minimize heat loss to the environment, repre
senting typical electronic enclosures designed to direct thermal energy 
toward designated cooling surfaces. The upper surface is maintained at a 
constant low temperature (Tc) and concentration (cc), simulating a heat 
sink or cold plate that extracts heat from the system. The integrated 
circuit surfaces are maintained at elevated temperature (Th) and con
centration (ch), representing active heat-generating components. A 
rotating cylinder with angular velocity Ω provides mechanical mixing to 
enhance convective transport, while remaining thermally insulated to 
function purely as a flow enhancement device.

Following are the dimensionless boundary requirements with phys
ical justifications for electronic cooling applications:

For trapezoidal cavity walls (adiabatic): 

U = 0, V = 0,
∂θ
∂n

= 0,
∂C
∂n

= 0 (32) 

These conditions represent thermally insulated enclosure walls, 
typical in electronic cooling systems where the housing is designed to 
minimize heat loss to the environment and direct heat flow toward 
designated cooling surfaces.

At upper surface (cold wall): 

U = 0, V = 0, θ = 0, C = 0 (33) 

This boundary represents a heat sink or cold plate mounted on top of 
the electronic enclosure, maintained at a reference low temperature (Tc) 
to extract heat from the system. The zero-concentration condition sim
ulates fresh coolant supply or contaminant-free interface.

At IC surfaces (hot walls): 

U = 0, V = 0, θ = 1, C = 1 (34) 

These conditions model the heat-generating integrated circuits 
operating at elevated temperature (Th) with high solute concentration, 
representing thermal and species sources typical of active electronic 
components during operation.

At the rotating cylinder surface (adiabatic): 

U = − Ω (Y − Yo), V = Ω (X − Xo),
∂θ
∂n

= 0,
∂C
∂n

= 0 (35) 

The rotating cylinder serves as a mechanical mixer to enhance 
convective heat transfer within the NEPCM-water mixture, simulating 
active cooling enhancement mechanisms such as rotating fans or im
pellers commonly used in electronic thermal management systems. The 
adiabatic thermal condition ensures that the cylinder functions purely as 
a flow mixing device without adding or removing heat from the system.

These equations give a comprehensive mathematical model of en
tropy generation, heat transfer, and fluid flow in an NEPCM-filled 
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trapezoidal cavity with integrated circuits for practical electronic cool
ing applications

3. Setting up and validating the solver

The governing equations (Eqs. (6)–10) have been solved numerically 
using Galerkin weighted finite elements approach implemented in 

COMSOL Multiphysics 6.2. An unstructured mesh is used to discretize 
the computation domain with refined elements near the IC surfaces and 
cavity boundaries, as illustrated in Fig. (2, a). The discretized equations 
are solved using a damped Newton method for robust coupling, while 
the resulting linear system is handled by a Parallel Sparse Direct Solver.

The numerical solution is considered converging if the residuals of 
each variable (V, U, θ, C and P) reach a threshold of 10⁻⁵. To ensure 

Fig. 2. (a) Grid distrbution, (b) Grid independence results.
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solution stability, extended iterations were performed beyond the 
convergence point, confirming that variations in key parameters 
remained below 0.01 %. The computational analysis was performed 
using COMSOL Multiphysics 6.2.

A comprehensive grid independence analysis was performed using 
five distinct mesh configurations, ranging from 2107 to 72,850 ele
ments. The study was conducted under specific parametric conditions: 
Reynolds number = 50, Richardson number = 1, Stefan number = 0.1, 
Lewis number = 0.5, buoyancy ratio = 2, NEPCM volume fraction =
0.01, and phase change temperature (θf ) = 0.5. Fig. (1 b) illustrates that 
the mean Nusselt number decreased from 5.5994 to 5.5475, while the 
average Sherwood number reduced from 4.1098 to 4.0313 as the mesh 
was refined. The fourth grid configuration, containing 19,823 elements, 
demonstrated optimal computational efficiency with minimal variation 
in results compared to the finest mesh, showing relative differences of 
0.18 % for Nuav and 0.26 % for Shav. Therefore, this mesh resolution was 
adopted for all subsequent numerical simulations in the present study.

The present numerical model underwent multiple validation stages 
through comparison with established literature. It was first validated by 
comparing it to the computational results of Rawa et al. [63], that 
focused on mixed convective heat transfer in NEPCM-water systems. The 
present and their findings are shown to be very similar in terms of both 
thermal patterns and magnitudes in Fig. 3.

The numerical methodology was further validated through com
parison with the work of Usman et al. [64], who studied free convection 
with radiation effects in a multi-obstacle cavity configuration. The 

comparison was performed for specific parameters: Rayleigh number 
(Ra = 10⁴), radiation parameter (Rd = 5), thermal conductivity ratio (λ 
= 0.5), Lewis number (Le = 10), and buoyancy ratio (Nz = 0.5). Fig. 4
reveals strong agreement in flow characteristics, thermal patterns, and 
species distribution. The numerical predictions accurately captured the 
formation of primary vortices, thermal stratification around obstacles, 
and concentration gradients throughout the domain.

Additional validation was performed against the experimental re
sults of Kuehn and Goldstein [65], as presented in Fig. 5. This compar
ison specifically examined natural convection around a circular cylinder 
through isotherm analysis. The numerical predictions showed remark
able consistency when compared to the experimental results, especially 
in representing heat boundary layer development and temperature field 
distribution around the cylinder. The close alignment between experi
mental and numerical results demonstrates the precision and reliability 
of our present numerical approach to modeling complex convective heat 
transfer phenomena.

4. Evaluation and discussion of results

The numerical investigation encompasses an in-depth parametric 
evaluation examining various physical and thermodynamic phenomena 
in the NEPCM-filled trapezoidal cavity with integrated circuits. The 
study explores combined convection effects by varying the Richardson 
number from 0.1 to 10, and the Reynolds number from 10 to 100. Mass 
transfer characteristics are analyzed through variations in buoyancy 

Fig. 3. current outcomes versus Rawa et al. [63].
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ratios ranging 1–5, and Lewis numbers ranging 0.1–10. The influence of 
magnetic fields is investigated by modulating the Ha (Hartmann num
ber) between 5 and 80. The NEPCM properties and phase change dy
namics are examined by varying the volume fraction between 0.015 and 
0.035, Stefan number between 0.1 and 0.8, and fusion temperature 
between 0.1 and 0.9. Throughout the investigation, certain parameters 
are maintained constant: Prandtl number is fixed at 6.25, the dynamic 
viscosity parameter is set at 12.5, and the thermal conduction parameter 
is fixed at 23.80. The analysis presents temperature distributions, con
centration patterns, streamline contours, and specific heat ratio varia
tions within the trapezoidal cavity. Heat and mass transfer performance 

are quantified through Sherwood number (Shav) and mean Nusselt 
(Nuav) number at the IC surfaces. Additionally, the study evaluates the 
thermodynamic performance through total entropy production and the 
Bejan numbers, providing insights into system irreversibilities.

Fig. (6) demonstrates the role of Re and Ri in altering the contours of 
ψ, θ, C and Cr at fixed values of Ha=10, ϕ = 0.01, Ste = 0.1, θf = 0.5, Le =
0.5, Nz =2. At lower Ri values, streamlines concentrate primarily 
around the rotating cylinder, indicating that forced convection domi
nates the flow field. This occurs because the mechanical stirring effect of 
the cylinder overwhelms the relatively weak buoyancy-driven motion. 
The rotation-induced vortices remain localized near the cylinder, with 

Fig. 4. Comparison of stream function, isotherms, and concentrations with Usman et al. [64] at Ra = 104, Rd = 5, λ = 0.5, Le = 10, and Nz = 0.5.
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limited extension into the bulk fluid. In contrast, at higher (Ri) value(s), 
the streams are generated away from the cylinder where the influence of 
the bouncy force becomes stronger than the mechanical stirring effect of 
the cylinder. This transition reflects the increasing dominance of natural 
convection, where buoyancy forces drive fluid motion throughout the 
entire cavity, creating large-scale circulation patterns that extend from 
the hot IC surfaces to the cold upper wall. Furthermore, the free 
convective flow becomes dominant as Ri increases, fundamentally 

altering the transport mechanisms. The value of Ri number does not 
affect concentrations and isotherms at lower Re numbers because weak 
forced convection results in insufficient mixing to significantly alter 
temperature and concentration distributions. However, there is a 
slightly more pronounced effect on both transformations, heat and mass, 
at higher Re values, where enhanced fluid mixing intensifies both 
thermal and species transport. Moreover, the influence of Re on the 
isotherms and concentrations is very low at lower Ri while the influence 

Fig. 5. Isotherm validation between Kuehn and Goldstein's study and the current study[65].

Fig. 6. Contours of ψ, θ, C and Cr with differing Ri & Re at Ha = 10, ϕ = 0.01, Ste = 0.1, θf = 0.5, Le = 0.5, & Nz = 2.

A.M. Hassan et al.                                                                                                                                                                                                                              Results in Engineering 29 (2026) 109380 

9 



of Re becomes significant at higher Ri numbers. This synergistic effect 
occurs because strong buoyancy forces amplify the impact of forced 
convection, creating more effective heat and mass transfer through 
combined convective mechanisms. The same behavior is experienced by 
the melting zone, where this zone is only influenced by the change of Re 
number at higher values of Ri. The melting zone's sensitivity to Re at 
high Ri indicates that effective NEPCM phase change requires sufficient 
convective intensity to transport thermal energy to the particles, which 
is achieved only when both forced and natural convection mechanisms 
work cooperatively.

Fig. (7) demonstrates the role of Nz and Le in altering the contours of 
ψ, θ, C and Cr at fixed values of Re, Ri, Φ, Ha, Ste, and θf with the values 
equal to 50, 1, 0.01, 10, 0.1, and 0.5, respectively. The streams slightly 
slow down as Le increases with Nz. This deceleration occurs because 
higher Lewis numbers indicate slower mass diffusion relative to thermal 
diffusion, which reduces the contribution of solutal buoyancy to the 
overall flow field. In contrast, streams become stronger with increasing 
Nz, causing the bouncing force to increase with increasing Nz, causing 
the streams to circulate away from the cylinder. The enhancement in 
flow strength with Nz reflects the amplified role of concentration gra
dients in driving natural convection, as higher buoyancy ratios mean 
that solutal density variations contribute more significantly to the 
buoyancy forces. There is, however, a slight difference. On the other 
hand, the isotherms show very low influence to the change of the Nz and 
Le and hence these parameters have less impact on the melting region. 
This insensitivity suggests that the thermal field is primarily controlled 
by the imposed boundary conditions and flow patterns rather than by 
the relative magnitudes of thermal and solutal diffusion. On the other 
hand, Le number significantly affects concentrations, since the latter 
increases as Le increases regardless of Nz. Higher Lewis numbers 
correspond to lower mass diffusivity, which reduces the rate at which 
concentration gradients dissipate, resulting in steeper concentration 
distributions and stronger stratification near the IC surfaces. In contrast, 
Nz slightly enhances the strength of the concentrations and this influ
ence is only sensible at higher Le numbers. This coupling effect indicates 
that when mass diffusion is already slow, the additional solutal 

buoyancy becomes more effective in redistributing species through 
convective transport.

Fig. (8) illustrates the role of θf in altering the contours of ψ, θ, C and 
Cr at fixed Re, Ri, Le, Nz, Ste, Φ, and Ha at 50, 1, 0.5, 2, 0.1, 0.01, and 10, 
respectively. It is clear from the contours that θf does not affect streams, 
concentrations, or isotherms. This independence occurs because the 
fusion temperature determines only when phase change occurs within 
the NEPCM particles, not the overall flow dynamics or boundary-driven 
temperature distributions. Conversely, the zone of melting appears to be 
highly dependent on the θf. Low values of θf generate melting zones near 
the low temperature wall, which means that the phase change material 
inside the nanoparticles requires less temperature to be melted, which 
means more NEPCMs are engaged. When the fusion temperature is low, 
a larger portion of the cavity falls within the phase change temperature 
range, allowing more NEPCM particles to participate in latent heat ab
sorption and thereby enhancing the overall thermal storage capacity of 
the system. As the θf increases, the melting zone moves towards the hot 
source, indicating that the NEPCMs require higher temperature to be 
melted and hence less nanolattices are engaged. This shift toward the 
hot surfaces means that only particles in the high-temperature regions 
undergo phase change, reducing the effective thermal buffering pro
vided by the NEPCM. At higher θf, multiple melting zones are formed 
near the hot sources, so a relatively low number of NEPCMs becomes 
active in phase change, concentrating the latent heat absorption in 
localized regions near the ICs rather than distributing it throughout the 
cavity.

Fig. (9) demonstrates the role of Ha in altering the contours of ψ, θ, C 
and Cr at fixed Ri, Re, Le, Φ, and Ste at 1, 50, 0.5, 2, 0.01, and 0.1, 
respectively. At low Hartmann numbers (Ha = 5), there is a strong 
bouncy force downstream of the rotary cylinder without significant 
magnetic field suppression. Therefore, free convective flow dominates 
under these conditions because the streams create two vortices driven by 
thermal and solutal buoyancy. By increasing the Hartmann (Ha) num
ber, the stream's behaviour changes and becomes more influenced by 
rotation due to the weakening of the bouncy force. This is due to the 
Lorentz force, which opposes fluid motion and thereby reduces the 

Fig. 7. Contours of ψ, θ, C and Cr based on several Nz & Le values at Re = 50, Ri = 1, ϕ = 0.01, Ha = 10, Ste = 0.1, and θf = 0.5.
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bouncy force. The electromagnetic damping effect becomes progres
sively stronger as Ha increases, suppressing the large-scale circulation 
patterns and confining fluid motion to regions near the rotating cylinder 
where mechanical forcing can overcome magnetic resistance. In 
contrast, the isotherms and concentrations are also decreased with the 
increase of the Ha due to the less strength of the vortices. Weaker cir
culation reduces convective transport effectiveness, resulting in more 
diffusion-dominated heat and mass transfer with steeper gradients near 
the boundaries and reduced mixing in the bulk fluid. Furthermore, a 
reduction in the isotherms at the same value of θf also affects the melting 
zone when the Ha number rises. The suppression of convective heat 
transfer by the magnetic field limits the thermal energy delivered to 
NEPCM particles, thereby reducing the spatial extent of the phase 
change region and decreasing the system's ability to utilize latent heat 
storage effectively.

Fig. 10 demonstrates how Reynolds and Richardson numbers impact 
on transferring the mass and heat characteristics, represented by mean 
Nusselt (Nuav) number and Sherwood (Shav) number. At low Reynolds 
number, the impact of Richardson number is minimal, showing only a 
1.39 % increase in Nuav (from 4.6174 to 4.6815) as Ri increases from 0.1 
to 7. However, at higher Reynolds numbers, the influence of Ri becomes 
more pronounced. At Re = 100, Nuav increases significantly by 192.77 % 
(from 4.8775 to 14.27) over the same Ri range. Similarly, the Sherwood 
number exhibits comparable behavior, with a minimal increase of 0.42 
% at Re = 10 and a substantial rise of 141.23 % at Re = 100 when Ri 
varies from 0.1 to 7. This behavior can be explained through the inter
action of natural and forced convective flow. At low Reynolds numbers, 
forced convection is weak, and the buoyancy effect (represented by Ri) 
has limited influence on the flow field. As Reynolds number increases, 
the stronger forced convection interacts more effectively with buoyancy 
forces, enhancing mass and heat transfer rates. In light of the larger gain 
in Nuav versus Shav (192.77 % versus 141.23 % at Re = 100) indicates 
that thermal transport is more sensitive to these combined effects than 
mass transfer, likely due to the additional influence of NEPCM thermal 
properties and magnetic field presence (Ha = 10), since it primarily 
affects the momentum and energy transport mechanisms.

Fig. 11 illustrates the effect of Richardson number (Ri) and Reynolds 
number (Re) on Bejan number (Be) and the total entropy produced 
(Stotal). The entropy production shows an increasing trend with both Re 
and Ri, with the most dramatic changes occurring at higher values of 
both parameters. At Re = 10, the total entropy increases marginally by 
1.39 % (from 4.7321 to 4.7979) as Ri increases from 0.1 to 7. However, 
at Re = 100, a substantial increase of 191.13 % (from 4.9981 to 14.551) 
is observed over the same Ri range. Conversely, the Bejan number tends 
to decrease with increased Re and Ri, emphasizing that thermal irre
versibility is more important than fluid friction irreversibility. At Re =
10, Be decreases slightly by 0.11 % (from 0.98844 to 0.98738), while at 
Re = 100, a more significant reduction of 5.81 % (from 0.97178 to 
0.91532) is observed as Ri increases from 0.1 to 7. This behavior is a 
result of intensification in fluid mixing along with temperature gradients 
at greater Re and Ri values. The substantial increase in total entropy 
generation reflects enhanced irreversibility due to stronger convective 
effects and greater fluid friction. The decreasing Bejan number indicates 
that fluid friction irreversibility becomes increasingly dominant 
compared to thermal irreversibility as both forced convection (Re) and 
buoyancy effects (Ri) strengthen. This transition is particularly pro
nounced at higher Reynolds numbers where the enhanced fluid mixing 
leads to more significant viscous dissipation effects.

Fig. 12 displays how buoyancy ratio and Lewis number relate to heat 
and mass transfer. Increasing Le results a non-monotonic behavior in 
mean Nusselt number; It reaching peak values at Le = 1 across all 
buoyancy ratios. For instance, at Nz = 2, Nuav increases by 6.36 % as Le 
rises from 0.1 to 1 (from 5.2997 to 5.6368), followed by a decrease of 
8.12 % as Le further increases to 10 (dropping to 5.1793). In contrast, 
the Sherwood number exhibits a consistent increasing trend with Le, 
showing a substantial rise of 94.81 % (from 3.7293 to 8.055) at Nz = 2 as 
Le increases from 0.1 to ten. The influence of buoyancy factor is 
consistently positive for both parameters, though with varying in
tensities. At Le = 1, a Nz increase from one to five yields a 29.06 % gain 
in Nuav (from 5.21 to 6.7241) and a 30.84 % increase in Shav (from 
4.2363 to 5.5428). Solutal buoyancy and heat forces are thought to 
interact complexly to cause a behaviour like this. The peak in Nuav at Le 

Fig. 8. Contours of ψ, θ, C and Cr for different θf at Re = 50, Ri = 1, Le = 0.5, Nz = 2, Ste = 0.1, ϕ = 0.01, and Ha = 10.
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= 1 represents an optimal balance between mass diffusion and thermal 
rates, while Shav continuously increases with Le, reflects the enhanced 
species diffusion capability of the fluid. The stronger effect of Nz at 
moderate Lewis numbers suggests an optimal coupling between double- 
diffusive convection mechanisms under these conditions.

Fig. 13 reveals the combined influence of buoyancy ratio and Lewis 

number on entropy generation characteristics. The total entropy gen
eration (Stotal) exhibits behavior similar to the heat transfer patterns, 
showing a peak at Le = 1 before declining at higher Lewis numbers. For 
Nz = 2, Stotal increases by 6.39 % as Le rises from 0.1 to 1 (from 5.4333 to 
5.78), followed by a decrease of 8.21 % as Le further increases to 10 
(reducing to 5.3057). This trend is consistent across all buoyancy ratios, 

Fig. 9. Contours of ψ, θ, C and Cr for different Ha at Ri = 1, Re = 50, Le = 0.5, ϕ = 0.01,Nz = 2, and Ste = 0.1.

Fig. 10. Impact of Ri and Re on Nuav and Shav at Nz = 2, Le = 0.5, Ste = 0.1, ϕ = 0.01, Θf = 0.5, and Ha = 10.
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Fig. 11. Impact of Re and Ri on Stotal & Be at Nz = 2, Le = 0.5, Ste = 0.1, ϕ = 0.01, Θf = 0.5, and Ha = 10.

Fig. 12. Impact of Nz, and Le on Nuav & Shav at Ri = 1, Re = 50, Ste = 0.1, ϕ = 0.01, Θf = 0.5, and Ha = 10.

Fig. 13. Impact of Nz and Le on Stotal, Be at Ri = 1, Re = 50, Ste = 0.1, ϕ = 0.01, Θf = 0.5, and Ha = 10.
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though with varying intensities. The Bejan number shows subtle but 
noteworthy variations with both parameters. At moderate Lewis 
numbers (Le = 0.5), Be experiences a maximum of 0.97662 at Nz = 2, 
followed by a gradual decline to 0.968 at Nz = 5, representing a decrease 
of 0.89 %. As a result of these conditions, thermal irreversibility con
tributes to the production of total entropy at its maximum. At higher 
Lewis numbers (Le = 10), the Bejan number shows more stability across 
different buoyancy ratios, varying only by 0.11 % (from 0.97483 to 
0.9738) as Nz increases from 1 to 5. These patterns can be explained by 
the competing effects of thermal and solutal transport mechanisms. The 
peak in total entropy generation at Le = 1 corresponds to conditions 
where thermal and mass diffusion rates are balanced, leading to 
maximum irreversibility. The relatively stable Bejan number at higher 
Lewis numbers suggests that the proportion of thermal to viscous irre
versibilities remains fairly constant, despite changes in the buoyancy 
ratio, indicating a well-established balance between different transport 
mechanisms.

Fig. 14 illustrates the effects of Stefan number (Ste), and fusion 
temperature (θf ) in terms of heat transfer and mass transfer character
istics. The average Nusselt number shows maximum values at interme
diate fusion temperatures (θf = 0.5) for all Stefan numbers, with the 
effect being most pronounced at Ste = 0.1, where Nu_av increases by 
3.11 % from θf = 0.1 to 0.5 (from 5.39 to 5.5578) before decreasing by 
2.41 % as θf increases to 0.9 (to 5.424). The influence of Stefan number 
is consistently negative, with Nuav showing a decrease of 2.80 % (from 
5.5578 to 5.4023) at θf = 0.5 as Ste increases from 0.1 to 0.8. The 
Sherwood number exhibits remarkably stable behavior across all para
metric variations, with changes <0.1 % for both θf and Ste variations. 
This stability suggests that mass transfer characteristics are relatively 
insensitive to phase change parameters under the given conditions. This 
behavior can be attributed to the dominating role played by Lewis 
number as well as buoyancy factor in mass transfer processes. The 
observed trends can be explained by NEPCM particles' change phase 
dynamics. At intermediate fusion temperatures, the latent and sensible 
heat transfer mechanisms are balanced. The decreasing trend with 
increasing Stefan number indicates that higher latent heat capacity 
(lower Ste) improves thermal transfer effectiveness, possibly through 
improved thermal storing and release during phase changes.

Fig. 15 explains how Stefan number and fusion temperature affect 
entropy generation characteristics. The total entropy generation (Stotal) 
exhibits behavior similar to heat transfer patterns, showing peak values 
at intermediate fusion temperatures. S_total increases at Ste = 0.1, by 
3.19 % from θf = 0.1 to 0.5 (from 5.5237 to 5.70), followed by a 

decrease of 2.46 % as θf increases to 0.9 (to 5.56). The Stefan number 
shows a consistent negative impact on entropy generation, with Stotal 
decreasing by 2.88 % (from 5.70 to 5.536) at θf = 0.5 as Ste increases 
from 0.1 to 0.8. The Bejan number remains remarkably stable across all 
parameter variations, showing variations of <0.1 %. This stability in
dicates that the relative contributions of thermal and viscous irrevers
ibilities remain nearly constant regardless of phase change conditions. 
At θf = 0.5, Be varies minimally from 0.977 to 0.97656 as Ste alters 
(range between 0.1 and 0.8), suggesting a stable balance between 
different irreversibility mechanisms. A phase change's thermodynamic 
nature can explain this behavior. At intermediate fusion temperatures, 
the maximum generation of entropy occurs at conditions where phase 
change effects are most active, resulting in enhanced irreversibility 
through simultaneous transfer of sensible and latent heat. The 
decreasing trend with increasing Stefan number indicates that higher 
latent heat capacity contributes to reduced system irreversibility, likely 
due to more efficient thermal energy storage and release mechanisms.

Fig. 16 shows how NEPCM volume fraction along with Hartmann 
number influence mass and thermal transfer. The average Nusselt 
number shows a consistently increasing trend with volume fraction 
across all Hartmann numbers. At Ha = 10, Nuav increases by 33.77 % 
(from 6.0674 to 8.1163) as ϕ increases from 0.015 to 0.035. However, 
Hartmann number increases suppress thermal transfer, with Nuav 
decreasing by 16.44 % (from 6.0674 to 5.07) at ϕ = 0.015 as Ha in
creases from 10 to 80. In contrast, the Sherwood number exhibits min
imal sensitivity to changes in NEPCM volume fraction, showing 
variations of <0.1 % across the entire range of ϕ. However, it demon
strates significant dependence on the Hartmann number, decreasing by 
7.82 % (from 4.04 to 3.7239) at ϕ = 0.02 as Ha increases from 10 to 80. 
This behavior can be explained by the competing mechanisms of mag
netic damping and enhanced thermal conductivity. As the NEPCM 
concentration increases, Nuav increases due to the improved mixture 
thermal conduction. In contrast, higher magnetic fields (higher Ha) 
suppress fluid movement through electromagnetic damping, which re
duces mass transfer and thermal transfer. Species transport appears 
more dependent on flow field characteristics than thermal properties, 
owing to a relatively insensitive relationship between transfer of mass 
and NEPCM concentration.

Fig. 17 demonstrates the effects of NEPCM volume fraction (ϕ) and 
Hartmann number (Ha) on entropy generation characteristics. Total 
entropy generation (Stotal) shows a decreasing trend with both parame
ters. As ϕ increases from 0.015 to 0.035 at Ha = 10, Stotal decreases by 
1.42 % (from 5.6664 to 5.5862). A more pronounced reduction of 16.41 
% (from 5.6664 to 4.7359) is observed when Ha rises from 10 to 80 at ϕ 

Fig. 14. Impact of Θf and Ste on Nuav and Shav for Ri = 1, Re = 50, Le = 0.5, ϕ = 0.01, Nz = 2, and Ha = 10.
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Fig. 15. Impact of Θf and Ste on Stotal and Be for Ri = 1, Re = 50, Le = 0.5, ϕ = 0.01, Nz = 2, and Ha = 10.

Fig. 16. Impact of ϕ and Ha on Nuav and Shav for Re = 50, Ri = 1, Le = 0.5, Nz = 2,Θf = 0.5, and Ste = 0.1.

Fig. 17. Impact of ϕ and Ha on Stotal and Be for Re = 50, Ri = 1, Le = 0.5, Nz = 2,Θf = 0.5, and Ste = 0.1.
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= 0.015. It is interesting to note the inverse relationship between Bejan 
number and these parameters. While increasing ϕ causes a slight 
decrease in Be (0.07 % reduction from 0.9769 to 0.97621 at Ha = 10), 
increasing Ha leads to a notable rise in Be (1.38 % increase from 0.9769 
to 0.99043 at ϕ = 0.015). This behavior indicates a shift in the dominant 
irreversibility mechanism with changing magnetic field strength. These 
trends can be attributed in part to a suppression of fluid motion by the 
magnetic field and a NEPCM's influence on transport properties. The 
decrease in total entropy generation with increasing Ha reflects reduced 
fluid mixing and associated irreversibilities due to magnetic damping. 
The rising Bejan number with Ha suggests that thermal irreversibility 
becomes increasingly dominant compared to fluid friction irreversibility 
under stronger magnetic fields, likely due to the suppression of velocity 
gradients while maintaining temperature gradients.

The present findings provide several insights that advance under
standing beyond existing literature on NEPCM-based cooling systems. 
While previous studies have independently examined either MHD effects 
or NEPCM applications in thermal management, this investigation 
quantifies their coupled influence in electronic cooling configurations. 
The 192.77 % enhancement in heat transfer through optimal Re-Ri 
combinations demonstrates that buoyancy-assisted mixed convection 
can substantially improve cooling effectiveness, consistent with recent 
findings by Hassan et al. [66] and Alomari et al. [67]on double-diffusive 
systems. However, the present study extends these findings by demon
strating that magnetic field strength provides a controllable mechanism 
for optimizing the balance between heat transfer enhancement and en
tropy minimization. The observed 16.41 % reduction in total entropy 
generation with increasing Hartmann number, while maintaining 
acceptable heat transfer rates, suggests that moderate magnetic damp
ing can improve thermodynamic efficiency by suppressing viscous ir
reversibilities more than it reduces thermal transport. This finding 
contrasts with earlier works that focused primarily on heat transfer 
maximization without considering entropy optimization. Furthermore, 
the identification of optimal fusion temperature (θf = 0.5) and the 
demonstration that NEPCM concentration enhances heat transfer by 
33.77 % while simultaneously reducing entropy generation provides 
practical design guidelines not previously established in the literature. 
The non-monotonic behavior of heat transfer with Lewis number, 
peaking at Le = 1, reveals an optimal balance between thermal and mass 
diffusion mechanisms that has not been systematically characterized in 
combined NEPCM-MHD systems. These results collectively demonstrate 
that effective electronic thermal management requires careful para
metric optimization considering the competing effects of electromag
netic damping, phase change dynamics, and double-diffusive transport, 
providing a framework for designing energy-efficient cooling systems 
that maximize heat dissipation while minimizing thermodynamic 
irreversibilities.

5. Conclusions

The purpose of this study was to investigate entropy generation and 
hydrothermal performance of a trapezoidal chamber containing 
NEPCM-water mixture in the presence of a magnetic field and double- 
diffusive mixed convection. This study will conclude with the 
following findings: 

1. Combined effects of Reynolds and Richardson numbers demonstrate 
considerable enhancement of thermal transfer, with Nuav increasing 
by 192.77 % (from 4.8775 to 14.27) at Re = 100 when Ri varies from 
0.1 to 7, indicating that natural and forced convection are tightly 
coupled.

2. While Lewis number does not show a monotonic relationship with 
heat transfer, it consistently shows a positive impact on transferring 
mass, with Shav increasing by 94.81 % (from 3.7293 to 8.055) at Nz =
2 as Le increases from 0.1 to 10.

3. Phase change parameters show optimal performance at intermediate 
fusion temperatures (θf = 0.5), with Nuav increasing by 3.11 % 
compared to θf = 0.1, while the Stefan number demonstrates a 
negative impact on heat transfer performance.

4. NEPCM concentration significantly enhances heat transfer (33.77 % 
increase in Nuav for ϕ = 0.015 to 0.035 at Ha = 10), while magnetic 
field strength shows a suppressive effect (16.44 % decrease in Nuav as 
Ha reaches 80).

5. Under the same conditions, the total production of entropy decreases 
with both NEPCM concentration and magnetic field strength, with a 
notable 16.41 % reduction when Ha increases to 80, whereas the 
Bejan number increases by 1.38 %.

This investigation sheds light on how to optimize electronic cooling 
devices utilizing NEPCM under magnetic field influence. The findings 
offer practical guidelines for designing more efficient cooling systems by 
identifying optimal operating parameters and understanding the trade- 
offs between thermal transfer enhancement and the generation of en
tropy. The results are particularly pertinent to applications in electronic 
thermal management where both cooling effectiveness and system ef
ficiency are crucial considerations. Developing energy conserving and 
increasing sustainability of cooling solutions for electronic devices re
quires a comprehensive examination of entropy generation character
istics and double diffusion transport.
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