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A B S T R A C T   

Electronic component cooling is one of the most critical barriers to system development in terms of being faster, 
smaller, and more reliable. Therefore, thermal management is necessary to control the large amount of heat that 
is produced. In the present study, a highly effective hybrid method is recommended to improve the thermal 
performance of an electronic device's cooling. A two-phase model is used in a three-dimensional numerical study 
to accurately examine the heat transfer characteristics, pumping power, and entropy production of Fe3O4/water 
nanofluid flow affected by a magnetic field inducer and a porous medium. Validation with the available data and 
mesh independence are performed to shed light on the accuracy of the presented model. The outcomes reveal 
that the combined technique improves both convection and conduction phenomena and decreases the irre-
versibility in the system. In addition, the data indicates that there is an optimum velocity for each magnetic field 
strength in order to maximize the cooling performance. In comparison with the circumstance of pure water and 
no magnetic field and porous medium, the heat transfer enhancement can be improved by 2.3 times when 
employing these conditions simultaneously: a magnetic field of 500G, Reynolds number of 500, a porosity of 
0.85, and a volume fraction of 2%. Finally, the proposed method shows only a slight increase in pressure drop 
since no additional obstacles were used.   

1. Introduction 

The demand for microelectronic devices in various industries, such 
as communications, the military, and aerospace, is rising rapidly due to 
the growing demand for computing in society [1]. Liquid cooling for 
microprocessors has become widely recognized as a superior alternative 
to conventional air cooling for dealing with increasing heat densities. 

Nowadays numerous engineers and scientists are currently con-
ducting research on the possibilities of improving energy transport in 
various thermal systems. A solution to this challenge is possible through 
the use of novel working liquids. Nanofluids are widely used as working 

fluids and can be viewed as a suspension of traditional energy transport 
liquids (water, oil, and others) with solid nanoparticles [2]. Their 
quality in terms of enhancing the heat transmission process has been 
confirmed in various engineering applications [3]. 

Aside from heat exchangers, solar collectors, and cooling equipment, 
using porous media and an external magnetic field are also techniques 
for increasing heat transfer and an important research area that piqued 
the curiosity of vast researchers [4–6]. Jafari et al. [7] compared the 
single-phase (SPM) and two-phase (TPM) methods of ferro-nano liquid 
under the impact of a magnetic field. They found that the TPM is typi-
cally more precise than the SPM. Keyhani-Asl et al. [8] studied heat 
transmission problems in an angled cabinet with solid and porous fins. 
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They demonstrated that adding these fins increased the free convection 
in the chamber by 40%. Izadi et al. [9] performed the free convection of 
ferro-liquid in a porous cavity with a magnetic field. When Reynolds 
numbers were low, natural convection was found to be unaffected by 
porosity variation. Sheikholeslami and Ebrahimpour [10] employed 
nanofluid to enhance the thermal treatment of the Linear Fresnel 
Reflector (LFR) system, which relied on multi-way twisted tape 
(MWTT). They demonstrated that more wings must be used to improve 
the secondary flow. In addition, an improvement in heat transmission 
was recorded. The thermal study of a parabolic trough solar collector 
with a wavy absorber pipe and nanofluid was studied by M. Sheikho-
leslamie et al. [11]. Their results show that the friction factor, heat 
transfer coefficient, and outlet temperature all increase as volume con-
centration increases. M. Sheikholeslami [12] simulated a solar system 
with an innovative turbulator and hybrid nanofluid. Their findings 
indicate that an increase in the angle of horseshoe fins reduces the 
convective coefficient by around 12.02%. Additionally, an increase in 
the Inlet flow rate results in a 0.18% boost in thermal performance. In 
addition, more investigations were conducted by the same author that 
focused on using nanoparticles in solar systems to enhance thermal 
performance [13,14]. The finite element technique was utilized by Al- 
Farhany et al. [15] to analyze numerically the MHD free convection of 
ferro-liquid in an inclined porous cabinet. The research results show that 
the energy transfer is enhanced when two solid fins are angled and 
spaced optimally. An analytical study for thermally completely devel-
oped flow through a porous channel has been conducted by Deng et al. 
[16]. Their calculations included determining the temperature distri-
bution within the porous substrate. A porous wavy duct operating with 
TiO2-water and Al2O3-Cu-water nanofluids was conducted by Elsafy 
et al. [17]. They confirmed that their structure improves the thermal 
performance of the microchannel significantly. The two-phase nanofluid 
flow was examined by Aghamiri et al. [18] in a channel equipped with 
moving cylinders and porous media. They concluded that increasing the 
rotational velocity of cylinders results in an increase in the thermal 
outcome of the channel. A thermally completely developed problem in a 
porous circular tube has been theoretically performed by Li et al. [19]. 
Their outcomes show that the Nu is greatly influenced by the thermal 
conductivity ratio, Peclet number, and Biot number. Unsteady free 
convection in a porous cylinder was explored by Sheremet et al. [20]. 
They addressed how major factors like Darcy number, solid wall thick-
ness, and porous layer height affect crucial parameters like Nu and 

average cavity temperature. In addition, many other investigations were 
published on the porous media effect in various configurations (see refs 
[21–31]). In these examinations, different methods and conditions were 
employed. However, the common point between the outcomes is the 
strong impact of porous media on heat transmission. 

A ferromagnetic hybrid nanofluid through a round enclosure was 
conducted by Sheikholeslami et al. [32]. They found that introducing 
MWCNT–Fe3O4 hybrid nanoparticles improves heat transmission. The 
natural convection in various enclosures, such as circular, wavy, ellip-
tical, and square geometries, was reviewed by Sadeghi et al. [33]. Using 
the finite difference method, Armaghani et al. [34] reported a compu-
tational assessment of entropy production due to MHD-free convection 
of Cu-water nanoparticles in a permeable I-shaped cavity. A numerical 
investigation of the formation of entropy and the transmission of heat in 
a T-shaped porous enclosure was carried out by Hussain and al. [35]. 
They observed that increasing the Hartmann number reduced heat 
transfer, entropy formation, and the Bejan number. Mansour et al. [36] 
addressed entropy generation and heat transfer in a C-shaped cavity 
with a heated corner and an angled magnetic field. They observed that 
the entropy production rate increases as the Hartmann number and the 
volume fraction increase. 

The impact of the variation of the magnetic field on the forced 
convection of nanofluids in a bifurcating conduit was conducted by 
Selimefendigil et al. [37]. They deduced that heat transmission incre-
ment varied from 12 to 15% without a magnetic field. However, when 
applying the magnetic field, the improvement varies from 9 to 12%. A 
computational study of the convection problem of a two-phase ferrofluid 
in an annular channel was carried out by Soltanipour [38]. An effective 
flow duct of 1.8 m and a diameter of 25 mm were developed by Patta-
naik et al. [39]. Employing an oil-based Fe3O4 ferrofluid, they reduced 
the temperature from 580 ◦C to 366 ◦C at a power of 1 kW. An oil-based 
Fe3O4 ferrofluid was used by Varma et al. [40] to generate and evaluate 
a copper‑silicone hybrid magneto-fluidic cooling device. Using ferro-
fluid, Sharma et al. [41] investigated heat and mass transport in a 
rotating disk with variable fluid parameters. Another investigation by 
Jafaryar and Sheikholeslami [42] utilized ferrofluid as a working fluid in 
a photovoltaic solar system. Combined effect of nano-powder and 
porous media in an energy storage system was analyzed by Sheikho-
leslami [43]. Using the two-phase technique modeling of nanofluids has 
been widely used in recent years [44,45], and this is strongly related to 
their capability and accuracy. 

Nomenclature 

a Acceleration (m/s2) 
B Magnetic flux density (N/A.m) 
cP Specific heat capacity (J/kg.K) 
Da Darcy number 
dp Diameter of the nanoparticle (m) 
F Forchheimer factor 
fdrag Drag function 
hL Local heat transfer coefficient (W/m2. K) 
K Permeability (m2) 
M Magnetization (A/m) 
Nu Nusselt number 
p Pressure (N/m2) 
Qv Volumetric heat generation (W/m3) 
Re Reynolds number 
S Local entropy generation (W/K.m3) 
Ṡgen Total entropy production (W/K) 
T Temperature (K) 
u, v, w Velocities in the x, y, and z directions (m/s) 
x, y, z Cartesian coordinates (m) 

Greek symbols 
k Thermal conductivity (W/m.K) 
μ Dynamic viscosity (kg/m.s) 
μ0 Permeability of free space (N/m2) 
ε Porosity 
ρ Density (kg/m3) 
ϕ Solid volume fraction 
χm Magnetic susceptibility 
χ0 Reference magnetic susceptibility 

Subscripts 
dr drift 
f fluid 
L local 
in inlet 
m mixture 
n normal direction 
nf nanofluid 
out outlet  
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In recent years, the problem of computer chip cooling has been 
recognized as a serious concern. This is a direct result of the rapid 
growth of microchips, so it is necessary to use an efficient cooling sys-
tem. In light of these considerations, the main ideas of the current study 
are summarized below:  

• First, the idea of using a magnetic nanofluid instead of a traditional 
fluid in order to increase the heat transfer process is due to their high 
thermal conductivity.  

• Then the idea of using a magnetic field inductor with a magnetic 
nanofluid in the cooling system. Accordingly, applying a magnetic 
field increases the amount of heat transferred during the heat ex-
change process. However, at large magnetic forces, this can lead to 
total changes in the flow structure and the production of a multi-
cellular regime. For this reason, this idea has been combined with 
porous media, which will be discussed in the next point.  

• Using the porous media with the above methods has two distinct 
effects: the control and regularization of the flow structure and the 
increase in heat transfer due to the conduction mechanism. 

Furthermore, the current work aims to improve the quality of the 
heat transmission process using magnetite nanoparticles, a magnetic 
field, and porous media without the need for complicated equipment, for 
example, vortex generators or bumps, to achieve this goal. Nevertheless, 
previous studies have not covered these important new developments, 
so the current study is designed to fill in the gaps. Hence, the compu-
tational Fluid Dynamics (CFD) technique is utilized in the current study. 
The two-phase mixture model is used to predict the nanofluid behavior. 
It should be noted that this approach has confirmed its capability and 
accuracy [7], and its many uses in recent times [44,45]. The strength of 
this approach is due to the consideration of the slip velocity between the 
particles and base fluid during the computation. The influence of several 
parameters is considered in the current study: Reynolds numbers 500 ≤
Re ≤ 1500, magnetic field strength 100G ≤ B ≤ 500G, porosity 0.97 ≤ ε 
≤ 0.85, and solid volume fraction 0% ≤ ϕ ≤2% on the heat transfer, 
pumping power, and second law viewpoints are investigated. 

2. Problem formulation 

Fig. 1 depicts the computational domain that was employed in this 
study. The structure of the problem is similar to the one used by Stiriba 
et al. [46]. The upper duct has a length of 2 L, and the cavity's entrance 
and outflow both have a size of 0.5 L. The chip has a 0.2 L length. Porous 
media is only used at the bottom of the structure to prevent a large 
pressure drop. The ferrofluid flow enters the cavity at a low temperature 
of 298 K and a constant velocity based on Reynolds number. Heat 
generation has been applied to the chip (Qv = 2 × 106 W/m3). The 

electronic cabinet is exposed to a uniformly applied magnetic field in the 
Y axis. The problem can be experimentally achieved. An electromagnet 
can be used to produce a constant magnetic field, as illustrated in Fig. 1 
(a). More details can be found in the reference [47]. 

3. Mathematical equations 

The ferrofluid flow is assumed to be steady, 3D, and incompressible. 
A two-phase mixture model is used in the computational domain to 
characterize the nanofluid. The thermophysical properties of the BF are 
supposed to be temperature-dependent, while for NPs are constant. To 
consider the influence of porous media, the Brinkman Darcy- 
Forchheimer equations are employed. 

Based on the assumptions above, the governing equations are 
[48,49]: 

Continuity equation: 

∇.

(

ερm V→m

)

= 0 (1)  

where ε is the porosity and V→m is the mean mass velocity derived from 
the following equation: 

V→m =
1
ρk

∑n

k=1
ϕkρk V→k (2) 

Momentum equation: 

ρm

ε2 ∇.

(

V→m V→m

)

=− ∇Pm+
μm

ε ∇2 V→m+∇.

(
∑n

k=1
ϕkρk V→dr,k V→dr,k

)

− Fp
̅→

+ Fk
̅→

(3)  

where ϕ, ρm and μm indicate the concentration, density, and viscosity of 
the mixture. 

The density and viscosity of the mixture are both taken from Eqs. (4) 
and (5). 

ρm =
∑n

k=1
ϕkρk (4)  

μm =
∑n

k=1
ϕkμk (5) 

The matrix drag force of the porous media, denoted by Fp
→ in the 

momentum equation, is calculated using the Darcy-Brinkman- 
Forchheimer model, as shown below. 

Fp
̅→

=
∑2

k=1
ϕk

(
Vk

Kk
V→k +

Cd,kρk̅̅̅̅̅
Kk

√

)⃒
⃒
⃒
⃒V
→

k

⃒
⃒
⃒
⃒V
→

k (6)  

where K and Cd are the permeability and inertia coefficient of the porous 
media, respectively. 

Cd =
1.75
̅̅̅̅̅̅̅̅
150

√
ε3 /

2
(7)  

K =
ε3D2

p

150(1 − ε)2 (8) 

The formula for determining the porous domain's thermal conduc-
tivity is as follows: 

keff = (1 − ε)ks + εknf (9) 

The drift velocity for the secondary phase (nanoparticles), is denoted 
by the symbol V→dr,k in the momentum equation, which can be calculated 
as follows: 

Fig. 1. 3D view of the problem (a) and 2D view in the z = 0 plane (b).  
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V→dr,k = V→k − V→m = V→pf −
∑n

k=1

ϕkρk

ρm
V→fk (10)  

where V→pf is the slip velocity, and is defined as: 

V→pf = V→p − V→f (11) 

In which f and p demonstrate, respectively, the primary phase 
(water) and the secondary phase (nanoparticles). 

Manninen et al. [50] and Schiller and Naumann [51] suggested the 
following equations to compute the slip velocity V→pf and drag function 
(fdrag) 

V→pf =
ρpd2

p

18μf fdrag

ρp − ρm

ρp
a→ (12)  

fdrag =

{
1 + 0.15Re0.687

p , if Rep ≤ 1000
0.0183Rep, if Rep > 1000

(13) 

In the above equation, Rep =
Vmdp
veff 

and the acceleration is defined as 

a→ = g −
(

V→m.∇

)

V→m. 

In the momentum equation, Fk
→ yields the magnetic volume force, 

often known as the Kelvin body force and is determined as follows. 

∇.B→= 0 (14)  

∇× H→= 0 (15)  

H and M are linked to each other by the following: 

B→= μ0

(
M→+ H→

)
(16)  

where the magnetization vector is defined as follows: 

M→= χm H→ (17)  

χm is the magnetic susceptibility [52] and can be written as follow: 

χm(T) =
χ0

1 + β(T − T0)
(18) 

As a result of utilizing Eq. (9) – Eq. (10), the magnetic force may be 
represented as: 

Table 1 
Properties of nanoparticles and porous materials [53].  

Material Diameter(mm) k (W/mK) cp (J/kgK) ρ (kg/m3) 

Porous media material – 26 343 8666 
Fe3O4 0.00002 7 640 4950  

Table 2 
Mesh independence for Re =500, ε =0.88, and B = 300G.  

No. number of nodes Num % Difference CPU times 

1 123,423 43.467 6.5 5 min 29 s 
2 186,172 44.693 3.6 7 min 30s 
3 241,237 45.748 1.2 11 min 55 s 
4 309,908 46.225 0.18 18 min 14 s 
5 423,475 46.310 – 39 min 43 s  

Fig. 2. Close view of the mesh.  

Fig. 3. Comparison of velocity contours and isotherms at B = 1600, Re = 260, 
and ϕ = 2% (a) Bezaatpour and Goharkhah [56] (b) current study. 
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Fk
̅→

=
1
2
μ0χ0(1+ χm)∇

(
H→× H→

)
+ μ0χm H→

((
H→.∇

)
χm

)
(19) 

The magnetic field is only present in the Y direction [47] in the 
electromagnet air gap where the electronic system is situated. In this 
way, the magnetic force of the body can be simplified. 

Fk
̅→

= μ0χmH2 − χ0β
[1 + β(T − T0) ]

2
∂T
∂y

j→ (20) 

Energy equation: 

∇.

(
∑n

k=1
ϕkρkCpk V→kT

)

= ∇.(km∇T) (21)  

where km denotes the matrix's thermal conductivity and is computed by: 

km =
∑n

k=1
ϕkkk (22) 

Volume fraction equation: 

∇.

(

ϕpρp V→m

)

= − ∇.

(

ϕpρp V→dr,p

)

(23) 

The solid domain energy equation can be expressed as 

∇.(ks∇T)+Qv = 0 (24) 

The thermophysical properties of Fe3O4 NPs and the porous media 
material are given in Table 1 [53]. 

In the current study, the properties of pure water were considered to 
be temperature-dependent. Therefore, the following models [53] have 

been used. 

ρf =2446 − 20.674T + 0.11576T2 − 3.12895× 10− 4T3 + 4.0505× 10− 7T4

− 2.0546× 10− 10T5

(25)  

μf = 2.414× 10− 5 × 10

[

247.8
T − 140

]

(26)  

kf = − 1.13+ 9.71× 10− 3T − 1.31× 10− 5T2 (27) 

The appropriate correlations used to determine the properties of the 
ferrofluid are [53]: 

ρnf = (1 − ϕ)ρf +ϕρp (28)  

(
ρcp
)

nf = (1 − ϕ)
(
ρcp
)

f +ϕ
(
ρcp
)

p (29)  

knf = kstatic + kbrownian =

= kf

[(
knp + 2kf

)
− 2ϕ

(
kf − knp

)

(
knp + 2kf

)
+ ϕ

(
kf − knp

)

]

+ 5× 104βϕρf cp,f

̅̅̅̅̅̅̅̅̅̅̅̅̅
κbT

ρnpDnp

√

g(ϕ, T)

where : κb = 1.3807× 10− 23 J
/

K and g

= ( − 6.04ϕ+ 0.4705)T + 1722.3ϕ − 134.63 (30)  

μnf = μf (1+ 2.5ϕ) (31)  

3.1. Boundary conditions 

The flow problem can be solved numerically by putting in the right 
boundary conditions, which are described below:  

• Inlet boundary: u = U∞ (uniform velocity), v = 0, w = 0 and T = T∞ 
(uniform temperature).  

• Outlet boundary: Pressure outlet (Atmospheric (gauge)).  
• Walls boundary: A no-slip condition u = 0, v = 0 and v = 0.  
• Heat source: Qv = 2 × 106 W/m3. 

Nusselt number: 
The following is a definition of the local Nusselt number: 

NuL =
hLL
kf

where hL =
− keff

( ∂T
∂n

)

Tw − T0
(32) 

For each face of the heater, the mean Nusselt number is deduced as 
the following: 

NuF =
1
A

∫∫

NuLdA (33) 

The heater's average total Nusselt number is determined as the 
following: 

Nu =
1
N
×(NuF1 +NuF2 +…+NuFN) (34) 

Entropy production: 
The local entropy production can be computed [48]:   

Where: 

Sht =
km

T2
in

[(
∂T
∂x

)2

+

(
∂T
∂y

)2

+ +

(
∂T
∂z

)2
]

(36)  

Sff =
μm

Tin

[

2

((
∂um

∂x

)2

+

(
∂vm

∂y

)2

+

(
∂wm

∂z

)2
)

+

(
∂um

∂y
+

∂vm

∂x

)2

+

(
∂um

∂z
+

∂wm

∂x

)2

+

(
∂vm

∂z
+

∂wm

∂y

)2
]

+
μm

KTin

(
um

2 + vm
2 +wm

2)
(37) 

Where Sht and Sff indicates the production of entropy due to heat 
transmission and fluid friction, respectively. 

Global entropy production is obtained as the following: 

Ṡgen =

∫

S dv (38)  

4. Methodology and validation 

In ANSYS Design 14.5, the computational domain was created and 
meshed using ANSYS Meshing 14.5. Fig. 2 shows the non-uniform 
hexahedral grid that was used, more refined toward the wall. Solving 
the equations is accomplished using FLUENT 14.5 software [54], which 
employs the control volume technique. The SIMPLE method (semi-im-
plicit technique) proposed by Patankar [55] is used to produce pressure- 
velocity coupling. The discretization of the convective terms in the 

S=
km

T2
in

[(
∂T
∂x

)2

+

(
∂T
∂y

)2

++

(
∂T
∂z

)2
]

+
μm

Tin

[

2

((
∂um

∂x

)2

+

(
∂vm

∂y

)2

+

(
∂wm

∂z

)2
)

+

(
∂um

∂y
+

∂vm

∂x

)2

+

(
∂um

∂z
+

∂wm

∂x

)2

+

(
∂vm

∂z
+

∂wm

∂y

)2
]

+
μm

KTin

(
um

2+vm
2+wm

2)

(35)   
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Fig. 4. Comparison of streamlines and isotherms for Ri = 0.01, Da = 10− 3, ε =0.9 (a) Kumar et al. [57] (b) current study.  

Fig. 5. Current study and published experimental data [58] comparison, NuL 
along the porous channel ε =0.44. 

Fig. 6. Current study and published experimental data [47] comparison, hL at 
Re = 600 and ϕ = 3% for different magnetic field strengths. 
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equations is achieved through the second-order scheme. 
To test the impact of the mesh on the outcomes, five various grid 

sizes and their consequences on the obtained findings are examined for 
Nu at Re =500, ε =0.88, and B = 300G, as shown in Table 2. It is obvious 
that the deviation between grid numbers 4 and 5 is negligible. Accord-
ingly, grid four is chosen for this analysis to acquire an appropriate so-
lution and consider the computation time. 

It is crucial to assess the reliability of the solvers to guarantee the 
accuracy of the obtained outcomes. In light of this, the calculation 

procedure is validated against various experimental and numerical data. 
The first comparison is with the research conducted by Bezaatpour and 
Goharkhah [56] for the Fe3O4/water ferrofluid as a working fluid and B 
= 1600G, as shown in Fig. 3. It should be noted that the models used in 
the current study to estimate the ferrofluid properties are based on the 
study of Bezaatpour and Goharkhah [56]. It can be seen from Fig. 3 that 
the current study has a strong argument. The second validation is with 
the study of Kumar et al. [57] for the problem of convection heat 
transmission in a porous chamber with a double-sided lid, as depicted in 

Fig. 7. Contours of temperature for various magnetic field intensities at Re = 500, ϕ = 2% and ε = 1 (clear cavity), a) in the xy plane, b) in the xz plane, c) in the 
xz plane. 
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Fig. 4. The findings of the current study demonstrate that high accuracy, 
as shown in Fig. 4. A comparison of the current work of the NuL along the 
porous channel with the experimental findings of Jiang et al. [58] for ε 
= 0.44 is presented in Fig. 5. Based on Fig. 5, it can be said that the 
current study has a good level of accuracy. Finally, the comparison with 
the experimental findings of Ashjaee et al. [47] with ferrofluid as a 
working fluid under the influence of a magnetic field is taken into ac-
count to verify the present numerical outcomes. Fig. 6 displays the 
variation of the hL along the heat sink length for various magnetic field 

strengths at φ = 3%. From Fig. 6, it can be concluded that the current 
outcomes are in excellent accord. 

5. Results and discussion 

This work focuses on improving the thermal performance of cooling 
an electronic device using a hybrid method. The iron oxide (Fe3O4)- 
water is employed as the coolant, and the system is equipped with an 
external magnetic field and porous media. The numerical solutions are 

Fig. 8. Contours of temperature for different porosities at Re = 500, ϕ = 2% and B = 500G, a) in the xy plane, b) in the xz plane, c) in the xz plane.  
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analyzed using a variety of Reynolds numbers 500 ≤ Re ≤ 1500, mag-
netic field strength 100G ≤ B ≤ 500G, porosity 0.97 ≤ ε ≤ 0.85, and 
solid volume fraction 0% ≤ ϕ ≤ 2%. To evaluate the heat transfer 
characteristics, pumping power, and irreversibility, numerical exami-
nation is performed by the two-phase technique. In order to find the true 
effect of the parameters mentioned earlier, the Darcy number is fixed at 
10− 3. 

5.1. Thermal analysis 

In order to clarify the impact of the magnetic field strength on the 
temperature distribution, Fig. 7 depicts temperature contours at Re =
500, ϕ = 2%, and ε = 1 (clear cavity) in different planes of the cavity. 
Noticeably, when applying the magnetic field, the behavior of the 
temperature lines surrounding the electronic chip changes, causing 
more dispersion, and isotherms become denser near the heater, which 
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Fig. 9. Nu against Reynolds numbers for various magnetic field intensities, a) ε = 1 (clear cavity), b) ε = 0.91 (with porous media).  
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can be translated by the enhanced heat transfer as the magnetic field 
strength rises. Similar behavior is obtained in various planes. In addi-
tion, it is obvious that the magnetic field has an impact on temperature 
range and that as the magnetic field's strength increases the maximum 
temperature decreases, indicating that the vertical magnetic field 
removes the energy inside the electronic chip. This disturbs the thermal 
boundary layer surrounding and facilitates the heat convection mecha-
nisms. Also, it should be noted that symmetry breaking of isotherms has 
occurred in the y-z and x-z planes at high values of B (B > 100G), 
indicating that a multicellular regime has settled around the microchip. 
This result is mainly due to the increase in the intensity of the magnetic 
field. For this purpose, it follows that the Kelvin force becomes the main 
driving force of the movement of the nanofluid. This disturbance on the 
thermal lines produced by the magnetic field can be managed by fitting 
the system with a porous media, which will be explained in the following 
figure. 

The hybridization of porous media, magnetic field, and ferrofluid 
positively impact temperature distribution. According to Fig. 8, which 
plots temperature contours for different porosity at B = 500G, Re = 500, 
and ϕ = 2%) in different planes of the cavity, by installing the porous 
media, It can be seen that the isotherms become more regular, which can 
be translated by the fact that the dominance of the magnetic field has 
been reduced. The ferrofluid's temperature is seen to diminish due to the 
combined effects. Moreover, the temperature difference diminishes, and 
the distribution becomes practically obvious and uniform around the 
electronic chip. Also, using the porous media boosts the conduction 
mechanism, which lets the hot bulk fluid be replaced by the colder bulk 
fluid, which makes the heat transfer better. By concluding this, the 
maximum temperature of the system can be reduced up to 3.4% by using 
both magnetic field and porous insertion methods. Despite this, it ap-
pears that combining the two methods is the most effective way to lower 
the maximum temperature and boost the cooling process. 

Fig. 9 illustrates the Nu against the Re for different magnetic field 

intensities, (a) ε = 1 (clear cavity) and (b) ε = 0.91(with porous media). 
In Fig. 9(a), The average Nusselt number increases as the solid volume 
increase from 0% to 2% by 6.69%–7% when the Reynolds number 
changes from 500 to 1500, respectively, due to the high thermal con-
ductivity of the nanofluid compared to pure water. The same tendency 
was shown in reference [45]. In addition, the Nu rises in the availability 
of a magnetic field and is directly related to magnetic field strength. 
Also, it is shown that at low Re, the magnetic field has a more pro-
nounced impact on heat transmission. An identical observation was 
reported by Bezaatpour and Goharkhah [56]. Additionally, as predicted, 
the Nu rises when the Reynolds number increases. This tendency is more 
obvious when the magnetic field intensity is lower. The maximum 
improvement of the heat transfer for the case Fig. 9(a) (without porous 
media) with only under the action of the nanoparticles and the magnetic 
field is obtained at Re = 1500, ϕ = 2%, and B = 500G with 103.5%. 

In the Fig. 9(b), where the porous media is presented with ε = 0.91. 
The rate of improvement in heat transfer by increasing the solid volume 
fraction is lower compared to the clear channel (without porous media), 
where the increment is between 1% and 3.8%. Additionally, A similar 
trend can be seen with respect to the previous figure, where the mag-
netic field has a greater impact at a small Reynolds number. In the 
presence of a magnetic field, the rise in Reynolds number leads to a 
decrement then an increment on the Nu. This is explicable since the 
difference in the number and structure of the generated recirculation 
regions is the main responsible for this behavior. Accordingly, it follows 
that a smaller Reynolds number produces greater benefits for improved 
heat transfer. An improvement of 193.4% is recorded at a smaller 
Reynolds number, ϕ = 2%, and B = 500G. 

According to the two previous figures, where it was concluded that 
the combined effect is more pronounced at smaller inlet flows, the im-
pacts of the porosity at various magnetic field intensities at Re = 500 on 
the Nu are given in Fig. 10. As can be perceived, increasing the porosity 
or the magnetic field intensity leads to an increment in heat 
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transmission. This is due to the two primary factors on the Nu, the in-
crease of the contact surface between the fluid and the porous medium, 
and the enhancement of the convection mechanism by the magnetic 
field. The maximum heat transmission is obtained at ϕ = 2%, B = 500G, 
ε = 0.85 Re = 500, which increases by 2.3 times compared to the case of 
pure water, without a magnetic field and porous media. 

5.2. Hydrodynamic analysis 

The effect of the magnetic field intensity on streamlines is more 
pronounced at higher magnetic field strength. In this context, Fig. 11 
shows the streamlines at Re = 500, ϕ = 2%, and ε = 1 (clear cavity) in 

different planes of the cavity. According to the figure, the flow structure 
changes when a magnetic field is applied. In the plane z = 0 Fig. 11(a), 
The formation of a recirculation region known as the horseshoe vortex 
can be observed near the upper corner of the electronic chip, which it is 
obvious at lower magnetic field intensity. However, it can be observed 
that it vanishes entirely at B = 500G, and a vortex is formed in the 
middle, amplifying the diffusion process. For the other cases in Figs. 11 
(b) and 11(c), there is no vortex formation when B = 0G. On the other 
hand, recirculation zones start to appear when the intensity of the 
magnetic field is raised, which promotes the spreading phenomenon. 
From the results shown, it can be concluded that the principal cause for 
the improvement of the cooling process is the demonstrated vortices 

Fig. 11. Streamlines for various magnetic field intensities at Re = 500, ϕ = 2% and ε = 1 (clear cavity), a) in the xy plane, b) in the xz plane, c) in the xz plane.  
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generated by the magnetic field. 
The simultaneous impact of installing porous media, ferro-nanofluid, 

and a magnetic field inducer on streamlines is illustrated in Fig. 12, 
which shows the streamlines for different porosities at B = 500G, Re =
500, and ϕ = 2%) in different planes of the cavity. From the figure, it can 
be inferred that with the penetration of the ferrofluid into the porous 
media, the structure of the streamlines becomes similar, regardless of 
the porosity value. In the plane at z = 0 Fig. 12(a), two diagonally 
opposite eddies grow in size with decreasing porosity due to the 
expansion of the solid region. For the situation plane x = 0 Fig. 12(b), 
the application of the porous media leads to a decrease in the number of 
vortices generated, in which only two recirculation regions under the 
block were kept. However, for the last case plane y = 0 Fig. 12(c), it can 

be observed that the vortices vanish entirely for any given porosity 
value. The dominant conduction mechanism is primarily responsible for 
this streamlines' behavior. 

The pressure drop result versus Re and magnetic field intensity, (a) ε 
= 1 (clear cavity) and (b) ε = 0.91(with porous media), is depicted in 
Fig. 13. The Fig. 13(a) shows that ΔP increases rapidly with the Rey-
nolds number, as expected. In addition, the suspension of ferro- 
nanoparticles in the base fluid slightly raises the pressure drop due to 
the increase in viscosity. The maximum growth rate in pressure drop by 
increasing solid volume fraction is approximately 2%. By applying a 
magnetic field from 0G to 100G, it is shown that the pressure drop de-
creases due to the removal of boundary layers, which reduces friction. 
Furthermore, it is also important to note that the increase in the 

Fig. 12. Streamlines for different porosities at Re = 500, ϕ = 2% and B = 500G, a) in the xy plane, b) in the xz plane, c) in the xz plane.  
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magnetic field intensity from 100G to 500G has a negligible impact on 
the ΔP. This result agrees with the findings of Bezaatpour and Ros-
tamzadeh [59]. On the other hand, the ΔP for the cavity filled with 
porous media behaves similarly to the clear cavity without porous media 
(Figs. 13) when varying Reynolds number or solid volume fraction. 
However, the increase in magnetic field strength shows the opposite 
trend, an increase in pressure drop, which is due to the porous media, 
which weaken the impact of the magnetic field. 

The effect of porosities on ΔP in various magnetic field intensities at 
Re = 500 is shown in Fig. 14. As previously mentioned, adding 

nanoparticles to the water raises the viscosity, thereby increasing the 
pressure drop. Additionally, it can be seen that a reduction in porosity 
from 1 to 0.85 results in an increase in ΔP regardless of the value of the 
magnetic field strength since the fluid moving through the porous 
channel causes more friction. Considering the increase in heat transfer, 
which can reach up to 2.3 times as noted previously, equipping the 
system with the proposed method. The increase in pressure drop with 
the hybrid method is only 6%. Therefore, it can be said that the increase 
in pressure drop is neglected in front of the significant increase in heat 
transmission. This slight increase in ΔP was obtained for several reasons, 
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Fig. 13. Pressure drop against Re for different magnetic field intensities, a) ε = 1 (clear cavity), b) ε = 0.91 (with porous media).  
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mainly related to the structure of the configuration, of which only the 
lower part is filled with porous medium, and the configuration does not 
contain any barrier or vortex generator. 

5.3. Entropy generation analysis 

After examining the thermal and hydraulic characteristics in previ-
ous sections, the remainder of this section examines entropy generation. 

Fig. 15 demonstrates the local entropy generation at Re = 500, ϕ =
2%, and ε = 1 (clear cavity) in different planes of the cavity. The gen-
eration of entropy is produced mainly in the area surrounding the 
electronic chip due to the thermal and dynamic boundary layers that are 
generated near the walls of the block, where large temperature and 
velocity gradients will be produced. A change in the distribution of the 
entropy produced can be observed once a magnetic field is applied, in 
light of the previously reported change in thermal and flow lines. 
Moreover, for the cases in Figs. 15(a) and 15(b), it is obvious that by 
raising the intensity of the magnetic field, the maximum entropy gen-
eration decreases due to the deformation of boundary layers. Nonethe-
less, Fig. 15(c) is distinct from the other situations, showing the opposite 
trend. The magnetic field's perpendicular to the chip's face increases 
friction, which explains the behavior. 

The impact of the hybrid method on irreversibility is depicted in 
Fig. 16, which shows the local entropy generation for different porosities 
at B = 500G, Re = 500, and ϕ = 2%) in different planes of the cavity. It 
can be seen that when using porous media, the production of entropy is 
concentrated in a specific and consistent location surrounding the 

electronic chip, regardless of the porosity value. This can be explained 
by the porous medium's ability to regulate flow through a conduction 
mechanism. Also, it can be seen that the maximum entropy production 
tends to decrease as the porosity declines in all cases. This emanates 
from the fact that the combination of magnetic field and porous media 
prompts the penetration of ferrofluid into the porous media, which re-
sults in a reduction in irreversibility. 

One of the most important parameters of the second law that defines 
the overall irreversibility of thermal devices is total entropy production. 
Fig. 17 shows the total entropy production versus Re and magnetic field 
intensity, (a) ε = 1 (clear cavity) and (b) ε = 0.91(with porous media). 
According to Fig. 17(a), it can be seen that as the Re rises, the overall 
production of entropy reduces. This happens as a result of an increase in 
the Nu and the dominance of thermal entropy generation over frictional 
entropy generation. Moreover, the suspension of magnetic nanoparticles 
in the base fluid results in lower irreversibility, with a reduction of up to 
4.3% at a lower Reynolds number. The numerical outcomes of Bahiraei 
et al. [60] show a similar tendency. In addition, the figure shows that 
growing magnetic field intensity leads to a decrease in entropy pro-
duction. This indicates the positive impact of the magnetic field on the 
thermal and flow characteristics. The impact of the insertion of the 
porous media under similar conditions is displayed in Fig. 17(b). It can 
be observed that the values of the total entropy production are decreased 
compared to the case without porous media Fig. 17(a). Additionally, 
even though the system includes porous media, using a magnetic field 
inducer reduces the overall entropy production. However, the creation 
of global entropy for each given magnitude of magnetic field strength 
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Fig. 14. Pressure drop against magnetic field intensity for different porosities at Re = 500.  
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exhibits a varied pattern of behavior depending on the Reynolds 
number. 

The amount of generated entropy at various magnetic field in-
tensities and different porosities at Re = 500 is represented in Fig. 18. As 
seen in the figure, the amount of total entropy production decreases as 
the porosity of the material decreases and the magnetic field strength 
increases. This is closely related to the increase in convection and con-
duction mechanisms, both of which serve to reduce the amount of en-
ergy lost. In other words, the better cooling of the electronic chip 

obtained by using the hybrid method leads to a reduction in the tem-
perature of the electronic chip, which results in the degradation of the 
temperature gradient, which is primarily related to the production of 
entropy. Also, concerning this figure, the minimum global entropy 
production occurs at ϕ = 2%, ε = 0.85, and B of 500G, where the 
reduction can reach up to 65.92% compared to the base case ϕ = 0%, ε 
= 1(clear cavity), and B of 0G. In conclusion, the simultaneous use of the 
ferrofluid, the induced magnetic field, and the porous media lead to 
lower energy losses, which may serve as a persuasive argument in favor 

Fig. 15. Contours of local entropy generation for diverse magnetic field intensities at Re = 500, ϕ = 2% and ε = 1 (clear cavity), a) in the xy plane, b) in the xz plane, 
c) in the xz plane. 
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of employing this strategy in the future. 

6. Conclusions 

A hybrid method for electronic chip cooling has been suggested in 
the present paper to reach the best performance. The new technology 
combines a magnetic nanofluid with a magnetic field inducer and a 

porous media for maximum heat removal and flow control. To simulate 
the computational formula, the Finite Volume Method (FVM) was uti-
lized under laminar forced convection conditions. The two-phase 
approach is employed to predict the nanofluid behavior in order to in-
crease the accuracy of the current investigation. After determining the 
optimal grid size and solver verifications, distributions of temperature, 
streamlines, average Nusselt number, pumping power, and local and 

Fig. 16. Contours of local entropy generation for different porosities at Re = 500, ϕ = 2% and B = 500G, a) in the xy plane, b) in the xz plane, c) in the xz plane.  
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Fig. 17. Total entropy production against Re for different magnetic field intensities, a) ε = 1 (clear cavity), b) ε = 0.91 (with porous media).  
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global entropy generation were given for different amounts of active 
factors. According to the results, it allowed us to conclude the following 
main points: 

• The simultaneous use of the combined technique, magnetic nano-
fluid, magnetic field, and porous media reduces the maximum tem-
perature of the electronic device by up to 3.4%.  

• The suspension of magnetic nanoparticles in the base fluid increases 
the average Nusselt number by 6.69% to 7% when the Reynolds 
number increases from 500 to 1500, respectively. Under the action of 
the magnetic field can increase up to 103.5% at Re = 1500, ϕ = 2%, 
and B = 500G. With the combination with porous media, the 
increment can reach 237% at ϕ = 2%, B = 500G, ε = 0.85 Re = 500.  

• When using a magnetic nanofluid, an increase in pressure drop of 
approximately 2% was recorded and a 6% increment using the 
hybrid technique at optimum conditions ϕ = 2%, B = 500G, ε = 0.85 
Re = 500.  

• Manipulating the system with the hybrid techniques decreases the 
global entropy generation by 65.92%. 

In summary, this research proposes a recommended technique for 
improving the cooling electronic devices' performance. The heat transfer 
rate was improved by a factor of 2.3 using this hybrid technique, and the 
degree of irreversibility was lowered by 65.92%, while a slight increase 
in pressure drop of about 6% is recorded. This technology offers a 
promising avenue for solving problems associated with microchip 
cooling in existing manufacturing facilities. Hence, in the future, a 
detailed study with more electronic chips inside the cooling system 
having different shapes, such as trapezoidal and triangular, under nat-
ural and mixed convective heat transfer. 
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