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ABSTRACT 
This article presents a numerical investigation and analysis of the cooling 
effectiveness of thermomagnetic transient natural convection in a long 
channel, equipped with four cylindrical heat-generating blocks. A non- 
Newtonian power-law ferrofluid was employed for the present investiga
tion to achieve optimum cooling. The governing equations are the con
tinuity equation, the momentum equation and the energy equation. The 
finite volume method was used to solve the resulting algebraic system. 
From an energy-saving point of view, this configuration can provide a 
good approximation for selecting effective physical and geometrical 
parameters to design a reliable thermal system. For this purpose, the study 
was carried out for various geometric and thermophysical parameters. 
Different values of thermal conductivity, power law index, Rayleigh num
ber, Hartmann number and ferrofluid volume fraction, were considered. 
The results are illustrated in the form of streamlines, isotherms, average 
Nusselt and a spatio-temporal characterization of the mean ferrofluid vel
ocity. From the results presented, we can conclude that the choice of non- 
Newtonian, pseudoplastic ferrofluid with a low thermal conductivity ratio 
subjected to a uniform magnetic field proves to be a crucial solution for 
efficient and stable cooling of heat-generating cylindrical blocks, which will 
have to be close to the cold walls of the channel.
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1. Introduction

In the field of heat transfer, nano-additives stand out for their high thermal conductivity and 
enhanced system stability compared with base fluids. For example, incorporating nanoparticles 
into the base fluid can help improve the thermal convection cooling of a system with a typical 
internal energy source. Researchers are constantly striving to discover new ways of increasing the 
efficiency of energy devices [1, 2].

In order to minimize the risk of equipment damage or malfunction, the analysis of natural 
convection in enclosures containing heat-generating solids is recognized as a promising solution. 
The preference for natural convection is explained by its widespread use in technical applications, 
positioning it advantageously over other convective processes, such as cooling operations in 
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electronic equipment, nuclear and chemical reactors and heat exchangers. Heat transfer by natural 
convection can be enhanced by modifying the shape of the geometry with variable boundary con
ditions [3, 4], or with the addition of nanoparticles to the base fluid [5].

Researchers have developed tools and techniques to control and improve the rate of heat 
transfer during natural convection, D. Mansoury et al. [6] and L. Snoussi et al. [7].

Mokaddes et al. [8] presented a study of natural convection induced by the insertion of a 
cylindrical heat-generating block into a cavity with a corrugated wall. In the course of their inves
tigations, it was found that the force of fluid movement is more pronounced in a corrugated cav
ity containing a heat-generating obstacle than in a smooth cavity with no obstacle. A numerical 
study of natural convection around two cylinders maintained at a temperature difference with the 
same geometric shape was carried out by M. Boukendil et al. [9]. The results show that location, 
cylinder shape and Rayleigh number play an important role in convective heat transfer. With the 
aim of maintaining ambient temperature uniformity and avoiding excessive cooling of an elec
tronic device, M. Foruzan et al. [10] have numerically examined the heat dissipation generated in 
the latter. The results show that a higher cooling rate can be achieved during the transient period 
for a higher surface emissivity and a higher Plank number. The effect of the uniform Lorentz 
force on energy transport and cooling by thermomagnetic convection was examined by C. Sivaraj 
et al. [11] and S. Priyadharsini et al. [12] respectively in a cavity containing a heat-generating 

Nomenclature 

A� dimensionless cylinder surface 
B strength of magnetic influence (kg/ 

s2/amp) 
Cp specific heat (J kg−1k−1) 
D strain rate tensor 
g gravitational acceleration (m s−2) 
Ha Hartmann number 
H channel height (m) 
k thermal conductivity (W m−1 K−1) 
k� thermal conductivity ratio 
L dimensional size of the channel (m) 
m consistency 
n power-law index 
N aspect ratio of the channel 
Nr aspect ratio of the solid body 
Nx, Ny Dimensionless of the position of the solide 

body 
Nu local Nusselt number 
p dimensional pressure (N m−2) 
P dimensionless pressure 
Pr Prandtl number 
q’’ Uniform heat generation rate (Wm−3) 
Ra Rayleigh number 
r dimensional radius of the solid body (m) 
t dimensional time (s) 
Tff dimensional temperature for a fluid 

region,(K) 
Ts dimensional temperature for a solid region 

(K) 
Tc dimensional cold wall temperature (K) 
u,v dimensional horizontal and vertical veloc

ities (m s−1) 

U, V non-dimensional horizontal and vertical 
velocities 

x, y,z dimensional Cartesian coordinates (m) 
X, Y, Z non-dimensional Cartesian coordinates 

Greek symbols 
a heat diffusivity (m2 s−1) 
b heat expansion coefficient (K−1) 
� kinematic viscosity (m2 s−1) 
l dynamic viscosity (kg m−1 s−1) 
u nano-sized particles volume fraction 
q density (kg m−3) 
(qCp) heat capacitance (J K−1 m−3) 
(qb) thermal expansion (10−6K−1) 
r electrical conductivity (Xm) 1 
hff non-dimensional temperature for a fluid 

region 
hs non-dimensional temperature for a solid 

region 
s non-dimensional time 
� strain rate tensor (N m−2) 

Subscripts 
Avg average 
c cold 
f fluid 
ff ferrofluid 
max maximum 
p particle 
s solide 
sf surface 
i,j tensor index 
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solid. The results indicate that an increase in the magnetic parameter Ha leads to a reduction in 
heat transfer. And, the addition of nanometer-sized particles improves energy transport. 
Furthermore, an improvement in cooling was indicated by decreasing the aspect ratio of the 
heat-generating solid block.

Ferrofluid, also known as magnetic colloid, is a suspension of nano-sized Fe oxide (Fe3O4) 
particles in a base fluid with low thermal conductivity. Oil, water and ethylene-glycol mixtures 
are generally considered as base fluids. Ferrofluids can be used to enhance heat transfer in a ther
mal system [13, 14]. By adjusting the magnetic properties of the fluid, it is possible to control its 
viscosity and thus its ability to transport heat. This optimizes heat transfer in targeted areas of 
the system, improving its overall efficiency.

Ferrofluids have made considerable progress in recent decades. This is mainly due to the wide
spread use of nanotechnologies in industrial and engineering products. The temperature rise of 
an electrically heated wire immersed in a ferrofluid has been studied analytically and experimen
tally by A. Vatani et al. [15] in the case of thermomagnetic convection. The hydrothermal charac
teristics of the Fe3O4 ferrofluid are studied by M. Bahiraei et al. [16]. The placement of four 
magnets was suggested by the authors to improve heat transfer. Natural convection heat transfer 
performance of aqueous Fe2O3-Al2O3 nanofluids under the influence of magnetic induction was 
studied and discussed by S. O. Giwa et al. [17]. During this research, the authors show that heat 
transfer performance depended on the choice of nanoparticles. Furthermore, the boundary layer 
flow around a rotating vertical cone placed in a hybrid ferrofluid was studied by S. Saranya et al. 
[18]. The results show that a hybrid ferrofluid produces maximum skin friction and maximum 
heat transfer compared with base fluids and simple nanofluids. Y. Cao et al. [19] conducted a 
study of natural convection in a cavity filled with Fe3O4 ferrofluid. They showed that the Nusselt 
number is increased by 32% for a volume fraction of 0.01 to 0.03. An experimental study of the 
hydrothermal behavior of Fe3O4 ferrofluid flowing under the effect of a uniform magnetic field 
was carried out and discussed by E. G€ursoy et al. [20]. The authors shed light on the study of 
ferrofluid behavior under the influence of a variable magnetic field. The influence of a non- 
uniform magnetic field on heat transfer and entropy production in a cavity filled with a ferrofluid 
was studied by B. Iftikhar et al. [21]. The results show that fluid velocity and entropy production 
decrease with increasing magnetic number. M. Nemati et al. [22] analyzed the cooling of a hot 
body by natural convection in an inclined trapezoidal geometry. They showed that the optimum 
thermal performance coefficient of the system can be achieved with the maximum Rayleigh value 
and the minimum Hartmann value, in the absence of heat absorption for the shear-thinning fluid. 
K. Gangadhar et al. [23] examined and evaluated a micropolar ferrofluid’s flow and heat transfer 
properties. The findings indicate that compared to a traditional micropolar fluid, the micropolar 
ferrofluid has a larger energy distribution. The objective of the investigation of [24] is to examine 
how the shape of the nanoparticles affects the magnetohydrodynamic free convection heat trans
fer performance and thermo-physical parameters of the water-based magnesium ferrite ferrofluid. 
It was found that the thermo-physical properties of ferrofluid were enhanced by the inclusion of 
cube-shaped magnesium ferrite particles.

The use of non-Newtonian fluids in a cooling system can offer advantages such as increased 
viscosity control, reduced pressure drop, resistance to flow variations and better management of 
mechanical stress, all of which can contribute to improving overall system efficiency and reliabil
ity. Non-Newtonian fluids are characterized by their non-linear viscosity, and are frequently 
encountered in industrial applications. Solvents, molten polymers, viscoelastic materials and 
atomic fluids are all examples of fluids with non-Newtonian properties. Understanding the trans
mission indicators of these fluids is of particular importance for these specific applications. In 
recent years, several scientific studies have focused on the circulation of fluids, whether 
Newtonian or non-Newtonian, within a closed cavity. The effect of a non-Newtonian shear- 
thinning viscosity has been studied by K. Khellaf et al. [25], H. Demir et al. [26] and Z. Alloui 
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et al. [27]. Their results reveal the strong influence of the pseudoplastic behavior of a fluid gov
erned by an index power law (n < 1) on its heat transfer by natural convection. Furthermore, A. 
Boutra et al. [28] reported that an increase in maximum temperature was found using a dilatant 
fluid (n > 1) in the presence of a heat-generating obstacle instead of pseudoplastic and Newtonian 
fluids (n < 1, n ¼ 1). R. R. Kairi et al. [29] Analyzed the influence of viscous dissipation from a 
vertical cone in a non-Darcy porous medium saturated with a non-Newtonian fluid. The results 
show that heat transfer decreases as the dissipation parameter increases for all fluid types (n < 1, 
n ¼ 1 and n > 1). On the other hand, due to viscous resistance, S. Yigit et al. [30] have shown 
that a weakening of thermal advection was reported when the power law index becomes large 
(n > 1). The non-Newtonian behavior of a phase change material (PCM) was studied by M. 
Ghalambaz et al. [31]. The results show that a decrease in the power law index can significantly 
increase the melting rate. Furthermore, correlations linking Nu to the power law index n as a 
function of control parameters have been proposed by L. Khezzar et al. [32] in the case of natural 
convection in cavities filled with non-Newtonian power law fluids. Hussan Zeb et al. [33] 
Analyzed the heat transfer characteristics of non-Newtonian ferrofluids produced by a stretch 
film. The authors show that the concentration, temperature and velocity field are influenced by 
control parameters. The uniform transpiration rate on boundary layer flow by natural convection 
of a non-Newtonian fluid was studied and analyzed by A. M. Rashad et al. [34], the results 
revealing that increasing viscosity index values lead to increased heat transfer. P. P. Roy et al. 
[35] examined the thermal performance of a power law fluid for an enclosure heated discretely 
by a cover. The authors show that heat transfer is inversely proportional, in the case of forced 
and natural convection, as a function of the power law index. All these conclusions were verified 
experimentally by Agool et al. [36] in the case of a rectangular cavity containing a hot obstacle. 
In addition, the authors demonstrated that the cylindrical shape of the obstacle improves heat 
transfer more than the cubic shape. The natural laminar convection of a long heated cylinder 
immersed in a non-Newtonian power-law fluid was studied numerically by C. Sasmal et al. [37], 
and the authors were able to show the consistency of their results with the experimental data 
available in the literature. The three-dimensional case of a non-Newtonian fluid in a thick-walled 
container was studied and analyzed by N. O. Moraga et al. [38]. The results show that a narrow 
thermal plume in air in the case of a Newtonian fluid differs from the non-Newtonian one 
around the inner cavity. The flow of a viscoelastic Casson fluid in a square cavity in the presence 
of an external magnetic field is examined numerically by T. Sarala Devi et al. [39] The results 
indicate that the temperature gradient is an increasing function of the buoyancy force. D. S. 
Loenko et al. [40] The time dependence of a sinusoidal temperature profile on the natural con
vection of a non-Newtonian fluid was analyzed. The results show that, at high oscillation frequen
cies of a pseudoplastic fluid (n < 1), convective transfer intensifies at very high Rayleigh. J.-F. Xie 
et al. [41] studied the natural convection of non-Newtonian power-law fluids in the presence of 
wall vibrations in a rectangular cavity. It has been observed that when aspect ratio and Pr 
increase, the rate of heat transret decreases. S. Doley et al. [42] focused on heat transfer between 
the ambient medium and the moving material under MHD radiative-convection, viscous dissipa
tion effects, and time-fractional condition. To examine fluid flow along a vertical plate with 
impulsive startup, the authors established a mathematical model that describes a hybrid nanofluid 
by considering the transient term as a fractional derivative. Their results show that changing the 
fractional order affects flow and heat transfer. A. Divya et al. [43] Numerically analyzed naturally 
convective MHD flow through an exponentially accelerating plate with viscous dissipation. The 
main results show that primary velocity, transverse velocity, temperature and concentration pro
files are affected by variations in system control parameters.

During the literature survey, we were able to show that non-Newtonian power law fluids can 
play an important role in improving convective transfer. Therefore, for efficient cooling, it is 
important to add nano-sized Fe oxide additives to the base fluid. That is why we chose a non- 
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Newtonian power-law Ferrofluid Fe3O4 to study the efficiency of heat transfer by transient natu
ral convection. The use of non-Newtonian ferrofluid in a thermal system containing cylindrical 
heat-generating blocks offers the possibility of precisely controlling heat transfer, ensuring uni
form heat distribution, managing mechanical constraints, designing systems that are more com
pact and benefiting from rapid response to changing conditions. In addition, to control and 
reduce heat transfer and avoid the risk of system damage or malfunction, a magnetic field was 
imposed in the positive direction along the x-axis. This question is crucial to improving the 
design and performance of thermal and energy systems. This research can lead to significant 
advances in the understanding of complex heat and fluid transfer phenomena, as well as in the 
development of more efficient and innovative technologies.

To this end, the main objective of this study is to analyze the effect of the magnetic field, tem
perature gradient, aspect ratio and position of the heat-generating blocks on transient natural 
convection. Variations in the thermal conductivity of the heat-generating blocks, power law index 
n and nanoparticle volume fraction are also taken into account. The novelty of this work lies in 
the fact that the two-dimensional temperature distribution of the solid phase in cylindrical coor
dinates and the fluid phase in Cartesian coordinates is obtained separately, with special dimen
sionless modeling brought in on the magnetic field strength, notably the Hartmann number. The 
results of this study are directly applicable to the cooling of high-power electronic components. 
By optimizing cooling systems through a better understanding of thermal and fluidic interactions, 
this research can contribute to significant advances in the thermal management of modern elec
tronic devices.

The results will be illustrated in the form of streamlines, isotherms, average Nusselt number 
and a spatio-temporal characterization of the mean ferrofluid velocity.

2. Physical and mathematical formulation

This study presents an analysis of transient natural convection cooling of a channel with aspect 
ratio N ¼ H/L. The channel is long enough for the system to reduce to 2D and is equipped with 
four cylindrical heat-generating blocks, each with a different aspect ratio and distinct position 
(Nx ¼ dxi=L, Ny ¼ dyj=L, Nr ¼ r=L), Figure 1. The left, right and bottom walls of the channel 
are considered adiabatic, while cooling by a cold temperature TC is applied to the top wall. The 
internal cylinders are assumed to generate heat at a uniform rate q‘’. Heat transfer and flow 
induced by a vertical temperature gradient are assumed to be laminar and two-dimensional in 
the transient regime. The Fe oxide (Fe3O4) and the base fluid are in thermal equilibrium, and 
their properties are assumed to be constant, Table 1. The ferrofluid is non-Newtonian power-law, 
incompressible and the Boussinesq approximation is applied. To control the heat transfer mech
anism, a uniform magnetic field of force B is imposed on the positive direction following the x- 
axis. Radiation effects are neglected.

Considering the above assumptions, the equations governing the conservation of mass, 
momentum and energy can be transcribed in the following dimensional form;

@u
@x

þ
@v
@x

¼ 0 (1) 

qff
@u
@t

þ u
@u
@x

þ v
@u
@y

� �

¼ −
@p
@x

þ
@�xx

@x
þ

@�xy

@y

� �

(2) 

qff
@v
@t

þ u
@v
@x

þ v
@v
@y

� �

¼ −
@p
@y

þ
@�xy

@x
þ

@�yy

@y

� �

þ qbð Þff g T − Tcð Þ − rff B2
0v (3) 
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@Tff

@t
þ u

@Tff

@x
þ v

@Tff

@y
¼

k
qCP

� �

ff

@2Tff

@x2 þ
@2Tff

@y2

 !

, for the ferrofluid zone (4) 

@Ts

@t
¼

k
qCP

� �

s

@2Ts

@r2 þ
1
r

@Ts

@r
þ

@2Ts

@z2

� �

þ q00
gen, for the solid zone heat source (5) 

For a non-Newtonian power law fluid, the viscous stress tensor is given by [44].

�ij ¼ 2laDij ¼ la
@ui

@xi
þ

@uj

@xi

� �

(6) 

Where Dij is the strain rate tensor for the two-dimensional Cartesian coordinate. The apparent 
viscosity in is given by Eq. (7) below.

Figure 1. Physical formulation.

Table 1. Average nusselt number compared with data of.

Physical properties Base fluid Ferro nanoparticles Fe3O4

Cp [J kg−1 K−1] 4179 670
q [kg m−3] 997.1 5200
k [W m−1 s−1] 0.613 6
r [S m−1] 0.05 25000
b � 10−5 [K−1] 20.7 1.18
l [kg m−1 s−1] 0.001003 –
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la ¼ m 2
@u
@x

� �2

þ
@v
@y

� �2
" #

þ
@v
@x

þ
@u
@y

� �2
( )n−1

2

(7) 

Where m and n are power-law model constants, m is the consistency coefficient and n is the 
power-law index. Under shear, when (n < 1), the fluid is pseudoplastic, (n > 1), the fluid is dila
tant and when (n ¼ 1), the fluid is Newtonian.

The following boundary conditions are taken into account in this study:

� t ¼ 0 : u ¼ v ¼ 0, Tff ¼ Tavg , 0 � x � L and 0 � y � H
� t > 0 :

u ¼ v ¼ 0, Tff ¼ Tc, 0 � x � L, y ¼ h

u ¼ v ¼ 0,
@Tff

@y
¼ 0, 0 � y � h, x ¼ 0, x ¼ L and 0 � x � L, y ¼ 0

u ¼ v ¼ 0, kk
@Tf

@n
¼ ks

@Ts

@n
, at the fluid − solid interface

(8) 

The effective density, specific heat and coefficient of thermal expansion of ferrofluid can be 
expressed as follows [1, 45]:

qff ¼ 1 − uð Þqf þ uqp, qCPð Þff ¼ 1 − uð Þ qCPð Þf þ u qCPð Þp, qbð Þff ¼ 1 − uð Þ qbð Þf þ u qbð Þp

(9) 

The effective thermal conductivity of the ferrofluid is defined using the Maxwell Garnett 
method [42, 46].

kff ¼ kf
kp þ 2kf − 2uðkf − kpÞ

kp þ 2kf þ 2uðkf − kpÞ

" #

(10) 

The standard effective viscosity given by Brinkmann [47] is

lff ¼
lf

1 − uð Þ
2:5 (11) 

The effective electrical conductivity of the ferrofluid can be given by the following Eq. (12)
[48, 49].

rff ¼ rf
rp þ 2rf − 2uðrf − rpÞ

rp þ 2rf þ 2uðrf − rpÞ

" #

(12) 

With the introduction of the following dimensionless parameters;

X ¼
x
L

, Y ¼
y
L

, R ¼
r
L

, Z ¼
z
L

, U ¼
uL
af

, V ¼
vL
af

, P ¼
pL2

qa2
f

,

s ¼
taf

L2 , hff ¼
Tff − Tc

DT
, hs ¼

Ts − Tc

DT
, DT ¼

q00
genpr2

kf
, Ra ¼

gbf DTL2nþ1qf

an
f m

,

Pr ¼
mL2n−2

qa2−n
f

, Ha ¼ LnB0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
rf

man−1
f

s

, A� ¼
pr2

L2 , a� ¼
as

af
, k� ¼

ks

kf
qCPð Þ

�
¼

qCPð Þs
qCPð Þf

(13) 
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Eqs. (1–5) are converted into the following dimensionless form;

@U
@X

þ
@V
@Y

¼ 0 (14) 

@U
@s

þ U
@U
@X

þ V
@U
@Y

¼ −
@P
@X

þ
lff

lf

qff

qf

� �

Pr 2
@

@X
l�

a
@U
@X

� �

þ
@

@Y
l�

a
@U
@Y

þ
@V
@X

� �� �� �

(15) 

@V
@s

þ U
@V
@X

þ V
@V
@Y

¼ −
@P
@Y

þ
lff

lf

qff

qf

� �

Pr 2
@

@Y
l�

a
@V
@Y

� �

þ
@

@X
l�

a
@U
@Y

þ
@V
@X

� �� �� �

þ
qbð Þff

qff bf

 !

RaPrhff −
rff

rf

qf

qff

� �

Ha2PrV
(16) 

@hff

@s
þ U

@hff

@X
þ V

@hff

@Y
¼

aff

af

� �
@2hff

@X2 þ
@2hff

@Y2

� �

, for the ferrofluid zone (17) 

@hs

@s
¼ a� @2hs

@R2 þ
1
R

@hs

@R
þ

@2hs

@Z2

� �

þ
1

qCPð Þ
�

1
A�

, for the solid zone heat source (18) 

The dimensionless apparent viscosity is defined as follows;

l�
a ¼ 2

@U
@X

� �2

þ
@V
@Y

� �2
" #

þ
@V
@X

þ
@U
@Y

� �2
( )n−1

2

(19) 

The initial and boundary conditions are;

� s ¼ 0 : U ¼ V ¼ 0, hff ¼ 0:5, 0 � X � 1 and 0 � Y � 1
5

� s > 0 : U ¼ V ¼ 0, hff ¼ 0:5, 0 � X � 1, Y ¼ 1
5

U ¼ V ¼ 0,
@hff

@y
¼ 0, 0 � Y �

1
5

, X ¼ 0, X ¼ 1 and 0 � X � 1, Y ¼ 0

U ¼ V ¼ 0,
@hf

@n
¼ k� @hs

@n
, at the fluid − solid interface

(20) 

The Nusselt number around the perimeter of the heat-generating cylinder can be calculated by 
the following Eq. (21) [12, 50];

NuðhÞ ¼
kff

@Tff
@n

kf
ðTsf −TcÞ

L

¼ −
kff

kf

1
hsf

@hff

@n
(21) 

To find the average Nusselt number (Nu), we use the following integration;

Nuavg ¼
1

2p

ð2p

0

NuðhÞdh (22) 

3. Computation and validation

The numerical solution of the problem considered was carried out using the finite volume 
method with the SIMPLE algorithm developed by Patankar [51]. The dimensionless governing 
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equations were discretized on a uniform staggered grid, adopting a curvilinear shape at the edges 
of the heating elements.

For the treatment of temporal and spatial terms, centered difference and QUICK schemes 
based on weighted quadratic interpolation were respectively adopted T. HAYASE et al. [52]. The 
iterative process was executed in a line-by-line procedure using the tri-diagonal matrix algorithm 
(TDMA). A time step of 10−3 was considered sufficiently accurate for this study. Acceptable error 
limits depend on the level of precision required for the study. A tolerance of 10−7 for residuals is 
used to ensure a converged and stable solution of the continuity, momentum and energy 
equations, and the convergence criterion for the sequential iterative solution was set by the fol
lowing Eq. (23):

P
i, j /m

i, j − /m−1
i, j

�
�
�

�
�
�

P
i, j /m

i, j

�
�
�

�
�
�

� 10−7 (23) 

Here, / represents variables U, V and h, subscript (i, j) and exponent m denote spatial coordi
nates and number of iterations, respectively.

Figure 2. Comparison streamlines and isotherms. (a) This study, (b) results of [12], and average nusselt number at Ra ¼ 106.

Table 2. Average nusselt number compared with data of L. Khezzar et al. [32].

n Present study Results [32] Error %

0.6 7.2515 7.3823 1.7718
0.8 5.5703 5.6201 0.8861
1 4.6793 4.7662 1.8232
1.2 4.2021 4.2227 0.4878
1.4 3.8156 3.8464 0.8007
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To explore the problem formulated, it is important to ensure the accuracy of the existing code. 
To this end, a validation of the numerical data against those in the literature is unavoidable. To 
this end, a comparison of the isotherms, streamlines and average Nusselt number has been car
ried out with the data of S. Priyadharsini et al. [12] in the case of natural convection in a cavity 
filled with ferrofluid in the presence of a heat source presented in Figure 2. The mean Nusselt as 
a function of the power law index n in the case of natural convection of a cavity filled with a 
non-Newtonian fluid, has been compared with the results of L. Khezzar et al. [32], Table 2. 
These results show satisfactory agreement between our simulations and those in the literature.

Mesh sensitivity was also investigated using five grids 61 � 13, 101 � 21, 141 � 29, 181 � 37, 
and 221 � 45. The maximum value of the dimensionless temperature and the average Nusselt 
number (Nu) were examined for each grid. The results presented in Table 3 show no essential 
differences between successive grids. Consequently, a 141 � 29 mesh is retained for all further cal
culations with optimal time.

4. Results and discussion

In this contribution, the cooling efficiency has been numerically studied, by transient natural 
thermomagnetic convection, of a long channel of aspect ratio N ¼ 0.2 equipped with four cylin
drical heat-generating blocks with variable thermal conductivity. Ferrofluids consist of magnetite 
nano-additives suspended in a base fluid, which becomes strongly magnetized when an external 
magnetic field is applied, giving rise to thermogenic convection. The ferrofluid (Fe3O4) employed 
is considered to be non-Newtonian in character following the power law and (qCp)�¼1. The 
study was carried out for various geometric and thermophysical parameters. Different values of 
thermal conductivity (solid-fluid) (0.1 � k� �10), power law index n (0.4 � n � 1.6), Rayleigh 
number (104 � Ra �107), Hartmann number (0 � Ha �100) and ferrofluid volume fraction (0 �
u � 0.1), were considered. During this investigation, five geometric configuration cases were con
sidered and studied. For this purpose, different ratios of shapes and positions of the heat-generat
ing cylinders were defined. The first case consists of considering (Ny ¼ 0.1 and Nr ¼ 0.056), the 
second case (Ny ¼ 0.12 and Nr ¼ 0.056), the third case (Ny ¼ 0.08 and Nr ¼ 0.056), the fourth 
case (Ny ¼ 0.1 and Nr ¼ 0.028) and the fifth case (Ny ¼ 0.1 and Nr ¼ 0.085). For all cases, Nx 
¼ 0.2. The results will be illustrated in the form of streamlines, isotherms, average Nusselt num
ber and a spatio-temporal characterization of the average ferrofluid velocity.

4.1. Effect on the thermal field

Figures 3–8, show isothermal and streamlines lines as a function of conductivity ratio k�, power 
law flow index n and for two Hartmann number values (Ha ¼ 0 and Ha ¼ 100). Ferrofluid vol
ume fraction and temperature gradient are fixed at u ¼ 0.03 and Ra ¼ 105, respectively. The fig
ures show complex and interesting scenarios, highlighting the significant influence of control 
parameters on both isothermal and streamlines.

Moreover, since the boundary conditions are symmetrical, the results are symmetrical for all 
configurations. Furthermore, the homogeneous thermophysical properties of the Fe3O4 nanopar
ticles and the carrier fluid are essential in maintaining the symmetry. Since thermal conductivity, 
viscosity, and other properties are stated to maintain this uniformity (Eqs. 9–12) in the fluid, 

Table 3. Mesh sensitivity for Nu at Ra ¼ 105, Ha ¼ 50, k� ¼ 1, n ¼ 1. Nx ¼0.2, Ny ¼ 0.1 and Nr ¼ 0.056 (case 1).

Grid 61x13 101x21 141x29 181x37 221x45

Nuavg 3.2016 3.1308 3.1292 3.1290 3.1290
hmax 0.5113 0.5007 0.4949 0.4947 0.4947

The bold values indicates that the 141x29 mesh has been chosen for this study.
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temperature gradients and flow fields react in a consistent and balanced manner across the cavity. 
However, under specific cylindrical solid aspect ratio conditions, the symmetry may disappear. 
Indeed, this can be seen in result found for, k�¼0.1 and n ¼ 0.6. For this reason, the entire geom
etry was taken into account, rather than just half of it with symmetry about the vertical axis. For 
a low conductivity ratio (k�¼0.1), the thermal field is characterized by a concentration of iso
therms on the heat-generating cylindrical blocks. This is due to the high thermal conductivity of 
the fluid relative to the solid. For k� ¼ 1, a continuity of isothermal lines was observed for all 
cases, a consequence of the equality between fluid and solid conductivity. On the other hand, for 
k�¼10, on the other hand, isothermal lines appear to be concentrated on the fluid part of the 
geometry. These scenarios are valid for all types of fluid and all geometric configurations 
considered.

Figure 3, for a shear thinning pseudoplastic fluid (n ¼ 0.6) with low thermal conductivity 
(k�¼0.1), the isothermal lines are rather less concentrated in the fluid zone and the heat source 
appears to be concentrated in the middle of the cylindrical solids. It is also important to note 
that the distortion of the isothermal lines for the case of a shear thinning pseudoplastic fluid indi
cates the signature of a convective transfer as a consequence of the low apparent viscosity of the 
non-Newtonian ferrofluid. As the index n increases, the lines widen from bottom to top and 
begin to intensify in the fluid zone, so the transfers show a conduction scenario for a shear thick
ening dilatant fluid. In addition, heat sources tend to move slightly downwards in the cavity. 
Clearly, as the apparent viscosity becomes greater, the transfers appear increasingly resistant and 
less pronounced, as a result of viscous dissipation, leading to a reduction in the ferrofluid’s 
molecular agitation. For a conductivity ratio k� ¼ 1, thermal stratification near the cold wall was 
found. Figure 3 shows that, for a pseudoplastic fluid, the heat source is more or less concentrated 
in the central part of the cylindrical blocks, tending downwards as the index n increases. An 
intense concentration of isotherms in the fluid zone is to be noted for high thermal conductivity. 

Figure 3. (a) Isotherms, (b) streamlines at Ha ¼ 0, u¼0.03 and Ra ¼ 105 for various k� and n. Nx ¼ 0.2, Ny ¼ 0.1 and Nr ¼
0.056 (case 1).
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In fact, no change was observed for either a Newtonian or a dilatant fluid. Furthermore, when 
the thermal field is subjected to an external magnetic force, the isothermal lines appear to be 
affected by the Hartmann number (Ha ¼ 100), Figure 4. Although the magnetic force acting on 
the Fe3O4 nanoparticles is oriented in the x direction, the resulting Lorentz forces are 

Figure 5. (a) Isotherms, (b) streamlines at Ha ¼ 0, u¼0.03 and Ra ¼ 105 for various k� and n. Nx ¼ 0.2, Ny ¼ 0.1 and Nr ¼
0.028 (Case 4).

Figure 4. (a) Isotherms, (b) streamlines at Ha ¼ 100, u¼0.03 and Ra ¼ 105 for various k� and n. Nx ¼ 0.2, Ny ¼ 0.1 and Nr ¼
0.056 (case 1).
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symmetrically distributed due to the uniform distribution of the nanoparticles and the symmetry 
of the initial conditions. Thus, the net effect on the temperature and flow fields can remain sym
metrical. For all values of thermal conductivity, practically the same isotherms structures can be 
observed with the disappearance of the hot-source cell for a Newtonian fluid with k�¼1.

The thermal field shown in Figure 5, for the fourth case (Nx ¼ 0.2, Ny ¼ 0.1, Nr ¼ 0.028), 
exhibits similar patterns in the isothermal lines. However, with the exception of the case with 
conductivity k� ¼ 1, here the heat source cell occupies the interior of the solid and tends to 
move downwards as the index n increases. A layered arrangement of isotherms in the vicinity of 
the cold wall can be seen when the index n and the conductivity ratio become important. In 
Figure 6, under the application of a high-intensity magnetic field (Ha ¼ 100), the isothermal lines 
display a tendency to decelerate, with power-law invariance as a function of the index n. All these 
results show symmetrical structures. In contrast, Figure 7 shows a different scenario when 
increasing the cylinder aspect ratio (Nx ¼ 0.2, Ny ¼ 0.1, Nr ¼ 0.085). For low thermal conduct
ivity, in the case of a pseudoplastic fluid (n ¼ 0.6), the isothermal lines show asymmetry, resulting 
from the size of the cylinders considered in this particular case, which generate heat and exert 
resistance to its diffusion into the fluid zone. On the other hand, in Figure 8, as the magnetic 
field increases (Ha ¼ 100), the isothermal lines regain their symmetry when the heat source dis
appears for k� ¼ 1, resulting from the transfer resistance induced by the magnetic force.

4.2. Effect on the flow field

The flow field shown in Figure 3 shows that streamlines are characterized by the formation of 
two large contra-rotating cells that are symmetrical with respect to the vertical axis. In fact, due 
to the presence of the cylindrical blocks, areas of flow stagnation were observed on both the right 
and left sides of the cavity. In these areas, the flow is blocked by the cylinders, resulting in the 
formation of two secondary cells. On the other hand, as the index n increases, secondary cells are 

Figure 6. (a) Isotherms, (b) streamlines at Ha ¼ 100, u¼0.03 and Ra ¼ 105 for various k� and n. Nx ¼ 0.2, Ny ¼ 0.1 and Nr ¼
0.028 (case 4).
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Figure 7. (a) Isotherms, (b) streamlines at Ha ¼ 0, u¼0.03 and Ra ¼ 105 for various k� and n. Nx ¼ 0.2, Ny ¼ 0.1 and Nr ¼
0.085 (case 5).

Figure 8. (a) Isotherms, (b) streamlines at Ha ¼ 100, u¼0.03 and Ra ¼ 105 for various k� and n. Nx ¼ 0.2, Ny ¼ 0.1 and Nr ¼
0.085 (case 5).
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generated. When k� ¼0.1 and k�¼1, two small cells are born in the middle of the bottom wall, 
with a particularity for k�¼1 and n ¼ 1.4. In this situation, we see the formation of four second
ary cells, two in the middle of the high wall and two in the middle of the low wall. On the other 
hand, for high thermal conductivity k�¼10, all streamlines are characterized by two main cells 
with stagnation regions to the left and right, and two secondary cells formed in the middle of the 
top wall. The intensity of these secondary cells increases as the power law index n increases. 
Clearly, increasing the power law index n leads to the formation of secondary cells, resulting in a 
reduced flow field. This outcome can be attributed to the non-Newtonian nature of a dilatant 
ferrofluid (n > 1), wherein viscosity rises with shear rate, consequently leading to an increase of 
the stagnation regions.

In Figure 4, as the Hartmann number increases to 100, the cells undergo flattening and elong
ation primarily along the horizontal axis within the cavity. This phenomenon underscores the 
substantial magnetic reactivity of the ferrofluid subjected to an external magnetic field. The sus
pended magnetic particles within the fluid react by aligning themselves with the magnetic field 
lines, enabling the ferrofluid to behave magnetically. For a pseudoplastic ferrofluid with low ther
mal conductivity, the stagnation zone near the left and right cavity walls is reduced. In fact, the 
flow is characterized by two large main cells and two secondary cells, which are disappearing in 
the stagnation zones. Moreover, this disappearance will induce the creation of other secondary 
cells near the middle of the lower wall for conductivities k�¼0.1 and k�¼1. In the case of k�¼10, 
the cells formed in the stagnation zones tend to overcome the buoyancy forces and begin to 
move toward the upper part of the two cylinders on the left and right.

Changing the aspect ratio of the cylinders, as depicted in Figure 5, leads to the formation of 
further stagnation zones. To this end, the scenario shown in this figure is bicellular for a pseudo
plastic fluid, marked by the emergence of four secondary cells near the stagnation zones. For a 
Newtonian fluid and a dilatant fluid, the flow is characterized by four rotating contra cells sym
metrical to the horizontal axis of the cavity. Moreover, for low thermal conductivity, the nuclei of 
the two cells formed in the middle of the cavity lie close to the low wall, and the intensity of 
these nuclei tends to overcome buoyancy forces as the conductivity ratio becomes larger, so the 
cells move increasingly toward the high wall. As the Hartmann number increases, Figure 6 shows 
the separation of the two cells formed in the middle of the cavity, leading to the emergence of 
additional symmetrical, contra-rotating cells. Indeed, the flow intensity is relatively low as a result 
of the Lorentz force driven by a magnetic field.

Figures 7 and 8 show the streamlines for a large-cylinder aspect ratio. From the results pre
sented in these figures, we can see that a dissymmetry has just appeared for a pseudoplastic fluid 
(n ¼ 0.6) of low thermal conductivity, so the flow is characterized by two large main cells with 
the formation of three other secondary cells resulting in the creation of stagnation zones when 
the aspect ratio of the cylinders becomes large. In addition, the application of a magnetic field 
reduces the flow intensity and the structure of the iso-current lines becomes symmetrical again.

4.3. Effect on heat transfer rate

Figure 9, shows the evolution of the average Nusselt number along the perimeters of the four 
heat-generating cylinders as a function of the index n for different thermal conductivities, Ha ¼0, 
Ra ¼ 105 and u ¼ 0.03. The results show that efficient transfer is found for a pseudoplastic fluid 
(n < 1) of low thermal conductivity for all cases. Thus, the Nusselt profiles show an almost con
stant evolution for a Newtonian and dilatant fluid. Clearly, this is due to the impact of the appar
ent viscosity of the ferrofluid as the power law index n becomes more important. It is also 
important to note that the effect of the conductivity ratio is inversely proportional to the power 
law index n for all geometrical configurations, except for case 2 and case 5. The figures show that 
for high conductivity, the transfer rate is rather pronounced for Newtonian and dilatant fluids. 
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Figure 10. Average Nusselt as a function of Ha and k� for n ¼ 0.4 Ra ¼ 105.

Figure 9. Average Nusselt as a function of n for Ha ¼ 0 Ra ¼ 105.
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Figure 10 shows the evolution of the average Nusselt number of a pseudoplastic fluid (n ¼ 0.4) as 
a function of the Hartmann number for different values of thermal conductivity. It can be seen 
that the heat transfer rate is a decreasing function of the Hartmann number. Furthermore, we 
can see that effective cooling is found in the low thermal conductivity of the ferrofluid.

In order to further increase convective transfer and achieve optimum cooling of the thermal 
system under consideration, additional quantities of nano-sized iron oxide additives were added 
to the base fluid. To this end, Figure 11, shows the evolution of the average Nusselt number as a 
function of the ferrofluid volume fraction for all cases considered and for all types of ferrofluids 
in the case of a fixed thermal conductivity, k�¼0.1. The results presented in these figures show 
that heat transfer increases linearly with the addition of nanoparticles. According to these figures, 
a pseudoplastic ferrofluid with index n ¼ 0.4 can greatly enhance heat transfer. For Case 4, on the 
other hand, the rate of heat transfer appears to be substantially constant with the addition of 
nanoparticles. The results show that the heat transfer rate is improved by 7.62% for case 1, 
15.19% for case 2, 9.39% for case 3, 1.53% for case 4 and 14.55% for case 5. Furthermore, the 
results show that maximum transfer can be achieved for case 2 when the cylindrical blocks are 
close to the cold wall with aspect ratios Nx ¼ 0.2, Ny ¼ 0.12 and Nr ¼ 0.056. And, a minimum 
heat transfer is obtained for case 5 when the cylinders are large with aspect ratios Nx ¼ 0.2, Ny 
¼ 0.1 and Nr ¼ 0.085, indicating that cooling is improved by 79.63% between case 2 and case 5 
using a pseudoplastic ferrofluid with a low thermal conductivity.

The effect of the temperature gradient on the Nusselt number for different values of index n, 
Hartmann number and thermal conductivity ratio is illustrated in Figure 12. Nusselt profiles as a 
function of index n follow an exponential law for different values of Rayleigh number. Heat 
transfer can be enhanced by increasing the temperature gradient, particularly for pseudoplastic 
fluids with low thermal conductivity (k�¼0.1). For low values of Rayleigh number, the transfer 
appears invariant as a function of the power law index n, and the Nusselt profile is almost 

Figure 11. Average Nusselt as a function of u for Ra ¼ 105, k�¼0.1 and Ha ¼ 0.
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constant. Furthermore, all Nusselt number profiles converge toward a common limit as the index 
n increases. We can therefore conclude that dilatant fluids with an index (n � 1:2) are not influ
enced by either Rayleigh or Harmann numbers. Indeed, ferrofluid can be used to regulate tem
perature in a thermal system.

To this end, Figure 13 shows the phase portraits of the mean velocity as a function of the 
Rayleigh number and Hartmann number of a pseudoplastic ferrofluid with index n ¼ 0.4 and 
conductivity k�¼0.1. It’s important to look at the spatiotemporal evolution of the ferrofluid vel
ocity, because at large temperature gradients we can have an efficient transfer rate, but this can 
have a negative impact on the thermal system under consideration, leading to major consequen
ces and failure. For example, when the Rayleigh number R ¼ 107 and Ra ¼ 106, the transfer 
shown in Figure 12 appears to be very efficient, but if we look at Figure 13, the phase portrait 
shows unstable regimes whose evolutions are chaotic and unpredictable. On the other hand, 
when Ra ¼ 105, the space-time attraction of the velocities shows a quasi-periodic regime, so the 
dynamics of the system seems to become increasingly stable as the Rayleigh number decreases. 

Figure 13. Phase portrait of average velocity as a function of Ra and Ha for n ¼ 0.4 and k�¼0.1. Case 2.

Figure 12. Average Nusselt as a function of n for n ¼ 0.4 and Ha ¼ 0 and k�¼0.1. Case 2.
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Of particular interest is the potential effect of the application of an external magnetic field on 
high temperature gradients in the system. To this end, applying and increasing the Hartmann 
number can stabilize the system, thereby reducing chaotic phenomena. When Ra ¼ 107 and Ha 
¼ 25, the dynamics shown in this figure are stable, with the attraction of a thick limit cycle being 
predictable. As the Rayleigh number decreases, while maintaining the same magnetic field 
strength (Ha ¼ 25), we see a stabilization of average velocities in the channel. Indeed, for Ra ¼

106 and Ra ¼ 105, the phase portraits show a dynamic of a limit point, so the regime appears 
increasingly stable for low temperature gradients. On the other hand, what is of real interest is 
when the Rayleigh number is very large, as the dynamics become increasingly stable as the 
Hartmann number increases. To this end, the application of a magnetic field for cooling a ther
mal system is crucial, because at some point, the rate of heat transfer must be reduced to avoid 
any kind of long-term process malfunction. Indeed, the application of a magnetic field of inten
sity Ha ¼ 25 can lead to flow stabilization and convective transfers of pseudoplastic ferrofluids.

5. Conclusion

This study presents an analysis of transient natural convection cooling of a channel with aspect 
ratio N ¼ 0.2, long enough for the system to reduce to 2D, equipped with four cylindrical heat- 
generating blocks. The main objective of this study is to analyze the effect of magnetic field, tem
perature gradient, aspect ratio and position of the heat-generating blocks on transient natural 
convection, also taking into account variations in heat-generating block thermal conductivity, 
power law index n and nanoparticle volume fraction. The results were illustrated in the form of 
streamlines, isotherms, mean Nusselt number profiles and a spatio-temporal characterization of 
the mean ferrofluid velocity. Heat transfer and flow are largely influenced by variations in the 
control parameters, indicating that increasing the apparent viscosity of the ferrofluid reduces heat 
transfer and the flow field. Thus, the flow is characterized by strong circulation for pseudoplastic 
fluids and weak circulation for Newtonian and dilatant fluids. Furthermore, heat transfer appears 
to be dominated by natural convection in the case of pseudoplastic fluids, tending toward con
duction as the index n increases. As for the effect of the thermal conductivity ratio (fluid-solid), 
the results show that effective cooling can be recovered for a low thermal conductivity k�¼0.1. In 
addition, the addition of additional iron oxide nano-additives to the base fluid can also enhance 
convective transfer in the thermal system under consideration. During the investigation, it was 
observed that, when using a system with an aspect ratio (Ny ¼ 0.12 and Nr ¼ 0.056), which cor
responds to case 2, maximum transfer can be recovered.

From an energy-saving point of view, this configuration can provide a good approximation for 
selecting effective physical and geometrical parameters to design a reliable thermal system. To 
this end, we can conclude that the choice of non-Newtonian ferrofluid of pseudo plastic type hav
ing a low thermal conductivity ratio subjected to a uniform magnetic field proves to be a crucial 
solution for effective cooling of a long channel equipped with cylindrical blocks generating heat.

Based on the different parameters studied in this research and the results obtained, scenarios 
linking these study parameters could easily be used in the design and optimization of several 
thermal engineering problems related to heat exchangers. Subsequently, it would be interesting to 
complete this study by including thermal damping parameters, such as the application of an 
external magnetic field, with the aim of minimizing heat loss to the external environment. It 
would also be interesting to link the magnetic field to the non-Newtonian behavior of a hybrid 
nanofluid consisting of solids immersed in a magnetorheological fluid.
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