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Abstract
The failure to consider thermal radiation in addition to free convection heat transfer in many cases such as heat exchangers 
will cause an unavoidable error in the flow analysis. Due to the complexity of volumetric radiation modeling in solving vari-
ous problems, it is difficult to simulate this issue, especially through computer coding. The reason for this numerical study is 
the lack of extensive investigation of the effect of volumetric radiation on non-Newtonian nanofluid flow under magnetic field 
and heat absorption. By using the LBM and simulating the natural convection phenomenon, the cooling of a square-shaped 
component within a sector of a ring containing a non-Newtonian nanofluid has been modeled in the present research. The 
findings indicate that the presence of radiation increases the average value of the Nusselt number for the shear thickening, 
the Newtonian, and the shear thinning fluids by about 17%, 11%, and 8.5%, respectively. The growth of the thermal perfor-
mance index and the mean Nusselt Number value is observed via the enhancement of the fluid power-law index, especially 
in the absence of heat absorption. In most cases, the presence of nanoparticles improves the heat transfer rate, especially in 
cases where thermal conduction dominates convection. There is the lowest cooling performance index and magnetic field 
effect for the cavity placed at the angle of 45°. By designing the system in such a way that the magnetic field is imposed on 
the system at different angles and positions, the thermal performance can be improved to a great extent.

Keywords  Thermal performance analysis · Cooling of a hot body · Power-law nanofluid · MHD natural convection · 
Volumetric radiation · Entropy generation
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Be	� The Bejan number value
c	� Discrete velocity
Cp	� Specific heat (J/kg K)
D	� The position of applied magnetic field (m)
f	� Distribution function related to the temperature 

field
F	� External force (pa m2)
g	� Gravitational acceleration (m/s2)
G	� Incident radiation (W/m2)
h	� Distribution function related to the temperature 

field
H	� Length and height of the chamber (m)
Ha	� The Hartmann number value
I	� Particle distribution function for density radia-

tive heat transfer
k	� Thermal conductivity (W/m K)
m	� Nanoparticles shape factor
n	� Coefficient of power-law fluid
Nu	� The Nusselt number
p	� Pressure (pa)
Pr	� The Prandtl number
q	� Heat absorption coefficient (W/m3)
q⃗R	� Radiative heat flux (W/m3)
Ra	� The Rayleigh number value
RP	� Radiation parameter
Ŝ	� Entropy (W/K)
T	� Temperature (K)
u (u, v)	� Velocity components (m/s)
x (x, y)	� Lattice coordinates (m)

Subscripts
0	� Represents the Newtonian fluid
ff	� Fluid friction
HT	� Heat transfer
i	� Lattice direction
mf	� Magnetic field
NF	� Nanofluid
NP	� Nanoparticle
PF	� Pure fluid
R	� Radiative

Superscripts
b	� Repeating variable
eq	� Equilibrium

1  Introduction

Natural convection heat transfer (NCHT) is one of the most 
crucial heat transmission methods that does not require any 
outside forces. Numerous natural phenomena and indus-
trial applications, such as fire dynamics, bioreactor design, 
solar energy performance, geophysical systems, and crystal 

fabrication, have attracted significant experimental, numeri-
cal, and theoretical attention due to the NCHT in the con-
fined chamber (Shekaramiz et al. 2021; Malkeson et al. 
2023; Nemati et al. 2023; Yuan et al. 2023).

Among the passive methods that provide the possibility 
of changing the NCHT flow characteristics is adding nano-
particles to a pure fluid and changing the geometry of the 
chamber. In most real and industrial applications around this 
phenomenon, the working fluid produces a low heat transfer 
(HT) rate due to the low coefficient of thermal conductiv-
ity. For this reason, it is very useful to add materials that 
increase the conductivity coefficient (Toghraie et al. 2019; 
Khodabandeh et al. 2019; Mousavi et al. 2020; Mohebbi and 
Ma 2023). Nanofluids are new domains that have the poten-
tial to be used in engineering, particularly for the creation 
of the newest bio-medical tools and techniques. Automo-
tive, Nuclear, and electronics applications are some of the 
industrial uses of nanofluids. In comparison to readily avail-
able pure fluids like water and oils, nanofluids not only offer 
improved thermal characteristics, but also additional advan-
tages like minimal wearing and excellent stability (Alrowaili 
et al. 2022). Given the importance of the beneficial char-
acteristics of these passive methods, Rashid et al. (2023) 
inquired the influence of the shape of the nanoparticles on 
nanofluid flow in a lid-driven square cavity with a fixed 
circular obstruction in the middle. According to the study, 
nanoparticles having a lamina (non-spherical) shape perform 
temperature distribution and heat transfer in diamond-water 
nanofluid more efficiently. To analyze the naturally convec-
tive Cu-water nanofluid flow with an oscillating temperature 
profile, Saleem et al. (2023) took into account an L-shaped 
cavity. The research demonstrated that the use of nanofluid 
and a greater Rayleigh Number (Ra) consistently increased 
free convection effects. Among other results, the decrease in 
HT rate was due to the increase in the ratio of the enclosure 
aspect ratio. They reported that by changing the chamber 
aspect ratio, it is possible to change the flow characteristics 
due to the presence of other parameters.

The extensive use of non-Newtonian fluids in practical 
applications and a variety of sectors, including the chemical 
industry, is one of the most crucial elements that researchers 
must consider while examining and evaluating the flow of 
these fluids. Since viscosity in non-Newtonian fluids solely 
depends on temperature and pressure, it is independent of 
outside forces (Zhao et al. 2023; Sulochana et al. 2023; 
Nemati and Sefid 2023). It is impossible to represent the 
shear stress state in non-Newtonian fluids using a constant 
coefficient like viscosity. The flow of blood in the body is 
one of the most significant and practical non-Newtonian 
fluids (Eichler et al. 2023; Asha et al. 2023; Tazangi et al. 
2021). Loenko et al. (2019) conducted a numerical simula-
tion to investigate the NCHT of a power-law (PL) fluid in 
a closed cavity with a heat-generating and heat-conducting 
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element. The study showed that the growth of the PL index 
slows down the flow and HT in the cavity, and thus, for a 
shear thinning fluid, heat removal from the energy source 
occurs more intensively. Almensoury et al. (2021) inves-
tigated the NCHT of a non-Newtonian nanofluid inside 
a F-shaped porous cavity. The study's important findings 
imply that the inclusion of nanoparticles has a major impact 
on HT rates.

Various real-world procedures are significantly impacted 
by thermal radiation when coupled with free convection, 
including solar collectors, electronic device cooling, high 
temperature heat exchangers, and industrial furnaces. Many 
of these applications and processes would greatly benefit 
from a faster rate of heat transfer through thermal radiation 
through the fluids (Wahid et al. 2023; Sharma et al. 2023; Jha 
and Samaila 2023). Tighchi et al. (2019) took into account 
a square cavity to assess the combined impact of volumet-
ric radiation and free convection via the lattice Boltzmann 
method (LBM) simulation. They proved that the effect of 
increasing nanoparticles that increase the Nusselt Number 
(Nu) value is controlled by the presence of radiation. For the 
higher Ra values, radiation is more effective in improving 
the thermal characteristics of the system. The LBM was used 
by Safaei et al. (2018) to model the interaction of thermal 
surface radiation and nanofluid free convection in a shallow 
cavity. The study came to the conclusion that when radia-
tive HT and free convection are combined, the flow field is 
changed and the mean Nu value is also increased. Radiation 
is therefore a crucial element in sustaining the rate of HT.

To build energy systems with the best possible efficiency, 
it is crucial to examine the generation of entropy (GE) as a 
way to measure workability loss. HT resulting from a small 
temperature difference, fluid viscosity, and magnetic field 
(MF) can be mentioned as factors of entropy formation 
(Zhang et al. 2020; Eid and Mabood 2020; Ijaz et al. 2021; 
Shehzad et al. 2021). Pordanjani et al. (2019) employed a 
tilted rectangular chamber to explore the NCHT and GE of 
nanofluid in the presence of thermal radiation. The analysis 
demonstrated that upon enhancing the Hartmann Number 
(Ha), the total entropy formation and HT rate decrease, 
while the Bejan number (Be) enhances. Nemati and Fara-
hani (2023) developed a model of non-uniform MF with 
heat absorption/production to determine the amount of GE 
by conjugate HT of the PL liquid within a K-shaped cav-
ity. According to the study, the influence of augmenting the 
Ha value on the entropy formation revealed a significant 
enhancement of about 30% in heat production mode and a 
reduction of about 10% in heat absorption mode.

Utilizing MF influence on fluid flow is one way to 
regulate convection-related HT. Magnetohydrodynamics 
(MHD) is the study of fluid flow subjected to MF. HT 
and flow characteristics, for instance, may be modified and 
managed by employing MHD natural convection currents 

in fluids (Barnoon et al. 2021; Arulmozhi et al. 2022; Butt 
et al. 2023; Ali et al. 2022). MHD investigates the interac-
tion of fluid and magnetic force. The MHD NCHT is of 
great interest to researchers due to its Numerous industrial 
applications. Mourad et al. (2022) accounted a numeri-
cal study of the MHD NCHT and the entropy formation 
of Cu–water nanofluid in complex geometry. The study 
showed that due to the direction of MF, applying Lor-
entz’s force reduced the average Nu value; however, this 
impact was less noticeable for the lower Ra values than 
at the higher ones. In a square inclined cavity, Pordanjani 
et al. (2019) accounted a hybrid nanofluid to study the 
influence of the presence of MF on the rate of the NCHT 
and entropy formation. The results exhibited that with an 
increase in the intensity of MF and the length of the ther-
mal source, the total GE improved.

A crucial fundamental subject is the enhancement of HT 
in complex geometries. This relevance is once again seen in 
Numerous engineering and industrial fields, such as super-
heaters, the cooling of electronic devices in limited space, 
and heat exchangers. The main consideration is managing 
HT within a variety of gates and intricate shapes. Because 
of this, numerous numerical and experimental studies on the 
convection fluid flow inside various cavity geometries have 
been conducted recently (Aly and Raizah 2020; Mohebbi 
et  al. 2021; Chammam et  al. 2021; Zhou et  al. 2023). 
According to the study conducted by Ali et al. (2020), which 
simulated the impact of an external MF on the hydrothermal 
aspects of free convection of a PL non-Newtonian nanofluid 
inside a baffled U-shape enclosure, the HT rate increases as 
the aspect ratio of the cold rib of the U-profiles rises due 
to the increased HT area, even though convection effects 
decrease. By placing a rhombus-shaped object in the path 
of non-Newtonian fluid flow, Bai et al. (2022) exhibited that 
there are the highest convection effects when placing the 
object at a hot temperature. Another result is the change in 
flow power and thermal characteristics, including entropy 
and the mean Nu value, by changing the angle of the cham-
ber placement. Also, they proved that the lowest effect of 
MF presence is visible in the heat absorption mode.

One of the features of the present work is the simultane-
ous investigation of the effect of thermal radiation and heat 
absorption in determining the thermal performance index of 
a hot electronic component in a specific geometry through 
the NCHT, which has not been investigated so far. Another 
feature is the comprehensiveness of the analysis of the effect 
of various parameters, including the imposed MF position, 
on the system’s thermal characteristics via LBM.

The presentation of the governing equations and relation-
ships related to nanofluid modeling along with the necessary 
details for the numerical solution method is described in 
the second section. The third section is dedicated to present 
the analysis of the mesh study along with the validation of 
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the code written both qualitatively and quantitatively. The 
fourth section contains the results and analysis of the simu-
lation findings. At the end, a summary of the present work 
is provided.

2 � Modeling

2.1 � Description of the Problem Geometry

The present work deals with modeling the cooling of a hot 
electronic component enclosed in a part of a ring filled with 
the PL nanofluid. The process of reducing the temperature of 
a hot body is done via the NCHT, which is exposed to thermal 
radiation and uniform heat absorption. The fluid is assumed 
to be as a radiatively active environment, so the existing fluid 
is assumed to be homogeneous, gray, and participating in iso-
tropic absorption, diffusion, and scattering. The uniform MF 
is imposed on the flow inside the chamber under the angle λ at 
different locations with D index ( D1 = 0, D2 =

H

3
, D3 =

2H

3
 ). 

In Table 1, the position of applying MF is presented according 
to the angle of application. There are two reasons for consider-
ing the variable position of applying MF: (a) the existence of 

such conditions in reality, and (b) achieving specific results 
by not exerting MF throughout the chamber. The chamber is 
rotated under at an angle Г relative to the horizon so that the 
curved walls are adiabatic. The two cavity smooth walls are at 
a constant cold temperature. The coordinates of the center of 
the hot body are ( H

2
,
H

2
 ). For the radiation boundary conditions 

in this study, it is assumed that the reflection and emission of 
radiation from the walls are completely diffused in all direc-
tions with a diffusion coefficient of ε = 1. The geometry of the 
current study is depicted in Fig. 1.

The assumptions included during the simulation are pre-
sented in Table 2. The characteristics of nanoparticles sus-
pended in the main fluid are shown in Table 3 (Zainodin et al. 
2023 and Kamis et al. 2023).

2.2 � Governing Equations

Nanofluid modeling is done through Eqs. (1)–(7) (Selimefen-
digil and Chamkha 2019; Wang et al. 2019; Chen and Shu 
2020). In determining the nanofluid thermal conductivity 
coefficient related to Eq. (7), the coefficient of m refers to the 
nanoparticle shape factor. The values of this parameter are pro-
vided in Table 4 (Chamkha et al. 2018; Dogonchi et al. 2019). 

(1)�NF =
�PF

(1 − �NP)
−2.5

|�|(n−1)

(2)�NF = [��]NP + �PF(1 − �NP)

(3)
(Cp)NF

(Cp)PF

=

⎡⎢⎢⎣
1

1 +
(1−�NP)

�NP�NP

(Cp)NP

(Cp)PF

+
1

1 +
�NP�NP

(1−�NP)

⎤⎥⎥⎦

Table 1   The position of applying MF according to the application 
angle

BM represents the highest imposed MF strength

λ = 0 λ = 90◦

D1 B = BM ;
2H

3

< x ≤ H B = B
MAX

; 0 ≤ y ≤
H

3

D2 B = BM ;
H

3

< x ≤
2H

3

B = B
MAX

;
H

3

< y ≤
2H

3

D3 B = BM ; 0 ≤ x ≤
H

3

B = B
MAX

;
2H

3

< y ≤ H

Fig. 1   The geometry of the 
problem under investigation
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The governing equations in dimensional form for solving 
the problem are presented in Eqs. (8)-(13).

(4)
(�)NF

(�)PF
=

⎡⎢⎢⎣
1

1 +
(1−�NP)

�NP�NP

�NP

�PF
+

1

1 +
�NP�NP

(1−�NP)

⎤⎥⎥⎦

(5)�NF =
kNF

(�Cp)NF

(6)
�NF

�PF
=

⎡⎢⎢⎢⎣
1 +

3�NP

�
�NP

�PF
− 1

�
�

�NP

�PF
+ 1

�
− �NP

�
�NP

�PF
− 1

�
⎤⎥⎥⎥⎦

(7)
kNF

kPF
=

[
(m − 1)(kNP + kPF) + (1 − m)�NP(kPF − kNP)

�NP(kNP + kPF) + kNP + (m − 1)kPF

]

(8)
�u

�x
+

�v

�y
= 0

The amount of entropy formed due to the presence of 
imposed MF, HT and fluid friction is presented in rela-
tions (14)–(16), respectively. The total GE value has also 
appeared in Eq.  (17) (Khan et al. 2022; Rahman et al. 
2021; Kashyap et al. 2021).

(9)

u
�u

�x
+v

�u

�y
=

−
�p

�x
+

(
��xx

�x
+

��xy

�y

)

�
NF

+
g(��)

NF
(T − T

cold
) sinΓ + �

NF
B2
(v sin � cos � − u cos2 �)

�
NF

(10)

u
�v

�x
+ v

�v

�y
=

−
�p

�y
+

(
��xy

�x
+

��yy

�y

)

�
NF

+
g(��)

NF
(T − T

cold
) cosΓ + B2�

NF
(u sin � cos � − v sin2 �)

�
NF

(11)�ij = �NF

(
�ui

�xj
+

�uj

�xi

)

(12)

�NF =

{
2

[(
�u

�x

)2

+

(
�v

�y

)2
]
+

(
�v

�x
+

�u

�y

)2
} (n−1)

2

(13)

u
𝜕T

𝜕x
+ v

𝜕T

𝜕y
= 𝛼NF

[
𝜕2T

𝜕x2
+

𝜕2T

𝜕y2
+

q

(𝜌Cp)NF

]
−

1

(𝜌CP)NF

𝜕q⃗R
𝜕y

(14)Ŝ𝜆=90
o

mf
=

B2𝜎NF
Thot+Tcold

2

v2 and Ŝ𝜆=0
mf

=
B2𝜎NF
Thot+Tcold

2

u2

(15)Ŝht =
kNF(

Thot+Tcold

2

)2

[(
�T

�x

)2

+

(
�T

�y

)]2

(16)

Ŝ
ff
=

μNF

Thot+Tcold

2

[
2

((
𝜕u

𝜕x

)2

+

(
𝜕v

𝜕y

)2
)

+

(
𝜕u

𝜕y
+

𝜕v

𝜕x

)2
]

Table 2   Simulation assumptions
(1) The 2D flow is considered steady state and laminar
(2) The power-law non-Newtonian fluid is incompressible
(3) Except for the density that follows the Boussinesq approximation, the rest 

of the properties are constant
(4) There is no slip and fluid penetration on the surfaces
(5) Nanoparticles suspended in the pure fluid form a single phase composition
(6) The nanoparticles and pure fluid are in thermal equilibrium
(7) Viscous loss is neglected, and radiation effects are considered as volumet-

ric force in the energy equation

Table 3   The nanoparticles/pure fluid thermophysical properties

Symbol Unit H2O Fe3O4

Pr – 6.23 –
σ (Ω.m) 0.05 25,000
β (1/K) 21 × 10–5 1.3 × 10–5

Cp (J/kg K) 4179 670
k (W/m K) 0.613 6
ρ (kg/m) 997.1 5200

Table 4   Values related to nanoparticles shape

Particle shape Spherical Cylindrical Platelet Column Lamina

m 3 4.8 5.7 6.37 16.16
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In non-Newtonian fluid modeling, the shear rate is dif-
ferent at each node, and the viscosity does not have a con-
stant value. Considering that the non-Newtonian fluid is 
approximated by the PL model in the available study, the 
computation of the kinematic viscosity in terms of the 
shear rate in the nodes is according to Eq. (18) (Mohebbiet 
al. 2019; Mendu and Das 2021; Dong et al. 2018).

By introducing dimensionless parameters in Eq. (19), the 
governing equations and the determining equations of GE are 
written in dimensionless form as relations (20)–(28).

(17)Ŝ = Ŝ
ff
+ Ŝ

ht
+ Ŝ

mf

(18)

�(x, t) = �0|�| =
(√

2 × 0.5

(
�ui

�xj
+

�uj

�xi

)
× 0.5

(
�ui

�xj
+

�uj

�xi

))(n−1)

(19)

Ra =
𝛽𝜃gH2n+1

𝜐0𝛼
n

, P =
pH2

𝜌Ra𝛼2
, Pr =

𝜐

𝛼
, RP =

4T3
C
𝜎R

𝛽RkPF
, X =

x

H
, Y =

y

H
,

U =
uH

𝛼
√
Ra

, V =
vH

𝛼
√
Ra

, 𝜐0 =
𝜇0

𝜌
, Pr =

𝜐0H
2−n

𝛼2−n
,Δ =

H2q

(𝜌CP)NF𝛼PF
,

Ha =BHn

�
𝜎NF𝛼

1−n

𝜇PF
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T − Tcold

Thot − Tcold
, S = Ŝ

�
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2

�2

H2

kBF(Thot − Tcold)
2

(20)
�U

�X
+

�V

�Y
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(21)
U
�U

�X
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�U
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+ Pr
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�NF�f

](
�2U

�Y2
+
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− PrHa2
[
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�NF�f

]
(V sin � cos � − U cos2 �) + RaPr

[
�NF

�f

]
� sinΓ

(22)
U
�V

�X
+ V

�V

�Y
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�P

�Y
+ Pr

[
�f�NF

�NF�f
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�Y2
+

�2V

�X2
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− PrHa2
[
�f�NF

�NF�f
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(U sin � cos � − V cos2 �) + Ra Pr

[
�NF
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(23)U
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��
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�NF

�PF
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�2�

�X2
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�2�

�Y2
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+ q� +

4

3
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[(
kNF

kf

)−1
(�Cp)f kNF

(�Cp)NFkf

�2�

�Y2
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(24)S𝜆=90
◦

mf
= 𝜒

Ha2𝜎NF

𝜎PF
V2 and Ŝ𝜆=0

mf
= 𝜒

Ha2𝜎NF

𝜎PF
U2

To determine the power of the flow, the stream function is 
defined in the form of Eq. (29).

(25)Sht =
kNF(

Thot+Tcold

2

)2

[(
��

�X

)2

+

(
��

�Y

)2
]

(26)Sff = A∗kNF

[
2
(
�U

�X
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+ 2
(
�V

�Y

)2
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(
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+
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�Y
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(27)A∗
=

(
Thot+Tcold

2

)

kPF

(
H

Thot − Tcold

)

(28)S = S
ff
+ S

ht
+ S

mf

It should be noted that the total GE amount and the Be 
value (the ratio of the amount of GE caused by HT to the 

total GE) are expressed in an averaged form according to 
Eqs. (30) and (31) (Khan et al. 2022; Rahman et al. 2021; 
Kashyap et al. 2021). The value of the mean Nu is calculated 
as the sum of the values on the enclosure cold walls accord-
ing to Eq. (32).



Iranian Journal of Science and Technology, Transactions of Mechanical Engineering	

It is necessary to explain that Eq. (33) indicates the ratio 
of the mean Nu value to the total GE value under the name 
of the system thermal performance index (TPI).

2.3 � Numerical Method

One of the computational fluid flow analysis techniques 
that has achieved remarkable success in resolving different 
HT issues is the lattice Boltzmann method, often known 
as LBM. The primary concept is founded in the theory of 
kinetic energy of particles in order to examine the motion 
and collision of particles in this mesoscopic approach. The 
lattice Boltzmann equation is a simple evolution equa-
tion for the particle distribution function that expresses 
the likelihood of finding particles at a given position and 
velocity on the grid during a given period of time. It is the 
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creator of the Boltzmann evolution equations for special 
distribution functions. The main equation of LBM, for cal-
culating the density and fields of velocity with the external 
force term, is expressed as Eq. (34) (Kebriti and Moqta-
deri 2021; Rahman et al. 2022; Islam et al. 2023). In the 
present work, the D2Q9 network arrangement is used for 
modeling. A view of the arrangement of this type of lattice 
is depicted in Fig. 2a. The equilibrium distribution func-
tion, the discretized network velocities, and the relaxation 
time related to the flow field are presented in Eqs. (35) to 
(37), respectively (Mohebbi et al. 2021).

The weighting coefficients are presented in the form of 
Eq. (38), and kinematic viscosity is provided in the form 
of Eq. (39) (Kashyap et al. 2021).
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Fig. 2   a The D2Q9 network arrangement in computational domain and b a representation of the curved boundary
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The shear rate in the nodes is obtained in LBM accord-
ing to Eq. (40) (Mohebbi et al. 2021). The external force in 
relation (36) is added to the Boltzmann equation according 
to Eq. (41) (Mendu and Das 2021).

Similar to the flow field, an equation is written for the 
temperature field in the form of Eq. (42) where h is the 
distribution function of the temperature field. To model 
thermal radiation, volumetric force is added as a source 
term, and to show the effect of heat absorption/production, 
a term containing the power of this phenomenon is added 
to the temperature field equation. In the energy equation 
of relation (42), the first term and the second term on the 
right side of the equation represent the source terms for 
the existence of heat absorption/generation and radiation 
flux divergence, respectively. The equilibrium distribution 
function and the relaxation time factor related to the tem-
perature field are presented in Eqs. (43) and (44), respec-
tively (Safaei et al. 2018; Tighchi et al. 2019; Zhang et al. 
2020).

The existence of the participating medium (absorbing, 
reflecting, and scattering) for radiation rays makes the heat 
transfer of radiation a volumetric phenomenon, and for 
its analysis, volumetric methods such as LBM are used. 
All problems in which there is heat transfer are affected 
by radiation heat transfer, but according to the tempera-
ture, this effect can be high or low (Tighchi et al. 2018). 
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The radiation flux divergence in relation (42) is expressed 
according to Eq. (45) (Sobhani et al. 2018).

The radiative transfer equation in each SR direction is 
expressed according to Eq. (46). In this regard, I represent 
the radiation intensity (Sobhani et al. 2018).

Assuming the local radiative balance ( G = 4�Ib ), so that 
Ib is equal to 4T

4

�
 , Eq. (48) can be converted into Eq. (47) 

(Sobhani et al. 2018).

After a series of discretization calculations, Eq. (48) 
can be expressed according to Eq.  (48) (Tighchi et al. 
2018).

In the above relation,�R represents the radiation relaxation 
time coefficient and is written according to relation (49). The 
radiation equilibrium distribution function is also expressed 
according to Eq. (50) (Tighchi et al. 2018).

(45)
q⃗R = −

4

3

𝜎R
𝛽R

𝜕T4

𝜕y
, T4

= 4T3

c
T − 3T4

c

∇.q⃗R =𝛽R(1 − 𝜔R)(4𝜋Ib − G)

(46)dI

dSR
= −�RI + �R(1 − �R) +

T4�R
4

+
�R�R

4�
G

(47)
dI

dSR
= −�RI +

�R
4�

G

(48)Ii(x + ci, t + 1) = Ii(x, t) −
1

�R

[
Ii(x, t) − I

eq

i
(x, t)

]

In this study, calculations have been done for �R =
�R

�R
 and 

�R = 0.1 . Finally, the macroscopic quantities, including den-
sity, velocity, and temperature, are calculated using distribu-
tion functions according to Eq. (51) (Rezaie and Norouzi 
2018).
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In the presented relationships, the superscript (eq) refers 
to the equilibrium variable.

To exert the boundary conditions on the smooth walls, the 
bounce back model according to references (Mohebbi et al. 
2019; Chen and Shu 2020; Asha et al. 2023) was used. In 
this model, the unknown distribution functions entered into 
the domain are designated based on the known distribution 
functions outside of the computational scope. The boundary 
conditions on the cavity vertical cold wall are in accordance 
with Eq. (52), while the boundary conditions on the cavity 
horizontal cold wall are in the form of Eq. (53).

Due to the definition of LBM in the Cartesian grid, mode-
ling the curved boundary with this method has always been 
associated with complications. The bounce back model, 
despite its simplicity, had a lot of error due to consideration of 
the curved boundary as a bridge, especially at the high Ra 
values. That is why other methods have been proposed. Filip-
pova and Hänel (1998) presented the first boundary condition 
model with second-order accuracy in order to simulate the 
curved boundary. This method is actually based on the 

(52)Smooth vertical wall

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
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f (8, 0, j) = f (6, 0, j)

h(1, 0, j) = −h(3, 0, j)

h(5, 0, j) = −h(7, 0, j)

h(8, 0, j) = −h(6, 0, j)

(53)Smooth horizontal wall
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h(2, i, 0) = −h(4, i, 0)
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definition of a kind of virtual distribution function for the 
nodes near the border of the curve. In this method, according 
to Fig. 2b, based on the location of the boundary node w 
between two nodes b and f, the variable Δcurved is defined as 
Δcurved =

||||
xf−xw

xf−xb

|||| . Subscript w: indicator of the intersection of 

the curved boundary with the Cartesian lattice, subscript b: the 
nodes in the solid region, and subscripts f and ff: the first and 
second nodes in each of the directions of the grid within the 
computational domain.

The virtual distribution function for point b in 𝛼⃗ direction 

(perpendicular to a curved surface), based on linear interpola-
tion, is calculated regarding the following equation:

As suggested by (Mei et al. 1999), Eq. (56) is used to 
calculate χ and u⃗bf .
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In above equations,c⃗
α
= −c⃗𝛼⃗ . To apply the temperature 

boundary conditions accurately, the method recommended 
by (Guo et al. 2002) is used.

The two parameters u⃗∗
b
 and T∗

b
 are determined according 

to the following relations depending on the Δcurved value 
(Filippova and Hänel 1998).
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The present research was done by writing computer 
code in the Fortran programming language using Micro-
soft Developer Studio. Calculations were made on a com-
puter with 64 GB of RAM memory and an Intel CORE 
i7 processor. The calculations continued until the con-
vergence criterion was established. The convergence cri-
terion is expressed according to Eq. (50). The diagrams, 
figures, and patterns of the flow are drawn through the 
use of Tecplot EX 2022 R2 software.

3 � Simulation Sensitivity

It is obligatory to highlight that the criteria for completing 
the computation to deduct the calculation cost and attain 
proper accuracy are according to Eq. (66). Index b represents 
the solution step.

To exhibit the results independence from the elected lat-
tice, the mean Nu values for different lattice sizes in different 
cases are presented in Fig. 3a. In addition to the average Nu 
value, the changes in horizontal velocity for the variations 
in the dimensions of the network are available in Fig. 3b. 
Due to the trivial difference between the values associated 
with 150 × 150 lattice and 180 × 180 lattice, the grid with 
150 × 150 dimensions was elected for simulation.

The written code is descriptively checked with the study 
of (Ilis et al. 2008) to match the results about entropy in 

(65)T
b2

=
1

(1 + Δcurved)
[2Tw(Δcurved − 1)Tff ]

(66)Convergence index ∶
Nub+1 − Nub

Nub
≤ 10−5

Fig. 3   Checking the independence of the results from the elected lattice
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Fig. 4. In this test case, the NCHT for Ra = 105 occurs inside 
a chamber in the form of a square with non-isothermal 
walls. The NCHT modeling under the impact of fluid PL 
index changes within a quarter circle chamber containing 
a hot body in the presence of heat absorption/generation 
is compared between the available research and the study 
conducted by (Bai et al. 2022) in Fig. 5a for Ha = 15 and 
Ra = 105. Also, a comparison between the available research 
and study of (Li et al. 2020) regarding the NCHT inside a 
2D square chamber filled with nanofluid containing a hot 
circular body under the effect of radiation and a tilted MF 
at Ha = 20 and Ra = 105 is depicted in Fig. 5b. Consider-
ing the limited difference between the results of the present 

simulation and reliable references, it is doable to certify the 
correctness of the performed simulation.

4 � Results

The purpose of presenting Fig. 6 for n = 1 is to reveal that by 
changing the cavity inclination angle, in addition to change 
the shape of the streamlines, the flow power also varies sig-
nificantly. For Г = 45° and Г = 225° at Ha = 0, because the 
gravity field affects the chamber symmetrically, the formed 
vortices (all flow patterns) are completely symmetrical on 
both sides of the chamber. At these two angles, the fluid 

Fig. 4   Comparison of the present results and the study of Ellis et al. (2008)

Fig. 5   Comparison of the present results and different references
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density near the heat generating object decreases, leading 
to the creation of two vortices of the same size in the oppo-
site direction of rotation. For Г = 0 and Г = 135°, there is a 
main vortex, while a secondary vortex is formed in the oppo-
site direction, which reduces the strength of the main rota-
tion (especially for Г = 0). According to Ha = 50, it can be 
observed that the application of MF can be used to control 
the current. Besides the change in the shape of the stream-
lines, the reduction of the maximum value of the streamlines 
is another effect of the MF application. This phenomenon 
can be justified according to Eqs. (9) and (10). Where the 

MF weakens the effect of buoyancy by introducing a resist-
ing force. The absence of symmetry in the flow patterns for 
Г = 45° and Г = 225° in Ha = 50 is justified on the basis that 
MF does not affect the entire volume of the chamber and is 
only applied to the enclosure middle third.

Taking into account Figs. 6 and 7a simultaneously, the 
analysis of the effect of changing the fluid PL index and 
the exerted MF strength for changes in the ∆ parameter 
on the isotherms is more tangible. Since the natural con-
vection phenomenon occurs only due to the heating and 
cooling of the cavity walls without the influence of any 
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Fig. 6   The flow patterns at n = 1, m = 3, φ = 0.02, RP = 0.25, ∆ = 0, λ = 90◦, D2, Ra = 10.5
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other factors, the wall placement position is extremely 
important according to the direction of the gravity force. 
Four important points need to be described: 1—According 
to the location of the hot object near the large curved wall 
of the chamber, more space for nanofluid is placed under 

the hot object for Г = 0 and Г = 45°. The small curvature 
of the isotherms and placement parallel to the walls of the 
chamber illustrate that the convection effects are reduced 
and thermal conductivity prevails. 2—According to the 
cavity placement shape under the gravity field effect, the 

Fig. 7   a The isotherms at m = 3, 
φ = 0.02, RP = 0.25, ∆ = 0, 
λ = 90°, D2, Ra = 105. b The 
entropy lines at m = 3, φ = 0.02, 
RP = 0.25, ∆ = 0, λ = 90°, D2, 
Ra = 105
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highest accumulation of isotherms occurs on the cold walls 
for Г = 135° and Г = 225°, and in this way, the highest 
amount of HT can be anticipated at these two angles. 3—
Changing the fluid type and its effects on the flow charac-
teristics is possible by changing the n criterion. According 
to Eq. (18), the increase of the shear force on the nodes 
is the result of the increase of the n index. This factor 
leads to an increase in fluid viscosity, which leads to the 
formation of a thermal boundary layer. This phenomenon 
is clearly evident for n = 1.2. The presence of the thermal 
boundary layer leads to a decrease in the concentration of 
isotherms on the cold walls. Increasing the accumulation 
of isotherms on the hot body, reducing dispersion, and a 
small distribution of isotherms on the surface of the cham-
ber are the results of increasing the viscosity of the fluid 
with the PL model. 4—Inflicting a resistive force (Lorentz 
force) on the flow by increasing the Ha value reduces the 
isotherm gradient and causes conduction to prevail over 
convection. The reduction of these effects can be clearly 
observed by enhancing the n parameter.

By viewing Figs. 6 and 7b concurrently, the lowest value 
of the distribution of entropy lines belongs to Г = 45°. This 
case can be justified by the lower power of the streamlines 
and convection effects according to isotherms. The higher 
concentration of entropy lines in the vicinity of the cold 
walls and the hot body (especially in Г = 225°) is very evi-
dent. The increase of the n parameter and the Ha value 
according to Eqs. (14)–(17) has a decreasing effect on the 
GE value. Because the gradients of temperature and speed 
are constituent elements of entropy, the enhancement of 
these two parameters leads to the decrement of these values.

The decrease in the flow speed due to the increase in 
the nanofluid viscosity caused by increasing the n param-
eter is revealed in Fig. 8a due to horizontal velocity. The 
reduction of the maximum speed value by about 74% due 
to the enhancement of the n index exhibits that the effects 

of convection are greatly reduced. The decreasing effect of 
enhancing the Ha value on flow speed is visible in Fig. 8b 
due to vertical velocity. Because, according to Eqs. (9) and 
(10), the Lorentz force acts against gravity force and reduces 
the movement speed of the nanofluid within the enclosure. 
Figure 8c discloses that by placing the chamber at an angle 
of 45 degrees, the nanofluid temperature changes linearly 
until it reaches the temperature of the hot component. The 
absence of temperature curvature in the profile is a justifi-
cation for the low convection effects, unlike Г = 225◦. For 
X < 0.2, where there is a cold wall, the temperature of the 
nanofluid is highest for Г = 225◦. This factor reveals more 
cooling of the hot body for this angle.

According to what was described in Fig. 7a, the highest/
lowest amount of heat exchange between the hot object and 
the cavity cold walls occurs for Г = 225°/Г = 45°, respec-
tively. In addition, the percentage reduction of the mean Nu 
value for growth of the Ha value is the lowest for Г = 45° 
(about 18%) based on Fig. 9a. By changing the Г param-
eter, in addition to attaining a different the Nu value, the 
effectiveness of changing the n parameter can be managed, 
as displayed in Fig. 9b. In Г = 45°, enhancing the n param-
eter from 1 to 1.2 has no noticeable change in the mean Nu 
value, while this effect is important for other Г values. The 
decrease in the mean Nu value due to the increase in the n 
parameter is caused by the decrease in fluid speed due to 
the increase in viscosity, as was clear in Fig. 8a. By chang-
ing the type of fluid from the shear thinning (n = 0.8) to the 
shear thickening (n = 1.2), the mean Nu values for Г = 0, 
Г = 45°, Г = 135° and Г = 225° drop by about 66%, 51%, 
69% and 75%, respectively. The increase in the value of the 
n index diminishes the effect of MF. Because the increase in 
viscosity reduces the intensity of fluid movement inside the 
cavity, which itself causes a reduction in convection effects. 
According to Fig. 9c, if high effectiveness of applied MF 
is desired, it is necessary to choose the shear thinning fluid 

Fig. 8   Dimensionless of velocity and temperature at m = 3, φ = 0.02, RP = 0.25, ∆ = 0, λ = 90°, D2, Ra = 105



Iranian Journal of Science and Technology, Transactions of Mechanical Engineering	

Fig. 9   The mean Nu values at m = 3, φ = 0.02, RP = 0.25, ∆ = 0, λ = 90°, D2, Ra = 105

Fig. 10   The mean Nu values at m = 3, RP = 0.25, ∆ = 0, λ = 90°, D2, Ra = 105

Fig. 11   The values of thermal performance index at m = 3, φ = 0.02, RP = 0.25, ∆ = 0, λ = 90°, D2, Ra = 105
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to attain a larger mean Nu value. In general, it is clear from 
Fig. 9 that to decline the barrier temperature, it is better to 
select the shear thinning fluid (n = 0.8) as the working fluid 
in the absence of MF and for Г = 225°.

Considering Fig. 10, adding nanoparticles to the pure 
fluid enhances the mean Nu value due to the improvement 
of the fluid thermal conductivity. In general, in cases where 
convection effects are less, adding nanoparticles and enhanc-
ing the volume fraction of these particles improves HT more 
clearly.

The trend of changes in the ζ index is similar to the mean 
Nu value, according to Fig. 11. In the sense that the contri-
bution of HT is the largest in the system’s thermal character-
istics, GE is the sum of three factor: HT, MF, and fluid fric-
tion, so the contribution of the other two factors except HT 
is very small. Three important points about Fig. 11: 1—For 
Г = 45°, a change in the type of fluid does not cause a spe-
cific change in the value of ζ, which may be due to the low 

effect of convection in this state. This shows that the amount 
of entropy reduction is proportional to the amount of mean 
Nu value reduction. 2—According to n = 1.2, the enhance-
ment of the Ha value to more than 25 does not change the 
value of ζ because, in this case, thermal conductivity pre-
vails over convection (it can be justified by looking at Figs. 6 
and 7). 3—The best thermal performance and the highest HT 
occur at Г = 225°, and this can be considered in the design 
of the cooling system.

Depending on which areas of the chamber are affected 
by the imposed MF, the values of the flow characteristics 
will be different. As can be seen provided in Fig. 12, due 
to more space on the left side of the chamber, there is a 
larger clockwise vortex in this area, and a smaller anti-
clockwise vortex is created on the left side. Depending on 
the direction and area of the exerted MF, the streamlines 
undergo visible changes for different Hartmann values, 
especially for λ = 0 and D3. Because, according to Eqs. (9) 

Fig. 12   The streamlines at m = 3, Г = 0, φ = 0.02, RP = 0.25, ∆ = 0, n = 1, Ra = 105

Table 5   The maximum strength 
of the current formed inside 
the chamber at m = 3, Г = 0, 
φ = 0.02, RP = 0.25, ∆ = 0, 
n = 1, Ra = 105

λ = 90◦ λ = 0

|||�
left

M

|||
|||�

right

M

|||
|||�

left

M

|||
|||�

right

M

|||
D1 D2 D3 D1 D2 D3 D1 D2 D3 D1 D2 D3

Ha = 0 0.114 0.114 0.114 0.024 0.024 0.024 0.114 0.114 0.114 0.024 0.024 0.024
Ha = 25 0.112 0.099 0.103 0.015 0.023 0.024 0.109 0.104 0.085 0.018 0.024 0.019
Ha = 50 0.108 0.082 0.088 0.011 0.022 0.024 0.106 0.098 0.07 0.014 0.023 0.018
Ha = 75 0.104 0.073 0.079 0.009 0.021 0.023 0.103 0.094 0.054 0.011 0.023 0.018
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and (10), the horizontal imposition of MF introduces a 
reducing force to the momentum equation in the Y direc-
tion, while for the horizontal application of MF, a resist-
ing force is added to the momentum equation in the X 
direction. It is feasible to have a better understanding of 
changing the application area and the MF angle according 
to Table 5. According to λ = 90°, the greatest reduction in 
the strength of vortices with enhanced the Ha values is for 
D2 (around 29%), while this effect is only around 5.5% 
for D1. Because when the MF is inflicted on the first third 
of the chamber, the convection forces are weak due to the 
location of the hot barrier on top of the cold wall. This 
information can be deduced from the isotherms for n = 1 
and Г = 0 in Fig. 6. In the first third part of the chamber, in 
the direction of Y, no isotherm density is observed, which 
depicts that convection effects are low. According to λ = 0, 
the most effective MF occurs in reducing the maximum 
amount of streamlines for D3, where the MF enters the 
first third of the chamber along the X-axis, because in this 
range, there are the highest convection effects, similar to 
the argument that was expressed about λ = 90◦.

According to Fig. 13, the decrease in the distribution 
and dispersion of the isotherms, which is obtained by 
increasing the Ha value, is a little more noticeable for hori-
zontally applied the MF. Because in this case, the force 
resulting from MF acts exactly against gravity force, to 
make the effect of changing the position of applying MF 
more obvious, it is indispensable to grow the Ha value. 
The greater concentration of isotherms around the hot 

object creates the view that the cooling of the hot object 
declines with an increment of the Ha value.

The same effect, as the imposed MF area on the iso-
therms in Fig.  13, is evident on the entropy lines in 
Fig. 14. The greatest effect of the imposed MF (obvi-
ous reduction of entropy lines, especially around the hot 
object) is attained when the middle third of the enclosure 
for λ = 90°, and the first third of the enclosure for λ = 0 are 
placed against MF. An increment of the Ha value greatly 
declines the accumulation of entropy lines on the walls, 
and only entropy lines density can be seen around the hot 
obstacle caused by the temperature difference.

According to Fig. 15, for λ = 0, the decrease of only 4.2% 
of the average Nu value for enhancing the Ha value from 
zero to 75 at D1 is justified due to the lack of change in the 
shape of the isotherms in Fig. 13. While the effect of increas-
ing the Ha value increases by moving the applied MF posi-
tion away from the large adiabatic curved wall (about 31% 
for D3). For λ = 90°, a decrease of 11%, 19%, and 33% of 
the average Nu value is obtained based on the justifications 
presented in Fig. 13.

The ratio of the average Nu value to the total GE value 
(ζ) in Fig. 15 divulges several important points: 1—The 
reduction of the ζ parameter in both applied MF angles is 
imposed on the cooling system. From this trend of changes, 
it is inferred that the effect of increasing the Ha index has 
a greater effect on the reduction of the HT rate compared 
to the reduction of entropy. 2—For λ = 0, exactly the same 
trend as for the average Nu value is also present for the ζ 

Fig. 13   The isotherms at m = 3, Г = 0, φ = 0.02, RP = 0.25, ∆ = 0, n = 1, Ra = 105
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parameter. However, at λ = 90°, more reduction of the mean 
Nu value compared to the reduction of entropy is observed 
for the growth of the Ha value at D3. From the information 
in Fig. 15, it can be taken advantage of that if there is forced 
MF, to increase the cooling performance, at λ = 0, it is bet-
ter to apply MF to the last third of the chamber, while for 
λ = 90°, MF should be exerted on the first third.

The increase in the temperature gradient in the vicin-
ity of the cavity cold walls as a result of the increase in 
buoyancy forces (increase in the Ra value) is depicted in 
Fig. 16. An increase in the nonlinear distribution of iso-
therms indicates an increase in convection effects, which 
is obtained by enhancing the Ra value. As the Ra value 
enhances based on Eqs. (9) and (10), the volumetric force 
injected into the fluid flow is strengthened. By applying heat 
absorption, the created heat sink causes more accumulation 
of isotherms on the hot object, and according to the law of 
the energy conservation, the isotherms density on the cold 
walls diminishes in the same proportion. So enhancing the 
heat absorption coefficient has a negative effect on the cool-
ing of the hot object. The reduction of irreversibility for 
enhancing the ∆ parameter is another important result. By 
comparing parts (a) and (b) of Fig. 16, the sharp decrease 
of the GE, especially around the chamber walls, due to the 
enhancement of the n parameter for Ra = 105 and Ra = 106 
is wholly witnessed. Because in these cases, the influence 
of enhancing the n parameter in reducing the flow speed is 
the maximum value possible, the important point is that the 
heat absorption phenomenon is less effective for enhancing 

the Ra value, to the point where for n = 1.2 and Ra = 106, 
enhancing ∆ parameter is almost ineffective on the entropy 
lines and isotherms.

This issue can be clearly understood according to Fig. 17 
where the temperature profiles in terms of the ∆ parameter 
changes in Ra = 106, are almost identical. Another important 
point about Fig. 17 is the reduction of temperature in the 
near of the cavity cold wall to increase the value of the heat 
absorption coefficient.

To get a better understanding of the effect of enhanc-
ing the Ra values and the heat absorption coefficient, the 
average Nu value is disclosed in Fig. 18. Part (a) in Fig. 18 
clears that for all the values of the n index, the high-
est/lowest value of the average Nu belongs to Ra = 106/
Ria = 104, while the greatest effect of fluid type change 
is exhibited for Ra = 105. By reducing the isotherm dis-
persion on the cold walls of the chamber, as revealed in 
Fig. 16, it is obvious to reduce the amount of the mean Nu 
value. It is possible to reduce the effect of heat absorption 
by changing the fluid type, which is determined in part 
(b) in Fig. 18. With the average Nu value criterion, a 86% 
reduction in the HT value for the shear thinning fluid can 
be achieved, compared to a 66% reduction for the New-
tonian fluid and a 35% reduction for the shear thickening 
fluid. According to Fig. 18 in part (c), the fall in the effec-
tiveness of heat absorption with the enhancement of the Ra 
values is clearly visible. The 35% decrease in the average 
Nu value for increasing the heat absorption coefficient for 
Ra = 106 compared to the 97% decrease for Ra = 104 clears 

Fig. 14   The entropy lines at m = 3, Г = 0, φ = 0.02, RP = 0.25, ∆ = 0, n = 1, Ra = 105
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that for Ra = 106 the buoyancy and convection forces are so 
strong that this internal factor has a limited effect.

Considering the powerful convection effects in Ra = 106, 
although the average Nu value depicts a decreasing trend 
with the increment of the n parameter, according to Fig. 18a, 
but according to Fig. 19a, the changes in the ζ index with 
the enhancement of the n parameter are trivial. The higher 
ζ index in Ra = 105 compared to Ra = 106 indicates that 
although a larger the Nu value is obtained for the highest Ra 
value, it also leads to higher entropy. A similar behavior with 
the Nu value for the cooling thermal performance index can 
be seen in Figs. 19b and c.

According to Fig. 20a, enhancing in the share of HT in 
the entropy formation is the result of the increase in the heat 
absorption coefficient. Because, as seen in Fig. 16, the power 
of convection is greatly reduced due to heat absorption, for 
this reason, the share of MF and fluid friction also decreases 
with the increment of the ∆ parameter. For ∆ = 15, compared 

to the case without heat absorption, the Be value enhances 
by about 24%. The opposite effect of increasing the heat 
absorption coefficient on the entropy contribution factors 
can be seen for increasing the Ra value in Fig. 20b. The 
reason for this is the increase in the strength of the buoyancy 
force with the growth of the Ra value. The fluid can move 
with greater force at Ra = 106, and in this way, the veloc-
ity value and velocity gradient (entropy generating factors 
due to fluid friction and MF) grow. The increase in the Be 
value due to the increase of the n parameter is inferred from 
Fig. 20c due to the dominance of thermal conduction over 
thermal convection.

Increasing the volume fraction of nanoparticles according 
to Eq. (13) leads to an improvement in the thermal conduc-
tivity coefficient, which causes the value of the mean Nu 
value to increase as shown in Fig. 21a. This effect is more 
pronounced when the conduction is dominant over thermal 
convection (especially in Ra = 104). For R106, although 

Fig. 15   The mean Nu value and index of thermal performance at m = 3, Г = 0, φ = 0.02, RP = 0.25, ∆ = 0, n = 1, Ra = 10.5
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the value of the average Nu has a relative increase up to 
φ = 0.02, there is a decrease in the HT rate for φ > 0.02. The 
reason for this issue is the increase in viscosity due to the 
increase in the percentage of nanoparticles (pay attention to 
Eq. (1)). Therefore, one cannot always expect an increase in 
HT rate due to an increase in the φ parameter. According 

to Ra = 105 in Fig. 21b, for all values of the heat absorption 
coefficient, the increase in the percentage of nanoparticles 
leads to an improvement in the HT rate. In ∆ = 15, in the 
case where thermal conductivity is the dominant mechanism 
of HT, the improvement of HT by increasing the φ param-
eter to 0.04 is about 7.05%, while for ∆ = 5, this effect is 

Fig. 16   a The flow patterns 
at n = 0.8, m = 3, Г = 225°, 
φ = 0.02, RP = 0.25, Ha = 0. b 
The flow patterns at n = 1.2, 
m = 3, Г = 225°, φ = 0.02, 
RP = 0.25, Ha = 0
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Fig. 17   Dimensionless temperature at n = 0.8, m = 3, Г = 225°, φ = 0.02, RP = 0.25, Ha = 0

Fig. 18   The mean Nu value at m = 3, Г = 225°, φ = 0.02, RP = 0.25, Ha = 0

Fig. 19   The values of thermal performance index at m = 3, Г = 225°, φ = 0.02, RP = 0.25, Ha = 0
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about 5.2%. Changing the shape of the nanoparticle results 
in a larger mean Nu value due to higher thermal conductiv-
ity. According to Fig. 21c, by changing the shape of the 
nanoparticle from spherical (m = 3) to lamina (m = 16.16), 
the Nu value improves by about 4.2%. Because, according 
to the Eq. (7), of the enhancement of the m coefficient, the 
thermal conductivity coefficient is obtained more. Because 
of the enhancement of the m parameter, the contact sur-
face of nanoparticles increases in interaction with the base 
fluid. Since there is no nanoparticle shape factor parameter 
in determining the electrical conductivity coefficient of 
nanofluid according to Eq. (6), the trend of the average Nu 
value changes with increasing the Ha value is decreasing and 
similar for all values of the m parameter.

The investigation of isotherms behavior under the simul-
taneous effect of heat absorption parameter, the Ra value 
and the Ha value is presented in Fig. 22. In Ra = 104, the 
presence of MF has a negligible effect on the isotherms 

to the extent that the ineffectiveness of MF imposition is 
quite clear for ∆ = 15. By increasing the Ra value, due to 
the strengthening of convection, the effect of MF can be 
seen more clearly, in such a way that the accumulation of 
isotherms around the cold walls is declined and this density 
enhances on the hot object.

The effect of reducing the convection power caused 
by the low Ra value can be observed in diminishing the 
effectiveness of MF according to Fig. 23a. The average Nu 
value for Ra = 104 decreases only by about 12% with the 
enhancement of the Ha value, so the maximum effect is for 
Ha = 25. According to Fig. 23b, enhancing the Ha value with 
the ∆ index changes the same behavior as the Ra changes. 
Decreasing both ∆ and the Ha parameters disturbs the cool-
ing of the hot body due to reducing the effects of convection. 
Since the value of the Nu and the value of the total GE are 
dependent on the changes in speed and temperature gradient, 
it is not far-fetched to observe a trend similar to the mean Nu 

Fig. 20   The contribution percentage of each the factors in GE at m = 3, Г = 225°, φ = 0.02, RP = 0.25, Ha = 50, D2, λ = 90◦

Fig. 21   The mean Nu value at Г = 225°, RP = 0.25
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Fig. 22   The isotherms at m = 3, D2, λ = 90◦, Г = 225◦, φ = 0.02, RP = 0.25, n = 0.8

Fig. 23   The mean Nu value and index of thermal performance at m = 3, D2, λ = 90◦, Г = 225°, φ = 0.02, RP = 0.25, n = 0.8
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value for the ζ parameter, as seen in Fig. 23a. Because at the 
low Ra value, the flow ability to create stronger convection 
is not possible, the amount of impact that the MF creates for 
the large Ra values is not seen for Ra = 104. Further decrease 

of the average Nu value and the ζ parameter due to increase 
of the Ha value and the ∆ parameter can be observed in 
Fig. 23b because both are strong reducing factors of cooling.

2.1=n8.0=n
Ψ θ S Ψ θ S 

MM

left rightΨ = 0.167 - Ψ = 0.037
MM

left rightΨ = 0.064 - Ψ = 0.009
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left rightΨ = 0.203 - Ψ = 0.051
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left rightΨ = 0.083 - Ψ = 0.011
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left rightΨ = 0.208 - Ψ = 0.053
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left rightΨ = 0.088 - Ψ = 0.012
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Fig. 24   The flow patterns at m = 3, ∆ = 0, Г = 0, φ = 0.02, Ha = 0, Ra = 105

Fig. 25   The mean Nu value at m = 3, Г = 0, φ = 0.02, Ha = 0
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According to Fig. 24, which shows the flow patterns for 
n = 0.8 and n = 1.2 at different values of the RP, the increase 
in the speed and power of the current inside the chamber 
is evident through the increase in the kinetic energy of the 
fluid due to the presence of radiation. Because adding radia-
tion to the flow inside the chamber adds a new variable to 
the energy equation, according to the mutual dependence of 
the energy equation and the momentum equation, enhanc-
ing the value of the RP leads to an increase in the power of 
the flow. Due to the effect of enhancing the RP on the iso-
therms, the curvature and density of the lines are increased, 
especially in the hot object side area, which in turn leads to 
an increase in the HT amount. The increase in temperature 
and velocity gradients is the result of enhancing the value of 
the RP, which causes an increase in the irreversibility value 
in the hole of the cavity (especially around the hot body). 
The important point is the increase in flow power and the 
increase in isotherm curvature due to the increase in the 
RP for n = 1.2, while the increase in the entropy density is 
greater for n = 0.8.

A similar behavior is observed for all three parts of 
Fig.  25 for the RP changes in different values of other 
parameters. The addition of radiation to the NCHT, in addi-
tion to enhancing the speed and power of the flow, leads to 
an improvement in the average Nu value. Figure 25 reveals 
the fact that in order to reduce the effects of convection, 
the effectiveness of adding the radiation term grows more 
significantly. Increasing the slope of the graphs for reducing 
the Ra value and enhancing the ∆ coefficient confirms this 
fact. For example, according to Fig. 25a, the effect of adding 
radiation is more evident due to the increase of fluid viscos-
ity, as explained in Fig. 24. Because by enhancing the n 
parameter, the effects of convection are greatly reduced, and 
the addition of the radiation term leads to the strengthening 
of convection. A 17% increase compared to a 9.5% increase 
in the average Nu value for increasing the RP from 0 to 1, 

respectively, for n = 1.2 and n = 0.8 indicates the fact that the 
reduction of convection effects enhances the effectiveness 
of radiation.

Figure 26 presents a behavior similar to the average Nu 
value for TPI at changes in the RP due to changes in other 
variables. Three points can be explained: 1—For n = 0.8, 
enhancing the RP value to more than 0.5 is not very effective 
on TPI. Because as the average Nu value increases due to the 
increase in the RP parameter, the creation of entropy intensi-
fies to the same extent. In the low Ra values, the percentage 
enhancement of the Nu value for the growth of the RP value 
is higher than that of the GE value. So, one of the ways to 
control the effect of radiation is to change the strength of 
buoyancy forces. Because of the high Ra values, the inten-
sity of convection is high. 3—The slope of enhancing the 
TPI amount is higher for increasing heat absorption coeffi-
cient. This is because the presence of radiation strengthens 
the RP mechanism by enhancing the introduction of more 
kinetic energy into the flow.

5 � Conclusions

Investigating the improvement of the cooling performance 
of a hot body in a space limited to a tilted chamber filled 
with power-law ferrofluid under the effect of external and 
internal factors has been the target of this research. Parts 
that need to face temperature reduction in unwanted spaces 
and under special conditions to prevent damage and improve 
performance, setting up LBM with three separate distribution 
functions to model the velocity, temperature, and radiation 
fields in the presence of a magnetic field (uniform and non-
uniform) and heat absorption in a specific geometry contain-
ing a fluid with radiation properties is one of the outstanding 
features of the present work. Similar to this study, with such a 
wide range of influencing parameters, it is very rare, and this 

Fig. 26   The values of thermal performance index at m = 3, ∆ = 0, Г = 0, φ = 0.02, Ha = 0
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case is one of the highlights of the present study. The radia-
tion parameter coefficient (RP = 0–1), the Hartmann Number 
value (Ha = 0–75), the position of applied magnetic field (D1-
D3), the heat absorption coefficient (∆ = 0–15), the Rayleigh 
Number value (Ra = 104–106), the percentage of nanoparti-
cles (0–0.05), the chamber placement angle (0–225°), the 
fluid power-law index (n = 0.8–1.2), the applied magnetic 
field angle (λ = 0, 90◦) and the shape factor of nanoparticles 
(m = 3–16.8) are the investigated parameters with their cor-
responding values. It was shown that for Г = 45°, there is the 
worst cooling performance of the hot component, and in this 
case, the effect of imposed MF is very small. To increase the 
impact of changing the fluid type (changing the n param-
eter), it is recommended to place the enclosure at Г = 225° 
in Ra = 105 for ∆ = 0. With the dominance of thermal con-
ductivity via the enhancement of the heat absorption coeffi-
cient, the cooling performance and the effect of imposing MF 
diminish, while in this case, the influence of adding nanopar-
ticles to the pure fluid in improving the HT rate enhances. 
Enhancing the Nu value and thermal performance by enhanc-
ing the RP parameter is more effective for situations where 
conduction dominates convection, especially for the shear 
thickening fluid. Depending on the angle of MF imposed on 
the chamber, by changing the position of applying MF, dif-
ferent thermal characteristics can be attained.
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