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The cooling process of parts in limited spaces is of great interest to researchers due to its 
many applications in industries such as electronics. Therefore, achieving the best 
performance of such systems has always been one of the challenges facing researchers. Due 
to this necessity, in the present simulation via the lattice Boltzmann method (LBM), the 
cooling of two hot semi-cylinders via magnetohydrodynamics (MHD) free convection has 
been interrogated. The novelty of the available study compared to antecedent studies is the 
effect of a magnetic field (MF) in different types and heat absorption for cooling two hot 
objects embedded within a triangular enclosure comprising non-Newtonian ferrofluid, which 
has not been studied so far. The accuracy of the obtained results was guaranteed via the 
validation of the written code in comparison with other studies qualitatively and 
quantitatively. Based on the results, To have a larger the Nusselt (Nu) value, at the highest 
Rayleigh (Ra) value, it is sufficient to decline the fluid power-law (PL) index, heat absorption 
index and the Hartmann (Ha) value. The reduction of in the mean Nu value due to rise of the 
Ha value for the shear thinning fluid is about 59%, while it is about 38% and 21% for the 
Newtonian and the shear thickening fluids, respectively. The existence of heat absorption, in 
addition to reducing the Nu value by about 75% in highest value, for the shear thinning fluid, 
results in a decrease in the value of thermal performance index (ITP), which is very 
insignificant for the shear thickening fluid at Ha=60.  The predominance of conduction over 
convection is the result of enhancing the PL index, which diminishes the effect of type and 
power of MF.  For Ra=104, due to low convection effects, changing the type of MF is ineffective, 
while for Ra=106, this effect is highest.  By changing the angle of inclination of the chamber 
and changing the arrangement of hot objects on the walls of the cavity, by changing the flow 
patterns, the thermal characteristics of the system can be strongly affected.  In all cases, the 
trend of the ITP changes is in accordance with the trend of the mean Nu changes, which 
exhibits that HT has the largest share to production entropy (PE). 
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1. Introduction 

The free convection heat transfer (FCHT) in regular 

or irregular closed cavities has many applications in 
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engineering and industry. Cooling systems of 

electronic equipment, heat insulation systems, nuclear 

reactors, as well as food storage industry are 

applications of enclosures in industry. In the FCHT, the 
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factor of creating flow is the difference in fluid density 

due to the difference in temperature of fluid layers in 

the presence of an acceleration field like the earth's 

gravity field [1-3]. It is possible to note the assumption 

of incompressibility, except for the buoyancy force 

generator, which is the same as the Boussinesq 

approximation [4-7]. The FCHT of Newtonian and non-

Newtonian fluids in heated cavities is the reason for 

their importance and application in various types of 

fields such as cooling of nuclear reactors and 

components of electronic systems, food processing, 

polymer engineering has been investigated [8]. By 

using internal and external factors, this phenomenon 

can be controlled, among which this factors it can refer 

to applying a magnetic field (MF), adding metallic and 

non-metallic nanoparticles to the fluid performing the 

FCHT, influencing the radiation and heat absorption or 

heat production on the flow, and changing the 

geometric shape of the cavity. Among the studies 

related to this debate, it can remark the researches of 

Landl et al. [9], Bai et al. [10] and Zaim et al. [11]. 

Sheikholeslami [12]. addressed the modeling of the 

FCHT inside a porous chamber with a complex shape 

containing nanofluid in the presence of radiation using 

the control volume finite element method. The result of 

all these efforts revealed the enhancement of in 

buoyancy forces and heat transfer (HT) rate due to the 

increment of in the Rayleigh number (Ra). 

Conventional fluids, which are used in many 

engineering processes and various industries, have 

always been considered to solve this defect due to their 

poor thermal performance. By dispersing non-metallic 

or metallic particles into this category of fluids, this 

defect is fixed, and thermal performance is improved. 

The HT properties of nanofluids depend on 

thermophysical properties of pure fluid and suspended 

nanoparticles, shape, size and percentage of 

nanoparticles [13-15].  The many advantages and 

applications of nanofluids have led many researchers 

to use this group of materials in their research [16]. By 

comparing the type of nanoparticles,  Atashafrooz  [17] 

reported that the use of copper oxide results in the 

higher HT compared to aluminum oxide. In addition, 

adding nanoparticles, regardless of their types, leads to 

the improvement of HT. Among other studies related to 

the use of nanofluids in enhancing HT rate and 

changing the flow characteristics, it can recourse to the 

study of Sheikholeslami [18] and Rajkumar et al.[19]. 

In daily life, industries and engineering processes, it is 

very common to encounter non-Newtonian fluids, 

including the cases where the non-Newtonian 

properties of fluids are used, such as the preparation of 

protective clothing to absorb bullet impact and, the 

preparation of molten polymers and atomic fluids [20-

23]. In non-Newtonian fluid, unlike Newtonian fluid, 

viscosity does not have a constant value, and is 

strongly dependent on temperature and pressure [24]. 

In the most common type of non-Newtonian fluid 

flow modeling, the power-law (PL) fluid, apparent 

viscosity is important. In this sense, the viscosity is 

different at different points of the flow field, depending 

on the shear rate and the changes of different speeds in 

their direction. Based on the apparent viscosity, the 

non-Newtonian fluid with the PL model can be 

classified into two categories: the pseudoplastic and 

the dilatant. In the pseudoplastic fluid with high shear 

rates, the flow factor must prevail the lower shear 

stress compared to the Newtonian fluid. In the dilatant 

fluid with high shear rates, the flow factor must 

overcome the greater shear stress compared to 

Newtonian fluid [25-29]. Using the PL fluid, the 

evaluation of th FCHT inside a triangular chamber 

containing a cold barrier by Shah et al. [30]. The 

investigation of the FCHT inside a quarter-circle 

chamber containing a variable temperature barrier by 

Bai et al. [10] disclosed that by reducing the PL index 

(PLI) and the Ra increase, stronger currents are 

obtained, and HT rate increases. In addition, placing a 

barrier changes the flow and thermal characteristics in 

a certain way. 

The effect of a MF on fluids that are electrically 

conductive is a very common issue in engineering 

processes, sometimes to reduce and sometimes to 

increase HT rate. In fact, this unwanted or wanted 

phenomenon can act as an unhelpful or helpful factor. 

Studying the effects of applied magnetic fields on 

magnetic fluids is vital to determine the changes in 

flow characteristics and HT [31-33]. It is very 

important how a MF is applied to the fluid current, 

because according to the buoyancy forces, the changes 

of these parameters create surprising effects. In some 

applications, simultaneously MF is coupled with heat 

absorption/generation. The tremendous impact of 

these two phenomena on the flow has been of great 

interest to scientists [34-39]. By simultaneously 

investigating the effect of MF at different angles and 

heat absorption/generation on nanofluid convection 

by Hussain et al [40], it was found that HT rate 

enhances with the increment of the heat absorption 

coefficient and the decrement of the Hartmann number 

(Ha). In addition to the diminish in temperature due to 

enhance in the percentage of nanoparticles, enhancing 

in HT rate was another finding. 

The efficiency of a system can be calculated by 

calculating the irreversible production base on the 

second law of thermodynamics [41-43]. In this topic, 

many scholars have been conducted to evaluate the 

improvement of the thermal efficiency of HT 

equipment by calculating the production of entropy 

(PE), among which the research of Hajatzadeh et al. 

[44] can be hinted. They cleared that enhancing the Ra 

and the Ha have an enhancing and a decreasing impact 

on the rate of HT and irreversibility, respectively. In 

addition, the improvement of thermal performance 

was the result of increasing the percentage of 
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nanoparticles to the pure fluid. Iftikhar et al. [45] 

clarified the effect of variable MF on the nanofluid 

FCHT, within a square chamber containing a heat-

generating blade. It was found that PE and HT rate 

decrease as the Ha increases. The reduction of the 

streamlines strength and the enhancement of the Bejan 

value due to the enhancement of MF strength are other 

results. 

The issues that have been inspected as challenges 

during the study of this research are listed in the table 

1. Interrogating methods to improve the cooling 

performance of two hot half-cylinders through the 

FCHT is the target of this numerical study by lattice 

Boltzmann method (LBM). According to prior studies 

(experimental and numerical) about thermal 

performance analysis of systems in which HT is 

important, several effective strategies have been 

proposed. Since the thermal performance analysis of 

non-Newtonian nanofluid in the desired geometry 

subjected to uniform/non-uniform MF and heat 

absorption has not been studied so far, the existing 

work has carefully addressed it.  

Table 1. The effective strategies on thermal performance 

1) Variating the values of buoyancy forces 

2) Subjecting the nanofluid flow under influence 
of heat absorption and MF in different forms 

3) Variating the angle of chamber placement 

4) Variating the rheological behavioral of the pure 
fluid 

5) Subjecting the nanofluid flow under influence 
of heat absorption 

6) Variating the two hot semi-cylinders position 

After reading this article, one can have a proper 

understanding of the change of the parameters 

mentioned in table 2 on the thermal characteristics of 

the system. Cooling two hot electronic components 

enclosed in a limited space is an example of the 

practical application of this research. 

Table 2. The perused parameters along with 
 the corresponding values 

 variable range 

1) The Ha value  0 Ha 90  

2) The Ra value  4 610 Ra 10  

3) The fluid behavioral index  0.75 n 1.25  

4) The applied MF mode MFM1, MFM2, MFM3  

5) The angle of chamber 
placement 

  o0 λ 225  

6) The hot half-cylinders 
positions 

Situation1, 
Situation2, Situation3 

7) Heat absorption index  -20 Q 0  

2. Simulation Definition 

In order to cool the two hot half-cylinders through 

the free convection process, three different positions 

are considered according to Figure 1. Semi-cylinders 

with 0.125H diameter size are installed on the 

horizontal and vertical adiabatic walls of the chamber. 

For the enclosure, the angle of rotation is described by 

λ index, according to which the position of the hot 

semi-cylinders is different with respect to the gravity 

force. Heat exchange takes place through the cold 

diagonal wall of the chamber. The right-triangular 

chamber is filled with non-Newtonian ferrofluid while 

inside the cavity there is uniform heat absorption with 

variable power as an effective internal factor. 

Horizontally from left to right, MF force is imposed on 

the current formed inside the chamber as an effective 

external factor. The range of the simulation variables is 

shown in Table 2. 

3. Fluid Flow Governing Equations 

The nanofluid modeling is based on the Table 3 

[46-48]. The values related to the determining 

characteristics of nanofluids are revealed in Table 4 

[49-51]. In this research, the effect of Brownian motion 

of particles has been observed, so a more accurate 

prediction of the effective properties of nanomaterials 

is expected. The Brownian motion is the 

omnidirectional and random movement of particles 

dispersed in the main fluid, which strongly affects the 

properties of nanofluid. This continuous movement of 

particles results in more dispersed particles [52-54]. 

Table 3. The governing equations in nanofluid relationships  

(1) 
3 4 3 4 2 3 4NF Fe O Fe O H O Fe Oρ =ρ φ +ρ (1 φ )−  

(2) 
3 4 3 4 2 3 4NF Fe O Fe O H O Fe O(ρβ) =(ρβ) φ +(ρβ) (1 φ )−  

(3) 3 4 3 4 2 3 4p NF p Fe O Fe O p H O Fe O(ρC ) =(ρC ) φ +(ρC ) (1 φ )−  

(4) 

2

3 4

3 4 H O Fe O2 3 4

2.5
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μ Tk
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(6) 

3 4 2 3 4 3 4 2

2 3 4 2 3 4 2 3 4

3 4

3 4 H O Fe O2 3 4

3 4

Fe O H O Fe O Fe O H OStatic

H O Fe O H O Fe O H O Fe O

Brownian B
Fe O4 *

Fe O p

* -0.7227

Fe O

23

B

(k 2k ) k 2φ kk
=

k (k 2k ) φ (k k )

k Tk
f (T,φ )

5 10 β φ (ρC ) (ρd)

β 0.0011(100φ )  

for φ 0.01 ; k 1.3807 10−

 + − −
 

+ + −  

=


 =


 = 

3 4 3 4

3 4

Fe O Fe O

Fe O

NF Static Brownian

f (T,φ ) 6.04φ 0.4705 T

1722.3φ 134.63

for 0.01 φ 0.04

k k k
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 + −  


 

= +

 

(7) 
NF

NF

p NF

k
α =

(ρC )
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Situation 1 Situation 2 

  

Situation 3 

 

Figure 1. A schematic of the right-triangular cavity containing the two hot semi-cylinders 

Table 4. The nanoparticles/pure fluid thermophysical properties [42] 

property Symbol  unit Water (H2O) Ferro particles )Fe3O4) 

The prandtl number  Pr - 6.23 - 

Electrical resistivity σ (kg-1⋅m−3.s3.A2) 0.05 25000 

Thermal expansion β (K-1) 21×10-5 1.3×10-5 

Heat capacity Cp (J.kg-1.K-1) 4179 670 

Thermal conductivity k (W.m-1.K-1) 0.613 6 

Density ρ (kg.m-3) 997.1 5200 

 

The parameter which considers different non-

Newtonian fluid viscosities at each node in the 

simulation domain is estimated as mentioned in 

equations (1)-(3) [10, 55, 56]. NF in all the equations 

represent ferrofluid. The model equations governing 

flow movement are given in equations (4)-(7) [57-60]. 

The non-dimensional form of these equations are 

represented in equations (9)-(12) based on the no-

dimensional parameters mentioned in equation (8). 

Defining stream function as per equation (13) helps in 

capturing the flow behavior of the considered fluid. 

ji
ij NF

j i
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x x
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+ = − + +
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(5) 
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xy yy 2
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v v p
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x y y

τ τ
(ρβ) (T T )cosλ+( ) vB σ

x y

  
+ = −

  

 
+ − + −

 
g

 

(6) 

2 2

NF 2 2

p NF

T T T T Q
u v α

x y x y (ρC )

    
+ = + + 

       

(7) 

The index that expresses the heat absorption of the 

system is displayed with Q . In the expressions 

mentioned above, n and N respectively indicate the 

fluid PLI and consistency parameter. The classification 

of PL fluid based on the n symbol is: the shear thinning 

or pseudoplastic fluid (n=0.75), the Newtonian fluid 
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(n=1) and the shear thickening or dilatant fluid 

(n=1.25). For each considered parameter, the 

subscript zero represents the Newtonian fluid. 

2

2

2

2 2
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The dimensional and non-dimensional form of PE 

expressions for entropy estimation are given in 

equations (14) and (15), respectively [61-63]. The 

subscripts 1, 2 and 3 in these relations correspond to 

PE due to fluid friction, HT and MF, respectively. Also, 

( ) superscript correspond to dimensional equations. 

The total PE given by equation (16) is estimated as the 

sum of main production factors. 

The average Nusselt value (Nu) on cold wall is 

calculated in equation (17) to estimate the HT rate.  

In analyzing the thermal efficiency of the system, a 

parameter called thermal performance index (ITP) is 

used, which is defined according to equation (18). This 

index expresses the ratio of the mean Nu value to the 

total PE. 

The important criteria considered for the 

computation is given in equation (19) in which the 

number of iterations is denoted by superscript b. 

Following cases are the assumptions made to 

model the aforementioned problem: 

• All flow boundaries are impermeable, and there is 

no slip on the surfaces.  

• Incompressible is considered as the investigated 

flow regime . 

• Simulations have been performed for laminar, 

steady, and 2D flow.  

• Inclusion of density variation is taken through the 

Boussinesq approximation.  

• Uniform spherical nano-sized particles have been 

used.  

• There is a thermal equilibrium between 

nanoparticles and base fluid particles. 

• Viscous dissipation as well as radiation HT is 

neglected.  
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Nu
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S
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5
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Nu Nu
10
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4. LBM Formulation 

Equation (20) describes the Boltzmann equation 

used in LBM obtained by discretizing time as well as 

space [64-66]. fi and 
eq

if  indicate density and 

equilibrium distribution functions, respectively, and 

ic  is based on the chosen model. D*Q** denotes the 

model utilized for discretization of the Boltzmann 
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equation on grid. Here, * and ** respectively denote the 

dimensional and number of lines allowed for particle 

movement. For flow as well as thermal field, D2Q9 

model is used. Figure 2 (a) displays an example of this 

model in computational domain. Equations (21)-(22) 

provides ic  value along with the equilibrium 

distribution function of the flow field. Equation (23) 

which describes the relation between kinematic 

viscosity and flow field relaxation time (τ1) is used in 

order to get Navier-Stokes equation from Boltzmann 

equation [67-69]. Equations (24) and (25) solves the 

lattice Boltzmann equation in collision as well as 

streaming stages. In these equations, the distribution 

function after the stage of collision is denoted by
if .  

Buoyancy as well as magnetic force terms appear in 

equation (26) which denote the external forces 

considered in the present investigation [67-69].  

Calculation of kinematic viscosity through shear rate 

via LBM is based on equation (27) [69]. The Boltzmann 

equation which ignores the consideration of viscous 

dissipation is provided in equation (28) for energy 

field [56-58]. Equation (29) is used to describe the 

equilibrium distribution function which corresponds 

to the thermal field (heq). Also, for correct recovery of 

energy equation from lattice Boltzmann thermal 

equation, equation (30) is considered in terms of 

thermal diffusion coefficient [2].  
eq

i i
i i i

1

[f ( ,t) (f ( ,t)]
f ( + ,t+1)=f ( ,t)+

τ ( ,t)

−x x
x c x
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Furthermore, equations (31) and (32) represent 

the weighting factor concerning D2Q9 lattice 

arrangement along with the macroscopic values [16, 

29, 35]. τ2 in the above equation corresponds to 

thermal field relaxation time. 

0 1-4 5-8

4 1 1
ω =  ,  ω  , ω

9 9 36
= =  (31) 

8

i i8 8
i=0

i i

i=0 i=0

f

ρ= f , = ,  T== h
ρ


 

c

u  (32) 

In the computational study, for the sake of accuracy 

and convergence speed, a suitable algorithm is 

essential. For finding the solution of the governing 

equations by LBM, Table (5) displays the solution 

process, which is used as an algorithm in the present 

study. 

Table 5. An algorithm to solve the problem by LBM  

Step 1 Determination of initial values 

Step 2 Calculation of the distribution functions 

Step 3 Implementation of the collision stage 

Step 4 Implementation of the streaming stage 

Step 5 
Calculation of the macroscopic quantity 
such as density and speed 

Step 6 Applying boundary conditions 

Step 7 
Calculation of the shear rate in the 
domain nodes 

Notice: The solution is obtained if the obtained 
results are converging after 7th step based on the 
considered convergence criterion. Otherwise, the 
repeat the calculations from 2nd step. 

 

(a) (b) 

  
A view of the D2Q9 lattice arrangement A view of the curved wall boundary 

Figure 2. The lattice arrangement in boundaries 
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To exert the conditions of boundary on the smooth 

and diagonal walls, the bounce back model according 

to references [67-69] was used. In this model, the 

unbeknown distribution functions entered into the 

domain are designated based on the known 

distribution functions out of the computational scope. 

The boundary conditions on the cavity walls are in 

accordance with equations (33)-(35) due to Figure 

2 (a). 

Diagonal wall  

(33) 

f(4,i,j)=f(2,i,j)

f(7,i,j)=f(5,i,j)

f(3,i,j)=f(1,i,j)

h(4,i,j)= h(2,i,j)

h(7,i,j)= h(5,i,j)

h(3,i,j)= h(1,i,j)









 −


−
 −

Velocity boundary conditions :

Temperature boundary conditions :
 

Horizontal wall  

(34) 

f(2,i,0)=f(4,i,0)

f(5,i,0)=f(7,i,0)

f(6,i,0)=f(8,i,0)

h(2,i,0)=h(4,i,0)

h(5,i,0)=h(7,i,0)

h(6,i,0)=h(8,i,0)















Velocity boundary conditions :

Temperature boundary conditions :

 

Vertical wall  

(35) 

f(1,0,j)=f(3,0,j)

f(5,0,j)=f(7,0,j)

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)















Velocity boundary conditions :

Temperature boundary conditions :

 

Due to the definition of LBM in the cartesian grid, 

modeling the curved boundary in this method has 

always been associated with complications. The 

bounce back model, despite its simplicity, has a lot of 

error, especially at high the Ra values, that is why other 

methods have been proposed [70]. Filippova and Hänel 

[71] presented the first boundary condition model 

with second-order accuracy in order to simulate the 

curved boundary. This method is actually based on the 

definition of a kind of virtual distribution function for 

the nodes near the border of the curve. In this method, 

according to Figure 2 (b), based on the location of the 

boundary node w between two nodes b and f, the 

variable curvedΔ  is defined as f w
curved

f b

x x
Δ

x x

−
=

−
 [72]. 

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 

α direction (perpendicular of curved surface), based 

on linear interpolation, is calculated regarding to 

equations (36) and (37) [73]. As suggested by 

Shahriari et al. [58], equations (38) is used to calculate 

χ and bfu . In above equations, α α
= −c c . To apply the 

temperature boundary conditions accurately, the 

method recommended by Wang et al. [59] is used. The 

two parameters *

bu  and *

bT   are determined according 

to equations (42)-(47) depending on the curvedΔ value 

[60]. 
*

α b α f α b

α f α w2

f ( ,t)=(1 χ)f ( ,t)+χf ( ,t)

3
2ρω ( ,t) .

−

−

x x x

x c u
c

 (36) 

* eq

α b α f α f α bf f2

3
f ( ,t)=f ( ,t)+ρω ( ,t) .( - )x x x c u u

c
 (37) 

curved

curved
bf ff ff

curved

curved
bf f w f

curved

if 0 Δ 0.5  

2Δ 1
= = ( ,t), χ=

(3υ+0.5) 1

if 0.5 Δ 1

2Δ 13
 = + ( ), χ=

2Δ (3υ+0.5) 0.5

  →


−
 −


  →
 −

−
−

u u u x

u u u u

 (38) 

α

eq neq

α b b α b

1
h ( ,t)=h ( ,t)+(1 )h ( ,t)

(3α 0.5)
−

+
x x x  (39) 

eq * *

b b b bα α α2

3
h ( ,t)=ω T ( ,t)[1 ( . )]+x x c u

c
 (40) 

neq neq neq

b curved f curved ffα α α
h ( ,t)=Δ h ( ,t)(1 Δ )h ( ,t)−x x x  (41) 

*

curved b b1

*

curved b b1 curved b2

if Δ 0.75  =

if Δ 0.75  = (1 Δ )

  →


 → + −

u u

u u u
 (42) 

*

curved b b1

*

curved b b1 curved b2

if Δ 0.75  T =T

if Δ 0.75  T =T (1 Δ )T

  →


 → + −

 (43) 

b1 w curved f

curved

1
[ (Δ 1) ]

Δ
= + −u u u  (44) 

b2 w curved ff

curved

1
[2 (Δ 1) ]

(1+Δ )
= + −u u u  (45) 

b1 w curved f

curved

1
T [T (Δ 1)T ]

Δ
= −  (46) 

b2 w curved ff

curved

1
T [2T (Δ 1)T ]

(1+Δ )
= −  (47) 

5. Checking the Solution Sensitivity  

Table 6 displays the difference in the mean Nu for 

various lattice sizes. These values are estimated for 

Ha=30 and Ha=90. To attain the desired accuracy, the 

outcomes obtained in current study are examined, and 

it is found that after a particular lattice size, the values 

of the mean Nu value are independent of the lattice 
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points for Ra=106, Q=0, φ=0.04, λ=0, and MFM3 at 

situation 1. Considering this independence of the 

solution, an optimal grid size of 121×121 is chosen to 

perform further calculations in the current simulation. 

For validating the available work, verification 

between present results with that of the previous 

studies is obligatory. In this computational analysis, we 

have considered qualitative as well as quantitative 

validation cases which are represented in Figure 3 and 

Figure 4, respectively. The effect of MF on isotherms 

and entropy lines on the PL fluid free convection in 

n=0.75 for the present simulation and the study of Bai 

et al. [10] are compared in Figure 4. This figure 

provides a qualitative validation of present work. In 

Figure 4 (a), the present work is compared 

quantitatively with the study of Bai et al. [10] from the 

point of view of PE for changes of the Ha value and the 

PL criterion at semi hot barrier mode for Ra=105 and 

the uniform horizontal MF. 

In addition to this, another quantitative 

comparison have been displayed in Figure 4 (b). This 

figure provides a clear visualization of comparison of 

the mean Nu value between the available work and the 

study of Afsana et al. [39] for different values of the PLI 

and the Ha values in Ra=105. This comparison was 

done for magnetohydrodynamics (MHD) free 

convection in a sinusoidally heated chamber. As seen 

from Figure 3 and Figure 4, a quite good agreement in 

qualitative and quantitative aspect is observed 

between this study and the results of references. Due 

to the low deviation between the obtained results, the 

accuracy and precise performance of the study findings 

can be guaranteed. 

Table 6. Inquiring the sensitivity of the mean Nu value to the change of network sizes 
Next lattice size Previous lattice size

Previous lattice size

Nu Nu
Difference= (%)

Nu

−
 

 61×61 91×91 121 ×121 151 ×151 181 ×181 
 Ha=0 
n=0.75 8.911 9.153 9.295 9.401 9.497 
Difference - 2.72 1.55 1.15 1.02 
n=1.25 2.953 3.016 3.051 3.079 3.102 
Difference - 2.13 1.16 0.92 0.75 
 Ha=90 
n=0.75 3.648 3.752 3.815 3.861 3.903 
Difference - 2.85 1.68 1.21 1.09 
n=1.25 2.023 2.069 2.095 2.119 2.139 
Difference - 2.27 1.25 1.15 0.95 

 Ha=0 Ha=45 

Present simulation 

    

Bai et al. [10] 

    
Figure 3. The qualitatively comparison results between the present work and Bai et al. [10] 

(a) 

 

(b) 

 

Figure 4. The quantitatively comparison results between the present work and references 
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6. Results 

Isotherms and entropy lines due to fluid friction 

are presented in Figure 5. Four points can be deduced: 

1- The result of enhancing the Ha value is 

increasing the strength of the Lorentz force. 

Considering that the MF is applied perpendicular 

to the gravitational force and from left to right 

(pay attention to Figure 1), the Lorentz force is 

imposed on the fluid flow against the buoyant 

forces (pay attention to equations (6) and (26)). 

This factor leads to the reduction of thermal 

convection characteristics,and its manifestation 

can be seen in the reduction of the density of 

isotherms in the near of the cold wall and the less 

curved density lines near the hot objects. 

 Ha=30 Ha=90 

MFM2  

    

MFM3  

    
Figure 5 (a). Flow patterns at Ra=104 due to variation of the Ha value and form of applied MF 

 Ha=30 Ha=90 

MFM2  

    

MFM3  

    
Figure 5 (b). Flow patterns at Ra=105 due to variation of the Ha value and form of applied MF 

 Ha=30 Ha=90 

MFM2  

    

MFM3  

    
Figure 5 (c). Flow patterns at Ra=106 due to variation of the Ha value and form of applied MF 
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2- Since the strength of buoyancy forces enhances 

with the enhancing the Ra value, the fluid rotates 

with greater power inside the chamber and this 

factor leads to an increase in disturbances and 

curvatures of isotherms. Absence of isotherm 

curvature and placement of lines parallel to the 

walls in Ra=104 illustrates the HT at the 

molecular level (the dominance of heat 

conduction over convection). Due to the low 

power of thermal convection in Ra=104, 

enhancing the Ha value is meaningless and 

ineffective considering the flow patterns. 

3- The change in the form of the applied MF in both 

cases (non-uniformly or uniform) changes the 

characteristics of the flow. Considering that by 

applying the MF in the form of MFM2, less 

Lorentz force is imposed on the current 

compared to MFM3, the effects of the imposed 

MF are less. However, the important point is that 

the change in the exerted MF is more noticeable 

for enhancing the Ha value and the Ra value. 

4- According to equations (14)-(16), the decrease 

in the concentration of entropy lines is justified 

by the reduction of the Ra value and the Ha value. 

Because in these situations, the low convection 

power leads to the reduction of temperature and 

speed gradients (the main factors to production 

of entropy).  

The decrement of in horizontal velocity due to the 

enhancing in the Ha value and the decreasing in Ra 

value is clearly illustrated in Figure 6. The reason for 

the greater effect of the applied MF for enhancement of 

the Ra value can be deduced in the greater effect of 

convection power. To reduce the effect of exerted MF, 

it is requisite to apply this external field as MFM2. 

Because in this mode, the greatest amount of this 

resistive force enters the flow in the upper part of the 

chamber. As the amount of MF force is applied from the 

lower part of the chamber, the decrease in speed and 

the gradients related to speed and flow are more 

apparent. However, the least influence in changing MF 

type on the flow is related to Ra=104. 

Ha=30 Ha=60 Ha=90 

   

Figure 6 (a). Horizontal velocity at Ra=104 due to variation of the applied MF and the Ha value 

Ha=30 Ha=60 Ha=90 

   

Figure 6 (b). Horizontal velocity at Ra=105 due to variation of the applied MF and the Ha value 

Ha=30 Ha=60 Ha=90 

   

Figure 6 (c). Horizontal velocity at Ra=106 due to variation of the applied MF and the Ha value 
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According to the content presented about Figure 5 

and Figure 6, it was predictable that the average Nu 

value would decrease as the Ha value enhances. 

According to Figure 7, it is almost ineffectual to change 

the type of MF and increase the Ha value for Ra=104. 

The lowest effect of the Ha value increase in high the 

Ra values belongs to MFM2, and the highest effect is 

related to MFM3. Quantitatively, for Ra=105, for 

enhancing the Ha value from 0-90, the mean Nu value 

diminishes by 52%, 44%, and 59%, respectively for 

MFM1, MFM2, and MFM3, and this effect for Ra=106 is 

around 40%, 32% and 68%, respectively. The changes 

in the graphs in terms of different variables are similar 

to the average Nu value for the thermal performance 

index in Figure 7. The decrease in the ITP value due to 

the increase in the Ha value indicates that the ratio of 

the decrease in the mean Nu value is greater than the 

decrease in the entropy value. The highest ITP value 

belongs to Ra=106 in the absence of the MF, which is 

about 35% and 60% higher than Ra=105 and Ra=104, 

respectively. 

By simultaneously changing the arrangement of 

hot parts on the adiabatic walls and the angle of the 

chamber placement, special and different thermal 

characteristics can be achieved, as seen in Figure 8. 

According to Figure 8 (a), for situation 1, there is pure 

thermal conduction for the chamber placed in oλ=225 . 

Where the isotherms are completely parallel to the 

diagonal wall, and isotherms are concentrated around 

the hot body. Because according to Rayleigh-Bernard's 

theory, in a situation where the cold wall is placed at 

the bottom, and the heat source is placed at the top, the 

free convection process is severely disrupted, and 

there is the weakest performance. For oλ=180 , the 

situation is a little better, but still the situation is the 

same as for oλ=225 .  By changing the arrangement of 

the hot bodies, the conditions will be slightly improved, 

and the distortion of the isotherms near the cold wall 

leads to better heat exchange. The thermal conditions 

for and are far better than the other two angles. In 

addition to observing the symmetry of the lines for the 

angles of 45◦  and 225◦  according to the cavity 

placement angle, it can be seen that for situation 2, 

there is the greatest expansion and distortion of the 

isotherms within the triangular enclosure. Due to this 

issue, situation 2 is the best mode in terms of 

convection process. Because in this case, the hot 

objects are located between the cold wall and the 

adiabatic walls. 

In Figure 8 (b), in addition to the symmetry of the 

entropy lines for and , the negligible of the formed 

entropy for situation 1 in  and is very evident. For 

angles of 0 and 45 degrees, the higher entropy formed 

due to fluid friction is justified due to the higher 

convection power for these angles. Especially in   

where the cold wall is above the heat source, and the 

best performance is there in terms of convection. 

Therefore, by changing the position of hot components, 

the entropy value and the average Nu value can be 

managed. 

Ra=104 Ra=105 Ra=106 

   

Figure 7 (a). The values of mean Nu value due to variation of the Ra value, the type of applied MF and the Ha value 

Ra=104 Ra=105 Ra=106 

   

Figure 7 (b). The values of the ITP due to variation of the Ra value, the type of applied MF and the Ha value 
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 Situation 1 Situation 2 Situation 3 

λ = 0  

   

oλ =45  

   

oλ =180  

   

oλ = 225  

   

Figure 8 (a). Isotherms due to variation of the chamber placement angle and the position of arrangement of hot bodies at Ra=105 

 Situation 1 Situation 2 Situation 3 

λ = 0  

   

oλ =45  

   

oλ =180  

   

oλ = 225  

   

Figure 8 (b). Entropy lines due to variation of the chamber placement angle and the position of arrangement of hot bodies at Ra=105 
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According to Figure 9, for all situations, the highest 

average Nu value is acquired when the chamber is 

placed at oλ=45 . As explained for Figure 8, since the 

dense isotherms were on the hot bodies in oλ=180  and
oλ=225 , it is not far-fetched that the lowest mean Nu 

value belongs to these angles. The important point is 

that the difference of the average Nu values for 

different angles is very small for situation 1. In all three 

situations, for oλ=180  and oλ=225 , applying or not 

applying the MF is the same. Because the strength of 

the buoyancy forces in these two angles is very low, 

and the MF cannot affect the thermal characteristics. 

However, for the situation 2 for λ=0 and λ=45 , 

according to the slope of the graphs, the further 

reduction of the mean Nu value for the increase of the 

Ha value attracts attention (according to the 

explanations described in Figure 8 (a)). The trend of 

the ITP variations slightly different from the mean Nu 

value is reported in Figure 9. For situation 1, where 

there are minimal convection effects, the ITP variations 

for different the Ha values are very small, however, the 

highest coefficient of performance belongs to λ=45 . 

The important point is the slight difference in the ITP 

values in situation 1. In situation 2 and situation 3, for 

enhancing the Ha value, a decrease in the ITP value for

λ=0 and λ=45 is observed. However, for oλ=225 in 

situation 2 and situation 3, an increase in ITP can be 

achieved. For oλ=180 , it is possible to reduce the ITP 

for situation 2 and increase for situation 3. The 

difference of the isotherms contours for the change of 

the PLI becomes more noticeable as the strength of the 

buoyancy force increases. 

According to Figure 10, for n=0.75, because the 

fluid moves with lower viscosity, it has more ability to 

rotate more strongly inside the chamber. Because 

according to equations (1)-(3), with the enhancement 

of the n parameter, the viscosity of the fluid enhances. 

The greater isotherms scattering is a sign of enhancing 

convection power for reducing the n parameter. For 

n=0.125 isotherms are dense around hot bodies. The 

remarkable point is that there is no significant change 

in the isotherms for the change of the n parameter 

according to Ra=104. Because in this mode, the 

buoyancy power is low, whether the fluid has low 

viscosity or high viscosity, it does not have the ability 

to rotate strongly. The appearance of the impact of heat 

absorption on the isotherms patterns is such that the 

concentration of the lines in the near of the cold wall is 

reduced and the lines are concentrated around the hot 

objects which this effect becomes more distinct for the 

Ra value reduction. For Ra=104 in all values of the PLI 

and in all values of the Ha values and at Ra=105 and 

Ra=106 for some states, condensation isotherm is not 

observed on the cold wall, which indicates poor cooling 

performance. 

Situation 2 

  

Situation 3 

  

Figure 9. The values of mean Nu and the ITP due to variation of configuration type, chamber inclination angle and the Ha value 
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 Ha=0 Ha=60 Ha=0 Ha=60 

 Q=0 Q=-15 

 Ra=104 

n=0.75 

    

n=1.25 

    

 Ra=105 

n=0.75 

    

n=1.25 

    

 Ra=106 

n=0.75 

    

n=1.25 

    

Figure 10. Isotherms due to variation of the Ha value, the Ra value, the PLI value and heat absorption coefficient  
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In addition to the declines in the speed value due to 

the increase in the MF strength, the decrease in the 

fluid flow speed due to the increase in the PLI is quite 

evident. For n=1 and n=1.25, enhancing the Ha value to 

more than 60 is ineffective. To reduce the effect of MF 

on the flow speed, one of the proposed ways is to 

increase the fluid viscosity, as can be observed in 

Figure 11. 

Changes in the average Nu value for enhancing the 

Ha value have a decreasing trend for all values of the 

PLI and heat absorption coefficient based on Figure 

12(a). In all values of the PLI, the lowest mean Nu value 

is related to the highest value of heat absorption 

parameter in terms of quantity, as explained in Figure 

10. With the enhancement of the PLI, the difference 

between the graphs decreases, so the effectiveness of 

heat absorption for the shear thickening fluid is 

reported to be the lowest. According to the prediction 

and analysis of the results in Figure 10, the trend of the 

ITP changes is similar to the mean Nu value based on 

Figure 12(b). Quantitatively, as the value of the heat 

absorption coefficient enhances, the percentage of 

reduction in the mean Nu value is much higher than the 

entropy decrease due to the increase of the heat 

absorption coefficient. Although enhancing the heat 

absorption coefficient leads to decrease in entropy 

formation due to the limited heat difference, but the 

percentage of this decrease is not enough to improve 

the thermal performance. 

n=0.75 n=1 n=1.25 

   

Figure 11. Vertical velocity due to variation of the Ha value and the PLI value at Ra=105 

n=0.75 n=1 n=1.25 

   

Figure 12 (a). The mean Nu value due to variation of the Ha value, the PLI value and heat absorption coefficient at Ra=105 

n=0.75 n=1 n=1.25 

   

Figure 12 (b). The value of the ITP due to variation of the Ha value, the PLI value and heat absorption coefficient at Ra=105 
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Conclusions 

In the discussions related to the equipment design 

in which the HT process is important, attaining optimal 

conditions has always been one of the challenges for 

scholars and designers. Although achieving the highest 

HT rate is very important in cooling parts that need to 

be cooled, equally important is the amount of the PE 

during the HT process. Analyzing the system thermal 

performance makes it possible to estimate the optimal 

conditions (the highest amount of HT at the lowest 

amount of PE). The need to cool hot parts in limited and 

unwanted spaces in industries such as electronics, 

nuclear, food production, etc. has motivated this 

numerical simulation via LBM. For this target, the 

cooling of two hot half-cylinders with variable 

positions in the space limited to an inclined triangular 

enclosure containing non-Newtonian nanofluid 

subjected to heat absorption and magnetic field (non-

uniform and uniform) during the FCHT was studied. 

Some key outcomes are listed below: 

1- Although the introduction of Lorentz resisting 

force into the fluid flow through the application of  

MF leads to a decrease in PE, it greatly reduces the 

average Nu value and the ITP. In order to decline 

the negative effect of applying MF on the system 

performance index, it is indispensable to exert MF 

non-uniformly, especially in the form of MFM2. 

Applying MFM2 at the highest Ha value improves 

performance index and the average Nu value by 

about 40% and 49%, respectively. At low values of 

the Ha and the Ra, the change in the form of 

imposing the MF is not effective. 

2- The cooling performance of the system is highly 

dependent on the arrangement of the hot objects 

on the walls. By reducing the distance between the 

hot objects and the cold wall, the average Nu value 

and the ITP value enhance. However, the highest 

effects of thermal convection can be observed for 

placing hot bodies in the central part of the 

adiabatic walls. For this reason, the greatest 

impact of the MF is reported in situation 2. 

3- By rotating the chamber in different angles, the 

thermal characteristics of the system are 

completely changed in such a way that for the 

angles of 180 and 225 degrees, there is the lowest 

mean Nu value, the lowest the ITP value, the 

lowest MF effect, and the lowest convection 

effects. The change in the thermal characteristics 

for different inclination angles of the chamber is 

minimal for situation 1. Although for
oλ=0 and λ=45 , an increase in MF leads to a 

decrease in the ITP, but for oλ=180 in situation 3 

and for oλ=225 in situation 2 and situation 3, an 

increase in the value of the ITP can be seen as the 

value of the Ha enhances. 

4- The presence of heat absorption disrupts the 

cooling process. The lowest value of the average 

Nu value and the ITP value is for the highest value 

of the heat absorption coefficient. The greatest 

impact of enhancing the heat absorption 

coefficient can be achieved by reducing the 

buoyancy force power so that in Ra=104, thermal 

conduction is the main mechanism of HT  (HT at 

the molecular level). As the PLI enhances, the 

influence of heat absorption becomes weaker. 

Nomenclature 

B Magnetic field power 

ci 
Velocity of particles in different directions 
of the grid 

f Distribution function for flow field modeling 

g Acceleration of gravity 

h 
Distribution function for temperature field 
modeling 

Ha The Hartmann number 

ITP Index of thermal performance 

n Fluid behavioral index 

MFM Form of applied magnetic field 

Nu The mean Nusselt number 

Q  Heat absorption parameter 

Q Heat absorption index 

Ra The Rayleigh number 

S Total entropy 

u (u, v) Velocity in x and y directions 

x (x,y) Geometry coordinate 

θ Dimensionless temperature 

μ Dynamic viscosity 

υ Kinematic viscosity 

τ Stress tensor 

φ The percentage of nanoparticles 

Ψ Stream function 

λ Angle of cavity placement 
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