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 This study involved performing a two-dimensional numerical analysis of forced convection 

in a horizontal channel, to cool fins mounted on heated channel walls, with the use of a 

laminar hybrid nanofluid. The finite volume approach, employing the SIMPLER 

algorithm, was used to solve the determining equations. The effect of fin height "hf", fin 

space "d" and nanoparticle volume fraction (ϕ) on the flow structure, entropy generation, 

and heat transfer enhancement are analyzed and discussed. The results were exposed in 

streamlines, isotherms, average Nusselt numbers, total and local entropy generation, 

thermal and friction, and the Bejan number. The results indicate that increasing the height 

of the fins leads to an improvement in heat transfer, but on the other hand, causes a notable 

elevation in entropy generation. The results further suggest that increasing the 'd' spacing 

(up to d=1.1) leads to a smooth and uniform passage of fluid between the fins, thereby 

reducing entropy generation. However, it also results in poor cooling of the fins. 
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1. INTRODUCTION 

 

Forced convection heat transfer significantly impacts heat 

dissipation in electronic equipment and assumes a pivotal role 

in their design and performance. Adequate cooling plays a 

fundamental role in ensuring optimal efficiency and meeting 

the growing demands of modern electronic technology. 

Various cooling approaches have been suggested to ensure 

electronic equipment's stable and reliable operation. Among 

these methods, we find the use of expanded surfaces, the 

installation of fins, and the incorporation of nanoparticles into 

the base fluid. Many of the published works have been 

developed concerning heat transfer in channels that are 

directly related to our study; with different boundary 

conditions; among these studies, we find: 

Ghaneifar et al. [1] executed a computational analysis on 

mixed convection involving nanofluid within a horizontally 

oriented channel. The channel features insulated walls and 

includes two centrally positioned heat sources. The results 

indicate that thermal conductivity, Reynolds and Richardson 

number, length/height ratio, and source separation distance 

considerably influence the thermal and flow field.  

Naderifar et al. [2] numerically studied the flow pattern and 

heat transfer augmentation in a corrugated channel with a non-

Newtonian nanofluid subjected to a constant thermal flux, with 

a fin. Moreover, the study demonstrates that including a fin 

induces a significant alteration in the temperature and flow 

fields, enhancing heat exchange. 

Esfe et al. [3] investigated forced convection in a channel 

filled with the Al2O3-water nanofluid with walls considered 

isothermal. The numerical findings demonstrate enhanced 

heat transfer with the utilization of a nanofluid and also 

indicate that decreasing the nanoparticle diameter has the 

potential to improve heat transfer. 

Mehreza and El Cafsi [4] conducted a numerical study of 

forced convection within a rectangular channel that contained 

ferrofluid subjected to a varying magnetic field created by four 

magnetic sources near radiators mounted on the bottom 

channel wall. The results show that elevating the Reynolds, 

magnetic numbers, and solid content ratio leads to enhanced 

heat exchange. The results also indicate an optimal position of 

the magnetic sources, which gives better thermal efficiency. 

Hannachi et al. [5] studied the unstable forced convection 

of a non-Newtonian nanofluid to see the impact of the 

oscillating magnetic field in a channel containing heated 

permeable blocks. The findings show that entropy production 

and the heat exchange rate rise as ϕ decreases, alongside an 

increase in Ri and Re values. The results also indicate that, 

although sinusoidal heating contributes to heat transfer, it 

increases total entropy production. 

A numerical study investigating the heat exchange and fluid 

flow within a horizontal rectangular porous channel utilizing a 

hybrid nanofluid was done by Jarray et al. [6]. Specific 

parameters such as the permeability (ε) of the porous medium, 

the Da and Ri number and ϕ to assess their impact on heat 

transfer rates and the flow field. Introducing hybrid 

nanoparticles into the water upgrades the heat transfer with 

different values of Ri and Da numbers. 

Job et al. [7] researched the unsteady and incompressible 

flow in a horizontal channel of a hybrid nanofluid consisting 

of MnZnFe2O4/FeCrNbB. The top wall of the channel contains 

four porous fins. In contrast, the lower wall contains three 
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semi-circular radiators, where an electric wire generates an 

adjustable magnetic field magnetic field internally. the 

findings reveal that enhancing ϕ, the magnetic number, and the 

size of the heating element fins leads to increased convective 

heat transfer within the channel. 

Ltaifa et al. [8] studied the mixed convection of a nanofluid, 

which is a combination of Al2O3 and water, flowing through a 

tilted rectangular microchannel, with the channel walls 

subjected to a regular thermal flux. The results indicate that 

increased inclination angles and higher volume fractions of 

Al2O3 contribute to an enhanced heat transfer rate. 

Kalteh and Abedinzadeh [9] numerically examined flow 

structure and heat exchange within a microchannel occupied 

with a nanofluid. The channel experiences a consistent 

magnetic field, with the bottom wall maintained at a steady 

temperature, and the upper wall configured to be insulating. 

The findings reveal that an improvement in the heat transfer 

performance of the microchannel is observed with increased ϕ 

and Re numbers. The results additionally suggest that 

introducing a magnetic field elevates the friction factor, 

without significantly influencing heat transfer. 

Heidary et al. [10] studied fluid and thermal flow analysis 

within a straight channel utilizing a nanofluid, incorporating a 

magnetic field into the flow structure, using a single-phase 

approach. Calculations show that a magnetic field and 

nanoparticles increase channel heat transfer. 

Alqaed et al. [11] studied the entropy generation of a 

nanofluid in forced and natural convection inside a 

bidimensional closed compartment tilted and subjected to a 

magnetic field. Five heat sources positioned in the centre of 

the compartment create natural convection, and the movable 

upper wall causes forced convection. The results show that the 

effects of the angle of inclination of the closed container, the 

Bejan and Richardson numbers, have a considerable influence 

on the generation of entropy. 

Zamzari et al. [12] analyzed the heat exchange and entropy 

generation associated with a pulsating airflow emerging from 

a downward-heated open cavity within a horizontal channel. 

The findings indicate that the entropy production and heat 

transfer are affected by both the amplitude and frequency of 

the pulsation, and this dependence is notably linked to the 

aspect ratio of the cavity and the Richardson number. 

Hussain et al. [13] did a numerical investigation of mixed 

convection to explore the impact of parameters related to 

internal heat generation or absorption, porosity, and entropy 

generation. The results indicate a minimization in average heat 

transfer with the internal heat generation, while an increase is 

observed with the porosity. Moreover, the heat exchange and 

fluid friction-induced entropy production decreases in a 

magnetic field, while an augment is observed in the porosity 

parameter. 

A numerical analysis is carried out to investigate heat 

transfer and entropy generation in a vertical channel with 

water-copper nanofluids is presented by Kahalerras et al. [14]. 

The channel is composed of a suitable wall cooled to a uniform 

thermal flux density and a left wall experiencing a sinusoidally 

varying thermal flux. The findings indicate an escalation in 

entropy generation and heat transfer as the solid volume 

fraction of the nanofluids decreases and with the increase in Ri 

and Re. The results also indicate that sinusoidal heating 

enhances heat transfer while simultaneously amplifying the 

overall entropy generation. 

Kolsi et al. [15] numerically examined entropy and heat 

transfer generation inside a cubic enclosure packed with a 

water-Al2O3 nanofluid. The left wall is maintained at hot 

isothermal temperatures and the right wall is cold, and the 

other is assumed to be adiabatic. The results present that the 

Nuav, Sth, Sfr and Stotal increase with the increase in Ra number 

and ϕ, especially near the hot left sidewall. 

Bhattacharyya et al. [16] analyzed the entropy generation 

and convective heat transfer in corrugated channels with walls 

at a uniform temperature. The findings indicated that the use 

of a corrugated channel gives a better heat transfer compared 

to a conventional circular channel. However, this 

improvement comes at the expense of increased frictional 

forces. 

Abbaszadeh et al. [17] conducted a comprehensive study on 

entropy generation and heat transfer during forced convection 

within a parallel plate microchannel subjected to the impact of 

a magnetic field. The findings indicate that heat transfer and 

Stotal increase with higher ϕ, and Ha and Re numbers. 

Conversely, as the Knudsen number rises, there is a notable 

decline in the Stotal. 

Vatanparast et al. [18] investigated forced convection to 

study entropy generation within a partially heated channel, 

employing semi-porous fins. The findings indicate that as the 

Reynolds number increases, there is a concurrent rise in Stotal, 

which attains a minimum value for a percentage of semi-

porous fins (SFP=40). The fins' extension or broadening 

reveals an increased significance of Stotal, a factor influenced 

by the thermal conductivity ratio. 

Fersadou et al. [19] carried out a numerical investigation on 

entropy production in mixed convection with a nanofluid 

within a porous vertical channel. The findings indicated that 

using nanofluid, magnetic field and porous medium 

effectively enhances the heat transfer and elevates entropy 

generation. 

Al-Rashed et al. [20] investigated the entropy generation 

and free convection heat transfer of heated fins in a cavity. 

Considering various Rayleigh number values, they identified 

the optimal fin number and length combination that maximizes 

heat transfer and entropy generation. 

Ghachem et al. [21]’s study was carried out on natural 

convection and entropy production involving two 

configurations associated with the position of the baffle. The 

findings indicate that the baffle's placement significantly 

affects heat transfer and entropy production. 

Alnaqi et al. [22] performed a numerical analysis to explore 

how the presence of a magnetic field, along with the influence 

of radiation, affects entropy generation, as well as the 

dynamics and thermal distribution within a diagonal square 

cavity using a fin located on one of the walls. The findings 

reveal that introducing nanoparticles to the base fluid and 

changes in the radiation parameter leads to an increase in 

entropy generation and the Nusselt number. Additionally, it 

was observed that the heat transfer rises with a decrease in the 

Ha number and an increase in the Rayleigh number. 

A work on natural convection with a heat source in a cavity 

was presented by Shahi et al. [23], aiming to examine the 

entropy production of a nanofluid (Cu-water) for this 

considered problem. The findings indicate that positioning the 

heat source on the lower horizontal wall improves heat transfer 

and minimal entropy production. 

Ahmed et al. [24] studied the hydrothermal performance 

and entropy production in a channel integrated with an oval 

rib. The results demonstrated that an elevate in rib height 

increases entropy production and heat transfer, across various 

Reynolds numbers. 

502



 

The literature review reveals that most studies have 

highlighted the use of fins in a heated channel and their effect 

on flow characteristics and heat exchange within the channel. 

In the complementary framework, we specifically focused 

on the impact of fin height and placement to achieve a more 

uniform flow and more efficient heat dissipation, which can 

reduce entropy generation associated with forced convection 

using a hybrid nanofluid. 

 

 

2. PROBLEM MODELING  

 

2.1 Problem description 

 

Figure 1 shows a bidimensional horizontal channel with a 

length "L" and height "H", which must be cooled by Forced 

convection. The two-channel walls are subjected to a 

consistent temperature "Th". The fins have a height "hf" and a 

width "w", and are positioned on the walls with a space "S" 

between the fins in the same wall, and the offset between the 

fins of the lower and upper walls is "d". The hybrid nanofluid 

is used to cool the channel and introduced at a temperature T0 

and uniform speed U0. The fluid is assumed to be Newtonian, 

laminar and incompressible. We consider a nanofluid to be in 

thermal equilibrium and have constant thermophysical 

properties. The thermodynamic properties of the base fluid 

(pure water) and the nanoparticle, at a fixed temperature of 

25℃, are presented in Table 1 [25]. 

 

 
 

Figure 1. Geometry of the physical model 

 

Table 1. Thermophysical properties of nanoparticles and 

water at 25℃ 

 

 
( )3/kg m


 

( )/ .

PC

J kg K
 

( )/ .

k

W m K
 

( )

510

1/ K

   

( )

6

2

10

/m s

   

Pure 

water 
997.1 4179 0.613 21 0.147 

Alumina 

(Al2O3) 
3970 765 40 0.85 13.17 

Copper 8933 385 401 1.67 116.31 

 

2.2 Governing equations 

 

The dimensionless equations governing two-dimensional, 

stationary, incompressible, Newtonian, and laminar flow are 

represented by the following equations: 

Conservation of mass 

 

j

j

U
=0

X




 

(1) 

 

Momentum equation 

 

*

Re

j i nfi i

j nf f j j

U U P U

X X X X

 

 

   
= − +       

 (2) 

 

Conservation of energy 

 

*

Re Pr

j nf

j f j j

U k

X X X

  



   
=      

 (3) 

 

With: i=1, 2, 

and: j=1, 2. 

where k* and v* are respectively the ratio of the conductivity 

and viscosity relative to the base fluid. 

 

* 400, .

1, .

in the fin
k

in the fluid

 =
= 

=

 (4) 

 

* , .

1, .

in the fin
v

in the fluid

→
= 

=

 (5) 

 

Ui,  and P, are respectively, the dimensionless velocity 

components, temperature; and pressure. 

In the above equations, the Reynolds and Prandtl numbers 

are presented as: 

 

0

f

U H
Re


=  and f

f

Pr



=  

(6) 

 

The governing equations mentioned above are transformed 

into dimensionless forms using the following dimensionless 

parameters: 

 

H

x
X = , y

Y
H

= , 

0

u
U

U
= , 

0

v
V

U
=  

2

0nf

p
P

U
= , 0

0h

T T

T T


−
=

−
 

(7) 

 

Can be defined the nanofluid effective density as: 

 
 ( )

2 3 2 3
1nf f Cu Cu Al O Al O      = − + +  (8) 

 

We can also determine the nanofluid thermal expansion 

coefficient ( )
nf

  as: 

 

( ) ( )( ) ( ) ( )
2 3 2 3

1 Cu Al Onf f Cu Al O
      = − + +  (9) 

 

The determination of the heat capacitance of nanofluids 

involves: 

 

( ) ( )( ) ( ) ( )
2 3 2 3

1P P Cu P Al O Pnf f Cu Al O
C C C C      = − + +  (10) 

 

where, 
Cu  and 

2 3Al O are the respective concentration volume 

of Cu and Al2O3; and 
2 3Cu Al O  = + . 

Maxwell–Garnetts [26] presented the nanofluid effective 

thermal conductivity as: 

 

503



 

( )
( )

2 2

2

s f f s

nf f

s f f s

k k k k
k k

k k k k





+ + −
=

+ + −  
(11) 

 

With:  

 

2 3 2 3Cu Cu Al O Al O

s

k k
k

 



+
=  (12) 

 

Brikman [27] proposed the nanofluid effective dynamic 

viscosity as: 

 

( )
2.5

1nf f  
−

= −  (13) 

 

The thermal diffusivity of the nanofluid 
nf can be defined 

by: 

 

( )
nf

nf

p nf

k

c



=  

(14) 

 

2.3 Boundary conditions 

 

The following defines the boundary conditions in non-

dimensional form: 

At the channel entrance: 

 

1, 0, 0U V = = =  (15) 

 

At the channel outlet: 

 

0, 0, 0
U V

X X X

  
= = =

  
 (16) 

 

At the bottom and top heated wall: 

 

0, 0, 1U V = = =  (17) 

 

2.4  Local and average Nusselt numbers    

 

Along the fins faces, we can present the local and average 

Nusselt number as: 

 

exposed
surface

1 nf

b f

k
Nu

k n





 
= −  

   
(18) 

 

The average Nusselt number Nuav is: 

 

( ) e  xp

1

/ 2 /
av

osed surface

Nu Nudn
w H h H

=
+   

(19) 

 

where, n and 
b  are respectively, the normal coordinate and 

the dimensionless temperature of the fin surfaces. 

 

2.5 Entropy generation 

 

We can determine the local and the total entropy generation 

as [23]: 
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(20) 

 

where, 

 

0 0nf

f h c

T U

k T T




 
=  

− 

 
(21) 

 

And  

 

total genS = S dV  (22) 

 

 

3. NUMERICAL SOLUTION  

 

3.1 Numerical method 

 

The Fortran computational code with a control volume 

formulation was used to solve the dimensionless governing 

equations shown in Eqs. (1)-(3) as well as the boundary 

conditions in Eqs. (15)-(17). Velocities and pressure are 

calculated with the SIMPLER algorithm [28]; the diffusion 

and convection terms were treated by the centred difference 

scheme and the “upwind 2nd order” scheme. The discretized 

equations are then solved iteratively with a convergence 

criterion of 10−4 for continuity and 10−7 for momentum and 

energy, to give values for velocity, pressure and temperature 

at nodal points. 

 

3.2 Grid independence study 

 

Before commencing calculations, verifying that the solution 

remains unaffected by the mesh and that the numerical 

solution is accurate and reliable is necessary. In this study, we 

consider five different meshes with non-uniform sizes. 

 in the x–y coordinate directions, we considered five 

different meshes, 212×82, 322 ×82, 392×92, 452×102 and 

602×122 nodes. As illustrated in Table 2, the variation of 

average Nusselt and the total entropy generation of the six fins 

was presented with the different meshes used with Re=100, 

Pr=0.72, ϕ=0 and 0.06.  

According to Table 2, we observe that the values of the 

average Nusselt number and total entropy generation become 

insensitive to the number of nodes from the grid size of 

452×102. Therefore, we opted for the mesh size of 452×102 

nodes for all our calculations, to obtain qualitatively accurate 

results with minimal computation time. 

 

Table 2. Grid independence study on the average Nusselt 

number 

 
  212×82 322×82 392×92 452×102 602×122 

ϕ=0 Nuav 5.8915 5.5979 5.2944 5.2323 5.2461 

 Stotal 
142.699

0 

142.789

2 

142.740

8 

142.758

2 

142.759

4 

ϕ=0.0

6 
Nuav 6.3236 5.9703 5.6229 5.6171 5.6150 

 Stotal 
152.972

3 

154.239

4 

154.819

8 

154.835

5 

154.837

4 

 

3.3 Code validation 

 

The calculation code was carefully reviewed and validated 
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with the numerical results of Pishkar and Ghasemi [29], to 

guarantee precision and robustness. A comparison has been 

conducted between the average Nusselt numbers (Table 3) of 

the two fins mounted on the heated lower wall of a horizontal 

channel cooled by Cu-water nanofluid under mixed convective, 

laminar conditions, with Reynolds numbers (Re=5, 100), and 

ϕ = 0.03. 

According to Table 3, we observe a strong agreement 

among the results, which reassures us of the reliability of our 

calculation code. 

 

Table 3. Validation of the current code with the numerical 

results from Pishkar and Ghasemi [29] for the average 

Nusselt numbers at Re=5, 10, 100, and ϕ=0.03 

 
 ϕ 00 0.01 0.02 0.03 

Re=5 Nuav (Pishkar [29]) 1.203 1.285 1.394 1.449 

 Nuav (Present study) 1.229 1.303 1.379 1.437 

Re=10

0 
Nuav (Pishkar [29]) 0.929 0.957 1.011 1.066 

 Nuav (Present study) 0.912 0.953 1.001 1.061 

 

 

4. RESULTS 

 

The results in this paper are presented for various 

parameters: fin height (0.2  hf  0.8), space between the fins 

of the lower and upper walls (0  d  1.6), and concentration 

of solid nanoparticles (0  ϕ  0.6). 

Referring to Figure 1, the geometric parameters 

dimensionless by the height H are given as follows: 

L/H=16, Li/H = 2, Le/H = 9.4, hf /H =0.2 to 0.8, w/H = 0.2, 

S/H = 2. 

 

4.1 Impact of fin height 

 

We investigate the impact of dimensionless fin height on the 

flow field, thermal exchange, and entropy generation, with 

different fin author values hf=0.2 to 0.8, S=2, d=0.9, Re=100 

and ϕ=0 to 0.06. 

Streamlines (top) and isotherms (bottom) show that 

increasing the fin size causes a substantial alteration in the 

flow and temperature distributions, which is presented in 

Figure 2. We observe that the fluid circulates freely for hf = 

0.2 due to the small size of the fins with small recirculation 

zones behind these fins. 

The current lines show an undulating path of fluid between 

the lower and upper wall fins when increasing the height of the 

fins (hf=0.4, 0.6, 0.8), and we also observe that the large size 

of the fins leads to the formation of large vortices behind the 

fins. We also notice an acceleration of the fluid when the 

passage section between the fins and the walls becomes 

smaller. 

By consulting the same Figure 2, which presents the 

contours of the isotherms for different heights of the fins, we 

observe that the fluid starts with a low initial temperature and 

undergoes significant heating near the fins. It absorbs the heat 

emitted by the hot fins and transports it during its flow towards 

the outlet of the channel. 

For hf =0.2, the exchange surface between the fluid and the 

fins is small, and the liquid leaves without evacuating a large 

quantity of heat to the outside. This is why we observe that the 

isotherm lines parallel the heated wall, concentrated primarily 

around the fins, with a slight spreading within the channel. 

On the contrary, for higher values of fin height (hf=0.6 et 

0.8 mm), Figure 2 shows the considerable heating of the fluid 

in the region located between the fins and that the isotherms 

occupy a significant part of the channel. 

Also, the increase in the size of the fins increases the 

exchange area between the heated fins and the cool fluid. Also, 

the wavy path between the fins makes obtaining excellent 

interaction between the cool liquid and fin surfaces possible. 

We also observed that the recirculation behind the fins has 

a significant impact and gives the fluid enough time to come 

into contact with the hot fins to transport a large amount of 

heat to obtain better cooling. 

 

hf = 0.2 

 

 
 

hf = 0.4 

 

 
 

hf = 0.6 

 

 
 

hf = 0.8 

 

 
 

Figure 2. Isotherms (bottom) and streamlines (top) for a 

hybrid nanofluid (ϕ = 0.06) at various fin heights (hf), with 

Re=100 

 

This is corroborated by Figure 3, which illustrates the 

variation in the fins' average Nusselt number (Nuav) with their 

height for different values of the nanoparticle concentration in 

a hybrid nanofluid. As shown in Figure 3, Nuav demonstrates 

an increase in the fin size. 

Figure 3 also shows an increase in Nuav corresponding to the 

concentration of nanoparticles. This result should be 

predictable since the presence of nanofluid nanoparticles 

enhances thermal conductivity and heat dissipation.  

In the following, we will explore the influence of fin length 

(hf =0.2, 0.4, 0.6, 0.8) on entropy generation (thermal, friction, 

total) and of the Bejan number for Re=100 and ϕ= 0 to 0.06. 

Figure 4 illustrates the local entropy generation behaviour 

attributed to friction (top) and heat transfer (bottom) for 

various fin height values. Figure 4 clearly show that the 

obstacle compels the flow to deviate toward the walls, which 

causes large friction near the fins and wall, attributed to 

viscosity effects, which increases the generation of local 

entropy friction. The substantial influence of fin height on 

entropy generation is evident. Furthermore, an increase in fin 

height leads to an acceleration of nanofluid movement within 

this region. Consequently, the friction force increases, 
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contributing to a higher intensity of Sfr. 

Figure 4 also shows high entropy generation values 

primarily arising from heat, resulting from pronounced 

temperature gradients. This effect is particularly notable in the 

heated walls and near the left corner of the fins. At the same 

time, the rest of the channel can be considered a relatively 

quiescent area in terms of entropy generation. Entropy 

generation escalates as the height fins rise, and elevated 

variations in velocity and temperature contribute to substantial 

thermal flux and increased entropy generation. 

 

 
 

Figure 3. Influence of fin height (of hybrid nanofluid) on the 

average Nusselt number Nuav across varying concentrations 

of solid nanoparticles, d=1.1 and Re=100 

 

hf =0.2 

 

 
 

hf =0.4 

 

 
 

hf =0.6 

 

 
 

hf =0.8 

 

 
 

Figure 4. Variation in entropy generation resulting from 

friction (top) and heat transfer (bottom) for a hybrid 

nanofluid at different fin height values, Re=100 and ϕ=0.06 

 

Figure 5 illustrates that the stotal was a function of fin height, 

considering the impact of nanoparticle concentration. The 

figure demonstrates a significant rise in total entropy 

generation as fin height increases, taking into account different 

nanoparticle volume rates. Additionally, it is noted that 

augmenting the ϕ enhances the conductivity and viscosity of 

the fluid. This results in an elevation in the Stotal attributable to 

fluid friction and heat exchange. 

 

 
 

Figure 5. Influence of fin height on overall entropy 

generation across various volume concentrations of 

nanoparticles at Re=100 and d=1.1 

 

 
 

Figure 6. Effects of fin height on the Bejan number for 

different values of ϕ at Re=100 and d=1.1 

 

Figure 6 illustrates the changes in the Bejan number (Be) 

across different fin heights and solid volume fractions, 

emphasizing the contributions of the two irreversibility modes 

to the overall value. Where it becomes apparent that Sth is 

prevailing. Figure 6 also indicates a noticeable reduction in the 

Be number with an increase in fin height. This decline can be 

ascribed to friction's heightened irreversibility compared to 

heat transfer. This phenomenon is likely attributed to the 
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increased intensity of viscous force resulting from the 

development of the movement of fluids due to the increase in 

the length of the fins, which also appears when the solid 

volume fraction is increased. 

 

4.1 Effect of fin spacing 

 

In this part, we examine the influence of the dimensionless 

space between the lower and upper wall fins “d” the entropy 

generation, heat transfer enhancement, and flow structure, 

with different values of space d=0 to 1.6, Re=100 and ϕ=0 to 

0.06. 

For important details of the effect of bottom and top wall fin 

separation on the overall flow characteristics and enhancing 

heat exchange, streamlines (upper) and isotherms (lower) for 

the hybrid nanofluid (ϕ=0.06) are depicted in Figure 7, for 

Reynolds number Re=100. These lines draw our attention that 

when the fins on the top and bottom walls are positioned 

opposite each other (d=0), it causes a congestion of the 

streamlines in the upstream corner, and also a narrowing of the 

section of the passage, which results in acceleration of the fluid. 

The fluid passage through the fins causes the development of 

large and vigorous vortices to form behind the fins. The 

streamlines also show that increasing the offset between the 

fins of the lower and upper walls (d=0.6, 1.1, 1.8) widens the 

fluid passage section, which facilitates the passage of the fluid 

between the fins in an undulating path, with vortices forming 

behind the fins. 

 

 
 

Figure 7. Effect of fin spacing (of hybrid nanofluid) on the 

Nuav at different concentration values of solid particles, and 

Re =100 

 

The temperature distribution is visualized through the 

contours of the isotherms, as depicted in Figure 8. The figure 

reveals a direct correlation between the evolution of the 

isotherm lines and the distance between the fins on the lower 

and upper walls (d=0, 0.6, 1.1, and 1.6). The correlation is 

closely linked with the dimensions of the recirculation zone 

established behind the fins. As the spacing between the fins 

increases, larger vortices develop, facilitating the transport of 

a greater amount of heat. 

To assess the impact of increasing the fins space of the 

lower and upper walls, we consult Figure 8 giving the variation 

in Nuav of the fins for Re=100. We can see that Nuav of the fins 

takes a maximum value for spacing between the fins d=0; then 

decreases to a minimum value with d=1.1 and gradually 

increases again with increased fin spacing. As seen in these 

figures, increasing or decreasing the spacing between the fins 

after the value d=1.1 increases the heat transfer rate. 

 

d=0 

 

 
 

d=0.6 

 

 
 

d=1.1 

 

 
 

d=1.6 

 

 
 

Figure 8. Flow lines (top) and temperature distribution 

(bottom) for hybrid (ϕ=0.06) nanofluid at different fin 

spacing “d” and Re=100 

 

d=0 

 

 
 

d=0.6 

 

 
 

d=1.1 

 

 
 

d=1.6 

 

 
 

Figure 9. Entropy generation variations due to friction (top) 

and heat transfer (bottom) for a hybrid nanofluid (ϕ=0.06) at 

different fin spacing values and Re=100 
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The influence of the spacing between the fins of the upper 

and lower walls “d” on the entropy production contours 

attributed to friction Sfr (top) and heat transfer Sth (bottom) 

inside the channel are presented in Figure 9, for Re=100 and 

ϕ=0.06. 

For d=0, Figure 9 shows the fluid flow path inside the 

channel becomes narrower. Also, Sfr is very important in a 

passage located between the fins of the top and bottom walls 

due to the acceleration of the fluid in this particular zone. With 

the increase in the spacing between the fins (d=0.6, 1.1, 1.6) 

the intensity of the entropy due to friction decreases and is 

clustered around the top-left corner of the fins. 

 

 
 

Figure 10. Effects of fin spacing on total entropy generation 

for various values of ϕ at Re=100 

 

 
 

Figure 11. Effects of fin spacing on the Bejan number for 

various values of ϕ and Re= 100 

 

The contours of Entropy generation resulting from heat 

transfer are also presented in Figure 9. The figure indicates that 

when d= 0, the area near the fins' heated walls and frontal 

surfaces contains the highest local entropy generation. If the 

spacing between the fins (d=0.6, 1.1, 1.6) increases, the 

entropy generation contours are concentrated near the upper 

left corner of the fins and the heated wall. 

Figure 10 shows the influence of the space between the fins 

on Stotal at Re=100 across a range of the concentration of solid 

particle values. It is evident that Stotal takes its maximum value 

for d=0, then a sharp decrease occurs until the value d=0.6, and 

then it increases again slightly until d=1.6. The changes in Stotal 

are similar for different values of the concentration of solid 

particles, except that they take on high values for higher values 

of ϕ. 

Figure 11 illustrates the Bejan number's variation for space 

between the fins “d” and the solid volume fraction at Re=100. 

Figure 11 shows that for the different values of ϕ, the Bejan 

number attains low values for d=0, then increases until d=1.2, 

where it slowly decreases. The impact of the ϕ it appears 

clearly at values of d=0, where the increase in ϕ contributes to 

reducing the Be number. 

 

 

5. CONCLUSIONS 

 

This research conducted a two-dimensional numerical 

investigation to analyze forced convection in a heated 

horizontal channel containing fins with hybrid nanofluid Cu-

Al2O3/water as a cooling fluid. To ensure the results' reliability, 

a validation of the calculation code was carried out with works 

already published, and satisfactory agreement was obtained. 

The results presented the impact of specific parameters, 

such as the fin height, the spacing between the fins of the lower 

and upper walls, and the concentration of solid particles on the 

flow structure, heat transfer, and entropy production. The 

previous results lead to the following conclusions: 

- Besides improving the heat exchange surface, employing 

fins enhances heat transfer, particularly with increased fin 

height. However, it also disrupts fluid flow and raises the total 

entropy generation concurrently. 

- It should be noted that increasing the height of the fins 

results in a decrease in the Bejan number. 

- Expanding the gap between the bottom and top wall fins 

fosters more flexible fluid passage amidst the fins, which 

diminishes overall entropy generation. Nonetheless, this 

alteration also brings about a reduction in heat transfer. 

- Increasing the space between the fins "d" leads to an 

improvement in the Bejan number. 

- The utilization of nanofluids has dual effects: it boosts the 

Nusselt number, thereby enhancing heat transfer; however, it 

also triggers a simultaneous increase in overall entropy 

generation. 

- The Bejan number becomes minimal for elevated 

concentrations of solid particles; this appears clearly for high 

values of "hf" and low values of "d". 
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NOMENCLATURE 

Cp specific heat, J.kg.K-1 

d dimensionless separation distance between 

fins of the lower and upper walls 

hf dimensionless fin height 

H dimensionless channel height 

k* dimensionless thermal conductivity (kfin/kf) 

Le dimensionless length of the exit section 

Li dimensionless length of the entry section 

L dimensionless channel length 

Nuav  average Nusselt number of fin 

P dimensionless pressure 

S dimensionless separation distance between 

fins 

Sfr dimensionless entropy generation due to 

viscous friction 

Sth dimensionless entropy generation due to 

heat transfer 

Stotal dimensionless total entropy generation 

T0 inlet flow temperature, K° 

Th hot wall temperature, K° 

U0 velocity inlet, m.s-1 

U, V dimensionless velocity components 

w dimensionless width of fin 

X, Y dimensionless coordinates 

Greek symbols 

µ Dynamic viscosity, Pa.s 

ρ Mass density, kg/m3 

α thermal diffusivity, m2.s-1 (k/ρ.Cp) 

β thermal expansion coefficient, K-1 

θ dimensionless temperature, (T-Tc)/(Th-Tc) 

v* dimensionless kinematic viscosities (vfin/ v f) 

ρ density, kg.m-3 

 solid volume fraction 

Subscripts 

f pure fluid 

nf Nanofluid 

s nanoparticle 

Non-dimensional Numbers 

Be Bejan number 

Ha Hartmann number 

Pr Prandtl number 

Ra Rayleigh number 

Re Reynolds number 
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