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 This study investigates the mixed convection of Cu-water nanofluid in an open square 

cavity with an internal fin and a porous medium, using the two-phase mixture model. 

Though all the walls in the cavity are assumed to be insulated, the bottom wall, where the 

fin is attached, is evenly heated. The simulation examines the impact of varying Darcy 

numbers (Da=10-1, 10-2, 10-3, and 10-4), porosity (=0.2, 0.4, 0.6, and 0.8), and solid volume 

fraction (0≤φ≤0.08) on Nusselt, entropy generation, and Bejan numbers. Sgen decreases as 

the Da increases, but Nuavg and Be increase—quite the opposite of expectations. Reducing 

material porosity increases heat transfer. Finally, incorporating nanofluid into heat transfer 

systems could lead to significant improvements in heat transfer efficiency. These findings 

provide practical guidance for optimizing material properties to achieve desired heat 

transfer characteristics. 
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1. INTRODUCTION 

 

Enhancing heat transfer refers to improving the rate and 

efficiency of thermal transfer between two or more objects or 

mediums. Efficient heat transfer is crucial in various industrial, 

technological, and everyday applications to optimize 

performance, increase energy efficiency, and prevent 

overheating. Heat transfer can be improved when pure fluids 

are used instead of nanofluids. Base fluids like water, oil, or 

ethylene glycol are mixed with high thermally conductive 

metallic or non-metallic nanoparticles like Cu, Al, Al2O3, SiO2, 

etc. [1, 2]. The problem of mixed convection in different cavity 

shapes with varying boundary conditions filled with nanofluid 

has gained significant interest over the years [3-6]. Through 

all these studies, they discovered that mixed convection across 

cavities is significantly impacted by flow direction, cavity 

steering, obstacle existence, and fluid characteristics on heat 

transfer rate. Hence, Selimefendigil and Ӧztop [7] studied the 

mixed convection in an enclosure containing two inner 

adiabatic spinning circular cylinders utilizing various types of 

nanoparticles. They concluded that the nanofluid provides a 

better heat transfer rate than other particles, equal to 4 percent 

when the Rayleigh number is high. In a square cavity that had 

a complicated fin, Shulepova et al. [8] Simulated the mixed 

convection of an Al2O3-water nanofluid. They mentioned that 

the heat transfer intensity was influenced by both the interior 

block's position and the nanoparticles' concentration. Ching-

Chang-Cho [9] studied nanofluid mixed convection and 

entropy generation in a lid-driven cavity. According to his 

findings, there is a correlation between the amount of 

nanoparticle and an increase in the Nuavg as well as total 

entropy production. Hussain et al. [10] performed a 

computational investigation into the mixed convection of a 

hybrid nanofluid within an open cavity that included an 

adiabatic obstacle. More studies that are comparable to this 

one has been carried out using a variety of nanofluids [11-13]. 

Because of the presence of interconnected pores that 

provide a large surface area for fluid-solid interaction, using 

porous mediums is another method for enhancing heat transfer 

in nanofluid thermal systems. This method helps improve the 

convective heat transfer. Porous mediums can be found in 

materials like porous media. Olak et al. [14] investigated a 

problem involving mixed convection conditions in a cavity 

driven by a lid and containing a heated porous block. They 

discovered that a reduction in Darcy's number could lead to an 

increase in the Nuavg. In their study, Sheremet et al. [15] 

investigated the impact of Darcy's number and the dimensions 

of the inlet and outlet sections in the context of utilizing mixed 

convection within an open square cavity containing nanofluid. 

They have discovered an improvement in heat transfer after 

making the parameter adjustments. Laminar mixed convection 

was investigated by Tham et al. [16] over a circular cylinder. 

Siavashi et al. [17], conducted a study on the natural 

convection flow of a nanofluid composed of copper and water. 

Their investigation was carried out within a cavity featuring a 

set of fins attached to the heated wall. The researchers used the 

two-phase method for their investigation. They discovered that 

incorporating porous fins with high Darcy numbers improved 

heat transfer and that the opposite was true. Rajarathinam et al. 

[18] predicted Cu-water nanofluid mixed convection in an 

inclined porous cavity. They considered the effects of the 

moving wall(s) direction with three different cases and 

discovered that it plays a major role in flow and heat transfer. 

Using the two-phase mixture model, Emami et al. [19] 
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investigated the natural convection of Cu-water nanofluid 

within an inclined porous cavity. They did this by observing 

the flow of the nanofluid. According to the results of their 

investigation, the positioning of the hot wall has a significant 

bearing on how the inclination angle is behaved. If you have a 

square and tilted cavity at an angle, it might be advantageous 

in some circumstances; however, in other circumstances, the 

overall heat transfer would be reduced. 

According to the comprehensive review of the relevant 

literature that was discussed earlier, it is abundantly clear that 

the scenario of mixed convection utilizing the two-phase 

model in an open cavity that is both filled with Cu-water 

nanofluid and contains an internal fin that is covered with a 

porous medium has not been given any consideration or 

investigated. We discussed this topic and investigated how 

important factors, such as the Da number, affect the amount of 

heat transferred via convection. 

 

 

2. GEOMETRY DESCRIPTION 
 

The considered geometry for our study is a 3D cubical 

cavity of size L with an internal fin heated from the bottom 

wall (Th) and covered with a porous layer, as shown in Figure 

1. The remaining walls are thermally insulated, and the flow 

enters the cavity with an initial velocity of Uo and temperature 

of To. 

 

 
 

Figure 1. Cavity geometry  

 

The nanofluid is thought to be Newtonian, laminar, and the 

Boussinesq method is  applied. The characteristics of the water 

and the material are illustrated in Table 1. 

 

Table 1. Thermal properties of water and copper 

  
Properties Pure Water Copper (Cu) 

ρ (Kg/m3) 997.1 8933 

Cp (J/Kg.K) 4179 385 

β (K-1) 21×10-5 1.67×10-5 

k (W/m.K) 0.613 401 

μ (Kg/m.s) 0.001003 / 

 

 

3. MATHEMATICAL FORMULATION 

 

The fluid is Newtonian, permanent, and incompressible; the 

flow of fluid within the cavity is laminar and three-

dimensional; and the local thermal equilibrium between the 

fluid and the porous medium is verified. 

The steady-state mixture model is governed by continuity, 

momentum, energy, and entropy production equations [20]: 

∇. (𝜌𝑚V𝑚) = 0 (1) 

 

∇. (𝜌𝑚𝑉𝑚𝑉𝑚) = −∇P + ∇. (∇V𝑚 + ∇𝑚
𝑇 )𝜇𝑚 + 

∇∑(𝜌𝑘𝜑𝑘𝑉𝑑𝑟,𝑘𝑉𝑑𝑟,𝑘

𝑛

𝑘=1

) − 𝐹𝑛𝑝 + (𝜌𝛽)𝑚(𝑇 − 𝑇𝑖)g 
(2) 

 

∇.∑(𝜌𝑘

𝑛

𝑘=1

𝜑𝑘𝑉𝑘𝐶𝑝,𝑘𝑇) = ∇. (K𝑚∇𝑇) (3) 

 

∇. (φ𝑛𝑓𝜌𝑛𝑓V𝑚) = ∇. (φ𝑛𝑓𝜌𝑛𝑓V𝑑𝑟,𝑛𝑝) (4) 

 

where, V𝑚, V𝑑𝑟,𝑘, V𝑛𝑝,𝑓 are respectively the mixture, drift, and 

slip velocities and represented as follows [21]: 

 

V𝑚 = ∑
𝜑𝑘𝜌𝑘V𝑘

𝜌𝑚

𝑛

𝑘=1
 (5) 

 

V𝑑𝑟,𝑘 = V𝑘 − V𝑚 (6) 

 

V𝑛𝑝,𝑓 = V𝑛𝑝 − V𝑓 (7) 

 

Relationship between drift and relative velocity: 

 

V𝑑𝑟,𝑛𝑝 = V𝑛𝑝,𝑓 − ∑
𝜑𝑘𝜌𝑘V𝑘

𝜌𝑚

𝑛

𝑘=1

 (8) 

 

V𝑛𝑝,𝑓 =
𝜌𝑝𝑑𝑝

2

𝜇𝑓𝑓𝑑𝑟𝑎𝑔

(𝜌𝑛𝑝 − 𝜌𝑚)

𝜌𝑛𝑝

𝑔 − (V𝑚. ∇)V𝑚 (9) 

 

𝑓𝑑𝑟𝑎𝑔 = {
1 + 0.15Re𝑝

0.687, Re𝑝 ≤ 1000

0.0183Re𝑝         , Re𝑝 ≥ 1000
 (10) 

 

F𝑛𝑝 = ∑ 𝜑𝑘
2
𝑘=1 (

𝜇𝑘

K𝑘
𝑢𝑘 +

𝐶𝑑,𝑘𝜌𝑘

√K𝑘
|𝑢𝑘|) (11) 

 

where, 𝐶𝑑 and 𝑘 are the inertia coefficient and permeability of 

the porous medium and calculated as: 

 

𝐶𝑑 =
1.75

√150𝜀3/2
 (12) 

 

𝑘 =
𝜀3𝐷𝑛𝑝

2

150(1 − 𝜀)2
 (13) 

 

The entropy is generated as a result of irreversibility source 

in the flow field, such as the viscous dissipation effect and heat 

transfer, as per the method suggested by Bejan [22], Sgen can 

be calculated using the formula [23]: 

 

𝑆𝑔𝑒𝑛 = 𝑆𝑔𝑒𝑛,𝑇 + 𝑆𝑔𝑒𝑛,𝑓 (14) 

 

where, 𝑆𝑔𝑒𝑛,𝑇 represents the entropy generation rate caused by 

the heat transfer irreversibility and is defined as: 

 

𝑆𝑔𝑒𝑛,𝑇 =
𝑘𝑚

𝑇2
[(

𝜕𝑇

𝜕𝑥
)
2

+ (
𝜕𝑇

𝜕𝑦
)
2

+ (
𝜕𝑇

𝜕𝑧
)
2

] (15) 

 

𝑆𝑔𝑒𝑛,𝑓 is the entropy production attributed to fluid friction 

given by: 
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For the clear region: 

 

𝑆𝑔𝑒𝑛,𝑓 =
𝜇𝑚

𝑇𝑜
{2 [(

𝜕𝑢

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑦
)
2

+ (
𝜕𝑤

𝜕𝑧
)
2

] + (
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑧
+

𝜕𝑤

𝜕𝑦
)
2

+ (
𝜕𝑤

𝜕𝑥
+

𝜕𝑢

𝜕𝑧
)
2

} 

(16) 

 

For the porous region: 

 

𝑆𝑔𝑒𝑛,𝑓 =
𝜇𝑚

𝑇𝑜
{2 [(

𝜕𝑢

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑦
)
2

+ (
𝜕𝑤

𝜕𝑧
)
2

] + (
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑧
+

𝜕𝑤

𝜕𝑦
)
2

+ (
𝜕𝑤

𝜕𝑥
+

𝜕𝑢

𝜕𝑧
)
2

}

+
𝜇𝑚

𝐾𝑇𝑖𝑛

|𝑣𝑚⃗⃗⃗⃗  ⃗|
2 

(17) 

 

The dimensionless Bejan number quantifies the relative 

importance of heat transfer irreversibility in a system, it aids 

to analyzing and optimizing the efficiency of heat transfer 

processes, and is defined as [24]: 

 

𝐵𝑒 =
𝑆𝑔𝑒𝑛,𝑇

𝑆𝑔𝑒𝑛

 (18) 

 

The specific heat, density, thermal conductivity, thermal 

expansion coefficient, and viscosity of the copper-water 

nanofluid are determined using the following equations: 

 

𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑓+ 𝜑𝜌𝑛𝑝 (19) 

 

𝜌𝑛𝑓𝐶𝑝𝑛𝑓 = (1 − 𝜑𝑛𝑝)𝜌𝑓𝐶𝑝𝑓 + 𝜑𝑛𝑝𝜌𝑛𝑝𝐶𝑝𝑛𝑝 (20) 

 

𝑘𝑛𝑓

𝑘𝑓

= [
(𝑘𝑛𝑝 + 2𝑘𝑓) + 2𝜑(𝑘𝑓 − 𝑘𝑛𝑝)

(𝑘𝑛𝑝 + 2𝑘𝑓) + 𝜑(𝑘𝑓 − 𝑘𝑛𝑝)
] (21) 

 

𝜌𝑛𝑓𝛽𝑛𝑓 = (1 − 𝜑𝑛𝑝)𝜌𝑓𝛽𝑓 + 𝜑𝑛𝑝𝜌𝑛𝑝𝛽𝑛𝑝 (22) 

 

𝜇𝑛𝑓 = 𝜇𝑓(1 − 𝜑)−2.5 (23) 

 

The dimensionless form of variables used is given below: 

 

X =
𝑥

𝐿
, Y=

𝑦

𝐿
, Z=

𝑧

𝐿
, V=

𝑢

𝑢0
, ϴ =

𝑇−𝑇𝑐

𝑇ℎ−𝑇𝑐
 

 

The boundary conditions are taken to be: 

 

• The bottom wall of the fin:  

T=Th 

• The inlet (velocity inlet):  

u=U0; v=w=0; T=T0 

• The outlet (outflow): 
𝜕𝑢

𝜕𝑥
=

𝜕𝑣

𝜕𝑦
=

𝜕𝑤

𝜕𝑧
=0; 

𝜕𝑇

𝜕𝑥
= 0 

• The rest of the walls (adiabatic): 

𝑢 = 𝑣 = 𝑤 = 0; 
𝜕𝑇

𝜕𝑥
=

𝜕𝑇

𝜕𝑦
=

𝜕𝑇

𝜕𝑧
= 0 

 

 

4. NUMERICAL FORMULATION 

 

The Ansys-fluent version 14.5 software was utilized in 

order to carry out the numerical simulation, which uses the 

finite volume method as a discretization process equation that 

govern the flow. It was decided to go with the second-order 

upwind method combined with the Simple algorithm. The 

Boussinesq approximation model is used to describe the 

variation in density of the flow within the system, while the 

Darcy-Forchheimer model is used to describe the porous zone. 

In each of the cases, convergence of the solution was checked, 

and the convergence residuals were found to be less than 10-6. 

This stringent criterion not only ensure numerical stability but 

also attests to the accurate representation of physical 

phenomena, emphasizing the precision of the results.  

To analyze and assess proper grid independence of the 

numerical solution, five different grids consisting of 

40×40×40, 50×50×50, 60×60×60, 70×70×70 and 

80×80×80 grids in the x, y, and z directions, respectively, are 

tested with acceptable resolution near the walls of the cavity 

and the fin to capture the flow behavior (Figure 2) accurately. 

This refinement is required in this region, where viscous 

effects are dominant and crucial for capturing accurate 

velocity and pressure gradients. The results obtained given in 

(Table 2) and (Figure 3) show that the difference between the 

Nuavg and the velocity variation of the last two grids is 

negligible. Hence, to achieve appropriate results with high 

precision and to save computing time, the grid size of 

70×70×70 is chosen as the optimal grid. 

 

Table 2. Results of grid independence test 

 
Mesh 403 503 603 703 803 

Nuavg 22.80 23.45 23.53 23.60 23.61 

 

    
(3D)                                   (2D) 

 

Figure 2. The meshed geometry 

 

 
 

Figure 3. Grid independence study 

 

The validation of the Fluent calculation code began with a 

comparison of the results obtained by our team with the 

findings that had previously been published by Kashyap and 

Dass [25] and Darzi et al. [26] considering the two-phase 

mixed convection using nanofluid in a cavity. This comparison 
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can be seen in Figure 4(a). Figure 4 shows the results of an 

additional validation that was performed for natural 

convection and buoyancy-induced flow using the nanofluid 

(Jahanshahi et al. [12] and Al-Rashed et al. [27]). (b). It has 

been noticed that the current findings are in remarkable 

agreement with the investigations that were covered in a 

previous discussion. Additionally, streamlines are depicted in 

Figure 5 of the figure. Clearly demonstrate a high level of 

concordance with the numerical data provided by 

Selimefendigil and Ӧztop [28]. 

 

 
(a)                                           (b) 

 

Figure 4. Comparison between the present result and the 

result of (a) [21-22] and (b) [12-23] 

 

 
(a)                                    (b) 

 

Figure 5. Comparison of the streamlines for a cavity with a 

fin, (a) Selimefendigil and Öztop [28], (b) present study 

 

 

5. RESULT AND DISCUSSION 

 

The research involved examining various parameters, 

including the range of 10-4 to 10-1 for Da, 0.2 to 0.4 for ε, and 

0 to 0.08 for φ. This section provides a comprehensive 

discussion of how these parameters influence heat transfer. 

 

5.1 Darcy number effect 

 

The calculation for different values of the Darcy number 

will be done to examine its influence on the mixed convection 

flow (Da=10-1, 10-2, 10-3, and 10-4), where Reynolds number 

(Re) and porosity (ε) are kept constant (Re=600 and ε=0.4), as 

well as the geometrical parameters of the cavity. 

In porous media, the Da number represents the relative 

effect of the permeability as the fluid passes through it, where 

high Da values denote a higher permeability and vice versa. It 

also indicates how dominant the inertial forces are compared 

to the viscous forces in determining the fluid flow behavior 

[29]. The effects of Da on the average Nuavg, Be, and Sgen, 

respectively, can be seen in Figure 6. It is observed that when 

Da is increased, the Nuavg also increases for any value of φ, 

and the impact of Da on the Nuavg is evident when the value of 

Da is raised from 10-4 to 10-3. However, the increase in Nuavg 

becomes almost negligible for higher values of Da. Higher Da 

makes the flow more dominated by inertial forces than viscous 

forces, which offers the nanofluid a better chance to flow faster 

in the porous region. Due to these higher inertial forces, the 

fluid can enter deeper into the porous structure and be 

interconnected with a larger heated surface area, promoting 

better mixing and more effectively carrying the heat away 

from the heated wall. This necessarily leads to improving 

convection flow and overall heat transfer, indicating higher 

Nuavg. Also, at a constant value of Da, the Nuavg increases when 

the φ increases, proving that adding nanoparticles signifies a 

higher thermal conductivity and improves heat transfer. It 

implies that the Nuavg varies steadily and linearly with the φ 

for all cases of Da. 

Figure 6(b) illustrates the variation of Sgen as a function of 

φ for different Da. We notice that by decreasing the Da, Sgen 

decreases due to increased flow resistance and decreased 

speed (velocity gradients). Besides, for all values of Da, φ 

effectively reduces Sgen. 

Figure 6(c) depicts the variation of Be against φ for different 

values of Da. It is observed that the Be values at Da=10-1 and 

10-2 are almost the same, while a noticeable difference is found 

at Da=10-3 and 10-4. However, all these values are higher than 

0.7, which means that the total entropy generation in the 

system is dominated by heat transfer irreversibility. This 

explains why the Be increases as the Da increases. In addition, 

for a given value of Da, the enhancement of φ causes the Be 

to increase slightly.  

 

 
(a)                                        (b) 

 

 
(c) 

 

Figure 6. Variation of Nuavg (a), Be (b), and total entropy 

generation (c) versus φ for different Da at Re=600 and ε=0.4 

 

The effects of Da on the streamlines and isotherms within 

the cavity for φ=4%, Re=600, and ε=0.4, are presented in 

Figure 7. As shown in the streamlines, three vortices of 

different sizes are created, the largest in the center and the 

others at the corners of the cavity. As the Da increases, the 

strength of the vortices increases, which means a better 

convection flow regime is created. Furthermore, the Da has a 
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clear impact on the isotherms, so that the more Da increases, 

the cavity’s temperature distribution is improved,  and the 

isothermal lines generated from the heated surface extend 

more and more over the cavity allowing the fluid to carry the 

heat easily at lower temperatures. 

 

  
Da=10-1                                          Da=10-2 

 
Example for 2D view 

  
Da=10-3                                           Da=10-4 

(a) 
 

 
Da=10-1                                       Da=10-2 

  
Da=10-3                                    Da=10-4 

(b) 
 

Figure 7. Isotherms (a) and streamlines (b) for different 

values of Da at Re=600, φ=4% and ε=0.4 

Figure 8 illustrates the distribution of the Nulocal along the 

fin for different Da at Re=600, φ=4%, and ε=0.4. According 

to this figure, the local Nusselt number increased strongly 

when heading from bottom to the top of the fin due to the 

increase in surface area exposed to the fluid, which increases 

the heat transfer rate between the solid surface and the 

surrounding fluid, promoting a better convection. 

The variation of the Nulocal versus distance along the heated 

surface for Re=600, ε=0.4, and φ=4% and for different Da is 

shown in Figure 9. It is observed that the heat transfer rate 

reached its maximum at the middle of the cavity due to the 

enhancement of convection flow, and the rate is minimum near 

the adiabatic walls due to boundary layer effects for all values 

of Da. It is also observed that Nulocal increases for high Da, 

which confirm what we explained before. 

 

 
 

Figure 8. Distribution of the local Nusselt number along the 

fin for different Da at Re=600, φ=4% and ε=0.4 

 

 
 

Figure 9. Distribution of the local Nusselt number along the 

heated surface from back to the front side for different Da at 

Re=600, φ=4%, and ε=0.4 

 

5.2 The porosity effects  

 

The effects of modifying the porosity of the medium on the 

Nuavg, Sgen, and Be are shown in Figure 10. Different porosity 
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values (ε=0.2, 0.4, 0.6, and 0.8) are investigated for different 

φ. It can be observed that the Nuavg increases when a larger 

porosity ratio is used. Since porosity measures the empty space 

within the medium, the amount of void spaces increases as the 

porosity ratio increases. This implies more space for the fluid 

to flow through, which might increase convection and heat 

transfer. 

Figure 10(b) reveals the variation of Sgen with φ for different 

ε. As illustrated, Sgen increases by decreasing the porosity due 

to the rise in temperature gradients since the convection is 

weak, which leads to higher rates of entropy generation. 

Figure 10(c) reveals the effects of the Be on the φ for 

different Da. High values of ε indicate a predominance of 

convective heat transfer, which means higher fluid 

perturbation emerges. As fluid flows through the pores of the 

material, it forms a thermal boundary layer along the solid-

fluid interface. This boundary layer is where most of the 

convective heat transfer take place. With higher ε, the 

thickness of this boundary layer may decrease due to increased 

fluid flow and turbulence, leading to enhance heat transfer. 

This results an increase in temperature gradients. Therefore, 

the cavity's larger heat transfer irreversibility makes the Be rise. 

In addition, there is a slight augmentation of Be when 

increasing φ.  

 

 
(a)                                           (b) 

 

 
(c) 

 

Figure 10. Variation of Nuavg (a), Be (b), and total entropy 

generation (c) versus φ for different values of ε at Re=600 

and Da=10-1 

 

Figure 11 displays the impact of the ε on fluid flow and heat 

transfer in terms of isotherms and streamlines. it can be seen 

that the ε has a significant effect on isotherms since convection 

is considerable at high ε values and it is accompanied by 

decreasing viscous effects; the intensity of the temperature 

gradients along the fin as it is the main source of heat diffusion 

become less by increasing the ε values. 

On the other hand, streamlines show three recirculation 

cells with a major vortex at the middle of the cavity, and two 

other vortices at the corners are generated. The size of the 

vortex near the porous medium increased by increasing the ε, 

and the fluid circulation in this area became significant. 

 

 
ε=0.2 ε=0.4 

 
ε=0.6 ε=0.8 

(a) 

 

 
ε=0.2 ε=0.4 

 
ε=0.6 ε=0.8 

(b) 

 

Figure 11. Isotherms (a) and streamlines (b) for different 

values of ε at Re=600, φ=4% and Da=10-1 

 

5.3 Correlation 

 

Finally, two correlations for Nu are done in terms of the 

pertinent parameters, Re, Da, φ and the porosity are presented 

in Figure 12. The correlations are expressed as follows: 

 

𝑁𝑢 =  0.328𝑅𝑒0.671𝐷𝑎0.0380(1 + 𝜑)1.291 (24) 

 

𝑁𝑢 =  0.286 𝑅𝑒0.774 𝜀0.027 (1 + 𝜑) 1.235 (25) 
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Figure 12. Comparison between the numerical results and 

correlation 

 

 

6. CONCLUSION 

 

The simulation of mixed convection within an open square 

cavity filled with Cu-water nanofluid and featuring an 

internally finned structure enveloped in a porous medium was 

considered. 

Important parameters, including Re, Da, φ, and ε, were 

examined, yielding the following conclusions: 

• Increasing the nanofluid's solid volume fraction 

enhanced convective heat transfer but negatively impacted 

total entropy generation. 

• Higher Da led to an increase in Nuavg, total entropy 

generation, and Be numbers. 

• Manipulating ε increased the Nuavg and the Be 

numbers but reduced the total entropy generation. 

• Higher solid volumes fraction in the nanofluid 

improved heat transfer. 

• The presence of the internal fin and the porous media 

notably enhance the heat exchange. 

• Incorporating nanofluids into heat and cooling 

systems could lead to significant improvements in heat 

transfer efficiency, ultimately contributing to sustainability 

goals. 

• The observed impact of material porosity on heat 

transfer highlights the importance of material selection and 

design. 

 

The study likely made simplifications and assumptions to 

model the complex system, such as assuming steady-state 

conditions or neglecting certain effects like thermal radiation. 

These simplifications might not fully capture the real-world 

behavior of the system. The range of parameters investigated 

(Darcy numbers, porosity, solid volume fraction) may not 

cover the full spectrum of potential values encountered in real-

world systems. 

Investigating the effects of varying cavity geometries, fin 

configurations, and porous medium structures on heat transfer 

and entropy generation would help in understanding the 

system’s behavior under different conditions. 
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NOMENCLATURE 

 

Be Bejan number 

Cd inertia coefficient  

Cp specific heat, J. kg-1. K-1 

Da darcy number 

g gravitational acceleration, m.s-2 

k thermal conductivity, W.m-1. K-1 

L cavity length, m  

Nu Nusselt number  

Re Reynolds number 

T temperature, K 
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u,v,w velocity components, m.s-1 

V dimensionless velocity  

x,y,z Cartesian coordinates, m 

X,Y,Z dimensionless Cartesian coordinates, m 

U0 inlet velocity, m.s-1 

Greek symbols 

 thermal expansion coefficient, K-1 

ε porosity 

φ solid volume fraction 

Ɵ dimensionless temperature 

ρ density, kg.m-3 

µ dynamic viscosity, kg. m-1. s-1 

∆ difference  

Г thermal diffusivity coefficient 

Subscripts 

avg average 

c cold 

dr drift of water 

f fluid (pure water) 

m mixture 

np nanoparticle 

p particle 
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