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.ABSTRACT: In Present communication, the transference of the hybrid nanofluids due to the natural 

propulsive like shrinkage and relaxation of the flexible walls and the motion has serious applications 

in several embryonic technologies. Stimulated by the multi-disciplinary development and study of this 

trend, a mathematical model is suggested to explore the numerical simulation of the hybrid nanofluid 

flow inside a slant porous cavity to determine the impact of volume fraction, Rayleigh number, heat 

generation and heat source length, and location on magneto-free convective with entropy analysis. 

The governing nonlinear problem is converted into non-dimensional partial equations via suitably 

adjusted transformations. The Successive Under-Relaxation (SUR) technique has been incorporated 

to find solutions to the non-linear problem. Variation in entropy generation and heat transfer 

characteristics and thermal performance criteria has been noted for various fluid parameters. 

 The results are plotted graphically. The outcomes indicate that the thermal performance reduces 

more in the case of high volume fraction in comparison with low concentration. The addition of 

nanoparticles for several Rayleigh numbers causes the thermal performance to be declined. 
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INTRODUCTION 

Heat transfer by natural or free convection is a very 

important industrial problem for its various uses such as 

solar collectors, cooling electronic devices, and food 

drying [1]. There are various techniques for heat transfer 

enhancement titled active and passive methods [2, 3]. 

Using nanoparticles, porous media, and changing the flow 

regime in a base fluid are the possible methods for 

increasing the free convection heat transfer.  

Nanotechnology is recently a very hotly debated issue 

of study. Every day, nanotechnology takes an interest  

in certifiable problems. It plays a significant role in processes 

concerned with industry, biomedicine, medicine, and 

technology. The key importance of nanotechnology is  

to improve the heat transference mechanism in several 

electronic devices in order to enhance their performance. 

A mixture of nanosized particles into a standard fluid like 

water, ethylene glycol, oil, etc. is called nanofluid. Using 

of nanofluids as conventional fluids in heat transfer  

and the study of their effects on it has been investigated  

in most of the earlier research [4–8]. Habibi et al. [9], 

Goodarzi et al. [10] and many other researchers [11–13] 

investigate the nanofluid for free convection heat transfer 

in the cavity. Recently,  

Hybrid nanofluids constitute a novel diversity of 

nanoscale liquids in which various sizes and material 

metallic nanoparticles are embedded in a standard liquid to 

realize eminent thermal performance. They are an 

amendment of conventional nonliquids since different 

nanoparticles are suspended together in the transference 

liquid either in composite or mixture form [14, 15].  

On the other hand, mixing two different nanoparticles  

in based fluid(s) called hybrid nanofluid [16, 17]. Hybrid 

nanofluids are increasingly being used in several sections 

of nanotechnology including smart pumping systems, 

medicine, coatings, fuels, lubricants, and adhesives. 

Various analytical and experimental investigations of 

hybrid nanofluids have been performed in recent years.  

A correct combination of nanoparticles and mixing 

them with base fluid can lead to a hybrid nanofluid with 

better thermophysical characteristics [18, 19] and an 

effective impact on heat transfer [20–23]. Numerous 

studies have been conducted on the effect of hybrid 

nanofluid on free convection heat transfer [24–26]. 

Mehryan et al. [27] studied the effect of the Al2O3-

Cu/water hybrid nanofluid on free convection heat transfer 

in a porous cavity and observed that hybrid nanofluid leads 

to a reduction in free convective heat transfer.    

Porous media is another way of heat transfer 

enhancement [28, 29]. This phenomenon has been 

addressed in some studies by partially and fully filling the 

space with porous medium and the effect of optimum 

porous layer thickness, porosity ratio and etc. [30–34]. Using 

nanofluid with a porous media is an efficient way to increase 

heat transfer performance [35, 36]. Hatami et al. [37] 

investigated the effect of nanofluid heat transfer in  

a T-shaped porous. Their results indicated that Darcy's 

number and porosity percentage have a direct relationship 

in heat transfer. A study of combined convection with 

CuO/Water nanofluid in a square porous cavity indicated 

that the cylinder rotational speed and nanofluid volume 

fraction increased heat transfer [38]. Free convection  

heat transfer of hybrid nanofluid within a porous medium  

was studied in [27, 39, 40].  

Sometimes the magnetic field affects the flow of 

electrically conducting fluids [41]. In this situation, the 

flow and heat convection effect by a body force is named 

Lorentz force [41–45] and is frequently entitled 

magnetohydrodynamic (MHD) convection. Interest in 

understanding MHD convection, especially in enclosure-

free convection has increased [46–49].  

The use of nanofluid with the porous medium is  

a possible solution when a magnetic field weakens the 

convection flow field [50]. This strategy is investigated by 

Rashad et al. [51] and Ahmed and Rashad [52]. Sajjadi et al. [53] 

simulated MHD free convection of multi-walled carbon 

nanotube (MWCNT)–Fe3O4/water hybrid nanofluid in  

a porous enclosure and the effect of various parameters 

have been analyzed. Also, the free convection heat transfer 

of a hybrid nanofluid within a porous medium under  

a nonuniform magnetic field has been investigated [54].   

For reaching an optimum thermal performance, only 

the first law of thermodynamics analysis is not sufficient, 

and studying the second law of thermodynamics analysis 

is necessary for thermal systems [55–59]. Aghaei et al. [60] 

reported the effect of horizontal and vertical elliptic baffles 

inside an enclosure on the mixed convection of nanofluid 

and its entropy generation. Goodarzi et al. [61] studied  

the study of entropy generation due to coupled laminar  

and turbulent mixed convection and thermal radiation  

in an enclosure filled with a semitransparent medium. 

Consideration of entropy generation due to free convection 
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of nanofluids in porous media has been analyzed in the 

literature [12, 62, 63]. In addition to examining the effect 

of those parameters, the effect of magnet has also been 

investigated [51, 64–66]. 

Due to the continuous literature survey, we did not find  

a study that concentrates on the hybrid nanofluid entropy 

generation in an inclined porous cavity with heat generation 

and under a magnetic field. Thus, in this investigation,  

we present the analysis of entropy generation due to internal 

heat generation and heat transfer of MHD-free convective using 

 a hybrid nanofluid as the working fluid. We deal with this 

geometry because it is very useful in cooling systems of 

nuclear and chemical reactors, and electronic components.  

In our current work, we studied the impacts of MHD and hybrid 

nanofluid volume fraction on heat transfer and second-law 

analysis that Ref. [67] didn’t investigate.  

 

THEORETICAL SECTION 

Problem Description 

Fig. 1 exhibits the schematic of a two-dimensional 

inclined square porous cavity of length (H). The 

inclination angle (Ф) of the enclosure is from the 

horizontal in the counterclockwise trend. The magnetic 

field with a strength 𝐵0  was applied perpendicular  

to the left side of the enclosure. A part of the bottom and upper 

wall (with length b) is under the influence of constant heat 

flux (q'') and cooled temperature (Tc), respectively.  

The rest of the remaining parts of the mentioned two walls 

and the left and right walls of the enclosure are assumed  

to be adiabatic. The assumptions of incompressible, 

laminar, and heat generation at a uniform rate Q0 are used 

for modeling the nanofluid. Also, the nanoparticles, base 

fluid, and porous media are assumed to be in thermal 

equilibrium conditions. Also, the nanofluid heat transfer  

is modeled by single-phase approaches. This geometry is 

very applicable to cooling electronic devices. 

 

Governing equations 

Conservation equations of continuity, momentum, and 

energy were used for governing equations with a single-

phase approach. Thermo-physical properties of the liquid 

phase are assumed constant except for density. The Boussinesq 

approximation is used for consideration of density 

variation. The Darcy-Brinkman formulation is applied  

to describe the flow within the porous layer. According to 

the above, the governing equations can be written as [28]: 

 
Fig. 1: Schematic diagram of the problem under the consideration. 
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Dimensionless parameters are defined as: 

2
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Using those in Eqs. (1) - (5), then non-dimensional 

form of conservation equations become [67–69]: 
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Assuming a thermal equilibrium condition, for the 

validity of Eqs. (12) - (13), the thermal conductivity  

of the solid phase and the liquid phase must be close  

to each other. [70]. As a result, this practical principle  

is considered in this simulation. Also, boundary conditions 

(Eqs. (6) - (9)) in the dimensionless form are equal to: 

𝑋 = 0, 𝑋 = 1, 𝑌 = 0, 𝑌 = 1 ⇒ 𝑈 = 𝑉 = 0.                      (14) 
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The local Nusselt number is defined as: 
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hH
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=
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Upon substituting 𝛥𝑇 𝑎𝑛𝑑 𝜃 into Eq. (15), the local 

Nusselt number and average Nusselt number can be written 

as [67]: 
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1
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The local entropy generation of hybrid nanofluid 

within porous media under influence of the MHD effect  

is calculated from the following equation [71]: 
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According to dimensionless parameters, the entropy 

generation in non-dimensional form becomes: 
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S = s.
H2
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Where 𝐶𝑇 =
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𝛥𝑇
 and 𝐸𝑐 =

𝛼𝑓
2

𝐻2(𝑐𝑝)𝑓𝛥𝑇
  are the 

temperature ratio and the Eckert number, respectively. 

Also, the following ratio of non-dimensional parameters  

is defined as [62]: 
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Thermophysical properties of hybrid nanofluid 

According to the literature reviews, the effective 

properties of the Al2O3-Cu/water hybrid nanofluid  

are defined as follows. Assuming the homogeneous 

mixture model for common nanofluid [12, 62], the density 

of hybrid nanofluid is specified by [72]: 
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According to the Maxwell-Garnetts model [74–76]  

and effective dynamic viscosity Brinkman model [77] for 

the thermal conductivity and effective dynamic viscosity 

of the common nanofluid, respectively, these properties 

can be obtained for hybrid nanofluid as [76]: 
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and hybrid nanofluid thermal diffusivity can be defined as: 

αhnf =
khnf

(ρCp)hnf

                                                                  (29) 

from the Maxwell model [74] for effective electrical 

conductivity of nanofluid, the effective electrical 

conductivity of hybrid nanofluid can be obtained:  

𝜎ℎ𝑛𝑓

𝜎𝑏𝑓

= 1 +                                                                         (30) 

3 (
(𝜙𝐴𝑙2𝑂3𝜎𝐴𝑙2𝑂3+𝜙𝐶𝑢𝜎𝐶𝑢)

𝜎𝑏𝑓
− (𝜙𝐴𝑙2𝑂3

+ 𝜙𝐶𝑢))

(
(𝜙𝐴𝑙2𝑂3𝜎𝐴𝑙2𝑂3+𝜙𝐶𝑢𝜎𝐶𝑢)

𝜙𝜎𝑏𝑓
+ 2) − (

(𝜙𝐴𝑙2𝑂3𝜎𝐴𝑙2𝑂3+𝜙𝐶𝑢𝜎𝐶𝑢)

𝜎𝑏𝑓
− (𝜙𝐴𝑙2𝑂3

+ 𝜙𝐶𝑢))

 

The characteristics of Cu and Al2O3 nanoparticles and 

water are presented in Table 1. 

In this investigation, the weight proportions of Al2O3 

and Cu have been taken in the same ratio as 50:50. 

 

Solution methodology  

Various computational methods have been used  

for studying heat transfer and fluid flow inside cavities and 

enclosures [80-81]. In the present study, the finite 

difference method is used for solving the governing  
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Table 1: Characteristics of water, Copper, and Alumina. 

Property Water Copper (Cu) Alumina (Al2O3) 

 (kg/m3) [78] 997.1 8933 3970 

Cp (J/kg.K) [78] 4179 385 765 

k (W/m.K) [78] 0.613 401 40 

 (K-1) [79] 
21 × 

10-5 
1.67 × 10-5 0.85 × 10-5 

 (μS/cm) [67] 0.05 5.96 × 10+7 1 × 10-10 

 

Table 2: Comparison of the average Nusselt number Num for 

B = 0.4, ϕ = 0.1, D = 0.5 

Ra Aminossadati and Ghasemi [88] Present 

103 5.451 5.450 

104 5.474 5.475 

105 7.121 7.204 

106 13.864 14.014 

 

equations (6)-(9) with the boundary conditions (14) which  

are based on the finite-difference methodology [82–87]. 

Central difference quotients are used to approximate  

the second derivatives in both the X and Y directions. 

Hence, the obtained discretized equations have been solved 

utilizing the Successive Under-Relaxation (SUR) method 

as the following algorithm: 

(a) Select a suitable grid. A grid 21×21 is a good start 

in many cases. 

(b) All dependent variables are initialized to zero. 

(c) The new boundary values at (n+1) are computed  

for all walls from the previous values at (n). 

(d) The new temperature and the new stream function 

at (n+1) are computed from previous (n) values at all 

internal grid points. 

(e) The velocity components U and V are computed 

calculated at (n+1) from the values at (n) explicitly for all 

the internal grid points. 

(f) The same procedure is followed by starting with 

step (c) to obtain the solution at the next time step at (n+2). 

(h) The appropriate value of the relaxation parameter is 

found to be equal 0.7 and the iteration process is 

terminated if the following condition satisfies: 

∑ |𝜒𝑖,𝑗
𝑛𝑒𝑤 − 𝜒𝑖,𝑗

𝑜𝑙𝑑|𝑖,𝑗 ≤ 10−7, where χ is the general 

dependent variable which can stand for U, V, or θ, and n 

denotes the iteration step. For verification of code the grids 

sensitivity study with four sets of grids: 41×41, 

61×61,81×81, and 101×101 is done. A good agreement  

is found between (81×81) and (101×101) grids, so the 

numerical computations are carried out for (81×81) grid 

nodal points. 

In order to check the accuracy of the present method, 

the obtained results are compared in special cases (B= 0.4,  

= 10%, D= 0.5) with the results obtained by Aminossadati 

and Ghasemi [88]. These comparisons are presented 

clearly in Fig. 2 and Table 2 in terms of the average Nusselt 

number at the heat source. A very good agreement is found 

between the results. 

Also, taking into account the MHD influence, 

Sheikholeslami et al. [89] have examined the natural 

convection of Cu-water nanofluids in a square cavity.  

In the investigation of Sheikholeslami et al. [89], the upper 

wall of the cavity was well insulated while the vertical side 

walls were at a constant temperature Tc. The lower wall 

was partially heated which was at a constant temperature 

Th. According to the boundary condition and notation of 

Sheikholeslami et al. [89], the Nusselt number was performed 

as 9.429 when Ra=105, ε=0.8 (the bottom flash element 

length), ϕ=0.04, and Ha=100. Here, we obtained the 

Nusselt number as 9.4286 which exhibits a very good 

agreement with the literature value. 

 

RESULTS AND DISCUSSION 

The results are obtained at the fixed parametric values:  

Da = 10-3, 𝜀 = 0.5, 𝑃𝑟 = 6.2, 𝐸𝑐 = 10−3and CT = 0.5 and 

various main parameters: hybrid nanofluid volume 

fraction (0 ≤ 𝜙 ≤ 0.1, Rayleigh number (102 ≤ 𝑅𝑎 ≤

106), Hartmann number (0 ≤ 𝐻𝑎 ≤ 50), angle of 

enclosure (0∘ ≤ 𝛷 ≤ 360∘), internal heat 

generation/absorption (−2 ≤ 𝑄 ≤ 2), heat sink and source 

size (0.2 ≤ 𝐵 ≤ 0.8), and heat sink and source location 

(0.3 ≤ 𝐷 ≤ 0.7). The results are represented in various 

terms such as streamlines, isotherms, Nusselt number, 

entropy generation, and thermal performance distribution. 

Also, the variation of ration parameters is illustrated. 

 

The effect of hybrid nanofluid volume fraction  

Fig. 3 manifests the impacts of the boost in the hybrid 

nanofluid volume fraction on the streamlines and 

isotherms lines. Such impacts are more on the isotherms 

lines than on the streamlines. As elucidated in this figure, 

the isothermal lines move to the left of the heat source  

with the increase in the hybrid nanofluid volume fraction,  

and hence, at a certain section, the temperature rises  

with the increase of nanoparticle concentration.  
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Fig. 2: Comparison of the current isotherms (right) and those obtained by Aminossadati and Ghasemi [88] (left) at B=0.4,  

Ra = 105,  = 0.1 and D = 0.5. 
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(a) 

 

(b) 
 

Fig. 3: Streamlines (a) and Isothermal (b) for Al2O3–Cu/water Hybrid Nanofluid at Ha = 10, Q = 1, D = 0.5,  

B = 0,  = 15° = Ra = 105, Da = 10-3,  = 0.5. 

 

Considering the definition of the Nusselt number,  

the amount of the Nusselt number diminishes. On the other 

hand, by moving from the left to the right side of the 

source, the temperature increases for all amounts of 𝜙,  

and the local Nusselt number, therefore, decreases 

continuously. So that, the 𝑁𝑢𝑚 and 𝑁𝑢𝑚
++ decrease with 

hybrid nanofluid volume fraction increment as shown  

in Fig. 4-a and 4-b. Also, it is observed that increasing  

the magnetic field intensity has a similar effect. Fig. 4 

indicates that the 𝑁𝑢𝑚 decreases by the increase of the Ha 

number because the Lorentz force induced opposite body 

force against the bouncy force and it is distinctive for  

the stronger magnetic field. Also, for different Hartmann 

numbers, the 𝑁𝑢𝑚 decreases as the volume fraction rise. 

Enhancing dynamic viscosity because adding the 

nanoparticles to pure fluid tends to induce more resistance 

due to shear forces against the fluid motion and decrease 

the fluid velocities and directly reduce the heat transfer  
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Fig.4: Variation of the average Nusselt number with Hartmann number at  

Q = 1, D = 0.5, B = 0.5,  = 15°, Ra = 105, Da = 10-3,  = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Variation of e++ at various hybrid nanofluid volume 

fraction Q = 1, D = 0.5, B = 0.5,  = 15°, Ra = 105, Da = 10-3,  

 = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Variation of the average Nusselt number via 𝜱 at  

Ha = 10, Q = 1, D = 0.5, B = 0.5, Ra = 105, Da = 10-3,  

 = 0.5. 

 

By the reduction of the advection mechanism. Despite  

the increase in conductivity of nanofluid, but some cases 

of natural heat transfer the viscosity affects heat transfer 

more than conductivity. 
 

As exhibited in Fig. 5, the thermal performance 

increases more in the case of high volume fraction and 

high Hartmann number in comparison with low 

concentration and low Hartmann number. Fig. 6 manifests 

the average Nusselt number for different values of the 

volume fraction and the cavity angle. As evident in the 

figure, the maximum values of the Nusselt number occur 

in the first and fourth quarters of the trigonometric circle. 

In these regions, the average Nusselt number falls down by 

adding hybrid nanoparticles. A peak in the Nusselt number 

is also observed in these quarters occurring because of  

the temperature gradient. In the second quarter, the average 

Nusselt number reduces due to cavity angle increment and 

increases by adding hybrid nanoparticles to the base fluid.  

In the third quarter, the addition of hybrid nanoparticles 

accounts for more heat transfer. Because the adiabatic walls, 

heat sink, and heat source are at the upper and lower side  

of the cavity and equal values on the sides of degree=180o,  

the curves seem to be symmetric at about degree=180o. The variation 

of average entropy generation with cavity angle in the first 

and third quarter has the same behavior as the Nusselt number 

but in the second quarter reduced by the increasing amount  

of hybrid nanoparticles in the base fluid as shown in Fig. 7.  

 

The effect of Rayleigh number  

Fig. 8 depicts the impact of the Rayleigh number on the 

streamlines and isotherms. As the Rayleigh number rises, 

the streamlines become stronger. Furthermore, their  
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Fig. 7: Variation of the average total entropy generation ratio 

via 𝜱 at Ha = 10, Q = 1, D = 0.5, B = 0.5, Ra = 105, Da = 10-3,  

 = 0.5. 

 

the elliptical core rotates 90 degrees and becomes more 

elongated. The increase of the Rayleigh number also 

makes the nearly horizontal isothermal lines tend to 

become vertical because of increasing the buoyancy 

effects due to the enhancement of Ra number. As shown 

in isotherms the value of temperature near the heat source 

decreases via increasing Ra number so the Nu number 

experiences more value at a high Ra number. Also 

considering the definition of the Nusselt number,  

the amount of the local Nusselt number diminishes except 

for Ra=102 and 103.  

For Rayleigh number greater than 103, from the left 

side of the source to the right side, the temperature 

increases, and the Nusselt number, therefore, decreases 

continuously as shown in Fig. 9. Fig. 10 shows the 

variation of the 𝑁𝑢𝑚
+  via increasing the Rayleigh number. 

As illustrated in Fig. 10, for Ra numbers 102 and 103,  

the addition of nanoparticles leads to increments of the 

Nusselt number. This effect can be seen in Fig. 8-b that 

isotherms are parallel to the heat source at Ra=102 and 103. 

The rate of growth at Ra=106 is less than that of the above-

mentioned Ra. The 𝑁𝑢𝑚 lessens by the addition of 

nanoparticles at Ra=104. For increasing the heat transfer, 

it is recommended to add nanoparticles to the pure fluid  

in two low Ra numbers. Fig. 11 indicates that the addition 

of nanoparticles for different Rayleigh numbers causes  

the thermal performance to be declined. This happens 

more at Ra=102 and 103 compared with other values of the 

Ra. At Ra=106, the optimum value of thermal performance 

occurs when hybrid nanoparticles are added. As shown  

in Fig. 8, Rayleigh numbers increasing the lead to the 

augmentation of the temperature gradient and more 

entropy generation. 

 

The effect of heat generation/absorption 

Fig. 12 describes the influence of internal heat 

generation/absorption on the streamlines and isotherms. 

With the increase of Q and accordingly the internal heat 

generation, the streamlines get stronger and rotate  

in the CCW direction with a higher velocity. For a negative 

value of Q, the isothermal lines are slant. As Q increases, 

and gets positive values, such lines become nearly vertical. 

It is worth noting that around the heat sink, the density of 

the isothermal lines at Q=-2 is high. As observed in 

isothermal lines near the heat source, the temperature rises 

with the increase of Q at a fixed point, and hence,  

the Nusselt number lowers (can be seen in Fig. 13) 

considering its definition. Besides, when Q is constant, the 

temperature and the Nusselt number decrease as moving 

from the beginning to the end of the heat source. As 

observed in Fig. 14, the increase of hybrid nanoparticles 

concentration leads to the decrease of the normalize 

Nusselt number (normalized to the case of 𝜙=0). The rate 

of reduction is more for Q=-2 and less for positive values 

of Q than other Q values. Fig. 15 demonstrates the 

variations of the 𝑁𝑢𝑚 for a range of values of cavity angles 

and Q. For all values, the sinusoidal pattern is obvious  

in this figure. Generally, by the increase of Q, from negative 

values to positive ones, the Nusselt number is reduced. 

Variations of the normalized entropy generation (S+) 

for different values of Q and volume fractions are presented 

in Fig. 16. In general, the addition of nanoparticles leads 

to the reduction of the entropy generation. The rate of 

reduction is maximum at Q=-2, and is minimum at Q=2. 

Fig. 17 shows that the S++ decreases with the Hartmann 

number. As can be seen, the S++ decreases with the 

Hartmann number which has a sharper rate at Q=-2 

compared to Q=2. This means heat absorption has a higher 

impact on the production of entropy than heat generation. 

Fig. 18 exhibits the effect of adding nanoparticles on 

the thermal performance for different values of Q. such 

addition accounts for the maximum reduction of the 

thermal performance at Q=-2 and the minimum reduction 

rate at Q=2. As evident in Fig. 19, for positive values of Q, 

the thermal performance is improved when the Hartmann 

number rises, having a positive impact on the thermal  
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(a)
 

 

(b)
 

Fig. 8: Streamlines (a) and Isothermal (b) versus Rayleigh number at  = 0.05, Ha = 10, Q = 1, D = 0.5, 

B = 0.5,  = 15°, Da = 10-3,  = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Profiles of the local Nusselt number along the heat 

source in various Ra at Ha = 10, Q = 1, D = 0.5, B = 0.5,  

 = 15°, Da = 10-3,   = 0.5. 

 

performance criteria. Conversely, the thermal performance 

lowers with the increase of the Hartmann number for 

negative values of Q.  

 

The effect of heat sources length and location 

The effect of the heat source length (B) on the 

streamlines and isotherms is illustrated in Fig. 20 for  

the centered heat source location (𝐷 = 0.5). As can be seen  

in Fig. 20-a, increasing the heat source length leads  

to stronger circulation around it. On the other hand,  

the isotherms presented in Fig. 20-b are influenced by  

the heat flux length as expected. The isotherms become 

more stratified for a higher heat source length. As can be seen 

from the isotherms, the temperature gradient near  

the bottom and top walls have the highest values at the edges 

of the heat source. 

Fig. 21 shows the local Nusselt numbers for different 

heat sources length along the heat source at D = 0.5.  As shown 

in Fig. 20-b, by increasing B, a higher temperature gradient 

near the heat source happens which leads to a higher 

Nusselt number for larger heat source lengths. Moreover, 

the normalize Nusselt numbers for different hybrid 

nanoparticle volume fractions and Hartmann number  

are presented in Figs. 22-23 against various B. The Nu+ 

lowers with the hybrid nanoparticle volume fraction. The effect 

of the volume fraction on the Nu+ reduces with increasing 

the heat flux length. As clarified in Fig. 23, for a constant 

heat source length, the Nu++ decreases by the increase of 

the Hartmann number. This occurs due to the reduction of 

buoyancy force because of the generation of strong 

Lorentz force. For a constant Hartmann number, 

increasing B also leads to the increment of the Nu++. 
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Fig. 10: Variation of the average Nusselt number via hybrid 

nanofluid volume fraction at Ha = 10, Q = 1, D = 0.5, B = 0.5,  

 = 15°, Da = 10-3,   = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: Variation of e+ via increasing hybrid nanofluid volume 

fraction in various Rayleigh number at Ha = 10, Q = 1, D = 0.5, 

B = 0.5,  = 15°, Da = 10-3,   = 0.5. 
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Fig. 12: Streamlines (a) and Isothermal (b) for Al2O3–Cu/water Hybrid Nanofluid at 

 = 0.05, Ha = 10, Ra = 105, D = 0.5, B = 0.5,  = 15°, Da = 10-3,  = 0.5. 
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Fig. 13: Profiles of the local Nusselt number along the heat 

source in various Q at  = 0.05, Ha = 10, Ra = 105,  D = 0.5,  

B = 0.5,  = 15°, Da = 10-3,   = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Variation of the average Nusselt number via changing 

hybrid nanofluid volume fraction and Q at Ha = 10, Ra = 105,  

D = 0.5, B = 0.5,  = 15°, Da = 10-3,  = 0.5. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: Variation of the average Nusselt number via 𝜱 at  = 0.05, Ha = 10, Ra = 105,  D = 0.5, B = 0.5, Da = 10-3,  = 0.5. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16: Global entropy generation ratio via Q and volume 

fraction at Ha = 10, Ra = 105,  D = 0.5, B = 0.5,  = 15°,  

Da = 10-3,   = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Local entropy generation at  =0.05, Ra = 105,  D = 0.5, 

B = 0.5,  = 15°, Da = 10-3,  = 0.5. 
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Fig. 18: Variation e+ with changing Q at Ha = 10, Ra = 105,   

D = 0.5, B = 0.5,  = 15°, Da = 10-3,   = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19: Variation e++ with changing Q at  =0.05, Ra = 105,  

D = 0.5, B = 0.5,  = 15°, Da = 10-3,  = 0.5. 
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Fig. 20: Streamlines (a) and Isothermal (b) at  = 0.05, Ha = 10, Ra = 105, D = 0.5,  = 15°, Da = 10-3,  = 0.5. 

 

As exhibited in Fig. 24, variation of 𝑁𝑢𝑚 with cavity 

angles showing the sinusoidal pattern at all values of B. It is 

noticeable that the maximum and minimum values of the 

Nusselt number are different in the first and third quarters from 

the second quarter. As clarified in Fig. 25, for a constant heat 

source length, the S++ decreases by the increase of the 

Hartmann number. This occurs due to the reduction of the heat 

transfer and the temperature gradient described in the previous 

figures. For a constant Hartmann number, increasing the B also 

leads to the reduction of the entropy generation. Fig. 26 

demonstrates the influence of volume fraction on e+ for 

different B. As evident in the figure, the increment of the 

volume fraction leads to the reduction of normalized thermal 

performance and it is sharper for high heat source length. Fig. 

27 demonstrates that e++ increases with Ha except for B = 0.8. 

At B = 0.8, from Ha=0 to Ha=30 normalize thermal 

performance decreases then it increases. Increasing normalized 

thermal performance means that the relative decrease in 

entropy generation is more than the relative decrease in the 

Nusselt number with an increase in the magnetic field strength. 
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Fig. 21: Profiles of the local Nusselt number along the heat 

source at  = 0.05, Ha = 10, Ra = 105, D = 0.5,  = 15°,  

Da = 10-3,   = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 22: Variation of the average Nusselt number at Ha =10, 

Ra = 105, D = 0.5, B = 0.5,  = 15°, Da = 10-3,  = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23: Variation of the average Nusselt number at  =0.05, 

Ra = 105, D = 0.5,  = 15°, Da = 10-3,  = 0.5. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 24: Variation of the average Nusselt number at  

 = 0.05, Ha = 10, Ra = 105, D = 0.5, Da = 10-3,  = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 25: Global entropy generation ratio via Hartmann number 

at  = 0.05, Ra = 105, D = 0.5,  = 15°, Da = 10-3,  = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 26: Global entropy generation ratio at Ha = 10, Ra = 105, 

D = 0.5,  = 15°, Da = 10-3,  = 0.5. 
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Fig. 27: Global entropy generation ratio via Hartmann number 

at  = 0.05, Ra = 105, D = 0.5,  = 15°, Da = 10-3,   = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 28: Profiles of the local Nusselt number along the heat source 

at  = 0.05, Ha =10, Ra = 105, B = 0.5,  = 15°, Da = 10-3,  = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 29: Global entropy generation ratio at Ha =10, Ra = 105,  

B = 0.5,  = 15°, Da = 10-3,  = 0.5. 

The local Nusselt number is presented in Fig. 28  

for different heat source locations. It can be seen that the 

Nusselt number is influenced by changing the heat source 

location. Similar to the local Nusselt numbers presented  

in Figs. 9 and 21, the location of the maxima in each curve 

of Fig. 28 is at the left edges of the source. As shown in Fig. 29, 

the functionality of normalized thermal performance with 

the hybrid nanoparticle volume fraction is more 

pronounced if the heat source is positioned at a higher 

location. The case of D = 0.5 achieves the highest Nusselt 

number (Fig. 28), however, as illustrated in Fig. 29, normalized 

thermal performance varies slightly with the volume 

fraction for lower D values. 

 
CONCLUSIONS 

The impact of volume fraction, Rayleigh number, heat 

generation, and heat source length and location on 

magneto-free convective hybrid nanofluid flow inside  

a slant porous cavity with entropy analysis is studied 

numerically. Based on the Under-Relaxation (SUR) 

technique to find the solutions to the non-linear problem, 

the key conclusions are listed: 

1- Increasing hybrid nanoparticles concentration lead 

to a reduction in Nusselt number. 

2- With the enhancement of the Hartmann number for all 

ranges of , the average Nusselt number decreases noticeably. 

3- The thermal performance reduces more in the case 

of high volume fraction in comparison with low concentration. 

4-The addition of nanoparticles for several Rayleigh 

numbers causes the thermal performance to be declined. 

5- Thermal performance improvement occurred  

by enhancement of the magnetic field at Ra=103 and 105. 

6- Totally, by focusing on thermal performance criteria 

adding the nanoparticle can be recommended in all Ra 

numbers, but only for heat transfer adding that is good at 

Ra=102 and 103 

7- In general, the addition of nanoparticles leads to the 

reduction of entropy generation. The rate of reduction is 

maximum at Q=-2, and is minimum at Q=2. 

8- Generally, by the increase of Q from negative values 

to positive ones, the Nusselt number is reduced. 

However, the novelty of the current simulation is that  

the magneto-hybrid nanofluid flow inside a slant porous 

cavity had not been investigated yet, which has been analyzed 

in the present research work. Further, a new thing is present 

in the present investigation that deals with  the impact
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of volume fraction, Rayleigh number, heat generation, heat 

source length, and location on magneto-free convective 

hybrid nanofluid flow inside a slant porous cavity with 

entropy analysis. The results which we obtained in the 

current study are very productive for improving the 

performance of roller pumps and cooling electronic 

devices by using the hybrid nanofluid. 

For future work, using LNTE model of porous media 

is very interesting and closer to reality. 
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Nomenclature 

B                           Dimensionless of heat source/sink length 

𝐵0                                                Magnetic field strength, T 

b                                                   Length of heat source, m 

Cp                                                           Specific heat, J/kg.K 

CT                                       Dimensionless temperature ratio 

D                                   Dimensionless heat source position 

Da                                                                     Darcy number 

d                                   Location of heat sink and source, m 

Ec                                                                     Eckert number 

g                                        Acceleration due to gravity, m/s2 

H                                                     Length of the cavity, m 

Ha                     Hartmann number 

K                                     Permeability of the porous medium 

k                                             Thermal conductivity, W/m.k 

kff
                Effective thermal conductivity of porous media,  

                                                                                 W/m.k 

Nas                                                        Local Nusselt number  

Nam                          Average Nusselt number of heat source 

p                                                               Fluid pressure, Pa 

P                                                         Dimensionless pressure 

Pr                                                                    Prandtl number 

Q0                                               Heat generation coefficient 

Ra                                                              Rayleigh number 

s      
                                          

  Entropy generation, W/K.m3
 

T                                                                  Temperature, K 

u, v                   Velocity components in x, y directions, m/s 

U, V                            Dimensionless velocity components 

x, y                                                Cartesian coordinates, m 

X, Y                                              Dimensionless coordinates 

Greek symbols 

                                                   Thermal diffusivity, m2/s 

                                  Thermal expansion coefficient, 1/K 

                                                         Solid volume fraction 

                               Effective electrical conductivity, μS/cm 

                                                      Dimensionless temperature 

                                                   Dynamic viscosity, N.s/m2 

v                                                   Kinematic viscosity, m2/s 

                                                                     Density, kg/m3 

                                           Angle of the enclosure, Degree 

                                              Porosity of the porous medium 

 

Subscripts 

0                                                                            Reference  

𝑐                                                                                            Cold 

f                                                                             Base fluid 

eff,f                                      Effective property of the base  

                                                        fluid and porous media 

eff,hnf              Effective property of hybrid nanofluid and  

                                                                       porous media 

h                                                                                                  Hot 

hnf                                                              Hybrid nanofluid 

m                                                                                 Average 

nf                                                                                  Nanofluid 

p                                                                        Nanoparticle 

 

Abbreviations 

MHD                                                      Magnetohydrodynamic 

MWCNT                              Multi-walled carbon nanotube 

SUR                                       Successive Under-Relaxation 
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