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Abstract: The current study generally aims to improve heat transfer in heat sinks by presenting a numerical analysis of natural convection of an enclosure with hot right and cool left walls, and thermally insulated top and bottom walls. The cold wall included configurations (half circle/half square) in various sizes (S = 0.1, 0.2, and 0.3), numbers (N = 1, 2, 3, and 4), and locations (C = 0.35, and 0.65). A heat sink is constructed of Aluminum attached to the hot wall, and composed of five fins with protrusions. Fins of the heat sink will be examined in a solid and porous structure. The enclosure is filled with a hybrid nanofluid of Nanoparticles (MWCNT and Fe3O4) and water. The current study utilized COMSOL Multiphysics software due to its efficacy in addressing scientific and technical challenges involving partial differential equations. The solving of the governing equations is achieved using the finite element method with various parameters: Rayleigh number (Ra = 103–106), Darcy number (Da = 10−2, 10−3), solid volume fraction (φ = 0–0.06) to determine stream function, isotherms lines, and average Nusselt number (Nu). The results of numerical simulations show that heat sink with solid fins have a 97% higher stream function when Ra is raised from 103 to 105. Whilst with porous fin heat sink, a stream function 96% for Da = 10−3 and 94% for Da = 10−2. Changing solid fins to porous increases stream functions by 9% at Da = 10−3 and 20% at Da = 10−2. It has been found that Ra increases Nu by 44% for solid fins and 50% for porous fins. Making solid fins porous increases Nu by 54% at Ra = 106. The high increase in the percentage of (Nu) indicates the importance of the improvement in heat transfer, and this distinguishes the results of the current study from previous studies. Nu values were found highest for (half square) compared to (half circle), with 2% increases for numbers, 11.6% for sizes, and 11% for location. Solid volume fractions for all Ra at a solid-finned heat sink increased Nu by 23%.
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Nomenclature



	Ra
	Rayleigh number



	Pr
	Prandtl number



	Da
	Darcy number



	g
	Acceleration by gravity, m.s−2



	Cp
	Specific heat capacity, J.kg−1.K−1



	T
	Temperature, K



	U, V
	Non-dimensional velocity components in X and Y directions



	x, y
	Cartesian coordinates, m



	X, Y
	Non-dimensional Cartesian coordinates



	W
	Non-dimensional length and height of the enclosure, m



	N
	Shape numbers



	S
	Shape sizes



	L
	Shape locations



	k
	Thermal conductivity, W.m−1.K−1



	kr
	Thermal conductivity ratio, Kr = kw/kf



	P
	Non-dimensional pressure



	K
	Permeability of the porous media, m2



	KHs
	Thermal conductivity of solid heat sink, W.m−1.K−1



	Greek Symbols




	β
	Thermal expansion coefficient, K−1



	α
	Thermal diffusivity, m2.s−1



	µ
	Dynamic viscosity, kg. m−1.s−1



	Ψ
	Absolute stream function



	ɸ
	Solid volume fraction



	θ
	Dimensionless temperature



	Y
	Modified conductivity ratio



	Subscripts




	bf
	Base fluid



	c
	Cold



	h
	Hot



	hnf
	Hybrid nanofluid



	p
	Nanoparticle



	s
	Solid



	Hs
	Solid heat sink




1  Introduction

The enhancement of convection heat transfer within a cavity has been reported as a focus of study by researchers and industry for various engineering applications, including solar collectors, nuclear reactors, cooling of electronic equipment, tubular heat exchangers, steel suspension cables, oil well drilling, and rotating shafts. The aim is to understand the parameters that affect heat transfer to improve these applications [1,2].

A remarkable increase in investigating free convection inside enclosures reported over the past years [3–5]. Some studies use metal nanoparticles in working fluids to increase enclosure heat transmission [6,7]. Many studies have examined how cavity inclination affects natural convection [8,9]. Yaghoubi Emami et al. [10] found that the nanofluid concentration, porous media properties, and cavity angle significantly affect heat transfer. Other researchers have investigated the effect of heated inner bodies on heat transfer inside the cavity [11–13]. Hussein [14] found that increasing Ra will increase flow circulation intensity along the circular cylinder with a hot boundary.

Many numerical studies have examined convection in a cavity filled completely or partially with porous medium with pure liquid or nanofluid [15,16]. Porous media are materials that contain pores which can lead to increased heat transfer due to the large surface area they provide. Porous media can be arranged in enclosure vertically [17,18] or horizontally [19,20]. Multiple nanofluid investigations in porous media, boundary conditions, and flow regimes were examined to compare heat transfer [21,22]. Miroshnichenko et al. [23] studied flow and heat transfer in the enclosure with two fluid and two porous media layers. Convective heat transfer through the cavity is affected significantly by porous layer height. Wavy walls improve heat exchange compared to flat walls; hence they are given special attention [24,25].

Nanoparticles are nanometer-sized particles that are effective in improving heat transfer when suspended in various fluids. They are either single, consisting of one type of particle, or hybrid, consisting of two or more nanoparticles. In general, hybrid nanoparticles offer better thermal improvements and properties than single nanoparticles. The addition of hybrid nanoparticles to the pure fluid due to combines the properties of nanoparticles and improves convective heat transfer within the cavity [26,27]. Chamkha et al. [28] explored the natural convective heat transfer of copper and alumina in a square cavity with a solid block adjacent to a porous block at the base and covered by a liquid layer. The results show that increasing the thickness of the porous solid layer reduces the circulation of the hybrid nanofluid, which reduces heat transfer. Simulations of (Ag-MgO hybrid nanofluid) free convective heat transfer in a porous square container were performed by Ghalambaz et al. [29]. They found that hybrid nanoparticles increase heat transfer and reduce the strength of flow compared to pure water. Kadhim et al. [30] calculated convective heat transfer through a cavity with sinusoidal corrugations in its constant temperature lower wall and thermally insulated upper wall partially filled with a saturated horizontal porous aqueous hybrid nanofluid. Other studies used hybrid nanofluid to study heat transfer through natural convection [31,32].

The convective heat transfer increase of Al2O3/water and Al2O3–SiO2/water hybrid nanofluid in a closed cavity has been explored by Dağdeviren et al. [33]. The results indicate that convective heat transfer is most significantly enhanced at nanoparticle volume fractions of 2% for Al2O3/water and 4% for Al2O3–SiO2/water. Pazarlıoğlu et al. [34] presented a new method for using mono/hybrid nanofluid in tubes that undergo rapid expansion. These tubes are designed with differing expansion angles and are supplied with unique capsule-type dimpled fins. The research reveals that the most effective tube design, which increases the average Nusselt number by 20.0%, is achieved by using a 45° expansion angle, capsule-type dimpled fins, and a 0.5% Ag-1.5% MgO nanofluid system.

A heat sink is a device that dissipates heat from a hot body to the environment. The absence of a heat sink leads to the failure of components in electronic devices and various mechanical systems. Heat sink improvements aim to increase thermal efficiency by improving materials, surface properties, etc. Energy consumption and electronic waste have an impact on global warming, so improving heat sinks leads to improved efficiency and thus can reduce energy consumption, which means less impact on the environment. Hatami [35] conducted a numerical analysis of heat transfer caused by natural convection in a rectangular cavity equipped with heated fins. It was discovered that the Nusselt number increased when the size of the fins was bigger. Ma et al. [36] conducted a numerical analysis of unsteady natural convection in a cavity that was differentially heated and included a fin. An analysis was conducted on the influence of the Rayleigh number and fin position on the unsteady natural convection. Gao et al. [37] discovered that the addition of fins and increasing their length lead to an augmentation in the heat transfer. Hatami et al. [38] introduced equations that describe heat transfer and temperature distribution for circular porous fins. Their main objective was to enhance the thermal efficiency of the fins by the identification of various forms. Selimefendigil et al. [39] conducted a numerical analysis to examine the impact of a thin refractory fin on mixed convection heat transfer. Abdulsahib et al. [40] investigated the natural convection in a cavity with heat sink. The results proved enhance the heat transfer when used heat sinks with varying numbers and sizes of perforated fins.

Porous media introduce resistance to fluid flow and weaken convection while enhancing conduction. Hence, employing porous fins is a highly efficient method for achieving strong convection and conduction. The literature contains numerous research studies on natural convection in fin cavities, yet there are few researches on porous fins. Also, researchers have become more interested in the usage of hybrid nanofluid in recent years due to its significance in industrial applications.

This work focused on the numerical investigation of natural convection in an enclosure. Enclosure with a hot right wall, a cold left wall, and thermally insulated upper and lower walls. Additionally, a five-fin heat sink was placed attached to a hot wall. The enclosure contains a hybrid nanofluid (Multi-walled carbon nanotube (MWCNT)/Iron (II, III) oxide (Fe3O4) with water as the base fluid). MWCNT has high thermal conductivity and can withstand high temperatures, while Fe3O4 has good oxidation resistance and is also useful in controlling fluid flow in addition to its low cost. The fins are composed of solid aluminum and include protrusions on their surface. The solid fins are replaced with porous fins structure and their impact on the heat transfer will be examined. Subsequently, the cold wall will be manufactured into several configurations (half-circular/half-square) with varying sizes, numbers, and locations to get optimal heat transfer. The study also examined the impact of several parameters, such as Rayleigh and Darcy numbers, as well as the solid volume fractions of the hybrid nanofluid, on streamlines, isotherms, and the average Nusselt number.

The usage of heat sinks with porous fins comparison to solid fins offers advantages such as reduced weight and pressure loss. Additionally, porous fins provide a larger solid-liquid contact surface. Furthermore, the significance of heat transfer efficiency while utilizing a hybrid nanofluid in comparison to a conventional nanofluid. So this research will contribute to this field of research by providing results that may apply to various industrial applications. Fig. 1 shows the flowchart of this research paper from the mathematical modeling, results, and conclusions.
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Figure 1: Flowchart for current study

2  Mathematical Modeling

2.1 Description of the Enclosure

The research was conducted using a square cavity that had a length of (W), with the right wall being hot (Th) and the left side being cold (Tc). The cold wall included (half circle/half square) in various sizes of (S = 0.1, 0.2, and 0.3), numbers (N = 1, 2, 3, and 4), and locations (C = 0.35, and 0.65), and the top and lower walls were thermally insulated. A heat sink is constructed of Aluminum attached to the hot wall and composed of 5 fins (Solid/Porous), each of which has 12 protrusions with (0.0125 W) on the upper and bottom surface of the fins. The length of each fin is (0.54 W), its thickness at the base is (0.03 W), and its thickness at the circular tips is (0.025 W). The base of the heat sink is (0.08 W) where dimensions of the heat sink were chosen according to the heat sink used in the large UPS. The cavity and heat sink are displayed in Fig. 2. A hybrid nanofluid, which is composed of Nanoparticles (MWCNT and Fe3O4) and water as the base fluid, is used to fill the cavity. The thermal properties of the hybrid nanofluid are presented in Table 1 as reported in Al-Kouz et al. [41].
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Figure 2: Physical geometry of the proposed enclosure model
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2.2 Governing Equations

The present study encompasses three elements: the hybrid nanofluid [42,43], the porous fin [42,44], and the solid heat sink [45]. Hence, the dimensionless governing equations are two-dimensional Cartesian coordinates and consist of three states.

Hybrid Nanofluid

Continuity Equation:

∂Uhnf∂X+∂Vhnf∂Y=0(1)

Momentum Equation:

Uhnf∂Uhnf∂X+Vhnf∂Uhnf∂Y=−∂P∂X+ρbfρhnf(1−ϕ)2.5×Pr×(∂2Uhnf∂X2+∂2Uhnf∂Y2)(2)

Uhnf∂Vhnf∂X+Vhnf∂Vhnf∂Y=−∂P∂Y+ρbfρhnf(1−ϕ)2.5×Pr×(∂2Vhnf∂X2+∂2Vhnf∂Y2)+(ρβ)hnfρhnfβbf×Pr⋅Ra⋅θhnf(3)

Energy Equation:

Uhnf∂θhnf∂X+Vhnf∂θhnf∂Y=αhnfαbf(∂2θhnf∂X2+∂2θhnf∂Y2)(4)

Porous Fin

Continuity Equation:

∂Uhnf∂X+∂Vhnf∂Y=0(5)

Momentum Equation:

Uhnf∂Uhnf∂X+Vhnf∂Uhnf∂Y=−∂P∂X+ρbfρhnf(1−ϕ)2.5×Pr×(∂2Uhnf∂X2+∂2Uhnf∂Y2)−ρbfρhnf(1−ϕ)2.5×UhnfPrDa(6)

Uhnf∂Vhnf∂X+Vhnf∂Vhnf∂Y=−∂P∂Y+ρbfρhnf(1−ϕ)2.5Pr×(∂2Vhnf∂X2+∂2Vhnf∂Y2)+(ρβ)hnfρhnfβbf×Pr⋅Ra⋅θhnf−ρbfρhnf(1−ϕ)2.5×VhnfPrDa(7)

Energy Equation:

Uhnf∂θhnf∂X+Vhnf∂θhnf∂Y=αhnfαbf[(∂2θhnf∂X2+∂2θhnf∂Y2)+H×(θp−θhnf)](8)

∂2θp∂X2+∂2θp∂Y2=γ×H×(θhnf−θp)(9)

Solid Heat Sink

Energy Equation:

kHS(∂2θHS∂X2+∂2θHS∂Y2)=0(10)

The above dimensionless equations are obtained using dimensionless parameters and numbers:

X=xL,Y=yL,U=uLαbf,V=vLαbf,P=pL2ρbfαbf2,Pr=ϑbfαbf,θhnf=Thnf−TcTh−Tc,θp=Tp−TcTh−Tc,Ra=β⋅g⋅ΔT⋅L3vbf⋅αbf,Da=KL2,H=hL2khnf,γ=khnf(1−ε)kp

To determine the impact of the various factors, this study calculates the Average Nusselt Number along the surface of the heat sink [17,46,47].

NuLocal=−khnfskbf∂θ∂n(11)

Nu=∫01NuLocalds(12)

It is important to note that the (khnfs) refers to (khnf) for the hybrid nanofluid phase and the term (ks) represent the solid phase.

In the stream function equation, the velocity components of the two-dimensional flow determine the dimensional formula.

∂2Ψ∂X2+∂2Ψ∂Y2=∂U∂Y−∂V∂X(13)

According to the equation, the stream function is negative when fluid flow anticlockwise and positive when fluid flows clockwise.

2.3 Hybrid Nanofluid Thermophysical Properties

The following equations determine hybrid nanofluid thermophysical properties (density, thermal expansion, heat capacitance, thermal diffusivity, and dynamic viscosity) [48,49].

ρhnf=ϕMWCNTρMWCNT+ϕFe3O4ρFe3O4+(1−ϕ)ρbf(14)

(ρCp)hnf=ϕMWCNT(ρCp)MWCNT+ϕFe3O4(ρCp)Fe3O4+(ρCp)bf(1−ϕ)(15)

(ρβ)hnf=ϕMWCNT(ρβ)MWCNT+ϕFe3O4(ρβ)Fe3O4+(ρβ)bf(1−ϕ)(16)

αhnf=khnf(ρCp)hnf(17)

khnfkbf=((ϕMWCNTkMWCNT+ϕFe3O4kFe3O4)ϕ+2kbf+2(ϕMWCNTkMWCNT+ϕFe3O4kFe3O4)−2ϕkbf)×((ϕMWCNTkMWCNT+ϕFe3O4kFe3O4)ϕ+2kbf−2(ϕMWCNTkMWCNT+ϕFe3O4kFe3O4)+2ϕkbf)−1(18)

μhnf=μbf(1−ϕ)2.5(19)

ϕ=ϕMWCNT+ϕFe3O4 the hybrid nanoparticle volume fraction.

2.4 Initial Boundary Conditions

As can be seen in Fig. 2, the boundary conditions of the computational domain are depicted:

1.    A wall on the right side of the enclosure: X=1;∂P∂X=0;θhnf=1.

2.    A wall on the left side of the enclosure: X=0;∂P∂X=0;θhnf=0.

3.    Walls are on the top and bottom sides of the enclosure: Y=0 and 1;∂P∂n=0;∂θhnf∂n=0.

4.    Boundary between the hybrid nanofluid and heat sink with porous fins: θhnf+=θhnf−;Ψ+=Ψ−.

5.    On all boundaries: U=V=0.

2.5 Numerical Method and Grid Independence

The COMSOL Multiphysics program is utilized to solve the governing dimensionless equations. Finite element methods are employed to calculate the stream function, isotherms, and average Nusselt numbers within the enclosure. The current study employs iteration where the convergence threshold error for each variable is equal to or less than (10−6). The computational domain is represented by a triangular mesh element in a two-dimensional Cartesian coordinate system, as depicted in Fig. 3. To select the grid-independent solution, compare the maximum value of the stream function inside the cavity and the average Nusselt number on the surface of the heat sink with porous fins for all predefined mesh sizes, as indicated in Table 2. The test utilizes the following parameters (Ra = 103, Da = 10−2, ϕ = 0.02, N = 0, S = 0). The outcome demonstrates a precise resolution for Extra Fine (539,15) in comparison to Extremely Fine (59,207), so in this particular investigation, Extra Fine is chosen.
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Figure 3: Triangular mesh utilized for the enclosure and heat sink
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2.6 Model Validation

The objective of code validation is to ascertain the accuracy and reliability of simulation results by comparing them to reliable research. This will increase our confidence in the code’s capacity to accurately represent physical occurrences and help solve technical challenges. The temperature distribution lines and flow function lines were compared with Siavashi et al. [50] conducted a study on natural convection and entropy formation within a square cavity filled with nanofluid. The comparison is illustrated in Fig. 4, utilizing the parameters (Ra = 106, Da = 10−4, φ = 0.04, Lf = 0.9, and Nf = 2). Fig. 5 shows the second comparison with AI-Kouz et al. [51] study, which used an inclined square cavity with two fins and the following conditions (Ra = 105, HF = 0.25_0.75, FL = 0.75 m, θ = 0°, and Kn = 0). Finally, Saeid's [52] study was used to compare the average Nusselt number for different fin shapes (rectangular, triangular, and two isosceles triangular fins), at different (h/H) ratios and (Gr = 105). Table 3 gives the results of this comparison study.
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Figure 4: Comparison of isotherms (θ) and streamlines (Ψ) with Siavashi et al. [50] at (Ra = 106, Da = 10−4, φ = 0.04, Lf = 0.9, and Nf = 2)
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Figure 5: Comparison of isotherms (θ) and streamlines (Ψ) with AI-Kouz et al. [51] at (Ra = 105, HF = 0.25_0.75, FL = 0.75 m, θ = 0°, and Kn = 0)
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3  Results and Discussion

In this section, the results of numerical simulations for the current study are presented, which include heat sinks with solid and porous fins inside a cavity with a hot right wall and a cold left wall, and the upper and lower walls are thermally insulated filled with a hybrid nanofluid ((MWCNT and Fe3O4) and water as the base fluid). This has been explained in detail and dimensions in Section 2.1.

The research results were summarized in six sections. It begins by studying the heat sink with solid fins and then modifies it to porous fins. Then choose the best results from Section 3.1 to make cuts in the cold wall (half circle/half square) in different numbers and sizes. The best results from Sections 3.2 and 3.3 are also selected to change the location of the cuts in the cold wall in Section 3.4. The effects of different solid volume fractions of hybrid nanofluid are also examined for heat sink with both solid and porous finned in Section 3.5.

The results showed the Stream function (Ψ) and Isotherms lines (θ) represented in the left column and right column respectively of the Figs. 5–15. As well as the Average Nusselt Number shown in Section 3.6 of the results presented in Figs. 16–20.
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Figure 6: Influence Rayleigh number on contours of isotherms and stream functions for a heat sink with solid fins at (φ = 0.04, N = 0, S = 0)
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Figure 7: Influence Rayleigh number on contours of isotherms and stream functions for a heat sink with porous fins at (Da = 10−3, ϕ = 0.04, N = 0, S = 0)

[image: images]
[image: images]

Figure 8: Influence Rayleigh number on contours of isotherms and stream functions for a heat sink with porous fins at (Da = 10−2, ϕ = 0.04, N = 0, S = 0)
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Figure 9: Influence number of (half circle) in a cold wall on the contours of isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, S = 0.1)
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Figure 10: Influence number of (half square) in a cold wall on the contours of isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, S = 0.1)
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Figure 11: Influence size of (half circle) in a cold wall on the contours of isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, C = 0.5)
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Figure 12: Influence size of (half square) in a cold wall on the contours of isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, C = 0.5)
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Figure 13: Influence location of (half circle) in a cold wall on the contours of isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, S = 0.3)
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Figure 14: Influence location of (half square) in a cold wall on the contours of isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, S = 0.3)
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Figure 15: Influence solid volume fraction on the contours of isotherms and stream functions for a heat sink with solid fins at (Ra = 105, N = 0, S = 0)

[image: images]

Figure 16: Influence solid volume fraction on the contours of isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, N = 0, S = 0)
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Figure 17: Average Nusselt number for various Rayleigh numbers and heat sink type at (ϕ = 0.04, N = 0, S = 0)
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Figure 18: Average Nusselt number for various number of (half circle and half square) at (Ra = 105, Da = 10−2, ϕ = 0.04, S = 0.1)
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Figure 19: Average Nusselt number for various size of (half circle and half square) at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1)
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Figure 20: Average Nusselt number for various locations of (half circle and half square) at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, S = 0.3)

The parameters used in this study are Rayleigh number (Ra = 103 to 106), Darcy number (Da = 10−2, and 10−3), solid volume fraction (φ = 0 to 0.06) and configurations in a cold wall (half circular/half square) with sizes (S = 0.1, 0.2, and 0.3), numbers (N = 1, 2, 3, and 4), and locations (C = 0.35, and 0.65).

3.1 Influence Rayleigh Number and Darcy Number for Heat Sink with Solid and Porous Fins

Generally buoyant force is responsible for generating the flow field inside the cavity during natural convection heat transfer between the heat sink attached hot right wall and the left cold wall. Consequently, the flow vortices originate from the heat sink and rise towards the thermally isolated upper horizontal wall to complete their downward motion due to their impact on the cold left wall, and subsequently complete their motion towards the isolated lower horizontal wall.

Fig. 6 shows the effect of the Rayleigh number (103 to 105) on the isotherm lines and stream function for a solid-finned heat sink at (φ = 0.04, N = 0, S = 0).

From the left column of the figure, noticed that the flow lines for all Rayleigh numbers are confined between the tip fins of the heat sink and the cold wall due to the small distance between the fins, which makes difficult movement of fluid. At Rayleigh number 103, noticed that the highest value of the stream function (Ψmax = 0.2), increases with the increase of Rayleigh number, as it is at 104 (Ψmax = 1.21), while the highest value (Ψmax = 7.3) when Rayleigh number reaches 105 is concluded that increasing the Rayleigh number from 103 to 105 increases the stream function by 97%.

As for the right column of Fig. 6, it is noted at Rayleigh number 103 that the fins area has uniform temperature, while the lines are vertical between the tip of the fins and cold wall due to the low Rayleigh number value. Therefore, it is observed that the isotherms lines tilt slightly when the Rayleigh number 104, while at the Rayleigh number 105, the effect is more evident as the isotherms lines extend from the tip of fins, especially at the first fin from the bottom due to increasing heat transfer.

Now the solid fins of the heat sink are replaced by the porous fins. Fig. 7 shows the effect of the Rayleigh number on the isotherms and stream function for a heat sink with porous fins at (Da = 10−3, ϕ = 0.04, N = 0, S = 0).

From the left column, it is observed the streamline covers the cavity, unlike solid fins, because porous fins allow the fluid to penetrate through them. When the Rayleigh number 103, the highest value of the stream function is (Ψmax = 0.32), while when the Rayleigh number 104, it is (Ψmax = 2.56), and at Rayleigh number 105, the vortices inside the cavity expand due to the increase in heat transfer, to be (Ψmax = 8).

The percentage increase in the stream functions when the Rayleigh number is increased from 103 to 105 is 96%.

In the right column, it is observed that the temperature distribution includes the heat sink fins, where at a Rayleigh number 103 the gradient reaches approximately the middle of the fins and continues to expand when the Rayleigh number is increased to include four fins. Also, the isothermal lines change from vertical to horizontal due to the increase in heat transfer.

When the Darcy number is increased, as in Fig. 8, which shows the effect of the Rayleigh number on the isotherm lines and stream functions for a heat sink with porous fins at (Da = 10−2, ϕ = 0.04, N = 0, S = 0).

It is the same physical interpretation as the previous figure, but the fluid more freely flows inside the fins, as at the Rayleigh number 103, it is (Ψmax = 0.54) and at the Rayleigh number 104, it is (Ψmax = 3.6), while it is (Ψmax = 9.1) at the Rayleigh number 105. The rate of increase in the stream function from Rayleigh number 103 to 105 is 94%.

As for the isotherm lines, the same explanation as before, but the cooling of the fins is greater due to the high permeability of the porous fins.

When comparing the above three figures at Rayleigh number 105, it is noted that the stream functions increased by 9% when replacing the solid fins with the porous fins at Darcy number 10−3 and by 20% at Darcy number 10−2.

3.2 Influence of the Different Numbers of Configurations (Half Circle & Half Square)

After obtaining the best results from the previous section, an attempt is now made to improve heat transfer by changing the shape of the cold wall using shapes (half circle/half square) with different numbers.

Fig. 9 explains the effect of the (half circle) with different numbers (2, 3, 4) in the cold wall on the isotherm lines and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, S = 0.1).

It is noted that the highest value of the stream function is almost equal for all numbers, as (Ψmax = 8.9) for the number 2, (Ψmax = 8.8) for the number 3, and (Ψmax = 8.9) for the number 4. It turns out that the percentage of the stream function did not increase, but rather decreased by 2%.

There is also no clear change in the isotherm lines, as the three fins at the bottom are cooler than the two upper fins.

Fig. 10 explains the effect of (half square) with different numbers (2, 3, 4) in the cold wall on the isotherm lines and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, S = 0.1).

In this case, the highest value of the stream function at number 2 is equal to (Ψmax = 9), and at number 3 it is equal to (Ψmax = 9.1), while at number 4 it is equal to (Ψmax = 9.3). In numbers 2 and 3, it is equal to the case of the vertical cold wall, while it increases by 2% in number 4. Also, the isotherm lines expand slightly in the fourth fin to be more cooling.

3.3 Influence of the Different Sizes of Configurations (Half Circle & Half Square)

This section discusses improving heat transfer in the cavity by using different shapes (half circle/half square) on the cold wall with different sizes.

Fig. 11 shows the effect of (half circle) with different sizes (0.1, 0.2, 0.3) in the middle of the cold wall on the isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, C = 0.5). In the right column, the streamlines are concave due to the shape of the cold wall, and the highest value of the stream function (Ψmax = 8.6) is a size of 0.1 and (Ψmax = 8.3) is at 0.2, while (Ψmax = 7.7) is at 0.3. The lowest value of the stream function is observed at size 0.3 because the fluid moves only around the porous fins and has no region to move in the cavity. Yes, the value of the stream is low, but noticed here greater cooling of the fins, which means there is greater heat transfer.

Likewise, for the isotherm lines, it is evident that there is greater cooling of the fins at size 0.3, where the (θ = 0.8) line has expanded to include half of the middle fin.

Fig. 12 explains the effect of (half square) with different sizes (0.1, 0.2, 0.3) in the middle of the cold wall on the isotherm lines and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, C = 0.5).

In this case, the highest value of the stream function is (Ψmax = 8.7) for size 0.1, (Ψmax = 8.6) for size 0.2, and (Ψmax = 8.3) for size 0.3. Also, the value of the stream function is lowest at a size of 0.3, but the streamlines extend to the top and bottom, and in this case, it includes almost all the fins.

In the isotherms lines, it was distributed perfectly around the fins and was approximately 25% better than the (half circle) of size 0.3.

3.4 Influence of the Different Location of Configurations (Half Circle & Half Square)

After obtaining the required improvement when converting the heat sink fins from solid to porous, and then changing the shape of the cold wall, the best results were obtained from the previous sections of the study when the size (half circle/half square) was 0.3 in the middle of the cold wall. The shapes will now be moved up and down to try to get the best results.

Fig. 13 shows the effect of the location (half circle) in the cold wall on the isotherms and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, S = 0.3).

The highest value of the stream function at the location is 0.35 (Ψmax = 8.1). It is noted that it is higher than the previous location of 0.5 due to giving additional space for the fluid to move inside the cavity, but the streamlines are slightly inclined, so they cover the fins less.

At location 0.65, the stream function will be equal to location 0.5 (Ψmax = 7.7) because the flow lines will collide from the top with (half circle) and travel with the bottom cold wall, which demonstrates a greater improvement in cooling the fins.

The isotherm lines are better distributed at location 0.65, as they give greater cooling to the upper fin due to its proximity to (half circle).

The same interpretation above is for Fig. 14, which shows the effect of the location (half square) in the cold wall on the isotherm lines and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, S = 0.3). Where the flow function is (Ψmax = 8.1) for location 0.35 and (Ψmax = 8.3) for location 0.65. But in this case, the heat transfer is greater because the shape (half square) limits the fluid to flow around the porous fins more than it does (half circle), and this is evident in the good distribution of isotherm lines inside the cavity.

3.5 Influence of the Solid Volume Fraction

In this section, the effect of using (hybrid nanofluid) with nanoparticles (MWCNT and Fe3O4) is clarified and compared with the basic fluid (water).

Fig. 15 shows the effect of solid volume fraction on isotherm lines and stream functions for a solid-finned heat sink at (Ra = 105, N = 0, S = 0).

The highest value of the stream function was (Ψmax = 7.4) for water, while (Ψmax = 7.9) increased when using the hybrid nanofluid φ = 0.06, meaning it increased by 6.5%. It is also noted that the isotherm lines expanded on the lower fin, which increased its cooling.

Fig. 16 shows the effect of solid volume fraction on isotherm lines and stream functions for a heat sink with porous fins at (Ra = 105, Da = 10−2, N = 0, S = 0).

The highest value for the stream function was (Ψmax = 8.7) for water and (Ψmax = 9.2) for the hybrid nanofluid, meaning the ratio increased by the same value for the heat sink with solid fins. Also, the isotherm lines got closer to the fins and expanded, especially at the bottom four fins, which means an increase in heat transfer.

3.6 Average Nusselt Number

Finally, in this section, the average Nusselt number (Nu) is calculated along the length of the heat sink and the extent to which it is affected by the parameters studied in the previous sections.

Fig. 17 shows the Nu for different Rayleigh numbers (103 to 106) of a heat sink with solid fins and a porous fin with a Darcy number (10−3 and 10−2) at (ϕ = 0.04, N = 0, S = 0). A clear increase in the Nu is observed by increasing the Rayleigh number by 44% for solid fins and by 50% for porous fins. The rate of increase in the Nu when converting the fins from solid to porous is 54% at Rayleigh number 106.

Fig. 18 shows the Nu for (half circle and half square) using different numbers (0 to 4) at (Ra = 105, Da = 10−2, ϕ = 0.04, S = 0.1).

At (half circle) noticed a decrease in the Nu 1.5% by comparing the numbers 0 and 4, and at (half square) the number begins to decrease until the number 2 and then increases to reach the highest value at the number 4 by 1% compared to the number zero. When compared to number 4, found that Nu at (half square) is increased by 2% than (half circle).

Fig. 19 shows the Nu for (half circle and half square) with different sizes (0 to 0.3) at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1).

It is noted that the Nu decreases when the size 0.2 increases, but after that, it begins to increase until it reaches the highest value at the size 0.3, where the percentage of increase is 10% at (half circle) and 21.5% at (half square). If the comparison is made at size 0.3, it will be noted that the Nu at (half a square) is higher than (half a circle) by 11.6%.

Fig. 20 shows the Nu for (half circle and half square) with different locations (0.35 to 0.65) at (Ra = 105, Da = 10−2, ϕ = 0.04, N = 1, S = 0.3).

At (half circle), it is noted that the highest value of Nu is at the location 0.35, where the value of Nu increases by 2% at location 0.5. While at (half square), the highest value is reached at the location of 0.65, with an increase of 2% over the location of 0.5.

When comparing the best values of Nu at (half circle) and (half square), it is noted that the highest value of Nu is at (half square), with an increase of 11%.

Fig. 21 shows the Nu for different values of solid volume fractions (0 to 0.06) and Rayleigh numbers (103 to 106) for a heat sink with solid fins at (N = 0, S = 0).

[image: images]

Figure 21: Averaged Nusselt number for various values of solid volume fractions and Rayleigh numbers for a heat sink with solid fins at (N = 0, S = 0)

In general, the value of Nu with increased solid volume fractions for all Rayleigh numbers increases by approximately 23%. The highest value of Nu is obtained at the Rayleigh number 106 and ϕ = 0.06, which reaches 5.5.

4  Conclusions

The present study contributed to enhancing heat transfer within a cavity filled with a hybrid nanofluid and in the presence of a heat sink with solid fins. This was achieved by replacing the solid fins with porous fins. Additionally, further improvements were made by including cold walls with configurations of (half circle/half square) in different sizes, numbers, and locations. Various parameters such as Rayleigh number, Darcy number, and solid volume fraction were employed.

Based on the outcomes of numerical simulations, several significant conclusions can be presented:

•   For a heat sink with solid fins when increasing the Ra from 103 to 105 increases the stream function by 97%. While at a heat sink with porous fins 96% for Da = 10−3 and 94% for Da = 10−2.

•   The stream functions increase when converting the fins from solid to porous by 9% at Da = 10−3 and by 20% at Da = 10−2.

•   For porous fins and (half circle) with different numbers (2, 3, 4) in the cold wall the percentage of the stream function decreased by 2%, and for (half square) the numbers 2 and 3, it is equal to the case of the vertical cold wall, while it increases by 2% in number 4.

•   The lowest value of the stream function is observed at size 0.3 for (half circle/half square) while the isotherms lines for (half square), it was distributed perfectly around the fins and were approximately 25% better than the (half circle) of size 0.3.

•   When changing the location of (half a circle/half a square) on the cold wall the shape of (half a square) gives better values for the stream function than (half a circle).

•   When using the hybrid nanofluid by 0.06, the value of the stream function increases by about 5.6% for the heat sink, whether with solid or porous fins, compared to water. The cooling of the fins also increases due to the expansion of the isotherm lines towards the fins.

•   Nu increases with increasing Ra by 44% for solid fins and by 50% for porous fins. The rate of increase in Nu when converting the fins from solid to porous is 54% at Ra = 106.

•   The highest Nu values were obtained at (half a square) compared to (half a circle), with an increase of 2% for different numbers, 11.6% at different sizes, and 11% at different locations.

•   At a solid-finned heat sink the value of Nu increases with solid volume fractions for all Ra by approximately 23%.

•   The present study presented significant improvements in Nusselt number, streamlines, isotherms, and solid volume fractions when compared with researchers that studied the heat sink inside the cavity, as Rashad et al. [53] and Chen et al. [54].

The improvements presented in this study can be utilized to increase heat dissipation in electronic applications by using a porous fin heat sink. In future studies, the current results can be utilized by conducting an experimental study of porous fin heat sinks. The fin shapes can be changed and cavities of different shapes can be used, such as triangular, circular, etc.
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Table 3: Comparison of average Nusselt number (Nu) with Saeid [52] at Gr = 10°

Fins shape h/H Present study Saeid [52] Deviation in
percentage 100%

Rectangular fin 0.05 8.991 9 0.1

0.15 11.986 12 0.1

0.25 14.103 14 0.7
Triangular fin 0.05 8.233 8.5 3.1

0.15 12.947 13 0.4

0.25 15.931 16 0.4
Two isosceles triangular fins  0.05 9.674 9.5 1.8

0.15 14.219 14 1.5

0.25 16.710 16.5 1.2
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Table 1: Thermophysical characteristics of water and (Fe;O,/MWCNT) nanoparticles [41,42]

Properties o (kg/m?) Cp (J/kg.K) k (W/m.K) o (S/m) B (K1)
Water 997.1 4179 0.613 55x10°¢ 21 x10-3
Fe,0, 5810 670 6 2.5%x 10 21 x 107°
MWCNT 2100 711 3000 1.9 x 10 42 x 10~
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Table 2: Different mesh sizes for porous heat sinks at (Ra = 10°, Da =102, ¢ =0.02, N=0,S =0)

Grid resolutions ~ Domain elements Maximum stream function Average Nusslet number
(¥ ) (Nu)
Extremely coarse 12,434 0.52 4.3435
Extra coarse 12,567 0.52 4.3442
Coarser 23,372 0.53 4.3956
Coarse 32,701 0.53 44275
Normal 33,261 0.53 4.4487
Fine 34,085 0.54 4.4699
Finer 40,307 0.54 44911
Extra fine 53,915 0.54 4.5123

Extremely fine 59,207 0.54 4.5147
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