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Abstract: This study explains the entropy process of natural convective heating in the nanofluid-saturated cavity in a heated fin and magnetic field. The temperature is constant on the Y-shaped fin, insulating the top wall while the remaining walls remain cold. All walls are subject to impermeability and non-slip conditions. The mathematical modeling of the problem is demonstrated by the continuity, momentum, and energy equations incorporating the inclined magnetic field. For elucidating the flow characteristics Finite Element Method (FEM) is implemented using stable FE pair. A hybrid fine mesh is used for discretizing the domain. Velocity and thermal plots concerning parameters are drawn. In addition, a detailed discussion regarding generation energy by monitoring changes in magnetic, viscous, total, and thermal irreversibility is provided. In addition, line graphs are created for the u and v components of the velocity profile to predict the flow behavior. Current simulations assume the dimensionless representative of magnetic field Hartmann number Ha between 0 and 100 and a magnetic field inclination between 0 and 90 degrees. A constant 4% volume proportion of nanoparticles is employed throughout all scenarios.
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1  Introduction

Entropy is a fundamental property of any dynamic thermal system, serving as a quantitative representation of the disorder introduced by the irreversibility process at work during heat exchange. The second rule of thermodynamics asserts that total entropy uniformly predominates in reversible processes and rises with time in non-reversible techniques, leading to entropy measurement in thermalized systems. Bejan [1] was one of the pioneers in entropy development by inventing an approach to thermodynamic optimization. The purpose of optimizing the structure of entropy thermal hydraulic systems is to enhance their performance in several fields. Moreover, entropy analysis can improve the performance of heating equipment such as heat engines, heat pumps, coolers, cooling electronic chips, and micro-thermal channels. Parvin et al. [2] investigated the entropy irreversibility of metal nanoparticles in a water-saturated chamber. Rayleigh and Bejan numbers correlate, affecting their impact on entropy variation. Kefayati [3] employed the Lattice Boltzmann method to explore the effects of natural convection and an external magnetic source on a ferrofluid in a cavity. Nanoscale ferromagnetic cobalt particles were suspended in kerosene. There is a negative correlation between the percentage of nanoscale ferromagnetic particles in the volume and the heat transmission for a range of Ra. Rabbi et al. [4] utilized pure mixed convection magnetized investigation directed toward the cavity to investigate the impacts of two different geometric heater configurations. A single-phase model of ferrofluid was employed as a working fluid. Heaters on the bottom wall were always kept on, while those on the vertical side walls were preserved at a steady, low temperature. The top wall permanently moved at the same rate and temperature in geometric layouts. The Galerkin weighted residuals approach of finite element analysis was employed to solve the flow equations. Merji et al. [5] and Mahmoudi et al. [6] investigated the process of entropy and how it is carried out in a square cage filled with water and features the fusing of hybrid nanoparticles. They described the volume of nanoparticle fraction on the accumulative entropy procedure. Including alumina nanoparticles, Armaghani et al. [7] evaluated the entropy generation characteristics in the baffle of an L-shaped water-saturated duct, which are flow-differentiated by buoyant thermal convection. Zamily [8] assessed the various thermal features of water along with Ti O2 particles, and the randomness of entropy by determining the thermal sources at cavity boundaries. Bouchouch et al. [9] investigated nanofluid irreversibility (H2O/Al2O3) by introducing wavy input in a symmetrical enclosure. They indicated that entropy is enhanced and more massively within the system when considering the free convection environment. It has been shown that scattering solid particles increases entropy and energy transmission. Oztop et al. [10] studied natural convection inside rectangular enclosures that were only partially heated and carried nanofluids. Sheremet et al. [11] deliberately formed thermal flow by transfer of variable wall temperature due to irreversibility changes in a cavity. They revealed that significant change appears in entropy, evaluating the dominance of natural convection by improving the Rayleigh number (Ra). Siavashi et al. [12] capitalized the two-phase mixtures of H2O and Cu to quantify a free-flow entropic characteristic in a fine-furnished permeable cavity. Kashyap et al. [13] examined nanofluid two-phase (water/cu) flow along with the performance under distinct boundary conditions and the irreversibility in a porous cavity. Gibanov et al. [14] demonstrated an analysis of thermophysical characteristics arising from entropy in nanofluid generated by a lid-driven cavity. In the permeable square enclosure under magnetizing devices, Mansour et al. [15] investigated the characteristics of a hybrid nanofluid (water-Cu-Al2O3). They demonstrated that entropy rises as ϕ increases. Rahimi et al. [16] examined the thermal dimensions of the nanofluids inside the cavity with fins and approximate declines in entropy generation towards fractional volume nanoparticles.

Flow analysis is not only exciting but also thought-provoking. Further numerical and experimental research is needed across various topics, although several technology applications and scientific challenges exist. This study explores the effects of friction and heat transfer in viscous fluid flows across solid surfaces and in ducts and channels. These consequences must be factored into evaluating the fluid’s qualities. The issue can be solved in either an experimental or theoretical setting. Numerical approaches, such as finite differences, finite elements, and finite volumes, are developed for solving incompressible Newtonian flow problems. The most well-known approach is the traditional PARDISO algorithm, which first presents the idea of a stalled grid in conjunction with the pressure adjustment equation. It indicates a dearth of information in the literature on non-Newtonian fluid flows, particularly polymer melts in the molding process, evaluated in [17–20]. Khan et al. [21] examined a comprehensive study of hydromagnetic thermal flow effects over a cavity cylinder. They implemented a finite element scheme for solving the nonlinear coupled equations. Soomro et al. [22] considered a constructional design-based study to analyze the features of thermal flows in a semi-circular cavity. They concluded that as Richardson’s number increases, heat transport slows down. In addition, as the Hartmann number grows, the heat transmission rate improves. Chelia et al. [23] investigated the characteristics of natural convection with nanofluid in a cavity utilizing the famous numerical approach, the Lattice Boltzmann Method (LBM). In addition, they indicated that the heat transmission rate from a bottom-heated cavity is greater than that of a sidewall-heated cavity.

This study explains an entropy-generating process, including an angled magnetic field induction and a natural convection component. It discusses various types of irreversibility against different effective parameters that have not yet been revealed. The research’s result can be a reference for future studies.

2  Mathematical Modeling

This study considered the unit dimensions of the cavity are saturated by water and copper nanoparticles were induced. Flow domain density variations include the addition of Boussinesq approximation to the buoyancy term, containing the role of natural convection in the flow domain. The constant B0 magnetization magnitude measures the maximum change in nanoparticles’ flow in an orthogonal direction. The cavity’s top wall is considered insulated, and the fin is heated uniformly while the other walls are colder. There are no slip conditions to all boundaries. Fig. 1 shows the physical configuration.
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Figure 1: Physical structuring of problem

The continuity, flow velocity, and heat equation [24–26] for a copper fluid are described in a non-dimensional mathematical form as follows:

∂u∂x+∂v∂y=0,(1)

u∂u∂x+v∂u∂y+∂p∂x=μcfρcf(∂2u∂x2+∂2u∂y2)+ρfρcfσcfσfPrfHa2(vsinγcosγ−usin2γ),(2)

u∂v∂x+v∂v∂y+∂p∂y=μcfρcf(∂2v∂x2+∂2v∂y2)+(ρβ)cfρcfβfRαfPrfT+ρfρcfσffσfPrfHa2(usinγcosγ−vcos2γ),(3)

∂T∂t+u∂T∂x+v∂T∂y=αcfαf(∂2T∂x2+∂2T∂y2)(4)

The boundary conditions are given below:

•   Th = 1, at the fin.

•   (u,v) = 0, at all walls of the cavity and fin.

•   ∂T∂n = 0, at the upper wall of the cavity.

•   T=0, other walls of the cavity.

2.1 Properties of Copper Fluid

These equations are appropriate for the thermo-physical properties of the nanofluid in this study [13–15]. The physical characteristics of copper fluid are listed in Table 1.
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•   Density: ρcf=(1−φ)ρf+φρs,

•   Thermal diffusivity: αcf=kff(ρCp)cf,

•   Electrical conductivity: σcf=σf[1+3(σ−1)φ(σ+2)−(σ−1)φ],σ=σsσf,

•   Specific heat: (ρCp)cf=(1−φ)(ρcp)f+φ(ρcp)s,

•   Thermal conductivity: kcfkf=ks+2kf−2φ(kf−kp)ks+2kf+φ(kf−kp),

•   Thermal expansion coefficient: (ρβ)cf=(1−φ)(ρβ)f+φ(ρβ)s,

•   Dynamic viscosity: μcfμf=1(1−φ)2.5,

•   Average Nusselt number Nuavg= −kskf∫s ∂θ∂ndS.

2.2 Entropy Generation

The term “irreversibility analysis” refers to quantifying the local entropy production resulting from the sum of the conjugated fluxes and the forces that are generated. A convective process subject to a magnetic field yields the following expression for the non-dimensional local entropy production:

Si=kcfkf[(∂T∂x)2+(∂T∂y)2]+ψ[2(∂u∂x)2+2(∂v∂y)2+(∂u∂y+∂v∂x)2]+σcfσfHa2ψ(usinγ−vcosγ)2(5)

On the right-hand side of Eq. (5) initially stands the energy entropy, then viscous entropy, and finally, magnetic entropy located at the top right side. The irreversibility ratio (ψ) of a distribution can be calculated using Eq. (6).

ψ=μcfkfTo(αfHΔT)2(6)

where To is the average temperature of the heated and cold walls.

3  Numerical Procedure

The velocity field and temperature at every location in the analyzed physical model must be known to numerically calculate the production of local entropy using Eq. (5). A numerical approach called the finite element method (FEM) is applied to compute an estimation of the solution to the model problem because analytical solutions to the coupled equations are not possible due to the nonlinearity of the governing equations. This was conducted to better understand how the model problem will be solved. In order to solve the underlying discrete nonlinear system of equations, Newton’s method was employed to linearize the system, and then the direct solver PARDISO was applied to address the linearized inner systems. The PARDISO solver has numerous benefits. LU matrix factorization is employed to achieve the needed level of convergence with a minimum number of iterations. This reduces the total number of necessary iterations. Fig. 2a depicts the computing grid.
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Figure 2: (a): Discretization of the computational domain (b): Comparison of the present study with Oztop [10]

Domain coarse-resolution meshing is conducted using a pressure-velocity finite element pair. Fig. 2a indicates that coarser-grained rectangular and triangular elements represent the entire computational domain. A nonlinear system is iterated until the convergence requirement is satisfied, typically defined as a residual of less than 10−6.

Fig. 2b shows vertical velocity profiles along the center of the cavity, as measured with different nanofluids. The results demonstrate good agreement with the Oztop study [10].

4  Results and Discussion

This section demonstrates how entropy quantities change in response to modifications in flow-controlling parameters. Galerkin finite element method and hybridized meshing are applied to achieve highly accurate results. Elements with triangular and rectangular shapes are employed to represent domain discretization. Table 2 lists data about the number of elements and degrees of freedom at nine levels. It shows the results of a grid independence analysis for Nuavg.
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Figs. 3a–3h display streamline and isotherm patterns with varying Ha ranging from 0 to 100 and nanoparticle ϕ=0.02, Ra=1000, and Pr=6.2 as a fixed parameter. It indicates that the magnetic field at an inclination of γ=30∘ changes the pattern of the lines, and the flow field is depicted as a symmetrical collection of concentric circles. The leftmost cell rotates anticlockwise, whereas the rightmost cell rotates in the other direction. In addition, when Ha rises, the center of the interconnected cells moves upward towards the top cavity and the strength of the lines and their magnitudes decrease. The strength of the flows is diminished because the magnetic field is guiding the currents in a vertical direction. Since the magnetic field is now applied vertically, it does not affect flow along the x-axis. Figs. 3a–3h explain the change in isotherms in terms of Hartmann number by varying its magnitude (Ha). Isotherms show less relaxation at lower values of Ha, such as 0 and 40, while compression occurs as Ha increases. The upper boundary of the enclosure is insulated, and the fin is heated uniformly, while the rest of the walls are kept cold, resulting in thermal gradients.
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Figure 3: (a–h) Impacts of Ha on streamline (Left) and isotherm (Right)

In Figs. 4a–4f, the γ varies between 30∘,60∘,and90∘ on velocity and isotherm contours, respectively. The parameters ϕ=0.02, Ha=20, Ra=103, and Pr=6.2 are used in this study. As γ increases, so does the intensity of fluid circulation represented by streamlines, and because the γ=90∘ fluid flow is severely impeded. The mid-plane x=0.5 symmetry is achieved at γ=60∘and90∘, as well as with a growth in the shapes of cells deformed at γ=60∘and90∘. Anticlockwise movement is seen in left-hand cells, and clockwise movement is shown in right-hand cells
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Figure 4: (a–f) Impacts of γ on streamline (Left) and isotherm (Right)

It was reported that nanoparticle volume fraction significantly impacts STherm, SVisc, and SMag along with a variety of Ha in Figs. 5a–5d. Other parameters such as Ra=1000, γ=300, and Pr=6.2 are fixed to achieve optimal change in this case. Fig. 5a demonstrates that the STherm has a uniform for Ha=0 and increases as Ha rises and ϕ decreases. By comparing the deprecating behavior of the temperature gradient to an increase in ϕ, this can be explained. Fig. 5b illustrates the behavior of entropy generation due to viscous forces against increasing values of ϕ and Ha. As the value of Ha and ϕ increase, the SVisc curves are in decrement. As (Ha) increases, viscous forces become dominant, and the reduction movement of fluid particles enriches as a result of viscous forces decaying, this occurs. (SVisc) approaches zero when Ha>0. Fig. 5c indicates that it can predict how the entropy generation process will behave when the flow field magnetic strength changes. It is shown that Smagn=0 when Ha=0. A maximum of Ha=40 is reached, then it reduces to the maximum amplitude of the curve. By controlling the ϕ, it can influence the magnitude of randomness generated by a magnetic field. The impact of ϕ and Ha diminishes. Total entropy STotal generation coefficient depends on ϕ and Ha, as shown in Fig. 5d. There is evidence that the total entropy coefficient decreases with an increase in (Ha) in the range of (0.02≤ϕ≤0.08) and (0≤Ha≤100).
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Figure 5: (a–d) Impacts of ϕ on irreversibilities against Ha

For different ϕ and Ha, the variations of the components (u and v) of the velocity vector at x=0.5 are shown in Fig. 6. When the volume fraction and Hartmann number increase, the u-component of the speed vector decreases, while velocity increases when these parameters decrease in the (0.25≤x≤0.45) low regime. When volume fractions and Hartmann numbers reduce, the v-component of velocity increases.
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Figure 6: Velocity line graphs for different ϕ and Ha at x = 0.5(verticle)

Figs. 7a and 7b depict the effect of the magnetic fields γ and the Ha on the thermal, viscous, and magnetic irreversibilities. By fixing the Ra and the Pr to 103 and 6.2, respectively, the response of the irreversibility coefficients can be observed in a meaningful fashion. Fig. 7a illustrates the relationship between the Ha and the γ, and the resulting change in thermal entropy production. It indicates that the coefficient of thermal entropy reaches its maximum value of 8.4 along the vertical axis when Ha=0. In addition, the size of (STherm) decreases as the Ha increases from 0 to 100, but the opposite behavior is represented in the case of increasing the magnitude of the γ. An increase in the γ explains this effect by raising the temperature gradients within the enclosure through increased convection currents. Fig. 7b shows the variation in the viscous entropy coefficient as a function of γ and Ha is shown in. It indicates that when Ha increases, the (SVisc) profile drops, while the γ causes the profile to rise. The argument behind this is that an increase in γ causes a greater temperature difference between the inside and outside of the enclosure, causing thermal buoyancy forces to be formed and, ultimately, executes a convective current.
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Figure 7: (a–b) Entropy variation against (γ)

Fig. 8 reveals the dependence of the heat flux coefficient on the Ha and the ϕ. It indicates that the Nuavg rises as Ha grows in magnitude, with values ϕ ranging from 0.02 to 0.08.
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Figure 8: Impacts on Nuavg for numerous Ha

5  Conclusion

This study discusses the issue of irreversibility during the natural convective thermal flow of a Cu-H2O nanofluid inside a cavity. The effect of the magnetic field’s inclination on the irreversibility process is evaluated by applying the field at varying angles. An upward temperature gradient is created in the flow domain by heating the upper wall of the enclosure at a consistent rate while cooling the other borders. The problem considered mathematically is formulated as a connected partial differential system. Utilizing a finite element approach allows the governing equations to be solved. As a result, the current study focuses on making predictions about the elements that influence entropy measurements and disclosing any differences we find in the entropy generated within the enclosure. The most important results are listed below:

•   Because of the created temperature disparity, heat is transferred in the shape of parabolic curves and starts at the top of the enclosure.

•   For Ha=0 with ϕ = 0.02 and γ = 30o fixed, a symmetrical stream line contour is produced at the mid plane, x=0.5.

•   For Ha > 0, a diminishing trend of (STherm) with an increasing value of ϕ was observed. However, for Ha=0, a consistent magnitude of (STherm) across the range of ϕ from 0.02 to 0.08 was observed.

•   It can be observed that as ϕ shifts, the corresponding curves show fluctuations in (SVisc) going to zero.

•   It is widely accepted that the variation in magnetic entropy becomes zero at Ha=0, rises for Ha < 40, and then declines after passing this critical range.
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Table 1: The thermophysical characteristics of nanofluid

p (Kg.m™) C,(JKg'.K") K (Wm'.K) BK™)

Water 997.1 4179 0.613 2.1 x 10
Copper 8933 385 400 1.67 x 107
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Table 2: Variation in degrees of freedom and grid convergence test

Refinement level #NE # DOF Nu,,,

1 472 3601 0.634913085
2 744 5609 0.632419468
3 1074 7964 0.631665048
4 1866 13592 0.631025981
5 2702 19426 0.631008170
6 3686 29432 0.630869178
7 10458 72720 0.630564452
8 27162 185726 0.630393980
9 34076 230667 0.630393867
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