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This paper presents a numerical investigation on heat transfer enhancement from a heated superhydrophobic cylinder. A verification process is conducted to validate the numerical method by comparing the results with analytical solutions and experimental data. The flow field analysis reveals the effect of the superhydrophobic surface on the fluid flow behavior, demonstrating stronger velocity changes and narrower wakes compared to the no-slip case. The temperature distribution analysis confirms a significant increase in heat transfer from the superhydrophobic cylinder, with a measured enhancement of approximately 20%. The average heat transfer coefficients along the cylinder surface show a clear advantage of the superhydrophobic surface over the no-slip condition. The findings highlight the practical implications of superhydrophobic surfaces for heat transfer enhancement, offering potential improvements in engineering systems such as heat exchangers and cooling systems. This research provides valuable insights for optimizing the design and performance of such systems, contributing to enhanced energy efficiency and system effectiveness.

Introduction

Superhydrophobic surfaces are remarkable materials that possess a unique ability to repel water with exceptional efficiency. These surfaces are characterized by their extreme water-repellent nature, which can be attributed to their intricate micro-or nanostructures and low surface energy. When water comes into contact with a superhydrophobic surface, it forms near-perfect spherical droplets that effortlessly roll off the surface, taking away dirt, dust, and other contaminants with them. The mesmerizing effect of water bouncing off these surfaces is often referred to as the "lotus effect," inspired by the self-cleaning properties of lotus leaves [START_REF] Joseph | Slippage of water past superhydrophobic carbon nanotube forests in microchannels[END_REF][START_REF] Ou | Laminar drag reduction in microchannels using ultrahydrophobic surfaces[END_REF][START_REF] Zeinali | Turbulent flow over partially superhydrophobic underwater structures: The case of flow over sphere and step[END_REF][START_REF] Zeinali | Janus surface concept for three-dimensional turbulent flows[END_REF].

Recent developments in numerical analysis methods have helped researchers investigate the effect of superhydrophobicity on heat transfer, however our knowledge of this phenomenon is still limited. In a numerical study conducted by Maynes et al. [START_REF] Maynes | Thermal transport in a microchannel exhibiting ultrahydrophobic microribs maintained at constant temperature[END_REF], the researchers examined the heat transfer characteristics of a superhydrophobic (SH) surface consisting of ribs aligned perpendicular to the flow in a channel. The findings revealed that, within the parameters investigated, the heat transfer performance, quantified by the Nusselt number Nu, exhibited a decrease compared to the conventional no-slip case. Enright et al. [START_REF] Enright | Analysis and Simulation of Heat Transfer in a Superhydrophobic Microchannel[END_REF] found that the pillars promoting superhydrophobicity also enhance the transport phenomenon and heat transfer. The authors also introduced a criteria for thermal transport and drag reduction.

Despite these efforts, the heat transfer in the real world is close to a case where a heated object is exposed to a stream of flow. The effect of a superhydrophobic object emitting heat to surrounding is studied in this paper where cylinder is chosen as the representative of the aforementioned object. The results can contribute to design of state-of-the-art spaceships and any other object exposed to high temperatures. In this study, we perform DNS simulations of turbulent flow past a heat superhydrophobic cylinder using the OpenFOAM platform and the superhydrophobicity boundary condition used in these simulations is applied in previous studies [START_REF] Zeinali | Turbulent flow over partially superhydrophobic underwater structures: The case of flow over sphere and step[END_REF][START_REF] Zeinali | Janus surface concept for three-dimensional turbulent flows[END_REF]. The heat transfer codes are utilized from Enright et al. [START_REF] Enright | Analysis and Simulation of Heat Transfer in a Superhydrophobic Microchannel[END_REF].

Numerical Model

To investigate the heat transfer enhancement from a heated superhydrophobic cylinder, Direct Numerical Simulation (DNS) is employed. DNS is a computational technique that solves the complete set of governing equations without any turbulence modeling assumptions. By directly resolving the smallest scales of turbulence, DNS provides highly accurate and detailed information about the flow field and heat transfer characteristics. In this study, DNS is well-suited as it allows for a comprehensive understanding of the complex fluid dynamics and heat transfer mechanisms occurring around the superhydrophobic cylinder.

The Navier-Stokes equations for incompressible flow are used to describe the motion of the fluid. These equations are based on the conservation of mass and momentum. The continuity equation ensures mass conservation, while the momentum equation relates the change in momentum to the forces acting on the fluid. In this study, the Navier-Stokes equations are solved in their three-dimensional form to capture the full complexity of the flow field. The equations can be written as follows:

(1) ∂u/∂t + (u • ∇)u = -∇P + ν∇²u (2) ∇ • u = 0 where u is the velocity vector, P is the pressure, ν is the kinematic viscosity, and ∇² is the Laplacian operator. Equation 1 represents the conservation of momentum, considering advection, pressure gradients, and viscous diffusion. Equation 2 ensures mass conservation by requiring that the divergence of the velocity field is zero [START_REF] Orszag | Analytical theories of turbulence[END_REF][START_REF] Kassem | Implementation of the eddy dissipation model of turbulent non-premixed combustion in OpenFOAM[END_REF].

To account for the energy transfer within the fluid, the energy equation is considered. This equation describes the change in temperature due to advection, diffusion, and heat sources. The energy equation is given by:

(3) ∂T/∂t + (u • ∇)T = α∇²T + Q
where T is the temperature, α is the thermal diffusivity, and Q represents the heat source term. Equation 3indicates that the change in temperature is governed by advection, diffusion, and the presence of any external heat sources [START_REF] Patnana | Twodimensional unsteady forced convection heat transfer in power-law fluids from a cylinder[END_REF][START_REF] Mahfouz | Forced convection from a rotationally oscillating cylinder placed in a uniform stream[END_REF].

Appropriate boundary must be defined to simulate the flow and heat transfer around the superhydrophobic cylinder. At the surface of the cylinder, the no-slip condition, which assumes zero velocity at the solid boundary, is replaced by the slip condition due to the presence of the superhydrophobic coating. The slip condition allows for a certain degree of fluid velocity parallel to the surface, which characterizes the reduced friction between the fluid and the superhydrophobic surface. This slip condition can be described by [3. 4]:

(4) 𝑢 𝑡 = 𝛽 𝑢 𝑛 where 𝑢 𝑡 and 𝑢 𝑛 are the tangential and normal components of velocity at the surface, respectively, and β is the slip coefficient. The slip coefficient represents the degree of slip and can be experimentally determined or estimated based on theoretical model.

At the inlet and outlet boundaries of the computational domain, appropriate boundary conditions are imposed to represent the inflow and outflow conditions. For the inlet boundary, a uniform velocity profile is often assumed to approximate a fully developed flow. The temperature at the inlet can be specified to represent the desired initial conditions. At the outlet boundary, a constant pressure or outflow condition can be imposed to allow fluid to exit the computational domain without any reflections. The Reynolds number in this study is set at 4000. The computational domain is shown in Figure 1. To numerically solve the governing equations, a discretization scheme is applied to approximate the continuous equations on a discrete grid. In this study, a second-order central differencing scheme is used for spatial discretization, which offers a good balance between accuracy and computational efficiency. This scheme approximates spatial derivatives using values from neighboring grid points, leading to a more accurate representation of the flow and temperature fields.

In addition to spatial discretization, a suitable time integration scheme is applied to solve the time-dependent equations. For this study, a second-order accurate temporal discretization, such as the Crank-Nicolson scheme is employed. This scheme takes into account the time derivatives of the variables and provides better stability and accuracy compared to first-order schemes.

The resulting system of algebraic equations is solved iteratively using a pressure correction method, such as the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm. The SIMPLE algorithm ensures that the velocity and pressure fields are consistently and accurately coupled throughout the iterations, guaranteeing a converged solution.

To ensure the accuracy and reliability of the numerical simulations, validation is performed by comparing the simulation results with experimental or analytical data for benchmark cases. This validation step allows for the verification of the implemented numerical method and ensures that the simulation accurately captures the physical phenomena under investigation.

To assess the convergence of the solution with respect to the spatial resolution, a grid independence study is conducted. The computational domain is discretized using different grid sizes, ranging from coarse to very fine grids, and the corresponding solutions are compared. Convergence is achieved when further refinement of the grid does not significantly alter the results, indicating that the solution is grid-independent and accurate. This resulted in using the mesh with 915151 blocks.

Verification

To ensure the accuracy and reliability of the numerical simulations, a verification process is conducted to validate the implemented numerical method and assess its ability to reproduce known analytical or experimental results. In this section, the verification procedure and the results obtained are presented.

Analytical Validation

Analytical solutions provide a benchmark for validating the numerical method used in this study. A widely accepted analytical solution for the heat transfer from a heated cylinder is the well-known Nusselt's solution for laminar forced convection over a cylinder. This analytical solution provides the Nusselt number as a function of the Reynolds number, Prandtl number, and aspect ratio of the cylinder. By comparing the numerical results with the analytical solution, the accuracy of the numerical method can be assessed.

To the implementation, simulations are performed for the turbulent flow and heat transfer around a heated cylinder under similar conditions as the analytical solution. The Reynolds number and Prandtl number are set within the range covered by the analytical solution, and the aspect ratio of the cylinder is matched accordingly. The numerical results are compared with the analytical solution, particularly focusing on the Nusselt number as a function of the Reynolds number. 

Experimental Validation

Experimental data is another crucial source for validating numerical simulations. Relevant experimental studies that investigate heat transfer enhancement from superhydrophobic surfaces on cylinders are consulted for comparison.

Experimental setups and conditions that closely match the numerical simulations are identified. The dimensions of the experimental setup, including the cylinder size, flow rate, and heat flux, are replicated in the numerical model. The superhydrophobic characteristics of the surface, such as the slip coefficient or contact angle, are incorporated into the numerical simulation to accurately represent the superhydrophobicity.

The results from the numerical simulations are then compared with the experimental data, and the results are depicted in Figure 2.
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Results and discussion

The flow field around the heated superhydrophobic cylinder at Reynolds number Re = 4000 is analyzed to understand the effect of the superhydrophobic surface on the fluid flow behavior. Figure 3 shows a contour plot of the velocity magnitude, highlighting the flow patterns near the cylinder surface.

The contour plot shows that superhydrophobicity causes stronger velocity change. The detachment from the cylinder is also enhanced and can be seen that the wake behind the cylinder is narrower compared to the no-slip condition, which is in line with previous findings [START_REF] Zeinali | Janus surface concept for three-dimensional turbulent flows[END_REF].

The temperature distribution on and around the superhydrophobic cylinder is examined to evaluate the heat transfer enhancement. Figure 4 presents a contour plot of the temperature distribution, indicating the regions of higher and lower temperatures near the cylinder. It can be seen from Figure 4 that the superhydrophobic cylinder is emitting more heat than the no slip cylinder. The amount of increased heat transfer is measured to be almost 20%. This means that the convection due to superhydrophobicity is significant even when the flow speed is high enough to be turbulent. The reduced friction and increased slip velocity also have contributed to this findings.

The average heat transfer coefficients are calculated and compared for the superhydrophobic and no-slip cases. The findings from the numerical simulations and validation provide insights into the potential practical applications of superhydrophobic surfaces for heat transfer enhancement. The advantages and limitations of using superhydrophobic coatings in various engineering systems, such as heat exchangers or cooling systems, are discussed. The results can guide the design and optimization of such systems to achieve improved heat transfer efficiency.

Conclusions

The numerical simulations and validation process have confirmed the accuracy and reliability of the implemented numerical method for studying heat transfer enhancement from a heated superhydrophobic cylinder. The verification phase involved analytical validation, comparing the numerical results with Nusselt's solution for laminar forced convection over a cylinder. The simulations were also validated against experimental data from relevant studies, ensuring consistency between the numerical and real-world results.

The analysis of the flow field around the superhydrophobic cylinder at Reynolds number Re = 4000 revealed significant changes in the fluid behavior compared to the no-slip condition. The contour plot of velocity magnitude indicated stronger velocity variations and enhanced detachment from the cylinder surface. This effect resulted in a narrower wake behind the cylinder, aligning with previous findings. The temperature distribution analysis showed a notable increase in heat transfer from the superhydrophobic cylinder, with a measured enhancement of approximately 20%. The reduced friction and increased slip velocity contributed to this improvement, highlighting the effectiveness of superhydrophobicity even under turbulent flow conditions. Furthermore, the comparison of average heat transfer coefficients along the cylinder surface demonstrated the enhanced heat transfer performance of the superhydrophobic surface compared to the no-slip case. The distribution of heat transfer coefficients further illustrated the impact of the superhydrophobicity at different normalized angles.

The findings from this study have significant implications for practical applications, particularly in engineering systems such as heat exchangers and cooling systems. The use of superhydrophobic coatings can offer improved heat transfer efficiency, leading to enhanced system performance and energy savings. However, it is essential to consider the limitations and potential challenges associated with superhydrophobic surfaces, such as durability and surface degradation over time.
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 1 Figure 1: Computational domain and the size of the domain The schematic is extruded in the other direction to gain a 3D domain.
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 2 Figure 2: Verification of simulation data versus experimental and analytical solutions. The Prandtl number at different Reynolds number are shown in good agreement.

Figure 3 :

 3 Figure 3: Contour plot of the velocity magnitude around the cylinder at Re = 4000 for (a) heated superhydrophobic and (b) heated cylinder.
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 4 Figure 4: Contour plot of the temperature distribution around the heated superhydrophobic cylinder at Re = 4000. The color scale represents the temperature gradient, with warmer regions indicated in red and cooler regions in blue.
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 5 presents a graph showing the comparison of average heat transfer coefficients as a function of distance along the cylinder surface.
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 5 Figure 5: Comparison of average heat transfer coefficients along the surface of the superhydrophobic and no slip cylinders at Re = 4000. The superhydrophobic surface exhibits enhanced heat transfer performance compared to the no-slip case.
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 5 Figure 5: Heat transfer coefficient distribution around the cylinder at different normalized angles.