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Abstract:   

In this research, a detailed computational analysis has been carried out to understand the 

behavior of heat transfer and fluid flow in microchannel heat sinks equipped with external 

micro inserts. These micro inserts are used to create artificial roughness, which helps in 

improving the thermal performance by enhancing turbulence. Over the years, several studies 

both theoretical and experimental—have been conducted to develop efficient models for 

analyzing the hydraulic and thermal characteristics of fluid flow in microchannels. In recent 

times, the use of advanced fluids like nanofluids and hybrid heat sinks has become increasingly 

popular due to their improved heat transfer capabilities. In the present work, numerical 

simulations were conducted by taking into account key parameters such as the type of working 

fluid, the material of the heater, the arrangement of the test section, and the number of mini-

channels. The simulation outcomes were carefully analyzed to identify which factors had the 

most significant impact on improving heat transfer. The simulations considered different 

volume fractions of nanoparticles, ranging from 1% to 5%. Key performance indicators such 

as the heat transfer coefficient, Nusselt number, pressure drop, Darcy friction factor, and 

thermal resistance were studied in the context of electronic cooling applications. The study was 

carried out using ANSYS FLUENT (version 19.2), where a finite volume method was applied. 

The flow conditions were assumed to be single-phase, laminar, incompressible, and steady, and 

the SIMPLE algorithm was used for solving the equations. 

 

Index Terms - Hybrid heat sink, CFD modeling, Heat transfer. 

 

 

I. INTRODUCTION 
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Heat sinks are one of the most commonly used solutions for managing heat in electronic 

systems. They help control the temperature of electronic parts, assemblies, and modules by 

increasing the surface area through the use of fins or pins. Over the past few decades, the use 

of pin fin heat sinks has grown rapidly due to rising heat generation in compact electronic 

devices. As modern electronics continue to become smaller and more powerful, they also 

produce more heat in limited spaces, which makes efficient cooling more important than ever. 

This has pushed engineers to explore more advanced and compact cooling options. One such 

innovation is hybrid heat sink technology, which has proven to be highly effective in cooling 

high-performance and space-constrained electronic components. 

Hybrid heat sinks are now available in many sizes, designs, and materials to suit various needs. 

They usually consist of vertically placed round pins made from copper or aluminum, which 

stand out compared to the flat-fin designs of traditional heat sinks. The rounded, aerodynamic 

pins and their all-directional arrangement allow these heat sinks to dissipate heat more 

effectively into the surrounding environment. Because of their efficient heat transfer, hybrid 

heat sinks are now widely used in industries where managing high temperatures is a challenge. 

Although hybrid heat sinks already offer excellent cooling, certain high-power applications 

still demand even better thermal management. To meet these needs, advanced versions of 

hybrid designs have been developed. These newer models combine round pin structures with 

conventional pin fin heat sinks, and due to their enhanced materials and structure, they deliver 

even higher cooling performance. 

 Splayed hybrid heat sinks are a more recent advancement in the evolution of pin fin heat sink 

designs. Unlike traditional hybrid heat sinks that feature vertically straight pins, the pins in a 

splayed hybrid configuration gently bend outward. This outward bending increases the spacing 

between the pins, which helps the surrounding air to move in and out of the pin array more 

smoothly. This design allows better airflow without reducing the overall surface area available 

for heat dissipation. The benefit of wider pin spacing becomes especially noticeable at lower 

airspeeds, as weak air currents struggle to move through tightly packed pins. Thus, the 

improved airflow in splayed designs enhances performance under such conditions. 

Hybrid pin fin heat sinks still use the same overall structure as standard pin fin models but 

differ in the choice of materials used for the base. In many standard hybrid versions, the base 

is made from aluminum or copper, often with a copper plate added through a reflow process. 

This mixed material base helps in better thermal conduction. In situations where airflow is 
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limited, such as in natural convection or low-speed fan environments, the increased spacing 

between splayed pins can reduce thermal resistance by as much as thirty percent. Therefore, 

splayed pin configurations are particularly suitable for low or moderate airflow settings and 

applications relying on passive cooling. 

As the need for compact and efficient cooling systems grows, hybrid technologies are gaining 

popularity among engineers and designers. These heat sinks are often placed directly on the 

heat-generating component to make the best use of the limited space available. For a hybrid 

heat sink to work effectively, it must spread the heat quickly and evenly across its base. If this 

doesn’t happen, the areas farther from the heat source won’t contribute to cooling at all. 

Compared to heat sinks made entirely of copper, hybrid models can offer almost the same heat 

dissipation capabilities while being much lighter. This is because copper is around 3.2 times 

heavier than aluminum. As a result, depending on the design, hybrid heat sinks can be 

significantly lighter than full copper models of the same size. 

Hybrid heat sinks are especially useful for devices that have compact and highly localized heat 

sources. These types of components need larger heat sinks than their own size to manage the 

thermal load properly. Additionally, hybrid heat sinks are ideal for multi-device cooling setups, 

where one heat sink is used to cool several modules at once. This makes them a versatile and 

efficient choice for many modern electronic applications. 

 

II. State of the Art 

 Ameur carried out experimental studies to examine how well a pin-fin fan-sink system can 

manage heat. In their research, they tested pin-fins with different cross-sectional shapes—

cylindrical, square, and diamond. Their findings showed that cylindrical pin-fins delivered the 

most effective overall performance in the fan-sink setup. Additionally, it was observed that as 

the pressure or fan power increases, or as the height of the fins increases, the thermal resistance 

of the heat sink decreases, which results in better cooling efficiency [1]. 

Anandan and Ramalingam performed a detailed review of existing literature related to high 

heat flux cooling methods used in electronic devices and components. They categorized the 

different cooling techniques into six main types: air-based cooling, liquid cooling, heat pipes, 

refrigeration-based cooling, thermoelectric systems, and cooling using phase change materials. 

This classification helps in understanding which method is more suitable for a particular 

application depending on the heat generation and space constraints [2]. 
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Huang and colleagues conducted experimental work focused on horizontally oriented pin-fin 

structures. Their study explored how variations in pin-fin shapes and spacing affected heat 

transfer. They were able to identify an optimal pin-fin spacing arrangement that allowed air to 

flow effectively through the heat sink, maximizing the cooling rate. Their analysis also 

provided useful design guidelines that engineers can follow for better thermal performance [3]. 

Ismail and his research team used numerical simulations to understand how heat is transferred 

in heat sinks when cooled by air impingement, especially under turbulent flow conditions. They 

applied a standard turbulence model to estimate Reynolds stress accurately. Their results 

revealed that turbulent airflows significantly improve the heat dissipation capacity of the heat 

sink, confirming that turbulence can be a key factor in achieving efficient cooling in high-

performance applications [4]. 

 Lee et al. carried out a numerical study focusing on bubble formation and heat transfer during 

flow boiling inside a microchannel equipped with fins. Their research examined how different 

fin parameters—such as fin height, spacing, and length—affected the boiling process within 

the microchannel. The simulation results revealed that when the contact area among liquid, 

vapor, and solid surfaces increased due to the addition of fins, there was a noticeable rise in 

boiling heat flux, enhancing the overall thermal performance of the system [5]. 

Maciejewska et al. performed experimental tests comparing the thermal efficiency of various 

fin types, including straight fins and pin fins with different cross-sectional shapes such as 

circular, square, and elliptical [6]. To ensure a fair comparison, the tests were conducted under 

the same average airflow velocity and pressure drop conditions. Based on thermal resistance 

outcomes, they recommended the use of elliptical pin-fin heat sinks for high-velocity 

situations, while circular pin-fin heat sinks were considered more efficient at medium airflow 

speeds [7]. 

Piasecka et al. contributed significantly by comparing heat transfer characteristics based on the 

positioning of heat sinks—horizontal versus vertical. Their numerical results showed that 

circular pin-fin heat sinks generally offered better heat transfer than square ones, while 

elliptical fins outperformed traditional flat plate fins in all tested orientations [8]. They further 

observed that elliptical fins were more effective in low-pressure-drop conditions, where 

minimal pumping power was required, whereas circular pin-fins performed best when 

operating at higher pressure drops and pumping energy [9]. 
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In another study, Piasecka et al. explored how a corrugated baffle placed inside a rectangular 

channel heat exchanger influences the flow of fluid and heat distribution. The researchers 

analyzed the geometric layout of the system and applied computational tools to assess the 

outcomes. Trefftz Functions, along with ADINA software, were utilized to calculate the heat 

transfer coefficients and study the thermal patterns within the exchanger setup [10]. 

 Vlachou et al. conducted a review of different channel heights and active methods that help 

improve heat transfer efficiency in microchannels. Their work highlighted how certain 

geometric designs, like offset fan-shaped and triangular-shaped re-entrant cavities, can 

significantly enhance the rate of heat transfer. This review drew the interest of many 

researchers toward exploring thermal behavior in microchannel systems [11]. 

Wajs et al. carried out experimental research on a single-phase fluid flow inside a single 

microchannel. Their results showed that the measured friction factor closely matched the 

theoretical values. However, when similar experiments were performed on multiple 

microchannels, the outcomes did not always align with the expected theoretical results 

regarding both flow transition and friction factor. It was also found that the heat transfer and 

fluid flow characteristics were strongly influenced by the shape and design of the microchannel 

inlet. Inlets with shapes such as rectangular, triangular, or trapezoidal, and even those with re-

entrant cavities, affected the internal flow behavior and heat dissipation capability of the 

microchannels [12]. 

In another study, Zhuan and Wang used numerical simulations to investigate boiling flow in a 

circular microchannel using two refrigerants—R-134a and R-22. They employed the Volume 

of Fluid (VOF) method to track the liquid-vapor interface throughout the boiling process. Their 

simulation outcomes, including the flow pattern at the outlet of the microchannel, showed good 

agreement with what had been observed in experimental studies. Additionally, the shape and 

peak of the bubble frequency distribution at the outlet predicted through the simulations closely 

resembled those found in actual experiments, thus validating their numerical model [13]. 

 

III. Methodology 

The structural design of the in-line hybrid heat sink is illustrated in Figure 1, where the direction of 

airflow moves along the x-axis. In this setup, the base plate receives a constant heat flux, while the top 

surfaces of the pins are treated as adiabatic, meaning no heat is lost from them. The average temperature 

measured along the surface of the pin at any position x is denoted by Tw(x). The base of the heat sink, 

which comes in direct contact with the heat-generating component, is modeled to receive a continuous 
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and uniform heat input across its surface. The temperature of the heat source at the bottom of the base 

plate is referred to as Ts. 

To analyze this thermal and flow behavior accurately, time-independent (steady-state) fluid flow 

equations that incorporate the effects of turbulence are used. Since the focus is on heat and fluid transfer, 

and not on the conversion of mechanical energy to heat within the fluid, the viscous dissipation term is 

ignored in the calculations. As a result, the fundamental equations that describe fluid flow—originally 

represented as Equations 1 to 6—are adjusted accordingly to reflect these simplifications and to align 

with the specific conditions of this hybrid heat sink model. 

 

 

Fig : I Hybrid Heat Sink 
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Equation of state 

𝑝 = 𝜌𝑅𝑇                                                                 … 6 

 

IV. CFD ANALYSIS 

 

          In this study, a fully three-dimensional, incompressible, and steady-state model was 

developed to analyze the performance of a hybrid heat sink made of aluminum and copper, 

using water-based hybrid nanofluid as the working fluid. For numerical simulations, ANSYS 

FLUENT 19.2—a widely used computational fluid dynamics (CFD) tool—was employed. The 

simulation process began with the pre-processing stage, during which a computational mesh 

was created using tetrahedral elements. In order to accurately capture the thermal and velocity 

gradients in critical regions, the mesh was carefully refined and expanded in high-gradient 

areas. 

A discrete scheme based on the SIMPLE (Semi-Implicit Method for Pressure-Linked 

Equations) algorithm was applied, incorporating a first-order upwind method for solving the 

flow equations. Depending on the geometry used, a fine mesh with up to 346,824 elements was 

generated to ensure solution accuracy. To determine the temperature distribution and velocity 

field, the governing momentum and energy equations were solved iteratively. Initially, low 

values for relaxation factors were applied to maintain numerical stability, and these were 

gradually increased to accelerate the convergence of the solution. 

The simulation results were grid-independent, well-structured, and reliable. To validate 

the numerical convergence, two separate tolerance levels were compared, based on the 

decrease in residual values. The solver was run until the residuals were reduced by an additional 

order of magnitude, allowing a higher number of iterations to improve solution quality. This 

ensured that the computed results remained unchanged in further iterations, confirming 

numerical convergence. 

A standard practice followed during simulation was to track scalar properties, such as 

temperature, along with residual plots. When these scalar values remained constant over 

successive iterations, it was concluded that the solution had reached convergence, as shown in 

Figure 2. Furthermore, the cooling performance graph displayed in Figure 3 clearly indicated 

that the hybrid heat sink operated efficiently, successfully maintaining effective electronic 

cooling through the use of water-based hybrid nanofluids and optimized heat sink geometry. 
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Fig :II Simulation of Cooling in hybrid sink 

 

 

Fig :III Simulation of Energy level during cooling 

 

 

V. FINDINGS AND ANALYSIS 

The findings obtained through CFD simulations, as illustrated in Figures 2 and 3, clearly 

highlighted the superior thermal performance of the aluminum-copper hybrid heat sink. This 

hybrid design exhibited lower thermal resistance and enhanced heat dissipation capabilities, 

making it a strong candidate for applications that demand efficient thermal management. In 

high-performance systems where extreme cooling is necessary, the hybrid heat sink structure 

proved to be highly effective in minimizing thermal resistance. 

Another important use-case for this type of heat sink is in applications where the heat sink 

is significantly larger than the component generating the heat. In such cases, the high thermal 

conductivity of copper becomes essential, particularly for transferring heat rapidly from the 

base plate to the fins, enabling fans placed further from the heat source to function efficiently. 
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However, a notable limitation of using copper pin-fin heat sinks is their relatively higher cost 

and heavier weight in comparison to aluminum alternatives. 

To address this issue, hybrid heat sinks provide an excellent compromise. As shown in 

Table 1, comparative temperature readings for aluminum, copper, and hybrid heat sinks—

tested with both standard and splayed structures—demonstrated that hybrid models delivered 

performance close to that of copper, but with the added benefit of being lighter in weight. This 

makes them a more practical and cost-effective solution, combining the thermal efficiency of 

copper with the lightweight nature of aluminum. Thus, hybrid heat sinks emerge as a balanced 

and reliable option for advanced electronic cooling applications. 

Table 1 Comparative Temperature Cooling  

 Al CU Hybrid 

Standard  338 329 321 

Splayed  331 318 314 

 

 

VI. CONCLUSION 

The concept of a hybrid heat sink, which integrates a plate-fin design with immersion-based 

electronic cooling, has been explored to enhance thermal management performance. A detailed 

computational study was carried out to assess its efficiency, taking into account the role of 

natural convection within the surrounding fluid medium. This rigorous analysis was also 

compared with simplified models to evaluate differences in accuracy and effectiveness. One of 

the primary focuses of the study was to understand how well the hybrid heat sink performs 

under changing thermal load conditions over time. The results indicated that it is capable of 

functioning reliably even when cooling requirements vary. Based on the computational 

findings, practical and easy-to-follow design guidelines were formulated. These guidelines 

offer recommendations concerning the optimal geometry and material properties required to 

achieve the best cooling performance using a hybrid heat sink approach. This makes the 

concept not only technically effective but also convenient for practical engineering 

applications. 
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