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This article provides an in-depth overview of thermal heat sink design and optimization. Heat transfer enhancement strategies are discussed in detail, followed by fin design trends and geometries, and a discussion on different fin configurations and their merits is also presented. Important results and findings of experiments concerning the design and optimization of fin geometries have been summarized. For complex heat dissipation applications, researchers have been studying different fin arrangements especially, inclined fins, to maximize the performance of the heat sinks. Along with innovative fin designs, microchannels for heat dissipation are gaining attention due to their. Recent advances in this domain have been discussed. New components are becoming more compact and advanced as a result of technological breakthroughs in electronics and control systems; hence, the use and optimization of heat sinks for modern applications are also discussed in this article.
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1 INTRODUCTION
The primary purpose of this research is to examine heat transfer improvement techniques and the effects of various fin shapes on the heat dissipation characteristics of the heat sink. The most common type of heat exchangers used to cool electronic devices is heat sinks. Heat sinks are among the most explored issues in the field of thermal engineering (Khattak and Ali, 2019) due to their simple design, low cost, and broad potential reach. Researchers can now quantify complex data relevant to small electronic frameworks because of advances in processing capabilities and the availability of advanced analysis tools (Yu et al., 2005). Because of poor thermal management, electronic equipment is prone to failure owing to increased heat. The probability distribution of several factors that cause failure in electronic equipment is depicted in Figure 1. Thermal fatigue is the leading cause of equipment failure, accounting for more than 40% of all failures. As a result, heat removal is crucial to ensuring the component’s long-term durability (Ahmed et al., 2018). Researchers have looked into two sorts of heat sink enhancement techniques: active and passive heat sinks. In the next sections, we’ll go through these strategies in detail. Fins are the most fundamental heat sink components, consisting of extended surfaces constructed of high thermal conductivity materials (Yadav et al., 2017). The design of these fins has a significant impact on the heat sink’s overall heat transfer rate. Many parameters, such as fin spacing, fin height, and fin shapes, play a significant part in achieving effective heat dissipation. The most prevalent cooling method is natural convection, with air-cooling being the most traditional. It is also undeniable that heat dissipation is dependent on fluid flow; as a result, researchers should thoroughly investigate and consider the ramifications of diverse flow patterns (Ansari and Kim, 2018). As a result, the cooling system must be appropriately constructed, taking into account all necessary characteristics. Different concepts and designs can be used to create heat sinks. Heat sinks can be created in a variety of ways using the concepts of conduction, convection, and radiation. It is important to realize that these three phenomena are intertwined, which makes the design process more difficult. The cooling system’s primary goal is to keep the component at an optimal temperature at all times in order to maximize its functionality. The selection of proper geometries is critical for facilitating the heat dissipation process. Selecting an acceptable geometry when considering geographical or unique limitations necessitates both computational and numerical analysis [(Ejlali et al., 2009; Farsad et al., 2011; Huang et al., 2015; Balan et al., 2017; Ishak et al., 2019; Ndlovu and Moitsheki, 2019; Jeong et al., 2020; Zhang et al., 2020)]. These optimization strategies, as well as the design’s compactness, are critical in today’s current applications. Various applications are thoroughly examined, as is the utilization of heat dissipation strategies in these applications.
[image: Figure 1]FIGURE 1 | Causes of failure in electronic equipment (Khattak and Ali, 2019).
The present review article summarise the research work performed on the thermal heat sink design and its optimization. Different heat transfer enhancement techniques are thoroughly discussed in this article followed by methodology opted in fin design, geometrical modifications and different fin configurations used along with their merits and limitations. Some of the important finidngs and results of the experiments concerning the design and optimisation of the fin geometries have been summarised in the respective sections.
2 HEAT TRANSFER ENHANCEMENT TECHNIQUES
Heat transfer enhancement techniques are an interesting topic that has received much attention from researchers. New techniques that enhance the heat transfer process must be effective as well as energy-efficient. Improvement in the convective heat transfer rate is often linked to the increase in pressure drop, which implicates high power requirement. This is an important consideration that researchers need to make while designing modern heat transfer enhancement techniques. Conventional heat transfer enhancement techniques include the implementation of extended surfaces or fins, forced flow overheated surfaces, and swirl flow devices to alter the flow fields of the fluid. Nano fluid bionic heat sink is one of the efficient heat transfer enhancement techniques which consists of mixture of nanoparticles and conventional base fluids (Tang et al., 2021). Bionic heat sinks are based on the principle of bionics which relates to structures and processes imitating nature’s mode of organisation, optimization and ad-aptation. This helps to maximise the heat transfer rate and improve performance compared to regular working fluids. Numerous in-depth studies have been conducted due to the low thermal resistance and high thermal conductivity of nanofluids (Qi et al., 2021). Heat transfer enhancement methods are classified into two major types, namely active and passive. The active methods require external power. Passive methods do not need any external power and rely on extended surfaces or components to alter the flow of cooling fluid, which enhances the heat transfer process.
2.1 A. Active techniques
Active heat transfer enhancement techniques use external power to enhance the heat dissipation process. Several modern techniques such as rotating surfaces or elements, introducing vibrations, employing electromagnetic fields, fluid injection and fluid suction. The electromagnetic field method is a recent technique developed to achieve greater heat dissipation. In this method, electrostatic fields can be directed to cause greater bulk fluid mixing in the vicinity of heat transfer surfaces (Hu et al., 2015). Various studies have mentioned that, although the heat transfer rate is significantly enhanced with the help of induced vibration, it may lead to cause an adverse effect such as fatigue stress on the heat sink surface (Bash et al., 2018). Injection and suction techniques are quite common, which includes injecting fluid in the heat sink environment to obtain aggravated and uniform heat distribution in the former and includes pumping out hot air from the heat sink environment to enhance the heat dissipation. These techniques are pretty effective, but a lot of research has been conducted in this field.
2.2 B. Passive techniques
Passive heat transfer techniques do not make use of external energy to enhance the heat transfer process (Khattak and Ali, 2019). These include treating the surfaces of the heat sink components to enhance the heat transfer process, use of extended surfaces or fins, displacement enhancement techniques, swirl flow devices and additives in the fluids. Introducing fins is one of the most common passive techniques. The method involves the extension of the surface, and examples of this method that are being used in practice are micro-fin tubes. Displacement enhancement devices are inserted into the flow channel so as to improve the energy transport indirectly at the heated surface (Park et al., 2015). Swirl flow devices create a rotating flow a secondary flow which enhances the heat dissipation process (Alam and Kim, 2017). Additives for liquids include solid particles and gas particles in single-phase flow, while for gas additives, liquid droplets or solid particles are used (Mokhtari et al., 2017).
3 FIN GEOMETRIES AND ARRANGEMENTS
Researchers are in search of the most effective fin geometry for a particular application. Various fin geometries and arrangements can be effective for an application. Fins can be pin-type or plate type, and they can also have different shapes like circular, rectangular, trapezoidal or hydrofoil (Hu et al., 2015)—(Alam and Kim, 2017), (Keshavarz et al., 2019). The selection of the arrangement of these fins to achieve maximum heat transfer efficiency is another important task of a researcher. Some of the geomtries and fin arrangements are shown in Figure 2 given below.
[image: Figure 2]FIGURE 2 | Different arrangement of fin geometries. (A) Plate fin array. (B) Variable fin height array. (C) Staggered plate fin array.
Mokhtari et al, (2017) present a study in which models with different pin geometries are developed to analyze the thermal dissipation and fluid flow properties. Here, four geometries, as shown in Figure 3, are analyzed. These models are simple, inclined with the identical pattern, inclined with V-pattern and inclined with the alternate pattern.
[image: Figure 3]FIGURE 3 | Flow stream and temperature distribution on (A) Simple; (B) Model one; (C) Model two; (D) Model 3 (Park et al., 2015).
The analysis observed that the heat transfer improves drastically in the case of the inclined fin arrangement compared to the simple fin arrangement. It is evident from Figure 3 that the inclined fins with V-type arrangement or Model two are the most effective geometry in terms of enhancing the heat transfer rate for both laminar and turbulent flows. Figure 4 shows the temperature distribution for the fin models with limited heat flux. It is visible that Models two and three very effective when it comes to cooling. The article also discusses the presence of an enhanced cooling zone when the fin arrangement is optimized based on the location of the heat flux source on the base plate.
[image: Figure 4]FIGURE 4 | Comparisons of temperature distribution for various fin arrangements on the base plate with limited heat flux (Park et al., 2015).
Keshavarz et al, (2019) presented a numerical study comparing an inline circular geometry as a reference with a drop-shaped fin geometry. It was observed that the pumping power required for the drop-shaped geometry was 6.9% less than that required for the reference geometry. Comparison based on fin density was also made. Surprisingly, the inline geometry showed better thermal efficiency than the staggered geometry.
Soodphakdee et al, (2001) studied the heat transfer performance of various commonly used fin geometries. Figure 5 shows the fin geometries, which includes circular, square and parallel plates which are arranged in inline and staggered patterns. It was observed that the staggered arrangements were better in terms of heat transfer than the inline arrangements. Staggered Elliptical fin arrangement was the best performing design for low-pressure drop and pumping power. At higher values, round pin fins offer the highest performance. Figure 6 shows the heat transfer coefficient vs pressure drop plot where it is clearly evident that staggered circular provides better heat transfer coefficient and larger pressure drops.
[image: Figure 5]FIGURE 5 | (A) i Inline Circular; ii. Inline Square Geometries; iii. Parallel Plates (Mokhtari et al., 2017). (B) I. Staggered Circular; ii. Staggered Square; iii. Staggered Plate iv. Staggered Elliptical (Soodphakdee et al., 2001). (C) Variation of pressure drop versus heat transfer coefficient (Soodphakdee et al., 2001).
[image: Figure 6]FIGURE 6 | The flow lines and temperature distribution of the parallel-plate finned heat sinks (Zhang et al., 2020).
Haghighi et al, (2018) performed experimental analysis to measure the convective heat transfer coefficient and thermal performance of plate fins and plate cubic pin-fins heat sinks for natural convection. The analysis was performed for Rayleigh numbers from 8–106 to 9.5–106 with input heat of 10–120 W. The fin spacing and fin numbers are varied between 5 and 12 mm and five to nine, respectively. It was observed that cubic pin-fin geometry had a higher heat transfer of about 41.6% and lowered thermal resistance when compared to normal plate-fin geometry. It was also observed that the thermal resistance was inversely linked with the fin spaces, and the number of fins had no relation to improvement in heat transfer. Researchers concluded that the best heat sink design had 7–8.5 mm spacing.
4 PERFORATED FINS
Perforated fins are one of the less researched types of the heat sink, which have a huge potential (Huang et al., 2015). Perforated fins are fins with holes or cavities, which are known to improve the heat transfer performance of the heat sinks. The merits of using perforated fins and various studies conducted by researchers on perforated fins are discussed below (Huang et al., 2015). Khattak et al. (Khattak and Ali, 2019) present an extensive review of the air-cooled heat sink geometries. The key findings mentioned in this article are the superiority of perforated fins over inline and staggered geometries in terms of heat transfer rate and pumping power, the better thermal efficiency of circular pin fin geometries compared to square fin geometries for low Re at low pitches and the appreciable feasibility and effectivity of Phase Change Materials (PCM) especially n-eicosane. This study also delineates the effects of the introduction of vortex flow initiators in the heat sinks to enhance heat transfer rates and also opines that additional research is required to study the effects of by-pass flow regimes on the thermal performance of modern pin fin geometries.
5 INCLINED FINS
Inclined fins are an effective alternative to straight fins due to various merits which impact the heat transfer efficiency of the overall heat sink (Soodphakdee et al., 2001; Sathe and Dhoble, 2019). Also, this inclined fin arrangement is beneficial for achieving less pressure drop. An intensive review is presented on this topic which discusses different heat sink designs using inclined fins. Zhang et al. (Zhang et al., 2020) have studied the heat transfer mechanism of the W-typed heat sink. They have experimentally as well as numerically shown that the cooling effect of W-type heat sink is better than that of parallel plate fins. Figure 6 shows the flow behaviour and temperature distribution in a parallel plate-fin heat sink. On the other hand, Figure 7 depicts the flow behaviour and the temperature distribution in a W-type heat sink. It is evident that on comparing these two figures, the temperature distribution in the W-type heat sink is more uniform and is hence, better at dissipating heat than the parallel plate heat sink. Experimental studies show that specific inclination angles are optimum for a specific fin height model for increased efficiency. This paper also elucidates the effect of gap clearance on pressure drop, and it is also mentioned that in a specific optimum gap range, heat dissipation is maximum due to the suction effect. Finally, a correlation is devised for numerical analysis.
[image: Figure 7]FIGURE 7 | The flow lines and temperature distribution of the W-shaped heat sinks (Zhang et al., 2020).
It was observed that upon implementing the W-type finned geometry in the heat sink, the maximum temperature dropped by 4.6°C, and the average temperature dropped by 2.9°C in comparison to the parallel plate finned heat sink. Figure 8. Shows the relationship between the inclination angle and the temperature and the heat transfer coefficient. It is interesting to note that the dissipation area in the W-type fins was 10% less than that of parallel plate fins. Park and Lee, 2017; Sahoo et al., 2018)] studied the effectiveness of an inclined cross-cut cylindrical heat sink for LED bulbs. They summarized that by varying the operating angles, the thermal efficiency could be improved. Figure 9 shows the flow pathlines around the cylindrical heat sink for various inclination angles. At 25°–30° inclination, the thermal resistance was the smallest, and beyond 50°, the thermal performance declined drastically. A correlation was formulated to predict the degree of improvement in the cooling performance relative to a straight cross-cut heat sink as a function of the heat sink design variables and the installation angle of the heat sink. Table 1 provides the summery of research work carried out on fin geometries and effect of heat sink orientation on thermal performance. Table 2 shows the summery of research work on inclined fin geometries.
[image: Figure 8]FIGURE 8 | The relation of fin inclination angle and heat transfer performance for the W- type heat sinks with fin spacing of 8 mm and fin gap of 8 mm (Zhang et al., 2020).
[image: Figure 9]FIGURE 9 | Fluid flow lines around a cylindrical heat sink for various installation angles (Q = 5000W/m2, T1 = 26°C). (A) θ = 0° (Front View). (B) θ = 90° (Front View). Straight cross-cut at sink (ϕ = 0°). Inclined cross-cut heat sink (ϕ = 45°) (Park and Lee, 2017).
TABLE 1 | Summary of work on fin geometris and arrangements.
[image: Table 1]TABLE 2 | Summary of work on inclined fin geometry.
[image: Table 2]Figure 10 shows the plot of Thermal resistance and inclination angle. When the fins had an inclined angle of 25°–30°, the thermal resistance was the smallest. Thermal resistance is represented as, “the ratio of temperature difference between two given points to the heat flow between the two points” which implies increase in thermal resistance hurdles the rate of heat conductio and vice versa. Tari and Mehrtash, 2013) studied the effects of inclination angle on the heat dissipation characteristics of the fins.
[image: Figure 10]FIGURE 10 | Effect of the inclined fin angle (RTH: Thermal Resistance) (Park and Lee, 2017).
Researchers observed that convective heat transfer stayed almost the same for small upward inclination angles. Figure 11 shows streamlines for different inclination angles. At larger angles, the phenomenon is investigated to determine the flow structures forming around the heat sink. The validity of the vertical case correlations for the inclination angles was studied by modifying the Grash off number with the cosine of the inclination angle. Figure 12 shows the relation between surface average temperature, convective heat transfer and radiative heat transfer with different inclination angles. Researchers concluded that for upward-facing inclinations, flow separation has an impact on the heat transfer rate. For an inclination angle of less than 60°, the flow separation location was found at the top leading edge with a single flow direction between the fin channels. Singh and Patil, 2015) also studied the effect of inclination angles of embossed fins on the thermal dissipation properties. Figure 13 shows the fin geometry of the embossed fins.
[image: Figure 11]FIGURE 11 | Streamlines for (A) the vertical and downward inclined heat sinks at (B) 45, (C) 60, (D) 75, (E) 80, (F) 85 and (g) 90° for Qin = 75W and H = 25 mm with red boxes highlighting flow separation (Tari and Mehrtash, 2013).
[image: Figure 12]FIGURE 12 | Relation between (A). Average surface temperature; (B). Convective Heat Transfer Rate; (C). Radiative Heat Transfer Rate and inclination angle for H = 15, 20 25 mm and Qin = 125 W for upward inclinations (Tari and Mehrtash, 2013).
[image: Figure 13]FIGURE 13 | Fin geometry (Singh and Patil, 2015).
Researchers used the Nusselt number enhancement ratio and embossed fin effectiveness as parameters to compare the heat transfer performance of embossed fin heat sinks for impression angles from 30° to 90°. Figure 14 shows the embossed fin effectiveness and its relation with heat supplied for different values of impression angles at a fin pitch of 12 mm. The best performance embossed fin design had the impression angle of 45° with a 12 mm impression pitch corresponding to the Nusselt number of 2.86. Ji et al, (2018) present numerical investigations on a thermal energy storage system with phase change materials (PCMs) vertically heated from one side of a rectangular enclosure. Figure 15 shows the contours of melt fraction with natural convection-driven flow vectors for the fin PSM cases with different inclination angles.
[image: Figure 14]FIGURE 14 | Embossed fin effectiveness as a function of heat supplied for different values of impression angles at Pi (Fin Pitch) = 12 mm (Singh and Patil, 2015).
[image: Figure 15]FIGURE 15 | Contours of the melt fraction with natural convection driven flow vectors for the fin-PCM cases: (A) θ = 0°; (B) θ = 15°; (C) θ = 30°; (D) θ = 15° and (E) θ = 30°, with the fixed dimensionless fin length l/L = 0.50 and heat flux input qn = 2500 W/m2 (Ji et al., 2018).
Due to the natural convection effect, researchers observed non-uniform heat transfer in the PCMs with no fin array, which can be tracked to the PCM overheating at the top side and reduction in the overall melting rate. Figure 16 shows the temperature contour lines in the PCM domain at t = 10,000 s. The temperature inside the PCM domain was very uniform in other fin cases except for the 0° fin case. Researchers observed that the heat transfer distribution with the -15° fin geometry was the most effective due to its ability to suppress the non-uniform melting and accelerate the PCM’s melting rate. The melting time saved improved 62.7% compared with the identical length fins in 0 deg. Figure 17 shows the temperature contour lines at 0 deg and 15 deg inclination with different length/separation ratios. The fins with −15° performed exceptionally when heat flux input was comparatively lower. González Gallero et al, (2018) have designed a one finned heat sink prototype with high fin height and variable fin thickness. This study focuses on the CFD simulations and experimental data to study the correlations that are commonly used. Heat sink efficiency was tested for varying inclinations, and stagnation areas disappeared in the models where inclination angles were more than 30 deg. Researchers also state the need for future research in this domain.
[image: Figure 16]FIGURE 16 | Temperature contours lines in the PCM domain at t = 10,000 s: (A) θ = 0°; (B) θ = 15°; (C) θ = 30°; (D) θ =−15° and (E) θ =−30°, with the fixed dimensionless fin length l/L = 0.5 and heat flux input qn = 2500W/m2 (Ji et al., 2018).
[image: Figure 17]FIGURE 17 | Temperature contours lines in the PCM domain at t = 10,000 s: (A) θ = 0° and (B) θ = 15°, with l/L = 0.75 and qn = 2500W/m2 (Ji et al., 2018).
6 MISCELLANEOUS
Various innovative heat sink designs using fins are also discussed in the current literature. These designs include implementation of minichannels, microchannels and optimization of various fins geometries. Falahat et al, (2018) have studied heat transfer and laminar fluid flow characteristics of distilled water in the cylindrical heat sink with helical mini-channels. They have experimented by changing the helix angles and studying the effects on important thermal properties. Researchers observed a direct relation between helix angle and Reynolds and Nusselt numbers. 45° helix angle case has the highest Reynolds Number of 477 where the thermal performance factor reached 1.6. Hence, they advocate that the cylindrical heat sink with helical mini-channels is one of the best designs for effective cooling. A thermal performance factor is a criterion measured to measure the effectiveness of the heat transfer phenomenon. Thermal Performance Factor also abbreviated as TPF is, “The ratio of the relative effect of change in heat transfer rate to change in friction factor”. The generalised equation for the thermal performance factor is given as below,
[image: image]
Where Nu is Nusselt number given by, [image: image] and friction factor is [image: image]
Thermal performance factor is closely associated with the pressure drop phenomenon, higher the pressure drop is lower the thermal performance factor and vice versa.
P. Kumar et al. (Yadav et al., 2017) formulated a three-dimensional computational model to analyze the fluid flow and heat transfer in trapezoidal microchannel heat sink for the range of Reynolds number 96 to 720. Researchers observed that the trapezoidal-shaped channels have a 12% more heat transfer rate than the rectangular micro channels. The grooved microchannels showed a 28% enhancement in the heat transfer rate as a result of separation and redevelopment of the thermal boundary layer. This study presents the effectiveness of microchannels effectively.
Zhu et al, (2020) studied the three-dimensional CFD simulations of laminar flow and heat transfer in silicon-based microchannel heat sinks with rectangular grooves and different shaped ribs. They concluded that the performance and efficiency of microchannel heat sinks could be greatly enhanced if the internal passages were comprised of microchannels with grooves and ribs. They concluded that the overall performance obtained with rectangular ribs was the best at Reynolds numbers less than 500 at the flow inlet, but the elliptical ribs were more effective at Reynolds numbers greater than 500. Jing et al, (2020) coupled the FEM and RSM approaches were to explore the performance of non-Newtonian nanofluid flow in a cavity with heated fins of various shapes and in the presence of a vertical magnetic field in terms of both natural convection heat transfer and entropy formation. The effects of various parameters such as the Hartmann number and nanoparticles volume fraction and type on the heat transfer efficiency were also studied.
Hoi et al, (2019) studied the incompressible plate-fin heat sink forced convective heat transfer under the influence of fractal-induced turbulence and did numerical formulation and optimization. Researchers have combined the contributions of highly interactive, small and comparable turbulence length scale and high flow velocity adjacent to the plate-fin surface and have addressed the influence of fractal-induced turbulences on them. This novel research also studies the effects that fractal grids have on heat dissipation characteristics (Bhandari and Prajapati, 2020). proposed an open hit sink with varying fin heights. Water is considered as the cooling medium. The researchers infer that upon increasing the fin height, the higher heat transfer rate from the microchannel heat sink is sustained up to 1.5 mm; beyond this fin height, trend alters, and heat dissipation drops for the fin heights of 1.75 mm and 2.0 mm. Open microchannel heat sink with optimum fin height of 75%–80% exhibits better thermal performance compared to the equivalent heat sink of completely closed configuration. The coolant also helps in heat dissipation.
7 HEAT SINKS FOR MODERN APPLICATIONS
With electronic components getting smaller and smaller, heat sink design has become a challenging process (Soht et al., 2017). Researchers are coming up with innovative heat dissipation techniques using various PCMs, cooling fluid mixtures and innovative heat sink designs (Ngo et al., 2018), (Herrmann-Priesnitz et al., 2016). The following articles, which showcase the application of heat sinks for modern electronic components and architecture, are discussed below. Researchers also studied the integration of data from the Compact Thermal Model (CTM) and physical model for a multichip LED device with the multi-fin array (Chen et al., 2017). Two LED array models were studied, namely aligned array and staggered array. The staggered array clearly showed better thermal performance. They also proposed a method to model modern LED arrays.
Several studies were focussed on numerical simulation for electronics cooling and thermal management in which an alternative model were proposed for the better thermal efficiency by changing the thickness of the copper plate, replacing components and using new upper copper frame for enhanced heat dissipation (Boukhanouf and Haddad, 2010). This study is promising as it shows how the increased density of electronic components can be mounted on a PCB. In thermal management study, an F2/S2 hybrid heat sink were introduced with combined chip-level and hot-spot-level thermal management (Green et al., 2009). Large hot-spot fluxes approaching 400 W/cm2 can be dissipated efficiently using an F2/S2- designed system with minimal pumping power load with lower flux levels. Researchers concluded that the F2/S2 methodology offers a compact, power-efficient, and practical technique for the thermal management of modern electronic devices. In numerical simulation of heat disspation from LED of automotive headlights superior efficiency of the heat pipe with 4000 W/mK thermal conductivity were observed which help in maintaining the chip temperature within the safe operating range (Huang et al., 2018). A setup of grooved heat pipe with 2-mm-thick fins using a heat conductive PCB with the material of 180 W/mK thermal conductivity and a heat pipe with the material of 6000 W/mK thermal conductivity was highly effective and feasible. The effect of several parameters on the junction temperature of a high-power LED model was studied to confirm the thermal efficiency of the model developed (Kim et al., 2013). The impact of the thermal conductivity of the encapsulant and the matrix material on the bonding temperature was studied. The study also found the influence of the dielectric layer of the PCB on the junction temperature. For a small thermal conductivity, the impact of the thickness of the dielectric layer on the junction temperature predominates. Researchers developed an analytical model based on thermal resistance analysis to verify the CFD model of chimney-based LED bulb. The advantages of the chimney-based LED bulb over conventional LEDs are better utilization of the lampshade surface for heat dissipation. A gas mixture was introduced in the bulb, and the composition of this gas mixture was optimized using an analytical model. Researchers found that the mixture of 74% helium and 26% xenon caused in 30.7% lower temperature rise than that filled with air at the same power input (Feng et al., 2017).
8 CONCLUSION
This article presents an overview of the heat transfer enhancement techniques, analysis of different fin geometries, and the heat sink applications in modern electronic equipment. Researchers have performed extensive computational and experimental investigations on the selection and analysis of fin geometries and arrangements for various heat management applications. It is evident from the review that perforated fins have higher heat transfer rates compared to regular fins. The superiority of staggered fin arrangement when compared to the inline arrangement is also observed. Additionally, inclined fins are beneficial in terms of enhancing the heat transfer rates of the heat sink as well as distributing the heat energy uniformly. With the advent of micromachining, microchannel heat sinks are gaining attention and look promising but, further research in this field is necessary. New and innovative heat sink designs are also discussed in this article which is used in modern electronic applications like LED arrays, data centres and thermal management of computer chips.
In future study, more focus need to be given on the pressure drop, as it is one of the prime hurdle in development of micro-channel heat sink. Another scope of study is analyse the influence of surface roughness on heat transfer rather than the present scenario which are more focussed on fluid flow characteristics. There is till scope for development of cost effective manufacturing technology for the heat sink especially for the microfluidcs devices. Several machine learning algorithms such as ANN and its impact on the accuracy of the heat sink performance can be studied thoroughly.
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Zhang et al. (Zhang et al,, 2020) | W—typed heat sink ‘The cooling effect of W-type heat sink is better than that of parallel plate fins

Park et al. (Park and Lee, 2017) | Inclined cross-cut cylindrical heat sink | Variation in operational angle can significantly improve the thermal efficiency

Tari et al. (Tari and Mehrtash, | Inclination angle 45°, 60°, 75, 807, 85° | For upward-facing inclinations, flow separation has an impact on the heat transfer rate. For an
2013) and 90" inclination angle of less than 60', the flow separation location was found at the top leading edge with a
single flow direction between the fin channels

Singh et al. (Singh and Patil,  Inclination angle 30°, 45°, 60° and 90° | The best performance embossed fin design had the impression angle of 45" with a 12 mm impression
2015) pitch corresponding to the Nusselt number of 2.86

Jietal. (Ji et al, 2018) Inclination angle 0°, 15°, 30°, -15° Heat transfer distribution with the -15° fin geometry was the most effective due to its ability to
and -30° suppress the non-uniform melting and accelerate the PCM’s melting rate
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Mokhtari et al. (Mokhtari et al.,
2017)

Simple, inclined with the identical pattern, inclined with V-pattern,
and inclined with the alternate pattern

Keshavarz et al. (Keshavarz
etal, 2019)

Comparison of inclined geometry with References to a drop shaped
fin geometry

Soodphakdee et al.
(Soodphakdee et al.,, 2001)

Circular, square, and parallel plates which are arranged in inline and
staggered patterns

Haghighi et al. (Haghighi et al,
2018)

Plate fins and plate cubic pin-fins heat sinks

indings

Heat transfer improves drastically in the case of the inclined fin
arrangement compared to the simple fin arrangement

Pumping power required for the drop-shaped geometry was 6.9% less than
that required for the References geometry

staggered arrangements were better in terms of heat transfer than the inline
arrangements

Cubic pin-fin geometry had a higher heat transfer of about 41.6% and
lowered thermal resistance when compared to normal plate-fin geometry





