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Abstract

:

One of the main trends in the development of the modern electronics industry is the miniaturization of electronic devices and components. Miniature electronic devices require compact cooling systems that can dissipate large amounts of heat in a small space. Researchers are exploring ways to improve the design of the heat sink of the cooling system in such a way that it increases the heat flow while at the same time reducing the size of the heat sink. Researchers have previously proposed different designs for heat sinks with altered fin shapes, perforations, and configurations. However, this approach to optimizing the design of the heat sink results in an increase in the labor intensity of its production. Our goal is to optimize the heat sink design to reduce its size, reduce metal consumption, and increase heat flow. This goal is achieved by changing the number of fins and the distance between them. In this case, there is no significant difference in the geometry of a conventional plate-fin heat sink, and a low labor intensity of production is ensured. A numerical investigation of heat flow and pressure drop in models of plate-fin heat sinks of various sizes and metal volumes was conducted using the ANSYS Fluent software package (v. 19.2) and computational fluid dynamics employing the control volume method. We used the SST k-ω turbulence model for the calculations. The research results showed that by changing the number of fins and the distance between them, it is possible to increase the heat flow from the heat sink to 24.44%, reduce its metal consumption to 6.95%, and reduce its size to 30%. The results of this study may be useful to manufacturers of cooling systems who seek to achieve a balance between the compactness of the heat sink and its ability to remove large amounts of heat.
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1. Introduction


Cooling systems are an integral component of electronic devices and systems, ensuring protection against overheating and malfunction. Traditional cooling methods include natural convection [1], air cooling with a fan, microjet cooling [2], and liquid cooling using refrigerants and nanofluids [3]. Air cooling is a common solution due to its simplicity and reliability, which ensures the fast, uninterrupted, and safe operation of microelectronics [4,5,6]. One of the primary components of a cooling system is the heat sink, whose design has a significant impact on the cooling rate [7,8]. The heat sink traditionally has a plate or needle design [9,10]. Heat sinks that possess a lattice [11], two-layer [12], cone-column [13], and microchannel [14,15] structure are less prevalent. Porous materials [16] have great potential and, due to their developed surface area and tortuous current paths, have high thermal characteristics. They are already used in various industries as catalysts [17,18], filters [19], and thermal insulation [20,21]. The main limitation of the use of porous media in electronic cooling systems today is their high cost. The most common type is the plate-fin heat sink design. Such heat sinks are widely used, for example, in cooling systems for personal computer components. However, as electronic technology advances, the size of electronic devices is decreasing, and heat generation is increasing. Experts in the field are conducting research to improve the design of heat sinks in order to reduce their size and increase heat transfer. Researchers have conducted studies on changing the geometry of the fins, positioning them at an angle, perforating them, and changing their configuration. These studies will be discussed in more detail below.



Changing the fin geometry is one of the main directions in improving the design of the heat sink: it is known to use round fins, serrated pin fins [22], spiral fins [23], and corrugated herringbone fins [24]. In [25], the authors proposed a heat sink design with conical fins. The authors conducted an investigation into the impact of the taper angle (1°, 2°, or 3°) on the heat transfer coefficient. The highest values of the heat transfer coefficient (5.38–12.96 W/(m2K)) were observed in a heat sink with a fin cone angle of 2°, while the lowest values (2–7 W/(m2K)) were observed in a heat sink with a cone angle of 3°, which is caused by the stagnation of the fin’s base. Yan et al. [26] proposed a novel pin fin design, consisting of a cylindrical structure with two ribs located on its sides. The numerical analysis of the heat sink characteristics has demonstrated that pin fins equipped with ribs exhibit a higher average Nusselt number value (Nu = 42.5 at Re = 1200) in comparison to pin fins without ribs (Nu = 32.5 at Re = 1200). Nonetheless, fins with ribs also demonstrate higher pressure drop values because the ribs change the flow separation point, the flow velocity between the cylinders, and the size of the vortices behind the cylinders. Sun et al. [27] conducted a study on the thermal characteristics of heat sinks with a fixed surface area and varying fin geometries, including arc-shaped, diamond-shaped, and rectangular fins. The research results showed that heat sinks with arcuate and diamond-shaped fins provide 111.2% and 94.8% higher Nusselt numbers (at Re = 800) than heat sinks with rectangular fins. The Darcy friction coefficient is also higher for fins with arcuate and diamond-shaped geometries than for fins with rectangular geometry, by 171% and 142%, respectively. Consequently, the heat sink with arcuate fins demonstrated the highest values of the performance evaluation criteria (PEC). According to the results of a number of studies, the geometry of the fin has a significant impact on the thermal and hydraulic characteristics of the heat sink [28]. As evidenced by the results of the study [29], changing the geometry of the fins—for example, their corrugation—can result in a sharp increase in the pressure drop.



Another direction of research for optimizing heat sink design is the arrangement of fins with a slope [30]. Zhang et al. [31] proposed a heat sink design with W-type plate fins and studied the influence of the angle of inclination of the plates (30–120°), their height (35–55 mm), and the distance between them (6–14 mm) on the surface temperature of the plates. The research results indicated that there were optimal parameters for the plates at which the lowest temperature was achieved, such as the angle of inclination of the plates (45–90°) and the distance between them (8.8 and 10 mm). The rise in the fin’s height resulted in a decrease in the surface temperature.



Perforating heat sink fins improves heat transfer, which is why researchers are actively studying the influence of the number of perforations and their cross-section on the characteristics of the heat sink. Sahel et al. [32] proposed a heat sink design with perforated hemispherical fins. The authors investigated the effect of fin size and number of perforations on the values of pressure drop and Nusselt number. The ratio of fin diameter to height (d/H) was used to regulate the fin’s dimensions. The increase in the size of the fins from d/H = 0.167 to d/H = 0.833 contributed to the increase in the Nusselt number values from 200 to 550 at Re = 21367. The pressure drop increased from 50 to 400 Pa. Additionally, the perforation of the fins contributed to an increase in the Nusselt number values. Fins with six holes showed a higher value of Nusselt number (Nu = 510) in comparison to fins with five holes (Nu = 460), four holes (Nu = 450), three holes (Nu = 400), two holes (Nu = 375), and one hole (Nu = 365) at Re = 21367. Ibrahim et al. [33] redesigned a plate heat sink by adding different numbers (from 4 to 15) of square and circular perforations. The authors conducted experimental investigations into the impact of the number of perforations and their cross-section geometry on the thermal and hydraulic properties of heat sinks. The research findings have demonstrated that an increase in the number of perforations aids in enhancing the heat transfer. The perforations with a square cross-section provided a reduction in the Nusselt number by 4.6% and a reduction in the friction coefficient by 5.9% compared to perforations with a circular cross-section.



Another well-known technique for optimizing the design of a heat sink involves bending the fins at different angles and altering the number of fins and their arrangement [34,35]. Ghadhban and Jaffal [36] investigated the properties of a multi-minichannel heat sink with straight, arc-shaped, S-shaped, and wave-shaped channels. According to the results of the research, the increase in Nusselt number reached 30.5% for wavy channels, 18.7% for S-shaped channels, and 10.8% for arcuate channels, compared with straight channels. S-shaped channels create the greatest hydraulic resistance to flow, which is expressed as high pressure drop values. The pressure drop of arc-shaped channels was reduced by 16% compared to traditional straight channels. After conducting a comprehensive evaluation of the thermal and hydraulic characteristics, the authors concluded that among the studied configurations, wavy channels are most efficient. El Ghandouri et al. [37] proposed a new curved heat sink fin design and investigated thermal performance under natural convection conditions. Curved fins made it possible to increase the heat transfer coefficient by 12.52% and reduce the weight of the heat sink by 59%. Chiu et al. [38] investigated the influence of the number of pin fins in a heat sink and their diameter on temperature uniformity. The number of fins varied from 72 to 75, with diameters ranging from 400 to 600 μm. The fins were arranged in a checkerboard, convergent, and convergent-divergent order. A heat sink with a convergent arrangement and a pin fin diameter of 600 μm provided the smallest temperature difference along the length of 1.34 K/mm. However, the same model also showed the highest thermal resistance value of 0.268 K/W. A heat sink with convergent-divergent arrangement of fins provided lower thermal resistance than one with a staggered arrangement, which is associated with a more intense mixing of flows. Hithaish et al. [39] investigated the performance of a heat sink with triangular cross-section pin fins of varying heights. The authors found that increasing the height of the fin promoted better mixing of the flow but also produced greater hydraulic resistance. Ranjbar et al. [40] investigated the effect of pin fin configuration geometry on the thermal and hydraulic properties of a heat sink. Depending on the height of the fins, their configurations were rectangular (all fins of the same height), increasing (the height of the fins increased in the flow direction), decreasing (the height of the fins decreased in the flow direction), V-shaped, and wedge-shaped. The PEC evaluation revealed that the configuration wherein the fin height decreased in the direction of flow possessed the highest performance criterion value.



According to the renowned scientific literature, the optimization of the heat sink design is achieved by altering the geometry of the fins and their configuration, or by incorporating perforations to enhance thermal characteristics (heat transfer or heat flow) and reduce the dimensions of the heat sink [41]. However, such changes in the design of the heat sink entail an increase in the labor intensity of the production process, and the use of high-precision equipment may be required to obtain designs with perforated fins. From the point of view of a simple manufacturing process, the use of standard plate-fin heat sinks is more appropriate. The existing literature lacks studies that demonstrate the feasibility of reducing the size of the heat sink, reducing its metal consumption, and simultaneously enhancing heat flow without significantly altering the design of the heat sink. The aim of this work is to reduce the size of a plate-fin heat sink, reduce its metal consumption, and increase heat flow by changing the number of fins and the distance between them. In order to achieve this goal, a numerical study of heat flow and pressure drop in models of plate-fin heat sinks with different numbers of fins and the distance between them was carried out. The findings of the research will enable manufacturers of cooling systems to reduce the size and metal consumption of heat sinks while simultaneously enhancing heat flow, thereby achieving economic advantages. Considering the fact that the geometry of the heat sink changes slightly, there will be no need to significantly re-equip the workshops to produce heat sinks of new designs.




2. Materials and Methods


2.1. Formulation of the Problem


The problem of air flow around a heated plate-fin heat sink has been resolved. We built 3D models of square-section heat sinks with different numbers of plate fins (27, 39, and 43). Figure 1 shows a 3D model of a heat sink with 27 fins (model N27). Figure 2 presents pictures of the calculation areas using the example of the N27 heat sink for two variants of the fan position: from the side (a) and from the top (b). Depending on the position of the fan, either horizontal (fan on the side) or vertical (fan on the top) airflow of the heat sink was carried out. The dimensions of the N27 model are 100 × 100 × 100 mm, and the dimensions of the calculation area for this model with horizontal airflow are 300 × 200 × 200 mm, while with vertical airflow they are 300 × 300 × 100 mm. The dimensions of the N39 heat sink model with 39 fins are 69.9 × 69.9 × 69.9 mm, and the dimensions of the calculation area for this model with horizontal airflow are 269.9 × 169.9 × 169.9 mm, while with vertical airflow they are 269.9 × 269.9 × 69.9 mm. The dimensions of the N43 heat sink model with 43 fins are 69.4 × 69.4 × 69.4 mm, and the dimensions of the calculation area for this model with horizontal airflow are 269.4 × 169.4 × 169.4 mm, while with vertical airflow they are 269.4 × 269.4 × 69.4 mm. Further detailed characteristics of heat sink models are shown in Table 1.



The N27 model is the basic one; it has 27 fins with a distance of 2.135 mm between them. By increasing the number of fins to 39 and 43, respectively, and decreasing the distance between them to 1.3 and 1.13 mm, models N39 and N43 were obtained. Furthermore, these models are smaller in size than the base model N27.



The surface area of models N27 and N39 is identical, i.e., fixed, and equals F = 0.3898 m2. In this case, the volume of metal in model N39 is VN39 = 1.165 × 10−4 m3, while the volume of metal in model N27 is VN27 = 1.252 × 10−4 m3. N39 has a smaller metal volume than N27, but the surface area is the same.



The models N27 and N43 possess a fixed, identical volume of metal, namely V = 1.25210−4 m3. In this case, the surface area of model N43 is FN43 = 0.4256 m2, and the surface area of model N27 is FN27 = 0.3898 m2. Therefore, the N43 heat sink model has smaller dimensions and a larger surface area than the N27 model, but it contains the same volume of metal.




2.2. Gas Flow Model


The ANSYS Fluent (v. 19.2) software package was used to perform parametric calculations of the heat flow and pressure drop in three heat sink models using stationary flow approximation. The problem was solved using the control volume method. The SST k-ω turbulence model was used with standard model coefficients embedded in ANSYS Fluent (v. 19.2). The SST model considers the transfer of turbulent shear stress when determining turbulent viscosity, which makes this model quite accurate and reliable for a wide class of flows [42,43].



The air parameters used for calculations are as follows: density ρ = 1.225 kg/m3, dynamic viscosity μ = 1.7894 × 10−5 kg/(m⸳s), and temperature Tair = 293 K. Calculations were carried out at the following air velocities ν: 1; 2; 3; 4; 5; 6; 7 m/s, which corresponded to the following values of volume flow rate GV: 3.5257 × 10−3 m3/s; 7.0513 × 10−3 m3/s; 10.5770 × 10−3 m3/s; 14.1026 × 10−3 m3/s; 17.6283 × 10−3 m3/s; 21.1539 × 10−3 m3/s; 24.6796 × 10−3 m3/s. Temperature of the heater simulating the operation of a microelectronic device T: 323; 328; 333; 338; 343; 348; 353 K. Two fan positions were investigated: from the side (horizontal airflow) and from the top (vertical airflow).



Mass conservation equation:


  ∇ ⋅  (  ρ  υ →   )  = 0 ,  



(1)




where  ρ  is the density and   υ →   is the velocity.



The momentum conservation equation:


  ∇ ⋅  (  ρ  υ →   υ →   )  = − ∇ p + ∇ ⋅   τ ¯  ¯  + ρ  g →  ,  



(2)




where  p  is the pressure and    τ ¯  ¯   is the stress tensor. In Equation (2), the stress tensor is


    τ ¯  ¯  = μ  (  ∇  υ →  + ∇   υ →  T   )  +  2 3  μ ∇ ⋅  υ →    I ¯  ¯  ,  



(3)




where  μ  is the viscosity and    I ¯  ¯   is the unit tensor.



Energy conservation equation:


  ∇ ⋅  (  ρ  υ →  h  )  + ∇ ⋅  (  λ ∇ T  )  =   ∂ p   ∂ t   +   τ ¯  ¯  :  υ →  ,  



(4)




where  h  is the enthalpy, and  λ  is the thermal conductivity of the gas.




2.3. Evaluation of the Energy Efficiency Indicator


For a comparative analysis of the effectiveness of the studied heat, the energy efficiency indicator was calculated [44]:


   E F  = Q / δ P ,  



(5)




where  Q  is the heat flow from the surface of the heat sink, W; and   δ P   is the power spent on pumping air, W [44]:


  δ P =  G V  ⋅ Δ p = G / ρ ⋅ Δ p ,  



(6)




where    G V    is the volume air flow rate, m3/s;   Δ p   the pressure drop, Pa;  G  the mass air flow rate, kg/s; and  ρ  the air density, kg/m3.




2.4. Mesh Check


The mesh division is checked by refining the computational mesh, during which there is no further change in the calculated parameters, or they change with minimal error. We present the results of a mesh division check on the N39 heat sink. The results of heat flow calculation for the N39 heat sink are shown in Figure 3, which shows meshes with 1.3 million, 2.2 million, 4.5 million, and 7.1 million elements with horizontal airflow. The results of calculating the heat flow for N39 with vertical airflow are presented in Figure 4. In this case, we studied the meshes with the following number of elements: 1.3 million, 2.3 million, 4.5 million, and 6.9 million. In the graphs, the solid lines indicate the results for meshes with 1.3 million elements for the cases of horizontal and vertical airflow; the dotted lines represent the results for meshes with 2.2 million elements for horizontal airflow, and 2.3 million elements for vertical airflow; the dots indicate results for meshes with 4.5 million elements for the cases of horizontal and vertical airflow; and the dashed-dotted lines show the results for meshes with 7.1 million elements for horizontal airflow, and 6.9 million elements for vertical airflow.



Table 2 presents the results of testing the mesh division for model N39 at T = 353 K and ν = 7 m/s for the cases of horizontal and vertical airflow. As we can see from the table data, a mesh with 4.5 million elements is the most optimal for both cases of blowing direction, since with further refinement of the mesh to 6.9 and 7.1 million elements, the difference in heat flow values is less than 2%.




2.5. Verification of the Calculations


Yu et al. [45] conducted parametric calculations of pressure drop and thermal resistance in a plate-fin heat sink using the following parameters: length L = 51 mm, height H = 10 mm, and number of edges N = 9. The calculations were performed with horizontal airflow from the heat sink at velocities of 5 to 12.2 m/s. Figure 5 shows a graph of the pressure drop in the heat sinks studied in our study and in the study by Yu et al. Our research findings are presented in the case of horizontal airflow. The calculated pressure drop results obtained by N27 are comparable to those obtained by Yu et al. in the range of air velocities ranging from 5 to 7 m/s. The disparities observed in the findings of the studies can be attributed to variations in the number of fins and their spacing. The heat sink studied by Yu et al. had fewer fins and a larger spacing compared to the heat sinks studied in our research. As a result, the pressure drop across the heat sink studied by Yu et al. was lower.



Figure 6 shows graphs of changes in thermal resistance depending on air velocity. Yu et al. [45] conducted studies of thermal resistance at an air temperature of 294 K, a heat sink base temperature of 333 K, and an air velocity of 5 to 12.2 m/s. The results of our research are presented for the case of horizontal blowing at an air temperature of 293 K, a heater temperature of 333 K, and air velocities from 1 to 7 m/s. Thus, thermal resistance studies were carried out by us and Yu et al. at close values of air and heater temperatures and air velocity. It is necessary to note the similarity between the thermal resistance curves obtained in our work and that of Yu et al. [45]. As we can see, the heat sink models we studied have lower thermal resistance values than the heat sink models studied in [45]. The heat sink in [45] has a thermal resistance of 1.5 K/W at a 5 m/s air velocity. The thermal resistance of heat sinks N27, N39, and N43 is 0.25, 0.22, and 0.02 K/W, respectively. The thermal resistance of the heat sink in [45] exceeds that of heat sink N27 by 6 times, heat sink N39 by 6.8 times, and heat sink N43 by 7.5 times. These differences are explained by the fact that the heat sinks N27, N39, and N43 have a significantly higher number of fins (27, 39, and 43) than the heat sink in [45], which has 9 fins. Furthermore, the heat sink in [45] has smaller dimensions than our heat sinks N27, N39, and N43. Accordingly, the surface area of the heat sink in [45] is significantly smaller, which explains the high thermal resistance values.




2.6. Validation of Numerical Calculations


To verify the numerical calculations, comparisons were made with the results of Yu et al. [45] and Freegah et al. [46], who carried out numerical studies of thermal resistance and pressure drop in models of plate-fin heat exchangers.



For validation with [45], we built a 3D model of the heat sink described in [45], and then calculated the thermal resistance and pressure drop using our calculation model. The dimensions of the heat sink were set to the same dimensions as in [45]. At the same time, we retained our parameters of the computational domain described in Figure 2a. This is done in order to demonstrate how the calculation results are affected by the computational domain size. Figure 7 shows an image of the 3D model of the heat sink we built, as described in [45].



The calculation was conducted for the case of horizontal airflow, and the same values of air temperature (294 K), air velocity (5, 6.5, 8, 10, and 12.2 m/s), and heater temperature (333 K) were specified within the boundaries of the calculation area, as per the work [45]. Our findings regarding the calculation of thermal resistance and pressure drop were compared with the findings obtained in [45]. Figure 8 shows graphs of thermal resistance (a) and pressure drop (b) depending on air velocity. We can see from the graphs that the thermal resistance curves are similar in nature, and the differences in values range from 0.035% to 12.86% depending on the air velocity. The differences in the values are explained by the differences in the computational domains used in our work and in [45]. In [45], gas flow is considered only in the region limited by the heat sink. In our study, there is also an external problem, as a result of which the hydrodynamics change, which affects the change in pressure drop and heat transfer.



Furthermore, the numerical calculations were verified by comparing the results with the work of Freegah et al. [46]. For this purpose, a 3D model of a plate-fin heat sink was built (Figure 9), maintaining the dimensions specified in [46]: length 40 mm, width 39.7 mm, height 25 mm, number of fins N = 10, fin thickness 1 mm, and distance between fins 3.3 mm. We also retained the computational domain parameters described in Figure 2a. The heater temperature (323–353 K), air mass flow rate (from 1 × 10−3 to 4 × 10−3 kg/s), and air temperature (293 K) were set at the boundary of the computational domain. The range of the air mass flow rate was established based on the findings of the study [46]. The temperature range investigated in our study (323–353 K) and that of Freegah et al. (328–355 K) share similar values. Thus, we retained our temperature range (323–353 K) in the calculations.



As in [46], thermal resistance and pressure drop were calculated for two cases of airflow blowing directions: horizontal and vertical. Figure 10 presents the results of the thermal resistance and pressure drop calculations. The graphs show that we obtained values of thermal resistance and pressure drop close to those obtained by [46] for both horizontal and vertical airflow.





3. Results and Discussion


3.1. Effect of Fan Position on Heat Flow


The results of the parametric calculations are presented in the graphs in Figure 11. The solid lines show the calculation results for the case of horizontal airflow, and the dashed lines for vertical airflow. We can see from the graphs that horizontal airflow is preferable, since the heat flow from the heat sink in this case is higher. This statement holds true for all the heat sink models studied. As the heater temperature and the velocity of air flow increase, the difference in heat flow values also increases. Depending on the geometry of the heat sink, the differences between the heat flow values for horizontal and vertical airflows may vary. The smallest effect is observed in model N27, wherein at a heater temperature of 353 K and an air flow velocity of 7 m/s, the difference in heat flow values is only 0.6% (2 W). In contrast to N27, the heat flow observed in the N39 model is 6.98% (22 W) higher with horizontal airflow compared to vertical airflow (at T = 353 K, ν = 7 m/s). In the N43 heat sink, the heat flow value is 8.16% (26 W) higher with horizontal airflow compared to vertical airflow (at T = 353 K, ν = 7 m/s). Therefore, the position of the fan affects the thermal performance of the heat sink.




3.2. Effect of Heat Sink Geometry on Heat Flow


We conducted a comparative analysis of the heat flow for the N27 and N39 heat sink models (Figure 12), which have different sizes and metal volumes but a fixed surface area. In all investigated cases, the heat flow from N39 is higher than that from N27. With increasing heater temperature and air velocity, differences in heat flow values increase, reaching maximum values at T = 353 K and ν = 7 m/s. In this case, the heat flow from the N39 heat sink exceeds the heat flow from N27 by 17.76% (49.94 W) with horizontal airflow and by 10.74% (30.02 W) with vertical airflow.



We also conducted a comparative analysis of the heat flow for the N27 and N43 heat sinks (Figure 13), which have different surface areas and sizes, but a fixed volume of metal. In all the cases studied, the heat flow from the N43 heat sink exceeds the heat flow from N27; the increase reaches 24.44% (68.72 W) with horizontal airflow and 15.74% (44 W) with vertical airflow (T = 353 K, ν = 7 m/s).




3.3. Effect of Heat Sink Geometry and Fan Position on Pressure Drop


In order to assess the influence of the blowing direction and heat sink geometry on hydrodynamics, we carried out pressure drop calculations. The results are presented in Figure 14. From the graphs, we can see that at air velocities from 1 to 3 m/s, a lower pressure drop occurs with vertical airflow. This is true for all the heat sink models studied. At higher air velocity values in models N39 and N43, a lower pressure drop is still observed with vertical airflow, and in model N27, a lower pressure drop is observed with horizontal airflow. The highest pressure drop is observed in the N43 heat sink and is 87.71 Pa with vertical airflow at an air velocity of 7 m/s. N27 has the lowest pressure drop of 37.07 Pa at ν = 7 m/s. With a fixed volume of metal (models N27 and N43), the pressure drop is higher in N43 by 136.61% with horizontal airflow and by 93.80% with vertical airflow (ν = 7 m/s). With a fixed surface area (models N27 and N39), the pressure drop is higher in N39 by 90.94% with horizontal airflow and by 61.29% with vertical airflow (ν = 7 m/s). Models N39 and N43 have a smaller distance between the fins and, accordingly, have greater resistance to air flow. This explains why the pressure drop in these models is higher than in the basic model N27.




3.4. Temperature Fields


Figure 15 shows the temperature fields of heat sink N27 in the case of horizontal airflow. The fields are shown for a fixed air velocity of 4 m/s and heater temperatures of 323, 333, 343, and 353 K. As we can see, an increase in the heater temperature results in a noticeable increase in the temperature of the base of the heat sink and its side fins. The central part of the heat sink maintains a temperature close to the temperature of the air flow.



Figure 16 shows the temperature fields of heat sink model N27 for horizontal airflow with a fixed heater temperature of 338 K and air velocity of 1, 3, 5, and 7 m/s. The temperature field of the heat sink changes significantly, and as the air velocity increases, the heat sink cools more efficiently.



Figure 17 shows the temperature distribution in several cross-sections of the N27 heat sink for the case of horizontal airflow at a fixed air velocity of 1 m/s and heater temperatures of 323, 333, 343, and 353 K. We notice that the average heat sink temperature is lower at the air inlet flow, and as we move away from the inlet, the average temperature gradually increases. The temperature of the heat sink also changes with height: closer to the base of the heat sink, its temperature is higher.




3.5. Energy Efficiency Indicator


The results of calculating the energy efficiency indicator E are presented in Figure 18. Calculations were made for the following heater temperatures: 323 K, 328 K, 333 K, 338 K, 343 K, 348 K, and 353 K. As we can see from the graphs, the base model N27 showed the highest energy efficiency in all the cases studied, while model N43 showed the lowest efficiency. Despite the lower values of heat flow observed in N27 compared to N39 and N43, it also showed a lower pressure drop, which explains the high E values of the N27 heat sink. The maximum increase in heat flow from the N39 and N43 heat sinks in comparison to N27 was 17.76% and 24.44%, respectively, while the increase in pressure drop was 90.94% and 136.61%. As we can see, the increase in pressure drop is much higher than the increase in heat flow. This explains why the N39 and N43 heat sinks are less efficient than N27. The maximum energy efficiency indicator values are achieved at a velocity of 1 m/s. In this case, the E value of the N27 heat sink exceeds the E value of N39 by 91.66%, and N43 by 137.63% (horizontal airflow, T = 353 K). For vertical airflow, the E value of N27 exceeds the E value of N39 by 99.53%, and N43 by 145.36% at T = 353 K. The smallest differences in the energy efficiency indicator values are achieved at a velocity of 7 m/s. In this case, the energy efficiency of the N27 heat sink exceeds the energy efficiency of N39 and N43 by 62.04% and 90.18% with horizontal airflow, respectively, and by 43.11% and 64.53% with vertical airflow (at T = 323 K).



It should be noted that at air velocities of 1 and 2 m/s, the N27 heat sink demonstrates greater efficiency values with vertical airflow. The difference is 18.74% and 7.12%, respectively, at T = 353 K. At high air velocities (from 3 to 7 m/s), horizontal airflow is 0.73–16.21% more effective at T = 353 K. For N39 and N43 heat sinks, vertical airflow is more effective in the range of air velocities from 1 to 5 m/s. At T = 353 K, the values of E with vertical blowing of heat sinks N39 and N43 are 14.04–0.27% and 14.98–1.24% higher, respectively, than with horizontal blowing. These values decrease with increasing air velocity. At higher air velocities (6 and 7 m/s), the E values are higher with horizontal airflow by 1.61% and 4.39%, respectively, for the N39 heat sink, and by 1.87% and 2.43% for the N43 heat sink, at T = 353 K.





4. Conclusions


We carried out numerical studies of heat transfer and hydrodynamics in models of plate-fin heat sinks used in microelectronic cooling systems. We built 3D models of heat sinks: the basic model N27; model N39, which has the same surface area as N27 but a smaller size and metal volume; and model N43, which has a larger surface area than N27 but a smaller size, while keeping the volume of metal unchanged. Parametric calculations of heat flow and pressure drop were carried out for the cases of vertical and horizontal blowing. Based on the research results, we reached the following conclusions:




	
Horizontal airflow provides higher heat flow values for all the heat sink models studied over the entire range of air velocities (1–7 m/s) and heater temperatures (323–353 K);



	
The N39 heat sink provides a higher heat flow compared to N27; the increase reaches 17.76%. At the same time, N39 has a smaller size and volume of metal; therefore, N39 is less metal-intensive;



	
Due to its larger surface area, N43 provides a higher heat flow than N27; the increase reaches 24.44%. At the same time, the volume of metal in N43 is the same as that of N27, and the dimensions are smaller; therefore, N43 also meets modern trends towards reducing the size of cooling systems;



	
The pressure drop in the N39 and N43 heat sinks is 61–136% higher than in N27. This is explained by the greater number of fins and the smaller distance between them in N39 and N43;



	
The base heat sink model N27 has the highest values of the energy efficiency indicator, which is explained by the low pressure drop relative to other heat sink models studied. Hence, N27 is recommended for applications where a high level of system energy efficiency is imperative, and where heat dissipation rate and heat sink size are not crucial parameters. In other cases, where it is imperative to provide high heat flow from the heat sink while simultaneously reducing the size of both heat sinks and cooling systems, it is recommended to use the N39 and N47 heat sink models.








In general, we can conclude that cooling system manufacturers who seek a balance between the thermal characteristics of the heat sink, its size, and metal consumption may, in designing a heat sink, reduce its size, reduce metal consumption, and enhance heat flow by altering the number of fins and the distance between them. In one case, when we fixed the surface area of the heat sink, we were able to increase the heat flow and, at the same time, reduce the size and metal consumption of the heat sink. In another case, when the volume of metal in the heat sink remained fixed, we were able to reduce the size of the heat sink and increase the heat flow. In both instances, by reducing the size of the heat sink and enhancing the heat flow, we attain economic benefits.



Our further research aims to determine an effective model of a modified plate-fin heat sink (corrugated plates, rounded chamfers), as well as to determine the optimal model in terms of energy efficiency in combined systems (for example, a plate-fin heat sink with heat pipes, a plate-fin heat sink with inserts of highly porous cellular material, and others).
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Figure 1. Picture of the heat sink model with 27 plates (model N27) indicating the distance between the fins and the dimensions of the heat sink along the axes. 
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Figure 2. Pictures of the computational areas of air movement through a plate-fin heat sink in the case of horizontal (a) and vertical (b) airflow. The inlet and outlet of air flows are indicated by arrows. 
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Figure 3. Mesh quality check calculations: graphs of heat flow changes depending on air velocity for different temperature values (323–353 K) with horizontal airflow through model N39. The type of line depends on the number of elements. 
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Figure 4. Mesh quality check calculations: graphs of heat flow changes depending on air velocity for different temperature values (323–353 K) with vertical airflow through model N39. The type of line depends on the number of elements. 
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Figure 5. Verification of calculations with the study of Yu et al. [45]: graphs of changes in pressure drop depending on air velocity. Solid lines indicate the results of our calculations; dotted lines indicate the results of Yu et al. 
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Figure 6. Verification of our calculations with the study of Yu et al. [45]: graphs of thermal resistance depending on air velocity. Solid lines indicate the results of our calculations, while dotted lines indicate the results of Yu et al. 
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Figure 7. Picture of the heat sink model with 9 fins, described in [45], indicating the distance between the fins and the dimensions of the heat sink along the axes. 
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Figure 8. Graphs of changes in thermal resistance (a) and pressure drop (b) depending on air velocity for the heat sink described in Yu et al. [45]. Comparing the calculations obtained in our calculation model (represented by solid lines) with the calculations obtained in the calculation model [45] (represented by dashed lines). 
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Figure 9. Picture of the heat sink model with 10 fins, described in [46], indicating the distance between the fins, the thickness of the fins, and the dimensions of the heat sink along the axes. 
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Figure 10. Graphs of changes in thermal resistance (a,b) and pressure drop (c) depending on the air mass flow. The results obtained in our calculations are represented by solid lines; the results of Freegah et al. [46] are represented by dotted lines. Figure (a) presents the results for the case of horizontal airflow, and the results for the case of vertical airflow are presented in Figure (b). 
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Figure 11. Graphs of changes in heat flow depending on air velocity for different temperature values (323–353 K) for the heat sink models studied: (a) N27; (b) N39; (c) N43. Solid lines show the results for the case of horizontal airflow, and dotted lines show the results for the case of vertical airflow. 
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Figure 12. Graphs of changes in heat flow depending on air velocity for different temperature values (323–353 K) for models N27 (solid lines) and N39 (dashed lines) with (a) horizontal and (b) vertical airflow. 
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Figure 13. Graphs of changes in heat flow depending on air velocity for different temperature values (323–353 K) for models N27 (solid lines) and N43 (dashed lines) with (a) horizontal and (b) vertical airflow. 
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Figure 14. Graphs of changes in pressure drop depending on air velocity for two blowing directions: horizontal (solid lines) and vertical (dashed lines) for the heat sink models studied. 
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Figure 15. The temperature fields of the heat sink model N27 for the case of horizontal airflow at a fixed air velocity of 4 m/s and varying heater temperatures T are as follows: (a) 323 K, (b) 333 K, (c) 343 K, and (d) 353 K. 
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Figure 16. The temperature fields of the heat sink model N27 for the case of horizontal airflow at a fixed heater temperature of 338 K and varying air velocities ν are as follows: (a) 1 m/s, (b) 3 m/s, (c) 5 m/s, and (d) 7 m/s. 
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Figure 17. The temperature distribution in several cross-sections of heat sink model N27 for the case of horizontal airflow at a fixed velocity of 1 m/s and different heater temperatures is as follows: (a) 323 K, (b) 333 K, (c) 343 K, and (d) 353 K. 
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Figure 18. Graphs of changes in the energy efficiency indicator depending on the air velocity for the heat sink models studied in the cases of horizontal (N27h, N39h, N43h) and vertical (N27v, N39v, N43v) blowing at the following heater temperature values: (a) 323 K; (b) 328 K; (c) 333 K; (d) 338 K; (e) 343 K; (f) 348 K; (g) 353 K. 
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Table 1. Characteristics of 3D models of fin-plate heat sink for three geometries: N27, N39, and N43.
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	Name
	Number of Fins
	Heat Sink Length, mm
	Fin Spacing, mm
	Surface Area, m2
	Volume of Metal, m3





	N27
	27
	100
	2.135
	0.3898
	1.252 × 10−4



	N39
	39
	69.9
	1.3
	0.3898
	1.165 × 10−4



	N43
	43
	69.4
	1.13
	0.4256
	1.252 × 10−4










 





Table 2. Mesh division check.






Table 2. Mesh division check.





	
Heat Sink

Model

	
Airflow Direction

	
Number of Mesh Elements

	
Heat Flow,

W

	
Heat Flow

Difference, %






	
N39

	
Horizontal

	
1.3 × 106

	
324.9135

	
-




	
2.2 × 106

	
331.0904

	
1.8656




	
4.5 × 106

	
346.1906

	
4.3617




	
7.1 × 106

	
350.8744

	
1.3351




	
Vertical

	
1.3 × 106

	
304.9077

	
-




	
2.3 × 106

	
309.4881

	
1.4800




	
4.5 × 106

	
311.3529

	
0.5989




	
6.9 × 106

	
308.8396

	
0.8138
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