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Abstract

This study performed a steady-state numerical analysis to understand the temperature in different heat sink configurations for LED applications. Seven heat sink configurations named R, H-6, H-8, H-10, C, C3, and C3E3 were considered. Parameters like input power, number of fins, heat sink configuration were varied, and their influence on LED temperature distribution, heat sink thermal resistance and thermal interface material temperature were studied. The results showed that the temperature distribution of the H-6 heat sink decreased by 46.30% compared with the Cheat sink for an input power of 16 W. The result of the H-6 heat sink shows that the heat sink thermal resistance was decreased by 73.91% compared with the Cheat sink at 16 W. The lowest interface material temperature of 54.11 °C was achieved by the H-6 heat sink when the input power was used 16 W. The H-6 heat sink exhibited better performance due to more surface area with several fins than other heat sinks.
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1 Introduction
High-power LED is a semiconductor used for lighting indoor, outdoor, streets and automotive systems. LEDs have several advantages compared to traditional lighting systems, such as being environmentally friendly, high luminous efficacy (136 lm/W) [1], low radiated heat and long life (30,000–50,000 hours) [2]. However, only 20% of the electrical energy supplied to the LED is converted into visible light. The remaining electrical energy is transformed into waste heat [3]. Relatively high heat energy is accumulated within the small volume of the LED module. The heat flux is near 100 W/cm2 for a small chip area [4]. This, in turn, reduces the LED’s working lifespan and illumination potential [5]. The maximum temperature at the junction of the LEDs should be below 125 °C. Suitable cooling techniques can be used to extend the life and improve the operating efficiency of the LED. Therefore, the effectiveness of thermal management is a critical requirement for an LED lighting system. Typically, passive and active cooling techniques are used for LED cooling [6]. Active cooling is more expensive than passive cooling.
Moreover, passive cooling does not have any external moving parts [7]. Many studies focused on the various patterns of passive heat sinks for effective heat dissipation [8–12]. Li and Byon [13] experimentally and numerically explored the performance of radial finned heat sink with rectangular fins, rounded base and concentric ring at three different orientations (0°, 90° and 180°) for downlight application. Concentric ring fins of the radial heat sink with 90° orientation showed an improved heat transfer rate compared to the 180° orientation heat sink. Feng et al. [14] studied the free convection heat transfer through cross fin heat sink and plate-fins in a horizontal orientation. They observed that convective heat transfer performance of cross fin heat sink improved up to 15%. He et al. [4] used the finite element method to evaluate the thermal performance of LED chips based on the cold spray method. They concluded that using the copper substrate LED chip with cold spray solder method was improved heat transfer rate compared to the aluminium substrate LED chip. Abdelmlek et al. [2] numerically investigated the junction temperature, light output and lift time of LED package. A comparison of both LED chips mounted on a single substrate and individual substrate. They observed that using separated substrates rather than continuous ones reduces junction temperature by 14.38 percent, improves light output by 11.82 percent, and increases LED lifetime by 105212 hours. Jeong et al. [15] numerically studied using a horizontal fin heat sink with an opening model for LED application. The present study studied the thermal performance of high power LED with different configuration heat sinks using finite element simulation software. For this purpose, seven different configurations of heat sinks (R, H-6, H-8, H-10, C, C-3 and C3E3) were considered. The system’s performance was evaluated with the temperature distribution, heat sink thermal resistance and thermal interface material temperature.
2 Numerical method
2.1 Heat sink geometry
Figure 1 shows the seven different configurations of the heat sink models considered for this study. The heat sink material is aluminium alloy 6063. The heat sinks are characterized by fin shape and the number of fins. Each heat sink was tagged as a heat sink without fin (R) (Fig. 1a) and a heat sink with a hexagonal fin having a pitch (pitch = latitudinal remoteness between the midpoint of a pin and adjacent fin). 6 mm (H-6) (Fig. 1b), 8 mm (H-8) (Fig. 1c), 10 mm (H-10) (Fig. 1d), radial heat sink without fin (C) (Fig. 1e), radial heat sink with three internal cavities (C-3) (Fig. 1f) and radial heat sink with three internal cavity and three external fins (C3E3) (Fig. 1g). The fins in H-6, H-8 and H-10 heat sink 49, 35 and 28, respectively, and the fin dimension is 2 × 20 (side length × height) used in the current study. In the case of the circular heat sink, the outer diameter, fin height, fin thickness, length of the external fin (from the outer surface), and inner diameter are 50 mm, 20 mm, 2 mm, 13 mm, and 42 mm respectively. In this study, four different input power was considered, i.e., 4 W, 8 W, 12 W and 16 W and corresponding internal heat generation is 11.19 × 106 W/m3, 22.38 × 106 W/m3, 33.57 × 106 W/m3 and 44.76×106 W/m3, respectively. Internal heat generation (heat source as LED module) occurred at the bottom surface of the heat sinks. SolidWorks version 2018 design software was used to design the heat sinks. Finite element simulation software ANSYS 17.2 was used to study the heat dissipation of heat sink fitted with LED module, and the maximum temperature value was identified.
	[image: thumbnail]	Fig. 1 Different heat sink configuration considered in this study (a) R (b) H-6 (c) H-8 (d) H-10 (e) C (f) C-3 and (g) C3E3 and heat sink dimension of (h) H-10 and (i) C3E3.



2.2 LED package
In the present study, the working area of the LED module is 19 × 19 mm2. The thermal interface material is placed between the LED module and the bottom surface of heat sinks to reduce the LED module’s thermal resistance (TIM), as shown in Figure 2. The thermal conductivity of the heat sink, TIM and LED module is 202 W/m °C, 1.9 W/m° C and 130 W/m°C, respectively. The LED module’s thickness and TIM are 990 μm and 50 μm, respectively.
	[image: thumbnail]	Fig. 2 Schematic representation of LED package with heat sink.



2.3 Assumptions and governing equations
In this study, the following assumptions were used to simulate steady-state conduction [2]:

	The steady-state conduction was relevant


	The materials of the model is homogeneous, isotropic, and temperature independent.




The governing equation is given in equation (1).
[image: equation](1)Where T is the temperature, Q is the heat flow from LED module and kx, ky and kz refer to the thermal conductivity of material on X, Y, and Z directions.
2.4 Boundary conditions

	Constant film coefficient convection is 13 W/m K was applied to heat sink ambient temperature is 30 °C [2].


	Power input (4 W, 8 W, 12 W and 16 W) to LED module as considered internal heat generation (W/m3). The volume of LED module is (1.9 × 10−2 × 1.9 × 10–-2 × 1.9 × 10−2) m3



2.5 Mesh convergence study
The three-dimensional thermal steady-state simulation was developed using ANSYS 17.2. The grid influence was also controlled by changing the element count from 540714 to 1081428, as shown in Figure 3. Because additional elements had no discernible effect on the temperature values, a fine mesh of 751611 elements was chosen.
	[image: thumbnail]	Fig. 3 Mesh convergence study.



2.6 Data reduction
To evaluate the LED case temperature, the temperature of interface material and heat sink thermal resistance, the following equations (2), (3) and (4) were used [16].
[image: equation](2)
[image: equation](3)
[image: equation](4)Where Tj, Tc, Rj-c, Pd, Rh, Tb, Ta and RTIM denotes the LED junction temperature (°C), LED case temperature (°C), thermal resistance at the junction (°C/W), dissipated power (W), thermal resistance associated with the heat sink (°C/W), the temperature of interface material (°C), ambient temperature (°C), and thermal interface The thermal resistance of the material used in this study was extracted from the datasheet provided by the supplier.
3 Results and discussions
3.1 Temperature distribution
In this study, the steady-state thermal characterization on high power LEDs of different heat sink configurations was carried out. The thermal characteristics of the LED, i.e., the temperature distribution of different types of heat sinks, is presented in Figure 4. The results are obtained for different power levels, i.e., 4 W, 8 W, 12 W, and 16 W. The maximum temperature observed in the H-6 heat sink was 80.8 °C at 16 W input power and 45.77% lower than the C heat sink. The H-6 heat sink was maintained at a lower temperature due to the more surface area and fins than other heat sink types. The maximum temperature of 55.59 °C, 42.70 °C, 44.66 °C, 45.88 °C, 59.70 °C, 54.30 °C and 51.64 °C was recorded for heat sinks R, H-6, H-8, H-10, C, C-3 and C3E3, respectively, at an input power of 4 W. The H-6 heat sink exhibits better thermal performance than the other types of heat sinks. Similar results were obtained when input powers were 8 W and 12 W, respectively. The temperature contours for different heat sinks at 16 W are shown in Figure 5. The result revealed that the temperature distribution of the H-6 heat sink was 80.8 °C at 16 W input power and 38.92% lower than that of the R heat sink. This significant cooling performance of the H-6 heat sink was due to more fins than the R heat sink. Figure 6 depicts the temperature distribution of the H-6 heat sink against four different input power. The maximum temperature accumulated in the centre of the LED module is observed in Figure 6. The maximum temperature was observed for the H-6 heat sink at 16 W, compared to 4 W, because of the high heat density. The result showed the temperature of the H-6 heat sink was 68.10 °C at 12 W input power which is 15.71% lower at 16 W input power. Therefore, it was concluded that the H-6 heat sink is the optimal design for high power LED lighting applications. The hot spots (maximum temperature in the LED module) were considered LED junction temperature (Tj).
	[image: thumbnail]	Fig. 4 Maximum temperature observed for different heat sink at varying power.



	[image: thumbnail]	Fig. 5 Temperature contours for different heat sink with cross section at 16 W (a) R, (b) H-6, (c) H-8, (d) H-10, (e) C, (f) C3 and (g) C3E3.



	[image: thumbnail]	Fig. 6 Temperature contours for H-6 heat sink with different input power.



3.2 Temperature distribution along the centre line of the heat sink
The temperature distribution along the centre line of the heat sink of the LED at 16 W, shown in Figure 7. The maximum temperatures at center of LED chip, were 132.3 °C, 80.8 °C, 88.6 °C, 93.3 °C, 149.0 °C, 123.2 °C and 116.6 °C for R heat sink, H-6 heat sink, H-8 heat sink, H-10 heat sink, C heat sink, C3 heat sink and C3E3 respectively, at 16 W input power. The H- 6 heat sink proved to be highly effective in keeping the chip temperature within the safe operating range, compare to other heat sinks. Because of its more surface area compare to other heat sinks.
	[image: thumbnail]	Fig. 7 Temperature distribution along the centre line of the heat sink.



3.3 Temperature of interface material
The interface material is vital in high power LED package. The reduction in the thermal resistance at the LED junction the lower operating temperature of the LED was recorded. The temperature of the interface material was calculated using equation (3). The lowest interface material temperature of 54.11 °C was achieved by the H-6 heat sink when the input power was used at 16 W, as shown in Figure 8. The results observed that the interface material temperature of the H-6 heat sink was reduced by about 9%, compared with the H-8 heat sink at 16 W. This is due to the reduction of the LED junction temperature and thermal resistance of heat sinks. Hence the H-6 heat sink can help improve the performance of high-power LEDs.
	[image: thumbnail]	Fig. 8 Interface material temperature at different input power.



3.4 Heat sink thermal resistance
The LED junction temperature was related to heat sink thermal resistance. The heat sink thermal resistance was calculated using equation (4). The influence of the number of fins on heat sink thermal resistance is illustrated in Figure 9. It can be observed that as the number of fins and surface areas increases, heat sink thermal resistance decreases. The heat sink thermal resistance is 5.89 °C/W, 1.84 °C/W, 2.46 °C/W, 2.78 °C/W, 7.13 °C/W, 5.47 °C/W, and 4.6 °C/W for R heat sink, H-6 heat sink, H-8 heat sink, H-10 heat sink, C heat sink, C3 heat sink, and C3E3 heat sink, respectively at 12W input power. Due to the LED’s increased cooling thermal performance, the lifetime of LED will also increase.
	[image: thumbnail]	Fig. 9 Heat sink thermal resistance.



4 Conclusion
A simulation study was performed to estimate the maximum LED junction temperature with different heat sink models under steady-state thermal conditions. Based on the heat sink with hexagonal shape pin fins, heat sink plate fins were designed using a design tool. The simulation results reveal that the maximum temperature in the H-6 heat sink was about 45.78% lower than that of the C heat sink at 16 W input power. Furthermore, At 16 W input power, the heat sinks thermal resistance of the H-6 heat sink reduced up to 73.91% compared with the C heat sink. The lowest interface material temperature of 54.11 °C was achieved by the H-6 heat sink when the input power was used 16 W. Increasing the number of heat sinks gives better thermal performance due to more surface area than without fin heat sink. The observed results encourage using more surface area-based heat sink suitable for high power LED thermal management.
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