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Abstract

:

Operating temperature is an important parameter of thyristors to ensure the stable operation of power electronic devices. Thermal management technology is of great significance for improving the reliability of thyristors. In this study, the performance of a phase change material (PCM) mesh-finned heat sink is investigated for the thermal management of thyristors. A multi-physical coupling model of the PCM mesh-finned heat sink is established to analyze the effects of different power losses, air velocities, heights of fins, and thickness of PCM on the thermal performance of the PCM heat sink. The influence of thermal and flow fields on PCM is considered in this model. Furthermore, the heat sink design is optimized to improve the thermal performance based on the calculation results of thermal network parameters. The results show that the power losses, the air velocity, the height of fins, and the thickness of PCM significantly affect the protection ability of the PCM heat sink. After optimizing the heat sink, the PCM heat sink provides 80 s protection time and 100 s recovery time. The PCM mesh-finned heat sink demonstrated good potential for the thermal management of thyristors.
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1. Introduction


The stability of the thyristor is the decisive element for the reliability of power electronic equipment, and the operating temperature is a key factor affecting the reliability of the thyristor. Under high power conditions, high current and internal resistance will generate a large quantity of power loss and heat, which is dissipated through the heat sink. High temperature and temperature impact will lead to failures of switching elements; Yeh indicates that 55% of the failures of electronic devices are caused by temperature [1]. Traditionally, liquid convection and forced air cooling methods are applied to the thermal management of power devices. However, traditional thermal management technology is difficult to solve the problem of temperature impact. Therefore, efficient thermal management technology is urgently needed for thyristors.



In recent years, phase change materials (PCMs) have shown great potential in thermal management because of their high latent heat and constant phase transition temperature. Building thermal management based on PCM improves the temperature distribution of the building and saves energy [2,3]. The heat recovery capability of PCM improves the efficiency of the heat pump system [4] and solar thermal applications [5,6,7,8]. Passive thermal management systems using PCM provides an effective solution for lithium battery overheating. Passive thermal management systems using PCM provides an effective solution for lithium battery overheating [9,10,11]. The PCM-based thermal management system provides efficient operating conditions for electronic equipment [12], improves cooling performance [13], and reduces energy consumption [14]. However, few scholars have studied the PCM thermal management system for thyristors. The thermal management using phase change materials (PCMs) shows high efficiency and simplicity compared with traditional liquid convection and forced air cooling methods. When the temperature reaches the melting point of PCM, PCM starts melting and absorbs a large quantity of heat [15]. Since the latent heat of PCM is released during the solidification process, the thermal management of PCM has great advantages for intermittent act devices [16]. However, the low thermal conductivity of PCMs leads to long phase transition time. The response time of most phase change material heat sink is 10–100 min, making it difficult to duel with short time temperature shocks. Besides this, the thermal management performance of PCM varied under different input power levels [17], and it is necessary to investigate the effects of the power levels in the PCM heat sinks design.



In recent years, the application of PCM heat sink for high-power devices has been extensively investigated [18,19,20]. Wang investigated the effect of copper fiber on the heat conduction enhancement of the heat sink [21]; it proved that the improvement of heat transfer by composite PCM is more evident under larger high-power. Shao proposed a power module using PCM enhanced with the metal framework to provide short circuit protection for Insulated Gate Bipolar Transistor(IGBT) [22]. It demonstrated that PCM absorbed a large amount of heat in a short time, preventing the junction temperature of IGBT from rising. However, the PCM heat sink is rarely used in real applications due to the low thermal conductivity. Due to the low thermal conductivity of the PCM, the heat in the PCM is unable to be released, leading to the failure of thermal management. Many scholars have studied the methods to improve the thermal conductivity of the PCM [23,24,25,26,27]. Most studies were focused on the effect of heat conduction enhancement, and it was found that nanoparticles can increase thermal conductivity [28,29,30,31]. However, nanoparticles also increase the viscosity of the PCM [32], which affects the time required for the PCM to complete the melting and solidification processes. Besides this, heat transfer enhancement of the PCM heat sinks can also be done by using fins as the thermal conductivity enhancer. Mahmoud investigated the performance of the PCM heat sink with different fins [33,34], and it was concluded that increasing the number of fins changes the heat distribution of PCM and improves the efficiency of the PCM heat sink. However, the flow of PCMs and the changes in thermal network parameters were not considered. Literature reviews in this field show that PCM heat sink has great application potential for the thermal management of thyristors. However, in order to ensure the reliability of thermal management, the PCM heat sink needs to be optimized to reduce its thermal response time and recovery time.



To provide efficient thermal management for thyristors, the performance thermal management system combining PCM with forced-air cooling is investigated in this paper. Mesh fin structure and high thermal conductivity liquid metal PCM are used in the thermal management system to reduce thermal response time and recovery time. By using the COMSOL finite element simulation software (COMSOL Inc., Stockholm, Sweden), a coupling model including the thermal and the flow field is established to study the effects of different input power levels, air velocities, heights of fins, and thicknesses of PCM on the performance of the PCM heat sink. Furthermore, the thermal network parameters calculated by MATLAB (MathWorks.Inc, Natick, MA, USA) are used to optimize the design of the heat sink.



This paper is organized as follows. Section 2 describes the simulated model and the thermal network model. Section 3 describes the control equation of the flow-thermal coupling model. Section 4 shows the influence of air velocity, the height of fins, the thickness of PCM, and the thermal network parameters with the PCM heat sink. Conclusions are drawn in Section 5.




2. The Simulation and Thermal Network Model


2.1. PCM Type Selection


A selection of PCM and the specific parameters are listed in Table 1. The latent heat of paraffin and lauric acid is greater than that of liquid metals, but their thermal conductivity is much lower than that of liquid metal. Low thermal conductivity of paraffin and lauric acid will increase the response time of the heat sink, which is unacceptable for the thyristor.



Customized liquid metal LM60-150 is a composite material with high thermal conductivity and high density. Its high density allows it to provide more latent heat in the same volume. According to the datasheet of ETT510N16P60 [35], when the temperature of the thyristor higher than 80 °C, the maximum allowable current will be reduced, which means PCM should provide temperature protection when the thyristor temperature reaches 80 °C. Therefore, LM80 was selected as PCM in this design.




2.2. The Simulated Geometric Model


The research object is a mesh-finned PCM heat sink with low melting point metal. The model is established by using COMSOL finite element simulation software. The model is shown in Figure 1. Figure 1a shows the specific structure of the heat sink. The model is divided into five areas: X-fin, Y-fin, PCM, substrate, and thyristor from the top to the bottom. Figure 1b shows the top view of the model. X fin and Y fin are arranged crosswise to form 81 PCM grids. Table 2 illustrates the specific parameters of the model.



In order to improve the computational efficiency of the model, the following assumptions are made:




	(1)

	
Since the density of metal changes slightly with the temperature, the density of solid and liquid PCM is regarded as constant. Only the equivalent density of the PCM with the changing temperature during the phase transition process is calculated.




	(2)

	
The thyristor is replaced by the copper block and the heat can be calculated using the following Equation:


  Q =    P  l o s s    V   



(1)




where Ploss is the power loss of thyristor; V is the volume of the copper block.




	(3)

	
Since the thermal-flow coupling simulation based on the 3D model is too complicated, the whole heat sink is replaced by a cell of the mesh-finned heat sink when the effect of the molten material flowing is taken into consideration.




	(4)

	
The switching loss of thyristor is ignored. Only the conduction loss of thyristor is calculated.









The tetrahedron cells are used as mesh for the simulation model. The refined mesh is applied for the smaller geometric dimensions, and the coarsening mesh is applied for the other regions with larger geometric dimensions to simplify calculations. The mesh grid number of the model ranges between 208, 246 and 270, 091, depending on the heights of fins and thicknesses of PCM. Each simulation was carried out in a transient mode, with a time step size of 0.5 s. In order to ensure the convergence of the simulation, the maximum number of iterations is set to 20 and the tolerance factor is set to 10−3.




2.3. The Equivalent Convection Heat Transfer Coefficient


In order to study the effects of air velocity on the heat sink, the calculation of the equivalent convection heat transfer coefficient is needed. The convection heat transfer coefficient can be calculated by the following Equation:


   d h  =   2 s · c   s + c    



(2)






  h =   N  u m  ·  λ  A I R      d h     



(3)




where dh is the hydraulic diameter of one channel; s is the width of the fin spacing; c is the height of the fin; Num is the average Nusselt number; λAIR is the thermal conductivity of air.




2.4. Thermal Network Parameters of the Heat Sink


The thermal network for one channel of the heat sink configuration is given in Figure 2.



The thermal network parameters can be calculated by Equations (4)–(14). Detailed discussions and mathematical proofs are shown in Ref. [36,37,38].


   R  t h , d   =   n · d   t · L · s ·  λ  H S      



(4)






   C  t h , d   =  1 n   A  H S   ·  ρ  H S   ·  C  H S    



(5)







Rth,d is the thermal resistance of the substrate, which describes the resistance of heat through the substrate; Cth,d is the thermal capacity of the substrate. D is the thickness of the substrate; t is the thickness of the fins; s is the width of the channel; L is the length of the channel; n is the number of channels; λHS is the thermal conductivity of heat sink (copper).


   R  t h , P C M 1   =    c  P C M     s · L ·  λ  P C M      



(6)






   R  t h , P C M 2   =  s   c  P C M   · L ·  λ  P C M      



(7)






   C  t h , P C M   = s ·  c  P C M   · L ·  ρ  P C M   ·  C  a p p    



(8)







A rectangular volume of PCM can be equivalent to a circuit composed of three thermal resistors (Rth,pcm, Rth,pcm2) amd a single thermal capacitor (Cth,PCM). Since the width of the channel is much smaller than the height of the fin, the thermal resistance between the PCM and the air is much greater than the thermal resistance between the fin and the air, and can be ignored. CPCM is the height of the channel filled with PCM; λPCM is the thermal conductivity of PCM; ρPCM is the density of the PCM. The Capp is the apparent heat capacity [39]. The Capp can be defined as:


   C  a p p   =  {       C p  ,     T ≤  T  m e l t          C p  +   Δ H   Δ T   ,      T  m e l t   < T <  T  m e l t   + Δ T        C p  ,     T >  T  m e l t   + Δ T        



(9)




where the Tmelt is the melting point of PCM; Cp is the heat capacity of PCM; ΔT is phase transition interval; ΔH is the change in enthalpy of PCM.


   R  t h , F I N − P C M   =    c  P C M     t · L ·  λ  H S      



(10)







Since the thermal conductivity of PCM is much smaller than that of metal, heat is more easily transferred from the substrate to the fins and then to the PCM and ambient. Rth,FIN−PCM is used to describe the thermal resistance of heat through this path.


   R  t h , F I N   =    c  P C M     t · L ·  λ  H S      



(11)






   C  t h , F I N   =  1 2  · t · L · s ·  ρ  H S   ·  C  H S    



(12)







Rth,FIN is the thermal resistance of the fin, which describes the resistance of heat through the fin. Cth,FIN is the thermal capacity of the fin.


   R  t h , A   =  1  h · L · c    



(13)






   R  t h , S  - a    =  1 n  (  R  t h , d   +  1 2  (  R  t h , F I N   +  R  t h , A   ) ) +   0.5    ρ  A I R   ·  c  p , A I R   · V    



(14)







Rth,A is the contact thermal resistance between the fin and air. Rth,S−a is the total thermal resistance of the heat sink. h is the convect heat transfer coefficient; ρAIR is the density of air; cp,AIR is the specific heat capacity of the air; V is volume flow.



The calculation flow chart of the ampacity is shown in Figure 3.





3. Control Equations


3.1. Control Equations


In the flow-thermal coupling model, the temperature of the heat sink is calculated using the thermal field governing Equation. The flow of the PCM is obtained by the stratospheric flow control Equation. The heat source used in the heat transfer control Equation comes from calculations of the power loss of thyristor.



(1) The control Equation of the solid heat transfer physics applied to the heat sink and thyristors is:


  ρ  C p    d T   d t   + ∇ · q = Q  



(15)






  q = − k ∇ T  



(16)




where ρ is the density of the material; Cp is the solid constant pressure heat capacity; q is the local flux density; k is the thermal conductivity; Q is the heat source in solid materials.



The control Equation of the fluid heat transfer physics applied to the liquid metal model is:


  ρ  C p    d T   d t   + ∇ · q + ρ  C p  u · ∇ T = Q  



(17)




where μ is the speed of the fluid.



The control Equation of the phase change physics applied to the PCM model is:


  ρ =  θ 1   ρ 1  +  θ 2   ρ 2   



(18)






   C p  =  1 ρ  (  θ 1   ρ 1   C p     , 1   +  θ 2   ρ 2   C p     , 2   ) +  L  1 → 2    ∂  ∂ T   (  1 2     θ 1   ρ 1  ·  θ 2   ρ 2    (  θ 1   ρ 1  +  θ 2   ρ 2  )   )  



(19)






  k =  θ 1   k 1  +  θ 2   k 2   



(20)






   θ 1  +  θ 2  = 1  



(21)




where θ1 and θ2 are the volume fraction of the solid phase and the liquid phase, respectively; ρ1 and ρ2 are the density of the solid phase and the liquid phase, respectively; Cp,1 and Cp,2 are the constant pressure heat capacity of the solid phase and the liquid phase, respectively; k1 and k2 are the thermal conductivity of the solid phase and the liquid phase, respectively; L1→2 is the latent heat of phase change.



(2) The control Equation of the laminar flow physics applied to the PCM is


  ρ   ∂ u   ∂ t   + ρ ( u · ∇ ) u = ∇ [ − ρ I + μ ( ∇ u +   ( ∇ u )  T  ) ] + F + ρ g  



(22)






  ρ ∇ ( u ) = 0  



(23)




where ρ is the density of PCM; u is a velocity vector of fluid; I is a unit matrix; μ is the power; T is the temperature of PCM; F is volume force; g is the gravitational acceleration.




3.2. The Power Loss of Thyristor


The power losses of the thyristor are divided into four parts: conduction loss, switching loss, leakage loss, and control loss. For standard rectification applications, the power loss caused by the forward current accounts for the largest proportion. In this study, the conduction loss is regarded as the total losses of the thyristor. The conduction loss can be calculated by the following Equation:


   P  l o s s   =  V  T O    I  T A V   +  r T   I  T A V     2   F 2   



(24)




where VTO is the threshold voltage; ITAV is the on-state average current; rT is the slope resistance; F is the conduction coefficient.




3.3. The Boundary Conditions and Grid Division of Simulation







	(1)

	
For solid and liquid heat transfer boundary conditions, the solid and liquid heat transfer physics are used in all fields. The air boundary is set at a constant temperature of 30 °C.




	(2)

	
Airflow heat transfer can be simplified by using the convective heat flux. The convective heat flux can be expressed as:


  q = h · (  T  e x t   − T )  



(25)




where q is heat flux; h is the heat transfer coefficient; Text is the external temperature; and, T is the temperature of the air.




	(3)

	
For fluid field boundary conditions, fluid field physics is used in the field of PCM. In this case, “open boundary” is connected to the boundary of the PCM. The assuming Equation can be expressed as:


  [ − p I + μ ( ∇ u +   ( ∇ u )  T  ) ] n = −  f 0  n  



(26)




where p is the pressure of the surface; n is a unit direction vector of the boundary; f0 is the normal stress.











4. Results and Discussion


4.1. Effects of Power Loss


In order to study the thermal performance of the heat sink under different power levels, different power losses were applied to the thyristor model. In this case, a 1600 V/510 A Thyristor-Modul, ETT510N16P60 (Infineon Technologies AG, Munich, Germany) from Infineon, was taken as an example. According to Equation (24) and the datasheet of ETT510N16P60, the power losses are 323 W, 468 W, and 657 W respectively, when the maximum forward average currents are 300 A, 400 A, and 515 A. Assuming that the velocity of air is 0.1 m/s, the thermal conductivity of copper is 400 W/mK. The effects of different power losses on the thyristor temperature and the temperature field distribution were studied under these conditions.



Figure 4 shows the temperature distribution of the PCM heat sink under three different maximum forward average currents at 400 s. The temperature distribution was improved by the mesh-finned structure. The center temperatures of the thyristor are 54.78 °C, 66.80 °C, and 80.92 °C, respectively. Figure 5 shows the temperature changes of the thyristor under three different maximum forward average currents. When the power loss is set to a low value, the heat sink does not provide temperature protection. At 300 A, the beneficial effect of the PCM is nearly absent, since the temperature of the thyristor is lower than the melting point. When the maximum forward average current is set to a high value, the temperature reaches the melting point of PCM. The PCM starts melting and the temperature rise of the thyristor decreases. At 400 A, the heat sink protects for 40 s. At 515 A, the heat sink protects for 20 s. With the increase of power loss of thyristor, the protection time provided by the heat sink reduces. Therefore, the effect of the PCM heat sink in constraining the thyristor temperature rise is proven.



The power loss significantly affects the temperature protection time of the heat sink. It should be noted that the PCM will not melt when the maximum forward average current is lower than 300 A. Hence, the power loss of thyristor should be taken into consideration in designing PCM heat sinks for thyristors. Besides this, the time of temperature protection should be much longer than the time of failure removing.




4.2. Effects of Air Velocity


It is assumed that the maximum forward average currents of the thyristor are 515 A and 0 A, and the initial temperatures of this model are 30 °C and 100 °C, respectively. The effects of air velocity on the PCM heat sink were studied. In this case, the air velocities are set to 0.1 m/s, 0.5 m/s, 1 m/s, and 3 m/s. According to Equations (2) and (3), the equivalent convective heat transfer coefficients are 5.03 W/mK, 14.3 W/mK, 22.6 W/mK, and 46.7 W/mK.



Figure 6a shows the time-temperature curves for four different air velocities under the full load of the thyristor. When the air velocities are set to 0.1 m/s, 0.5 m/s, and 1 m/s, the protection times provided by the PCM heat sink are 28 s, 85 s, and 120 s, respectively. As the air velocity increases, the time required for the PCM to melt increases gradually. The heat absorbed by the PCM is determined by the mass quality, latent heat, and the time of melting. Effective protection requires a short melting time. When the air velocity is 0.1 m/s, the heat sink has the best thermal performance during the melting process. It should be noted that, if the air velocity is 3 m/s, the temperature of the heat sink can not reach the melting point of the PCM and the protection of the heat sink will not work. The main reason is that the temperature of the thyristor is reduced by forced air convection and the temperature of the thyristor is too low to activate the melting of PCM. Therefore, high airflow is not conducive to the thermal management of the thyristor.



Figure 6b shows time-temperature curves for four different air velocities under no-load of the thyristor. When the fault of the circuit is eliminated, the temperature of the thyristor is reduced to the ambient temperature, and the latent heat of PCM is released for the next protection. It can be seen that as the air velocity increases, the recovery time of the PCM decreases. When the air velocities are set to 0.1 m/s, 0.5 m/s, and 1 m/s, the recovery times are 100 s, 56 s, and 48 s, respectively. The protection times provided by the PCM heat sink are increased by 204% and 329%, and the recovery time is reduced by 44% and 52%, respectively. When the air velocity is 3 m/s, the recovery time can be reduced to 20 s.



Under the condition of natural convection, the heat sink has the best performance of protection. However, the heat absorption capacity of PCM is difficult to restore. To take advantage of PCMs’ latent heat periodically, tradeoffs between the melting time and the recovery time of the PCM need to be made. It is necessary to optimize the velocity of air. When the thyristor works under the full load condition, a lower velocity of air should be selected to provide effective protection; when the thyristor is removed from the circuit, a higher velocity of air should be selected to restore the protection capability of the PCM.




4.3. Effects of the Height of Fins


It is assumed that the initial temperatures of this model are 30 °C and 100 °C when the thyristor working in full load and no-load conditions, respectively, and the air velocity is 0.1 m/s. This model takes a value every 100 mm from the height of fins 100 mm–300 mm to study the effect with different heights of fins on the thyristor temperature.



Figure 7a shows the time-temperature curves for different heights of fins under the condition of full load on the thyristor. It can be observed that the melting time of PCM is reduced, and the rising rate of the overall temperature is reduced. This is because more heat can be transferred into the air from the increased heat exchange area. As the height of the fin reaches 300 mm, the effect of PCM is hard to be seen from the curve due to the short melting time and low rate of temperature rise.



Figure 7b shows the time-temperature curves for different heights of fins under the no-load of the thyristor. As the height of the fin increases, thyristor temperature and the recovery time of PCM are reduced due to the increase in the heat transfer area.



The height of fins has a great influence on the temperature of the thyristor. With the increase of the height of fins, the heat exchange area of the heat sink increases, thereby the efficiency of heat transfer to the air is improved. However, while increasing the thermal performance of the system, it increases the volume of the heat sink as well. In addition, the cost of the heat sink is increased. Hence, when designing the mesh-finned heat sink, the height of the fins should be optimized to reduce the cost.




4.4. Effects of the Thickness of PCM


Assume that the air velocity is 0.1 m/s, the height of fins is 200 mm, and the thyristor is working in full load and no-load conditions, respectively. In this case, the thickness of PCM is set to 2 mm, 4 mm, 6 mm, and 8 mm. The effects of the thickness of PCM were studied under these conditions.



Figure 8a shows the time-temperature curves for different thicknesses of PCM under the condition of full load on the thyristor. We can notice that the melting time increased with the increase of the thickness of PCM. The reason is the increase in PCM quality thermal resistance. It should be noted that the melting times of 6 mm and 8 mm are similar. It helps to improve the thermal performance of the heat sink. Figure 8b shows time-temperature curves under the condition of no-load on the thyristor. It can be seen that the solidification time increased with the increase of the thickness of PCM. There is almost no change in the rate of temperature drop outside the phase transition process. This can be attributed to the fact that the increase in mass increases the total latent heat of the PCM.



The phase transition process is shown in Figure 9. The red area shows that the PCM is in the liquid state and the blue area shows that the PCM is in the solid phase. As shown in Figure 9a, when the heat is transferred from the substrate to the bottom PCM, the bottom PCM begins to melt. There is a melting boundary between liquid PCM and solid PCM. At 400 s (Figure 9b), the melting boundary gradually moves upward. However, due to the high thermal resistance of the PCM, the heat of thyristor is difficult to transfer to the PCM, which is farther from the substrate. Therefore, the PCM far away from the substrate is still in the solid phase. At 450 s (Figure 9c), the melted PCM appears adjacent to the fins, and the heat starts to transfer from fins to the solid area of PCM, bypassing the high resistance PCM. At 500 s (Figure 9d), most of the PCM is melted due to the enhanced thermal conductivity of the mesh fins. Mesh fins offset the high thermal resistance caused by the increased thickness of PCM. Therefore, the effect of mesh fins in enhancing thermal conductivity is proven.




4.5. Variation of Thermal Network Parameters


The thermal resistance and capacity are important parameters that determine the thermal performance of the system. These parameters of the thermal network can be used to optimize the design of the heat sink. It is assumed that the ambient temperature is 30 °C, and the number of metal grids is 81. The thermal network parameters are studied as the height of fins and air velocity changed.



According to Equations (4)–(14), as the air velocity changes, only two thermal network parameters are changed. Figure 10a shows the changes in thermal resistance between the fin of the heat sink and the channel of air. It can be seen that the thermal resistance Rth,A decreases as the air velocity increases. The change in the total thermal resistance of the heat sink is shown in Figure 10b. When the air velocity is lower than 1 m/s, the effect on thermal resistance is significant. However, if the air velocity is higher than 1m/s, the effect on Rth,A will be weakened. Therefore, in order to optimize the size of the heat sink and reduce the energy losses due to the forced air convection, the air velocity should be set below 1 m/s.



According to Equations (4)–(14), the variation of thermal network parameters with the height of fins are shown in Figure 11. Three parameters are changed. Figure 11a shows changes in thermal resistance between the fins of the heat sink and the channel of air with different height of fins. As the height of the fins increases, the thermal resistance decreases. As the area of the fins exposed to the air increases, heat is more easily transferred from the fins to the air. This is the main reason why PCM solidification gets intensified. Figure 11b shows changes in thermal resistance of fin. It can be seen that the thermal resistance of fin has a positive linear change, which is due to the linear increase of fin structure. As the height of the fins increases, the distance required for heat transfer from the substrate to the top of the fins increases. As a result, the fins conduction thermal resistance Rth, FIN is increased. The increased thermal resistance makes it difficult for heat to be transferred to the air, thereby increasing the temperature of the heat sink and intensifying the melting of the PCM, which explains the phenomenon in Figure 7a. Figure 11c shows changes in the total thermal resistance of the heat sink. Combining the changes of the thermal resistances Rth,A and Rth,FIN, the total thermal resistance of the heat sink decreases with the increase of height of fins gradually. When the height of the fins is higher than 200 mm, the effect of the PCM on thermal resistance gets weakened. Therefore, the height of the fins should be set below 200 mm to optimize the size of the PCM heat sink.



According to Equations (4)–(13), as the thickness of PCM changes, four thermal network parameters are changed. It is easy to know from Equation (8) and Equation (9) that Rth,FIN−PCM and Cth,PCM increase linearly with the increase of thickness of PCM. The changes of Rth,PCM1 and Rth,PCM2 are shown in Figure 12. In Figure 12a, it can be seen that Rth,PCM1 linear increase due to the high thermal resistance of PCM. Heat absorption will be hindered by the high thermal resistance of PCM. As the thickness of the PCM increases, the vertical distance between the PCM and the substrate increases. Therefore, the heat of thyristor is difficult to transfer from the PCM close to the substrate to the PCM far away from the substrate, which manifests as an increase in thermal resistance Rth,PCM1. Figure 12b shows changes in the thermal resistance between the fin and the PCM. It can be seen that Rth,PCM2 is inversely proportional to the thickness of PCM. As the thickness of the PCM increases, the contact area between the PCM and the fins increases, so that heat is more easily transferred from the fins to the PCM, which manifests as a decrease in thermal resistance Rth,PCM2. This is the main mechanism of the heat conduction enhancement of mesh fins. However, if the thickness of PCM is higher than 4 mm, the effect of mesh fins will be weakened.



When the air velocity is 1 m/s, the height of the fins is 200 mm, and the thickness of PCM is 4 mm, the protection time and recovery time are 80 s and 100 s, respectively. The thermal network parameters are listed in Table 3.





5. Conclusions


In this paper, a low-melting metal mesh-finned heat sink was investigated for the thermal management of thyristors. A heat transfer field and fluid field multi-physical coupling model was established to analyze the effects of different power losses, air velocities, heights of fins, and thickness of PCM on the thermal performance of PCM heat sink. Besides this, the thermal network parameters were calculated to optimize the thermal performance of the PCM heat sink. The following conclusions were obtained:




	
The result shows that the PCM heat sink provides temperature protection for high-power thyristors when the power loss is high (Ploss > 323 W in this study). Furthermore, the protection time decreases as the power increases.



	
The flowing air reduces the recovery time of the PCM. Meanwhile, the forced air convection prolongs the melting time required by PCM, which weakens the protective effect of the PCM heat sink. When the air velocities rise from 0.1 m/s to 0.5 m/s and 1 m/s, the protection times provided by the PCM heat sink is increased by 204% and 329%, and the recovery time is reduced by 44% and 52%, respectively.



	
As the height of the fins increases, the time required for PCM to solidify and melt decreases. When the height of the fin is higher than 200 mm, the effect of the PCM on the temperature of the thyristor gets weakened. Therefore, when designing a PCM heat sink, the height of the fins should not be higher than 200 mm.



	
Mesh fins provide a path of low thermal resistance to enhance the transfer of heat bypassing the high-resistance PCM. When the PCM thickness reaches 8 mm, the protection time provided by the heat sink is similar to that of 6 mm, but the recovery time is greatly extended. Therefore, setting the thickness of the PCM below 6 mm is a better choice.



	
Through the quantitative analysis of the thermal network, the design of the PCM heat sink is optimized to reduce the thermal response time and recovery time. After optimizing the designed PCM heat sink, the it provides 80 s protection time and 100 s recovery time for thermal management of thyristors.
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Figure 1. Schematic diagram of the PCM heat sink with mesh-finned structure (a) The structure of the model; (b) the top view of the model. 
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Figure 2. The thermal network showing the heat flow through one channel of the PCM heat sink. 
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Figure 3. The flow chart of calculated thermal network parameters. 
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Figure 4. The temperature distribution of PCM heat sink under three different maximum forward average currents at 400 s. (a) The temperature distribution of the PCM heat sink at 300 A; (b) The temperature distribution of the PCM heat sink at 400 A; (c) The temperature distribution of the PCM heat sink at 515 A. 
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Figure 5. The temperature changes of the center of the thyristor under three maximum forward average current. 
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Figure 6. The time-temperature curves for four air velocities. (a) The time-temperature curves under full load conditions; (b) The time-temperature curves under no-load conditions. 
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Figure 7. The time-temperature curves for three different fins. (a) The time-temperature curves under full load conditions; (b) The time-temperature curves under no-load conditions. 
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Figure 8. The time-temperature curves for four different thicknesses of PCM. (a) The time-temperature curves under full load conditions; (b) The time-temperature curves under no-load conditions. 
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Figure 9. Plan view of melt front with time for the thickness of 8mm. (a) 350 s; (b) 400 s; (c) 450 s; (d) 500 s. 
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Figure 10. The changes in thermal resistance with different air velocity. (a) Comparison of the Rth,A with different air velocity; (b) Comparison of the Rth,S−a with different air velocity. 
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Figure 11. The changes in thermal resistance with different height of fins. (a) Comparison of the Rth,A with different height of fins; (b) Comparison of the Rth,FIN with different height of fins; (c) Comparison of the Rth,S−a with different height of fins. 






Figure 11. The changes in thermal resistance with different height of fins. (a) Comparison of the Rth,A with different height of fins; (b) Comparison of the Rth,FIN with different height of fins; (c) Comparison of the Rth,S−a with different height of fins.



[image: Energies 13 04658 g011]







[image: Energies 13 04658 g012 550] 





Figure 12. The changes in thermal resistance with different thicknesses of PCM. (a) Comparison of the Rth,PCM1 with different thicknesses of PCM; (b) Comparison of the Rth,PCM2 with different thicknesses of PCM. 
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Table 1. The specific parameters of phase change material (PCM).
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	PCM
	Melting Temperature (°C)
	Latent Heat (kJ/kg)
	Density (kg/m3)
	Thermal Conductivity (W/m·k)





	Paraffin
	46–48
	173.4
	900
	0.12



	Lauric acid
	43.5–48.2
	187.21
	940
	0.16



	LM60
	60
	103.2
	6250
	26



	LM80
	80
	115.4
	6300
	31



	LM150
	150
	118.6
	6520
	30
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Table 2. The specific parameters of the heat sink.
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	Structure
	Long (mm)
	Wide (mm)
	High (mm)





	Y-fin
	150
	2
	200



	X-fin
	150
	2
	10



	Substrate
	150
	150
	2



	Thyristor
	150
	80
	52
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Table 3. The thermal network parameters of the heat sink.
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	Rth,A (K/W)
	Rth,FIN (K/W)
	Rth,d (K/W)
	Rth,S−a (K/W)
	Rth,FIN−PCM (K/W)



	0.0755
	1.6667
	0.0022
	0.2302
	0.0333



	Cth,d (J/K)
	Cth,FIN (J/K)
	Rth,PCM1 (K/W)
	Rth,PCM2 (K/W)
	Cth,PCM (J/K)



	18.144
	17.4720
	0.06150
	0.8024
	27.0400











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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