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Abstract:



The design of a micro multi-channel heat sink to achieve the minimum thermal resistance is the purpose of this study. The numerical package is employed by using the genetic algorithm to process the heat dissipation optimization of the micro multi-channel heat sink (the genetic algorithm employs the numerical package). The variables of this optimal design include channel number, channel aspect ratio and the ratio of channel width to pitch, as well as considering the weight of this micro channel heat sink in the optimal design process. Therefore, this optimization is a multi-objective function design. The results show that the thermal resistance is decreased as 0.144 W/K, and the weight of this micro channel heat sink can be decreased, individually or simultaneously.
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1. Introduction


High power systems and high power density components are important and have been widely used in recent years. One of the highest pursuits in the system design process is heat removal. Many cooling components or systems have been proposed for the needs of heat dissipation, such as LHP (loop heat pipe), vapor chamber, metal coating, flow path design and porous heat removal. In addition, the cooling device is also miniaturized for much smaller electronic products.



Various kinds of cooling technology have been developed in recent decades, such as micro channel heat sink, heat pipe, impingement cooling and vapor chamber. Due to the development of the high power density device, the micro channel heat sink is one of the popular cooling methods among most kinds of electronic cooling systems. The micro channel heat sink was first proposed by Tuckerman and Pease [1], which brought a new perspective of electronic development and design. The studies of the channel shape and configuration are the most common types of previous research carried out. Kim and Mudawar compared the heat diffusion effects with different aspect ratios, spacings and Biot numbers under rectangular-, trapezoidal-, diamond- and triangular-shaped cross-sections [2]. The results show that the heat transfer performance can be improved by adjusting the cross-section of the channel. A previous study [3] used the inverse problem to optimize the geometric design of the micro channel heat sink. The optimal channel numbers and aspect ratio of the micro channel heat sink were presented. Wei and Joshi [4] found the optimal parameters of the stacked micro channel heat sink by genetic algorithms. The optimal number of layers for the micro channel heat sink under a constant pumping power of 0.01 W to achieve the maximum heat removal was shown [4]. The heat transfer characteristics of wavy channels have been studied [5,6]. The heat transfer performance of the wavy micro channel was better than the straight one with the same cross-section, but increasing the heat transfer efficiency with a wavy micro channel will also increase the pump power relatively.



In addition, [7] investigated the effects of channel configuration and fluid viscosity on flow distribution. More relevant research of heat transfer and fluid characteristics for working fluids in the micro channel heat sink has been investigated, such as the developing flow and thermal regime [8], convective heat transfer and pressure drop [9], subcooled flow boiling [10] and velocity measurement [11]. The micro channel heat sink with staggered pin fins was presented [12]. The best heat removal and lowest pressure drop were found under the sink pin fins conditions. The multi-parameter optimization of the micro channel heat sink was performed to present the best geometry of the heat sink [13]. Temperature sensors combined with the micro channel heat sink were integrated to be a controlled fluidic system to enhance the flexible heat removal [14]. The issue of radiation coupling with convective flow was considered to design the micro heat exchanger accurately [15].



The advantages of the micro channel heat sink were shown in the previous studies. Part of the studies focused on heat transfer performance under different geometries and working fluids. The optimization designs of the micro channel heat sink also focused on increasing the heat transfer performance with the geometry. In fact, the weight of electronics is important, especially in modern miniaturized electronics. Thus, the multi-objective optimization of system performance and weight of the micro channel heat sink are discussed in this paper. This paper improves the ability of heat dissipation and reduces the weight of the micro channel heat sink by combining the genetic algorithm with the finite element method individually and simultaneously.



Many previous optimal design research works have been published and proposed [16]. This research demonstrates how the application of numerical optimal simulation techniques can be used to search for an effective and robust optimization of an effective micro multi-channel heat sink. The optimal design of a heat sink to obtain minimal resistance is achieved in the present study. The numerical design is developed by combining a direct finite element solver with an optimal method in the genetic algorithm (GA). A finite element analysis model, COMSOL, is used as the subroutine to solve the heat and mass transfer profile associated with the variation in the geometry of the heat sink during an iterative optimal process [17].




2. Governing Equations


The optimal heat removal design of a micro multi-channel heat sink is performed in this study. This micro multi-channel heat sink was proposed by [3], and the optimization by using the inverse method was discussed. The schematic diagram of the model and symmetric unit of the micro multi-channel heat sink is shown in Figure 1 and Figure 2. The size of this micro multi-channel heat sink is [image: ]. The natural convection condition is applied on the top surface, and the uniform heat flux [image: ] is applied on the bottom surface. [image: ] includes the thickness of the top surface [image: ], the thickness of the bottom surface [image: ] and the height for the flow channel [image: ]. The width for each symmetric unit is [image: ], which includes the flow channel width [image: ] and the rib width [image: ].


Figure 1. Schematic diagram of the micro multi-channel heat sink.
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Figure 2. Symmetric unit of the micro multi-channel heat sink.
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The continuity equation and momentum equations in the [image: ], [image: ], [image: ] directions of the coolant are:
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where [image: ], [image: ] and [image: ] are the velocity component in the [image: ], [image: ] and [image: ] directions, [image: ] and [image: ] are the density and dynamic viscosity of the coolant and [image: ] is the coolant pressure.



The energy equation for the coolant is defined as:


[image: ]



(5)




where [image: ] is the coolant temperature, [image: ] is the specific heat of the coolant and [image: ] is the thermal conductivity of the coolant.



The energy equation for the solid region is defined as:


[image: ]



(6)




where [image: ] is the solid temperature and [image: ] is the thermal conductivity of the solid.



The boundary conditions are defined as below:



The inlet boundary and exit are assumed as inlet velocity and outlet pressure.


[image: ]











In addition, the interface between the fluid and wall is defined as:


[image: ]











The inlet velocity of the coolant will be changed with the different cross-sections under the fixed pumping power. The Reynolds number [image: ] and fanning friction [image: ] are dependent on the geometric parameters of the channel as follows:


[image: ]



(7)




where [image: ] is the average velocity over the cross-section of the channel and [image: ] is the hydraulic diameter.
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where [image: ] is the aspect ratio of the channel and [image: ] is the pressure drop across the channel.



The pumping power of the input coolant [image: ] is defined as:


[image: ]



(11)




where [image: ] is the total volumetric flow rate and [image: ] is the cross-sectional area of the channel.



In order to identify the heat dissipative ability of the micro channel heat sink, the thermal resistance [image: ] is presented and defined as:


[image: ]



(12)




where [image: ] is the bottom surface area of this heat sink.




3. Methods


The variables [image: ] are designed in this study to minimize the objective function. The variables of this optimization design include the channel number [image: ], channel aspect ratio [image: ] and the ratio of the channel width to pitch [image: ]. The objective function must be defined in terms of the thermal resistance and the weight of the heat sink, which can be designed to fulfill the design purpose. Different combinations of these coefficients represent different designs of the heat sink where optimization may be found.



In the present study, a single and a multi-objective function are defined as follows:


[image: ]



(13)







In this manner, as the objective function is approaching its minimum value in the optimization process, with the definition of [image: ], the heat dissipation reaches a maximum value under the minimum heat sink. This implies that the density of heat removal will be increased.



The minimization of the objective function is accomplished by using the GA method. The method searches the fitness of the objective function under the generation of genetic variations. The genetic algorithm is a powerful optimization technique based on natural selection by mimicking the concept of survival of the fittest. Here, the genetic algorithm uses four elements: the encoding structure of the individual, operators to affect individuals (mutation, crossover), a fitness criterion to determine the goodness of each individual (fit) and a selection function (selection). The flowchart of the genetic algorithm is shown in Figure 3.

	(1)

	
Generation of an initial population: The initial population is usually chosen randomly. These initial guesses are held as binary encoding of the true variable in which a binary representation is needed to describe each individual in the population of interest, although an increasing number of genetic algorithms use real valued encoding or encoding that has been chosen to mimic, in some manner, the natural data structure of the problems.




	(2)

	
Calculation of the fitness for each individual: A fitness function needs to be defined in order to evaluate each individual. Once this is done, a fitness value is assigned to each individual reflecting its quality.




	(3)

	
Selection and elitism: Selection is the method of choosing individuals from the population to be parents for the succeeding generation. Elitism is associated with the selection step that copies or preserves the best individual of each generation to prevent losing the best qualities.




	(4)

	
Crossover: In this work, single point crossover is used to generate children from two parents by combining the information extracted from parents. The crossover probability is taken as 0.6 by random selection.




	(5)

	
Mutation: The purpose of mutation is to provide new, random bits of information during the genetic search and to keep the genetic algorithm from converging too fast before sampling the entire cost surface. With each new generation the whole population is swept, with every bit position in every string visited, and occasionally, a 1 is flipped to a 0 or vice versa with a mutation probability of 0.01.








Figure 3. Flowchart of the genetic algorithm.
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The self-developed optimizer and the commercial COMSOL code are connected through an interface program COMSOL script. The changes of the undetermined coefficients suggested by the optimizer are sent to the direct problem solver to build the updated geometrical model and to generate the grid system for computation. Next, the direct problem solver is executed based on the updated information to yield the numerical predictions of the temperature fields and the objective function as well, which are further transferred back to the optimizer to calculate the consecutive searching directions.




4. Results


4.1. Comparison with the Inverse Method


The design of the micro multi-channel heat sink to achieve the minimum thermal resistance is the purpose of this study. The variables of this optimal design include the channel number, channel aspect ratio and the ratio of the channel width to pitch, as well as considering the weight of this micro channel heat sink in the optimal design process. The dimensions of micro multi-channel heat sink are length [image: ], width [image: ] and height [image: ]. The thickness of the bottom surface [image: ] is fixed as 100 [image: ], and the thickness of the top surface [image: ] is equal to or greater than 100 [image: ]. A uniform heat flux [image: ] is applied on the bottom surface. The pumping power [image: ] is considered as 0.05 [image: ]. The materials of the heat sink and coolant are assumed as silicon and water, shown in Table 1. The model of COMSOL is examined based on the optimal mesh test, as shown in Figure 4. The validation of this model is examined with [3]. The thermal resistance of this model is compared with the one of [3] and shown in Table 2. The difference is from 2% to 3.5% as the channel number is from 50 to 71. In addition, the thermal resistance is slightly greater than the one of [3]. This shows that the present model is reliable for discussing the capability of heat removal.


Figure 4. Mesh analysis of the model of the micro multi-channel.
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Table 1. Material properties of the coolant and heat sink.










	Propertities
	Coolant
	Solid





	Material
	Water
	silicon



	Thermal conductivity ([image: ])
	0.613
	148



	Viscosity ([image: ])
	0.000855
	



	Density [image: ]
	997
	2329



	Specific heat [image: ]
	4179
	








Table 2. The differences between the present model and that of [3].





	
Channel Number

	
50

	
63

	
67

	
71






	
[image: ]

	
Ref. [3]

	
0.142

	
0.138

	
0.138

	
0.144




	
Present

	
0.145

	
0.142

	
0.142

	
0.149




	
[image: ]

	
2%

	
3%

	
3%

	
3.5%











4.2. Sensitivity Analysis


Figure 5 shows the sensitivity analyses of the non-dimensional design variables for the micro channel heat sink.


Figure 5. Sensitivity analyses of the non-dimensional design variables for the micro channel heat sink.
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Here, the non-dimensional design variables are defined as:
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The range of sensitivity analysis is N: 50~100; [image: ]: 20%~80%; [image: ]: 140 [image: ]~560 [image: ].



The phenomena are led by the width of the channel, as shown in Figure 5. The thermal resistance decreases from 0.8 [image: ] to 0.2 [image: ] as the width increases from 20%[image: ] to 80%[image: ]. This illustrates the heat removal dominated by the mass flow rate. The optimal thermal resistance occurs on the width 50%[image: ] as the suitable velocity and mass flow rate are considered. Then, the thermal resistance decreases as the height of the channel increases. The channel number affects the thermal-fluid phenomena slightly among these parameters.



Furthermore, the plate thickness is considered with the fixed width at 50%[image: ]. The sensitivity analysis is shown in Figure 6. The initial thickness of the bottom plate and top plate is defined as 100 [image: ]. The height is varied from 730 [image: ] to 520 [image: ] as the range of [image: ] and [image: ] is 70 [image: ]. In Figure 4, the thermal resistance increases from 0.1550 [image: ] 0.1967 [image: ] as the channel number is from 50 to 100. The effects of [image: ] and [image: ] are similar from the results in Figure 6. The major effect is caused by the width. The optimal design will be discussed under the different multi-parameter conditions.


Figure 6. Sensitivity analyses of the non-dimensional design variables for the micro channel heat sink (initial [image: ]).
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4.3. Optimal Study


Case 1: The initial channel number is 56, and the aspect ratio ([image: ]) is 4.8, while ([image: ]) is 0.4. The temperature profile of the initial model is shown in Figure 7. The thermal resistance is 0.402 [image: ] as the minimum and maximum temperatures of the working fluid are 293 K and 333 K.


Figure 7. Temperature contour of the micro multi-channel heat sink in Case 1.
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The side constraints of these variables in the optimal design of Case 1 are shown as:


[image: ]



(19)







First, the heat dissipative ability of the micro channel heat sink is considered independently. Figure 8 shows the results of the micro channel heat sink with different channel numbers. There are several data that are close and that reach the minimum value. Table 3 shows the optimal results and the optimal design parameters of this case as the channel number is 60, 62, 70 and 74. To compare the results between the channel number is 60 and the initial case, the thermal resistance decreases 0.253 [image: ]–0.149 [image: ]. The maximum temperature of working fluid decreases from 333 K to 307.90 K. The temperature of this optimal model is shown in Figure 9. Comparing with Figure 7, the temperature decrease is apparent. The cross-sectional area of the channel of the initial design is smaller than the one of the optimal design. The parameters of [image: ] = 6.3 and [image: ] are different from the initial model ([image: ] 4.8 and [image: ] 0.4). From Figure 7 and Figure 9, the temperature of the working fluid increases to 320 K at the one third flow path, but the temperature is lower than 300 K in the optimal design.


Figure 8. Optimal results of micro channel heat sink with channel number from 60 to 80.
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Figure 9. The optimal result of the micro multi-channel heat sink in Case 1 with a channel number of 60.
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Table 3. Optimal results of the single objective function in Case 1.





	Results
	Result 1
	Result 2
	Result 3
	Result 4





	[image: ]
	0.149
	0.149
	0.150
	0.152



	Temperature (K)
	307.90
	307.88
	308.03
	308.22



	Channel number
	60
	62
	70
	74



	[image: ]
	106
	105
	99
	94



	[image: ]
	646
	667
	668
	635









In Case 1, the single objective optimal function is defined as the minimum thermal resistance. The weight of the heat sink is found in the range of 0.1~0.12 g, as shown in Figure 8. However, the weight can be minimized to 0.08 g as the optimal objective function is re-defined as the minimum weight. The results can be observed in Figure 10. The thermal resistance is obtained in the range of 0.165–0.17 [image: ]. In the microelectronics age, the system weight is relatively important. Figure 10 shows the thermal resistances with the minimum weight with different channel numbers. Comparing with Figure 8, the heat dissipative ability in Figure 8 is better than that in Figure 10, but all the weights in Figure 10 are much smaller. The relation between thermal resistance and weight shows that these two factors are necessary to consider in the multi-objective optimal design. Therefore, the optimal design and the minimization of thermal resistance and weight for the micro channel heat sink are to be processed simultaneously.


Figure 10. Variation of thermal resistance with the minimum weight of the micro channel heat sink.
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In Case 2, the parameter [image: ] is defined as a variable. The objective function is the minimum thermal resistance. The optimal results of different channel numbers (54, 55, 61, 63) are listed in Table 4. The maximum temperature of the working fluid is slightly lower than Case 1 with the same objective function. However, the thermal resistance in Case 2 under a channel number of 55 decreases almost 3.4% compared to Case 1. The parameter [image: ] of this case increases to 7.11, and the channel number is not higher for better performance.


Table 4. Optimal results of the single objective function in Case 2.





	
Results

	
Initial

	
Case 2




	
Result 1

	
Result 2

	
Result 3

	
Result 4






	
[image: ]

	
0.402

	
0.148

	
0.144

	
0.147

	
0.148




	
Temperature (K)

	
333.16

	
307.80

	
307.45

	
307.71

	
307.85




	
Channel number

	
56

	
54

	
55

	
61

	
63




	
[image: ] ([image: ])

	
71

	
111

	
107

	
103

	
100




	
[image: ] ([image: ])

	

	
188

	
84

	
131

	
131




	
[image: ] ([image: ])

	

	
69

	
53

	
85

	
85




	
[image: ]

	
4.8

	
5.78

	
7.11

	
6.62

	
6.84




	
[image: ]

	
0.4

	
0.60

	
0.59

	
0.63

	
0.63










Lastly, the multi-objective function is considered. The minimum thermal and weight are reached simultaneously. The optimal results of Case 1 with the single and multi-objective function are listed in Table 5. The channel number of the optimal Case 1 with the multi-objective function is 53 and 60, respectively. The highest temperature is 309.45 and 309.66 K. This is about 1.6 K higher than the results of the single objective function. Actually, the thermal resistance with the multi-objective function increases about 9% compared to the one with the single objective function, but the weight decreases by about 50%. This is an excellent design from the global product point of view.


Table 5. Optimal results of the single and multi-objective function in Case 1.





	
Results

	
Initial Design

	
Case 1




	
Single J

	
Multi-J






	
[image: ]

	
0.402

	
0.149

	
0.149

	
0.165

	
0.166




	
Temperature (K)

	
333.16

	
307.90

	
307.88

	
309.45

	
309.66




	
Channel number

	
56

	
60

	
62

	
53

	
60




	
[image: ] ([image: ])

	
71

	
106

	
105

	
143

	
132




	
[image: ] ([image: ])

	
342

	
646

	
667

	
680

	
647




	
[image: ]

	
4.8

	
6

	
6.3

	
4.7

	
4.9




	
[image: ]

	
0.4

	
0.63

	
0.65

	
0.77

	
0.79




	
[image: ]

	
0.178

	
0.113

	
0.108

	
0.088

	
0.089




	
[image: ](%)

	
1

	
63.48

	
60.67

	
49.44

	
50




	
[image: ] (%)

	
1

	
92.42

	
92.41

	
92.88

	
92.95










The optimal results of Case 2 with the single and multi-objective function are listed in Table 6. The channel number of the optimal Case 2 with the multi-objective function is 77 and 79, respectively. In Case 2, the different weighting ratios of [image: ] are for the cost consideration. The weighting ratio is assumed as one in Table 5. Here, we discuss the effects with the different weighting ratios (one and 1.5) in Table 6. The thermal resistance with the multi-objective function in Case 2 is lower than the one in Case 1, but the weight of heat sink is not. Throughout Table 6, the thermal resistance in Case 2 decreases about 5% compared with the one in Case 1, and the weight increases from 0.08 g to 0.177 g as the weighting ratio is one. As the weighting ratio is changed to 1.5, the weight of the heat sink can be decreased to 0.163 g.


Table 6. Optimal results of the single and multi-objective function in Case 2.





	
Results

	
Initial Design

	
Case

	
Case 2




	
Single J

	
Multi-J

([image: ] = 1:1)

	
Multi-J

([image: ] = 1:1.5)






	
[image: ]

	
0.402

	

	
0.144

	
0.147

	
0.156

	
0.161

	
0.156

	
0.160




	
Temperature (K)

	
333.16

	

	
307.45

	
307.71

	
308.60

	
309.09

	
308.63

	
309.01




	
Channel number

	
56

	

	
55

	
61

	
77

	
77

	
77

	
79




	
[image: ] ([image: ])

	
71

	

	
106

	
105

	
87

	
81

	
88

	
82




	
[image: ] ([image: ])

	
342

	
[image: ] ([image: ])

	
84

	
131

	
177

	
152

	
115

	
152




	
[image: ] ([image: ])

	
53

	
85

	
114

	
108

	
94

	
108




	
[image: ]

	
4.8

	

	
7.11

	
6.62

	
6.99

	
7.95

	
7.82

	
8.45




	
[image: ]

	
0.4

	

	
0.59

	
0.63

	
0.67

	
0.62

	
0.68

	
0.65




	
Weight [image: ]

	
0.178

	

	
0.276

	
0.243

	
0.177

	
0.180

	
0.163

	
0.160




	
[image: ] (%)

	
1

	

	
155.05

	
136.52

	
99.44

	
101.12

	
91.57

	
89.89




	
[image: ] (%)

	
1

	

	
92.28

	
92.36

	
92.63

	
92.78

	
92.64

	
92.75










For the purpose of heat sink application, there is better performance for weight reducing in Case 1 and for heat removal in Case 2.





5. Conclusions


The optimal design of the micro channel heat sink combing the finite element method with the genetic algorithm has been performed in this paper. The channel number, channel aspect ratio and the ratio of channel width to pitch were selected as the design variables. The design objectives include the minimization of the thermal resistance and weight of the micro channel heat sink, respectively and simultaneously. The related effects of design variables and thermal performance were investigated. For the purpose of heat sink application, there is better performance for weight reducing in the case with a fixed thickness of the bottom surface. However, excellent heat removal performance can be achieved when both sides of the surface are assumed as design variables. The optimal objective functions and design variables can be planned under the requirements of cost and performance flexibility and effectiveness.
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