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Abstract: Double layer micro-channel heat sink (DLMCHS) has been widely used in various electronic devices; 

however, the existence of the nonuniform thermal strain distribution in actual operation has adverse effect on the 

overall stability. In this paper, two optimized designs of DLMCHS with cutting baffles on top and bottom layers 

are presented based on the traditional DLMCHS. The heat transfer and thermal stress performance are 

numerically analyzed and compared with the traditional DLMCHS. The results indicate that cutting baffles of 

micro-channels remarkably improves heat transfer and thermal stress performance. The optimized design with 

cutting baffles on the bottom layer decreases thermal strain but deteriorates heat transfer performance. The model 

with cutting baffles on the top layer has better combined thermal strain and heat transfer performance, which 

reduces thermal strain by about 1.5 times and enhances heat transfer by about 26.5%. For the design with cutting 

baffles on the top board, adding metal foam in the inlet collector can decrease the total minimum thermal strain 

by 51.4% and maximum temperature by 1.4 K, and increase the Nusselt number by 15%. These results indicate 

that DLMCHS with cutting baffles on the top layer has great potential for thermal managements on electronic 

devices with high power density. 

Keywords: double layer micro-channel heat sink, thermal strain, thermal performance, optimized design 

1. Introduction 

With the development of microelectronic technologies, 
the heat flux of electronic devices dramatically increases, 
which raises a new challenge for heat dissipation and 
becomes the main obstacle for further development. 
Electronic devices are very sensitive to operating 
environment; hence, it is imperative to develop effective 
cooling technologies for electronic devices. 

Traditional cooling methods focus on forced-air heat 
transfer and simple heat sinks, which cannot meet the 
demand of large heat dissipation in highly-integrated 
circuits. Fortunately, the micro-channel heat sink was 
first proposed by Tuckerman and Pease in 1981 [1]. 

Several rectangular channels are chemically etched on 
the backside of the silicon substrate on the integrated 
circuit chips, and micro-channels with coolant are formed 
by coupling cover boards. The heat generated is conducted 
to the heat sink through the bonding layers and then 
carried away by the coolant flowing in the micro- 
channels. Because of the high cooling efficiency, small 
size, and easy integration, micro-channel heat sink is one 
of the most effective forms and has been extensively 
applied in the thermal management of electronic devices 
[2-4]. However, further research found that traditional 
single layer micro-channel heat sink (SLMCHS) has the 
issue of nonuniform temperature distributions along the 
flow direction, and numerous types of micro-channel 
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Nomenclature 

A surface area γ shear strain/m·m−1 

B strain matrix ρ fluid density/kg·m−3 

D elastic matrix ν Poisson’s ratio 

E Young’s modulus α thermal expansion coefficient/K−1 

F total internal force/Pa Superscript 

R Nodal load matrix e matrix number 

h heat transfer coefficient T transposed matrix 

k thermal conductivity/W·m−1·K−1 Subscripts 

n grid number 0 initial value 

p Pressure/Pa f fluid 

T Temperature/K i,j specific calculating direction 

u flow velocity/m·s−1 p constant pressure 

U Displacement/m t thermal 

Greek symbols w wall 

σ thermal stress/Pa x, y, z coordinate direction 

ε thermal strain/m·m−1 xy, yz, xz coordinate direction plane 

τ shear stress/Pa   

 
heat sinks have been developed to overcome this issue, 
such as the double layer micro-channel heat sinks. 

Vafai and Zhu [5] first proposed a new concept of a 
two-layered micro-channel heat sink with a counter flow 
arrangement for cooling electronic components. Compared 
with the typical SLMCHS, the temperature difference 
between the fluids and channel wall in the downstream of 
bottom channels is increased and the overall cooling 
capacity is thereby enhanced. DLMCHS also has lower 
pressure drop and requires less pumping power than 
SLMCHS. DLMCHS is a substantial improvement over 
the traditional SLMCHS; however, there is still huge 
potential to optimize it, and many researches have been 
conducted to improve the performance of DLMCHS. The 
earlier studies focused on how single parameter affected 
total performance of DLMCHS individually and tried to 
optimize these parameters according to different responses. 
The studied parameters included channel shapes [6,7], 
channel aspect ratios [8,9], channel numbers [7-10], and 
top and bottom inlet velocity [10-14]. These studies 
presented variation trends and relative correlations of the 
pressure drop, maximum temperature, Nusselt number, 
thermal resistance, and flow friction factor. The results 
indicated that single section and structure parameter 
could significantly improve flow and thermal performance, 
but total performance was affected by multiple parameters, 
and it’s difficult to obtain the optimal results by the 
single parameter analysis. On the other hand, some 
researches began to use optimization algorithms to 
achieve the models with the best performance. The main 
optimization methods were the genetic algorithm [15,16], 
conjugate-gradient method [17-20], and direct search 

algorithm [21-24]. The corresponding parameters 
included the channel number, channel aspect ratio, rib 
thickness, rib width, and inlet velocity. All these studies 
obtained the relative improvement results and provided 
the basis of further optimization and efficiency increase. 
Global optimization with the multi-parameter algorithm 
has not been widely used, but new algorithm and 
important results could still be gotten [25]. Some 
scholars thought that optimized traditional straight 
channels limited performance, so they set up new kinds 
of double layer models from both surface and massive 
structures [26-34]. Wavy channels [26,27], trapezoidal 
channels [28,29] and other sophisticated surface channels 
[30-34] were intensively investigated. All these models 
have been proved to improve flow and thermal 
performance compared to traditional straight channels. In 
recent years, metal foam began to apply in DLMCHS 
[27,34,35], and the results indicate that adding metal 
foam in DLMCHS could reduce increase of pressure 
drop and has better thermal performance improvement. 

Besides improving heat transfer performance, some 
researchers found that thermal stress can strongly 
influence performance of MCHS in recent years and 
adversely affect normal operation of electronic devices. 
Therefore, many researches evaluated the relation 
between thermal stresses and the resulting thermal 
deformations, and some basic results were published 
[36-42]. Zhang et al. [36] presented a global–local 
method for predicting mechanical deformations and 
fatigue durability of solder joints in electronic packaging  
systems subject to cyclic thermal load. Huang and Zhang 
[37] explored two different approaches to address the 
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relation between residual stresses and the resultant elastic 
deformation. The analytical formulas for a bilayer 
cantilever were further verified by the numerical 
simulation of one specific case. An et al. [38-41] 
examined the accuracy of the general plane deformation 
(GPD) model. Mechanical behaviours of a flip-chip 
copper pillar package of full and partial chip models were 
compared to those of the general plane deformation 
model. Pan et al. [42] made a numerical simulation on 
the formation mechanism of the maximum thermal stress 
inside the thermoelectric device. Nevertheless, there are 
still no researches for specific DLMCHS. 

In summary, DLMCHS can effectively enhance heat 
dissipation and the heat transfer performance still has 
huge potential for improvement. However, few researches 
focus on the thermal strain and stress distribution in 
DLMCHS, and relative optimization is still a hot topic. 
Therefore, two kinds of optimized DLMCHS designs are 
proposed in this paper. The new designs are expected to 
decrease the overall and partial thermal strain, and further 
improve heat transfer performance. After comparing both 
thermal strain and heat transfer performance, the best 
design can be optimized further by partly adding metal 
foam. All the results can guide the further optimization of 
DLMCHS, especially for thermal strain. 

The innovations in this paper are the following: 
(1) Optimizing DLMCHS models by cutting baffles in 

micro-channels. 
(2) Applying thermal strain analysis in DLMCHS. 
The rest of this study is organized as follows. In 

Section 2, traditional and two optimized DLMCHS are 
established and corresponding boundary conditions are 
listed. In Section 3, the grid independence is checked, 
and the calculation node number is chosen. In Section 4, 
the specific analyses of heat transfer and thermal stress, 
and relative optimization results are presented. Finally, in 
Section 5, the main conclusions are summarized. 

2. Physical Model  

Current DLMCHS has problems of large thermal 
stress and huge temperature gradient. To improve its 
thermal performance, two kinds of optimized DLMCHS 
with cutting baffles are proposed based on the traditional 
DLMCHS. Numerical calculation will be carried on, and 
thermal strain and heat transfer performance will be 
analyzed. The physical models and relative boundary 
conditions are listed below. 

2.1 Physical model 

The traditional DLMCHS with inlet and outlet 
collectors are shown in Fig. 1 and named as Model A. 
Both the top and bottom layers have nine straight 
channels. Fluid enters the inlet collector from the inlet, 
then flows into channels, and after entering another layer, 

flows out from the outlet collector, as shown in Fig. 1(c). 
A heating chip is set at the bottom center of the heat sink. 
The material of the heat sink is copper, and pure water is 
the working fluid. Considering that channel baffles may 
seriously affect structure performance and increase 
thermal strain, two improved models were also designed, 
as shown in Fig. 2, based on Model A by cutting part of 
baffles of the top layer and bottom layer from the top side, 
which are named as Model B and C. Since overlarge 
cutting width may affect normal operation of DLMCHS, 
in this paper, the cutting width is set as a quarter of 
clapboard height, which is 0.5 mm. All three models have 
the same geometric dimensions and corresponding values 
are shown in Table 1. 

 

 
 

Fig. 1  Traditional DLMCHS (Model A) 
 

Table 1  Dimensions of different heat sink models 

Parameters Values 

Double layer model total dimension/mm 22×19×7 

Top channel dimension/mm 14×1×2 

Bottom channel dimension/mm 17×1×2 

Inlet/outlet collector/mm 2×17×2 

Middle baffle thickness/mm 1 

Substrate thickness/mm 1 

Heating chip/mm 1×1 

Cutting length of baffles/mm 0.5 
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Fig. 2  Optimizated models with different cutting baffles (Cross 
section view) 

2.2 Assumptions 

The thermal strain and heat transfer performance of 
the three models were obtained by numerical simulations. 
To make the physical models more reasonable and reduce 
computation under certain circumstances, some 
necessary assumptions are adopted as follows:  

(1) The flow condition is set as steady and laminar 
flow, and the fluid is incompressible, Newtonian, and 
viscous, which significantly improves computational 
efficiency; 

(2) No thermo-physical properties vary with 
temperature of both fluid and solid because the property 
difference is very small within the temperature range in 
these models; 

(3) No velocity-slip at the walls to simplify the 
physical models, so the velocity of total models is 
continuous. 

2.3 Governing equations 

According to the assumptions, the steady-state 
governing equations for mass, momentum, and energy 
conservations are adopted in our work. The equations are 
described as follows. 

Continuity equation for the fluid: 
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Momentum equation for the fluid: 
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Energy equation for the fluid: 
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Energy equation for the solid: 
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where ρ, μ and cp are the density, dynamic viscosity and 
specific heat of the fluid, respectively; kf and ks are the 
thermal conductivities of fluid and solid; u and p are the 
velocity and the pressure; the subscript i and j are the 
specific calculating direction. 

2.4 Thermal stress 

Because of the small geometric size and huge 
temperature gradient, there are a large deformation and 
thermal stress inside the micro-channels, which have 
negative effects on stability and even decrease heat 
transfer performance. Therefore, thermal stress 
performance was analyzed as well as heat transfer 
performance. In three-dimensional Cartesian coordinate 
systems, the equations of thermal stress and thermal 
strain can be expressed as: 
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where, σ is thermal stress; ε is thermal strain; E is 
Young’s modulus and ν is Poisson’s ratio. 

Consider that rising temperature causes expansion of 
metal and produces thermal strain: 

 0 0T T T     -          (5) 

where α is linear expansion coefficient. Thermal strain is 
the same in all directions for an isotropic three-dimension 
structure, so there is no shear stress. 

For each node, the matrix of loads caused by the 
temperature change can be written as: 

  T

t

e
R B D T dxdy                 (6) 

Make a summation of all the nodes, total matrix of 
temperature load can be obtained by: 

   
t t

1

ne e

e

R R


                 (7) 

According to the stiffness equation, thermal strain {q} 
can be solved by: 

 
t

k q R                      (8) 

Then thermal stress can be solved by substituting 
thermal strain in correlations. The nomenclature n 
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represents grid number; the superscript e and T represent 
matrix number and transposed matrix respectively; and 
the subscript t represents thermal effect. 

2.5 Boundary conditions 

In the present numerical study, some settings were 
adopted to the double layer micro-channel heat sink. A 
uniform velocity inlet and fully developed outlet were 
employed. According to the International Technology 
Roadmap for Semiconductor 2012 (ITRS2012), the 
constant heat flux of 106 W/m2 was adopted in the central 
area of the bottom wall to represent a chip with high 
power density and all other walls were treated as 
adiabatic. According to the measuring range of 
micropump of FASTAB, the inlet velocities of the 
working fluid with the temperature of 300 K were 
selected as 0.48, 0.72, 0.96, 1.2 and 1.44 m/s. It needs to 
be clarified that the bottom chip surface is set as fixed 
constraint and other boundaries are set as free. Table 2 
gives relative material properties of copper. 

 
Table 2  Material properties of copper models 

Parameters Value 

Thermal conductivity/ W·m−1·K−1 387.6 

Coefficient of thermal expansion/K−1 1.75×10−5 

Young’s modulus/Pa 1.91×1011 

Poisson’s ratio 0.326 

3. Grid Independence 

Traditional DLMCHS and two optimized designs were 
numerically calculated by given physical models and 
boundary conditions, and flow and thermal results were 
obtained. Before specific analysis, grid independence 
must be checked to ensure the correct results.  

Considering convergence speed and computing 
accuracy of Model A, several mesh systems from 
300,000 to 3,000,000 were selected to check for mesh 
independence. The variation curves and concrete 
difference data are shown in Fig. 3 and Table 3. The 
numerical calculation is a coupled thermal-flow-solid 
process, so pressure drop, Nusselt number and maximum 
thermals train are selected as objectives.  

The Nusselt number is defined as follows: 
hL

Nu
k

                  (9) 

where h can be evaluated from 

 
w

w f

q
h

A T T



            (10) 

qw is the heat flux; A is the heat transfer area; Tw and Tf 
are the average temperature of wall and fluid.  

Pressure drop is the difference between the inlet and 

outlet pressure.  
It can be seen that Nusselt number, pressure drop and 

maximum thermal strain increase as the grids number 
increases, but the increase is slowing down. Comparing 
the difference of the different adjacent grids number, the 
value decreases with the increase of the girds number. It’s 

 

 
 

Fig. 3  Grid independence 
 

Table 3  Pressure drop and Nu difference between different 
grid number 

Consecutive 
grid number 

300,000 
and 

600,000

600,000 
and 

900,000 

900,000 
and 

1,500,000 

1,500,000 
and 

3,000,000

Δp 0.585% 0.443% 0.337% 0.259% 

Nu 0.949% 0.748% 0.451% 0.262% 

Maximum 
thermal strain 

0.298% 0.221% 0.154% 0.102% 
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worth noting that the difference between 900,000 and 
1,500,000 are 0.337% 0.451% and 0.154%, while 
corresponding difference between 1,500,000 and 
3,000,000 are 0.259% 0.262% and 0.102%, which can be 
considered as small enough. To balance accuracy and 
calculating time, the computational grids number 
selected is 1,500,000. 

4. Results and Analysis 

To reduce thermal stress and improve performance of 
DLMCHS, flow and heat transfer results were obtained 
numerically based on previous geometric and physical 
models. Specific analysis was conducted from both the 
thermal strain and flow heat transfer direction. 

4.1 Thermal strain analysis 

The main purpose to develop the two optimized 
models is to reduce thermal strain and stress of the 
traditional DLMCHS. Therefore, thermal strain and 
stress performance were analyzed first. 

DLMCHS has close connection with other components 
in practical application, so total deformation is the 
foundation of thermal strain and stress analysis and has 
great influence on electronic devices. Fig. 4 presents the 
total deformation of the traditional DLMCHS from 
different views. 

 

 
 

Fig. 4  Total deformation distribution of Model A in different 
views 

 

The maximum deformation locates at four top corners, 
and the absolute maximum deformation is 4.7655×10-3 

mm, which is not large for the model dimensions. However, 
it can be seen from the side view that the deformation 
apparently exists and immediately increases vertically 
with slight deformation horizontally. Fig. 4 also indicates 
that thermal strain is the key factor for optimization. 

Fig. 5 gives the holistic thermal strain distributions of 
four models from the 3D view and bottom view. All three 
models have similar thermal strain distributions. Thermal 
strain distributes reasonably and uniformly for most areas, 
but the maximum value locates at the heat area of the 
bottom surface and the gradient of the central region is 
much stronger than that of other regions. In general, 
Models B and C reduce more thermal strain than Model 
A. The maximum and minimum values of different 
models are shown in Table 4. Compared to Model A, the 

strain of Model B is decreased by 1.7% of the total 
maximum value and 20.7% of the minimum value;  
Model C has lower thermal strain for most area, but 
much higher on the bottom surface, with 28.2% increase 
of the total maximum thermal strain, and 116% of the 
maximum gradient. These phenomena indicate that 
cutting baffles in bottom layers may seriously affect heat 
transfer characteristics, which will be discussed in the 
heat transfer section. 

 

 
 

Fig. 5  Thermal strain distributions of different DLMCHS 
 

Table 4  Maximum and minimum thermal strain for total areas 

 Model A Model B Model C 

Maximum/ 
10-4mm·mm−1 

4.8980 4.8158 6.2770 

Minimum/ 
10-4mm·mm−1 

2.7633 2.1911 1.6645 

 
According to the nonuniform distribution of the total 

thermal strain, the corresponding condition of some local 
regions was analyzed separately. The top board plays an 
important role to connect with other components in an 
electronic device, so it is necessary to compare the 
thermal strain distribution. Fig. 6 shows the thermal 
strain on top boards. 

The distributions change greatly in different models. 
The maximum thermal strain of Model A appears at the 
middle region, while maximum values of two optimized 
models make offsets and appear near the inlets. 
Corresponding maximum and minimum values and 
middle line curves are presented in Table 5 and Fig. 7. 
Both two optimized models significantly decrease 
thermal strain, and Model C has better performance. The 
maximum thermal strain of Models B and C decrease  
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Fig. 6  Thermal strain distribution on top boards 
 

Table 5  The maximum and minimum thermal strain on top 
boards 

 Model A Model B Model C

Maximum/10-4mm·mm−1 3.4289 2.7908 2.4803 

Minimum/10-4mm·mm−1 2.9613 2.2773 2.0091 

 

 
 

Fig. 7  Thermal strain of middle lines on top boards 
 

18.6% and 27.7% respectively, and the minimum thermal 
strain decrease 23.1% and 32.1% respectively. The 
results indicate that cutting baffles can effectively lower 
thermal strain on top boards. 

A middle baffle connects top and bottom layer baffles 
and maintains total stability of a heat sink, so it is also 
essential to study thermal strain conditions. Fig. 8 shows 
the thermal strain distributions on middle baffles. 

Thermal strain distributes similarly for Models A and 
B, where regions corresponding bottom heat areas have 
much higher strain than other regions. However, the 
maximum value appears at the two sides near the total 
baffles, and the minimum value happens near the outlet 

side for Model C. Relevant maximum and minimum values 
and middle line curves are presented in Table 6 and Fig. 9. 
For Model B, the thermal strain almost does not change 
on the middle baffle, while maximum and minimum 
values decrease 1.6% and 8.1% respectively. In contrast, 
for Model C, the thermal strain is significantly reduced, 
while corresponding values decrease 31.2% and 34.8%.  

In summary, thermal strain distributes uniformly on 
most parts for the traditional DLMCHS, but some parts 
encounter big thermal strain gradients. Cutting baffles on 
both the top and bottom layers can reduce thermal strain 
but cutting baffles on the top board has limited effect on 
reducing thermal strain on the middle baffle. Cutting 
baffles on the bottom layer have better thermal strain 
performance. This indicates that bottom layer baffles can 
be more effective on reducing thermal strain. An 
interesting phenomenon is the thermal strain of Model C 
is larger than that of others on bottom surfaces, but less 
than that of others on the other parts. This is because 
cutting bottom layer baffles change the heat transfer 
condition, which causes thermal strain focusing on the 
bottom half especially for the bottom heating area. Based 
on this situation, it is necessary to compare heat transfer 
performance and confirm whether two optimized models 
lower thermal strain performance by decreasing heat 
transfer performance. 

4.2 Heat transfer analysis 

Figs. 10-12 show the changes of pressure drop and 
Nusselt numbers under different inlet flow rates (QV), 
and the temperature distributions of bottom heating areas  

 

 
 

Fig. 8  Thermal strain distribution from bottom side on middle baffle 
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for all the models. As shown in Fig. 10, the pressure drop 
in both Models B and C is lower than in Model A, which 
reduces the cost of heat transfer. Comparing the Nu 
numbers, only Model B can enhance the heat transfer, 
and the Nusselt number of Model B is about 15% greater  
 
Table 6  The maximum and minimum thermal strain on 
middle baffles 

 Model A Model B Model C 

Maximum/ 
10-4mm·mm−1 

3.8432 3.7831 2.6436 

Minimum/ 
10-4mm·mm−1 

3.0651 2.8173 1.9979 

 

 
 

Fig. 9  Thermal strain of middle lines from bottom sides on 
middle baffles 

 

 
 

Fig. 10  Pressure drop of different DLMCHS 

 
 

Fig. 11  Average Nu numbers of different DLMCHS 

 
than that of Model A. The Nusselt number of Model C 
decreases by 11.2% compared to that of Model A. Also as 
shown in Fig. 12, the maximum temperature of the 
bottom heating area in Model C increases more than 4 K 
and the distribution is much more nonuniform. The main 
reason is cutting baffles of the bottom layer block the 
heat transfer from the bottom layer to the middle baffle, 
which obviously increases thermal resistance but 
decreases thermal strain on the top board and middle 
baffle. 

It must be considered that different structures not only 
affect pressure drop but also change heat transfer. 
Therefore thermal performance factor is adopted to 
comprehensively assess fluid flow and heat transfer 
capabilities of two optimized designs. The heat transfer 
efficiency (pf) under the same pumping power was 
evaluated according to the following definition:  

1

3

0 0

Nu p
pf

Nu p

   
        

          (11) 

where, Nu, △p and Nu0, △p0 represent the Nusselt number, 
pressure drop of the comparison model and standard 
model. Because Models B and C is optimized based on 
Model A, Model A is selected as the standard model. 
Thermal performance factors of the two optimized 
models under different flow rates are shown in Fig. 13.  

 
 

Fig. 12  Temperature distributions of bottom heating areas 
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Fig. 13  Thermal performance factors of two optimized 
designs 

 
From the figure, cutting baffles on the top board has the 
best heat transfer performance, but it gradually decreases 
with the increase of inlet velocity. On the contrary, 
cutting baffles on the bottom layer suffers low convection 
heat transfer and has the lower thermal performance, but 
it increases a little with the increase of inlet velocity. 

Combining thermal strain and heat transfer 
performance, cutting baffles on the bottom board 
decrease thermal strain by sacrificing heat transfer 
performance. Only cutting baffles on the top board can 
decrease thermal strain and enhance heat transfer at the 
same time, which is considered as the best model. 

4.3 Further optimization 

Though cutting baffles on top boards decrease thermal 
strain and increase heat transfer compared to the 
traditional DLMCHS, the thermal strain and heat transfer 
performance can be improved further. Metal foam with 
the features of light weight, high thermal conductivity, 
large specific surface area and strong fluid mixing 
capacity, has been widely used in MCHS over the past 
several years. Based on results of cutting baffles on the 
top layer, metal foam with porosity of 0.9 and pores 
density of 60PPI was filled in the inlet collector.  

 
Table 7  Maximum and minimum thermal strain of different 
parts 

  Values/10-4 mm·mm−1 

  
Model 

B 
Model B adding 

metal foam 

Total 
Maximum 4.8158 4.6905 

Minimum 2.1911 1.0639 

Top Board 
Maximum 2.7908 2.7132 

Minimum 2.2773 1.1728 

Middle 
Baffle 

Maximum 3.7831 3.6471 

Minimum 2.8173 2.1643 

 
 

Fig. 14  Thermal strain curves of middle line from top side 

 
The comparisons of thermal strain are presented in 

Table 7 and Fig. 14. Table 7 gives the maximum and 
minimum thermal strain of different parts between Model 
B and the model adding metal foam. It’s clear to see that 
adding metal foam decreases all the thermal strain. But 
the maximum values change slightly for all parts, which 
are 2.6%, 2.8% and 3.6% respectively, while the 
minimum values significantly decrease 51.4%, 48.5% 
and 23.2% respectively. Fig. 14 presents the thermal 
strain curves of middle lines on top boards and middle 
baffles. The variation trends are similar on both models, 
but adding metal foam obviously decreases more thermal 
strain on the outlet side than on the other sides. 

Fig. 15 presents pressure drop, maximum temperature, 
Nusselt number and performance factor at different flow 
rates. Adding metal foam dramatically increases the 
pressure drop, and the difference increases with the 
increase of the flow rate . On the other hand, the 
maximum temperature decreases about 1.4 K and Nusselt 
number increases about 15%. Compared pf based on 
Model A, adding metal foam just increases little pf than 
Model B, which means decreasing pressure drop is the 
key factor to use metal foam in DLMCHS. 
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Fig. 15  Heat transfer performance comparisons 

5. Conclusions 

Traditional DLMCSH and two optimized models are 
established in this paper and the characteristics of 
thermal strain and heat transfer were numerically studied. 
Main conclusions are provided as follows: 

(1) For the traditional DLMCHS, thermal strain 
distributes uniformly on most areas, but large gradients 
exist on local parts, especially on the top board and 
middle baffle. Cutting baffles of micro-channels can 

decrease thermal strain to some extent. The models of 
cutting the bottom layer baffles have the best thermal 
stress performance on the top board and middle baffle. 

(2) Cutting the top layer baffles of micro-channels can 
not only decrease the thermal strain of a heat sink but 
also enhance the heat transfer; however, cutting the 
bottom layer baffles can just decrease thermal strain, but 
not enhance heat transfer. The model of cutting top layer 
baffles is recommended for the thermal management of 
electronic devices with high power density. 

(3) Based on the DLMCHS with cutting baffles on the 
top layer, adding metal foam in the inlet collector can 
further lower thermal strain and improve heat transfer 
performance. 
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