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The objective is to optimize the configuration sizes and thermal performance of a
multi-layer silicon microchannel heat sink by the thermal resistance network
model. The effect of structural parameter on the thermal resistance is analyzed by
numercal simulation. Taking the thermal resistance as an objective function, a
non-linear and multi-constrained optimization model are proposed for the silicon
microchannel heat sink in electronic chips cooling. The sequential quadratic
programming method is used to do the optimization design of the configuration
sizes of the microchannel. For the heat sink with the size of 20 mm x 20 mm and
the power of 400 W, the optimized microchannel number, layer, height, and width
are 40, and 2, 2.2 mm, and 0.2 mm, respectively, and its corresponding total
thermal resistance for whole microchannel heat sink is 0.0424 K/W.
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Introduction

As the devices or systems become smaller, heat flux increases in general [1, 2]. An
effective cooling strategy for the micro-devices is required especially when the cooling target
is made from micro-fabrication processes with silicon substrates [3]. Therefore, heat
dissipation has become one of the key design challenges. An ever-increasing interest in
microchannel fluid mechanics and heat transfer has emerged because of possible cooling
applications [4-6]. The silicon based microchannel heat sinks combine the attributes of high
surface area per unit volume ratios, high material compatibility, and large potential heat
transfer performance. These advantages make these silicon-based microchannel heat sinks
extremely attractive for applications in electronic cooling. The functional designs of
microchannels fabricated as an integral part of silicon wafers require that the fluid flow and
heat transfer characteristics in these microchannels be known and understood.

When the heat flux of micro-electronic devices exceeds 100 W/cm?, air cooling
method is unlikely to meet the cooling needs [7]. The microchannel heat sink is a good choice
for cooling of the high-power electronic device with a small volume. Single layer
microchannels embedded in silicon wafer were first shown to be effective cooling solutions
by Tuckerman and Pease [8] in which a maximum of 790 W/cm?® was rejected. Although such
micro heat sinks are seldom used for current electronic products, the microchannel structure

* Corresponding author; e-mail: xusl1607@gmail.com


mailto:xusl1607@gmail.com%20(c

Xu, S., et al.: Optimization of the Thermal Performance of Multi-Layer ...
2002 THERMAL SCIENCE, Year 2016, Vol. 20, No. 6, pp. 2001-2013

and configuration size can significantly affect the thermal performance of heat sink. The
optimization of microchannel heat sink can enhance its heat transfer performance. Vafai and
Zhu [9] showed a two-layered microchannel heat sink with counter-current flow arrangement.
The purpose of this microchannel structure design was to reduce the temperature gradient
along the axial direction. The effectiveness of the concept was examined numerically using a
finite element method and an optimization of the design parameters was also performed. Shao
et al. [10] used sequential quadratic programming (SQP) method to optimize the shape and
dimensions of the microchannel, and the effect of the dimensions of the microchannel cross
section on the heat transfer performance is analyzed. An optimization study reported by
Knight et al. [11] showed that the thermal resistance for Tuckerman and Pease [12] could be
reduced by 35% by the configuration optimization, if turbulent flow is allowed. However, the
required pumping power is almost five times higher.

Lorenzini and Moretti [13] optimized the geometry and flow condition of heat
exchanger by a CFD code approach based on Bejan's [14] constructal theory. Sanaye and
Modarrespoor [15] took the effectiveness and total cost as two objective functions which
related to six design parameters (pipe diameter, pipe length, numbers of pipes per row,
number of rows, fin pitch, and fin length ratio) to optimize a heat pipe heat exchanger using
multiobjective optimization technique.

Thermal resistance network model is an effective analysis method for thermal
resistance. Wei and Joshi [16, 17] evaluated the thermal performance of stacked high-aspect
ratio microchannel heat sinks using a thermal resistance network model. The solution
procedure was iterative automatically. Optimization work was performed for optimum
channel aspect ratios, number of layers, conductivities, pumping power per unit area, and
channel length. Skandakumaran ef al. [18] analyzed the thermal resistance of single and
multi-layer microchannel heat sinks via the thermal resistance network model. A single layer
counter flow and a double layer counter flow microchannel heat sink with rectangular
channels by employing the thermal resistance network was modeled by Chong et al. [19]. The
prediction accuracy was verified by comparing the obtained results with those from the more
comprehensive 3-D CFD conjugate heat transfer model and good agreement as obtained.
Design optimization of micro heat sink for concentrating photovoltaic/thermal (CPVT)
systems using a genetic algorithm was investigated by Karathanassis et al. [20]. Hu and Xu
[21] adopted an optimization scheme based on the SQP method to optimize a single layer
microchannel heat sink. The optimized microchannel heat sink was simulated by CFD
method, and its total thermal resistance was compared with that from thermal resistance
network model.

The heat transfer performance of silicon microchannel heat sink is affected by the
flow state of liquid in microchannel, besides the structure and dimensions. Pressure drop is
related with the configuration of microchannel cooling heat sink. Although they are reported
in previous literatures, there is less study on the optimization of microchannel heat sink made
from silicon by SQP method. In this study thermal resistance and pressure drop are taken as
the goal function and one of multi-constraints, respectively, while the structure parameters of
microchannel heat sink are independent variables. We adopt an optimization scheme based on
the SQP method to optimize the single and multi-layer silicon microchannel heat sinks. Then
the optimized microchannel heat sink is simulated by FLUENT 13.0 and the total thermal
resistance of it is calculated and compared with that from the SQP method.
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Optimization method

Physical model and computational zone

The microchannel cooling heat sink comprising of an adiabatic cover plate and a sil-
icon substrate with many microchannels fabricated on the other side, as shown in fig. 1(a),
which is used to cool an electronic chip with the size of L x W =20 mm % 20 mm. The power
is 400 W applied to the bot-

tom of the heat sink, so the -— W 3
corresponding heat flux is v B
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id is deionized water. In the Pyrex %
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fig. 1(a), b is the width of T
microchannel, a is the depth
of microchannel, ¢ is the
width of fin, and ¢ is the
thickness of substrate. For
the symmetry of the structure
of model and load, the com-
putational zone is half of microchannel and fin. The schematic diagram of computational zone
cross-section is shown in fig. 1(b).

Single-phase laminar flow through each microchannel with a steady velocity is
considered. The physical properties of water and silicon are constant and defined. The
density, specific heat, and thermal conductivity of silicon are 2328.3 kg/m®, 700 J/kgK, and
148 W/mK, respectively. We assume that these parameters are unchanged in this study.
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Figure 1. (a) Schematic diagram of microchannel cooling heat sink,
(b) schematic diagram of computational zone cross-section

Thermal resistance network

A 1-D thermal resistance network is used to model the single, and multi-layer heat
sinks. Although the approach is approximate, results can still be obtained without the need for
complex simulation tools.

The thermal resistance network for the single-layer

with a constant temperature boundary condition on the

. . Ryall
bottom surface is shown in fig. 2. : Reia
The base thickness resistance, Rypase, 1S defined as the
conduction resistance from the bottom surface to the base of g N
. . wall base, conv
the solid-fluid interface:
t
(1) Rbase

Rbase:
k. (C+b)L
2 2

where £ [Wmﬁlel] is the thermal conductivity of material
silicon.

7-heat

Figure 2. Thermal resistance
network for single-layer heat
sink

The conduction resistance through the side wall, Ry, is defined:
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R 2 ©)

Assuming an isothermal condition at the base of the fluid, the convection resistance
from the base temperature to the fluid outlet temperature node is [22]:

2

Rbase,conv = L
ﬁwp {l—exp [— H
mcp

where A [Wmfszl] is the heat transfer coefficient.
The convection resistance from the solid sidewall temperature to the fluid outlet
node is [22]:

)

2
Rwall,conv = (4)
. | halL
mec, | 1—exp| - c,
2

The advection resistance from the fluid outlet temperature to the fluid inlet tempe-
rature is:

1
Ryia =~ ®)
mcp

where m [kgsﬁl] is mass flow rate, and c, [Jkgflel] — the specific heat of water.
The total thermal resistance of the liquid flow of microchannel, Rguqg, can be
expressed:

Rﬂuid'
= 6
fluid 2 Nn ( )
where N is the channel number per layer, and n — the layer number.
The heat transfer coefficient from the heat sink to the water is calculated:

Nu &
h=—u=t
Dh

(N

where D), [m] is the hydraulic diameter of cross-section, D, = 2ab/(a + b), kr [Wm 'K'] - the
thermal conductivity of the liquid, and Nu — the average Nusselt number caculated [23]:

15
Nu=2.253+8.164(ij ,  for Re<1000 (8)
l+a
where Re is the Reynolds number:
Vave D
Re = pf ave™h (9)

Y7,
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where py [kgm ] is the density of liquid, vaye [ms '] — the mean velocity of liquid, and x [Pa-s]
— the dynamic viscosity.

It should be noted that the Reynolds number in the optimization process is always
lower than 1000 for the reason that the inlet velocity is fixed at 1 m/s and the hydraulic
diameter is far smaller than 1 m. Thus, eq. (8) is suitable for this study.

An 1-D thermal resistance network is studied by Lei et al. [22] to analyze multi-layered
microchannel heat sinks. We also use simulation methods to analyze the thermal resistance of
multi-layer silicon microchannel network. The equivalent resistance, R;, for the single-layer case
is shown in fig. 2, is solved below using a combination of series and parallel resistances:

_ Rbasc + ( Rbasc,conv ” {Rwall + [Rwall,conv ” (Rbasc,conv + Rwall)]})

10
| N (10)
where the parallel symbol “||” is defined:
X
Xl y=—> (1n)
X+y

The resistance network for the single-layer structure is repeated or stacked to
obtain the resistance network for the multi-layer structure, fig. 3. The equivalent resistance,
R,, for the multi-layer one shown in fig. 3, is solved using a combination of series and
parallel resistances:

Rbase + |:Rbase,conv ” ( Rwall + {Rwall,conv H [Rwall + (Rn—l ” Rbase,conv )]} ):|
R, = o (12)

Rbase,conv

Ruigr

Rbase,conv

Rbase%

Theat

Figure 3. Thermal resistance network » layer heat sink

The total thermal resistance of whole microchannel heat sink R, ota1 1S the sum of the
thermal resistance of the solid parts and liquid parts, which can be expressed:
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R =R, + Ry (13)

n,total

Besides thermal resistance, the pressure drop affects the heat transfer performance of
microchannel heat sink [24]:

L
AP=2fpVae 1 (14)
h

Where f'is the friction factor for rectangular channels and suggested by Biber and
Belady [25]. It is shown in eq. (15):
0.674 3.44
244+ —————

3.44 P
+ G(a)
Jxt 140.000029vx"

A Re 5)
where x" is the non-dimensional hydraulic length:
xt = L (16)
D, Re
and G(a) is defined as:
G(a)=1-1.3553a +1.9467a% —1.7012a° + 0.9564a* — 0.2537a° (17)
The thermal resistance per unit area, R", is defined as:
R=tstn (18)
49
A

where T, [K] is the maximum surface temperature in the heat sink, 7;, [K] — the inlet water
temperature, g [W] — the heated power, and 4 [mz] — the heated surface area of heat sink.
The pumping power to drive the working fluid through the channels is calculated by:

P=0AP (19)

where O [mlminﬁl] is the volumetric flow rate.

Optimization design and results

The base idea to solve the optimization problem is to construct a merit function and
several constraints. Then the computing program is used to solve the merit function with the
goal attainment programming. The problem formulation allows the objectives to be under- or
over-achieved, which is slightly imprecise relative to the initial design goals.

The number of microchannel, N, the width of microchannel, b, and fin, ¢, the height
of microchannel, a, substrate thickness, ¢, and the number of layers, n, are selected as design
variables. They are expressed as xj, x», X3, X4, Xs, and xg, respectively, and written in vector
X = [x1, X2, X3, X4, X5, X¢]. The eqs. (11) and (12) are goal function and one of multi-constraints,
and can be written as a function of X, f;(x), and f,(x). The width of microchannel heat sink is
constraint and the boundary of variables is defined. The optimization problem is:
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find X
min F(x)

S.t.

f2(%)

5<x

1< xg

2107
2107 <x; <4107
2107
2107 <x, <5107

=min f(x)

X%, +x%3—0.02=0
X4Xg + (xg +1)x5 —0.005=0

<5000
<100
<x, <4107

<x, <5107

<10

(19)

The goal attainment SQP method is used to optimize the previous problem. It is an
iterative method which solves a quadratic programming (QP) problem at each major iteration.
An approximation is from the Hessian matrix of the Lagrangian function by a quasi-Newton
updating method. A QP sub-problem whose solution is used to form a search direction for a
line search procedure is generated. Then the optimized results of configuration sizes of
microchannel cooling heat sink listed in tab. 1 are obtained. While the inlet velocity is 1 m/s,
the total and component thermal resistances are shown in tab. 2. Besides, the pressure drop of
liquid in microchannel is 4.775 kPa.

Table 1. Structural parameters of optimal microchannel cooling heat sink

N b [mm] ¢ [mm)] a [mm] t [mm] n
40 0.2 0.3 2.2 0.2 2
Table 2. Optimization results of total and component thermal resistance
RZ.total [KW?I] Rbase [Kwil] Rwall [KW?I] Rbase.conv [Kwil] Rwall.conv [Kwil] Rﬂuid’ [KW?I]
0.0424 0.2703 2.4775 16.5681 0.7531 1.0878

In the case of other conditions unchanged, the length of the whole microchannel, L,
is increased to 40 mm, 60 mm, and 80 mm, respectively. The results of unit thermal resistance
and component thermal resistance are shown in tab. 3.

Table 3. Results of unit thermal resistance and component thermal resistance

L[mm] | R"[KW'em™] | Ry [KW '] | Ryt KW' | Rigscecon KW '] | Ryaticony [KW']
40 0.1968 0.1351 1.2387 8.2841 0.3766
60 0.2244 0.0901 0.8258 5.5227 0.2510
80 0.2512 0.0676 0.6194 4.1420 0.1883
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Numerical simulation and discussion

The numerical simulation is used to verify the results by SQP method. The cooling
performance of optimized microchannel heat sink is compared with it before optimization.
The non-opitimized heat sink with the same surface area of microchannels is also studied by
CFD simulation. It includes ten microchannels with the width and height of 1 mm and
1.76 mm, respectively. Other configuration and sizes are the same as the optimal heat sink.
The commercial software FLUENT 13.0 is used in this study, which is based on finite volume
method. The inlet velocity and density of deionized water are 1 m/s and 998.2 kg/m’,
respectively. The specific heat and thermal conductivity of deionized water are, respectively,
4186 J/kgK and 0.613 W/mK. The Reynolds number is approximately 365, which is less than
1400. Thus, the flow in the channel is laminar.

The temperature distribution of microchannel heat sink are shown in figs. 4(a) and
(b). The highest temperature of heat sink before optimization is 357.9 K, while the highest
temperature of optimal microchannel heat sink is 326.7 K. Although they have the same
surface area to diffuse the excessive heat of electronic chips, the structural distinction leads
to their temperature difference as high as 31.2 K. The total thermal resistance R otal 1S
0.053 K/W, which shows that the results of numerical simulation agree with the analysis
results.

Temperature Temperature
Contour 2 Contour 2
3.579e-002 "
g.ggge-ggg 325222-88%
.509e- L -
34795:005 | 37885003
gzgge—ggg S 3.176e-002
.404e- "
e e
.334e- "
35808.003 3 084003
3.264e-002 3.062e-002
3.229e-002 3.039e-002
(a) K] (b) K]

Figure 4. (a) Temperature distribution of microchannel heat sink before optimization (b) temperature
distribution of optimal microchannel heat sink (for color image see jounal web site)

Analytical and numerical results of the unit thermal resistance for the different
channel length are shown in fig. 5. The unit thermal resistances increase with the increase of
channel length. Thus, a shorter channel will

& —=— Numerical lead to a smaller thermal resistance. It may be
fo2ey ™ Analiytical due to the extension of the fluid retention
'g 0.24] period in the longer channel under the
= 2] condition of invariable velocity. When the
’ overall length of the channel is 20 mm, the
0.20+ unit thermal resistance of the whole
0184 microchannel heat sink R” is 0.153 K/W/cm?,
which shows that the result of numerical

0191 simulation agrees with the analysis result
20 30 40 50 60 70 80 (0.1696 K/W/cm?). The relative error between

Overall length [mm] them is only 9.787%, which is less than 10%

of the maximum error ranges. Therefore, the

Figure 5. Effect of channel length on unit thermal .
£ £ results show that short channels instead of

resistance: analytical and numerical
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long channels should be used. If the surface to be cooled is relatively large, several
microchannel cooling heat sinks with short channels should be integrated instead of single
microchannel cooling heat sink with long channels.

Figure 6 demonstrates the Nusselt

number as a function of Reynolds number

that is associated with the inlet velocity for Nu1-5°' o
the optimal microchannel heat sink. The 1 48 _

inlet velocity is from 1 m/s to 3 m/s while

the structural parameter of heat sink is not 1.46- /

changed. The heat transfer performance of

heat sink is enhanced with the increasing 1441

inlet velocity. This means that a high 1.421

Reynolds number will improve the cooling .

performance of microchannel heat sinks, 1-4%00 P T s T
although it leads to the unnecessary Re
gzg:el? of pressure drop and pumping Figure 6. Variations in Nusselt number with

. . Reynolds number
The optimal geometric parameters are

limited under a specified pumping power

condition. Figure 7 shows the influence of pumping power on unit thermal resistance and
the corresponding Nusselt numbers based on a fixed optimal-design parameters condition.
Figure 7(a) reveals that the unit thermal resistance, R", decreases rapidly with the pumping
power. But the reduction rate of the unit thermal resistance at a high pumping power is
much less than that at a low one. Figure 7(b) shows that a relationship between pumping
power and Nusselt numbers. As the pumping power increases from 0.077 W to 1.090 W,
the unit thermal resistance decreases from 0.153-0.138 K/W/cmz, as well as the Nusselt
number changes from 1.411 to 1.508. So a good heat transfer property of heat sink is at the
expense of a higher pumping power.

1.524
N Nu ']
0.1521
_ 1,50 —
q —
5 0.148 \ 1481 —
|
S \ 1.461
= 0.1441
x .\_ 1.44 1
0.140- ™
'\ 1.424
. L]
0.136+— T T T T T T 1.40 T T T T T T T
00 02 04 06 08 10 12 00 02 04 06 08 10 12
(a) Pumping power [W] (b) Pumping power [W]

Figure 7. Relationship of the: (a) optimal unit thermal resistance with the (b) Nusselt numbers under
various pumping power

In order to study the effect of the aspect ratio on the flow in rectangular
microchannels, the channel size of the optimized microchannel heat sink is used. Figure 8
shows the variations of aspect ratio and number of the channel on the temperatures in the
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Figure 8. Effect of aspect ratio and number of
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Figure 10. Variations in both the overall thermal
resistance and pressure drop with the number of
layer

microchannel heat sink in the case of
other conditions unchanged. The tem-
perature ranges from 373.7-326.7 K
while the aspect ratio and the number of
channel vary from 2-11 and from 34-40,
respectively. The maximum temperature
of the microchannel decreases asympto-
tically as the aspect ratio and number of
channel increases. It decreases slowly at
the high aspect ratio and the large
channel number. The combined effect of
increasing channel number and aspect
ratio is helpful for improving the overall
thermal performance of the microchannel
heat sinks.

Figure 9 shows the thermal
resistance and pressure drop for different
channel number. For number of channel
34 < N < 40, it is obvious that thermal
resistance decreases rapidly as well as the
pressure drop. When N > 40, both
thermal resistance and pressure drop
change slowly. For a fixed inlet velocity,
increasing channel number increases the
convective heat transfer area, and
diminishes the thermal resistance. The
pressure drop is also increased due to a
drop in cross-sectional area of each micro
channel.

For the fixed channel numbers, N,
channel width, b5, fin width, ¢, and
substrate thickness, ¢, the results of the
total thermal resistance and pressure drop
of heat sink for different layer n is shown
in fig. 10. With the increase of layer
numbers, n, the total thermal resistance
decreases and the pressure drop
increases. The thermal resistance declines
from 0.061-0.02 K/W (approximately
70%) when the layer number is from 1 to
10. In general, it is agreement with the
work of Lei et al. [22]. Meanwhile, the
pressure drop increases from 4.3-12.0

kPa for a fixed velocity 1 m/s. Then, it decreases moderately as the number of layer

increases (from 24-10 Kem®/W).
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Conclusions

Thermal resistance network model is established to analyze the thermal resistance of
microchannel cooling heat sink. Based on the thermal resistance network model and pressure
drop formula, the SQP method is presented to solve this non-linear, multi-constrained
problem. Then the optimal heat sink dimension is obtained. The optimized results of design
variable are x = [40, 0.2, 0.3, 2.2, 0.2, 2]. The thermal resistance, R sota1, 0f Whole heat sink is
0.0424 K/W.

The unit thermal resistances increases with the increase of overall channel length.
The combined effect of the aspect ratio and number of channel on the enhancement of thermal
performance is also significant. A high aspect ratio and number of channel enhance the heat
transfer performance. The numerical results which are related to show that the total thermal
resistance decreases as the channel number and layer number increase. But the pressure drop
increase for a fixed inlet velocity. The simulated conclusions agree well with the results by
SQP method.

Nomenclature
A — heated surface area of heat sink, [mz] Rupase cony — cONvection resistance from the base
a, b — depth and width of microchannel, [mm] temperature to the fluid outlet
c — width of fin, [mm] temperature node, [KW™']
¢,  —specific heat of water, [Tkg'K™] Re — Reynolds number, [—]
Dy,  —hydraulic diameter of microchannel, [m] Rmig  — total thermal resistance of thei liquid
f  —friction factor for rectangular flow of microchannel, [KW ]
channels, [-] Raug — advection resistance from the fluid
h  —heat transfer coefficient, [Wm K] outlet temperature to the fluid inlet
. : . -1
k¢ —thermal conductivity of working fluid, temperature, [KW ]
[Wm'K™] R, — equivalent resistance for the multi-
-1
ks —thermal conductivity of material silicon, layer case, [KW™]
[(Wm 'K Ry — total thermal resistance of whole
. . : : -1
L, W, H— length, width, and height microchannel heat sink, [KW™]
of heat sink, [m] Ryai  —conduction resistance through the side
-1
i —mass flow rate, [kgs '] wall, [KW ] . _
N —number of channel per layer, [] Ryl conv — cOnvection resistance from the solid
Nu — Nusselt number, [] sidewall terr}perature to the fluid outlet
n — number of layer, [-] node, [KW ] )
P — pumping power, [W] Tin — temperature of inlet water, [K]
AP —pressure drop, [Pa] T — maximum surface temperature in the
O - volumetric flow rate, [mlmin™'] heat sink, [K]
q — heated power, [W] t — thickness of substrate, [mm]
R"  —thermal resistance per unit area, Vave — mean velocity of liquid, [ms™']
[KW 'em™?] x" — non-dimensional hydraulic length, []
R, —equivalent resistance for the single-layer Greek symbols
case, [KW™] .
Rpase — conduction resistance from the bottom @« - ZSP egtt ratflo, [_11. fluid. ke
surface to the base of the solid-fluid Py — density of working Iiui 12[ gm ]
interface, [KW'] 4 — dynamic viscosity, [Nms]
Acknowledgment

This work was supported by National Natural Science Foundation of China (No.
51176025)



Xu, S., et al.: Optimization of the Thermal Performance of Multi-Layer ...
2012 THERMAL SCIENCE, Year 2016, Vol. 20, No. 6, pp. 2001-2013

References

[1] Lee, D. Y., Vafai, K., Comparative Analysis of Jet Impingement and Microchannel Cooling for High
Heat Flux Applications, International Journal of Heat and Mass Transfer, 42 (1999), 9, pp. 1555-1568

[2] Khaled, A. R. A., Vafai, K., Cooling Augmentation Using Microchannels with Rotatable Separating
Plates, International Journal of Heat and Mass Transfer, 54 (2011), 15, pp. 3732-3739

[3] Xu, S. L., et al., Heat Transfer Performance of a Fractal Silicon Microchannel Heat Sink Subjected to
Pulsation Flow, International Journal of Heat and Mass Transfer, 81 (2015), Feb., pp. 33-40

[4] Lin, Y. Y., et al., Optimization of Geometry and Flow Rate Distribution for Double-Layer Microchannel
Heat Sink, International Journal of Thermal Sciences, 78 (2014), Apr., pp. 158-168

[5] Khadrawi, A. F., et al., Transient Free Convection Fluid Flow in a Vertical Microchannel as Described
by the Hyperbolic Heat Conduction Model, International Journal of Thermophysics, 26 (2005), 3, pp.
905-918

[6] Xu, S. L., et al., A Multi-Channel Cooling System for Multiple Heat Source, Thermal Science, 2014,
online first only, doi: 10.2298/TSCI140313123X

[7] Kleiner, M. B., et al., High Performance Forced Air Cooling Scheme Employing Micro Channel Heat
Exchangers, IEEE Transactions on Components, Packaging and Manufacturing Technology Part A., 18
(1995), 4, pp. 795-804

[8] Tuckerman, D. B., Pease, R. F. W., High-Performance Heat Sinking for VLSI, IEEE Electron Device
Letter., 2 (1981), 5, pp. 126-129

[9] Vafai, K., Zhu, L., Analysis of Two-Layered Microchannel Heat Sink Concept in Electronic Cooling,
International Journal of Heat and Mass Transfer, 42 (1999), 12, pp. 2287-2297

[10] Shao, B. D., et al., Optimization Design of Microchannel Cooling Heat Sink, International Journal of
Numerical Methods for Heat and Fluid Flow, 17 (2007), 6, pp. 628-637

[11] Knight, R. W, et al., Heat Sink Optimization with Application to Microchannels, /EEE Transactions on
Components, Hydrids and Manufacturing Technology, 15 (1992), 5, pp. 832-42

[12] Tuckerman, D. B., Pease, R. F. W., Heat-Transfer Microstructures for Integrated Circuits, Ph. D.
dissertation, Stanford University, Stanford, Cal., USA, 1984

[13] Lorenzini, G., Moretti, S., Bejan's Constructal Theory and Overall Performance Assessment the Global
Optimization for Heat Exchanging Finned Modules, Thermal Science, 18 (2014), 2, pp. 339-348

[14] Bejan, A., Almogbel, M., Constructal T-Shaped Fins, International Journal of Heat and Mass Transfer,
43 (2000), 12, pp. 2101-2115

[15] Sanaye, S., Modarrespoor, D., Thermal-Economic Multi-Objective Optimization of Heat Pipe Heat
Exchanger for Energy Recovery in HVAC Application Using Genetic Algorithm, Thermal Science, 18
(2014), Suppl. 2, pp. S375-S391

[16] Wei, X. J., Joshi, Y., Stacked Microchannel Heat Sinks for Liquid Cooling of Microelectronic
Components, Journal of Electronic Packaging, 126 (2004), 1, pp. 60-66

[17] Wei, X. J., Joshi, Y., Optimization Study of Stacked Micro-Channel Heat Sinks for Micro-Electronic
Cooling, IEEE Transactions on Components and Packaging Technologies, 26 (2003), 1, pp. 55-61

[18] Skandakumaran, P., et al., Multi-Layered SiC Microchannel Heat Sinks-Modeling and Experiment,
Thermal and Thermomechanical Phenomena in Electronic Systems, Proceedings, ITHERM’04, the 9™
Intersociety Conference on IEEE, Las Vegas, Nev., USA, 2004, pp. 352-360

[19] Chong, S. H., et al., Optimization of Single and Double Layer Counter Flow Microchannel Heat Sinks,
Appl. Therm. Eng., 22 (2002), 14, pp. 1569-1585

[20] Karathanassis, 1. K., et al., Multi-Objective Design Optimization of Micro Heat Sink for Concentrating
Photovoltaic/Thermal (CPVT) Systems Using a Genetic Algorithm, Appl. Therm. Eng., 59 (2013), 1-2,
pp- 733-744

[21] Hu, G. X., Xu, S. L., Optimization Design of Microchannel Heat Sink Based on SQP Method and
Numerical Simulation, Proceedings, Applied Superconductivity and Electromagnetic Devices, Chengdu,
China, 2009, pp. 89-92

[22] Lei, N., et al., Experiments and Modeling of Multi-Layer Copper Minichannel Heat Sinks in Single-
phase Flow, Proceedings, Thermal and Thermomechanical 10" Intersociety Conference on Phenomena
in Electronics Systems, San Diego, Cal., USA, 2006, pp. 9-18



Xu, S., et al.: Optimization of the Thermal Performance of Multi-Layer ...
THERMAL SCIENCE, Year 2016, Vol. 20, No. 6, pp. 2001-2013 2013

[23] Kim, S. J., Kim D., Forced Convection in Microsructures for Electronic Equipment Cooling, Journal of
Heat Transfer, 121 (1999), 3, pp. 639-645
[24] Wu, H. Y., Cheng, P., An Experimental Study of Convective Heat Transfer in Silicon Microchannels

with Different Surface Conditions, International Journal of Heat and Mass Transfer, 46 (2003), 14, pp.
2547-2556

[25] Biber, R. C., Belady, L. C., Pressure Drop Prediction for Heat Sinks: What Is the Best Method?,
Advances in Electronic Packaging, 2 (1997), pp. 1829-1835

Paper submitted: December 13, 2014
Paper revised: July 1, 2015
Paper accepted: August 23, 2015




<<

  /ASCII85EncodePages false

  /AllowPSXObjects false

  /AllowTransparency false

  /AlwaysEmbed [

    true

  ]

  /AntiAliasColorImages false

  /AntiAliasGrayImages false

  /AntiAliasMonoImages false

  /AutoFilterColorImages true

  /AutoFilterGrayImages true

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CheckCompliance [

    /None

  ]

  /ColorACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorConversionStrategy /LeaveColorUnchanged

  /ColorImageAutoFilterStrategy /JPEG

  /ColorImageDepth -1

  /ColorImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorImageDownsampleThreshold 1.50000

  /ColorImageDownsampleType /Bicubic

  /ColorImageFilter /DCTEncode

  /ColorImageMinDownsampleDepth 1

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /ColorImageResolution 300

  /ColorSettingsFile ()

  /CompatibilityLevel 1.3

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /CreateJDFFile false

  /CreateJobTicket false

  /CropColorImages false

  /CropGrayImages false

  /CropMonoImages false

  /DSCReportingLevel 0

  /DefaultRenderingIntent /Default

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /ESP <>

    /FRA <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

  >>

  /DetectBlends true

  /DetectCurves 0.10000

  /DoThumbnails false

  /DownsampleColorImages false

  /DownsampleGrayImages false

  /DownsampleMonoImages false

  /EmbedAllFonts true

  /EmbedJobOptions true

  /EmbedOpenType false

  /EmitDSCWarnings false

  /EncodeColorImages true

  /EncodeGrayImages true

  /EncodeMonoImages true

  /EndPage -1

  /GrayACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageAutoFilterStrategy /JPEG

  /GrayImageDepth -1

  /GrayImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageDownsampleThreshold 1.50000

  /GrayImageDownsampleType /Bicubic

  /GrayImageFilter /DCTEncode

  /GrayImageMinDownsampleDepth 2

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /GrayImageResolution 300

  /ImageMemory 1048576

  /JPEG2000ColorACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000ColorImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /LockDistillerParams false

  /MaxSubsetPct 100

  /MonoImageDepth -1

  /MonoImageDict <<

    /K -1

  >>

  /MonoImageDownsampleThreshold 1.50000

  /MonoImageDownsampleType /Bicubic

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /MonoImageResolution 1200

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /NeverEmbed [

    true

  ]

  /OPM 1

  /Optimize true

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName ()

      /DestinationProfileSelector /NA

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.25000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXBleedBoxToTrimBoxOffset [

    0

    0

    0

    0

  ]

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXOutputCondition ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputIntentProfile (None)

  /PDFXRegistryName ()

  /PDFXSetBleedBoxToMediaBox true

  /PDFXTrapped /False

  /PDFXTrimBoxToMediaBoxOffset [

    0

    0

    0

    0

  ]

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /ParseICCProfilesInComments true

  /PassThroughJPEGImages true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Remove

  /UCRandBGInfo /Remove

  /UsePrologue false

  /sRGBProfile (sRGB IEC61966-2.1)

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [2159.000 2794.000]

>> setpagedevice



