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ABSTRACT OF THE THESIS

A Comparative Analysis of Innovative Microchannel Heat Sinks
for Electronic Cooling

by

Sainan Lu

Master of Science, Graduate Program in Mechanical Engineering
University of California, Riverside, December 2015
Dr. Kambiz Vafai, Chairperson

In this work, a comparative analysis of innovative microchannel heat sinks
such as two layered and multilayered microchannel heat sinks (MCHS), or thin
films within flexible complex seals and cooling augmentation using microchannels
with rotatable separating plates, is presented. A compilation of the numbers of
layers, main characteristics, setups, advantages and disadvantages, thermal
resistance, pumping power in double-layer(DL-MCHS) and multi-layer MCHS (ML-
MCHS) is presented. In addition, the thermal resistance is analyzed in order to
present a comparison between the single-layer MCHS (SL-MCHS) and multi-layer
microchannels. The results of comparison indicates that double-layer and multi-
layer MCHS have lower thermal resistance and require smaller pumping power

and they resolve the high streamwise temperature rise problem of SL-MCHS.
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1. Introduction

The heat removal issue has became increasingly important in the
electronics applications. In this work innovative microchannels are investigated.
Microchannels were first introduced by Tuckerman and Pease[1]. Microchannel
heat sinks maximize the surface area, minimize the thermal resistance, and thus
increase the heat transfer from the component into the surroundings while offering
a compact cooling system.

The large majority of the microchannels studies in the literature are based
on the single-layer microchannels. The disadvantage of SL-MCHS is the relatively
high streamwise temperature rise which can have an adverse influence on the
equipment. This high streamwise temperature rise is caused by heat released by
the equipment and carried out by a relatively small amount of coolant, which results
a high streamwise temperature. Hence the undesirable high temperature rise
causes larger thermal stress, for example, in chips and electronic packages due
to the coefficient of thermal expansion mismatch among different materials thus
undermining device reliability. In addition, the adverse effects of many electrical
parameters are caused by a sharp temperature rise. One way to reduce the

undesired temperature rise in the single layered microchannels is to increase the



pumping power, which can generate more noise and require bulkier packaging.
This is certainly undesireable.

However, the two-layered microchannel, first established by Vafai and
Zhul[2,4], as well as multilayered microchannels also first established by Vafai and
Zhu[3], reduce the undesired temperature gradient in the streamwise direction.
The design concept is based on a two-fold microchannel structures, one atop
another. For such an arrangement, streamwise temperature rise for the coolant
and the substrate in each layer are remunerated through conduction between the
two layers. Since the temperature gradient is much smaller than the SL-MCHS,
the required pressure drop can be substantially smaller than SL-MCHS, which can
require a significantly smaller pumping power.

Following the works of Vafai & Zhu[2], [3]&[4] extensive investigations have
been conducted regarding the two and multi-layer microchannel heat sinks in order
to optimize the configurations and improve the thermal performance for various
applications. In this work, studies on ML-MCHS are investigated and synthesized.
These are comprehensively summarized in Table 1. In this work, ML-MCHS main
characteristics, icon diagram, advantages and disadvantages, thermal resistance
and pumping power are characterized. Also the comparisons of thermal resistance
and pumping power between the SL-MCHS and ML-MCHS are investigated.
Particularly, the thermal resistance is extracted to compare with the SL-MCHS.

2. Analysis

2.1 Thermal Resistance



The overall thermal resistance, which is defined as:

AT _ar
AT
Rth:q_A
T, — T;
J
Rth: qun

where T, is the junction temperature, T;,, the inlet temperature of coolant, q is the

heat flux and A is the base area of the heat sink.

In order to unify the overall thermal resistance, the unit overall thermal

resistance is employed when comparing SL-MCHS and ML-MCHS cases.

Rynic = RepA

A wide range of pertinent SL-MCHS cases in the literature are selected and
the unit overall thermal resistances are presented in Table 2 in order to establish
a reasonable comparison. After arriving at the thermal resistance from the
literature, the corresponding average thermal resistance for the SL-MCHS in the
literature is calculated. The maximum and the minimum average values are used
to find the average value. The final average unit overall thermal resistance for the
SL-MCHS is obtained by calculating the average value among all the average

values we have calculated.

The average value of the overall thermal resistance can be calculated

simply by either :



Rmax + Rmin

Rave -

or

_R1+R2++Rn

ave —

2.2 Pumping Power

The pumping power is defined as:

0 = QylAp = u;p AcApN

where Q, is the volumetric flow rate, Ap the pressure drop, A, the channel cross-

sectional area and N is the number of channels.

In order to unify the pumping power, the unit length pumping power is calculated.

Qynic = z
where L is the total length of microchannel heat sinks.

3. Results and Discussion

Table 1 presents the synthesis of a wide range of the innovative design heat
sink equipments for cooling applications. Also, included is an innovative design for
the control of exit flow and thermal conditions using two-layered thin films by

flexible complex seals and cooling augmentation using microchannels with
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rotatable separating plates, which were introduced by Khaled, and Vafai [7, 20].
Their main characteristics, icon diagram, advantages and disadvantages, thermal
resistance and pumping power attributes are all illustrated. It should be noted that

ML-MCHS reduces the pumping power, anywhere from 29.3% upto 99.9%.

Table 2 shows the pertinent unit overall thermal resistance in single-layer
microchannel heat sinks in the literature and their average value. The comparison
between the SL-MCHS and ML-MCHS is presented in Table 3. In general, ML-
MCHS improves the thermal performance of heat sinks by reducing the overall

thermal resistance, and decreases the required pumping power.

Conclusions

Compared to the single-layer microchannel heat sinks, the innovative DL-
MCHS and ML-MCHS heat sink designs overcome the drawbacks, and possess
attributes that are superior to that of SL-MCHS. ML-MCHS designs reduces the
problem of high streamwise temperature rise and they reduce the thermal
resistance and pumping power to a large degree. Furthermore, the proposed two-
layered thin film supported by flexible complex seals unlike other controlling
systems does not require additional mechanical control or external cooling
devices. In addition, the DL-flexible microchannels devices are found to provide
more cooling effects per unit pumping power than the rigid ones at flow Reynolds
numbers below specific values, and at stiffness number and an aspect ratio above

certain values.
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Table 1 A Comparative Analysis of Innovative Microchannel Heat Sinks for Electronic Cooling

Numb Thermal Pumping
Reference ofLI'_r: eerrs Main Characteristics Icon Diagram | Advantages and Disadvantages Resistance Power
! R(°C-m2 /W) | Q(Wicm)
Advantages:
[1] Tuckerman, David High convective heat transfer and
B., and R. F. W. Pease. 1. Water in silicon and single low thermal resistance
"High-performance heat layer Disadvantages:
sinking for VLSI." —N Y e )
IEEE22éi51(219981 ) th =50um; Wy =50um; 295, undermine device reliability and
: 2 =302um even brings about electrical-thermal
unstableness and thermal
breakdown.
Percent of
Numb Thermal Pgmpmg
Reference umber Main Characteristics Icon Diagram |Advantages and Disadvantages Resistance ower
of Layers R(°C-m2 /W Increase
(°C-m ) and
Decrease
[2] Vafai, Kambiz, and 1. Water in silicon and two-
Lu Zhu. "Analysis of layer with counterflow Advantages:
two-layered micro- 1. Significantly reduce the
channel heat sink 2.Wch=30um;Ws=30um; / Ztreamwrifse temperature rise on the
concept in electronic 2 Hc1=Hc2=100pm; m— ase surtace. . 017
cooling." International Dh1=Dp2=92.3um;L=800um auooomd o7 2. Substantially reduce the required
R goooood pressure drop and pumping power
Journal of Heat and -Ap=0.24Pa:Re =143.6:
Mass Transfer 42.12 Ap=v.cafaRe =145.6; 3. High heat flux capability.
(1999): 2287-2297. q=30W /cm2;T =25°C 4. Significantly reduce the flowrate
[4] Vafai, Kambiz, and .
" . Advantages:
Lu Zhu. "Multi-layered - 1. Significantly reduce the
micro-channel heat 1. Water in silicon. streamwise temperature rise on the
sink, devices and / P
) : . ooooooo base surface
systems incorporating 2&3  |2. Stacked-microchannel / > Substantially reduce the required 0.17
same." U.S. Patent No. with counter flow. uoooooo /' p;'essure dropyand pumping pgwer
]
6’675'%%'413 Jan. TOTTTTTL 13 igh heat flux capability.
: 4. Significantly reduce the flowrate
1. Water in silicon and two-
layer with counterflow
2. For laminar flow:
(51 Chong, . . K.T. Tilof=300K N=80.2=365 68
Ooi, and T. N. Wong. HM; WE=56.08Hm; VWeh=80. Advantages:
"Optimisation of single Hm;Re=713.09; Vin = 3.68m/ 1. Significantly reduce the
and double layer s; Ap=56.4kPa; streamwise temperature rise on the
counter flow 182 h = 29526.78W / m2K; - / base surface 0.058(Laminar) 42.9%
microchannel heat ) U B /2. Substantially reduce the required | 0.066(Turbulent) .
sinks." Applied Thermal ﬁl—F207r “j;tzu'ezm ﬂo‘fvw qoooooa pressure drop and pumping power
Engineering 22.14 =27,2=449.25um;Wf 3. High heat flux capability.
(2002): 1569-1585. =113.17um 4. Significantly reduce the flowrate
Wch=252.9um;Re=3823.1;
Vin =8.53m/s ;
Ap = 56.4kPa;
h = 44619.19W / m2K
[6] Wei, Xiaojin, and 1. Water in silicon and two-
Yogendra Joshi. layer
W~ Advantages:
Optimization study of s
stacked micro-channel 2.L=1cm;W=1cm;t=500um;A 1t' S|gn|f|_canttly reducte the_ th
heat sinks for micro- p<4bar; Q<1000ml/ Zar::nsqwrlfsaeceempera ure rise on the
egactronic C?Olin%" 3 min;We=41um;We =107um; ([0 2. Sub:tantially reduce the required 0.14(3-layers) | -99.5%
or;p;g:aegi:gan =38 goooooa pressure drop and pumping power

Technologies, IEEE
Transactions on 26.1
(2003): 55-61.

3. High heat flux capability.
4. Significantly reduce the flowrate
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Table 1 A Comparative Analysis of Innovative Microchannel Heat Sinks for Electronic Cooling

Percent of
Numb Thermal Pgmpmg
Reference UMDEr In1ain Characteristics Icon Diagram |Advantages and Disadvantages Resistance ower
of Layers 2 Increase
R(°C-m< /W) and
Decrease
1. Flow and heat transfer
inside an oscillatory
disturbed two-layered thin
film channel supported by
flexible complex seals in the
presence of suspended
ultrafine particles.
Advantages:
2. Main flow passes through 1. Increase the flow rate and heat
[7] Khaled, A-RA, and the lower layer. where its transfer in the main thin film channel
K. Vafai. "Control of exit lower plate is fixed and its 2. Increase the stability of the
flow and thermal upper plate is insulated and intermediate plate with the
conditions using two- free to move in the vertical increment of thermal dispersion and
layered thin films 2 direction. '1 thermal squeezing parameter for the
supported by flexible - secondary layer
complex seals." 3. Secondary flow (parallel 3. More stable under a relatively
International journal of or counter to the main flow large pulsating frequency.
heat and mass transfer direction)passes through the 4. No additional mechanical control
47.8 (2004): 1599-1611. upper layer. or external cooling devices.
4. The flow can be the fuel
flow or fuel-air mixture prior
to combustion or flow of a
biofluid in a fluidic cell.
5. Applications in internal
combustion industry .
[8] Patters"on, Mlc.hael Advantages:
K., et al. "Numerical in sili 1. Significantly reduce the
study of conjugate heat . Watgr in siicon and two- st'reagmwise teym erature rise on the
transfer in stacked layer with parall'el flow, base curface p
microchannels.” counterflow ,series flow. ! .
2. Substantially reduce the required
Thermal and = . ressure drop and pumping power
Thermomechanical 2 |2-Asub =Temxicm; T g i P and pumping p 0.17 -36.1%
) Weh = 25um:Ws = 25um: ! . High heat flux capability.
Phenomena in ch Hm;VVE pHm; B
- _ ) [ oo 4. Significantly reduce the flowrate
Electronic Systems, Hp = 200um; 5. Improve the temperature
2004. ITHERM'04. The Tinlet =300K;Re=130 uniformity with counter-flow layout.
Ninth Intersociety
6. Reduce the peak temperature
Conference on. IEEE, with parallel-flow arrangement
2004. P 9 -
1. Water in SiC and multi- Advantages:
layered; 1. Significantly reduce the
[9] Skandakumaran, P., streamwise temperature rise on the
et al. "Multi-layered SiC 2.Experimental parametrics: base surface
microchannel heat Asub =1.27cmx2.54cm; 2. Substantially reduce the required
sinks-modeling and _ . _ . pressure drop and pumping power
experiment." Thermal Bm__sgggmpzz__g%:)“ri’. T 3. High heat flux capability.
and Thermomechanical 1284 h4 = Hm; P_ pst ¢ - 4. Significantly reduce the flowrate 0.05 _58.0%
Phenomena in ’ Qmax =210mi/min; T : . 5. Benefits SiC-based substrates ) il
Electronic Sy:stems, 3. Numerical geometric: - Fﬁ - healt sinks, Ilkg RF and microwave
2004. ITHERM'04. The devices and high power electronics
Ninth Intersociety Dh = 500pm; devices.
Conference on. IEEE, Whpitch = 500um;
2004. t = 500pm; Ts =90°C Disadvantage:
Low thermal conductivity of
SiC(15W/m°C) as an ideal thermal
conductor
[10] Wei, Xiaojin, and 1. W?ter in silicon and two- -
N layer; Advantages:
Yogendra Joshi. 1. Sianifi ! h Fi P
"Stacked microchannel . Signi |_canty reduce t e_ ixed AP:
heat sinks for liquid 2. Tinlet =25°C;Ap=0.5P3; T streamwise temperature rise on the -77.4%
A a Ks =148W /m°C; _ base surface Fixed AP: 0.082 | Fixed Q:
cooling of 1-5 ’ ; : ’ o
" ' Ks =0.614W /m°C: 2. Substantially reduce the required -99.8%
microelectronic f ' oo pressure drop and pumping power Fixed Q:
components.” Journal of Weh = 71um;Ws = 71um; ; i) 3. High heat flux capability -99.9%

Electronic Packaging
126.1 (2004): 60-66.

a=6.0;=70

4. Significantly reduce the flowrate
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Table 1 A Comparative Analysis of Innovative Microchannel Heat Sinks for Electronic Cooling

Percent of
Thermal Ppmping
Reference Number Main Characteristics Icon Diagram |Advantages and Disadvantages Resistance Power
of Layers R(°C-m2 /W Increase
(°C-m ) and
Decrease
1. Manifold microchannel:
two layers of microchannels
and two layers of manifolds
and one fluid connection
Advantages:
Igyer. All these are made of 1. Signifi?:antly reduce the
silicon. streamwise temperature rise on the
[11] Wei, Xiaojin, 2. Counter-flow and parallel- base surface
Yogendra Joshi, and ﬂ(')W carried out on thF:e same 2. Substantially reduce the required
Michael K. Patterson. pressure drop and pumping power
"Stacked Microchannel structure. 3. High heat flux capability.
Heat Sinks for Liquid . S— 4. Significantly reduce the flowrate
Cooling of ﬁ(;vAvliths:féirehn:gf\g ra:? I i _||5. Improve the temperature
Microelectronics." 2 9 9 pp uniformity with counter-flow layout. 0.09
ASME 2004 and bottom layer. = ‘\ 6. Reduce the peak temperature :
International _ . _ . S/ with parallel-flow arrangement.
Mechanical Engineering 4.Let =18mmilcy =10mm; o e 7. Reduce the total and on-chip
Congress and Wych = 0.1mm; thermal resistance by adjusting the
Exposition. American Wc1 = 0.056mm; flow proportion for counter-flow
Society of Mechanical W2 = 0.054mm; layout.
Engineers, 2004. W3 = 0.061mm; 8. Reduce the on-chip resistance by
Wea = 0.053mm; increasing flow passing the bottom
_ i layer for a fixed flow rate of parallel
Hc1 = 0.284mm; flow
Hc2 = 0.243mm;
H41 =0.5mm;H2 =0.5mm
[12] Jeevan, K., I. A.
Azid, and K. N. 1. Double-layer
Seetharamu. microchannel with counter Advantages:
"Optimization of double flow. 1. Significantly reduce the
layer counter flow /istreamwise temperature rise on the
(DLCF) micro-channel 2. He = 365.98um; base surface
heat sink used for . 2 W ch=864.5um;Ws=380.8um; |11 L 1 1 2. Substantially reduce the required 0.058 -42.7%
cooling ghlps dlrect!y. Vin =3.68m/s;Ap=56.4kPa; [[TTTTTTTTITIT] pressure drop and pumping power
Electronics Packaging 3. High heat flux capability.
Technology Conference, Re=713.09; 4. Significantly reduce the flowrate
2004. EPTC 2004. h=29526W /m2K; 5. Reduce the thermal resistance.
Proceedings of 6th.
IEEE, 2004.
[13] Lei, N., P. . ) Advantages:
Skandakumaran, and A. 1. Single and multilayer 1 Si _f_g v red h
Ortega. "Experiments water-copper minichannel - Slgni |panty reduce f €
X : streamwise temperature rise on the
and modeling of heat sinks.
multilayer copper base surfage .
minichannel heat sinks 2.1 =30.5mm:W = 12.7mm: 2. Substantially reduce tr_le required
in single-phase flow." Wch = 0.508mm; s (000000 grﬁ.siri dro?l and purg;l)‘mg power
Thermal and 15 |t=0.508mm; ; o Gan heat fux capally. 0.3 -98.8%
Thermomechanical Wwall = 1.016mm;N = 5; 2 (00T T : |gn|f|canltly redyce_ the flowrate
Phenomena in v L 1. o I 5. Low cost in fabricating compared
Hc1 =1.52mm;Hc2=2.54mm;| with the microchannel.

Electronics Systems,
2006. ITHERM'06. The
Tenth Intersociety
Conference on. |IEEE,
2006.

Hc3 =3.56mm;Hc4=4.57mm;
Hes =5.59mm

Disadvantages:
Occurrence of laminar/turbulent
transitional flow at high flow rates.
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structure." International

communications in heat

and mass transfer 34.3
(2007): 295-303.

3. Wch = 30pum;Ws = 30pm;
Hc1 =Hc2 =100pm;

L = 5000um;tq1 = t2 = 30pm;
hrip =10,20,30um;

hribpitch =10hrip;Re=14.8

microstructures.

6. Simple structure, easy
manufacturing by micro machining
method, low cost and higher
reliability for passive microstructure.
7. Enhance heat transfer by
increasing the secondary flow
motion.

8. Improve mixing mechanism of
cold and hot fluid in the present
configuration.

Percent of
Pumping
Thermal
Reference Number Main Characteristics Icon Diagram |Advantages and Disadvantages Resistance Power
of Layers o 2 Increase
R(°C-m4 /W) and
Decrease
1. Manifold microchannel: Advantages:
two layers of microchannels 1. Significantly reduce the
a"g two lﬁy'?jrs of ma?lfolds streamwise temperature rise on the
and one fluid connection base surface
layer. All these are made of 2. Substantially reduce the required
silicon. pressure drop and pumping power
3. High heat flux capability.
[14] Wei, Xiaojin, 2. Counter-flow and parallel- 4. Significantly reduce the flowrate
Yogendra Joshi, and flow carried out on the same 5. Distribute coolant uniformly to
Michael K. Patterson. structure. microchannles with the help of
"Experimental and . manifolds.
numerical study of a 3. Allow different flow rate i .~ |6. Improve the temperature
stacked microchannel 5 flowing through the upper fromm) uniformity with counter-flow layout. 0.09
heat sink for liquid and bottom layer. <|7. Reduce the peak temperature )
cooling of with parallel-flow arrangement.
microelectronic 4.Lc1 =18mm;Lc2 =10mm; 8. Reduce the total and on-chip
devices." Journal of Wuych = 0.1mm; thermal resistance by adjusting the
Heat Transfer 129.10 W¢1=0.056mm;Wc2=0.054 flow proportion for counter-flow
(2007): 1432-1444. mm; layout.
W3 = 0.061mm;Weq = 9. Reduce the on-chip resistance by
0.053mm: increasing flow passing the bottom
He1 = 0.284mm; If?yer for a fixed flow rate of parallel
= . ow
HCZ__ 0.24§mmL 10. Minimize localized heating
H1 =0.5mm;H2 =0.5mm effects with the optimized heat
source locations.
[15] Saidi, M. H., and Advantages:
Reza H. Khiabani. o 1. Significantly reduce the
"Forced convective heat| 1. Water in silicon streamwise temperature rise on the
transfer in parallel flow 2. Asub =1cmx1cm; ° SRR base surface
: 1-5 — K - . . . 0.067 -99.9%
multilayer z=365um;Wch =57um; s 2. Substantially reduce the required
microchannels." Journal q" = 200W / cm?2 z T pressure drop and pumping power
of Heat Transfer 129.9 ! _ 3. High heat flux capability.
(2007): 1230-1236. 4. Significantly reduce the flowrate
Advantages:
1. Significantly reduce the
streamwise temperature rise on the
1. Air-in-silicon stacked two- base surface.
layer microchannel with 2. Substantially reduce the required
enhanced mixing passive pressure drop and pumping power
microstructure. 3. High heat flux capability.
"Nur['r‘:gi;rl]i?r?]h\lgt‘itn of 4. Significantly reduce the flowrate
stacked microchannel 2. The delta wing and V- 5. Enhance the thermal performance
A . = shape rib can provide the % |and reduce the necessary pumping
heat sink with mixing- best thermal performance ”|power with the placement of passive
enhanced passive 2 ’ P P p 0.12 -99.7%
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Percent of
Numb Thermal Pgmpmg
Reference fum " |Main Characteristics Icon Diagram |Advantages and Disadvantages Resistance ower
of Layers R(°C-m2 /W) Increase
and
Decrease
Advantages:
1. Significantly reduce the
streamwise temperature rise on the
base surface.
2. Substantially reduce the required
1. Silicon nanopillars based prossure ggfzuaxnga%irgmg power
multilayer water-cooled heat . .
sink. Y 4. Significantly reduce the flowrate
[17] Dixit, Pradeep, et 5. Enhance the overall thermal
al. "Silicon nanopillars 2. Small diameter (0.5-2um) performance of electronics
_based 3D stacked and large height(~100um) components by a noteworthy
microchannel heat sinks amount.
concept fpr gnhgnced 3.Q=100ml/min; I'H“Ill' A i 6_. S!gnificantly increase he_at )
heat dissipation 3 Asub =1cmx1cm; T T dissipation rate of electronic devices 0.98
applications in MEMS H=500um:Hf =4010 m: A A with nano pillars
packaging." Sensors W _”O . Hm MI i MI i I‘IW i 7. High surface area of these silicon
and Actuators A: ch =50um; I R B pillars which gives enhanced
Physical 141.2 (2008): Ws =25um;N=100; convective heat transfer rate , and
685-694. Dnp =2um;Hnp =100pm; hence require less coolant flow
Nnp =15910;pnp =0.1 rate , resulting in less pumping
power.
8.Simple , low cost, easy to fabricate
and smaller overall packaging area.
Disadvantages:
Damage/fracture of nano pillars by
the continuous coolant flow.
Advantages:
1. Significantly reduce the
1. Water in silicon streamwise temperature rise on the
[18] Morshed, A. K. M. _micorchannell with vertical gagislsjgi‘t:i:" reduce the required
M., and Jamil A. Khan. interconnections. p'ressure drop);md pumping p?)wer
"Numerical analysis of " b
single phase multi 2 Three dlffgrent sizes of i gilg:if?::r:t?U)r(e(t:iipc):aet)tlgg-flowrate
layered micro-channel |r:tercgnnect|ons has been 5. Er?hance hgat removal capacity .of
. AR aced. .
heat sink with inter P the heat sink with the cross-flow o
connects between 2 - . - . between the channels disrupting 015 -91.8%
vertical channels." 2010 3. Weh =57pum;Hch =180pm; boundary laver
14th International Heat Ws1 =43um; W2 =220um 5 Impron\//e t)r/1e .heat performance
Transfer Confgrence. compared with the heat sink without
American Society of 4. Laminar flow: R _ interconnection
Mechanical Engineers, 4;50am|nar ow: Rémax = :
2010. Disadvantages:
The vertical channels act as a
thermal resistance to the heat flow
in the solid matrix.
) ) Advantages:
1. Water in brass heat sink. 1. Significantly reduce the
streamwise temperature rise on the
2. Sta_ggered honeycomb base surface.
cell microchannels. 2. Substantially reduce the required
) . pressure drop and pumping power
3. Off-set fins and multilayer 3. High heat flux capability.
[19] Liu, Y. L., X. B. Luo, channels'struc'ture 4. Significantly reduce the flowrate.
and W. Liu. "Cooling construction with a cost- 5. Obtain more uniform substrate
behavior in a novel heat effective way. temperature distribution in
sink based on multilayer 15 comparison of the single inlet and 2.26 90.2%

staggered honeycomb
structure." J. Energy
and Power Engineering
4 (2010): 22-28.

4. Double fluid flow inlets
and outlets

5. 15 honeycomb layers in
each heat sink.
(40%x20%0.16mm )

6. Dhc =2.49mm;
Wshe =0.2mm

outlet ones.

6. Reduce the flow rate as a result
of the hydrodynamic head loss of
separator and combinational flow in
double pipes.

7. Break in the development of
thermal boundary layer.

8. Easy to fabrication.

9. Benefit the long- distance
electronic products cooling

applications under small flow rate.
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Reference

Number
of Layers

Main Characteristics

Icon Diagram

Thermal

/Advantages and Di:

R(°C-m2 /W)

Percent of
Pumping
Power
Increase
and
Decrease

[20] Khaled, A-RA, and
K. Vafai. "Cooling
augmentation using
microchannels with
rotatable separating
plates." International
Journal of Heat and
Mass Transfer 54.15
(2011): 3732-3739.

1. (A) Flexible microheat
exchanger and (B) double
layered (DL) microchannels
separated by rotatable
plates

2. Anti-leaking flexible seals
supports the separating
plate.

3. Only the rotational motion
about a pivot rod is
allowable.

/Advantages:

1. Significantly reduce the
streamwise temperature rise on the
base surface.

2. Substantially reduce the required
pressure drop and pumping power
3. High heat flux capability.

4. Significantly reduce the flowrate.
5. Higher effectiveness and the heat

stransfer rate per unit pumping power
“[for the flexible microheat exchanger

than that for the rigid one.

6. Provide more cooling effects per
unit pumping power for DL-flexible
microchannels devices by improving
flow Reynolds numbers bstiffness
number and aspect ratio.

[21] Levac, ML-J., H. M.
Soliman, and S. J.
Ormiston. "Three-

dimensional analysis of
fluid flow and heat

1. Water in silicon and
double layer microchannel
heat sink.

2. Hg =100pum;Bc =30pm;

Advantages:

1. Significantly reduce the
streamwise temperature rise on the
base surface

2. Substantially reduce the required
pressure drop and pumping power

0.0465(Re=40)

A - o
trm:f;vg;gﬂie;orjd 1&2 H¢ =20pm:; gooog ‘//' 3. High heat flux capabily. 0.0068(?9—1160 548.9%
channel heat sinks.” H = 240um;B = 60um; ooonr 4. Significantly reduce the flowrate
Heat and mass transfer L = 8000um; Re=1160; 5. !mprgve the temperature
47.11 (2011); Tinlet =25°C uniformity with counter-flow layout.
13751383 6._ Reduce the peak temperature
) with parallel-flow arrangement.
[22] Xie, Gongnan, et al.
"Npmerical investigation
of heat transfer and
pressure loss of double-
layer microchannels for 1. Water in silicon double /Advantages:
chip liquid cooling." layer microchannel with 1. Significantly reduce the
ASME 2012 Heat parallel flow and counter streamwise temperature rise on the
Transfer Summer flow lay out. base surface
Conference collocated 2. Substantially reduce the required
with the ASME 2012 2. A =35x35MmM;N=200; {emmmm— pressure drop and pumping power o
Fluids Engineering 2 chs:(jf‘tmmiwch:OJ mm: UL 7 13, High heat flux capability. 0.037 -89.1%
Division Summer \We=0.075mm: OO0t 4. Significantly reduce the flowrate
Meeting and the ASME VZ . e . 5. Better heat dissipation by
2012 10th International Hgs=0.05mm;H=0.05mm; changing the layout(parallel/counter
Conference on K=148W /(m-K) flow) according to the provided
Nanochannels, pumping power.
Microchannels, and
Minichannels. American
Society of Mechanical
Engineers, 2012.
1. Four different types of Advantages:
substrate materials(copper, 1 Signifigzl:ar{tly reduce the
[23] Hung, Tu-Chieh, alumina, silicon, and steel) st.reamwise temperature rise on the
Wei-Mon Yan, and Wei- and three different base surface
Ping Li. "Analysis of coolants(water, ethylene 2. Substantially reduce the required
heat tra_ns_fer glycol, and glycerol). p.ressure drop and pumping power
characteristics of K : 3. High heat flux capabilty,
double-layered 2 2. Lz=10mm; Lx=10mm; g 2 0.115 -94.6%
N h | heat 4. Significantly reduce the flowrate.
microchanne’ nea kL ooono 5. Substantially enhance cooling
sink." International 3.Fora=5,=0.6,thetotal |~~~ | performance due to the lowest
Journal of Heat and thermal resistance temperature rise for Cooper
Mass Transfer 55.11 decreases and then 5. Obtain the lowest total thérmal
(2012): 3090-3099 increases with N=71. (down- résistance by properly optimizing the
and-up trend) geometric parameters.
Advantages:
1. Significantly reduce the
streamwise temperature rise on the
base surface
. . 2. Substantially reduce the required
pﬁﬂdH\;Jvne?_’J;C\gﬁh’ 1-'“'20.3(1—'92 &GuO) -water pressure drop and pumping power
"Enhancement of. nanoflu!d silicon double 3. High heat flux capability.
thermal performancs in Ia_yer microchannel heat 4. Significantly reduce the flowrate.
double-layered sink. 5. Enhance the thermal performance
] ’ (27%) with the Al203 (1%)-water 0.098(Q=0.1) | -94.6%
m'“‘?tchha””e'ﬂh%a‘ sink |2 | =10mmiLy =10mm; UEUTT] Ananofiuid. 0.055(Q=0.9) | -51.1%
Intev:;ati';g?\]t;hrsn-al of t=0.1mm;Wrip = 0.05mm; [JTTITIT 6. Obtain the lowest total thermal

Heat and Mass Transfer
55.11 (2012):
3225-3238.

B=04~0.950=2~13
N =35~ 170;

resistance by properly optimizing the
geometric parameters

Disadvantage:
Decline of the effectiveness under
high pumping power.
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Percent of
Numb Thermal Pgmpmg
Reference UMDEr In1ain Characteristics Icon Diagram |Advantages and Disadvantages Resistance ower
of Layers o 2 Increase
R(°C-m< /W) and
Decrease
[25] Hung, Tu-Chieh, et Advantages:
al. "Optimal design of 1. Water if‘ silicon double- 1. Significantly reduce the
geofmetric parameters 2(with the layered microchannels ’streamwricse temperature rise on the
of double-layered base surface
microchannel heat cEa_nr;:l 2. Asub =1cmx1cm; T 2. Substantially reduce the required 0.12 -94.6%
sinks." International chzlr? e) Hc = 0.7mm;t = 0.05mm; T pressure drop and pumping power
Journal of Heat and 9 N =112;8 = 0.37; 3. High heat flux capability.
Mass Transfer 55.11 al =10.32;0y =10.93 4. Significantly reduce the flowrate.
(2012): 3262-3272.
[26] Xie, Gongnan, et al. 1. Water in silicon double- Advantages:
"Computational study layered microchannel heat 1. Significantly reduce the
and optimization of sinks with laminar parallel streamwise temperature rise on the
laminar heat transfer flow and counter flow layout. base surface
and pressure loss of 2. Substantially reduce the required
double-layer 2 2. Asyb =35mmx35mm; e pressure drop and pumping power 0.037 -89.1%
microchannels for chip N = 200;Hch = 0.4mm; ] Bl 3. High heat flux capability. ’ 7
liquid cooling.” Journal Weh=0.1mm;Wy=0.075mm; | raog 4. Significantly reduce the flowrate
of Therma} Scw;nce and Hs = 0.05mm;H; = 0.05mm; 5. !mprqve the temperature
Engineering K =148W /(m-K):Q=0.5L/min uniformity with counter-flow layout.
Applications 5.1 (2013): B D 6. Reduce the peak temperature
011004. with parallel-flow arrangement.
1. Water in silicon double-
layered microchannel heat
sink with parallel flow
Advantages:
2.Fixed parameters: 1. Significantly reduce the
C|[~.27] Wong(,j };ok—hl_ Asub =10mmx10mm; E=;treamwr|f:se temperature rise on the
eong, and Fashli Hr =800um:Wi =200um: ase surface
Nazhirin Ahmad _t pm t_ “_m’ 2. Substantially reduce the required
Muezzin. "Heat transfer t=80um; Tinlet =300K; pressure drop and pumping power
of a parallel flow two- 2 3. Three cases: . 3. High heat flux capability. 0.07
Iayergd microcharjnel a.He=320pm;W¢=56um; { ]‘ 0 “ ]\[U : 4. Significantly reduce the flowrate .
" Gommunicatons - Q=4.7om3 /5R =0.108KW |~ Cniformity wits countr low ayout,
Heat and Mass Transfer b. He =287um;W¢ =55um; 6. Reduce the peak temperature
49 (2013): 136-140. Q=6.5cm3 /s:R =0.113K/W t with parallel-flow arrangement. ]
7. Better thermal performance with
¢. Hc=302pm;We=50um; thinner middle-rib thickness.
Q=8.6cm3 /s;R =0.093K/W t
1. Gu-based double-layered
microchannel and Gu-based
, double-layered, liquid-liquid Advantages:
hot-cool water )counter-flow ignifi
(28] Lu, Bin, W, J. f\/licrochannel ) 1. Significantly reduce the
. streamwise temperature rise on the
Meng, and Fanghua
Mei. "Experimental - base surface
oS R 2. Atotal = 41.8mm x 28mm 2. Substantially reduce the required
investigation of Cu- —09-M1. = . .
N=92;Dp =368pum; pressure drop and pumping power
based, double-layered, 2 o . S aan, 3. High heat i bili 0.289 95.7%
microchannel heat Wrip =600um; | ooy 4. ig i eat qu capal Ihlty'fl . -95.7%
exchangers." Journal of Htotal =6.65mm ooooooa - Significantly reduce the flowrate
5. Increase mechanical robustness

Micromechanics and
Microengineering 23.3
(2013): 035017.

3. Atotal =36mmx40mm
N = 60;
tmc =1.6mm;tsc =9.5mm

W¢ = 210um;Htotal = 650um

and thermal performance with Gu-
based MCHS.
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annel Heat Sinks for Electronic Cooling

Percent of
Numb Thermal Pgmplng
Reference UMBET |y10in Characteristics Icon Diagram |Advantages and Disadvantages Resistance ower
of Layers R(°C-m2 W Increase
(°Cm ) and
Decrease
1. Water in silicon double-
layered MCHS
Asub =10mmx10mm;
Tinlet1 =Tinlet2 =288.16K
2.Q=0.05W:
N Advantages:
[29] Lin, Lin, et al. N=69;Hc1 =254um; 1. Signiﬁ%antly reduce the
Optimization of Wr = 56pm;d1 = 50pm; streamwise temperature rise on the
geometry and flow rate d2 = 50um; base surface
dlstantlon for double- Uin1 =0.896m /s — — / 2. Substantially reduce the required 0.131
layer microchannel heat 2 3 gooooy ressure drop and pUMpING power 0.102 -97.3%
sink.” International 3. Q =200cm3/min: T 7 g High heat ’f’lux cai)abiﬁtyg p 0.089
SJ;Z:;'SO;;?%T:)I, N=111;Hc1 =319pm; 4. Significantly reduce the flowrate
158-168 . Wr = 60um;dq = 50um;
: d2 = 300um; uinq =2.93m/s
4. Ap = 100kPa :
N=81;Hc1 =179um;
\Wr = 48um;dq = 50um;
d2 = 300um; ujn1 =1.71m/s
Advantages:
1. Significantly reduce the
1. Water in silicon double- ztreamwrifse temperature rise on the
layered MCHS in counter ase suriace
ﬂoyw arrangements. 2. Substantially reduce the required
pressure drop and pumping power
2. Asub =1cmx1cm; 3. High heat flux capability.
Htotal =740um; 4. Significantly reduce the flowrate.
[30] Wu, J. M., J. Y. H o a_ Hep = 550 X 5. Reduce the thermal resistance
Zhao, and K. J. Tseng. c,u = Fe,b = £o0um; by improving the width ratio
"Parametric study on to =160pm;ty =40um; 6. Improve the uniformity of
the performance of temperature distribution with a better
double-layered 2 a. Wch = 70um; ///width ratio at a given pumping 0.07 29.3%
microchannels heat 'Wf = 70pm,48um,36um; oooood 7/ |power. : e
sink." Energy _ . ooo 0 7. Improve the thermal performance
Conversion and N = 100] 20’13_3’ with the investigation on aspect ratio
Management 80 (2014): b. Wch =50um; and number of channel.
550-560. Wt = 50pm,33um,25um; 8. Enhance the overall performance
N = 71,84,94; by adjusting the inlet velocity of
c. Weh = 40pm; upper channels to be smaller than
Wi = 40pm,25um; that of bottom channels at a given
N = 153,125; pumping power.
Advantages:
1. Significantly reduce the
streamwise temperature rise on the
base surface
2. Substantially reduce the required
K pressure drop and pumping power
;bt?g’l:i'?d ;2’:;2‘3;2:1‘)) :Iﬂﬂ 3. High heat flux capability.
water as coolant 4. Significantly reduce the flowrate.
microchannel and counter 5. Improve the electrical
flow layout heat sink performance by the elimination of
4 ) wirebongding interconnections.
[31] Sakanova, Assel, et 2. Integrated inside the Gu- B'eﬁg:);t::éf!ys?r?gilgﬁ tt;;r:tremdal
al. "Optimization and layer of direct bond copper. Ey the power module cangbe
comparison of dOUt.J|e- . ~={removed from both sides.
layer and double-side 3. Water based Al203(with i 7 The results indicate the 0.132(DL)
micro-channel heat | 2/double |concentration 1% and = nénoﬂuids at a higher concentration 0.064(sandwich) _67.4%
sinks with nanofluid for side  |5%)nanofluid ield a better cooﬁn erformance 0.105(with e
power electronics Y 9P nanofluids)

cooling." Applied
Thermal Engineering
65.1 (2014): 124-134.

4. 300um x 635um x300um;
Hc = 300pm;Tinlet = 297K;
Uin =2m/s;

Optimal Geometry :

Asub =1cmx1cm;

N =125; 3 =0.7;

Wch = 56um;Ws = 24um

by about 17.3% at 5% concentration
while 10.6% at 1% concentration.

8. Compared with the conventional
SL structure, the DL and sandwich
structures show reduction in thermal
resistance by 15% and 59%
respectively.

9. Temperature distribution for the
sandwich structure is almost ideally
uniform. The sandwich structure
shows best performances in heat
removal, uniformity of temperature
distribution and reliability.
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Percent of
Numb Thermal Pgmpmg
Reference UMDEr In1ain Characteristics Icon Diagram |Advantages and Disadvantages Resistance ower
of Layers 2 Increase
R(°C-m< /W) and
Decrease
1. Water in silicon doubler- Advantages:
layered microchannel heat 1. Significantly reduce the
sink with truncated top streamwise temperature rise on the
channels(the top channels base surface
were truncated at their 2. Substantially reduce the required
[32] Leng, Chuan, Xiao- downstream region ). pressure drop and pumping power
Dong Wang, and Tian- 3. High heat flux capability.
Hu Wang. "An improved 2.Tin1 =Tin2 =300K; 4. Significantly reduce the flowrate.
design of double- 2(with |\ = 100: 5. Prevent the downstream coolant
layered microchannel |truncated Poutt =F;o t2 =0.1MPa; with higher temperature in the top 0.2 -94.6%
heat sink with truncated | channels) L u_20 lfL _1'0 L channel from heating the upstream
top channels." Applied X= mnﬁ, z =10mmiLy coolant with lower temperature in
Thermal Engineering =1 .05_mm, o ) the bottom channel.
(2015). Wc1 =Wc2 =W¢ =0.05mm; 6. Further reduce the overall thermal
dp =dt =dm =0.05mm; resistance
a=9;B=0.5; A| =0~1; 7. Further decrease maximum
51 =02 =25mm temperature difference on the
bottom wall.
Advantages:
1. Significantly reduce the
streamwise temperature rise on the
base surface
[33] Leng, Chuan, et al. 2. Substantially reduce tr'\e required
"Optimization of thermal L pressure drop and pumping power
rosistance and bottom 1. Water in silicon doubler- 3. High heat flux capability.
layered microchannel 4. Significantly reduce the flowrate.
wall temperature
uniformity for double- _ o ) 5'. Preyent the downstrea'm coolant
. 2 2. Lx =10mm;Lz =10mm; with higher temperature in the top 0.13 -97.3%
layered microchannel Ly =1.20mm: .
S e y =1.20mm; channel from heating the upstream
heat sink." Energy . f
. Hc, tot =1mm; Tinlet =300K coolant with lower temperature in
Conversion and g
X the bottom channel.
Management 93 (2015):
6. Further reduce the overall thermal
141-150. .
resistance
7. Further decrease maximum
temperature difference on the
bottom wall.
1. Water in silicon doubler-
layered microchannel heat A .
sink with truncated top dvantages:
channels(the top channels 1. Significantly reduce the
\were truncated at their streamwise temperature rise on the
B base surface
downstream region ).
gion ) 2. Substantially reduce the required
2 Tin1 =Tin2 =300K; pressure drop and pumping power
lin1 =lin2 3. High heat flux capability.
[34] Leng, Chuan, et al. N = 100; 4 Sianii v red he f
"Multi-parameter pout! =pout2 =0.1MPa; . Significantly reduce the flowrate.
optimization of flow and out! =Poutz =, <, 5. Prevent the downstream coolant
p Lx =20mm;Lz =10mm; with higher temperature in the top 0.102(Q=0.05)
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