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ABSTRACT

Heat removal capacity, coolant pumping pressure drm
surface temperature non-uniformity are three melallenges
facing single-phase flow microchannel compact heat
exchangers. In this paper multi-objective optini@ahas been
performed to increase heat removal capacity, anttedse
pressure drop and temperature non-uniformity irglsifiow
microchannels. Three-dimensional (3D) 4-floor bfang
networks have been applied to increase heat renoaycity
of a microchannel from silicon substrate (15x15x&)mEach
floor has four different branching sub-networkshaitpposite
flow direction with respect to the next one. Eadfanighing
network has four inlets and one outlet. Howevegnbhing
patterns of each of these sub-networks could lerdift from
the others. Conjugate heat transfer analysis hers performed
by developing a software package which uses quashérmo-
fluid analysis and a 3D steady heat conductionyaigl These
two solvers are coupled through their common boriesa
representing surfaces of the cooling microchannélsing
quasi-1D solver significantly decreases computinggtand its
results are in good agreement with 3D Navier-St@msations
solver for these types of application. The analysiskage is
capable of generating 3D branching networks withdom
topologies. 1341 random cooling networks were sateadl
using this analysis package. Multi-objective opgation using
modeFrontier software was performed using respsustace
approximation and genetic algorithm. Diameters lrschching
pattern of each sub-network and coolant flow dioecbn each
floor were design variables of multi-objective opization.
Maximizing heat removal capacity, minimizing pregsarop
and temperature non-uniformity on the hot surfaesewthree
simultaneous objectives of the optimization. Paogtimal
solutions demonstrate that thermal loads of upQ0® %//cm?
can be managed with 3D 4-floor microchannel cooling
networks.
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1 INTRODUCTION

Cooling systems for new generation portable eleatro
devices with higher capacity of heat removal, higkféciency
and smaller size is one of the challenges in treg¢ lransfer
field. The heat dissipation of microprocessors dielfieated an
exponential increase over the past decade and P tames
larger heat fluxes, with respect to current deviees expected
in next-generation microelectronics [1].

One of the cooling system technologies is the ogoli
microchannel based compact heat sink. Significasthaller
sizes of the microchannels offer major advantagethid
method which allows multichip integration. The main
challenges of this method are high pressure draphatequire
higher pumping power, surface temperature non-umify,
liquid maldistribution, and coolant leaks [2]. Mochannel heat
sinks have been investigated both experimentallyd an

numerically [1-7]. Single-phase flow heat transfen
microchannels has been studied by many investigator
Heat transfer coefficients and friction factors in

microchannels have been experimentally investighyelosar
and Peles [8] for heat fluxes ranging from 3.8 6 W/cnf.
Colgan et al [9] investigated practical implementation of a
single phase microchannel flow in silicon subsgateenhance
removal of heat load up to 300 W/tmsing water as coolant.
Walchli et al [10] applied oscillating flow method on water
cooling system for thin form factor high performanc
electronics with 180 Wi/chmneat flux load.

A computational and experimental investigation idgsure
losses and heat transfer in microchannel netwarktaming T-
type junctions have been performed by Hadeal. [11]. Kim
et al. [12] numerically studied the thermal and hydraulic
performance of single phase microchannel flowsugehase
change flows for different coolants.

One of the first vestiges of the application ofiytation
methods to improve channel geometries was in tisgaeof
gas turbine blades. Intensive work was performechasimize
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cooling efficiency of channel-based networks by nseaf
optimizing their arrangement. Martin and Dulikravig13]
presented a fully automated program for inversegdeand
optimization of internally cooled turbine bladeshigh was
validated against experimental results from PraWRitney. A
few years later, Jelisavcieet al. [14] applied hybrid
evolutionary optimization to the same concept ofrutel
network optimization for turbo-machinery applicatso Hong
et al. [15] presented a great effort to enhance the wrgoli
uniformity of microchannel heat exchangers throtigh design
of fractal tree-like networks, attempting to reduceolant
pumping pressure drop. Subsequently, Gonzatesil. [16]
executed relevant work comprising 2D microchanretivorks
optimization. Genetic algorithms have been usedM®y and
Joshi [17] to perform single objective optimizationorder to
minimize overall thermal resistance. Husain and Kihg]
performed single objective optimization using resgosurface
approximation in order to find optimal microchannidth,
depth, and fin width.

There is still a need for more research on sinpkesp flow
microchannels in order to increase heat transfariaicy and
decrease temperature non-uniformity and pressoge[d©].

In this paper, a cooling scheme involving 3D neksoof
microchannels is introduced, and the results ob@iimization
study of the topological and geometrical properixéssuch
networks are presented. Topological characterisinctude
branching pattern and flow direction of each mibamels
floor; geometrical properties include microchandameters.
This work represents a significant improvement dter initial
effort [20] to develop a high efficiency compacihexchanger

based on optimally branched networks of cooling
microchannels.
NOMENCLATURE
A Cross-sectional area of a microchannel.
Ct Coefficient of wall friction.
Cv Specific heat per unit mass
C Specific heat per unit volume.
Ccv Hot surface temperature nonuniformity.
Dy, Hydraulic diameter
f Darcy friction factor.
g Gravity acceleration.
h Convection heat transfer coefficient
k Thermal conductivity of the fluid
K=K;,+K,« Coefficient of inlet + exit losses.
L Microchannel length.
m Mass flow rate.
Ny Nusselt number.
Per Perimeter of the microchannel.

Static pressure

Prandtl number.

Total heat transferred into fluid.
Reynolds number.

Surface area of the microchannel.
Absolute temperature.

\VJ Velocity vector magnitude.
z Elevation of a point.

Greek symbols

h Efficiency of microchannel cooling.

€ Channel inner wall surface roughness.
t, Wall shear stress.

r Density.
Subscripts

IN Microchannel inlet.

ouT Microchannel exit/outlet.

w Microchannel wall.

2 MATHEMATICAL MODEL DESCRIPTION

An automatic 3D conjugate heat transfer analysitsvaoe
package (CHETSOLP) was developed to model conjuuzdé
transfer phenomena and calculate flow-field andpenature
field simultaneously in order to assess any micode! heat
sink topology. The most relevant numerical algonish

comprising the CHETSOLP package are described is th

section. The working logic of the package is tosedhe flow-
field, transfer the flow-field data to the 3D heainduction
analysis code, solve for temperature field in thlelgart of the
heat exchanger, transfer temperature data to tasi-q flow
solver via cooling microchannel surfaces, and iteely repeat
this procedure until the wall temperatures of tHerathannels
(initially guessed) converge. Data transfer at #odid/fluid

interfaces is performed by a developed boundarydition

transfer module that links the fluid and solid damsolvers.
CHETSOLP consist of two parts; random geometry geoe
and analysis solvers

3 RANDOM GEOMETRY GENERATORS

A FORTRAN code was written to produce different
microchannels arrangements by randomly generatiagching
patterns, diameters of each branch and directioeaoh sub-
network on each floor. In the next step, the regfuist! file for
analysis solvers is generated automatically bydbde.

In this research, microchannels have been arramgiedir
floors inside the silicon substrate with dimensmnl5x15x2
mm (length, width and thickness), as shown in #gia.

a)
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Figure 1. a) 3D 4-floor microchannels, and b) 4 bnaching sub-
networks on one floor.

Figure 1b shows one single floor which has fourasaie
branching sub-networks. Each branching sub-netwwak 4
inlets and one outlet. Branching sub-networks hepposite
directions with respect to each other. Total nundbdranching
sub-networks for the 4-floor arrangement studiee e 16.

4 ANALYSIS SOLVERS

In order to perform conjugate heat transfer anglysio
solvers have been coupled to each other; quasii® fflow
and convective heat transfer solver (COOLNET) [a8H 3D
heat conduction solver (OpenFOAM) [31].

4.1 QUASI-1D FLUID FLOW AND CONVECTIVE HEAT
TRANSFER ANALYSIS (COOLNET)

The numerical algorithm for integration of mass,
momentum and energy balance equations that follasmjmes
steady, incompressible flow and breaks down eadhlingp
channel into a number of constant cross hydraubmeter
fluid elements [13, 20, 21].

Mass continuity is enforced throughout by means of
solving Eqg. (1) at every junction node, that ise@ry junction
of microchannels the incoming flows and outgoingssnfiow
rates must balance out.

K max
rv.,A =0

k=1

K max

n’l(:

k=1

1)

Balance of momentum equation for such a network of
quasi-1D cooling channel flows involves pressurede and
viscous forces. The viscous forces are typicallguged into
major losses forces (due to friction of fluid arde tchannel
wall) and minor losses force (due to flow separatiat
locations of inlets, exits, turns, sudden chandgesydraulic

diameter, branch nodes/merge noted of the netwdtigs, the
balance of forces applied to a single, constantradujit
diameter fluid element in a cooling channel, isidgy
modeled as

V2

0=p,A- p,,A-t,S- Kr7A 2)

Here, A and S represent the cross-section areavattdd
surface areas, respectively, of a constant hydradikmeter

fluid element. They are defined in Eq. (3) as fiomg of the
hydraulic diameterD, , and the perimetePer.

S= DL 3)

The average wall shear stress acting on the flustHe a
channel is approximated in Eq. (4) as a functiorthef Darcy
friction factor and the dynamic pressure.

V2

\VAR|
w=Ci ——==1f @)
2 4 2
Then, balance of forces in a constant hydraulicndiar fluid
element can be written as

D2p 1, V? V? DZp
0= (g - -=fr—Dp - Kr ——=n )
4 (pln pout) 4 2 hld‘ 2 4
This can be further consolidated as
L V? v?
0=A(p,- cf—r—- Kr— (6)
(Po - Po)- T 57 5

h

The Darcy friction factor is calculated from Eq.) (for
laminar flow conditions.

f=24 (7

Re

For turbulent flow conditions, it is approximatedrh Eq.

(8) as a function of Reynolds number and the nedatvall

roughness. Equation (8) was proposed by Chen (@2&nbari

et al. [23] demonstrated that Chen’s equation is onéefost
accurate friction factor equations.

11098

€ €
1_ /Jh 5.0452 /Dh 5.8506
——= - 2log - log T
Jf 37065 Re 28257 Re
(8
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In the scope of this work, minor losses due todhspes
of microchannel junctions were addressed: elbowangtions
and cross junctions. Inlet losses were also incatpd.

Minor loss coefficientsK, of regular-size junctions were
used due to lack of data for micro-size junctioaspecially
with circular cross section. Cross junction frictidactor
recently represented by Shaepal. [24], were applied in loss
calculations. Other friction factors have been aotied from
data presented by White [25], Streeter [26], Hamil{27],
Harris [28], and Hydraulic Institute [29].

Table 1. Minor loss coefficients [24-29].

Junction Type K

Inlet or exit 0.t
Elbow .8
T-junction 0.z
Cross junctio 0.1¢€

Energy balance equation (First Law of Thermodynainic
for quasi 1D steady, incompressible flow resultthm extended
Bernoulli's equation for the entire channel, in tbese of no
shaft work and no work of electro-magnetic forces.

pout Voit — pin Vlr? _ . 9_%
T+7 - 7+7 [(CvoutTout) (CvinTin)]+m m

(9)

At this point, it should be recognized that therneslergy
transferred to the fluid by convection has beemestan the
fluid, that is

Q

[(CvoutTout) - (CvinTin )] + E =0 (10)

Then, after multiplying Eq. (9) through with derysétnd cross
section area, A, and recognizing that potential rggne
differences are negligible, this equation becompy&).

If constant wall temperature is assumed in eactstaom
hydraulic diameter fluid segment of a channel, rtite of heat
transferred into the flowing fluid is defined as

Q=hT, - T +2Tom (11)

w

Considering a heating scenario where the channdl wa

temperature is higher than the fluid temperature,ulk fluid
temperature will rise in the direction of the flolina constant
cross-section fluid element is considered, thegnbalance of
such differential control volume is given by

dQ = mC,dT = h(T,, - T)dS

which after integration gives the exit fluid bubnperature that
can be computed from Eqg. (13), when inlet tempeeatwall

(12)

temperature, heat transfer coefficient, mass fla® and fluid’s
specific heat are known.

_hs
me
Ty) e

Tour = Tw (13)

- (TW_

The convective heat transfer coefficieny, can be
calculated from Eq. (14) if Nusselt number is known

hD,
kquid

Nu= (14)

In order to calculate Nusselt number and hence the
convective heat transfer coefficient, h, the sec&wdukhov
equation is used [16]. Petukhov's equation is shaaikq. (15)
here. It represents a relationship between the éltudrandtl
and Reynolds numbers and friction factor for steady
incompressible flow in a straight circular crosstsm tube.

_ (f/8)(RePy)

= (15)
1.07+12.7(f/8§° (PP®- 1

The quasi-1D thermo-fluid solver (COOLNET) is an
iterative scheme that decouples continuity and nmbome from
energy balance. It was formulated, developed astédeby
Martin and Dulikravich [13, 20, 21]. The definitioaf the
momentum conservation matrix system is straightfmdafor
every channel. The mass conservation matrix balasce
expressed on a nodal basis rather than on a chiaywoélannel
basis. Therefore, the formulation of such matristem is
entirely dependent on the branching pattern thgivan node
exhibits. Equation (16) shows an example of a nodere a T-
junction exists and a single microchannel brandhés two
channels, each carrying a fraction of the outflow:

m,
[1-1-4m, =C
rnoutz

(16)

Equations (1) and (6) are cast into a compositerixnat
system for simultaneous solution of the mass anthemtum
(energy) balance equations. The quasi-1D thermd-#uoalysis
code COOLNET is capable of automatically assembtingh
matrix system based on the microchannels’ conngctiVhe
matrix system is composed of a coefficient mataixyector of
unknowns and a boundary conditions vector.

Pin +V%

A 2A 1S v2/ _ 2A, V?
AL R

A 17
2
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The coefficients matrix is composed of the factshswn
in Eq. 17 for all channels and a set of unity fextmrranged in a
specific form depending on channels’ connectivity.

This matrix of coefficients multiplies the unknowactors
which are assembled by placing: 1) the equivaletal t
pressures for all internal nodes, that is, all dehrjunctions
except for the inlet and outlet ports, and 2) agerahannel
mass flow rates. The boundary conditions vectorresto
quantities derived from prescribed values at thenaln
boundaries. Complex network topologies yield slightl-
conditioned matrices Therefore, singular value dgmusition
algorithm [20, 21, 30] was used for matrix inversiat all
iterations. The variables are subsequently computech
calculated nodal equivalent pressures and averags row
rates. A matrix inversion subroutine solves for ieglent total
pressures and mass flow rates simultaneously. Fer 3D
temperature field solution in the substrate maltiena matrix
system is required. A simple advancing-front progra
(OpenFOAM software [31]) sweeps the microchannélvaek
solving Laplace’s equation for all nodes (except ifuets).
Wall temperatures, calculated mass flow rate, celtemgths
and cross-sectional areas are considered for soluwf this
equation. The resulting nodal thermal state impkegrgy
balance of the entire network of microchannels.

4.1.1 ACCURACY VERIFICATION

COOLNET was originally developed and applied for

analysis of compressible coolant flows in interrchlannel
networks in cooled gas turbine blades [13, 20, Blthis work,
it was modified to use incompressible fluid flowside
branching networks of microchannels. The
COOLNET algorithm that was implemented in this wavls
validated against results from high-fidelity 3D NavStokes
equations solvers and analytical solutions for tést case of
Poiseuille flow (steady, incompressible, viscouspthermal
flow) of air in a 500 mm long, straight pipe wittnier diameter

of 1 mm. The COOLNET program was used to determine

average fluid speed upon changes in the upstreassyne
conditions. Validation against analytical solutiielded by the
Hagen-Poiseuille equation is shown in Fig. 2.

Normalized average errors increase for higher Regno
number flows due to the introduction of a largeroeiin the
computation of the Darcy friction factor. Howevegrror
remains below 8% with respect to exact solutioregiby the
Hagen-Poiseuille equation.

High-fidelity 3D Navier-Stokes solver solutions lgienore
accurate results, but their computational expessguite high.
For the above test case, for example, only 25 skxare
needed by COOLNET to reduce its residual by 6 acrdsr
magnitude, while the ANSYS CFX solution (on a 1000
nodes computational grid) consumed over 1,200 skscfor the
same residual reduction. This confirms the largenemical
advantage of using a simplified thermofluid anaysnodel
such as the quasi 1D flow used in this work, irgtefusing a
complete 3D Navier-Stokes equations with
modeling.
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Figure 2. Validation of COOLNET for Poiseuille incanpressible
laminar flow test case.

4.2 3D HEAT CONDUCTION ANALYSIS

Steady 3D heat conduction analysis inside the heat

exchanger solid material was carried out with comcraé
software OpenFOAM [31] which uses the Gaussiantefini
volume (hexahedral cells) integration method fompatation
of derivatives and it implements a linear intergiola scheme.

4.2.1 ACCURACY VERIFICATION
The OpenFOAM La Place equation solver for steady
temperature field was validated against an exacts@tion.
Consider steady-state diffusion of heat in a 10 f®>n x 5 m
rectangular block, held at constant temperatur@ &€ on all
sides, except for the bottom surface which is laeltb0°C. The
exact solution for this steady-state problem carmémved by
implementing the integral-transform technique [3id the
temperature distribution function reduces to E§).(1

) 4 ¥ ¥ N (18)

T(x,y)=—— -
( y ABm=1r=1 m2+ n2

where

A

=(sin ,x)(sin ,y) ( (x)sin ,x)dx
x=0

A: the block’s width (10 m in this test case).

B: the block’s height (5 m in this test case).

(X ): a function that describes the presediiemperature
along the bottom boundary.
~and _:eigenvalues of the kernel functions in theegral-

transform for heat diffusion problems proposed lay & [32].
The temperature field computed by OpenFOAM for2be
steady-state test case was compared to a solutié).o(18)
that was obtained implementing 40,000 summatiomgeat
every x-y location. Maximum error using OpenFoarfiveare
in the 2D test case was below 1%. Approximately #§%he
computed values in the entire 2D domain had a niareth

turbulence error petween 0.01% and 0.1%.
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5 TEST CASE DEFINITION

in the entire substrate. This figure demonstrdtes the large

For the purpose of demonstrating the utility of the variations in temperature field occur close tolibesurface.

developed design optimization algorithm for 3D natke of
cooling channels, we simulated a silicon substthge has a
footprint of 15 mm by 15 mm and a thickness of 2 mith
thermal conductivity of 130 W AK™. A uniform thermal load
of 500 W/cm2 was enforced on the top surface ofstifestrate
and a constant temperature of 300 K was enforctuediottom
surface of the substrate. A dielectric liquid codlavas
simulated as pumped at horizontal floors each aunta 4
branching sub-networks to absorb as much heat ssibje
Manufacturing limitations suggested by Jones al [36]
constrain microchannel hydraulic diameters to beatgr than
100 microns and relative wall roughness is set%sof the
hydraulic diameter. The most relevant charactegsire

1) Maximum number of planar branching levels: 2.

2) Minimum hydraulic diameter: 200 pm.

3) Maximum hydraulic diameter: 350 pm.

In this work, the interior wall relative roughnesas kept
constant at 7 percent for all the branches in tbelirg
networks. Different investigators have reportededént critical
Reynolds numbers for fluid flows inside microchalsr87]. In
most research, laminar flows were observed for Bleim
number less than 2000. Therefore, in this researdtical

Reynolds number has been set at 2000. The boundary

conditions for water coolant at the inlet wereatqgiressure of

270 kPa and total temperature of 293 K. The bouyndar

condition at the exits was the static pressurel6fdPa. Fluid
properties are temperature-dependent and were fathfnom
OpenFOAM's fluid database [30]. The local averagelant
velocities, pressures and temperatures were tHeolated by
iteratively satisfying a system of local mass constons and
extended Bernoulli's equations [1, 3, 5].

5.1 ARANDOM UNOPTIMIZED CONFIGURATION
Conjugate heat transfer in an initial population 1841
unique randomly generated 4-floor branching miceoctel
networks was simulated using CHETSOLP. Resultsnaf of
these cases are shown in this section.
Coefficient of Variation (CV) was defined as theigaof
standard deviation ) over the mean value /%) of

temperature on the hot surface, whieres the number of cells
on the surface.

Cv= (19)

s= _’j(Ti-m)z (20)

[m]3l@

z

mzﬁ(l'1 +T, +...+Ty) (21)

Figure 3a shows the temperature distribution on hbe
surface, while figure 3b shows the 3D temperatistidution

a)

T (K
360.
 §

-350.

340,
334,

b

b)

T
360.
§

7 340.
. QR i

320.

ESOO.
2985.

w
« ?
Figure 3. Temperature distribution on a non-optimizd
configuration: a) hot surface (having large temperture variations
CV = 1.711E-02), and b) entire 3D substrate.

Wall temperature distributions on all floors arewh in
figure 4a. Figures 4b to 4e show temperature digion on
each microchannel floor. The first floor temperatuariation is
illustrated in figure 4b. This floor is next to theld surface.

As these figures show, temperature field in eaobrfis
affected by temperature fields on its top and lotfwors. On
the 4th floor which is the closet floor to the Isorface (figure
4.e), in some branching sub-networks, higher teatpegs are
observed at the beginning of channels. This happecause
Reynolds numbers in those channels are less thiéinalcr
Reynolds number which is 2000 for microchannelshwit
percent roughness [37]. By merging channels, sitloe
diameter in a given sub-network is constant, thgnBkls
number will be increased and as a result of this,donvection
heat transfer coefficient, h, and the amount oft hemoved
will be increased. Therefore, lower temperaturethefchannel
walls will be seen at the end of sub-networks afrethannels.
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Figure 4. Temperature distribution on non-optimized
microchannel walls, b) 1st floor, c) 2nd floor, d)3rd floor, and €)
4th floor.

Mass flow rate, heat removal, pressure drop anchetier
of each branching sub-network are representedla a

Mass flow rate is varying by the diameter and binémg
pattern. As results show, branching sub-network Kad the
maximum amount of heat removal.

Table 2. Analysis results for all branching sub-netorks in non-
optimized case.

Branching | Mass flow| Heat removal, | Pressure | Diameter,
Sub-network # rate, (g/s) (W) drop, (W) (m)
1 3.34 54.787 0.539 250
2 2.03 20.709 0.328 250
3 3.34 46.838 0.539 300
4 1.23 13.235 0.198 200
5 0.77 4.747 0.124 200
6 3.08 61.499 0.497 300
7 1.39 30.733 0.247 200
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8 1.39 45.697 0.247 350
9 2.63 97.457 0.425 250
10 0.77 11.408 0.124 250
11 2.05 76.583 0.331 350
12 0.74 6.707 0.122 200
13 0.57 37.466 0.092 250
14 2.05 119.638 0.331 350
15 1.23 49.385 0.198 300
16 1.23 87.925 0.198 350

Table 3 illustrates the mass flow rate, heat remaosed
pressure drop for each floor. Floor #4, which i ¢ttosest floor
to the hot surface, has the maximum amount of rerabval,
minimum mass flow rate and minimum pressure drop.

Table 3. Analysis results for all floors in non-opimized case.

Floor Mass flow rate | Heat removed | Pressure drop
# (9/s) (W) W)
1 9.93 135.569 1.605
2 6.63 142.675 1.114
3 6.19 192.155 1.001
4 5.07 294.414 0.819

Total 27.80 764.814 4.539

6 MULTI-OBJECTIVE OPTIMIZATION

Optimization of the topology and geometrical

characteristics of the 3D microchannel network weaormed
by using modeFRONTIER software [33]. In this papksign
variables for a single branching sub-network inelutthiree
variables for branching pattern and one for diamdteere are
three more design variables for directions of fodFherefore
for 16 branching sub-networks, the total numberdesign
variables is 67. The 67 design variables whichdafeing the
4-floor cooling configuration of microchannel netks were
randomly varied to generate 1341 unique 4-floor lingo
topologies. Then, these 1341 uniqgue random case® we
imported to modeFRONTIER to generate the 67-dinoeradi
response surface which is a powerful method torpotate
multivariate scattered data and decrease costropetations.
Response Surface Methodology (RSM) was implememset
Gaussian Radial Basis Function (GRBF).

Multi-objective Genetic Algorithm 11 (NSGA-II) was
chosen to perform optimization. NSGA-II is a mubjective
evolutionary algorithm developed by Deb al. [34, 35]. The
three simultaneous objectives of the optimizatioms were:

1) Maximize total heat removed,
2) Minimize total pressure drop,
3) Minimize temperature non-uniformity on hot sada

The main difficulty is to create an accurate resgon
surface for a large number of integer design véegb(67
variables) which is capable to predict the threedlves with
an acceptable error. Gaussian Radial Basis Fun¢@GdBF)

based response surface offered more accurate gesgult
comparison to other response surface methods. AFGREs
created by using 1341 unique randomly generatebbof-f
cooling networks. Then, this GRBF was coupled tdGRSI
multi-objective optimization algorithm in modeFRONER
software in order to perform the optimization. Thareto front
obtained by this method is illustrated in figureby two
objectives; pressure drop and total heat removatsé& Pareto
designs are shown by green squares and named &Mirtu
Pareto”. Blue circles represent the 1341 randortiaincases
and named “Initial Population”.

. Initial Population Pareto 2
= Virtual Pareto
8 [ Real Pareto
7.5 3
73
65
553
o E
N
454
R
2 °7
© 353
o 3 i
2.5
24—+
154
1 = T T T T T T T T T T T T T T T T T T T T T T T T
400 500 600 700 800 900 1000

Heat removal (W)

Figure 5. Thermal energy removedvs pressure drop for initial
population, virtual Pareto, and real Pareto optimaldesigns.

In the next step, 25 different virtual Pareto desig
obtained by modeFRONTIER optimization were chosen a
input data for 3D conjugate heat transfer analgsiftware
(CHETSOLP). The analysis results are shown by mares
and named “Real Pareto” in figure 5. As this figgtews in
the region between 800 W and 900 W of thermal power
removed, which has more initial points, the virtead real
Pareto designs are well matched. The differenceseen
virtual and real Pareto designs are higher at éaelfand tail of
initial population cloud. This is because the GR@fes not
have enough points in these regions to predicb#tavior of
objectives with respect to variables. However, th@ Pareto
still represents good dominant designs in comparigdh
initial population.

Figure 6 shows initial population, virtual Paretodareal
Pareto for CV with respect to total heat removesltifis figure
illustrates, virtual and real Pareto designs are gmod
agreement in almost all regions. For better ilastn, initial
population and Pareto designs are shown in a 3phgnéth all
three objectives in figure 7.
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Figure 6. CV vstotal heat removed for initial population, virtual
Pareto designs, and real Pareto designs.

- Initial P opulation
Virtual Pareto
Real Pareto

Figure 7. 3D graph for CVvs heat removed vs pressure drop for
initial population, virtual Pareto designs, and red Pareto designs.

One of the best real Pareto optimized designs (@#&21)
was chosen to be studied more by using its anafgsslts.
Pareto #21, is also shown in figure 8 and figure 9.

Figure 8a and 8b demonstrate the temperatureluison
on the hot surface and substrates respectivelyp@eature on
the hot surface is changing from 330 K to 339 ksignificant

drop in the maximum temperature and temperature- non

uniformity is observed in this case. The CV on llo¢ surface
for this case was 4.907E-03.

a)

Figure 8. Temperature distribution on Pareto optimized design no.
21: a) hot surface, and b) 3D substrate.

Temperature distributions on all four floors arewh in
figure 9a to 9e. Figure 9e shows a quite uniformperature
distribution on the top floor.

a)

TK
332,
E330.

 £320.,
310.
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b)

d)

e)

Figure 9. Temperature distribution on a) 4-floor microchannels, b)
1st floor, ¢) 2nd floor, d) 3rd floor, and e) 4tHloor.

Table 4 shows mass flow rate, heat removal, pressuap
and diameter of each branching sub-networks. Stwenk
#14 had the maximum heat removal. The minimum rflags
rate and minimum pressure drop was obtained fondbiag
sub-networks #5 and #11, respectively.

Table 4. Analysis results for all branching sub-netorks for Pareto
optimized case #21.

Branching | Mass flow| Heat removed,| Pressure | Diameter,
Sub-network # rate, (g/s) (W) drop, (W) (m)
1 2.046 26.292 0.331 300
2 2.632 24.076 0.425 350
3 3.12 31.281 0.504 350
4 2.632 24.717 0.425 350
5 2.03 20.590 0.328 300
6 3.12 33.002 0.504 350
7 3.12 41.599 0.504 350
8 2.632 31.497 0.425 350
9 3.12 74.189 0.504 350
10 3.336 65.151 0.539 350
11 1.252 38.043 0.202 250
12 2.632 55.609 0.425 350
13 2.632 109.575 0.425 350
14 3.12 122.913 0.504 350
15 2.632 104.246 0.425 350
16 2.632 105.231 0.425 350

Results represented in table 5 shows that thel@dh ftop
floor) removes 4.15 times more heat than the fliosi.

10 Copyright © 2013 by ASME



Table 5. Analysis results for all four floors for Rareto optimized
configuration # 21.

Floor Mass flow rate,| Heat removed, Pumping
# (9/s) W) power, (W)
1 10.43 106.370 1.690
2 10.90 126.690 1.760
3 10.34 232.990 1.670
4 11.02 441.960 1.780

Total 42.69 908.01 6.90

Thermal efficiency of microchannel cooling can bedged
using the ratio of total heat removed divided bg gfumping
pressure drop, plus total heat load on the hotserf

_ Poweg,, 0% =
Powery,

Total heat removal %
(Total pressure loss Heatlopd

(22)

Table 6 shows and CV for the random case which were
studied in section 6.1 and for Pareto optimizece ¢4

Table 6. Overall efficiency and CV for the random ad Pareto
optimized configuration no. 21.

Case Cv
Random Case 67.710 1.71E-02
Pareto #21 80.220 4.91E-03

By comparing the results, it is observed that Raret
optimized configuration #21 gives higher uniformitin
temperature distibution on the hot surface and oisrall
thermal efficiency is 13% higher than in the randawon-
optimized configuration case.

7 CONCLUSIONS

Single phase 3D microchannels with 4-floor confajions
have been investigated using the CHETSOLP packdgehw
applies quasi-1D fluid flow and convective heahsf@r solver
(COOLNET), and 3D heat conduction solver (OpenFOAM)
Each floor has 4 branching sub-networks. The aisahgsults
for random unoptimized microchannels have beerudgsed.

Multi-objective  optimization was performed using
modeFRONTIER software. Branching pattern and diamet
each branching sub-network, and flow direction afte floor
are design variables for optimization. Total numbgéidesign
variables for 16 sub-networks is 67 integers. Maziing heat
removal, minimizing temperature non-uniformity onoth
surface and coolant pressure drop were three ol@eodf this
optimization problem. GRBF and genetic algorithnS®A-I1)
have been chosen to perform optimization. Amongeint
response surface methods, GRBF gives better rdesultslarge
number of design variables. Results of 1341 uniguelom
cases obtained from CHETSOLP were used to creGREF.

Twenty five of virtual Pareto optimal designs obtd
from modeFRONTIER were then analyzed using CHETSOLP

The simulation results of these 25 designs (reaétBphave
shown good agreement with virtual Pareto optimaigies and
have represented good dominant designs in compariso
initial population. Results of one of the real Rar@21) have
shown a significant improvement in temperature amiity.
Overall efficiency () for this design is 80.22%, which is about
13% higher that the efficiency of the random notirojzed
case.

ACKNOWLEDGMENTS

Authors would like to express their gratitude tofPCarlo
Poloni, founder and president of ESTECO, for prmgd
modeFRONTIER software free of charge for this prje

REFERENCES

[1] Mudawar, I., 2001, “Assessment of H-Hea-Flux
Thermal Management Schemes”, IEEE Tr
Components and Packaging Technologies, Vol. 2¢
122-141.

Ebadian, M. A., Lin, C. X., 2011, “A Review of Hi-
Heat-Flux Heat Removal Technologies”, ASM&titha
of Heat Transfer, Volume 133, Issue 11, pp. 110801.

Pence, L V., 2000,"“Improved Thermal Efficiency ai
Temperature Uniformity using Fractal Tridee
Branching Channel Networks” Proceedings
International Heat fansfer and Transport Phenom
in Micro-Scale, Canada, pp. 142-148.

Chen, Y. and Cheng, P., 200“Heat Transfer ar
Pressure Drop in Fractal Tree-like Microchannelsiet
International Journal of Heat and Mass Transfet,
45, Issue 13, pp. 2643-2648.

Bowers, M B., and Mudawar, |., 1994“High Flux
Boiling in Low Flow Rate, Low Pressure Drop Mini-
Channel and Micro-Channel Heat Sinkkiternatione
Journal of Heat and Mass Transfer, Vol. 37, Nop[2
321-332.

Kim, S. J, and Kim, D, 1999, “Forced Convectic
Cooling in Microstructures for Electronic Equipm
Cooling”, ASME Journal ofHeat Transfer, Vol. 12
No. 3, pp. 639-645.

Fedorov, A G. and Viskanta, R., 2000“Three
Dimensional Conjugate Heat Transfer in
Microchannel Heat Sink for Electronic Packaging”
International Journal of Heat and Mass Transfet,
43, No. 3, pp. 399-415.

Kosar, A., and Peles, Y., 2006, “Ther-Hydraulic
Performance of MEMS-Based Pin Fin Heat Sink”,
ASME Journal of Heat Transfer, 128(2), pp. 121-131.

Colgan, E. G., Furman, B., Gaynes, M., Graham
LaBianca, N., Polastre, R. J., Rothwell, M. B., 8&a
Choudhary, R., Marston, K., Toy, H., Wakil, J.,Z
and Schmidt, R., 2005, “A Practical Implementatisf
Silicon Microchannel Coolers for High Power Chips”,
21st IEEE SEMI-THERM Symp., pp. 1-7.

[2]

[3]

[4]

[6]

[7]

(9]

11 Copyright © 2013 by ASME



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Walchli, R., Brunschwiler, T., Michel, B., a
Poulikakos, D., 2010, “Seffontained, Oscillatin
Flow Liquid Cooling System for Thin Form Factor
High Performance Electronics”, ASME Journal-téa
Transfer, 132, Issue 5, 051401, pp. 1-9.

Haller, D., Woias, |, and Kockmann N., 200
"Simulation and Experimental Investigation of Ptes
Loss and Heat Transfer in Microchannel Netw
Containing Bends and T-junctions”, Int. Heat Mas
Transfer, Vol. 52, Issues 11-12, pp. 2678-2689.

Kim, Y. J., Jost, Y. K., Fedorov, A. G., Lee,-J., ant
Lim, SK., 2010, *Thermal Characterization
Interlayer Microfluidic Cooling of Thre®imensions
Integrated Circuits With Nonuniform Heat Flux”,
ASME Journal of Heat Transfer, 13Bsue 4, 0410(
pp. 1-9.

Martin, T. J, and Dulikravich, C S., 2001,"“Aerc-
ThermogElastic Concurrent Design Optimization
Internally Cooled Turbine Blades”Chapter 5 i
Coupled Field ProblemsSeries on Advances
Boundary Elements (Eds: Kassab, A. J. and Alia
M. H.), WIT Press, Boston, MA, USA, pp. 137-184.
Jelisavcic, N., Martin, T. J., Moral, R. J., Sahan,
Dulikravich, G. S., and Gonzalez, M., 2005, “De:
Optimization of Networks of Cooling Passages”, Pe
IMECE200579175. ASME IMECE, Orlando, Floric
USA, November 5-11, 2005.

Hong, F. J., Cheng, P., Ge, H., and Joo, T., :
“Design of a Fractal Trekike Microchannel Net He:
Sink  for  Microelectronic  Cooling”,  &pel
ICNMM2006-96157, Limerick, Ireland.

Gonzales, M. J., Jelisavcic, N., Moral, R. J., Sal®,
Dulikravich, G. S., and Martin, T. J., 2007, “Multi
Objective Design Optimization of Topology &
Performance of Branching Networks of Cool
Passag®, Int. J. Thermal Sciences, Vol. 46, No. 11,
1191-1202.

Wei, X., and Joshi, Y., 2002, “Optimization Studf
Stacked Micro-Channel Heat Sinks for Micro-
Electronic Cooling”, Proc. ITherm 2002, San Die
CA, pp. 441-448.

Husain, A., and Kim, K.-Y.,, 2009, *“Therme
Optimization of a Microchannel Heat Sink W
Trapezoidal Cross Section”, J. Electronic Packaging
131, Issue 2, 021005, pp. 1-6.

Kandlikar, S. G., 2010, “Microchannels: Rapid Gria
of a Nascent Technology’”, ASME Journal bleal
Transfer, 132, 040301 pp. 1-2.

Martin, T. J., and Dulikravich, G. S., 2002, “Ansils
and MultiDisciplinary Optimization of Intern
Coolant Networks in Turbine Blades”, AIAA Journd
Propulsion and Power, Vol. 18, No. 4, pp. 896-906.

[21]

[22]

[23]

[24]

[25]
[26]
[27]
[28]
[29]

[3C]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

12

Dulikravich. G. S., and Martin, T. J., 20
“Optimization of 3D Branching Networks of Micro-
channels for Microelectronic Device Cooling”, pe
IHTC14-22719, 14th International Heat Tran:
Conference - IHTC, Washington, D.C., August 7-13.
Chen, NH., 1979, “An Explicit Equation for Frictic
Factor in Pipe”, Ind. Eng. Chem. Fundamentals, 118(3
pp. 296.

Ghanbari, A., Farshad, F. fand Rieke, H. H., 201
“Newly Developed Friction Factor Correlation forpE
Flow and Flow Assurance”, dmal of Chemic:
Engineering and Materials Science, Vol. 2(6), pp- 8
86.

Sharp, Z. B., Johnson, M. C., Barfuss, S. L,
Rahmeyer, W. J., 2010, “Energy Losses in C
Junctions”, J. Hydraul. Eng., Vol. 136, pp. 58; DOI:
10.1061/_ASCE_HY.1943-7900.0000126

White, F. M., 2008, “Fluid Mechanics”, 6th Editit
McGraw-Hill, New York.

Streeter, V. L., and Wylie, E. B., “Fluid Mechariic
1985, 8th Edition, McGraw-Hill, New York.

Hamilton, J. B., 1929, “University of Washing
Engineering experimental Station Bulletin”, 51.
Harris, C. W., 1928, “University of Washingl
Engineering experimental Station Bulletin”, 48.
Hydraulic Institute, Engineering Data Bool* Edition,
Cleveland Hydraulic Institute, 1979.

Press, W. H., Teukolsky, S. A., Vetterling, W. d@nc
Flannery, B. P., 1986, “Numerical Recipes in Far

The Art of Scientific Computing”, 2nd Editic
Cambridge: University Press.
OpenCFD Ltd. OpenFOAM., 200-2013.

<http://www.opencfd.co.uk /openfoam/>.

Ozi ik, M. N., 1989, “Boundary Value Problems
Heat Conduction”, New York: Dover/

modeFRONTIER optimization
<http://www.esteco.com>

Deb, K., Pratap, A., AgarwaS., and Meyarivan, 7
2000, “A Fast and Elitist Mult®bjective Geneti
Algorithm-NSGA-1I’,  KanGAL Report Numbe
2000001.

Deb, K., and Agrawal, R. B., 1995Simulated Binar
Crossover for Continuous Search Spgacgomplex
Systems, 9, pp. 115.

Jones, K. W.,, Liu, >-Q., and Cao, I.-C., 2003, "Micr¢
Heat Pipes in Low Temperature Cofire Cere
(LTCC) Substrates", IEEE Transactions on Compot
and Packaging Technologies, Vol. 26 (1), pp. 119-11
Saha, A. A., and Mitra, S. K., 2012, “Microfluidiesic
Nanofluidics Handbook: Chemistry, Physics, and
Science Principles”, Taylor & Francis Group, pp9:3
155.

softwe

Copyright © 2013 by ASME



