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Abstract:

Parallel micro/mini-channel heat sinks are widely used for the efficient cooling of
electronic devices to avoid functional damage and lifetime shortening due to overheating.
This study addresses the optimization of fluid flow distribution in parallel mini-channel
heat sinks subjected to a non-uniform multiple-peak heat flux to eliminate the temperature
hotspots. A 3D heat sink comprising of 16 parallel straight mini-channels is used as a model
for study, each mini-channel having the dimension of 1 mm in width, 2 mm in height and
34 mm in length. In particular, an original optimization algorithm is developed to adjust
the inlets of these mini-channels according to the temperature distribution on the heating
base surface. The fluid flow distribution is thereby tailored, leading to the reduced peak
temperature on the heating surface. The effectiveness and robustness of the optimization

algorithm are tested and discussed.

Results obtained show that the maximum temperature can be reduced by 10 K and
7 K for two-peak and five-peak heat flux cases, respectively, by using the proposed
optimization method. The heat sink configuration with optimized channel inlets could
always provide smaller thermal resistance than that of the equal channel inlet configuration
under different average heat flux or total mass flow-rate conditions. At the same pressure
drop, tailoring the flow distribution of the cooling fluid is more effective in reducing the
thermal resistance than simply increasing the mass flow rate of the cooling liquid. This
optimization method could also be generalized as an efficient thermal management

technology for electronic cooling.
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1. Introduction

Human society has made remarkable progress in the past few decades because of the
fast development of computing and information technologies. The demand for smaller,
faster, more powerful electronic devices (e.g., computer chips, laser diodes, graphic chips,
etc.) provokes an ever-increasing heat flux generated [1]. The higher junction (chip)
temperatures due to the increasing power density not only greatly deteriorate the
performance of electronic devices but also reduce their lifetime [2], such that for every 10 K
rise in the junction temperature, the device failure rate doubles [3]. Therefore, it is of
essential importance to maintain the junction temperatures at a low level (e.g., less than
359 K for the processor: Intel® Core™ i9-10980XE [4]) by more innovative and efficient

thermal management/electronics cooling [5].

Among various electronic cooling techniques, miniaturized heat sinks are widely
used because of their high heat dissipation ability and easy integration with the chips [6].
Usually, the heat sink is attached to the heat-generating surface of an electronic component,
with one or two thin thermal interface material (TIM) layers in between ensuring good
thermal contact [7]. The flowing of a coolant (air, liquid) inside the structure of the heat
sink (e.g., parallel channels; pin fin; etc.) could efficiently remove the generated heat via the
convection heat transfer. Especially, liquid cooling with the higher thermal transfer

efficiency than air cooling is used in high-power modules [8].

Among various structures of heat sinks for electronic cooling, the parallel straight
micro/mini channel configuration is the most widely used one because of its simple geometry,
high cooling performance, cost-effective fabrication and easy implementation [9]. It usually
comprises single inlet and outlet ports, inlet/outlet manifolds and a multitude of micro/mini-
channels in the middle. Due to their geometric specificity, the presence of the coolant flow
maldistribution may result in the thermal performance deterioration of the heat sink and
the formation of localized temperature hot spots in the electronic device [10]. Therefore, one
important issue that attracts great attention is how to properly deliver and distribute the
cooling fluid across the parallel micro/mini channels in order to ensure the optimal cooling
performance. Plenty of researches have been devoted to achieving the uniform flow
distribution in parallel channel heat sinks under the assumption of a uniform heat flux as
their heat source. These researches can mainly be classified into three categories: (1)
arrangement of heat sink inlet/outlet positions or the injecting angle; (2) design and

structuration of the manifolds (headers); and (3) shape modification of the parallel channels.

Kumar and Singh [10] numerically tested the effect of flow inlet angle between the
inlet port and the parallel channels (theta = 90°, 105°, and 120°) on the flow distribution
non-uniformity of water and the thermal performance of a mini channel heat sink. It was
found that the inlet angle of 105° provided the best flow uniformity and the best thermal
performance under the uniform heating condition. Manikanda Kumaran et al. [11]

experimentally and numerically studied the locations of inlet/outlet (U, C, V, S and D type



as shown in Fig. 1) on the water distribution non-uniformity. Their results showed that the
main reasons for non-uniform flow distribution were the presence of secondary flow, the
flow separation and the re-circulation. Among the tested heat sink types, the C-type
arrangement exhibited the best flow distribution uniformity whereas the V-type heat sink
had the poorest (cf. arrangements schematized in Fig. 1). Similarly, the effect of inlet/outlet
arrangement was numerically studied by Chein and Chen [12]. They found that the fluid
flow (water) velocity distribution is less uniform for the heat sinks with coplanar inlet/outlet
tube and parallel channels (I, N, D, and S type in Fig. 1) than those with vertical fluid
supply and collection (U and V types; i.e. inlet/outlet tubes are perpendicular to the parallel
channels). Kumar and Singh [13] investigated different types of flow arrangement in
various water-cooled heat sinks, and their numerical results showed that I-type flow
arrangement could provide better thermal performance for uniform heating than D-type

heat sink having the more uniform flow distribution.
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Figure 1. Different arrangements of global inlet-outlet position for parallel straight channel heat sinks

Manikanda Kumaran et al. [11] also tested different header shapes (rectangular,
triangular and trapezoidal) and header sizes. Their results showed that the triangular inlet
header and the trapezoidal outlet header provided better flow uniformity than others. Many
other novel header designs [11,14—17] have also been proposed and tested, as summarized
in the review paper by Ghani et al. [18]. Different from the studies on the inlet header shapes,
Song et al. [19] proposed to add a staggered pin-fin array in the inlet header of the water-
cooled heat sink. The influences of different pin-fin arrangements in trapezoidal or
rectangular inlet header on the flow distribution uniformity among the mini-channels were
numerically assessed. Liu and Yu [20] proposed a non-uniform sized mini inlet baffle to
intentionally control the water flow rate in the mini-channels. Their numerical results

showed that both the flow distribution uniformity and the temperature uniformity at the



heating base wall could be improved by using the appropriate baffle. Nevertheless, no

optimization procedure has been proposed to determine the best baffle geometry.

The geometry of the heat sink channel is also considered as a design parameter in
many studies. Dhahad et al. [2]1] showed a decreased flow non-uniformity with decreasing
header/channel area ratio. Ge et al. [22] proposed a multi-objective genetic algorithm
(MOGA) and particle swarm optimization (MOPSO) to optimize the variables describing
the cross-section shape of mini-channels (water as working fluid). Their results showed that
the pumping power could be effectively reduced without significantly increasing the
thermal resistance by modifying the rectangular cross-section shape to a curvy boundary
shape. Mu et al. [23] proposed parallel channel water-cooled heat sinks with variable
channel height. Their results showed that the temperature non-uniformity (Tmax-Tmin) of
the heating surface could be reduced from 4.7 K to 0.97 K and the thermal resistance be
decreased from 0.03 W-K-! to 0.028 W-K-! by replacing the conventional channels with the
variable height channels. Hao et al. [24] numerically investigated the effect of geometry
parameters (number of channels, channel width and channel length) of the water-cooled
heat sink. Optimal values of channel number, channel width, and length were determined
for both flow distribution uniformity and maximum temperature reduction, using the
orthogonal experiment design method. The effects of different channel dimensions
(parameters) on the reduction of thermal resistance were numerically examined by Mitra
and Ghosh [25], and the optimum dimensions of the water cooled mini-channel heat sink

modelled as fins on a substrate have been determined.

All the above-mentioned studies aimed at achieving uniform flow distribution under
the assumption of uniform heat flux at the base wall of the heat sink. But in reality, the
heat flux profile generated by the electronic devices is not uniform, instead, it presents
multiple peaks [26,27]. This multiple-peak heat flux could either be due to the non-uniform
heat generation of a single chip (e.g., multi-core microprocessors) [28], or due to the
existence of multiple chips on the module (MCM) [29]. Under these circumstances, the
intentional flow non-uniform distribution may be a better option to be adapted to decrease
the local maximum temperature, as pointed out by Kumar and Singh [13]. This is actually
in line with some observations reported in the literature [30-32] in that the optimal flow
distribution is usually not uniform but obeys certain trends subjected to a defined
optimization objective and constraints. In this regard, Kumar and Singh [13] indicated that
the flow arrangement and the actual flow distribution should fit the heat flux shape to
achieve a better thermal performance, i.e., lower maximum temperature and thermal
resistance. Yet, no optimization method has been developed so far to determine the optimal

flow distribution profile.

The above literature survey indicates that systematic and quantitative studies
addressing flow and temperature distribution characteristics in the parallel micro/mini
channels heat sink under non-uniform and multiple-peak heat flux conditions are still lacking.

In particular, the relation between the optimal flow distribution of cooling fluid and the



heat flux on the heating surface is unclear. Moreover, investigations on the development of
effective methods to determine and realize the most adapted flow distribution in parallel

channel heat sinks are needed.

The present study seeks to fill the research gap by tailoring the flow distribution of
the cooling fluid in parallel mini-channel heat sinks subjected to non-uniform multiple-peak
heat flux, so as to minimize the peak temperature on the heating surface. For this purpose,
a 3D heat sink comprising 16 parallel straight mini-channels is used as a model for study.
Non-uniform heat flux with multiple Gaussian peaks are set to the base heating surface of
the heat sink to represent the real hot spots generated by the electronic devices. An original
optimization algorithm is developed to adjust the channel inlets of the mini-channels
according to the temperature distribution on the base surface. Consequently, the fluid flow
distribution among the mini-channels is tailored step by step, reducing the peak
temperature (global thermal resistance) of the heat sink. The effectiveness of the
optimization algorithm will be illustrated and discussed through various numerical

examples.

It should be noted that acting on the channel inlets (also called perforated baffle in
some studies) to regulate the flow distribution among parallel channels or tubes is not new
but has been proposed and proven to be effective by many researchers [20,33-35]. But most
of them use homogeneous or non-homogeneous insertion baffle as a convenient way to
improve the flow uniformity. Our earlier study [34]| proposed an optimized baffle geometry
that generates non-uniform flow distributions for absorbing heat in a high-temperature
solar receiver. But the heat flux considered is single-peak Gaussian shape and the targeted
flow distribution profile is predefined. The current study goes a step further by addressing
the multiple peak heat flux condition. The peak temperature of the heating surface is
minimized by directly adjusting the widths of the channel inlets; the resulting flow

distribution profile is thus consequential and adapted.

The contributions of this paper are important because they will expand the limited
literature and provide additional insights into the flow distribution issue in heat sinks
subjected to the non-uniform multiple-peak heat source. The results obtained may promote
the better application of this thermal management technology in various energy units and
systems, including solar collectors [36], concentrating photovoltaic/thermal (CPV/T)
receivers [37], the battery pack of electric vehicles, integrated reactor-heat exchangers [38—
40], ete.

The rest of the paper is organized as follows. The 3D numerical heat sink model and
the methodology for flow distribution optimization are described in detail in Section 2.
Numerical results on the thermohydrodynamic characteristics of the heat sink are presented
and analyzed in Section 3. Finally, in Section 4, main findings and perspectives are

summarized.



2. Methodology

In this section, the heat sink model and optimization algorithm are firstly presented.
Then the computational fluid dynamics (CFD) parameters for numerical testing and the

performance indicators are introduced.

2.1. Heat sink model

Fig. 2 shows the geometry and dimensions of the heat sink model used in this study.
The core part of the heat sink is a cuboid solid monoblock, with the overall dimensions of
54 mm in length (x-direction), 54 mm in width (y-direction) and 6 mm in height (z-direction).
It has a U-type flow arrangement, with a single inlet and outlet tube (i.d.: 5 mm) aligned
with the central line, perpendicular to the heating surface (and the cooling parallel channels).
The length of the global inlet/outlet tubes is 18 mm and the distance between their centers
is 45 mm. Between the global inlet and the outlet tubes, the fluid domain consists of three
sections: the inlet distributing manifold, 16 parallel straight channels, and the outlet
collecting manifold. Both the inlet and outlet fluid manifolds have a rectangular shape of
50 mm in length, 8 mm in width, and 2 mm in height. Mini channels with a rectangular
cross-section of 1 mm in width and 2 mm in height are arranged in parallel, connecting the
inlet manifold and the outlet manifold. The distance between the axes of two neighboring
channels is 3 mm and the total length of the straight mini-channels is equal to 34 mm. For
the convenience of description, these channels are indexed by i from 1 to 16 along the x-
direction. The inlet of the mini-channels (2 mm in length) is subject to enlarging or
narrowing by the optimization algorithm so as to adjust the mass flow rate of the cooling

fluid flowing inside.
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Figure 2. Schematic view and dimensions of the heat sink model (unit: mm)

The wall thickness of the solid envelope that encloses the fluid domain is equal to 2
mm. The base wall of the heat sink is a flat square surface (54%X54 mm?), receiving non-

uniform multiple-peak heat flux generated by the electronic device (e.g., MCM). The heat



will be firstly transferred by conduction in the solid part, and then by convection to the

cooling fluid.

2.2. Optimization algorithm

This sub-section presents the basic principles of the optimization algorithm for
tailoring the cooling fluid flow distribution in the parallel straight-channels heat sink. The
following assumptions and simplifications have been made for this study:

e Steady-state, incompressible Newtonian fluid flow;

e Negligible viscous heating effect;

e Negligible radiation heat transfer; negligible heat loss to the environment.

e No phase change of the cooling fluid.

Based on the mass and energy conservation, the following equations could be written:

16
mtot = min = Zmi = mout (1)
i=1

Q. = [ada=m,(Cp,,T,.—Cp,T,) 2)
A

Where my, min, m; and m,, are the total, inlet, ith mini-channel and outlet mass flow
rate of the cooling fluid, respectively. Qi is the total heating power; ¢ is the heat flux at the
heating surface of the heat sink; Cp,. and Cp;, are the specific heat of the outlet and inlet
fluid and Tou and T}, are the inlet and outlet fluid temperature, respectively. Different from
many earlier relevant studies, the heat flux ¢ treated here is no longer uniform but shows a

multiple-peak form (as shown in Fig. 4 for example).
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The optimization algorithm is developed to determine the optimal inlet sizes of the
parallel mini-channels so as to minimize the maximum temperature of the heating surface
(and also the thermal resistance, cf. Eq. (24)) via tailoring the flow distribution of the
cooling fluid. The method developed is deterministic, i.e. the width distribution of the
channel inlets was optimized (adjusted) in a way of evolution, but not randomly generated.
For this purpose, the heating surface of the heat sink was hypothetically divided into 16

monitoring planes corresponding to every mini channel, as schematically shown in Fig. 3.

T™ is defined as the maximum temperature of the ith plane, the indexing being

marked in Fig. 3. The objective of optimization may be written as:
™ =T™ (i=1,2,...,16) (3)
Where [ is the mean temperature of all 16 7™ (i=1, 2,...,16).

Practically, the standard deviation of the maximum temperatures of the 16

monitoring planes (MFmax) is monitored, written as:

— 2
1 16 Tmax _ Tmax
MF ... =.— E e 4

T 15 [=1£ Tmax J ( )

Given the constant total mass flow rate (m,, ) of the cooling fluid, the mass flow rate
in each mini-channel is intended to be managed by adjusting the corresponding channel
inlet width according to the temperature difference between 7™ and T,™. In more
detail, if 7™ is higher than ]_:,max , the higher mass flow rate is required for enhancing the
cooling, thus the corresponding channel inlet width of the ith mini-channel should be
enlarged. And vice-versa, if 7," is lower than T}max , the mass flow rate could be reduced

by narrowing the channel inlet. This variation rule is written in Eq. (5).
Wiy = we, + (T =~ Tm) (©)

Where wy,; is the width of ith channel inlet for the step k iteration. y is the adjusting
factor deciding the variation amplitude of each iteration. The value of y for each iteration
was selected considering the geometric constraints in that all the channel inlets should not
be smaller than zero (W, 20,7 =1, 2, ..., 16) and two adjacent channel inlets should not
overlap (w, +w,,, <3,i=1,2,...,15):

3— Wi

7/3 max A7 max
Tk,i _Tk



Wy

A7 max max
Tk - Tk,i

y <

With the variation rule shown in Eq. (5), the passage ratio of the channel inlets
(defined as the ratio between the total width of the channel inlets and the width of the

distributing manifold) remains constant (29.6%) during iteration, as indicated by Eq. (8).

16
max
16 16 ZTM

16 . 16 . _
> (i, =) = P D~ T )= (T 16X T =y (UL —16x ) =0 (8)
i=1 i=1 i=1 i=1

The optimization is started with the equal width of all the channel inlets,
representing a conventional heat sink configuration with parallel straight channels. The

optimization is considered to be completed when MF.,,. (Eq. 4) is smaller than 0.003.

The main steps of the optimization procedure are explained as below:

(1) Input the initial geometrical parameters of the heat sink and the channel inlet
width distribution (equal channel inlets at step 0);

(2) Generate the geometry and mesh of the heat sink;

(3) Calculate the temperature and fluid flow characteristics by CFD simulation
under designed working conditions and simulation setup; compute the Tkr;‘.ax and MFT;"*X
of the heat sink in step k;

(4) If MFT;’“X < 0.003, then export the optimal geometry of the channel inlets and

max

k

go back to step (2) for iteration.

end the procedure; if MF, > 0.003, update the new geometry according to Eq. (5) and

2.3. CF'D simulation parameters

The flow and temperature fields of the heat sink at each iteration step are calculated

using CFD simulation. Governing equations under steady-state are shown as follows:

Continuity equation:
V-(pv)=0 9)
Momentum conservation equation:

V(W) =-Vp+V-(T)+pg+F (10)



Where p is the static pressure; T is the stress tensor; OZ and F are the

gravitational body force and external body force.

Energy equation:

V-(VW(pE + p)) =V (4, VT - Zhjjj +(Ty V) +S, (11)
J

Where Sisis the volumetric heat source in the fluid; ﬂe/f is the effective conductivity;

h is the sensible enthalpy; iﬂ.

pattern, additional turbulence model should be employed.

is the effective shear stress. To predict turbulent flow

For solid zone, the energy transport equation is:
V-(AVT)+S, =0 (12)

Where S is the heat source within the solid.

Table 1. Thermal-physical properties of solid and fluid used for simulation [41-43]

Property Fitting correlation (temperature range: 293K - 360K)

Water Density £ =-2.604x10°T* +4.719x10°T> —3.279x10>T?* +9.469T + 43.486
(kg'm*) ( 1 3 )
Dynamic 2478
viscosity 1=2414x107 x107-140 (14)
(kg m-s)
Thermal e ,
conductivity A, =-8.356x107T" +6.530x10°7T -0.598 (15)
(W-m-1-K-1)
Specific heat Cp, = 4182 (16)

(J kg K1)

Aluminum | Specific heat

Cp, =3.973x10°T* ~5.667x10°T* +3.069T + 380.170 (17)
(J kgt K1) ’
Thermal

A, =202.4 (18)
conductivity
(W-m1-K-1)
Density p=2719 (19)
(kg )

In this study, geometries and meshes were generated using different modules of
ANSYS Workbench 18.2. Hexahedral elements and the multi-zone method were applied for

meshing fluid and solid domains. Inflation, sizing meshing methods were adopted at the

10



solid-fluid interface and the corners of the fluid domain to capture the boundary layer region
of the fluid flow.

Water was used as the cooling fluid and aluminum was chosen as the solid material
of the heat sink body. Their temperature-dependent or constant thermophysical properties
are expressed by the equations listed in Table 1.

For the fluid zone, velocity inlet normal to the inlet boundary surface was set, with
a temperature at 293 K. The inlet velocity was set to be constant and equal to 0.5 m-s’!,
0.55 m-s!, 0.6 m's!, 0.65 m-s! and 0.7 m-s! (with inlet Re number (Eq. 26): 2488, 2737,
2986, 3234 and 3483, respectively, the corresponding mean channel Re number (Eq. 27):
406, 447, 487, 528 and 569, respectively) in different cases. Pressure outlet boundary was
set for the outlet surface with the gauge pressure value being zero. All the walls for channels
were defined as non-slip conditions. For the solid zone, all walls were considered as adiabatic
except the heating surface (base wall). For the latter, two-peak and five-peak heat flux were
defined and tested, respectively, as shown in Fig. 4. Their 2D surface heat flux Gaussian

repartitions are given by Eq. 20.

)+ y-y)”

q(6y) = YN, qi(x,y) =3, Be (20)

where N represents the number of heat peaks (2 or 5), a peak located at x = x;, y = y;
presents a maximum local heat flux; B;, 0; represents the spatial spread of the peak. The

total heat Q; generated by a peak (if the plate had infinite extent) can be computed by:
Q, = [[eq,(x.y)dx dy = 2nB;0? o

The different values of X;, y;, B;j, 0; and Q; are summarized in Table 2.

Table 2. The values of constants used for two-peak and five-peak heat flux cases

Two peak heat flux case: N = 2
i x; (mm) yi (mm) B; (W-em™%) o; (mm) Q; (W)
1 -13.5 16 130 10 817
2 13.5 24 70 10 440
Five peak heat flux case: N = 5
1 —-16 28 120 7.2 391
2 16 28 70 5 110
3 0 19 90 5.7 184
4 —-16 10 70 5 110
5 16 10 120 7.2 391

11
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Figure 4. Two-peak and five-peak heat flux at the base wall

The total power of the heat source is constant (Q = 1130 W) and the average heat flux
(power density) for the base wall (¢4, = 38.75 W-cm™?) are identical for both heat flux
settings, as indicated in Eqs. (22) and (23). The difference between Q and )}; Q; is due to
the truncation effect of the Gaussian on the limited extent plate. The maximum peak values
for the two cases are slightly different, i.e. 130 W-em™2 at (x1,y;) for two-peak heat
flux and 120 W-cm™2 at (x1,y;) and (xs,¥s) for five-peak heat flux, respectively.

Q= Jf,qCey) dA =1130 (W) (22)

Q

1
Qg =5 = 7,000 y) dA=38.75 (W-em?) (23)

Different from other non-uniform heat sources e.g., several squares with uniform
heat flux in each specific area, the Gaussian-shaped heat flux has been chosen in this study
considering the gradient of real heat flux generated by the electronic components. Note that
it can be replaced by other heat flux profiles without much influencing the effectiveness of
the algorithm. The two-peak case represents the asymmetry heat flux profile, while the five-

peak case considers the centrosymmetric heat flux condition.

In this study, 3D fluid flow simulations were performed under steady-state with
heat transfer, using a commercial code FLUENT (version 18.2). The gravity effect was also
considered. k-¢ RNG model was used to simulate the turbulent flow, providing better
accuracy for rapidly strained flows and swirling flows at relatively low Reynolds number
condition. For the pressure-velocity coupling, the SIMPLE method was used. For
discretization, the second-order spatial discretization scheme was chosen for pressure and
second-order upwind differentiation for momentum, turbulent kinetic energy, and
turbulent dissipation rate. The solution was considered to be converged when (i) the
maximum temperature of the heating surface and the pressure drop were constant from one
iteration to the next (less than 0.5% variation), and (ii) the normalized residuals were lower

than 10-¢ for the energy equation and 10-> for other governing equations.

12



For each iteration step of the optimization algorithm, MATLAB R2016b was used
for data post-processing of the computed flow and temperature profiles from FLUENT, to
calculate the size variation of each channel inlet according to Eq. (5) and to pass the renewed

geometric coordinates to Ansys Workbench for a new CFD simulation.

A grid independence study was conducted with the increasing number of total
elements from 0.28 million to 2.27 million. Table 3 shows the values of pressure drop and
maximum solid temperature obtained with different grids under an inlet mass flow rate of
0.011731 kg-s! (Vix=0.6 m's!). A pressure drop variation within 1% and a maximum solid
temperature within 0.7 K could be achieved with the grid elements higher than 1.14 million.
Comparisons were also made on the fluid velocity profiles at the centerline of the outlet
surface (x-direction). Again, there is no obvious difference for grids with elements number
higher than 1.14 million. As a result, this grid with 1.14 million elements (0.5 million
elements for fluid zone and 0.64 elements for solid zone) has been chosen for the present
study considering a tradeoff between the computation cost and accuracy. The calculation
was carried out in a workstation with Intel (R) processor Xeon (R) CPU E5-2620 and 32

GB memory. Two hours were needed for each optimization step.

Table 3. Comparison of the pressure drop, the maximum temperature, and the velocity profile for different

tested grids
Grid (million elements) 0.28 0.52 0.75 1.14 1.76 2.27
Pressure drop (Pa) 1231.3 1216.6 1206.4 1196.7 1191.4 1185.4
Maximum temperature at the
heating surface (K) 384.8 383.9 384.2 383.8 384.0 384.4

Velocity profile at the centerline of

velocity (m-s)

the outlet surface

L n L s L
-3 -2 -1 0 1 2 3
location of X (mm)

2.4. Performance indicators
The performance of the heat sink was evaluated by the maximum temperature of
the base wall, the global thermal resistance, and the pressure drop. The global thermal

resistance (Ry) of the heat sink is calculated by Eq. (24):

13



Tmax _ T
Rth = bang = (I{’W-l) (24)

Where 7,7°% is the maximum temperature at the heating surface (base wall) of the heat

sink, T, is the inlet fluid temperature (293 K), Q is the total heating power (1130 W).

The pressure drop in different sections of the fluid domain is also monitored:

AP,

fot

=AP, +AP, + AP

col

(Pa) (25)

Where AP, , AP, and AP, stands for the pressure drop in the distributor section, the
parallel channels section (including the channel inlets with variable widths), and the

collector section, respectively.

The inlet Reynolds number and the mean Reynolds number in the mini-channels

are calculated by Eqs. (26) and (27), respectively.

V. D, .
Rem — pf in""in _ 4mm (26)
Hy i, D,
ie — pr/Cthh — m;, (27)
/’lf 47[/ufD(7h

Where Vi,and Ve, (m-s!) are the inlet and mean channel velocity, respectively. D;, and D,

(m) are the hydraulic diameters of the global inlet port and the mini channel, respectively.

* ®
Nondimensional parameters 77 and W are defined as follows.

*

3
I

g*
Il
STEEE T

Where m and W are the mean channel mass flow rate and the mean width of channel inlets,

respectively.
3. Results and discussions

In this section, the flow distribution and thermal characteristics of the straight
mini-channel heat sink with optimized channel inlets are shown and compared with the

conventional heat sink with equal channel inlets. In addition, a parametric study and a
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robustness test on the relationship between the tailored flow distribution, the overall

thermal resistance, and the total pressure drop are reported.

Fig. 5 shows that the value of MFymax (Eq. 4) evolves along with the increasing
step number. It took the two-peak heat flux case 14 iteration steps to achieve the
convergence (MFrmax<0.003), and for the case of five-peak heat flux, 10 iteration steps were

needed.
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Figure 5. Evolution of MF value along with the optimization step for two and five-peak heat flux cases

3.1. Flow distribution characteristics

Figs. 6(a) and (b) present the widths of channel inlets and the flow distribution
characteristics of cooling fluid among mini-channels as a function of optimization step for
two-peak heat flux case. From Fig. 6(a), it can be seen that the largest channel inlet is
located at the position where peak temperature appears for all steps (except for step 0). As
the iteration step proceeds, the widths of the channel inlet for channel number 1-6 gradually
enlarge, much broader than those for channel number 7-16 due to the location of the larger
hot spot with higher temperatures. With the constraint of constant passage ratio, the inlet
widths of channels 8-16 have all been narrowed, despite a (smaller) heat flux peak located

in this region.

This variation of the channel inlet widths results in the evolution of the fluid flow
distribution characteristics, as shown in Fig. 6(b). For the starting step 0 (equal channel
inlet widths), the shape of the mass flow distribution curve is almost symmetric with respect
to the centerline. Middle channels (No. 8 and 9) receive the highest mass flow rate, and it
gradually decreases for the channels located closer to the edges (No. 1 and 16). This is
because of the middle location of inlet/outlet tubes (U-type flow arrangement). The
unmatched flow rate distribution to the heat flux peaks causes inevitably the temperature
hot spots (as shown in Fig. 8). Generally speaking, the evolution of the flow distribution

curve shows a similar tendency as the evolution of the inlet widths curve, indicating an
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effective control of the channel mass flow rate by adjusting the inlet widths. Under the
constraint of constant total mass flow rate, a large proportion of the cooling fluid has been

guided to channels 1-8, where the larger heat flux peak is located.
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Figure 6. Channel inlet width evolution (a) and flow distribution (b) among mini-channels for step 0, step 2,
step 5 and step 14 of the two-peak heat flux case

Figs. 7(a) and (b), analogous to Fig. 6, are for the five-peak heat flux case. The
channel inlet widths curve firstly tends to form the bathtub shape in step 2, and then
gradually generates the three peaks shape at the middle and two edge sides in step 10. This
is in line with the fact that the channel inlet widths in channels are modified in each step
according to the temperature hot spots on the heating surface. Even if the heat flux is
centrosymmetric, one of the two highest heat flux peaks close to the distributing manifold
has the lower temperature hot spot than the other near to the collecting manifold. Before
the coolant passes through the highest heat flux point close to the global outlet tube, it has
already absorbed some quantity of heat in the straight channels. As a result, the inlet widths
of the channels corresponding to the highest heat flux peak close to the outlet become the
largest at the final step, as clearly shown in Fig. 7(a).
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Figure 7. Channel inlet width evolution (a) and flow distribution (b) among mini-channels for step 0, step 2,
step 4 and step 10 of the five-peak heat flux case

Regarding the flow distribution shown in Fig. 7(b), the mass of cooling fluid is
guided towards the edges, and more mass flow rate should be delivered to the location
situated the highest heat flux (channels No. 13-15). The sum of mass flow rates allocated to
channels No. 12-16 is higher than that allocated to channels No. 1-5 at step 10, mainly due

to the cooling capacity difference of coolant as discussed above.

3.2. Temperature fields

Fig. 8 shows the evolution of temperature cartography on the heating surface along
with the optimization steps for the two-peak heat flux case. For step 0, the maximum
temperature occurs in monitoring planes 3 and 4 where the larger heat flux peak is located.
By running the optimization algorithm, the higher amount of heat in this area is absorbed
and efficiently evacuated owing to the broadened channel inlets and the increased mass flow
rate of cooling fluid. Step by step, the hot spots largely disappear and the maximum

temperatures of the 16 monitoring planes are (almost) equalized.
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Figure 8. Temperature cartography on the base wall of the heat sink at optimization step 0, step 2, step 5
and step 14 for the two-peak heat flux case (qa=38.75 W-cm2; Vj7=0.6 m-s-)

Similarly, Fig. 9 depicts the temperature cartography evolution for the five-peak
heat flux case. For equal channel inlet condition, the diagonal arrangement of five heat flux
peaks does not results in 5 diagonal temperature hot spots because the heat generated near
the distributing manifold could be more efficiently absorbed by the cooling fluid at the lower
temperature. In contrast, the temperature hot spot close to the collecting manifold is rather
obvious, the maximum temperature being 347.44 K. With the optimization algorithm
proceeds, the hot spot occurring in monitoring planes 12-16 begins to decrease and
diagonally extends to the middle and left parts of the base wall. At the final step 10, the
maximum temperatures of the 16 monitoring planes are (almost) equalized and the peak

temperature of the base wall can be reduced to 341.5 K.
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Figure 9. Temperature cartography on the base wall of the heat sink at optimization step 0, step 2, step 4
and step 10 for the five-peak heat flux case (qavy=38.75 W-cm2; Vin=0.6 m-s-)

T;™ values of the monitoring planes are shown in Fig. 10. For the two-peak heat
flux case, the largest difference between the maximum temperatures of the monitoring
planes is about 27 K at step 0 (equal channel inlet widths). This temperature difference
becomes smaller as the optimization iteration proceeds and finally reaches 3.4 K at step 14.
It may be observed that the evolution of the 7™ curve shown in Fig. 10(a) follows the
reverse trend of the channel inlet widths curve shown in Fig. 6(a). The initially equal
channel inlet widths are adjusted by our algorithm step by step to flatten the Zmax curve,
indicating the effectiveness of the variation rule as proposed in Eq. (5). Similarly, Fig. 10(b)
shows the evolution of the 7™ values of the monitoring planes for the five-peak heat flux
case. The difference between the maximum temperatures is reduced from about 15 K at step
0 to smaller than 3 K at step 10. Compared to the two-peak heat flux case with the same

area-weighted average power density, the five-peak case with more heat flux peaks shows a
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relatively more uniform temperature distribution. As a result, it costs fewer iteration steps

to reach the optimization criterion.
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Figure 10. 7™ in each monitoring plane as a function of optimization step for (a) two-peak heat flux
case and (b) five-peak heat flux case

The maximum temperature at the base wall as a function of the optimization step
is plotted in Fig. 11 for both the two-peak and five-peak cases. The reduction of maximum
temperature is significant, reaching 10 K and 7 K for two-peak and five-peak cases,
respectively. Recall that every 10 K reduction of maximum junction temperature could
double the service time of the electronic devices by a factor of 2 [3]. It may be observed that
the maximum temperature of the base wall decreases sharply for the first four optimization
steps, mainly because of the large difference between the T/"** and the average value
T™ . The slope of the maximum temperature curve becomes smaller for the rest steps
(about 2-3 K reduction) and finally stabilizes at the value of 341.7 K (two-peak case) and
341.5 K (five-peak case), respectively.
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Figure 11. Maximum temperature evolution for two and five peaks heat flux cases
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3.3. Pressure drop characteristics

24001

2100(

1800

1500

[y
[
=
=

Pressure drop (Pa)

o
=
=

600

300

1800

Bl AP,

[ Ap, _
[ 14P, I I I I I I

o 1 2 3 4 5 o6 7 § 9 10 11 12 13 14
Step number

(a)

1500 -

1200

900

Pressure drop (Pa)

[a)
=
=

300

0 1 2 3 4 5 6 7 8 9 10
Step number
(b
Figure 12. Evolution of the total and sectional pressure drops of the heat sink as a function of optimization

step for (a) two-peak heat flux case and (b) five-peak heat flux case
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Fig. 12 shows the evolution of pressure drops of the heat sink versus the
optimization step. Different values of pressure drop are plotted, including the total pressure
drop (Apior) and sectional pressure drops (Apgis, APch, APcor), for two-peak heat flux case
(Fig. 12(a)) and five-peak heat flux case (Fig. 12(b)). For both cases, the total pressure drop
as well as the sectional pressure drop increase with the optimization steps, because the
adjustment of channel inlet widths for tailoring the flow distribution add supplemental
hydraulic resistance. The pressure drop of the parallel mini-channels section (Ap.y) makes
the largest contribution to the total pressure drop and continues to grow faster than others
(Apgiss Apcoy) along with the optimization step. This is because of the changing velocities
in channels and the unequal channel inlet widths. The pressure drops in the distributing
and collecting manifolds, accounting for a small portion of the total pressure drop, slightly

increase with the optimization step for both testing cases.

The pressure drop increase in the parallel channels section is difficult to avoid
because of some narrowed channel inlets and tailored non-uniform flow distribution, for the
purpose of more efficient cooling. Nevertheless, for the pressure drops in distributing and
collecting manifolds, some better header designs [44| may be considered to reduce the total
pressure drop. Note that the proposed optimization method is compatible with other

manifold shapes.

4. Effective range of optimized channel inlet widths-a robustness study

In the above section, it has been demonstrated that under the design heat flux and
flow rate conditions, the proposed optimization algorithm is effective in reducing the
maximum temperature of the base wall. But for actual use, it will be interesting and of
practical significance to further test the optimization method when the workload (heat flux,
inlet velocity, etc.) deviates from its design value. The conventional parallel straight
channels heat sink with equal channel inlets (step 0) is introduced as a reference for

comparison.

4.1. Effect of inlet velocity

The optimized heat sink configuration (five-peak heat flux, Vi, = 0.6 m-s’!, qugz =
38.75 W-cm2) was tested under other four inlet velocities (heat flux profile remains
unchanged), i.e. V= 0.5 m-s!; 0.55 m's'!; 0.65 m's! and 0.7 m-s''. The thermal resistance
Ry, (as defined in Eq. (24)) values of the optimized heat sink obtained under different V7,
conditions are plotted in the red line in Fig. 13. Note that the blue line shows the Ry, value
of the heat sink with equal channel inlet widths (step 0). In general, the Ry, decreases with
the increasing mean Re. for both heat sink configurations because of the higher cooling
capacity of the coolant at the higher flow rate. The heat sink with channel inlets optimized

under V;,= 0.6 m-s! (mean Reqs = 487), when operated under other inlet velocity (mass flow
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rate) conditions, always shows a lower Ry, (about 14%) than that of the conventional heat

sink with equal channel inlet widths.
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Figure 13. Thermal resistance as a function of mean channel Reynolds number for the optimized heat sink
configuration (five-peak heat flux, Vin= 0.6 m-s-1, qavg= 38.75 W-cm-2) and for the conventional heat sink
configuration with equal channel inlets

4.2. Effect of pressure drop increase

Another option to reduce the thermal resistance and the maximum temperature of
the heat sink is simply increasing the mass flow rate (cooling capacity) of the coolant. But
similar to any other heat transfer enhancement technique, higher mass flow-rate results in
an increased pressure drop (pumping power consumption). It is therefore interesting to
compare different cooling enhancement measures considering both the thermal resistance

and the pressure drop.

Fig. 14 presents the thermal resistance of the heat sink as a function of the pressure
drop, comparing the two cooling enhancements. Note that the blue line shows the
performance of the conventional heat sink configuration (equal channel inlet widths) with
increasing mass flow rate (1V3,=0.6 m-s!, 0.65 m-s!, 0.7 m-s!, 0.75 m's!) whereas the red
line represents different optimization steps of the heat sink with varied channel inlet widths
(Vin=10.6 m's!). In general, the thermal resistance decreases with the increasing mass flow
rate and the pressure drop. An encouraging result is that in order to reach the same thermal
resistance, tailoring the flow distribution of the cooling fluid using the proposed
optimization method always costs the smaller pressure drop (up to 6.5%) than simply
increasing the total coolant mass flow rate for conventional parallel straight channels heat
sink. The consumed pumping power is better utilized for the cooling purpose to reduce the

maximum temperature of the heat sink.
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Figure 14. Thermal resistance as a function of total pressure drop of the heat sink by optimizing the
channel inlet widths and by increasing the total mass flow rate of cooling fluid

4.3. Effect of average heat flux

The power dissipation of electronic devices (e.g. CPU) is often dynamic in actual
operation due to the varied frequency and the switched load capacitance. Therefore, testing
the optimized heat sink under a certain range of heat flux is necessary. The following test
aims to investigate the efficiency and robustness of the optimized heat sink under various

average heat fluxes but with a similar pattern since the position of power dissipation

elements is often fixed.
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Figure 15. Thermal resistance under different average heat flux conditions for optimized heat sink
configuration under gavy= 38.75 W-cm2, for optimized heat sink under corresponding area-weighted
average heat flux (qavg = 24-45 W-cm-2) and for the equal channel inlet widths configuration

Fig. 15 shows the influence of the heat flux variation (g, = 24-45 W-cm<) on the

thermal performances of the heat sink. The red line marks the thermal resistance value of
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the optimized heat sink configuration (under five-peak heat flux, V= 0.6 m-s’!, gu, = 38.75
W-cm-2) while the blue line is for the equal channel inlets configuration. The trend of
thermal resistance for both heat sink configurations firstly goes down and then gradually
climbs. For equal channel inlets configuration, the lowest thermal resistance is achieved at
qag =30 W-cm2, while for optimized channel inlets configuration the lowest thermal
resistance value is obtained logically under its nominal design condition at ¢u, = 38.75
W-cm2. But even not being operated under its nominal design point, the optimized channel
inlets configuration can maintain the thermal resistance at a low level, about 9.4% lower
than that of the equal channel inlets configuration. The thermal performance robustness of

the optimized channel inlets configuration under variable average heat flux conditions is
thereby highlighted.

The green square marker presents the thermal resistance of the heat sink with its
channel inlets optimized under the corresponding area-weighted average heat flux. The
difference of Ry, between nominal design point (green square) and pseudo design point (red
star) reduces as the area-weighted average heat flux increases, and the maximum difference
of Ry, is 0.0014 K-W-! at guy, = 30 W-cm2, indicating that the channel inlets optimized under
one nominal design heat flux could be considered as pseudo optimal with an acceptable

tolerance (<3%) when the average heat flux varies within a certain range.

5. Conclusion and perspectives

In this paper, a parallel straight mini-channels heat sink subjected to a non-uniform
multiple-peak heat flux has been studied, with the purpose of minimizing the maximum
temperature on the base wall. The flow distribution of the cooling fluid among the parallel
channels is tailored by adjusting the channel inlet widths using an iterative optimization
algorithm. The working condition applicability of the optimized channel inlet configuration
has also been tested and compared to the equal channel inlet widths heat sink configuration.

The main findings obtained may be summarized as follows.

¢ The maximum temperature can be reduced by 10 K wusing the proposed
optimization method, under the area-weighted average heat flux of 38.75 W-cm-2
for the two-peak heat flux case. For the five-peak heat flux case, the maximum
temperature can be decreased by 4 K to 7 K for the average heat flux ranging from
24 - 45 W-cm2, respectively.

e The heat sink configuration with optimized channel inlets could always provide
smaller thermal resistance than that of the equal channel inlet configuration under
different average heat flux or total mass flow-rate conditions.

e At the same pressure drop, tailoring the flow distribution of the cooling fluid is more
efficient in reducing the thermal resistance than simply increasing the mass flow
rate of the cooling liquid. The consumed pumping power is better utilized for the

cooling purpose to reduce the maximum temperature of the heat sink.
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e The effectiveness and robustness of the optimization algorithm have been
illustrated by that the channel inlet widths configuration optimized under one
certain average heat flux could be considered as pseudo optimal with an acceptable

tolerance when the average heat flux varies within a certain range.

It should be noted that the proposed optimization method depends largely on the
correctness of CFD simulation. The validation of fluid flow and temperature profiles by
testing a laboratory heat sink prototype is our ongoing work. In the meantime, developing
topology optimization algorithms with more degrees of freedom than the predefined parallel
straight channel geometry is also the topic of our current work. Finally, a thermodynamic
analysis of the electronic cooling device is expected by proposing some pertinent
optimization criteria that accounts for both the heat transfer and the pressure loss

performances.
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Nomenclature

Latin letters

A Surface area of the base wall (m?)

B Constant of heat flux formula (W-cm?)
Cp Specific heat (J-kg!-K-T)

D Hydraulic diameter (m)

E Energy (J)

F External force (N)

g Gravitational acceleration (m-s?)

h Specific enthalpy (J-Kg')

m Mass flow rate (kg-s™)

m* Non-dimensional mass flow rate (-)
MF,,,, Non-uniformity of maximum temperatures (-)
N Number of heat peaks (-)

p Pressure (Pa)

Q Heating power (W)

q Heat flux (W-cm-

Re Reynolds number (-)

R Thermal resistance (K-W-1)

Sh Volumetric heat source (J-K-1-m-3)

T Temperature (K)

Flow velocity (m-s1)

w Channel inlet width (m)

25



w* Non-dimensional width (-)

X, Y, % Axis

Greek symbols

Ve Adjusting factor (-)

AP Pressure drop (Pa)

o Spatial spread of the heat peak (mm)
y) Thermal conductivity (W-m-K-1)

H Dynamic viscosity (kg:m-s1)

P Density (kg'm-3)

T Shear stress (N-m)

Superscripts/Subscripts

avg Average value

base Heat sink base wall
ch Channel

col Collector

dis Distributor

eff Effective

f Fluid

1} Channel number index
in Inlet

k Iteration step number
max Maximum value

min Minimum value

out Outlet

s Solid

tot Total
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