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ABSTRACT

Impingement micro-channel heat sinks are in general preferred over parallel flow micro-channel heat sinks owing to the reduced pressure drop. Splitting the flow in
two branches cuts the flow rate and path in half, which leads to lower pressure drop through the channels in impingement heat sinks compared to a parallel flow heat
sink. A numerical model was developed to predict the heat sink performance. Because of the significant effect that inlet and outlet manifolds (distributor and
collector) have on the heat sink hydraulic and thermal performance, the numerical model includes them. The model was validated both for hydraulic and thermal
performance using experimental data. The model was used for shape optimization of the heat sink in constant chip power, coolant inlet temperature and flow rate as
well distributor and collector geometry. A parametric study was performed to estimate the effect of the geometric design parameters on the hydraulic and thermal
resistances as the response parameters. The chip-base interface temperature profile was very different from typical parallel heat sinks. The coefficient of performance
as a measure of the heat sink overall performance (hydraulic and thermal) was measured experimentally. Furthermore, the sensitivity of the heat sink coefficient of
performance to chip power, coolant inlet temperature and flow rate was estimated using a regression model fitted on the obtained experimental result.

1. Introduction

Owing to the ever-shrinking size of the electronic equipment, it ne-
cessitates higher circuit integration per unit area, which in turn con-
tributes to a rapid increase of heat generation. Thus, the effective
removal of heat dissipations and maintaining the chip at a safe operating
temperature has played an important role in insuring a reliable opera-
tion of electronic components. In practice, the most popular cooling
method takes the form of air-cooling. However, air-cooling suffers from
low heat transfer performance and noise problems. To address this
difficult situation, liquid cooled heat sinks with various designs (ge-
ometries) are considered. With their high specific heat capacity, thermal
conductivity, and density, liquids are able to receive, store, and carry
higher amount of energy compared to air. Liquid’s incompressibility and
very low specific volume requires smaller amounts of mechanical work
for their circulation. Compact and high-performance forced liquid
cooling of planar integrated circuits has been investigated numerously
in literature. The convective heat-transfer coefficient between the sub-
strate and the coolant was found to be the primary figure of merit to
achieve low thermal resistance. For laminar flow in confined parallel
channels, convection coefficient scales inversely with channel width,
making flow through the microscopic channels desirable. Therefore,
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liquid (water)-cooled heat sinks have drawn recent attention to their
application, design, and optimization. The state of the art work in
achieving high heat flux cooling of the order of 790 W/cm? by forced
liquid cooling through parallel channels was achieved by Tuckerman
and Pease [1]. In forced convection liquid cooling various parameters
like the channel geometry, fin geometry, flow parameters (temperature,
flow rate) have seen to play an important role in achieving high
performance.

The influence of coolant flow rate on the hydraulic and thermal
performance of water-cooled rectangular parallel micro-channel heat
sinks was studied in Refs. [2-5]. The results show that dies with heat flux
between 100-200 W/cm? can be cooled with flow rate up to 1lit/min of
water with acceptable values of pressure drop. Using the theory of
extended surfaces and laminar boundary layer solution, analytical
models were developed to predict the hydraulic performance (pressure
drop) and the thermal performance (channel Nusselt number and heat
sink thermal resistance) in rectangular parallel micro-channel heat sinks
[6-8]. Parametric studies were done to investigate the effect of geo-
metric parameters such as fin thickness, space, and height on the
thermo-hydraulic characteristics of liquid-cooled heat sinks with rect-
angular parallel micro/mini-channels [9-11]. Ermagan and Rafee [12]
studied the effect of channels number and width on the thermal
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Fig. 1. A schematic exploded view of the predefined heat sink (A) distributor, (B) collector, and (C) micro-channel network.

resistance of a water-cooled rectangular parallel channel heat sink with
three different wall hydrophobicities at constant pump power. Geo-
metric optimization was done to obtain the optimal designs of
liquid-cooled double-layer parallel micro-channel heat sinks with
different flows direction at the top and bottom layers in Refs. [13,14]. In
order to improve thermal performance, liquid-cooled parallel
micro-channel heat sinks with different wall architectures such as
triangular cavities and rectangular ribs [15], fan-shaped ribs [16-19],
wavy/zigzag channels [20,21], as well as heat sinks with grooves and
obstacles in the channels [22-27] were studied numerically and exper-
imentally. Huang et al. [28] showed that the thermo-hydraulic perfor-
mance of liquid-cooled parallel micro-channel heat sinks is improved by
using slotted arrangements. They numerically studied the performance
of rectangular parallel-slot, rectangular staggered-slot, and trapezoidal
staggered-slot micro-channel heat sinks. The effect of porous substrates
on the hydraulic and thermal performance of water-cooled rectangular
parallel micro-channel heat sinks was investigated by Ghahre-
mannezhad et al. [29,30]. Liquid-cooled parallel flow heat sinks con-
taining micro-pin fins were studied to investigate the effect of
geometrical parameters (fin diameter, cross section, porosity, and array)
on pressure drop and thermal resistance [31,32].

If not for the extra height consumed for the operation, impingement
cooling is preferred to parallel-flow cooling method owing to its reduced
pressure drop. Impingement flow is an umbrella term for certain types of
flow where flow direction changes typically by 90" by striking a solid
surface [33]. For an impinement flow, hydraulic and thermal boundary
layer shapes are thoroughly different from those of parallel flows that
leads to different hydraulic and thermal behavior. Parallel water-cooled
heat sinks have been studied and optimized for different dimensions
(micro and/or mini channels) and under different hydraulic and thermal
boundary conditions extensively. Water-cooled impingement heat sinks,
however, are quite modern and have not studied extensively. Further-
more, water-cooled impingement heat sinks have drawn recent atten-
tion due to their higher thermo-hydraulic performance.

Heat transfer characteristics of impingemet flow of transformer oil
and 3 M fluorinert liquid FC-72 in two-dimensional micro-channels were
studied by Zhuang et al. [34]. They measured local heat transfer coef-
ficient both at stagnation and parallel flow regions in the Reynolds
number range of 70 — 170 and 911 — 4807 for oil and FC-72, respec-
tively. The effects of coolant Prandtl number and velocity, and channel
geometry on heat transfer performance were examined. Lelea [35,36]
studied the hydraulic and thermal performance of water-cooled
impingement micro-tube heat sinks with single and multiple inlets
positioned tangentially on the tube axis. The effect of operational and
geometric parameters on the heat transfer characteristics of
liquid-cooled impingement pin-fin heat sinks were evaluated in Refs
[37-39]. The heat transfer enhancement technique of nanofluids
together with methods for increasing nano-particles Brownian motion
(flow pulsation and magnetic field) in the base fluid flow was employed
to increase the thermo-hydraulic performance of parallel micro-channel
and liquid-cooled impingement pin-fin heat sinks [40-44]. The
channel-network of a split microchannel (impingement) heat sink
designed to work with warm water (as the coolant) was optimized to
reduce hydraulic and thermal resistances [45].

By distributing the flow through the channels, manifolds do effect
the hydraulic and thermal performance of the heat sinks. Manifolds with
different designs and architecture, work for parallel channel heat sinks,
have been studied and optimized to approach uniform flow distribution
[46-52]. The assumption of uniform flow distribution has been applied
to a large number of previous numerical studies and optimizations of
liquid-cooled heat sinks [6,7,9-15,17-20,22,23,53-56]. However a
question is how much uniform flow assumption is realistic for different
(parallel and impingement) designs? In the present study, manifolds
were solved together with channel network because of two reasons.
First, it brings the simulation closer to reality. Second, for validating the
model, it is much simpler to measure the pressure drop through the
whole device (in comparison to measuring the pressure drop through the
channels) and compare it with acquired numerical data.
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Different DOE (design of experiments) methods in conjunction with
different optimization algorithms has been using for optimizing the
geometric and/or operational parameters of heat transfer devices. The
RSM (response surface methodology) associated with SAO (sequential
approximation optimization) algorithm were used to optimize the geo-
metric parameters of a pin-fin heat sink [57] and a parallel-plain heat
sink [58] for pressure drop and thermal resistance. Using RSM together
with iterative JAYA algorithm Rao et al. [55] performed a dimensional
optimization to minimize the pumping power and thermal resistance of
a micro-channel heat sink. DOE orthogonal arrays and a grey-based
FUZZY algorithm were used by Chou et al. [59] to optimize the hy-
draulic and thermal performance of a parallel-plain fin heat sink. RSM
with FCCCD (face centered central composite design) was employed for
multi-objective optimization of a honeycomb heat sink by Subasi et al.
[60]. They calculate the optimal values of the heat sink geometric pa-
rameters and Reynolds number that offer the maximum Nusselt number
and minimum friction factor. Wen et al. [61] optimized the configura-
tion of a serrated fin in plate-fin heat exchanger using a GENETIC al-
gorithm combined with Kriging response surface method. They
calculated the optimal values of the geometric parameters, which
maximize the Colburn factor and minimize the Fanning friction factor.
Evolutionary algorithms were utilized for multi-objective optimization
of an impingement pin-fin heat sink [62]. The optimal geometrical
design was posed to minimize the junction temperature and the fan
pumping power of the heat sink. Using RSM together with JAYA algo-
rithm, Hadad et al. [63] optimized the thermo-hydraulic performance of
a multi-die micro-channel heat sink. They compared the results of the
weight optimization with the results calculated by the non-dominated
sorting GENETIC algorithm. Comprehensive review studies on the
design, optimization, and fabrication of liquid-cooled heat sinks with a
wide variety of architectures and applications are available in Refs. [64,
65].

In this study, a water-cooled impingement micro-channel heat sink
was modelled and optimized numerically. The model includes distrib-
utor and collector that supply fluid to the heat sink. It is desirable to
develop models including the distributor and collector since the exper-
imentally measured pressure drop must include these components. The
geometry of the distributor and collector in impingement heat sinks is
more complicated than in parallel flow heat sinks due to the more flow
directions (one inlet at the top and two outlets on the sides). The main
challenge in modeling the whole heat sink geometry is generating a grid
with acceptable mesh metrics in regions with an abrupt change in length
scale. These regions are located near the exit of the distributor (channel
network entrance) and the entrance of the collector (channel network
exit). The experimental analysis of the hydraulic and thermal perfor-
mance of current geometry (predefined design) is presented in Ref. [66].
To the best of our knowledge, the work presented in this manuscript
becomes a precursive study on modeling and optimization of a
water-cooled impingement micro-channel heat sink including its
distributor and collector.

2. Predefined heat sink geometry and dimensions

The predefined heat sink geometry consists of three main parts:
distributor, micro-channel network (including fins and channels), and
collector. Fig. 1 shows a schematic exploded view of the whole heat sink.
The distributor (Part A) consists of a short inlet pipe, a curved diffuser
and a rectangular duct that connects the entrance pipe to the diffuser.
The curved diffuser has a rectangular cross section and by changing the
flow direction by 90" it supplies the coolant to the micro-channel
network. Two blades placed in the diffuser entrance divide the flow
into three paths and make the flow uniform at the exit. A schematic of
the micro-channel network is showed in Fig. 1 (Part C) with an exag-
geration in the fin thickness and channel width. The micro-channel
network of the heat sink consists of almost 100 impingement micro-
channels connected by a longitude groove with a nearly trapezoidal
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(A)
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Fig. 2. Manufactured water-cooled impingement micro-channel heat sink. (A)
Micro-channel network made of copper including fins, base and impinging
inlet. (B) Heat sink cover including distributor and collector.

cross section that is called the impinging inlet (Fig. 1). The flow supplied
to the impinging inlet by the curved diffuser is distributed to the micro-
channels in two opposite directions. The impinging inlet directs the
coolant flow exiting the diffuser to the micro-channels. By distributing
the flow smoothly and gradually, a well-designed impinging inlet re-
duces the flow minor losses and maldistribution. As showed in Fig. 1, the
fins are not vertical in the predefined heat sink design. Part B in Fig. 1 is
a schematic of the collector. Two parallel ducts in the collector gather
the flow existing the micro-channels and carry it to a miniature reser-
voir. Finally, a circular cross section duct directs the flow from the
miniature reservoir to the exit. Fig. 2 is an image of the heat sink’s main
two parts. The micro-channel network is made of copper and includes
the fins and the impinging inlet (Fig. 2 (A)). The heat sink cap is made of
plastic and consists of the distributor and collector (Fig. 2 (B)).
Obtaining micrographs of the heat sink micro-channels in order to
measure its dimensions is difficult. To measure the fin thickness, space
(channel width), height, and tilt angle accurately the micro-channel
network was filled with epoxy and then cut down the middle. After
polishing the cut surface, a stereo microscope was used to image the
cross section (Fig. 3). The geometric parameters of the predefined design
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Fig. 3. A micrograph taken by a stereo microscope, showing channels and fins cross section and used for measuring base thickness, channel width, fin thickness,

height, and tilt angle.

are showed on a schematic of a channel in Fig. 4. Table 1 presents the
parameter definitions and their corresponding values.

3. Coolant and metal properties

The current problem is a conjugate (conduction-convection) heat
transfer problem that involves both solid and liquid thermo-physical
properties. The thermo-physical properties of pure copper at room
temperature was applied to the micro-channel network of the heat sink.
The coolant is a 15% propylene glycol aqueous solution at 300 K.
Adding propylene glycol to water prevent the micro-channel network
(metal part) from eroding. However, it increases the water viscosity and
results in a pressure drop penalty. Comparing pure water viscosity with
that of 15% propylene glycol aqueous solution we find 74% increase in
viscosity. The thermo-physical properties of the solid phase and coolant
are showed in Table 2 for reference.

4. Numerical analysis
4.1. Basic assumptions

A few basic assumptions are made in both the hydraulic and thermal
characteristics of the model for simplification.

1 The flow is three dimensional, steady, laminar (low Reynolds num-
ber in channels (Rec, < 100) and distributor and collector
(Rep; & Rec, < 1000)), and incompressible.

2 The effect of gravity is negligible.

3 Thermo-physical properties of the solid and liquid phase are
constant.

4 Viscous heating and radiation heat transfer are neglected.

5 The whole module (electronic chip and heat sink) is insulated and
there is no heat transfer to the ambient via free convection or
radiation.

4.2. Governing equations

In order to determine the flow field inside the channels, distributor,

and collector, the equations of motion and continuity were solved. The

energy equation was also solved for the flow inside the channels and for

the solid portion (i.e. fins, base) of the micro-channel network in order to

capture temperature field. The governing equations are expressed as the
Conservation of mass (continuity):

V.V =0 m
Equations of motion:

p (V.V)V = —VP 4, V?V, )
Energy equation for liquid phase:

preps (V. )T =k VT, ®)
Laplace equation of conduction for channel network:

V2T, =0. O]

4.3. Computational domain and boundary conditions

The space surrounded by the distributor and collector surfaces and
the entire micro-channel (copper) network of the heat sink constitute the
computational domain. The distributor and collector surrounding sur-
faces all are considered as no-slip adiabatic rigid walls. Fig. 5 shows the
computational domain associated with the hydraulic and thermal
boundary conditions. The coolant enters the distributor with identified
flow rate/velocity (Q = 0.35 lit/min = 5.83 cm®/s) and inlet tempera-
ture (T, = 27°C~ 300K). An electronic chip with a power of 150W and
surface area of 5.588 cm? provides a constant heat flux of almost 27 W/
cm? on the bottom of the micro-channel network. Outflow boundary
condition was applied to the outlet of the heat sink. No-slip hydraulic
and coupled boundary conditions were imposed on the channel
network-coolant interfaces.

4.4. Numerical method

The fluid dynamics and heat transfer modeling were performed using
6SigmaFET, which is part of the 6SigmaDCX software package. This
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Fig. 4. Geometric parameters of the predefined design (Table 1). (A) A schematic of one channel. (B) A Schematic of heat sink side view shows W sum of the all fins

thickness and all channels width.

Table 1

Geometric parameters of the predefined design with their values and definitions.
Symbol Definition Value
dg Impinging inlet (groove) depth 0.80mm
d Depth of the impinging inlet step 0.69mm
hg Fin height 1.68mm
I Channel length at the bottom 23.56mm
Iy Channel length at the top 18.13mm
tg Base thickness 1.60mm
ty Fin thickness 144.00um
w Sum of all fins thickness and space 27.11 mm
wg Width of the impinging inlet (groove) at the bottom 0.40 mm
wen Channel width 128.50 um
ws Width of the impinging inlet step 73.14 ym
wr Width of the impinging inlet (groove) at the top 4.08 mm
[4 Fin tilt angle 63

package uses the finite volume method to discretize the system of gov-
erning equations (Continuity, Navier-Stokes, and Energy equations) in
the computational domain on a staggered grid. The standard k— ¢ tur-
bulence model is used to treat the turbulent transport in the distributor
and the collector (for high values of flow rate used only for model

Table 2
Thermo-physical properties of the coolant (15% propylene glycol aqueous so-
lution) and solid phase (copper) at 300 K.

u(kg /m.s) & (J /kg K) k(W /m.K) plkg /m®)
Coolant 4033 0.518 1013 0.00149
Copper 380 386 9850 -
Table 3
Dimensionless design parameters and range of variations.
Design Parameters a p 4 4
Definition tr E }E Wp
Wch Weh hp wr
Range of variation [0.91.1] [12 15] [0.51] [01]

validation (Fig. 9)). All of the heat sink components (distributor, col-
lector, and micro-channel network) were modelled as a single package.
In order to calculating field functions of velocity, pressure, and tem-
perature, the system of governing equations was solved using iterative
SIMPLE algorithm.

To accurately capture the pressure drop and heat transfer at this
scale, 6SigmaET’s MLUS (multi-level unstructured solver) was
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Fig. 5. Computational domain associated with its hydraulic and thermal boundary conditions. All surrounding surfaces are considered as no-slip adiabatic

rigid walls.
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Fig. 6. The results of grid sensitivity analysis based on hydraulic (flow) and
thermal resistances (Egs. (11) and (12)) for predefined design.

employed. The mathematical formulation of this method employs a hi-
erarchy of Cartesian grids and a face-to-cell connectivity graph to dis-
cretize the differential equations [67]. The method uses a finite volume
scheme with staggered variable arrangement and a pressure-based
segregated iteration procedure to solve a discrete algebraic analogue
of the equations of motion (Navier-Stocks equations). The method pro-
vides accuracy and robustness like the structured procedure and is more
flexible in resolving arbitrary geometries and different solution scales.
With the unstructured grid providing the necessary resolution of the
geometrical details, the model exhibits a substantial reduction in the
number of computational cells. The number of cells varies from one
design to another owing to fin thickness, space, and impinging inlet
geometry. For the predefined and RSM designs (Table 4) this number
changes between 70 and 122.5 million depending on the geometry. A
grid sensitivity analysis was performed based on the heat sink hydraulic
(flow) and thermal resistances defined by Egs. (11) and (12). The results
of this study for the predefined design is illustrated in Fig. 6. By fining
the grid from almost 70 millions cell, the hydraulic and thermal re-
sistances show variations less that 1%. While the thermal resistance
converges by a descending trend, hydraulic resistance approaches its
final value by a fluctuating trend. A grid with almost 70 million cells
(specified in Fig. 6) was used for this geometry.

5. Experimental set-up and measurements

Fig. 7 shows a schematic of the experimental apparatus that was used
for measuring the heat sink pressure drop, temperature on the base of
the heat sink, coolant outlet temperature, and pump power at controlled
heat flux, coolant flow rate and inlet temperature. The measured heat
sink pressure drop and base temperature were used for calculating the
hydraulic and thermal resistances and for validating the numerical

model. COP (heat sink coefficient of performance) was calculated at
different heat fluxes, coolant flow rates and inlet temperatures using the
measured data of pressure drop, and coolant outlet temperature. A
copper block with a cross sectional area of 5.588 cm? is heated by car-
tridge heaters powered by a DC (direct current) power supply. Three
RTDs (resistance temperature detector) along the copper block measure
the temperature gradient to calculate the supplied input power. All sides
of the copper block are insulated using fiber wool insulation to ensure
that heat is conducted in one dimension to the heat sink. A layer of TIM
(thermal interface material) with specified thickness was used to fix the
heat sink on the copper block. In order to measure the heat sink base
temperature, T-type thermocouples were accommodated in slots
machined at two different places on the base of the heat sink (Fig. 8). A
gear pump was used to circulate the coolant through the cycle. A chiller
unit offering a wide range of operating temperatures was employed to
control the coolant inlet temperature. The coolant flow rate was
controlled using a micro-flow meter. A micron filter was placed in the
cycle to prevent any particles entering the heat sink. The temperature of
the coolant at the outlet was measured using a RTD. Finally, a DPT
(differential pressure transducer) was used to measure the pressure drop
across the heat sink. The data on the measurement uncertainties of the
flowmeter, temperature sensors and pressure sensors were obtained
from the data sheet (flow meter and pressure) and after a careful in-
house calibration of thermocouples (Temperature). The overall uncer-
tainty in the derived quantity is estimated by the propagation of un-
certainty. The maximum uncertainty in the heat at 1 lit/min flow rate
was estimated to be £8%. The uncertainty in thermal resistance was
estimated as +6%.

6. Validation of the numerical simulation

The numerical simulations were validated for both the hydraulic and
thermal performance by comparing the model results with experimental
data for predefined design. Fig. 9 compares the numerical solution and
experimental measurements of the predefined design pressure drop (AP)
for four values of the coolant flow rate. As can be seen, the numerical
results are in a good agreement with the experimental data. The
maximum and average discrepancies were less than 11% and 7.6%,
respectively.

Thermal resistance (Ryy), defined as the ratio of the difference in the
base temperature (Tp) and coolant inlet temperature (Tj,) to the elec-
tronic chip power (), is a reasonable measure for the thermal perfor-
mance of a single-die heat sink:

Ty — T

Ry, = ()

In order to verify the model thermal performance, numerical and
experimental data of the predefined design thermal resistance at three
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Fig. 7. A schematic illustration of the experimental apparatus used for measuring the heat sink pressure drop, base temperature, and outlet coolant temperature at
specified heat flux, coolant flow rate and inlet temperature conditions.

Fig. 8. The position of the T-type thermocouples on the base of the heat sink. The measured temperatures were averaged and used for calculating the thermal
resistance of the heat sink.
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Fig. 9. Comparison of numerical and experimental pressure drop data at four
different coolant flow rates for predefined design with an average discrepancy
of 7.6%.

coolant flow rates are compared in Fig. 10. As Fig. 10 shows, the
experimental data of the thermal resistance are comparable to the model
predictions for all values of the coolant flow rate. The maximum and
average discrepancies were less than 5% and 2.9%, respectively. It
should be mentioned that base temperature (substituted in Eq. (5)) was
measured at the two specified points on the base of the heat sink showed
in Fig. 8. In the model the base temperature at the same points were
calculated and substituted in Eq. (5) for comparison.

7. Optimization

International Journal of Thermal Sciences 148 (2020) 106145

of electronic chip power (150 W), size (5.588 cmz), coolant flow rate
(5.83 cm®/ s) and inlet temperature (27 °C). The geometric parameters of
the heat sink are showed in Fig. 4 and listed in Table 1 associated with
their definition and values for predefined design. All of these geometric
parameters (showed in Fig. 4 and listed in Table 1) are considered as the
geometric fixed parameters, except impinging inlet depth (dg) and
width at the bottom (wg), fin thickness (tz), and channel width (wcp),
which are the optimization design parameters. Two changes were made
to the geometric parameters of the predefined design. Fins were
considered to be vertical (§ = 90°) based on a study [68] that shows
vertical fins offer both higher hydraulic and thermal performance.
Second, the shape of the impinging inlet cross section was assumed to be
a perfect trapezoid. In other word, there is no step (ws = 0) for the
impinging inlet. The optimization process is based on the modified
predefined design showed in Fig. 11 (A) schematically.

7.2. Design parameters

Fig. 11 (B) shows six geometric parameters for the fins and the
impinging inlet that affect the flow and temperature fields. These geo-
metric parameters of the micro-channel network control the hydraulic
and thermal performance of the heat sink. Among these six parameters
we have to fix the width of impinging inlet at the top, and fin height
because of the fixed distributor and collector geometries, respectively.
The rest four parameters showed in Fig. 11(B) in red (channel width
(wep), fin thickness (tr), impinging inlet depth (dg), and width at the
bottom (wp)) were considered as the initial design parameters of the
optimization process. The following relations can be used for calculating
the number of channels and total height of the heat sink (H):

7.1. Fixed parameters ts+hy = H (6)
Optimization of the predefined design was done for constant values Nwen+ (N = Dip =W )

Table 4

Calculated response parameters for FCCCD points.
No. Design Parameters N Response Parameters

a p 4 /4 Ry (K.mm? /W) Ry (1 /mm.s)

1 1.00 13.50 0.75 0.50 105 32.97 237.77
2 1.10 12.00 0.50 0.00 89 33.53 207.98
3 0.90 15.00 1.00 1.00 123 33.64 244.87
4 1.00 13.50 1.00 0.50 105 32.97 235.90
5 1.10 12.00 1.00 1.00 89 33.68 194.61
6 1.10 15.00 0.50 1.00 112 32.63 281.76
7 1.00 12.00 0.75 0.50 94 33.01 208.66
8 1.00 13.50 0.75 0.50 105 32.97 237.77
9 1.00 13.50 0.75 0.00 105 33.79 231.50
10 0.90 12.00 1.00 1.00 99 33.01 187.84
11 1.00 13.50 0.75 0.50 105 32.97 237.77
12 0.90 15.00 1.00 0.00 123 32.37 270.43
13 1.00 13.50 0.75 0.50 105 32.97 237.77
14 1.00 13.50 0.75 0.50 105 32.97 237.77
15 0.90 12.00 0.50 1.00 99 32.89 190.21
16 1.00 13.50 0.75 1.00 105 32.86 221.86
17 0.90 15.00 0.50 0.00 123 32.45 274.83
18 1.10 15.00 0.50 0.00 112 33.01 291.58
19 0.90 12.00 0.50 0.00 99 33.42 191.74
20 0.90 12.00 1.00 0.00 929 33.34 188.35
21 1.10 12.00 0.50 1.00 89 33.75 198.00
22 1.10 15.00 1.00 1.00 112 33.38 273.47
23 1.00 13.50 0.50 0.50 105 33.08 240.14
24 1.00 13.50 0.75 0.50 105 32.97 237.77
25 1.10 12.00 1.00 0.00 89 33.49 208.83
26 0.90 15.00 0.50 1.00 123 32.89 259.43
27 0.90 13.50 0.75 0.50 111 32.86 223.55
28 1.10 15.00 1.00 0.00 112 33.42 279.23
29 1.00 13.50 0.75 0.50 105 32.97 237.77
30 1.10 13.50 0.75 0.50 101 33.75 240.30
31 1.00 15.00 0.75 0.50 117 32.60 278.72




Y. Hadad et al.

0.06

6\ -{-- Experiment
.,‘
0.05 ”\\ +«Q-- Simulation

0.04 "1:;9

\\\\

Ren (K/W)

[e]
(=]
(98]
Ieo

fe
o

0.02

4 6 8 10 12 14
Q (cm?/s)

Fig. 10. Comparison of numerical and experimental thermal resistance data at
three different values of coolant flow rate for predefined design with an average
discrepancy less than 2.9%.

or

W+t
Ne + 1r

" wen +

(8)

where W is the heat sink sum of the all fins thickness and channels width
showed in Fig. 4(B). The brackets in Eq. (8) denote the ceiling function.
In order to specify the range of variation of the design parameters, we
make the quantities dimensionless. The dimensionless design parame-
ters together with their range of variation are listed in Table 3. In terms
of the dimensionless design parameters, Egs. (6) and (8) are rewritten as:

A+¢p=1 9
o+a
:a+1 an
where 1 =%, :%andw :W—":’l.

In Table 3, § is the micro-channel aspect ratio. Considering the most
common values of § in the available literature for liquid-cooled micro-
channel heat sinks [9-11,69-72] and manufacturing constraints a
variation range of [12 15] was selected. According to Xie et al. [10] and
Upadhye and Kandlikar [73] heat sinks with narrow and deep channels
provide lower thermal resistances with a relatively high but acceptable
pressure drop. « is the ratio of the fin thickness to fin space (channel
width). Common values of a for micro-channel liquid-cooled heat sinks
are around 1 [9-13,53,74]. In this study a range of variation of (0.9 1.1]
was selected based on manufacturability of the fins (tz|,;, = 0.1 mm for
a=0.9 and g = 15). The groove in the middle of the channels, called
impinging inlet, directs the flow to the root of the fins. ¢ is the ratio of
the impinging inlet depth to the fin height. For 6 = 1 the impinging inlet
depth is equal to the fin height (maximum depth) and for ¢ = O the
groove vanishes. In comparison to shallow impinging inlets, deep
impinging inlets direct the coolant flow to the root of the fins more easily
specially when working with narrow channels. A few number of studies
[75-77] done on the gas-cooled heat sinks show how a deep impinging
inlet helps the flow to reach the root of the fins but in the same time
reduce the fluid-solid contact area. Based on previous mentioned studies
a range of variation of [0.5 1] was selected for ¢. y is the ratio of the
impinging inlet width at the bottom to that at the top. y specifies the
impinging inlet cross section shape. y = 0 offers a triangular cross sec-
tion and y = 1 arectangular cross section. For 0 < y < 1 the cross section
is trapezoidal.

7.3. Response parameters

Thermal resistance (Rr,) defined based on chip heat flux and
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maximum base temperature was considered as a measure of heat sink
thermal performance, where:

™ T,
Rm:Bq—,f 11

Heat sink hydraulic resistance, measuring pressure drop and hy-
draulic performance, is defined as:

AP

Ry=— 12
H 2,0 12)

where Q is the coolant volumetric flow rate.
7.4. Response surface method

RSM with FCCCD (face centered central composite design) was used
to generate 31 design points for four design parameters with three
levels. By using CFD (computational fluid dynamics), the response pa-
rameters were calculated at the design points. A second order poly-
nomial in the general form of Eq. (13) is employed to approximate the
response surface(s).

» » »
f=ao+ Za,-X,» + Zu,-,-X? + Zu,:inXj + € 13)
=1 P

i<j

where ay is the intercept, and a;, a;, and aj are the linear, quadratic and
interaction coefficients, respectively and ¢ is the surface error of fitting.
The CFD results for the response parameter (hydraulic and thermal re-
sistances) and the number of channels at different RSM design points are
showed in Table 4. This table shows that the thermal resistance does not
vary significantly at different design points. The selected ranges of
variation for the design parameters (Table 3) are not wide enough that
cause significant changes in thermal resistance. An additional reason is
the negligible effect of the impinging inlet geometry on the thermal
performance of the heat sink as showed in Ref. [45]. Therefore, the
optimization method is applied to the hydraulic performance of the heat
sink in order to minimize its pressure drop.

7.5. Regression and analysis of variance

The calculated regression model for hydraulic resistance is given by
Eq. (14) and the corresponding ANOVA (analysis of variance) results are
presented in Table 5.

Ry =469.00 — 61.50a — 65.508 + 63.40y + 58.805 + 3.166> — 39.617°
+10.50ap — 2.53fy — 5.2286
14)

Table 5 shows that both R? and R?(Adjusted) are very close to one,
which verifies the quality of fitting. Close-to-unity R%(predicted) implies
that the calculated regression model is not over-fitted. The terms with P-
Values larger than 0.1 were recognized to have insufficient effect on the
hydraulic resistance and removed in the regression analysis. In addition
to verifying the regression model statistically using analysis of variance,
a numerical validation was performed by modeling two intermediate
design points. The results of the numerical validation are showed in
Table 6. The regression predictions are comparable to the results of the
numerical model with a discrepancy less than 3%.

7.6. Effect analysis

The influence of the regression model terms on the hydraulic resis-
tance was calculated using the F-Values of the analysis of variance. The
results are showed via a Pareto chart of standardized effects in Fig. 12.
As the chart shows, channel aspect ratio (f) has the most significant
contribution to the hydraulic resistance of the heat sink. The minimum
effect belongs to the interaction of aspect ratio and the ratio of the fin
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(B)

Fig. 11. (A) A Schema of simplified geometry for optimization. (B) Geometric parameters of the fins and impinging inlet. Fin thickness (tr), channel width (wgp),
impinging depth (dg) and width at the bottom (wg) are design parameters. Impinging inlet width at the top (wr) and fin height (hr) has to be fixed because of fixed

distributor and collector geometries.

thickness to the channel width. A Pareto chart of standardized effects
displays the intensity of the effects. However, it does not show the di-
rection of the effects. For example, a parameter has a positive effect if
the response parameter increases by increasing it and vice versa. In
order to determine how the design parameters affect the response pa-
rameters, a parametric study was performed based on the numerical
results at RSM design points.

7.7. Parametric study

A parametric study was conducted for the design parameters to es-
timate their effects on the hydraulic and thermal resistances. This study
was done based on the current operational and geometrical fixed

10

parameters and for the entire heat sink package including distributor
and collector.

7.7.1. Impinging inlet

The effect of the impinging inlet geometry on the hydraulic resis-
tance is illustrated in Fig. 13 (A). Increasing the depth of the impinging
inlet (o) slightly decreases the hydraulic resistance. By increasing o,
liquid-solid contact surface area decreases, that reduces the flow friction
and minor losses.

It is also showed that, there is a small increase in hydraulic resistance
when the shape of the impinging inlet deviates from a triangle. The
maximum hydraulic resistance is at y = 0.4. The minimum value of
hydraulic resistance is achieved for a rectangular cross section.
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Table 5
ANOVA results for hydraulic resistance.
Source DOF Adj. SS Adj. MS F-Value P-Value
Model 9 27830.1 3092.2 256.71 0.000
Linear 4 27331.3 6832.8 567.25 0.000
a 1 1160.2 1160.2 96.32 0.000
p 1 25545.5 25545.5 2120.76 0.000
4 1 474.5 474.5 39.39 0.000
c 1 151.0 151.0 12.54 0.002
Square 2 340.6 170.3 14.14 0.000
I 1 175.2 175.2 14.55 0.001
72 1 340.3 340.3 28.26 0.000
2-Way Interaction 3 158.3 52.8 4.38 0.015
aff 1 39.7 39.7 3.30 0.084
Pr 1 57.4 57.4 4.76 0.041
po 1 61.2 61.2 5.08 0.035
Error 21 253.0 12.0 - -
Lack- of -Fit 15 253.0 16.9 - -
Pure Error 6 0.0 0.0 - -
Total 30 28083.1 - - -
Standard Deviation R2 R?(Adjusted) R2(Predicted)
3.47065 99.10% 98.71% 97.33%
Table 6
Regression model verification by CFD results of intermediate points.
Design Parameters Ry(1 /mm.s)
a p 4 b4 Simulation Regression Discrepancy
0.95 14.5 0.90 0.75 256.21 252.00 1.65%
1.05 13.0 0.60 0.25 236.07 229.67 2.71%
1.72
T
,8 I
i
1
@ 1
1
V b
2
14
BZ
(o}
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By
ap
0 10 20 30 40 50

Standardized Effect

Fig. 12. Pareto chart of standardized effects. Channel aspect ratio has the most
significant contribution to the hydraulic resistance.

Variation in thermal resistance with impinging inlet geometry is
showed in Fig. 13 (B). An impinging inlet with rectangular cross section
(y =1) and high depth (¢ ~ 1) improve thermal performance because it
helps the flow to penetrate to the root of the fins easily.

7.7.2. Fin and channel

The influence of fin and channel geometry on the hydraulic perfor-
mance of the heat sink is showed in Fig. 14 (A). The hydraulic resistance
increases by increasing the ratio of fin thickness to channel width () at
constant channel aspect ratio (f). For increasing a at constant $, one has
to fix channel width (hr is constant) and increase fin thickness. With
increasing the fin thickness at fixed channel width, we decrease the
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Fig. 13. The effect of impinging inlet on the response parameters (A) Ry and
(B) Ry, in constant coolant flow rate and heat sink width (cata =1, § = 13.5,
and y=05aswellasyata =1, § =135, and ¢ = 0.75).

number of channels (Eq. (8) — % < 0), resulting in higher coolant
Wen
velocity through the channels and increasing hydraulic resistance.

Fig. 14 (A) shows that the heat sink hydraulic resistance increases
dramatically by increasing channels aspect ratio (). First, it is difficult
for the flow to enter the deep and narrow channels from the top when it
exits the distributor. Second, narrow channels possess small hydraulic
diameters that provide higher liquid-solid contact area and coolant ve-
locity resulting in increasing the friction significantly. By decreasing the
channel width (increasing /) at constant a the number of channels in-
creases that reduces the coolant velocity. However, the effect of hy-
draulic diameter dominates. The results obtained in this study for the
effect of channel aspect ratio on the hydraulic resistance are in agree-
ment with the results for parallel flow heat sinks [10].

Fig. 14 (B) illustrates the influence of channel geometry on the heat
sink thermal resistance. Increasing a increase thermal resistance because
it decreases the number of channels and reduces solid-liquid contact
area. Increasing channel aspect ratio () improves heat sink thermal
performance because deep channels provide more heat transfer (liquis-
solid) surface area.

7.7.3. Optimal design

The optimal design was obtained by minimizing the hydraulic
resistance regression model of Eq. (14) for the design parameters
selected ranges of variation (Table 3) using iterative JAYA algorithm
[78]. The calculated dimensionless and initial design parameters for the
optimal design are showed in Table 7. By optimizing the predefined
design, the hydraulic resistance was reduced by 45% without a signifi-
cant increase in thermal resistance (1.6%). Fig. 15 compares the hy-
draulic and thermal performance of the predefined and optimal designs.
The same amount of reduction (45%) was achieved in pump power
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Fig. 14. The effect of the channel geometry on the response parameters (A) Ry
and (B) Ry, in constant coolant flow rate and heat sink width (¢ at # = 13.5,
y =05,andoc=0.75aswellas pata =1,y = 0.5, and 6 = 0.75).

Table 7
Dimensionless and initial design parameters of optimal (minimum hydraulic

resistance) design.

Dimensionless Design Parameters

a p c
0.9 12 1.0 1.0
Initial Design Parameters (mm)
ty Wen dg wp
0.126 0.140 1.680 4.080
400 40.00
RH (] RTh
L ~
~ 300 32.00 =
© S~
g F 24.00 NE
£ 200 g
= F 16.00 e
= 100 e
5 B~
r 8.00 o
0 0.00

Predefined Design Optimal Design

Fig. 15. A comparison between the predefined and optimal designs based on
thermal and hydraulic performance.

because the optimization was performed for constant flow rate (wp =
Q?Ry). Finally, an increase of 9% in the fin gap makes the
manufacturing process more straightforward.
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Fig. 16. Chip-base interface (junction) temperature profile. (A) When ¢ and y
are not equal to one simultaneously (design point 28 in Table 4). (B) When ¢ =
y =1 (design point 22 in Table 4) and a stagnation zone formed a long the
impinging inlet.

8. Chip-base temperature profile

In parallel channel heat sinks, the chip-base interface temperature
reaches it maximum at the center of the chip and decreases closer to the
edges. However, in impingement heat sinks, due to the different flow
field, the chip-base (junction) temperature profile is totally different.
Fig. 16 (A) shows the temperature profile on the chip-base interface of
model number 28 in Table 4. The minimum temperature region lies
under the impinging inlet. By moving along the channels in the direction
of the flow, the interface temperature increases and is a maximum near
the edges at the channels exit. Similar temperature profiles are obtained
for the predefined design and for other designs showed in Table 4,
except for those that ¢ and y are simultaneously equal to unity. For the
designs with ¢ = y = 1, the impinging inlet has a rectangular cross
section with a width equal to the width of the diffuser and a depth equals
to the fin height. This geometry for the impinging inlet creates a wide
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Fig. 17. Velocity profile in symmetry plane of a channel shows the cross section of the stagnation zone formed along the impinging inlet for the design point of 22
(c=y=1).
30 " Table 8
o, Sensitivity analysis of the COP.
4
/,' q(w) Tin(K) Q(em?® /s) aco. acop aCOP
aq JT; [i]
25 0 q in Q
P 70 298 6 12.63 30.62 393.07
% 70 308 6 15.32 37.13 476.65
wI’ ”. 70 318 6 18.58 45.03 578.00
S 20 . 140 298 6 22.04 53.43 685.92
X e 140 308 6 26.73 64.79 831.77
~ ,/' 140 318 6 32.41 78.57 1008.64
g o 210 298 6 38.47 93.24 1196.95
7 15 .,’. 210 308 6 46.65 113.07 1451.47
g; iz 210 318 6 56.57 137.11 1760.12
5 S0 70 208 9 26.54 64.34 825.90
N ’,I. 70 308 9 32.19 78.02 1001.52
S/ 10 /00 70 318 9 39.03 94.61 1214.48
& ® g 4 140 298 9 46.32 112.27 1441.23
o [ ’. 140 308 9 56.17 136.14 1747.70
" 140 318 9 68.11 165.09 2119.33
3 210 298 9 80.83 195.92 2515.02
210 308 9 98.01 237.58 3049.81
210 318 9 118.85 288.10 3698.33
70 298 12 55.77 135.18 1735.37
’ 70 308 12 67.63 163.93 2104.38
0 70 318 12 82.01 198.79 2551.85
0 5 10 15 20 25 30 140 298 12 97.32 235.90 3028.30
cop (data) X 10—3 140 308 12 118.02 286.06 3672.23
140 318 12 143.11 346.89 4453.10
. . . L . . 210 298 12 169.83 411.66 5284.51
Fig. 18. Parity plot of the cop regression model verifies the quality of fitting. 210 308 12 205.94 499.19 6408.21
210 318 12 249.73 605.34 7770.85

stagnation zone. The cross section of this stagnation zone is showed in
Fig. 17. This stagnation zone attenuates the heat transfer in the
impinging inlet and causes that the chip temperature to increase in the
region below it. Fig. 16 (B) shows the effect of this geometry of the
impinging inlet on the junction temperature profile.

9. Coefficient of performance sensitivity analysis

COP (coefficient of performance) measures the heat sink thermo-
hydraulic performance and comprises the influence of the coolant
temperature on the pressure drop and pump power. In designing the
heat sinks, it is useful to have an estimation of the heat sink coefficient of
performance before identifying the operational parameters (coolant
flow rate and inlet temperature, chip power, pump power, etc.) and
fixing their values. The coefficient of performance is the ratio of heat
removed by the heat sink from the chip to the pump power. Therefore, it
includes both hydraulic and thermal contributions:

cop= i (15)

wp

where g is the heat removed by the coolant that is equal to the electronic
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chip power in the ideal conditions (when all of the generated heat is
removed by the heat sink) and wp is the pump power. In this study, the
COP of the predefined design was calculated at different measured
values of operational parameters: chip power and coolant flow rate and
inlet temperature. A regression model was developed based on the
calculated COP data:

COP = exp(0.007954 g + 0.01928 T, +0.2475 0 — 0.4169) (16)

for

TOW<g<210W
6cm3/s§Q§ 120m3/s

208 K <T;,, <318K

The coefficient regression (R?) is estimated to be 98.9%. Fig. 18
shows the parity plot of the regression. As can be seen, the scatter of the
points is very close to the actual data that confirms a high quality of
fitting.

A sensitivity analysis was performed to determine the influence of
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the input parameters on the output variable. The effective parameters
are ranked in order of influence by using the results of the sensitivity
analysis. The partial derivatives of the COP with respect to ¢, Tr;, and Q
are calculated as the sensitivity of the output parameter with respect to
those effective parameters [79]:

dCOP
Tq' =0.007954 exp(0.007954 ¢ +0.01928 T}, + 0.2475 Q — 0.4169)
17)

dCOP .

T 0.01928 exp(0.007954 ¢ +0.01928 T}, 4+ 0.2475 0 — 0.4169)  (18)

In

ocopP .
0 =0.2475 exp(0.007954 ¢+ 0.01928 T, + 0.2475 O — 0.4169) 19)

A positive sensitivity value indicates that the output parameter in-
creases by an increment in the input parameters and vice versa. The
results of sensitivity analysis obtained from Egs. (17)-(19) are showed in
Table 8. According to Table 8, it can be concluded that:

- The sensitivity of the COP to chip power is positive. By increasing the
chip power, the temperature gradient (heat transfer potential) in-
creases. This sensitivity increases with increasing coolant tempera-
ture and flow rate and chip power.

- The sensitivity of the COP to coolant inlet temperature is positive.

This means COP increases by increasing inlet coolant temperature.

Increasing the coolant inlet temperature decreases the temperature

gradient (heat transfer potential), however the coolant viscosity

decreases which reduces the pump work. This sensitivity increases
with increment in chip power and coolant flow rate and inlet
temperature.

The sensitivity of the COP to coolant flow rate is positive. By

increasing the coolant flow rate, the pump work is increased, but the

velocity in the channels also increases and enhances the convective
heat transfer. The effect of flow rate change on heat transfer is larger
than that on pump power due to the high ability of water to store and

carry the heat (pcp|w3ter>>1). The results of Table 8 show that the
sensitivity of COP to flow rate increases by increasing all three
effective parameters.

The sensitivity of COP to coolant flow rate is at least one order of
magnitude larger than the other two effective parameters. Therefore
coolant flow rate is the dominant parameter in controlling the heat
sink COP.

10. Conclusion

Water-cooled impingement heat sinks are preferred over parallel
flow heat sink due to their lower pressure drop when there is no space
restriction and coolant can enter perpendicular to the electronic board.
A numerical model including distributor and collector was developed to
calculate the performance and optimize the shape of a commercial
water-cooled impingement heat sink. The major conclusion from the
numerical study is as follows

(D) In consonance with optimization results, it is evident that the
pressure drop reduces by 45% without a significant change in
thermal performance. Furthermore, the results of the effect
analysis show that, channel aspect ratio has the most significant
contribution to the pressure drop.

Parametric study reveals that the channel geometry plays a more
effective role in heat sink pressure drop than the impinging inlet
geometry.

The chip-base interface temperature profile obtained (for con-
stant chip heat flux) numerically showed that the chip tempera-
ture reaches its maximum near the edges at the channel exit.

(In

(1)
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(IV) A sensitivity analysis was performed for heat sink coefficient of
performance which shows that it is most sensitive to coolant flow
rate.

(V) The optimized heat sink corresponds to COP enhanced by 80%
from the predefined design.
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Nomenclature

COP: Heat sink coefficient of performance
¢p: Specific heat capacity (J/kg.K)

k: Conductivity (W/m. K)

N: Number of channels

P: Pressure (Pa)

Q: Coolant volumetric flow rate (m®/s)
g: Chip power (W)

Rp: Hydraulic resistance (1/m. s)

Ry Thermal Resistance (K/W) or (K. m?/W)
Re: Reynolds number

T: Temperature (K)

V: Velocity (m/s)

wp: Pump power (W)Geek symbols

u: Absolute viscosity (kg/m. s)

p: Density (kg/m®)Subscripts

Ch: Channel

Co: Collector

Di: Distributor

F: Fin

f: Fluid

In: Inlet

s: SolidSuperscripts

M: Maximum
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