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Abstract

This research will focus on studying the effect of aperture size and shape of the micro-channel heat sink on heat
dissipation performance for chip cooling. The micro-channel heat sink is considered to be a porous medium with fluid
subject inter-facial convection. Derivation based on energy equation gives a set of governing partial differential equations
describing the heat transfer through the micro-channels. Numerical simulation, including steady-state thermal analysis
based on CFD software, is used to create a finite element solver to tackle the derived partial differential equations with
properly defined boundary conditions related to temperature. After simulating three types of heat sinks with various
protrusion designs including micro-channels fins, curly micro-channels fins, and Micro-pin fins, the result shows that
the heat sink with the maximum contact area per unit volume will have the best heat dissipation performance, we will

interpret the result by using the volume averaging theorem on the porous medium model of the heat sink.
Keywords: Porous medium model of heat sink; Volume averaging theorem; CFD simulation
Mathematics Subject Classification:

Introduction

1 Introduction

Driven by rapid development and performance boost of integrated circuit chips used in computers [3], the need for
more efficient heat transfer performance has dramatically increased in recent decades. Indeed, the heat transfer method
can be achieved by various approaches, including the application of interfacial convection of air and other coolant [13].
The heat sink is a widely used device in Electronic Packaging for heat transfer of heat-generating electronic components
in electrical appliances. They are practically made of aluminum alloy, brass or bronze, into the shape of plates, sheets,
and multiple sheets. The solid part is soldered to the electronic equipment, while the coolant fluid is flowing through
the solid and drops the temperature by inter-facial convection. Usually, the heat sink shall be coated with a layer of
heat-conducting silicon grease on the contact surface between the electronic components and the heat sink, so that the
heat generated from the electronic components can be transferred to the heat sink more efficiently, then be distributed

to the surrounding coolant fluid through the heat sink.

In a typical microchannel heat sink, the width of each micro-channel is usually small compared to the full scale of the

entire heat sink, and the micro-channels fit tightly over the heat sink. Adjacent microchannels are separated by silicon
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fins, allowing the coolant fluid to divert into different micro-channels. Various factors affect the performance of heat
sink, such as convection velocity, the effective thermal conductivity of the material, and the protrusion design of the
heat sink. Zhao and Lu [I6] compared two analytical approaches: the porous medium model and the fin approach, they
found that the analytical solution based on the porous medium approach agreed much more excellently with numerical
calculations, while the fin approach overestimated the heat transfer due to the assumption that the fluid temperature

in the direction perpendicular to the coolant flow is constant.

Previous empirical research has given proof and examples to the application of the porous medium method. The
porous medium model is represented by a mixture of solid phase with a hollow skeleton and fluid flowing through
the void. Khoei and Vahab considered the solid phase of the porous media as the main skeleton supporting basic
geometric structure while the fluid phase flowing through the voids was defined as a filler [6]. The heat conduction
behavior of the entire porous medium depends mostly on the interaction between solid skeleton and fluid phase. To
further study the behavior of the porous media, they stated that the mixed structure of the porous media could
be calculated appropriately using averaging theorem|[I5]. The method of volume averaging is a technique to derive
continuum equations for multi-phase systems, while the direct analysis of the process of fluid transport through the

small pores is usually difficult, if not impossible, because of the complex structure of the porous medium.

Other methods can also be used to estimate the performance of a heat sink, though under some specific constraints,
see, e.g., [9], in which the heat sink thermal resistance model was built for the ducted flow, where the air is forced
to flow through a microchannel over the heat sink. Moreover, experimental tests are one of the popular methods to
determine heat sink thermal performance[d]. However, the results may be optimistic and misleading. Nevertheless,
experiments can provide measurements for only some specific quantities, at a limited time instance, and can often
become complicated and expensive for some operating conditions. In these circumstances, a theoretical model is usually
used as a first estimate; then numerical method or Computational Fluid Dynamics (CFD) simulation software, such as
Ansys CFX, can give the insight to flow or heat transfer phenomena, therefore provide a qualitative prediction before a

physical model has been made.

In this paper, we will employ the porous medium model, investigate the heat transfer process by analyzing the governing
energy equations, then study the factors that affect the heat transfer performance. Meanwhile, we will carry out

experiments using CFD simulation to validate the analysis.

2 Porous Medium Model

In this section, we will briefly review the heat conduction theorem, and introduce the non-local thermal equilibrium
model for the two-phase flow, then derive the governing differential equations for heat conduction processes in the
micro-channel heat sink by using the method of volume averaging and analyze the key factors that affect the heat

dissipation performance from the governing equations.

According to the first conservation law of energy thermodynamics, the change in energy of a system is equal to the
difference between the net heat transferred to the system and the net work done by the system. To describe the physical

meaning mathematically, we recall the governing energy equation for the fluid and solid phases is (see, e.g., [12]),

oT
pCp ot

where ¢ is the rate at which energy is generated per unit volume of the medium, & is the thermal conductivity, p is

=V kVT + 4, (1)
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the density of the medium, and C), is the specific heat at constant pressure. Equation states that rate of increase
of energy stored, which is closely related to the properties of the material of the heat sink itself such as density and

specific heat, is equal to the sum of the net energy outflow rate and energy generation rate.

A simple form of the macroscopic equation for forced convection of incompressible flow in a porous medium was obtained
by the volume averaging of the conservation equations of the solid and the fluid over a representative elementary
volume (REV)[], using the Local Thermal Equilibrium assumption that the difference between the local fluid and
solid temperature is negligible throughout the representative elementary volume (REV) under consideration. The

one-equation model is given as follows,

oT = km K 9
(0o g + VT =y (324 ) 9T 4 (1= 0 @)
where T is the macroscopic variable given by volume averaging, o is the thermal diffusivity of the fluid, k,, is the
effective thermal conductivity, k" is the thermal dispersion conductivity, ks is the thermal conductivity of the fluid, ¢
is the porosity, and v is the Darcy velocity, note that in the equation, p is the average density of the mixed porous

medium structure involves the density of solid and fluid,

p=¢ps+(1—9¢)ps, (3)

where p, represents the density of solid and py represents the density of fluid.

The one-equation model can save the time of computation. However, the assumption that the temperature difference
between fluid and solid is negligible may increase the inaccuracies of the energy estimate. For this reason, we
will introduce the Non-local thermal equilibrium (NLTE) model. The energy equations representing the thermal

characteristics are defined for solid and fluid respectively are given as,

T
(PCo)y |5+ V- (v Tp) | = V- (kg V), (4)
and
o7,
(pcp)s E =V- (ksst) +4q, (5)

where ¢ is a heat source associated with the solid phase (such as the heat generated by attached chip), and it is assumed

that the temperature and heat flux are continuous between the solid and the fluid phases, that is,

Tf = TS on Afs, (6)

and

nfs~kaTf:nfS-kSVTs on Af57 (7)

where Ay, is the interface between two phases.
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3 Volume Averaging Method

In this section, we will apply the method of volume averaging to equations - , to derive a basic form of

two-equation NLTE model of heat transfer in heat sinks.

The method of volume averaging was developed by Slattery [10] and Whitaker [I4], it relates the average of a gradient
to the gradient of an average, therefore the macroscopic governing equations can be derived from the microscopic

equations in porous media.

Considering a REV consists of both solid and fluid phases, the phase average of a quantity ¢ is defined as:

(e) = %/VadV (8)

where V is the total of volume Vy of the fluid phase and volume Vi of the solid phase. We also introduce the intrinsic

phase average of a quality (see, e.g., [7]), which is defined as:

1
Ea = V:x/va 5adV7 (9)

where g, is a physical quantity only in a-phase (« could be either solid or fluid). Since ¢, is considered to be zero in

phases other than its intrinsic phase, equation @ can be rewritten as:

o
Ea = | €dV, 10
Va 14 ( )
consequently, we obtain that
(€a) = Pafa (11)
where ¢, = % is the volume ratio of a-phase in the porous medium. Moreover, in the porous medium model,
<€f> = ¢y and (es) = (1 —9)é&s. (12)
Lemma [Volume Averaging Theorem)]
1/v v v[l/ dV]+1/ as (13)
Ir Ea = 7 Ea 7 Eally )
vy, v . Vi, 0
and
l/Vst—V l/Edv+l/5nd5 (14)
Vv V. « - % V. « % Ans « af ’

where A, is the interface between two phases contained in the REV, and n,g is the normal vector to the interface.

Integrating equations and with respect to the REV and dividing the resulting expression by V', we note that

vy -ny, = 0 by assuming the solid is rigid and impermeable,

243



Journal of Advances in Mathematics Vol 20 (2021) ISSN: 2347-1921 https://rajpub.com/index.php/jam

0

57 19 (0C0) Ty | + (6C,) V- [0V, T3] =V - [keVpTy] + V-

7/
— k;fon SdS
V Ja,, ! ]

1
+ = k’fVTf . ndeS,
V Ja;.

and

O 11— ¢)(00,). T,] = V- [l,V(1 = $)T,] - V- | = / ko TongdS| — — / kYT, - ny0dS + g,

Then the two-equation model can be written as:

¢ (0Cp); [5Tr +V - (viTy)] = oV - [(ky + k) VIy] + ¢s,
(1 - ¢) (pcp)s %Te = (1 - ¢)V : (k'SVTs) —dgsf +4q,

where ¢,¢ can be interpreted as the heat flux from the solid phase to the fluid phase per unit volume, it can be expressed

as [I1]:

Agphay (Ty =T o |
goy = =L (V 1) - hay (To = Ty) 55 = (1= @)nhag (To = Ty) (15)
-9

where d is the microscopic length scale, and n = % represents the distribution of the solid.

The above equations provide a theoretical basis of the fact that the heat dissipation effect is closely related to the
protrusion design of the micro-channel heat sink, we conclude from the model that the heat dissipation performance
will be improved by, of course, increasing the contact area per unit volume, but also reducing the microscopic length of
the pores, for example, one can design smaller path scale or more paths in a REV to improve the heat dissipation

performance.
CFD software experiments

In this section, we will describe the experiments that we have simulated using CFD software. We tested the three

protrusion designs of the heat sink, where the fins were in regular shape, wave shape, and needle shape, respectively.

See Figure [1}j3}

Rectangular_model.png wave_model.png needle_model.png

The heat sink with regular shape has 14 active and visible bodies, including 13 fins and one base, together with
12 cooling microchannels. The fins and base are made by structural steel with all the properties of this material

preassumed. All 26 bodies have been meshed, participated in the simulation to reflect the heat dissipation effect
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Regular_Pic.png Wave_Pic.png Needle_Pic.png

Figure 1: Regular Figure 2: Wave Figure 3: Needle

through the value of the steady-state temperature. In the experiments, we let the surrounding air temperature be

22°C and use it to be the cooling fluid. See the configuration in Figure

Table 1: The configuration of the experiments

Dimensions/Materials
Dimension of the base-plate | 10 mm X 10 mm X 0.4 mm
Height of the fins/pins 24 mm
Materials Structural Steel
Cooling fluid Air
Initial Temperature 22°C
Heat source temperature 55°C
Convection coefficient 200W/(m? -° C)

model_edited.[jpg

At the beginning of each experiment, the temperature of the model is the same as the surrounding temperature, which
is 22°C. Soon after, the CPU starts to run (introduced as a heat source attached to the bottom of the base plate).
We set the temperature of the heat source to be 55°C', which is the normal temperature of most CPU when they are
running basic programs. We assume that the heat generated by the CPU is transferred to the heat sink evenly and
continuously. Simultaneously, the coolant air passes through the microchannels. We set the convection coefficient to be
200W/(m? -° C) as in Table|ll The thermal steady result of the regular-shaped heat sink is given in Figure

To analyze the heat dissipation effect, we built control groups for a large number of experiments. First, we conducted a
set of controlled trials by changing the number of fins on the base plate to increase the contact surface area per unit

volume. The results are provided in Table [2}

Next, we decrease the path size of the fins and set up control groups to conduct experiments. The result is illustrated
in Table [3
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model3.png

Figure 4: Thermal Steady Result of regular-shaped heat sink

Table 2:
Number of Fins | Maximum Temperature
4 54.730°C
8 54.717°C
13 54.716°C

4 Discussion

In the experiment, we compared heat sinks with three different protrusion designs: the regular shape, the wave shape,

and the needle shape. The performance was assessed according to the minimum temperature over the heat sink.

In simulating the regular-shaped heat sink, we conducted four experiments with the width of the channel as an
independent variable. For the value of each micro-channel width, we took the number of fins as an independent variable
and carried out three sub-experiments respectively. The result temperature obtained after 2 seconds are displayed
in Table 4} Since all the maximum temperatures occur on the base where the chip is attached, and all the minimum
temperatures occur on the cooling fins, a lower maximum temperature indicates a better performance of the heat sink.
Therefore, we see that with the fixed size of the base, increasing the number of fins and reducing the channel width

both result in a larger specific area per unit volume of the heat sink, see Figure

In regular-shaped heat sink, the difference between heat dissipation performances is subtle when we compared heat
sinks with same numbers of fins but different path sizes. However, this causes a defect of the experiment design so the
data could be misleading. The heat sink is not fully covered by the cooling fins when we set the path width as 200um
or 100um. Therefore, the convection over the base plate is enhanced so that a lower maximum temperature could be
reached. To further validate the conclusion from the model, we simulated two other protrusion designs of the heat sink:

wave-shaped and needle-shaped. The results are demonstrated in Figure [6] and Table

Among the three experiments, the needle-shaped heat sink displayed the best heat dissipation performance, by reaching
52.261°C' in minimum temperature. The result of this comparison is consistent with the analytical result based on
the NLTE model, that is, for the heat sink made by a particular material, the heat dissipation performance can be

improved by a better protrusion design, including the increase of the contact surface per unit volume and the reduction
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Table 3:
Fin Spacings (um) | Maximum Temperature (°C')
400 54.716
300 54.700
200 54.676
100 54.692

Table 4: Heat dissipation performance of regular-shaped heat sink
Model Channel Width(um) No. of Fins Initial Temp.(°C') Max. Temp.(°C') Min. Temp.(°C')

1 400 4 95 54.730 53.170
2 400 8 55 54.717 53.170
3 400 13 55 54.716 53.170
4 300 4 55 54.712 53.158
) 300 8 95 54.727 53.158
6 300 13 55 54.700 53.1568
7 200 4 55 54.717 53.140
8 200 8 55 54.721 53.140
9 200 13 95 54.676 53.140
10 100 4 55 54.684 53.105
11 100 8 55 54.692 53.105
12 100 13 55 54.692 53.105

of the microscopic length scale.

5 Conclusion

Based on the porous media model constructed by a mixture of fluid and solid phase, we derived the two-equation
non-local thermal equilibrium model using the method of volume averaging; then, we analyzed the factors that affect
heat dissipation performance from the energy equations. The heat dissipation capability of the heat sink performs
better with greater contact surface area per unit volume and appropriate protrusion design, which provides smaller

microscopic length.

Heat sinks with three different geometries: regular-shaped heat sink, wave-shaped heat sink, and needle-shaped heat
sink are tested by using CFD steady-state analysis. After comparing the heat dissipation performance demonstrated by
the minimum temperature that the heat sinks dropped to, it is found that the micro-channel heat sink with needle
pins gives the best heat dissipation performance, according to the measured temperature drop. For the regular-shaped
heat sink, the better heat dissipation effect can be achieved by adding contact surface area; the wave-shaped heat sink
has a relatively better performance on heat dissipation because of the greater contact area, but the improvement is
limited because the microscopic length is not reduced; the needle-shaped heat sink displays the best heat dissipation
performance among the three tests due to the greater contact surface area per unit volume and smaller microscopic

length.

As ongoing research in material sciences enables the optimization of related conditions such as heat transfer coefficient
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curve2.png curve.png

Figure 5: Characteristic curves of Heat Dissipation Performance

wave.png needle.png

Figure 6: Thermal Steady Result of Wave-shaped and Needle-shaped Heatsinks

and specific heat of the materials, and the rapid-developed micro-manufacturing creates the possibility for the production
of more delicate components, more attention could be given to the improvement of the protrusion design for the heat
sink, such as combining micro-channels and micro-heat pipes|2]. Further study in this topic could be carried out on
determining the optimal porosity. Besides, it is possible to consider the coupling of continuity equation and momentum
equations to complete the porous medium model; also, the characteristics of the new heat sink models, such as flared

fins, could be studied.
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Table 5: Thermal Steady Result of the three controlled experiments
Fin Shape Regular Wave Needle
Minimum Temperature Reached | 53.17°C | 53.144°C' | 52.261°C
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