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ABSTRACT

DESIGN AND OPTIMIZATION OF ADDITIVELY MANUFACTURED
HEAT SINK AND HEAT SPREADER FOR MICROELECTRONICS
COOLING

Aditya Krishna Ganesh Ram, MS

The University of Texas at Arlington

Supervising Professor: Dr. Ankur Jain

High performance cooling is a critical requirement for modern microprocessors that generate
large amounts of non-uniformly distributed heat. Metal heat spreaders and heat sinks have been
traditionally used for thermal management. While the design of these components has
traditionally been restricted by manufacturability, in recent years, additive manufacturing has
offered the capability to manufacture almost any design. This work analyzes and optimizes the
performance of an additively manufactured heat sink and heat spreader. Computational heat
transfer simulations were carried out to understand the variation of chip temperature and pressure
drop for various designs. Discussion of key findings include the thermal performance
improvement by doing a parametric study on the designs, both in heat sink and heat spreader. The
features that were important in either of the designs for a better cooling were given an emphasis.
The changes in design that were needed to be made for a successful print of the heat sink using

Direct Metal Laser Sintering (DMLS) are presented.
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CHAPTER 1
INTRODUCTION

With additive manufacturing (AM), also called direct digital manufacturing (DDM), being
developed for a wide variety of materials, its freedom of designs is being tapped continuously in
almost every field of interest. Initially developed only for the use of polymers in manufacturing
parts additively using the fused deposition modelling (FDM), different processes had been
developed such as vat photopolymerization, material jetting, powder bed fusion, etc. to suit
different materials for additively manufactured parts. The increase in cost required for the
additional tooling to manufacture complex designs using conventional manufacturing methods

can be eliminated using additive manufacturing [1]

In this thesis a heat sink based thermal management solution has been attempted to optimize and
improve performance using the freedom available in designing the heat sink for additive
manufacturing. As the component density increases in a semiconductor device, design
optimization has been considered for improvement, to serve as a solution for increase in cooling
performance required. Additive manufacturing has been found and proved by many researchers
to be one of the solutions for manufacturing complex designs [2] that are suggested to perform
well than the plate fin sinks that are currently manufactured by conventional manufacturing

methods.

Optimization of the heat sink design was carried out based on the design guidelines proposed for
a competition organized by ASME. The primary objective of the optimization was to bring down
the figure of merit which relates thermal performance and power required for forced convection.

In search of a better design compared to the conventional plate finned design, reduction in thermal



resistance and flow resistance was given utmost importance. Therefore, looking for designs that
increases the overall surface area of the sink, wavy finned designs were used and studied based
on its advantage in improvement of thermal performance reported by Sikka et al. [3]. The main
factors considered by them to adopt wavy fin heat sink design was to explore the fact that
waviness will deflect the flow and impingement on the fin surface and the boundary layer could
be interrupted. They concluded that at higher flow rates of forced convection, wavy finned design
proved to be better performing than other designs that are conventionally manufactured such as
diagonal, serpentine and corrugated finned designs that were compared experimentally. Wang et
al[4] investigated performance improvement of wavy finned and straight finned channels
computationally. They concluded that wavy channels interrupt the boundary layers in a periodic
fashion which improves the heat transfer performance. They also found that the Nusselt number
for wavy finned channels are higher than the plate fin arrangement which is related directly to
heat transfer due to convection and conduction [4]. It has also been proved that the designs such
as that of a winglet, generates vortices in the flow improving the air side heat transfer
performance, from the theoretical analysis performed by Jain et al [5]. Similarly, punched

winglets over a fin were proved to provide improvement in the overall heat transfer [6].

After the development of metal additive manufacturing, heat sinks that were manufactured
additively were of interest, as complex designs can be manufactured with ease. Looking on the
surface quality, products manufactured using direct metal laser sintering (DMLS) had a certain
amount of roughness when compared to the smooth surfaces generated by conventional
manufacturing methods. It has been reported that this roughness makes the flow over the surface
more circulatory in nature inducing turbulence when compared to the smooth surfaces and hence
thermal performance improvement is obtained. A 73% improvement in convective heat transfer

has been reported because of the induced roughness [7]. Wong et al manufactured various



complex heat sink designs which demonstrated the capability of selective laser melting (SLM)

and also compared their performance over heat transfer and pressure drop experimentally [8].

Microchannel heat sinks for micro-sized devices, are thought to have their roots from the idea
proposed and the analysis made by Tuckerman and Pease in 1981 [9]. They used silicon etching
to manufacture those heat sinks. They experimentally evaluated the performance of having
rectangular channels in heat sinks and concluded that the use of high aspect ratio channels reduce
thermal resistance with coolant viscosity determining the minimum channel width that can be
used. After that numerous studies were performed on microchannel heat sinks for different
coolants. Govindraj has assessed the principle of Electrowetting on dielectric(EWOD) by forcing
dielectric fluids with the help of electric field, making the droplet pass through the hotspot for

cooling [10]

Different manufacturing procedures such as Silicon etching, Diamond machining, wire cutting
etc. have been used to manufacture sinks. Currently, the capability of Additive Manufacturing in
making heat sinks comparable to those sizes are being evaluated actively [11]. Here, one such
product that can act as both heat spreader and heat sink for localized hotspot cooling applications

with microchannel structure has been investigated.



CHAPTER 2

THERMAL MANAGEMENT OF MICRO-ELECTRONICS

The working principle of a semiconductor depends directly on the temperature. The electron
transport on which the device works, varies at different temperature levels. Higher temperatures
will cause failure of the device which is undesirable especially when the device is meant to work
on critical technologies. For example, a semiconductor device that manages the components that
help in the working of an engine of a rocket carrying astronauts to the moon, cannot fail because
it puts the lives of the astronauts in danger. It is noted that, among all the failures of electronic
devices 50% are due to unsuitable temperatures created by the operation of those devices [12] It
has been found that, for every 2° C increase in the device temperature, its reliability decreases by
10%. Hence, impact of temperature on the reliability of a semi-conductor device has been taken
up seriously. The main goal of thermal management is classified to obtain desirable performance

from the device and to increase its reliability, thus, preventing its failures.

According to L.T Yeh, the factors that need to be considered while designing a thermal

management system for a semi-conductor device are, [12]

1. Performance in reducing the temperature of the device

2. Manufacturability of the parts used in the system

3. Maintainability of the system

4. Compatibility of the system with the environment under use

5. Total cost including the manufacturing and operation cost

Currently, the maximum limit of temperature reached for a semi-conductor device used by U.S.

Air Force and Navy was 105° C. [12]



Developments in the micro-electronics industry have given rise to implementation of several
transistors within a small area of the device. Although the rise in temperature of a single transistor
has been reduced when compared to those of the past, as the density of transistors increases the
overall temperature of the device increases. Sometimes, because of the complexity involved in
designing a device, the temperature distribution over a device may not be uniform which gives

rise to hot spots in the device. This greatly reduces the performance and reliability of the device.

Although there are different kinds of thermal management systems such as air-cooling and liquid
cooling, widely used low temperature control systems uses air-cooling. In an air-cooled thermal
management setup, air is forced through heat sink or a heat exchanger that picks up the heat from
an electronic device. In a liquid cooled thermal management solution, a liquid coolant passes
through a heat exchanger to pick up the heat. Liquid cooling is used mostly in high power, high

performance applications or technologies which are used for prolonged period.

2.1  Heat Sink Based Thermal Management solution:
The purpose of a heat sink has been to supply the necessary cooling to keep the device
temperatures down. It is a widely used method to control the temperature of a device where
heating is an issue. Higher temperatures will make it detrimental for the device by damaging the
device either by melting the device or causing an explosion to the device due to a chain reaction
of effects that might happen in a device. The reason for it is that, devices usually comprise of a
mix of different components which react differently to higher temperatures. Apart from the above

said effects there are also other reasons such as a change in working physics of the device.
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Figure 2. 1: Conventional air-cooled thermal management system

A heat sink works to transfer the heat from the device whose temperature must be kept in control
to a working fluid. In most of the cases, the working fluid is air. There are different ways in which
air is a cooling solution. One is by natural convection and other is by forced convection. To clarify
the difference between natural and forced convection, in the former air will not be forced by any
external source whereas in the later air will be forced using an external device. Most of the cases
the external device will be a fan. Usually in microelectronic cooling, heat sinks are not the ones
that directly pick up the heat from the device and transfer it to air. Heat spreader forms as a

medium to transfer the heat from device to the sink.

As the size of a microelectronic chip reduces, the need for better performing cooling solutions
will become highly important as the effective surface area that will be available for us to pick up
heat from the chip will be minimized. The focus of this thesis was to make use of the thermal
management solution through heat sink effectively to remove heat. Hence, the only way we can
optimize the sink for better cooling performance is to take advantage of the freedom in design.

The design also has a direct effect on the manufacturing process that can be used.



Heat sinks have been a better way to raise the surface area of a micro-sized chip by the ability for
it to spread the heat and cool it down using natural or forced convection. Here | discuss the study
performed to propose a heat sink that is better in performing thermally. Few of the important

considerations in designing a heat sink are:

2.1.1  Thermal Resistance:
Thermal Resistance of a heat sink is the resistance offered for the heat to flow from the device
that is cooled by the air either stationary or forced, depending on the type of cooling adopted. An
air-cooled heat sink comprises of two types of resistance, conduction or spreading resistance and
convective resistance. Spreading resistance refers to the resistance offered by the base of the sink
that sits over the microelectronic device to absorb the heat from the device and spread it to the

sink, whereas convective resistance refers to the resistance offered by the fluid to pick up heat.

l
Conductive Thermal Resisitance = o

1

Convective Thermal Resistance = o

Where,

k = Thermal conductivity of the material,
A = Area of heat transfer

h = Convective heat transfer co-efficient

| = Distance through which heat must transfer
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Figure 2. 2: Conduction and convective resistance

2.1.2  Material:

Material of the heat sink plays a major role in determining the thermal performance of the heat
sink. Commonly used heat sink material is aluminum. There are heat sinks available in copper
too which has higher thermal conductivity. Apart from these there are heat sinks made by a
composition of metals to obtain desired properties for the sink. Thermal resistance is inversely

proportional to the thermal conductivity of the material.

By intuition, as the thermal conductivity increases the ease of transferring the heat to the material
also increases which means the resistance to heat transfer decreases.
2.1.3  Surface Area:

As known, a heat sink increases the surface area available for convection to take place which
reduces the temperature. Therefore, a higher surface area reduces the effort that needs to be put
in for the heat to be transferred to the fluid. Hence surface area determines another main feature

of a heat sink.

2.1.4  Pressure Drop:

In forced convective heat transfer, important factor that needs to be considered to keep up total

cost that goes into thermal management system is the pressure drop. Apart from the cost of the



heat sink there is the cost of operating the fan to cool the heat sink that adds up to the total cost.
As the pressure drop across the heat sink increases, the power required to keep the fan running to
supply the same amount of heat increases. Hence, the accounting for the electricity cost in
supplying more power to the fan increases the overall cost. Therefore, it is clear that in the case
of a conventional plate fin heat sink, increasing the number of fins will increase the surface area
but also increases the pressure drop. Thus, finding a sweet spot for a heat sink between the surface
area for a lower resistance and having a lower pressure drop by providing the required thermal

performance is necessary.

Figure 2. 3: Conventional heat sink[13]

2.2  Commonly used setup:

General heat sink based cooling strategies involve transfer of heat from the device to the sink
through a heat spreader as discussed before. In order to ensure proper contact between surfaces
of heat spreader with heat sink and the device from which heat needs to be picked up thermal
interface material will be used. Proper contact of the heat sink surface with the surface of the
electronic device is necessary mainly to reduce the resistance to heat transfer. The air gaps at the
contact interface depends on the roughness of each surfaces which are contact. Air gaps and voids
increase the thermal resistance as air has less thermal conductivity than the solids in contact.
Hence in order to make sure the surfaces are in tight contact; surface roughness must be very low,
and a thermal pad can be used. Thermal pads generally fill in the voids over the surfaces that is

placed above and below it to ensure a high contact.



CHAPTER 3

METAL ADDITIVE MANUFACTURING

Additive manufacturing (AM) which by name refers to the way of manufacturing by material
addition differs from the conventional way of subtractive manufacturing technologies such as
CNC, Milling, Lathe, etc. It has evolved from a method used for prototyping a part which was
then referred as rapid prototyping to final product batch manufacturing. Once used to check form,
fit, functions and for visualization, additive manufacturing is currently used to manufacture end
parts that are not be able to be manufactured conventionally. Hence, the term rapid prototyping
was debatable and hence ASTM prefers to use the term Additive Manufacturing [14]. Although
additive manufacturing initially was developed for polymers and not for manufacturing parts
using metals, later it was developed to support various materials such as metals[15], Biological
cells[16], etc by inventing various new methods. One of which is widely used as Sintering also

known as Selective Laser Sintering (SLS) [17].

3.1  History:

The current metal AM technology had its root starting from 1984 when its development started
and got patented at 1986 by Dekard [18]. After that Ralf Larson developed the process for
Electron beam as the source for sintering which was patented on 1993 as electron beam melting
(EBM) [18]. Another key year was 2000 when ultrasonic vibrations were made as a source by
Dawn White[18]. Currently, the most widely used process is Direct Metal Laser Sintering
(DMLS) which works on the principle of sintering same as SLS. These processes are said to use
full melting though the processes were developed with partial melting and hence they were called
sintering. The main difference between SLS and DMLS is that former was developed for polymer

and ceramics with the later for metals. Currently, EOS has the licenses for both the processes

10



discussed above. Arcam AB has the license for EBM and Solidica has it for ultrasonic
welding.[18]

3.2  Capability:
The two main metal AM processes are selective laser melting (SLM) and DMLS. The SLM works
by melting the powders completely to fuse two particles together whereas DMLS partially melts
the particle as necking occurs at the interface of the particles. Necking is a phenomenon where
the outer surfaces of each particle fuses and not the complete particles. The former is said to be

best suited for pure metal powders and the latter for metal alloy powders[19].

There are four different sintering processes available. They are:

1. Solid-state sintering

2. Liquid phase sintering

3. Chemically induced sintering

4. Full melting

3.2.1  Solid-state sintering:

Solid state sintering is carried out by raising the temperature of the powder area where the part
layer needs to be manufactured. This induces the surface fusion of neighboring particles by
inducing the phenomenon of necking. The process is called sintering because the process is
carried out at a temperature slightly less than the melting point temperature of the particles hence

it won’t melt the particles completely.

There are several important parameters which determines the quality and speed of the sintering
process. One of which is the sintering temperature maintained and other is the time period for
which the sintering temperature is maintained for it to happen. Either of these factors affect the

quality of the sintering process.

11



3.2.2  Liquid phase sintering:

This is a widely used method to ensure proper bonding of the metal particle. It usually constitutes
a mixture of the metal particles with the binder particles. The process is carried out such that the
binder particles will be melted completely which helps in making the metal or ceramic particles
in contact with each other so that its surface fuses and bonds together. This is made possible by
raising the temperature of the metal-binder or ceramic-binder mixture to the meting point of
binder which will usually be selected such that it is less than that of the melting point of ceramic
or metal. This process is also called partial melting as the part of the mixture gets melted and

made to flow between the particles of the metal or ceramic powder.

3.2.3  Chemically Induced Sintering:

This type of sintering works with the help of an exothermic chemical reaction. The mixture of
metal powder when raised to certain temperature induces chemical reaction, the byproduct of

which binds the metal particles together.

3.2.4  Full Melting:

In full melting, the metal particles are melted to a thickness greater than a layer thickness and
then allowed to solidify. This is proved to form very strongly bonded structures. Some unique
properties are said to be observed due to the quicker melting and solidification cycle adopted

which are desirable than some of the best conventional manufacturing processes.[14].

Currently, processes such as EFAB (Electrochemical Fabrication) which had been developed
sometime recently are being explored. They are said to have capabilities to manufacture products
with feature sizes of 10um[20].

3.3 Direct Metal Laser Sintering:

The heat sink which was tested experimentally was manufactured using this process. The

schematic of the process is as shown in the figure

12
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Figure 3. 1: Direct Metal Laser Sintering (DMLS)[21]

The re-coater spreads the first layer of the metal powder over the bed, a laser source is then
concentrated over the areas of the powder where the part needs to be developed through. After
the layer is built by fusing the all the powder particles at that area, the re-coater again spreads the
next layer of the powder over it following which laser is focused in the areas where powder
solidification is required. The process is continued until the final part is made out of the metal

powder[19].

13



3.4

Design Constraints:

The way in which a part is manufactured using DMLS imposes some constraints to the design

process which needs to be adopted for us to obtain a successful print. The important constraints

are the minimum angle [22]of any feature with the horizontal, sharp edges protruding from any

layer of the part with respect to the longest edge of the re-coater, length of any overhanging

features, corners over any area of the part, orientation of the part with the bed, change in area

along the build direction

i)

vi)

Minimum angle of any feature with the horizontal is important because, as the angle with
the horizontal decreases the support for the new layer from the previous layer will be
lower resulting in a failure to print the feature.

Any sharp edge present at a manufactured layer will take a large amount of stress for that
surface area from the re-coater hence it may break when the re-coater spreads a new layer
of the powder.

Overhanging features require support for it to be freely supported by a wall. Moreover,
in a DMLS process, removal of support structure takes longer time for processing and
costs higher.

Sharp corners are prone to cracks, ultimately the final part may break.

The orientation of the part at which it is built from the plate with respect to the longest
edge of the re-coater also plays a vital role. If there is any parallel edge with the re-coater’s
longest edge, the part will be subjected to larger stress due to the higher surface area in
contact with each other than when the part is 5° or 10° tilted to the longer edge of the re-
coater.

Along the direction of the build which is perpendicular to the build plate the area change

should be smooth enough for the process to produce successful prints.

14
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Figure 3. 2: Effects of different feature angles[23]

| Build Direction >

Figure 3. 3: Support required for different orientation of the same part

Figure 3. 4: Orientation of the part with the raster[24]
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CHAPTER 4

HEAT SINK DESIGN PROCESS

The heat sink design was made for the overall figure of merit to be low enough, the relation of
which, was mentioned below. As can been seen by the relation, lowering the resistance of both
heat transfer and fluid flow will help in keeping the figures low. The design adaptation

incorporated to reduce both the resistances is discussed below.

4.1  Calculation of Figure of Merit:

The formula for figure of merit given in the competition guidelines organized by ASME for an

additively manufactured heat sink and based on which the design optimization was done goes

by,

—1
FOM = /(Total Cost. (Trc — Tamp)®)

Where,
Trc = Temperature measured by the thermocouple at the center of the heat sink
Tamp = Ambient temperature
Relations for Total cost is given as,
Total Cost = $peas sink + $pumped air

$
$pumped air = P. t-m

P=V.Ap
And,

$  _
P $0.12

Cost of Heat sink = $60/kg

Provided operating time = 20,000 hrs
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4.2 Flow Resistance Consideration:

Resistance to fluid flow increases pressure drop across the heat sink and increases the cost of
pumping air. The design feature that helps in reducing the flow resistance in the proposed design
is the curved surface of the sink that acts as deflector for the 90° deflection of the cooling air flow.
The curve comprising the curvature was adopted by the Bezier curve with 5 equally spaced
control points along an ‘L’. For simplicity, the number of control points has been kept 5 although
more than 5 points can be had. Further investigation over having a curve with more control points
were not made. Another reason for having 5 control points is to reduce the material that goes
under the curved surface and the perpendicular walls. Higher the curvature lesser will be the

material that is needed to support the curvature.

Figure 4. 1: Bezier curve formation

Figure 4. 2: Final bezier curve
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4.3 Resistance to heat transfer consideration:

One of the main design criteria for a heat sink is the resistance it offers to pick up the heat from
the surface that needs to be cooled. Be it a conduction or a convection resistance, it is directly
proportional to the surface area as discussed in the preceding chapters. The resistance to
conduction or spreading resistance was not able to be worked on because of various constraints
by the guidelines. The only resistance that can be reduced is the convection resistance. Increasing
the surface area that encounters the fluid will help doing that. Therefore, wavy fins which
increases the surface area of the fin compared to the plate fins has been adopted. The waviness
was introduced perpendicular to the flow direction. This also helps in channelizing the fluid
through the 90° turn. While implementing a wavy fin, boundary layer will also get interrupted
whose effects were of interest with a belief that it could enhance the heat transfer rate [3]. The
wave length of the wave that forms the fin was selected based on the additive manufacturing
constraint. It is suggested to keep the minimum angle of inclination for any feature in the part to
be more than 35° for a successful print and good surface finish and to be printed without a support
[25]. For the safer side, the wave of the amplitude for which the minimum feature angle is greater

than 45° was selected.

4.4  Number of fins and the gap between them:

The gap between fins were selected based on two criteria, one is the additive manufacturing
constraint of minimum gap for a successful print and the other is the implementation of boundary
layer principle. Upon calculating the thermal boundary layer for flat plates, at the entrance region
of the sink the thickness was 1 mm and at the exit region it is 2.5 mm. Therefore, a gap of 2 mm
between the fins were fixed at the top of the sink considering the boundary layer effect from both

the fins. Easy removal of metal powders from the sink after the manufacturing using DMLS
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process were also considered to fix it as 2 mm. A gap of 5 mm was kept at the bottom of sink

where the air exits the sink.

Figure 4. 3: Final designed heat sink

Figure 4. 4: Printed heat sink
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4.5  Design trade-offs between thermal resistance and manufacturability:

The wavelength of the wave that forms the cross section of the fin has a greater effect over the
thermal resistance of the sink. Decreasing the wavelength increases the overall surface area for a
given height of the fin and hence it will bring the resistance down. The vice versa happens when
the wavelength decreases. But selecting the right wavelength also required the consideration for

manufacturability.

AL
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Build
Direction

H
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Figure 4. 5:Model sink for wavelength analysis

In the figure, the angle under consideration is depicted. One of the manufacturing constraints is
the angle of the feature with respect to the horizontal along the build direction. Hence, wavelength

had to be selected based on the minimum feature angle it fetches.
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Figure 4. 6: Final Heat sink fin feature angle

Effect of thermal resistance for different wavelength corresponding the above said angle has been
shown below. To study that, a miniature heat sink model with only 2 fins has been analyzed with
the same setup but with different wavelength wave. The maximum temperature for each of the

heat sink has been mapped with respect to the angle of the feature with the horizontal.
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Figure 4. 7: Maximum temperature of model heat sink vs feature angle
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Clearly, a lower angled feature of fin with the horizontal is better but from the perspective of
getting the design manufacture safe we fixed it to around 53° for minimum angle of the fin feature.
This gives an example of trade-offs between heat transfer resistance and manufacturability that

arise while using metal additive manufacturing for heat sinks.
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CHAPTER 5

THEORETICAL ANALYSIS OF THE HEAT SINK

Theoretical analysis was performed in Ansys cfx. Theoretical model was created with solid

domain for heat sink and fluid domain for air through the heat sink.

5.1  Ansys cfx solver:

The most widely used CFD solvers such as Fluent, Phoenics, Star — CD, CFX use finite volume
method for the finite difference formulation. It is a pressure-based solver. Another commonly
used solver is a density-based solver. The main difference between a pressure and density-based
solver depends on the way in which each solver solves the set of equations. In a pressure-based
solver, the equations are solved one by one to find different variables whereas, in a density-based
solver all the equations are solved simultaneously. The currently used pressure based Navier
stokes solver is based on the model proposed by Rhie and Chow [26]. The disadvantage of using
a density-based solver is found to be the fact that it does not perform well at times where Mach
number tends to zero. It becomes difficult to calculate pressure when there is no density for
incompressible flow, that is when pressure based solver was developed [27]. The Pressure based
CFD solver solves it in a sequential manner A general CFD solver works on the principle of

conservation of the laws of physics, such as:

1. Conserving the mass of the fluid
2. Conserving the momentum based on Newton’s second law

3. Conserving the energy
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5.2 Laminar Fluid Model:

Navier-Stokes equation works best for understanding the fluid flow and energy transfer in the

fluids by applying all the above conservation laws. The set of unsteady Navier-Stokes equations

are as follows[28],

5.21  Continuity Equation:
dp  0d(pu) d(pv)  d(pw)
E+ax+ay+az =0
5.22  Momentum Equations:
d(pu) +6(pu2) +6(puv) +0(qu) _0p | 1 [0Txy | OTxy 0Ty
at ox dy dz  0x Re|dx 9y = 0z |
d(pv) 4 a(pv?) N d(puv) N d(pvw)  0p N 1 [0Tyy 0Tyy OTy,]
ot dy dx 9z 9y Re|dx 9y = 9z |
d(pu) +6(pwz) +6(pWV) +6(qu) _0p | 1[0Ty 074 074
ot 0z dy dx 0z Re|dx dy 0z |
5.2.3  Energy Equation:
J0E OJ(uE) N d(VE) N Jd(WE)
dat dx dy 0z
__0Gup) op) Owp) 1 |94x 949y 04,
dx dy 0z RePr|odx 0y 0z
110 9]
+ e [a (UTyx + VToy + WTy,) + @(urxy + Ty, +wTy,) + a(urxz

+ vty + WTZZ)]

The laminar fluid flow model of the cfx uses the above unsteady Navier-Stokes equations to

analyze the flow. The turbulent flow model matched well with the experimental results than the

above discussed Laminar flow model. Analyzing the flow streamlines of both the models also

24



proved the discontinuities in laminar flow model in capturing the eddies as discussed by Anderson
[29].

5.3  Turbulence model:

Many models have been developed that captures the turbulence streamlines one of which is
Reynolds-averaged Navier-Stokes (RANS) equations. There are other models which discuss
solving additional equations apart from the set of RANS equation to solve the effects of
turbulence such as Mixing Length model, k-¢ model, Spalart-Allmaras model, k-« model,
Algebraic stress model, Reynolds stress equation model(RSM), etc. Among these the widely used
models are the mixing length model and k-& model. In ANSY'S cfx only k-& model was found for

analyzing fluid flow model.

531 k- model:

The main reason for the successful prediction of the k- model is the assumption of the presence
of viscous stresses and Reynolds stresses in the flow. Here, ‘k’ represents the kinetic energy of
the mean flow and ‘e’ refers to the rate of dissipation of the viscosity. The standard k- model
was proposed by Launder and Spalding [30]. The transport equations of the model to compute k

and ¢ as explained by Versteeg and Malasekra are as follows[31],

900 | divoku) = div [“ grad k| + 2u,5,;.5
T-l_ iv(pkU) = div G—kgra + 2u:S;5.Sij — pe

a(pe) - [He £ &’
T + div(peU) = div [G—Sgrad s] + ClsEZ,utSij.Sij - ngpf

The values of each coefficient in the equations were determined as,

C, = 0.09,0¢ = 1,0, = 1.3,C;, = 1.44,Cy, = 1.92
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These values for each co-efficient were compared with those of the default model values of

ANSYS cfx and both were same.

This model was also noted to fit well to analyze confined flow where Reynolds shear stresses
should also be taken into account [31]. Also, mentioning the disadvantages of the model, it was
mentioned not to work well in weak shear layers of the flow. Both the Laminar flow model and
the k- models were compared and the best model whose results matched with the experimental

results of the heat sink were also discussed below.

5.4  Setup:

A geometry like the experimental setup as shown in figure 6.1 was created in design modeler. A
fluid domain simulating the fluid flow over the elbow duct of the flow bench setup was created.
The sink design was placed at the corner of the domain while the analysis had been carried out.

Basically, the heat sink is placed such that it is immersed inside the fluid.

il

g

Figure 5. 1: Analysis setup

9 8

The heat sink design was imported directly as parasolid file from solidworks. Instead of importing

the whole duct geometry into design modeler. A fluid domain was created to simulate air flow

26



through the heat sink along the L- shaped path. Apart from the heat sink, two solid domains had
been created to simulate both thermal pad and copper block that constitute the experimental setup.
The heat sink’s performance is being tested by placing it over a copper block which simulates the
device whose rise in temperature must be taken care of. A thermal interface material is said to be
used to ensure proper contact of the heat sink with the copper block. Hence a solid domain for it,
is created so as to fit between copper block and the heat sink. The heat sink material was given as
a material with thermal conductivity 152.8 W/mK as specified by the guidelines which
corresponded to the material A357 that was said to be used for manufacturing the sink. A thermal
conductivity of 10 W/mK was used for the thermal interface material. The copper block thermal

conductivity was used as 400 W/mK which was taken from the guidelines.

5.5  Boundary Conditions:

Wl Airiniet

i ! Pressure Inlet

Air outlet ttt 1w/em?
Pressure outlet

Figure 5. 2: Analysis setup with the boundary conditions

Inlet air is applied at the top of the fluid domain represented by arrow marks pointing the fluid

domain as shown in the figure. The properties of the air were assumed to be 21° C at 100 CFM
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and were supplied as 0.0558 kg/s mass flow rate for the unit restrictions in cfx with corresponding
fluid properties at 21° C. The outlet for the fluid domain is provided at the bottom of the domain
represented by blue double headed arrow marks as shown in the figure 5.2, as an opening
boundary condition. A heat flux of 1 W/cm? was applied at the bottom of the copper solid domain
to simulate the real testing conditions. The heat flux reaches the heat sink bottom through the

copper block and TIM as shown in the figure 2.1.

5.6 Flow Observation:

Veloci
Streamline

16.10

Figure 5. 3: Using laminar fluid flow model
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Figure 5. 4: Using k- model

As can be seen from the flow streamlines of laminar model and turbulence model, the eddies near
the bottom of the sink were not captured exactly by the laminar model whereas k-& model
captured it. The velocity streamline plot are found to be one of the effective ways to check the
correctness of a theoretical model [29]. It was also noted that k- model predicted the values

better, when it was compared with the experimental results, than the laminar model.

5.7  Meshing:

The mesh was generated by Ansys cfx’s auto mesh feature. The setting was kept as medium with
the special consideration for mesh around the curves and straight edges by selecting proximity

and curvature in the mesh setting. Prismatic element was used for all the domains.
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5.8  Simulations setup:

The governing equations that were solved were for mass, momentum and energy. The energy
equation solves for the heat transfer in the system. All the sink models, were simulated using
laminar fluid flow model, although it was not found to be the best model when the experimental
results are compared. For uniformity in analysis, laminar model was used throughout. The thermal
energy equations setting was used further for both fluid domain and solid domain. The number of
iterations which was fixed were 500 but almost all the models seemed to converge before it passes
250" iteration. The convergence criteria as RMS value for residues was fixed as 1xe-7.
Although 1xe-4 itself is a better value when it comes to fixing a convergence criterion, for better

accuracy it was set to be much lower.

5.9  Post Processing:

As the temperature is to be measured from the center of the base part of the sink using a
thermocouple inserted through the base, a point is created at the center of the base part of
dimension 50 mm x 50 mm x 8 mm. The temperature at that specific point is found out for all the
designs in the iteration and compared against each other. The pressure difference is said to be
measured across the heat sink by the difference between the pressures calculated near the inlet to
the sink and the outlet of the sink along the duct. So, theoretically the pressure difference was
calculated by creating a plane in the fluid domain along the duct near the inlet and outlet region
of the sink. The pressure is calculated by determining the area average of the pressure along those
planes and the difference in pressure between the average value in the inlet plane to the average

value in the outlet plane.
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5.10  Thermal Analysis results:

Temperature
Contour
310.00
== 308.80
T 307.60
306 .40

i30520

304.00

H 302.80
d

- 301.60

(K] (K]

Figure 5. 5: Thermal analysis contour for the heat sink

As can be seen in the results, the temperature was uniformly spread over the heat sink. This proves
the uniformity of the temperature distribution over the heat sink. The temperature of the heat sink
at the center of the base, where thermocouple was placed in the experiments, was 305.27 K or
32.12° C and the pressure drop for the heat sink was found to be 84.139 Pa. The contour plot for
conventional design as seen in the figure below tells that the temperature for the sink was 309.35
K or 36.2° C which is 4° C higher than the proposed sink design. The better performance of the
proposed heat sink attributes to increase in surface area when compared to the flat plate fins and
better air mixing than the conventional one. Comparing the pressure drop, wavy fin design had
higher pressure drop which was around 84.14 Pa theoretically when compared to 74.47 Pa for the
conventional design. The pressure drop for each heat sink was obtained by calculating the
difference in pressure obtained between average values of pressure found at the planes indicated

as pressure inlet and pressure outlet in the figure 5.2
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Figure 5. 6: Thermal analysis contour for conventional heat sink

The final heat sink was developed by implementing all the Design for Additive Manufacturing

constraints, when analyzed had a maximum temperature of 306.6 K or 33.44° C. The rise in

temperature is attributed to the increase in thermal conductive resistance due to additional
material added by filleting the edges where the fin touches the sink surface. The thermal analysis

plots of which are attached below.
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Figure 5. 7: Final design Thermal Analysis Plot
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CHAPTER 6

EXPERIMENTAL ANALYSIS OF THE HEAT SINK

Experimental analysis was performed at Oregon State University, Corvallis under the guidance
of Dr. Joshua Gess. An image description of the setup was given in the guidelines. The complete
dimension such as length of each duct were not given. The assumed model for experimental
analysis from the description is shown in the figure below. Image at the right shows the

dimensions of the envelope in which heat sink will be placed as specified in the document.

Figure 6. 1: Experimental setup assumed from the guidelines data

6.1  Experimental Setup:

The setup consists of a elbow duct whose material was not specified. But that is not of concern
as the duct is just functioning to determine a path for air flow through the heat sink. Literature

survey has shown researchers using perspex, wood, etc as duct [32][33][34].The uniform heating
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for the base of the heat flux was made possible through the copper block, whereas a guard heater
was widely used for other experimental testing setups for various other heat sink tests[32][7][3].
A thermal insulation should have been provided whose material was not specified, such that it
wraps around the copper block [35][36]. Some of the insulation materials that were used include,

Foam, mineral wool, etc.

6.1.1  Temperature Measurement:

The maximum temperature rise in the heat sink is of primary importance. Usually the temperature
at the bottom of the heat sink where the sink touches the device is of utmost importance as it is
that interface that will experience higher temperatures among all other areas of the heat sink. A
through hole was asked to be provided at the base of the heat sink by the guidelines so as to allow
the temperature at the center of the heat sink base be measured using a K-type thermocouple.
Literature survey suggested having more than 1 thermocouple covering various points along the
heat sink base. The average temperature readings from those thermocouples were usually
considered under study [8][37] but the area of the heat sink base reported by those articles were
bigger compared to that of the proposed heat sink base.

J0999909

]

[ c y Hole for Thermocouple

Figure 6. 2: Thermocouple hole

6.1.2 Pressure Measurement:

The pressure drop across the heat sink is of consideration as it contributes to the total cost of
operating the thermal management system. As flow resistance increase the pressure drop, the

power required to push air increases. The pressure of the air at a point just before entering the
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heat sink and the pressure of the air at a point just after leaving the heat sink was assumed from
the guidelines to be measured to calculate the pressure difference across the heat sink. Although
details about the method used to measure pressures at those mentioned points were not specified
in the guidelines, literature survey suggested using pressure transducers greatly but a low-cost
setup can be made using a differential manometer. Measurement of pressure was not discussed at
all in the guidelines. Referring to various technical articles regarding this, researchers use pressure
tappings along the duct at the planes at which pressure measurement is desired [32]-[34]. Usually,
for a bigger cross section duct than that used here, they used more than 1 tapping and pressure
transducers to obtain pressure along the flow at more than 1 point at a single plane of

measurement.

6.2 Results:

The results for the pressure drop and temperature values from the experiments carried by Dr.

Joshua Gess and team at Oregon sState uUniversity are,

Experimental results

Temperature at the center of the heat sink base 32.99°C
Pressure drop measured upstream and downstream the heat 82.1172 Pa
sink

6.3  Comparison of Theoretical and Experimental Results:

The corresponding values of temperatures and pressure drop calculated theoretically at the
locations where it was found out experimentally are attached below. A comparison of those values

by laminar and k-& model with the experimental ones have been made. From the comparison, the
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values as predicted by k-& model matched well with the experimental values than the laminar

model.

From the inference made above, it can be proved that turbulence region occurs along the fluid
flow region and because of that flow restrictions happen. As eddies are formed in the turbulence
region, it acts as resistance for the flow and therefore the pressure drop also increases across the

heat sink in k- model when compared with the laminar model.

Experimental Theoretical Theoretical
results results with results with k-
Laminar model € model

Temperature at the center of the 32.99°C 33.44 °C 33.43 °C
heat sink base

Pressure drop between upstream 82.1172 Pa 64.53 Pa 70.7 Pa
and downstream the heat sink

6.4  Flow Model Comparison:

Figure 6. 3: Streamline comparison for both Laminar and turbulent model

It can be clearly seen from both the streamlines that, k- model captures the turbulence eddies
whereas laminar model doesn’t, and it can be further proved that k-¢ model should be used for

performance prediction in this heat sink.
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CHAPTER 7

HEAT SPREADER DESIGN PROCESS

The main purpose of coming up with the proposed heat spreader design is the need for hotspot
cooling in microelectronics applications. As micro-scale devices become more and more
complicated, various hot spots occur over the device. An attempt to solve the problem using the
design of the heat spreader in forced air-cooling application was made. Since, additive

manufacturing proves to provide freedom in design, its capability was tapped by the design.

7.1  Design Process:

The idea of the design is to cool the hot spot by forcing the air over it and implementing a micro-
fin sized geometry similar to that proposed by Tuckerman and Pease[9]. The heat spreader design
is a hybrid one, incorporating both as a spreader and a heat sink. It has two plate structure with
pillars supporting each other, which also act as fins. A nozzle like geometry is placed at the top

plate such that the nozzle concentrates air towards the hotspot at the bottom plate.

N

Figure 7. 1: Heat spreader design

Under forced convection, air is forced through the nozzle at the top plate, when the air reaches
the bottom plate, the velocity is increased such as to provide a better cooling performance. The

air entering the area between the two plates then travels parallel to the bottom plate surface so
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that it picks up heat from it. The current design considers that a hotspot of 2 mm X 2 mm occurs
at the center of the base plate and the rest of the surface experiences a lower heat flux. Hence, the
air enters at higher velocity at the hotspot cools it down and then travels between the plates to
pick up heat from other areas along the plates, pillars and then leave the heat spreader from all

the sides.

7.2  Design Parameters:

The total thickness of the spreader was fixed to be 2 mm. The spreader covers an area of 30 X 30
mm surface for cooling. The thickness of the bottom and top plate was kept as 0.63 mm and the
air gap was fixed to 0.75 mm, so was the height of the fins. The diameter of the nozzle is 1 mm
at the outlet and a taper of 55 degree towards the inlet is provided as an arbitrary dimension. 36

pillars of 2.2 mm diameter cylinder placed in an equally spaced fashion.

55°

| o b
2em|ommnil 1 T 1 T 120 1 T[T 1 T 1 }0.625 mm
| )4

Figure 7. 2: Heat spreader dimensions at the cross section
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Chapter 8
THEORETICAL ANALYSIS OF THE HEAT SPREADER

All the theoretical simulations were carried in the same platform as that of the heat sink that is

the Ansys cfx. Laminar fluid flow model was used to perform simulation.

8.1  Setup:

Air Inlet

Air Outlet

Figure 8. 1: Boundary conditions for the environment

A cfx setup was created in design modeler, to simulate air being forced by an 80 mm diameter
fan above the spreader at a distance of 8 mm over a 30 mm X 30 mm heat spreader. So, the
environment which is atmospheric air is provided as a box of 100 X 100 X 10 mm dimensions as
a fluid domain. The heat spreader which forms a solid domain imported as a parasolid file format
into the design modeler was placed such that it sits inside the box covering a centered area of 30
X 30 mm in one of those larger surfaces. The other larger surface has a centered area of 80 mm

diametric circle with a 3 mm protrusion of fluid domain from the surface to simulate a fan.
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8.2  Boundary Conditions:

Air flow was imitated by providing the surface common to the fluid domain for fan and the
environment at the rate of 0.0558 kg/s at 25° C represented by black single-headed arrow marks
facing the fluid domain as shown in figure 8.1. The outlet for that air was given as all four sides
of the environmental fluid domain as an opening boundary condition at 25° C and 0 atm pressure
represented by double headed blue arrow marks. There are two different heat fluxes applied to
the bottom of the spreader, one for hot spot represented by red arrows and other for the rest of the

spreader area represented by black arrows as shown in figure 8.2

I < J
| | | ] » | B |

R R

0.005x10°W/ 0.005x10°%W/

0.05x10°W/ ,

Figure 8. 2: Boundary conditions to the heat spreader

Same as the governing equations used for heat sink testing, the equations used for heat spreader

analysis was mass, momentum and energy equations.

8.3 Flow Observation:

As can be seen, the air entering the gap between fins tends to circulate near the hot spot area
because of immediate obstruction to the flow. This increases the heat transfer co-efficient near
the hotspot area which is an advantage of having a nozzle right above the hot spot. Detailed

analysis, by comparing the streamlines for different air gaps will be made in section 8.4.
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Velocity

Streamline 1 AN SYS

Figure 8.3: Flow streamline for 1.2 mm air gap

Sweamine 1 ANSYS
40.00 R17.0
30:00

20.00

Figure 8.4:Flow streamlines for 1 mm air gap
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Sireamine 1 ANSYS
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Figure 8.5: Flow streamlines for 0.8 mm airgap

8.4  Thermal Analysis Results:

Temperature
Contour
325.28
32517
325.06
324,94
324.83
32461
324.50
324 .38
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[K]
Figure 8.6: Thermal contour plot — side view
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Figure 8.7: Thermal contour plot for the top and bottom plate
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Figure 8. 8: Temperature at hot spot by varying plate thickness with respect to air gap
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Figure 8.9:Variation of hot spot temperature for plate thickness
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Figure 8. 10:Temperature variation with air gap

As can be seen from the plots, the higher contrast in color contours for the bottom and top plate
shows that most of the heat is taken away by air by the time heat reaches the top plate. Also, from
figures 8.3-8.5, as the air gap reduces the circulations happening near the hotspot reduces giving
rise to lower mixing of air when air gap reduces. Therefore, a decreasing trend in the thermal
performance is seen from the results attached when the air gap is reduced (figure 8.10). When
plate thickness is increased, the thermal resistance by conduction or spreading resistance increases
and thermal performance of the spreader reduces. Therefore, an increasing trend in temperature
is seen in the set of simulations where plate thickness alone is varied (figure 8.9). From figure 8.8
when the plate thickness is increased with respect to the reducing air gap, the temperature at
hotspot raises, because of increase in conductive resistance. Apart from that, as the plate thickness
is increased by reducing the air gap, air circulation reduces giving rise to a net increase in the

maximum temperature.
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CONCLUSION

Although optimizing a heat sink design for AM seems to provide much independence in the
design, design for AM principles must be carefully implemented for successful printing. Here,
heat sink models have been analyzed theoretically with laminar and a turbulent fluid flow models
and the best model among those which gave good agreement to the experimental values have
been found. One major limitation on which the study has been made is that the complete actual
dimensions of the experimental setup was not available. So, based on the visual examination an
approximate length of the duct was assumed. Other details on the data collection systems and the
pressure measurement system was also not available. Though the proposed design is made self-
supporting, complex designs require support structures that increases the total cost of
manufacturing especially when DMLS process is used. If micro-channels are manufactured using
the powder bed fusion processes, minimum channel widths also need to be optimized for the

powder to be removed through them effectively.

The main purpose of the study includes thermal performance improvement of the heat sink
manufactured by DMLS than the conventional heat sink. Key conclusions made were, heat sink
performance can be greatly improved because of the independence in designing a heat sink for
additive manufacturing. Once a preliminary design is made, the design had to go through a careful
study for compliance with the design for additive manufacturing principles. Therefore, additive
manufacturing proves to be a good manufacturing technique for thermal management of micro-
electronics and can be implemented. One major drawback of using additive manufacturing for
heat sinks is the manufacturing cost. Currently as conventional sinks are available at prices of
under $50, the one which we made was estimated to be around $1400. Making the AM process

more cost friendly needs to be worked on in a parallel fashion for it to be widely implemented for
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manufacturing heat sinks. The manufacturing cost versus the performance improvement were not
evaluated in this study. But lowering the process costs will make AM to be easily adopted for
manufacturing high performance-heat sinks at a larger scale. Here the sinks were made self-
supporting, so no support structures were needed for printing it. Whereas some complex designs
require usage of support structures. In that case, cost for removing support structures and post
processing adds up to the manufacturing cost. Current techniques for removing support structures
poses higher costs. Studies to reduce the costs for support structure removal is identified as a

potential area for cost reduction.

Methods such as ‘Thermal Topology Optimization’ has been a suggested method for optimizing
heat sinks[38][1]. It works based on a FEM (Finite Element Methods) analysis of the model then
finding the best structure by adding material in different areas of the model and analyzing it in an
iterative fashion. The best structure of the model which conducts heat faster among the models
analyzed for a given volume constraint will be suggested as the best one. Many groups have
attempted to develop their own code for thermal topology optimization that can support the use
of thermal convection in the model[39][40]. Apart from that different methods have also been
attempted[41]. Though those methods seem to be promising, usage of a CAE package for
topology optimization, here Altair Hypemesh Optistruct was studied with reference to Xueyong
et al[42]. It was concluded that, the package can perform structural topology optimization better
than the thermal optimization, as convection which is critical for heat sinks was not supported by
it at the time of my evaluation. Indirect ways to help it support convection could be studied by

implementing some self-developed codes using Tcl/Tk into it.
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