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ABSTRACT OF THE THESIS
MULTI-OBJECTIVE ANALYSISAND OPTIMIZATION OF INTEGRATED
COOLING OF MICRO-ELECTRONICSWITH HOT SPOTS
by
Sohail R. Reddy
Florida International University, 2015
Miami, Florida
Professor George S. Dulikravich, Major Professor
With computing power from electronic chips on a constant rise, innovative
methods are needed for efficient thermal management. Arrays of micro pin-fins act not
only as heat sinks, but also allow for the electrical interconnection between stacked
layers of integrated circuits. Thiswork performs a multi-objective optimization of three
shapes of pin-fins to maximize the efficiency of this cooling system. An inverse design
approach that allows for the design of cooling configurations without prior knowledge
of thermal mapping was proposed and validated. The optimization study showed that
pin-fin configurations are capable of containing heat flux levels of next generation
electronic chips without compromising the structural integrity. The inverse approach
identified configurations capable of cooling heat fluxes beyond those of next generation
chips. Anaysis of thin film heat spreaders made of diamond and graphene nano-
platel ets showed that further reduction in temperature and thermal stresses, and increase

in temperature uniformity are possible.
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CHAPTER 1

1. INTRODUCTION

This section consists of a brief review and chalenges in cooling and thermal
management of electronics. Various techniques of thermal managements are presented
and the proposed technique is discussed. Previous work done on the thermal management

techniquesisidentified and objectives of thiswork are stated.

1.1 Background

Integrated circuits (ICs) of today operate at a heat flux level of approximately 100
W/cm?, where the level of heat flux is assumed to be directly proportional to the
operating (clock) speed of the IC. These types of ICs are usually found in laptops, TVs,
cell phones and defense equipment. With the number of transistors per square inch of 1C
doubling every two years according to Moore’'s Law, the performance output, and
consequently the heat fluxes, are on a constant rise (Figure 1). The heat flux levelsin the
next generation chips are predicted to reach 500 W/cm? at the background and in excess
of 1000 W/cm? at the hot spots [1]. This dramatic increase in heat flux levels directly
increases the IC temperatures outside of the electronic chip’s optimum operating
condition, thereby leading to reduced performance. The higher temperatures also increase

thermal stresses, which over time can lead to fatigue and structural failure.
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Figure 1. Maximum heat flux reported over the years by [2]

Over the last three decades various methods have been investigated for their ability to
cope with such heat fluxes. Figure 2 shows the various methods applied for cooling high
heat flux and the maximum reported heat flux that each cooling method is capable of
handling. Figure 1 and Figure 2 show that many attempts and efforts have been made to
investigate configurations capable of containing such high heat fluxes.

A traditional method of cooling such high heat flux configurations is through forced
convection which requires a fluid, usually water or a refrigerant, to be pumped through
the IC to remove the therma energy. Although this dramatically increases the heat
transfer performance of the system, it usually comes at a cost. The geometry and the
configuration of the cooling system directly determine the input power required to pump
the fluid (pumping power). This conflict of design objectives can be overcome by

performing a multi-objective optimization.
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Figure 2. Maximum heat flux loads managed by different cooling technologies [2]

Multi-objective optimization is a method for multiple criteria decision-making
where a problem with multiple objectives is being solved. Unlike single-objective
optimization, the multi-objective optimization does not result in a single solution. Instead,
multiple Pareto solutions (best trade-off solutions) are obtained. This multi-objective
optimization technique can be applied to the design of electronic cooling configuration

where the objective is to increase thermal efficiency, while reducing the pumping power.

1.2 Techniquesfor Thermal Management

One of the oldest and most common methods for heat removal is through the use of
microchannel heat sinks. This method utilizes forced convection as the major mode of

heat transfer where a working fluid, either water or coolant, is passed through micro-



passages to remove the thermal energy. The cross sections of these micro-passages can
vary significantly to attain the required performance and efficiency.

Wu and Mudawar [3] performed three-dimensional conjugate heat transfer analysis
on microchannel heat sinks with rectangular cross sections. The heat flux considered in
their work was 90 W/cm? and was applied uniformly at the top surface. They observed
the temperature increase in the streamwise direction was linear and that increasing inlet
velocity increases fluid entry length, which in turn enhances heat transfer.

Abdoli et al. [4] performed thermo-fluid-stress analysis on two floor microchannels
having rectangular cross section shown in Figure 3. The heat flux of 1000 W/cm? was
applied at the background and 2000 W/cm? at the hot spot was applied in their analysis.
These heat flux levels closely mimic those of next generation electronics. Their research
showed that their configuration of microchannels was able to keep the maximum

temperature and maximum V on-Mises stress within acceptabl e range.

Hot spot
44— Substrate
1* microchannel layer l
2™ microchannel layerl
A

Figure 3. Two-floor configuraiton having rectangular microchannels [4]

Abdoli and Dulikravich performed multi-objective optimization of multi-floor

counterflow [5] and throughflow [6] microchannel heat exchangers. The heat flux



considered for their work was 1000 W/cm? uniformly applied at the top surface. Their
work consisted of four objectives:

1. Maximizetotal amount of heat removed

2. Minimize coolant pressure drop

3. Minimize maximum temperature

4. Minimize temperature non-uniformity

In recent years, micro-jet cooling has been getting more attention in the thermal
management community. This involves directly spraying the hot surface with an array of
liquid micro-jets to reduce temperatures in the region. This method can be further divided
into jet impingement and synthetic jets. Jet impingement requires an external source of
fluild and some means for pumping, whereas synthetic jets are formed from the
entrainment and expulsion of the fluid in which they are present. Micro-jet cooling is
very attractive since micro-jets can be directed onto hot spots throughout the system. It
not only decreases maximum temperature, but also temperature non-uniformity.

Fabbri and Dhir [7] optimized an array of micro-jets for cooling of high performance
electronics using an experimental approach. Their work showed that a maximum heat
flux of 310 W/cm? is attainable while keeping maximum temperature below a threshold.

Husain et al. [8] used numerica methods, coupled with surrogate models and a
genetic algorithm to perform a multi-objective optimization. The two objective functions
in their work were thermal resistance and pumping power. The optimum design was able
to contain a heat flux of 100 W/cm? at a maximum temperature of 66°C and a pressure

drop of about 24 kPa.



1.3 Chosen Techniques for Thermal Management

Although micro-channel and micro-jet do not pose manufacturing difficulties, they do
not allow for compact packaging of the IC. As electronic chips decrease in size, more
compact configurations are needed. In today’s semiconductor industry, this is overcome
by using arrays of micro pin-fins. Micro pin-fin arrays, shown in Figure 4, not only act as
heat sinks, carrying heat via conduction away from the heated surface, but also allow for
electrical interconnection between stacked layers of chips. This is due to copper vias,

referred to as Through-Silicon Vias (TSVs), housed inside of the silicon pin-fins.

Figure 4. An array of micro pin-fins having circular cross sections housing Through
Silicon Vias (TSVs)

Micro pin-fins have been studied in great detail by several researchers. Alfieri et al.
[9] numerically studied the effects of size and distribution of the pin-fins on the thermal
performance of 3D stacked circuits with integrated cooling. Their work considered a

background heat flux of 50 W/cm? and 125 W/cm? at the hot spot. It was noticed that



increasing the pin-fin diameter directly under the hot spot resulted in 20% lower
temperatures.

In another work, Alfieri et a. [10] computationally modeled the vortex shedding in
water-cooled array of micro pin-fins. Their research was focused on analyzing the
friction, pressure, and drag coefficients, Strouhal number, pumping power, chip
temperature and Nusslet number. Their work showed that even at low Reynolds Number,
vortex shedding is present which is incorporated into the numerical models used in this
work.

The more commonly implemented pin fin configurations feature a circular cross
section. It was seen that circular cross section leads to flow separation and creates a
recirculation region behind the pin fins. This separation reduces heat transfer and
increases the temperatures in this region. Kosar and Peles [11] and Ndao et al. [12]
experimentally investigated pin fins with four cross sections: circular, square, hydrofoil
and elliptic. It was found that the circular and square pin-fins offered higher heat transfer
coefficient due to the increased surface area.

Abdoli et al. [13] numerically investigated single floor and double floor, staggered
arrays of micro pin-fins having circular, airfoil and convex cross sections (Figure 5).
Their work showed that certain airfoil shapes can lead to lower temperatures than circular
cross section having the same surface area. It was also shown that pin-fins with airfail
cross sections require significantly less pumping power to attain similar thermal
performance. It should be mentioned that no optimization was performed and that further

gains are possible should the configurations be optimized.



Figure 5. An array of micro pin-fins having: a) circular, b) airfoil, and c) convex cross
sections. Only one half of the entire array is shown and analyzed because of symmetry.

Tullius et al. [14] performed parametric optimization of six micro pin-fin cross
sections: circular, square, triangle, elipse, diamond and hexagon. Their work lead to
important correlations between the parameters defining the configuration, Nusselt
number and heat transfer coefficients. Their work does not provide absolute or Pareto
optimum configurations, suggesting that only a parametric study was performed.

Although various cooling methods have been optimized [15, 16, 17], very little work
has been done on optimizing micro pin-fin shapes. Even fewer efforts have been
dedicated to optimizing various shapes under the same operating conditions for fair
comparison. This work addresses the issue by optimizing various micro pin-fin
configurations under the same thermal mapping.

A pattern can be discerned from the reported literature. The traditional method for
designing cooling configurations requires that the heat flux be known prior to the design

stage. This approach alows for the design of electronic cooling configuration for



containing a specified heat flux. However, what happens when the heat flux levels
change? Can a cooling configuration be developed without prior knowledge of operating
heat flux levels? This can be formulated in a question form as follows.

Given

» Maximum allowable temperature of the material,

> Inlet cooling fluid temperature,

» Tota pressure loss (pumping power affordable), and

» Overal thickness of the entire electronic component,
what is the maximum possible heat flux at the hot spot and background under which the
temperature will not exceed the maximum allowable value?

This work formulates and validates this new inverse approach to design of cooling
configurations that can be used without prior knowledge of heat flux operating levels.
This inverse design problem is solved using a constrained multi-objective optimization
algorithm.

Although next generation chips are expected to generate 1000 W/cm? at hot spots,
certain military applications operate at much higher levels. Such high heat flux level
cannot be contained using traditional methods and more sophisticated methods must be
sought. One such method is the use of thin film heat spreaders to dissipate the heat away
from hot spots, thereby reducing the maximum temperature at the hot spot.

Fukutani and Shakouri [18] previously investigated Si and SiGe superlattice thin film
micro-coolers. They found that the hot spot temperature can be lowered by 10 to 30°C at
aheat flux of 2000 W/cm?. Their work also showed that an optimum film thickness exists

that provides the highest cooling density at the hot spots. Wang et al. [19] employed



embedded thin film thermo-electric cooler for isothermalization of individual chips. They
showed this method could eliminate more than 90% of the temperature non-uniformity on
the electronic chip.

Much like the work done by Singh et al. [20] and Labounty et al. [21], the work
presented in this thesis investigates diamond thin films applied to micro pin-fin
configurations, and their effects on maximum temperature and temperature uniformity.
Smalc et al. [22] investigated the use of natural graphite as heat spreader that features a
much higher thermal conductivity. Current work also investigates the use of graphene

nano-platelets that offer much higher thermal conductivity at alower material cost.

1.4 Objectives of the Research

The objective of this research is to perform a multi-objective optimization of
forced convection cooling arrays of micro pin-fins having three different cross sections:
circular, symmetric airfoil and symmetric convex. The thermal loads considered will be
those of next generation electronic chips and will be kept constant for the three cross
sections allowing for afair comparison of their performances.

A new approach to design of such cooling configurations will also be developed
and validated. This new approach will alow for the design of such a cooling
configuration that will have the maximum possible performance subject to specified
coolant inlet temperature and a specified maximum temperature. The objectives of the

research are as follows:
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» Perform 3D, steady-state, conjugate heat transfer analysis of each array of micro
pin-fins

» Perform multi-objective optimization for each of the three micro pin-fin
geometries

» Perform stress and deformation analysis of the optimized cooling configuration

» Formulate and validate inverse design approach for each of the three micro pin-fin
configurations

» Perform 3D, steady-state, conjugate heat transfer analysis and investigate the

effects of thin film heat spreaders

1.5 Organization of the Thesis

The remaining chapters are organized as follows:

» Chapter 1l discusses governing equations, numerical procedures and problem
formulation

> Chapter 11l performs multi-objective optimization of arrays of pin-fins subjected
to uniform and non-uniform heat fluxes

> Chapter IV presents and validates the inverse design approach for the arrays of
three micro pin-fin geometries

» Chapter V performs conjugate heat transfer analysis on arrays of micro pin-fins
with thin film heat spreaders

» Chapter VI presents the discussion and recommendations for future work

11



CHAPTER 1I

2. NUMERICAL FORMULATIONS

This chapter discusses the numerical formulation and governing equations used in
each analysis. The formulation can be grouped into two distinct sections: 3D conjugate

heat transfer analysis and stress-deformation analysis.

2.1 Conjugate Heat Transfer

The 3D conjugate heat transfer (CHT) is a coupled heat convection and heat
conduction analysisin the entire solid-fluid configuration. This section is divided into the
formulations for the fluid domain and solid domain. The system of partial differential
equations governing the conjugate heat transfer was solved using the Finite Volume

Method in ANSY S Fluent.

2.1.1 Huid Flow Modedl

This work utilizes water as the heat removing fluid. The small length scale and low
velocities lead to low Reynolds numbers. Although the Reynolds number might suggest
laminar flow, Alfieri et al. [10] demonstrated it can still lead to vortex shedding. This

turbulence is modeled using the standard k — e turbulence model. The Reynolds
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Averaged Navier-Stokes (RANS) equations were solved in the fluid domain. The RANS
eguations model turbulent flow by decomposing the instantaneous field variables into
time-averaged and fluctuation of the field variables [23]. Collectively the RANS
eguations consist of mass, momentum and energy balance equations along with the

eguations governing turbulence quantities, xand «.
For incompressible, steady-state and Newtonian fluids, the mass balance has the form
7-V=0 (2.1)

where V/ is the veloci ty vector. The steady-state momentum balance takes the form

p(V-7)V = —Vp+V7- ((u +up) |7V + (VV)T]) 2.2)

Here u and u; are the dynamic and turbulent viscosity coefficients of the fluid,

respectively. The steady-state energy balance equation, neglecting viscous dissipation
and heat sources, takes the form

pCo(V-V)T = (V-V)p+ V- (kVT) (2.3)

where p, Cp and k are the fluid density, specific heat at constant pressure and thermal

conductivity, respectively.
The standard x — € turbulence model defines the turbulent viscosity as
= (24)
where k; and e, are the turbulence kinetic energy (TKE) and turbulent dissipation rate

(TDR) respectively. The TKE and TDR for incompressible flows are defined as

aKT

?"‘ V- (KTV) - Z_:;VKT) =P - ET (25)

66'['

? + V- (ETI—/) - ﬂVET) = Z—;(Clp - CZET) (26)

O¢

where P represents the production of turbulent kinetic energy defined as
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p=|pv + (\717)T|2 2.7)
2

The constants in the scalar transport equations take the following values [24]:

C,=144 (=192 (,=009 o,=10 o, =13

2.1.2 Solid Region Model

The governing equations for the solid region were solved only for the micro pin-fins
and the chip casing. This region was defined as made of silicon. This model requires
explicit specification of zero velocity in this region and that the material properties of the
solid region be used in the governing equations. With these restrictions placed on the
solid domain, the energy equation for the fluid domain reduces in the solid domain to the
steady-state heat conduction equation and takes the form

V- (kVT) = 0 (2.8)

where T is the absolute temperature and k is the therma conductivity of the solid

material.

2.2 Stress-Deformation Analysis

Stress-deformation analysis was performed on each of the three optimized micro pin-
fin geometries to study the effects of thermos-elastic and hydrodynamic loads on the
structural integrity of the cooling configuration. The steady-state conservation of linear

momentum for a homogeneous isotropic body [25] is given by
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pZE -V o-F=0 2.9)
where i is the solid displacement vector, o is the stress tensor and f;, is the body force.
For the steady-state analysis, the first term on the left-hand side is neglected. The body
force term is aso neglected in this study. The stress tensor for a linear elastic body is

defined as

0 =2Ge + Atr(e)l (2.10)

where A and G are the first and second (shear modulus) Lame's coefficients, € is the
strain tensor and | is the identity tensor. The first and second Lame coefficients are given

by

i G = —- (2.11)

= a+va-2v) 2(14v)

where E is the modulus of elasticity and v is the Poission’s ratio. The strain tensor, € is

defined as

€= %[\717 + (V)] + aATI AT =T —T, (2.12)

where a is the coefficient of thermal expansion and T, is the reference temperature. The
partial differentia equations were solved using the Finite Element Method in ANSY S
Structural [26].

The Von-Mises stress criterion is used to determine structural integrity of the cooling
configuration. The objective of the design was to keep the maximum Von-Mises stress

below the yield strength of silicon. Von-Mises stress is defined as

15



Oym = %a’: o' o' =0— —trga)l (2.13)

where ¢'is the deviatoric stress tensor.

2.3 Solution Procedure

This section discusses the solution procedure for performing the conjugate heat
transfer analysis. It is sub-divided into three segments. Domain Discretization, Finite

Volume Method, and Vel ocity-Pressure Coupling.

2.3.1 Domain Discretization

Domain discretization consists of decomposing the solution domain into smaller
elements over which the governing equations are solved. For spatial discretization, the
solution domain is decomposed into smaller control volumes. Because ANSY S Fluent is
a cell-centered finite volume solver, the dependent variables are stored at the centroid of
each cell. The computational grid in this work was of the hybrid kind with structured grid
and unstructured grid throughout the domain. To fully capture the boundary layer
phenomenon, five layers of clustered structured hexahedral grid cells were placed on
each fluid-solid interface. The minimum allowable length scale of the cells was limited to
one micron to satisfy continuum so that the RANS equations can be solved for the fluid

domain. The remainder of the solution domain was discretized using tetrahedral cells.
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The domain discretization was performed in ANSY S Meshing. Figure 6 shows a typical

hybrid grid used in each analysis.

NI
=M
N
ANTNISS

/
/N
AN
RSN\ 2
AT

AV,

Figure 6. Typical hybrid computational grid used for the conjugate heat transfer analysis

2.3.2 Finite Volume Method

Having discretized the solution domains into control volumes, a method is still
needed to solve the governing partial differential equations. This work utilizes the Finite
Volume Method to solve the discretized governing equations over each of the control
volumes. This method requires that the governing equations be integrated over each
control volume and that the volume integral be converted to surface integral. The
dependent variables are then evaluated as fluxes entering and leaving the control volume.
This method is conservative since the flux entering the control volumeis equal to the flux

leaving the control volume.
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2.3.3 Veocity-Pressure Coupling

Having discretized the system of equation suitable for Finite Volume Method, a
method for coupling the velocity and pressure is needed. This work utilized the SIMPLE
[27] (Semi-Implicit Method for Pressure Linked Equations) algorithm to achieve this
objective. The SIMPLE agorithm uses velocity-pressure relationship to enforce mass
conservation and to obtain the pressure field. This pressure field does not satisfy the
momentum conservation and must be corrected. The basis of the SIMPLE algorithm is
this pressure correction that is iterated until both continuity and momentum conservation

are satisfied. Figure 7 shows the flowcharts of the SIMPLE agorithm.

Set boundary conditions

;l Initial puess

Solve discretized momentum
equations

Velocity field
v

Solve pressure correction equation using
computed velocity field

Update initial puess Pressure field
Y b

Correct pressure and velocities
(Under-relaxation)

Corrected
velocity and
pressure field kL 4
Solve all other discretized
transport equations

No
Converged?

Yes

Figure 7. SIMPLE agorithm flow chart
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Figure 8 shows the typical convergence history of the 3D conjugate heat transfer
analysis carried out in this work. It demonstrates that the conjugate heat transfer analysis

has fully converged, thus producing high fidelity values of the objective functions.
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Figure 8. Typical convergence history of the conjugate heat transfer analysis performed
in this study

2.4  Multi-Objective Optimization

The ultimate goal of this work is to perform multi-objective optimization of the three
micro pin-fin configurations. Having discussed the solution procedure for the conjugate
heat transfer and stress-deformation analysis, the optimization procedure is now
presented. The optimization study consists of defining design variables that should be
optimized to either maximize or minimize a certain function referred to as the objective

function.. Figure 9 shows the typical optimization workflow used in this study. Each
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section of the optimization procedure is explained in further detail in the subsequent
sections. All optimization was performed using commercial software modeFRONTIER

[29].

Analysis Random Geometry Generator

!

Computational Grid Generation {ANSYS Meshing®)

I
Conjugate Heat Transfer Analysis (ANSYS Fluent®)
'l
|

Optimization Initial Population of candidate geometries

i

Response Surface (modeFRONTIER)
*

Genetic Algorithm (moedeFRONTIER)
l

Virtual Pareto Designs

»| Pareto Validation

Elastodynamics Apply hydrodynamic and thermal loads

!

Stress-Deformation Analysis (ANSYS Structural®)

Figure 9. Workflow of different stages and software used

This methodology is used to optimize cooling configurations for a specified heat flux
that exceeds the heat flux of next generation electronic chips. A modified version of the

optimization set-up is presented in Section 2.6.
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241 Search Methods

There are two methods for performing optimization: deterministic and non-
deterministic. Deterministic methods use gradient-based logic to arrive at the global
extremum, but tend to converge to a local extremum. Some gradient-based methods
include conjugate gradient method, BFGS and Sequential Quadratic Programming (SQP)
[29]. Non-deterministic methods use some form of random sampling to avoid
convergence to local extremas. Examples of non-deterministic methods include Particle
Swarm, Genetic Algorithm and Predator Prey to name afew.

This work used the NSGA-I1 [30] (Non-Dominated Sorting Genetic Algorithm) to
navigate through design space to search for optimum designs. The NSGA-11 was selected
as the search method because of its proven convergence. The NSGA-II's crowding
distance operator and non-dominated sorting approach provide computationally efficient

selection process and offer awide spread of optimum designs.

2.4.2 Response Surface Methodology

Regardless of the search method used, a method for evaluating the objective function
is needed. This can be achieved by directly coupling the analysis software to the NSGA-
Il agorithm, but it would be computationally expensive since each conjugate heat
transfer analysis requires seven hours to converge. For this reason, an efficient method of

computing the objective function is needed.
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A response surface can be used to fit a set of high fidelity values of the objective
function. An optimization algorithm can then very quickly read the interpolated values
off the objective function of the response surface. The response surface in this work was
constructed using Radial Basis Functions (RBF). The general formulation of RBF
interpolation is given as

y =iz wilx — (2.14)

wheren is the number of points used to construct the interpolation, w are the weights
obtained from solving the linear system of equations and ¢ is the radial distance between
the points. The radial distance can vary depending on the RBF used. Table 1 shows the

various formulations used in this work.

Table 1. Formulations of Radial Basis Functions utilized for response surfaces used in
this study

Radial Basis Function ¢(| xX;— x}.|)
Hardy’s Multiquadrics [31] o (|x: — x]|) = |(x; - ij) + c2
-1
Inverse Quadrics [32] o(|xi — %)= ( [(xi - x,2) + Cz)
Gaussian [32] ¢(|xl- — le):e_cz(xi_sz)

Here, c is the shape factor that is determined using Leave-One-Out Cross Validation
(LOOCV) [32]. All three radia basis functions were tested for each optimization run and
the one with the smallest difference between the interpolated value and the computed
value (ANSY S Fluent) was selected as the method of choice. It should be reported that

one response surface is constructed for each objective function. Also, it should be noted
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that the input parameters to the response surface model are the design variables being
optimized while the outputs are the interpolated objective function values.

It is known that the accuracy of any interpolation is heavily dependent on the method,
number of interpolation points and the distribution of these points. Since the number of
variables differs for each optimization done in this study, the number of points used to
construct the response surface varies and is reported in the respective sections.

For accurate interpolation, an even distribution of points within the domain is needed.
For this reason, the quasi-random sequence generation SOBOL’ s algorithm [33] was used

to fill the design space.

2.5 Inverse Design of Electronic Cooling Configurations

The inverse approach presented in this work allows for the design of cooling
configuration without having prior knowledge of operating heat flux level. The inverse
design problem can be formulated in a question form:

“ Given the fluid inlet conditions, what is the maximum allowable heat flux at the hot
spot and background that can be imposed without exceeding the maximum allowable
temperature?”

The inverse problem is solved using a constrained multi-objective optimization [34].
The previously presented methodology, genetic algorithm coupled with response surface,

can aso be applied to the inverse problem with minor adjustments to constraints and
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objective functions. Figure 10 shows the optimization set-up used to solve the inverse

problem.

Constrained

Inlet Inlet Geometric
Velocity Temperature Parameters

Maximize

Background
and Hotspot
Heat Flux

B

L]

Inlet Pressure Maximum

l Temperature
Minimize Minimize

Figure 10. Formulation of the inverse design problem

Constrained
to below 85°C

This procedure was applied to each of the three micro pin-fin geometries for a fair

comparison. The goa of the inverse problem is to identify a cooling pin-fin shape and

scheme that is able to maximize the applied heat flux while minimizing the inlet pressure

and keeping the maximum temperature from not exceeding the specified limit for the

given material and inlet coolant temperature.
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CHAPTER |1l

3. MULTI-OBJECTIVE OPTIMIZATION OF MICRO PIN-FINS

This section discusses the results of the optimization study when the micro pin-fins
are optimized for a specified heat flux. This approach is most commonly used in the
industry. The section is divided into two sub-sections where the three cooling
configurations are optimized for both uniform heat flux and non-uniform heat flux. The
assumptions and optimization conditions for each study are reported in their respective

sections.

3.1 Geometry Definition of Micro Pin-Fins

For any shape optimization study, the configuration must first be parameterized. This
section presents the method for defining each of the three pin-fin shapes considered and
the cooling configuration. All parameters presented in this section are also design
variables that will later be optimized.

All eectronic chips considered in this study have a footprint of 4 x 3mm. Those
electronic chips with hot spots have the hot spot dimension of 0.5 x 0.5mm. Figure 11
shows one such chip featuring a hot spot and circular cross section pin-fins.

Each configuration features a channel outlet of the same thickness as the pin fins.

This is done to suppress backflow and increase heat conduction at the outlet. The cooling
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configuration is aso defined using chip height. This is done to allow for user’s space

constrained applications. The thickness of all sidewalls was kept constant at 30 um.

< 4 mm .
Hotspot >
™. 1.5 mm
Inlet w—p | 0SS ) Outlet
O
' @
Lineof Symmetry --======< .
Figure 11. Dimension of the chip used in this study

The number of parameters defining the cross section of each pin-fin shape varies. The
circular cross section pin-fins were defined using the pin-fin diameter. The symmetric
airfoil and symmetric convex cross section pin-fins were defined using chord length and
maximum thickness. The symmetric airfoil shape in this study was defined using a four
series, symmetric NACA 00X X airfoils. Figure 12 shows the three shapes each with a hot

spot. Only half of the chip is analyzed due to symmetry.

c)
Figure 12. A micro-pin fin cooling configuration with pins having: a) circular, b)
symmetric airfoil, and ¢) symmetric convex cross sections featuring a hot spot.
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The spline equation defining this airfoil profileis given as

y, = 5tc [0.2969\/% ~ 0.1260% - 0.3516 (§)2 +0.2843 (§)3 ~0.1015 (5)4] (3.2)

where c is the chord length, x is the position along the chord from O to c, t is the

maximum relative thickness and y; is the half thickness at a given value of x.

3.2  Multi-Objective Optimization for Uniform Heat Flux

This section presents the optimization set up and results of the optimization study
when applied to design of micro pin-fins under the influence of uniform heat flux. The
section is divided into problem formulation, un-optimized configurations, optimized

configurations and stress-deformation analysis of the optimized configurations.

3.2.1 Problem Formulation

For a fair comparison of the various micro pin-fin shapes, all three shapes (shown in
Figure 5) were optimized under the same conditions. All three shapes were optimized for
a uniform heat flux of 500 W/cm? on the top surface of the chip. A gauge pressure of
20kPa was applied at the outlet since cooling configurations are pressurized to avoid

cavitation. The bottom surface along with all of the sidewalls was thermally insulated to
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assure that the fluid removes all of the heat. The inlet fluid temperature was kept constant
at 30°C.

The design variables for the optimization include both the geometric parameters as
well astheinlet fluid velocity. For al optimization studies, a range must be specified for
each design variable. Thisrange is defined by the user to take into account constraints or
manufacturing difficulties. The optimizer will then search within this range for the

optimum design. Table 2 shows the range and the step size for each design variable.

Table 2. Range for design variables defining inlet conditions and the pin-fin
configuration

Design Variable Range Step Size
Inlet Velocity 1-5m/s 0.2m/s
Height 100-250 um 50 um
Diameter 100-200 um 10 um
Chord 200-300 um 10 um
Thickness 80-160 um 10 um

The two objectives of this study were:
1. Minimize maximum temperature
2. Minimizeinlet pressure (pressure drop)

A consgtraint of maximum allowable temperature of 85°C was imposed in all
optimization studies. Fully 3D conjugate heat transfer analysis was performed on 30
candidate designs having circular cross section pin-fins and 50 candidate designs having
airfoil and convex cross section pin-fins. The response surfaces (one for each objective

function) created with these data sets were coupled with the NSGA-11 algorithm.
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3.2.2 Random Un-Optimized Configurations

To compare and test the performance of the optimization, one configuration for each
pin-fin shape was randomly created using the SOBOL’s agorithm. The results from the
conjugate heat transfer analysis are presented in this section.

Figure 13 shows the temperature field for the random configurations of the three pin-
fin geometries. It can be seen that smaller heights result in much higher temperatures due

to reduced heat transfer via convection.

Temparature (&) Tamperatura {C)

a) b)

Temparature {C)

eResgn

0)
Figure 13. Temperature distribution for non-optimized configurations of pin fins having:
a) circular, b) airfoil, and ¢) convex cross sections.

Figure 14 shows the pressure field at mid-height of each configuration.
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Figure 14. Pressure field for non-optimized configurations of pin fins having: a) circular,
b) symmetric airfoil, and c) symmetric convex cross sections.

3.2.3 Optimized Configurations

Figure 15 shows the Pareto fronts obtained using the NSGA-I1 algorithm. It shows the
virtual Pareto designs (green) and the initial population (red) used to construct the
response surface. Although the response surfaces were validated for certain designs, it is
extremely difficult to achieve global accuracy. To investigate any local discrepancies in
the response surface, four designs were selected from each of the three Pareto fronts, and
were analyzed in ANSY S Fluent. It was found that the objective function values from the
response surface deviated by less that 3% from those obtained from the conjugate heat

transfer analysis.
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Figure 15. Objective function space for initial population and virtual Pareto designs for
arrays of micro pin-fins having: @) circular, b) airfoil, and c) convex cross sections.

Table 3 shows the geometric parameters defining each Pareto-optimized micro pin-fin

configuration along with their respective objective function values.
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Table 3. Parameters and objective function values for the three Pareto-optimized pin-fin
geometries

Circular Airfoil Convex

Diameter (um) 120 - -
Chord Length (um) - 210 290
Thickness (um) - 90 90
Height (um) 250 250 250
Inlet Velocity (m/s) 2.2 3 4.4
Maxi mum( O'Egmperature 56 50 53
Inlet Pressure (kPa) 101.40 96.55 89.00

Figure 16 shows the temperature distribution through each of the three optimized pin-fin
configurations. It can be seen from Figure 16 and Table 3 that the maximum temperature
for the circular cross section pin-fins is higher than that of the pin-fins having airfoil and
convex cross sections. This suggests that airfoil and convex cross section pin-fins are

better able to transfer heat from the pin-fins to the moving fluid.
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Temperature (C)

c)
Figure 16. Temperature distribution for the optimized configurations of pin fins having:
a) circular, b) airfoil, and ¢) convex cross sections.

Figure 17 shows the pressure distribution on a slice placed at mid-height of each
of the configurations. The high-pressure stagnation region can be seen at the leading edge
of the circular and airfoil cross section designs. This high-pressure region has decreased
in the convex cross section design. Figure 17 and Table 3 also shows that the circular
micro-pin fin geometry requires the highest inlet pressure, followed by the airfoil and

convex design.

Pressure

100000
80000

Figure 17. Pressure field for optimized configurations of pin fins having: @) circular, b)
symmetric airfoil, and ¢) symmetric convex cross sections.
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Figure 18 shows the velocity magnitude and flow vector fields for each of the
three optimized configurations at mid height. It can be seen that even the optimized
circular pin-fins experience severe flow separation. An enlarged view of the recirculation

region is also visible. This phenomenon is greatly reduced in both the airfoil and convex

configurations.

Velocity Magnitude (m/s) -
; Velocity Magnitude (m/s)

Figure 18. Velocity magnitudes and flow vectors for te thlreé Pareto optimized pin fin
configurations

Table 4 shows the objective function values for the un-optimized and optimized
configurations. It can be seen that both airfoil and convex cross section shapes resulted in
lower temperature and pressure than circular cross section pin-fins. It should be
mentioned that priority was given to lower pressure when selecting a Pareto design from
the Pareto front, but another design can be selected that best satisfies the designer’s

needs.



Table 4. Objective function values for non-optimized and Pareto optimized arrays of
micro pin-fins for each of the three pin fin geometries.

AT% from AP% from
° un-optimized P (kPa) un-optimized
(°C) : :
configuration configuration
Un-Optimized | 5, . 146.18 .
Circular
Optimized | 5q -4 101.4 30
Circular
Un-Optimized | o7 i 188.36 :
Airfail
Optimized | o, 9 96.55 49
Airfail
Un-Optimized 56 i 180.47 i
Convex
Optimized | 53 6 89.0 51
Convex

3.24 Stress-Deformation Analysis of Optimized Configurations

Depending on the sensitivity of the optimum designs, even the slightest deviation
from the optimum configuration can lead to significant reduction in performance. The
geometric deviations, for example, can be due to manufacturing defects, thermal
expansion or hydrodynamic loads. These deformations can give rise to stresses high
enough to cause structura failure. The displacement fields and stress fields were
analyzed for each Pareto-optimized configuration where both thermal and hydrodynamic
loads were incorporated into the model. All external sides of the chip were fixed so as to
investigate the stresses and deformation on the pin-fins.

Figure 19 shows the displacement field for the three pin-fin configurations. It can be

seen that even with the thermal and hydrodynamic loads, the maximum displacement is
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still on the nano-level. This suggests that geometric deviations, and therefore deviation

from the optimum configuration, are miniscule.

Displacement Magnitude (wm) Displacement Magnitude (um)
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0.006
0.004
0.002

c)
Figure 19. Displacement field due to hydrodynamic and thermal loads on Pareto
optimized pin fin having: a) circular, b) airfoil and c) symmetric convex cross section

Figure 20 shows the Von-Mises stress field for the three optimized configurations. It
can be seen that the maximum Von-Mises stress ranges from 55 to 85 MPa and are
significantly lower than the yield strength of 7000 MPafor silicon [35]. This shows that,
from a structural view point, the hydrodynamic loads and thermal loads can be

significantly increased without comprimising structual integrity.
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Figure 20. Von-Mises stress distribution due to hydrodynamics and thermal loads on pin
fins having: @) circular, b) airfoil and ¢) symmetric convex cross section

3.3 Multi-Objective Optimization for Electronic Chipswith a Hot Spot

This section presents the optimization set up and results of the optimization study
when applied to design of micro pin-fins with a hot spot. The heat fluxes considered here
are beyond those of next generation chips. Similar to the previous sections, this section is
divided into problem formulation, un-optimized configurations, optimized configurations

and stress-deformation analysis of the optimized configurations.
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3.3.1 Problem Formulation

Dissmilar to the previous section, the configurations in this optimization study
feature a centrally located hot spot of dimension 0.5 x 0.5 mm. A heat flux of 500 W/cm?
and 2000 W/cm? was imposed on the background and the hot spot, respectively [36]. The
same boundary conditions were imposed on the outlet, bottom and sidewalls as in the
previous optimization study. Theinlet fluid temperature was again kept constant at 30°C.

The range for design variables, objectives, and constraints are the same as those
defined in Section 3.1.2. A total of 30 candidate designs were analyzed to create the
response surfaces for the circular pin-fins and a total of 50 designs were analyzed for the
airfoil and convex pin-fins. The response surfaces (one for each objective function) were

coupled with the NSGA-I1 algorithm.

3.3.2 Random Un-Optimized Configurations
This section presents the random un-optimized configurations with a hot spot created

using Sobol’s algorithm for comparison with the optimized configurations. Figure 21

shows the temperature field for the three non-optimized configurations.
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Figure 21. Temperature distribution for the non-optimized configurations of pin fins
having: a) circular, b) airfoil, and ¢) convex cross sections.

Figure 22 shows the pressure field at mid height of each pin-fin configuration. The
large stagnation point can be seen at the leading edge of the circular and airfail
geometries. It can be seen that the pressure is much higher than in the case of
configurations optimized for uniform heat flux. This is because the higher heat flux at the

hot spot requires a greater flow rate to remove the additional thermal energy.
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Figure 22. Pressure field for non-optimized configurations of pin fins having: a) circular,
b) symmetric airfoil, and c) symmetric convex cross sections.

Figure 23 shows the non-uniform temperature profile on the bottom surface of the
chips. It should be noted that the lower temperatures on the bottom surface of the chips

indicate that more of the heat is being removed by the fluid via convection.
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Figure 23. Temperature field on the bottom surface for non-optimized configurations of
pin fins having: a) circular, b) symmetric airfoil, and ¢) symmetric convex cross sections.

3.3.3 Optimized Configurations
This section presents the results of the optimization study. For this study, it was found
that Hardy’ s Multiquadrics RBF outperformed Inverse Quadrics and Gaussian RBF. For

this reason, the NSGA-I1 algorithm was coupled with the Hardy’ s Multiquadrics RBF.

40



Figure 24 represents the Pareto front for the three configurations along with the initial

population used to construct the response surface.

P 1
2
1 = Initial Population ] ®  Initial Population
" Virtual Pareto 1 ) a Virtual Pareto .
®  Selected Pareto Design ®  Selected Pareto Design

0.75 A

P (MPa)

0.5 — 0.25 L]
l | N " nE f
] L |
u | ]
1 L F " Ty oy =
0 T 0 1 ,
&0 70 80 g0 100 60 70 &0 20 10C
T(C) T(C)
a) b)
1
= Initial Population & Alrfoll
4 Virtual Pareto 15 & Circular
Selected Pareto Design 4 Convex
0.75 4
1. . | o
s 1\ [ g
=05 — -
e | | o o
4 i 3 " -.. i i
-+ | 0.5
0.25 ST = ’
1 " E i ‘
.l . | Airfoil Pareto
‘ LR L T T 1 T
0 | 0 |
60 70 80 g0 100 50 65
TG
c)

Figure 24. Objective function space for initial population and virtual Pareto designs for
array of micro pin-fins having: a) circular, b) symmetric airfoil, c) symmetric convex
cross sections, and d) superimposed Pareto frontiers for the three configurations showing
that micro pin-fins with convex cross sections offer superior performance

Table 5 shows the geometric parameters and inlet conditions of the three optimized

configurations.
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Table 5. Parameters and objective function values for the three Pareto optimized pin fin
geometries

Pin-fin Configuration  Circular Symmetric Symmetric
Parameters Airfoil Convex
Diameter (um) 170
Chord length (um) 280 270
Thickness (um) 110 110
Height (um) 250 250 250
Inlet speed (m/s) 2.8 4.4 4.0
Max. Temperature (°C) 74 70 73
Inlet pressure (kPa) 327.77 274.42 212.55

Figure 25 shows the temperature distribution through the chip. It can be seen that the
circular cross section pin fins result in a higher maximum temperature than the airfoil and

convex Cross section shapes.
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Figure 25. Temperature distribution for the optimized configurations of pin fins having:
a) circular, b) airfoil, and ¢) convex cross sections.
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Figure 25 also shows the higher temperatures at the base of the circular pin-fins. This
suggests that the heat is not efficiently being transferred to the fluid, rather it is being
carried to the bottom of the chip via conduction. This is not seen in the case of pin-fins
having symmetric airfoil and convex shapes as is evident from the lower temperatures
near the bottom surface.

Figure 26 shows the temperature distribution on the bottom surface of the three
Pareto-optimized configurations. As previously mentioned, the higher temperatures on
the bottom surface of the circular cross section pin-fins are due to insufficient convective
heat transfer between the pin-fins and the cooling fluid. The higher temperature on the

bottom surface of circular cross section pin-fins would require a two-floor configuration

[13].
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Figure 26. Temperature field on the bottom surface for optimized configurations of pin
fins having: @) circular, b) symmetric airfoil, and c) symmetric convex cross sections

Table 6 shows the objective function values for the Pareto-optimized and non-

optimized configurations. It should be mentioned that a different Pareto design may be
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selected from the Pareto front that best satisfies the needed performance. When selecting
the presented Pareto designs, priority was given to lower pressure. It can be seen that the
Pareto-optimized airfoil and convex cross section pin-fin designs satisfy both objectives

better than the circular cross section pin-fins.

Table 6. Objective function values for non-optimized and Pareto optimized arrays of
micro pin-fins for each of the three pin fin geometries

T(CC) AT (%) p (kPa) Ap (%)

Non-optimized circular 76 379.89
Optimized circular 74 -3 327.77 -14
Non-optimized airfoil 77 282.16
Optimized airfoil 70 -9 274.42 -3
Non-optimized convex 76 261.37
Optimized convex 73 -4 212.55 -19

3.34 Stress-Deformation Analysis of Optimized Configurations

This section presented the results of the stress-deformation analysis of the Pareto-
optimized configurations with a hot spot subjected to high thermal loads. All external
sides of the chip were fixed so as to investigate the stresses and deformation on the pin
fins. Figure 27 shows the displacement field for each of the configurations. Despite the
increased thermal loads and hydrodynamic loads, the maximum displacement remains on
the nano-level. The maximum displacement can be seen to occur at the leading edge of
the pin-fins at the outlet. Thisis because of the increased thermal |oads due to the warmer

fluid.
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Figure 27. Displacement field due to hydrodynamic and thermal loads on Pareto
optimized pin fin having: a) circular, b) airfoil and ¢) symmetric convex cross section

Figure 28 shows the Von-Mises stress field for the three optimized configurations. It
can be seen that the higher stresses are concentrated directly under the hot spot. Thisis
attributed to the significantly increased thermal loads and the fixed boundary between the
pin-fins and the rest of the chip. Figure 28 shows that maximum Von-Mises stress for the
three configurations ranges from 67 to 97 MPa, again being significantly lower than the
yield strength of 7000 MPa for silicon. This suggests that, from a structural viewpoint,
both thermal and hydrodynamic loads can be further increased without compromising

structural integrity.
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Figure 28. Von-Mises stress distribution due to hydrodynamics and thermal loads on pin
fins having: @) circular, b) airfoil and ¢) symmetric convex cross section
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CHAPTER IV

4. INVERSE DESIGN AND PERFORMANCE MAP CONCEPT

This section presents the setup and the results of the inverse design approach when
applied to each of the three pin-fin configurations. The inverse design approach answers
the question: Given the inlet coolant temperature, what are the maximum possible
background and hot spot heat fluxes that can be imposed without exceeding a specified

maximum allowable temperature, while minimizing inlet pressure of the cooling fluid?

4.1 Problem Formulation

This inverse design problem can be solved using a multi-objective optimization. The
same methodology that was used for direct optimization of the configuration was also
applied here with additions to the objective functions. Two additional objectives were
incorporated into the existing multi-objective optimization model:

1. Maximize background heat flux

2. Maximize hot spot heat flux
Rather than minimizing the maximum temperature, it was constrained at 85°C. The inlet
cooling fluid temperature in this optimization study was constrained at 30.85°C. The
outlet was again pressurized at 20kPa gauge. Table 7 shows the design variables being

optimized, their ranges and the step sizes used in this study.
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Table 7. Range of design parameters and increment sizes.

Design variable Range Step size
Pin-fin diameter (um) 100 - 200 10
Pin-fin chord length (um) 200 - 300 10
Pin-fin thickness (um) 80 - 160 5
Pin-fin height (um) 100 - 250 50
Coolant inlet speed (m/s) 1-8 0.1
Background heat flux 650 —2000 5
(W/cm?)

Hot spot heat flux (W/cm?) 2300 — 5000 10

Various response surface methods, including RBF, Kriging and Gaussian Process
were investigated, with Hardy’s Multiquadrics outperforming the rest. The objective
function values from the response surface deviated by 2% from those obtained from the
conjugate heat transfer. The response surface was created using 120 candidate micro pin-

fin designs.

4.2 Results of the Inverse Design

The results of the optimization study are presented in this section. Figure 29 shows
the Pareto front obtained by coupling NSGA-II and response surface. It can be seen that
the points on the Pareto front are scattered. This is because discrete values of the design
variables are used. Should the design variables be continuous, the Pareto front will have a

more defined shape.
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Figure 29. Three-dimensional Pareto frontiers for arrays of pin fins having: a) circular, b)
airfoil and c) symmetric convex cross section

Table 8 shows the geometric parameters, inlet conditions and objective function values
for the three optimized configurations of pin-fins. It can be seen that the convex cross
section pin-fins allow for higher background heat flux application, while requiring
minimum mass flow rate. It shows that the airfoil cross section pin-fins can better

withstand a higher hot spot heat flux. Those Pareto-optimal designs were chosen for

comparison purposes that have similar inlet pressure.
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Table 8. Parameters and boundary conditions for Pareto optimized configurations

Pin-fin cross section Circular Airfoil Convex
Pin-fin diameter (um) 120
Pin-fin chord length (pm) 280 220
Pin-fin thickness (um) 120 130
Pin-fin height (um) 250 200 250
Coolant inlet speed (m/s) 6.1 4.7 4.6
Background heat flux 805 760 995
(W/cm?)
Hot spot heat flux (W/cm?) 2200 2540 2240

Coolant inlet pressure (kPa)  395.171  409.746 393.390
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Figure 30. Temperature distribution for the optimized configurations of pin fins having:
a) circular, b) airfoil, and ¢) convex cross sections.
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Figure 30 shows the temperature distribution for the three selected Pareto-optimized
designs. It can be seen that for the symmetric airfoil cross section pin-fin configuration,
the temperatures can further be decreased using a two-floor configuration.

The temperature distribution on the bottom surface of the chip, shown in Figure 31,
also suggests that the heat flux can be further increased on the configuration having
symmetric airfoil cross section pin-fins if a two-floor scheme is applied. The higher
temperatures on the bottom surface of the airfoil are also due to more heat being
conducted through pin-fins, due the increased cross sectional areas resulting from the
optimization process. The temperature distribution is similar in the case of circular and

convex pin fins,
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Figure 31. Temperature field on the bottom surface for optimized configurations of pin
fins having: @) circular, b) symmetric airfoil, and ¢) symmetric convex cross sections

Figure 32 shows the pressure distribution at mid-height of the three micro pins-fin
configurations. Again, the high pressure stagnation point can be seen in the case of
symmetric airfoil and circular cross section pin-fins. It can be reported that nowhere in

the fluid domain did the pressure drop to the vaporization pressure of water.
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Figure 32. Pressure field for optimized configurations of pin fins having: @) circular, b)
symmetric airfoil, and ¢) symmetric convex cross sections
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CHAPTERV

5. CONJUGATE ANALY SIS OF PIN-FIN ARRAY SWITH HEAT SPREADERS

The effects of thickness and material of a thin film coating on temperature
distribution is presented in this section. The thin film heat spreader can be used on the top
(hot) surface of the silicon chip. Two different materials, diamond and graphene nano-
platelets, were investigated. Temperature variations along two sample lines are shown for

each case. The effect on temperature uniformity of each scheme is also discussed.

5.1 Problem Formulation

Thin film heat spreaders are often used to dissipate the heat away from the hot spot
and consequently to lower the maximum temperature peak at the hot spot. In this study
the effects of diamond and graphene nano-platelets on each of the three pin-fin

configurations were investigated [37].

Table 9. Geometric parameters and boundary conditions used for each analysis

Pin-fin cross section Circular Airfoil Convex
Pin-fin diameter (um) 120 - -
Pin-fin chord length (pim) - 280 220
Pin-fin thickness (um) - 120 130
Pin-fin height (um) 250 200 250
Coolant inlet speed (m/s) 51 55 4.8
Background heat flux (W/cm?) 705 875 665
Hot spot heat flux (W/cm?) 2200 2200 2280
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The geometric parameters, heat fluxes and inlet velocity for each of the three
configurations used are shown in Table 9. The heat flux levels were obtained using the
inverse design approach. The outlet pressure and inlet temperature were the same as for
the inverse design. The bottom and sidewalls were again thermally insul ated.

A comparison of the solution obtained using a grid of 40 and 50 million cells showed
a deviation by less than 1%, thereby assuring grid independency. Figure 33 shows the
temperature distribution on the top surface of the three pin-fin configurations without any

thin film coating. The two sample lines (streamwise and cross-stream) are shown as well.
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Figure 33. Temperature distribution on the top surface of the top wall of the array of
micro pin-fins with: &) circular, b) airfoil and c) convex cross sections and without heat
Spreader

5.2 Conjugate Analysis: Diamond Thin Films

The effects of diamond thin films on the three configurations of micro pin-fins are

presented in this section. A total of three thin film thicknesses were investigated for each



pin-fin configuration: 5 yum, 10 um and 15 um. Here, the therma conductivity of
diamond was taken as 1700 Wm K ™. The temperature distribution along the two sample
linesis also shown for the three configurations.

Figure 34 shows the temperature distribution on the top surface of the circular pin-fin
configuration for the three film thicknesses. It can be seen that the maximum temperature
has significantly decreased. It aso shows that diamond thin film is very effective in

dissipating the heat away from the hot spot, even in the upstream direction.
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Figure 34. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having circular cross section pin fins with: @) 5 um, b) 10 gm and c)
15 pum diamond heat spreader.

Figure 35 shows the temperature distribution along the two sample lines (cross-wise
and stream-wise). These results suggest that a thin film thickness exists beyond which
further decrease in temperature is no longer possible. Figure 35 also suggests that the
diamond thin film has an effective area, outside of which the temperature remains

unchanged. It should be mentioned that the oscillations in the temperature are due to the
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presence of pin-fins along the sample lines below the top wall. These pin-fins increase

heat conduction in this area, thereby leading to locally reduced temperatures.
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Figure 35. Temperature variation along: a) sample line 1 and b) sample line 2 for the
diamond coated top surface of the top wall of an array of micro pin-fins having circular
Cross sections.

Figure 36 shows the temperature distribution on the top surface of the chip with
airfoil cross section pin-fins. The temperature distribution suggests that more heat is
being spread in the cross-stream direction than in the stream-wise direction. This

improves temperature uniformity, which in turn reduces the thermal stresses.
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Figure 36. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having airfoil cross section pin finswith: @) 5 um, b) 10 um and c¢) 15
pm diamond heat spreader.

Figure 37 shows the temperature along the two sample lines for the micro pin-fin
arrays having airfoil cross sections and its top wall coated with a thin diamond film. It
can be seen that temperature oscillations have grestly reduced suggesting improved

temperature uniformity. The limited area of effectivenessis again seen in thisanalysis.

854 855
i W/O Film - - - W/O Film
= 5um N 80— - 5um
07« 10pm ra —— 10pm i
- B - 1 %
] 15 km ! 75 o H :
75 i . :- i
s {8
g 70 i g '
IS | E
g_ 65— 1 I '_;}.‘::“ - g.
E t‘l-’.‘ 5
- [ =
60
<|‘{jri":::':‘. AEaap _—— Lty
T L LT ..«;W" -
50 T — — 45 ) A - A 1
15 -1 Z (mm) -0.5 0 X (mm)
a) b)

Figure 37. Temperature variation along: a) sample line 1 and b) sample line 2 for the
diamond coated top surface of the top wall of an array of micro pin-fins having airfoil
Cross sections.
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Figure 38. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having convex cross section pin fins with: @ 5 um, b) 10 um and c)
15 pum diamond heat spreader.

Figure 38 shows the temperature distribution on the top surface for the convex pin-fin
configuration. It shows that more of the heat is being removed in the cross-stream
direction as can be seen by the elevated temperatures towards the oultlet.

Figure 39 shows the temperature variation along the two sample lines in this case. It
can again be seen that with an increase in thin film thickness, the performance gain
decays. For al three pin-fin configurations, diamond thin films have shown to also
improve local temperature uniformity as can be seen by the absence of temperature

oscillations.
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Figure 39. Temperature variation along: a) sample line 1 and b) sample line 2 for the
diamond coated top surface of the top wall of an array of micro pin-fins having convex
Cross sections.

5.3 Conjugate Analysis. Graphene Nano-Platelets Thin Films

The effects of Graphene Nano-Platelets on the maximum temperature and
temperature distribution are presented in this section. The temperature distribution on the
top surface and along the two sample lines is shown for each case. The thermal
conductivity of GNP was found to be approximately 5000 Wm™K ™. However, this high
value of thermal conductivity is only experienced for a single “sheet” or atomic plane of
GNP with an approximate thickness of 1nm. Balandin [38] reported that the thermal
conductivity drastically decreases with additional layers of GNP. He stated that for a thin
film consisting of more than four atomic planes, the thermal conductivity drops below
that of the bulk graphite, but with sufficient number of layers it recovers. Due to the

sufficiently thick layers of GNP used in this work, it can be assumed that the thermal
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conductivity of GNP recovers to values of bulk graphite (k = 1400 Wm™K™) [38]. The
therma conductivity of GNP was assumed to be isotropic because of the random

orientation of the GNPs arising when creating films of large thicknesses
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Figure 40. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having circular cross section pin fins with: @) 5 um, b) 10 um and c)
15 um graphene nano-platel ets heat spreader.

Figure 40 shows the temperature distribution on the top surface of the circular cross
section pin-fin configuration. It shows that thin coating does not have a significant effect
on either the maximum temperature or its distribution. For significant reduction in the hot
spot temperature, thicker coating should be used.

Figure 41 shows the temperature variation aong the two sample lines. The large
difference between the 5 um and 10 um graphene nano-platelets thin film is evident. It
suggests that for any measurable performance gain, a GNP film thickness of more than 5
um is needed. A too thin coating also has insignificant effect on the local and global

temperature uniformity.
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Figure 41. Temperature variation along: @) sample line 1 and b) sample line 2 for the
graphene nano-platelets coated top surface of the top wall of an array of micro pin-fins
having circular cross sections.

The temperature distribution on the top surface of the chip having pin-fins with
symmetric airfoil cross section is shown in Figure 42. It indicates that even the smallest
thin film thickness offers significant improvement for the airfoil cross section pin-fin
shape over the circular cross section pin-fins. This is shown by the higher temperatures

away from the hot spot in the cross-stream direction.

Temperature (“C) " Temperature (°C)

B o 92
e 83.2
| L 744
- | | 658
| gl 56.8

48

92

83.2

74.4

65.6 Z
56.8 ’
48

b)

61



- Temperature (°C)
92

83.2

74.4

65.6

56.8

48

c)
Figure 42. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having airfoil cross section pin finswith: a) 5 um, b) 10 um and c) 15

um graphene nano-platel ets heat spreader.
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Figure 43. Temperature variation along: a) sample line 1 and b) sample line 2 for the
graphene nano-platelets coated top surface of the top wall of an array of micro pin-fins
having airfoil cross sections.

The temperature variations along the sample lines, shown in Figure 43, indicate that
even the 5 um thick heat spreader coating offers significant reduction in the hot spot
temperature. Asin the case of the diamond thin films, the performance gains of the GNP
thin film rapidly decrease as the thickness increases. This conclusion agrees with the

findings of Fukatani and Shakouri [18].
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The temperature distribution for the convex cross section pin-fins coated with GNP
heat spreader (Figure 44) is smilar to that of the airfoil cross section pin-fin

configuration coated with GNP.
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Figure 44. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having convex cross section pin fins with: @ 5 um, b) 10 um and c)
15 pum graphene nano-platel ets heat spreader.

Figure 45 shows the temperature distribution along the two sample lines. It suggests
that like the diamond thin film, the GNP thin film aso has an effective area outside of
which performance gains are insignificant. It also shows that even the thinnest coating

improves local temperature uniformity.
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Figure 45. Temperature variation along: @) sample line 1 and b) sample line 2 for the
graphene nano-platelets coated top surface of the top wall of an array of micro pin-fins
having convex cross sections.

5.4 Conjugate Analysis. Segmented Thin Films

It was previously shown that both the diamond and graphene nano-platelet thin films

have an effective area outside of which the performance gains are negligible.

Thin Film (Diamond/GNP Hot spot Silicon

Figure 46. View of the top surface of the electronic chip showing partial coating using
thin films



In this section, the effect of restricting the thin film over the hot spot and dlightly
beyond the hot spot boundaries is investigated. The thin film was extended 0.25mm from
the boundaries of the hot spot (Figure 46). The thin film thickness for both materials was
kept constant at 15 pum.

Figure 47 shows the temperature distribution on the top surface of the three pin-fin
configurations partially coated with diamond thin film. When compared to the fully
coated top surface, it can be seen that the partially coated thin film significantly reduces
the hot spot temperature. However, it has very little effect on the temperature uniformity.
Thisis because the partially coated thin film is not able to effectively dissipate heat away

from the hot spot to cooler regions.
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Figure 47. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array with: a) circular, b) airfoil and c) convex cross section and with
segmented diamond heat spreader

Figure 48 shows the temperature distribution on the top surface of the three pin-fin
configurations when partialy coated with GNP. It can again be seen that the segmented

thin film can significantly lower the maximum temperature at the hot spot, but that the
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non-uniform temperature distribution has been insignificantly affected. This suggests that
although coating only a small region of the chip can reduce material cost, it cannot

significantly decrease temperature non-uniformity.
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Figure 48. Temperature distribution on the top surface of the top wall of the array of
micro-pin-fins with: @) circular, b) airfoil, and c) convex cross section and with
segmented graphene nano-platel ets heat spreader

Figure 49 shows the temperature distribution along the two sample lines for fully and
partially coated top (hot) surface. In the case of the diamond thin films, the maximum
temperature difference between the full coating and partially coating is negligible. It also
shows that the full coating significantly improves temperature uniformity as can be seen
by the absence of the oscillations. In the case of the GNP coating, a small difference in
maximum temperature can be seen between the partially and fully coated configurations.

Figure 49b shows the temperature distribution along the streamwise direction. It can
be seen that the fully coated top surface carried heat via conduction further upstream.
This allows for the cooling process to begin further upstream as can be seen by the lower

temperatures at the leading edge of the chip.
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Figure 49. Temperature variation along: a) sample line 1 and b) sample line 2 for array of
micro pin-fins having airfoil cross section and fully and partially coated with diamond
and graphene nano-platel ets.

5.5 Conjugate Analysis of Thin Film Heat Spreaders. Summary

The results of the conjugate heat transfer analysis of the thin film heat spreaders are
summarized in this section.

Table 10 summarizes the maximum temperature for each of the three pin-fin
configurations when the top (hot) surface of the chip is coated with diamond. It can be
seen for al three configurations that the maximum temperature decreases as the film
thickness increases. It is also apparent that a coating thickness exists after which further

increase in thickness will result in insignificant decrease in maximum temperature.

67



Table 10. Maximum temperature (°C) for the three pin fin configurations with the top
surface of the top wall coated with diamond heat spreader for various film thicknesses.

Thickness Circular Airfoil Convex
No Film 91 82 84
Sum 86 73 75
10 um 73 68 68
15 um 71 66 65
Segmented 71 66 65

Table 11 summarizes the maximum temperature for each of the three pin-fin
configurations when coated with Graphene Nano-Platelets (GNP). When compared to
diamond film coating (Table 10), it can be seen (Table 11) that the GNP thin film is just
as effective in reducing maximum temperature as the diamond heat spreader, but at lower
material costs. The conclusion for diamond heat spreaders aso applied for GNP heat

spreaders.

Table 11. Maximum temperature (°C) for the three pin fin configurations with the top
surface of the top wall coated with graphene nano-platel ets heat spreader for various film
thicknesses.

Thickness Circular Airfoil Convex
No Film 91 82 84
Sum 87 74 76
10 um 75 69 70
15 um 63 67 67
Segmented 63 67 67
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CHAPTER VI

6. CONCLUSIONS

This section is separated into a summary of the thesis and future work.

6.1 Summary of Thesis

Various arrays of micro pin-fins were investigated computationally for their potential
to cool the next generation of electronic chips that will have much higher background
heat fluxes and a hot spot. Throughout the study, water was used as the heat removing
fluid and silicon was used for the solid pin-fins and casing. Three-dimensional conjugate
heat transfer analysis was performed on electronic chips having circular, symmetric
airfoil and convex cross sections. It was shown that the symmetric airfoil and convex
shapes eliminated flow separation that is experienced by the circular pin-fins. It was also
shown that both airfoil and convex pin fins not only lead to lower temperature than the
circular pin-fins, but also require less pumping power.

For each of the three cross section shapes of the pin-fins, two optimization studies
were performed to find an optimum configuration for each of the three shapes under two
different operating conditions. The cooling configurations were defined by their
geometric parameters and inlet conditions. The three configurations were optimized for
two operating conditions:

> Uniform heat flux of 500 W/cm?
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» Background heat flux of 500 W/cm?

> A hot spot heat flux of 1000 W/cm?

The two objectives of both optimization studies were:

v" Minimize maximum temperature

v" Minimize inlet pressure (pumping power)

It was shown that optimized micro pin-fin configurations are capable of cooling next
generation heat fluxes. The stress-deformation analysis performed on the optimized
configurations showed that the maximum Von-Mises stress is significantly lower than the
yield strength of silicon.

An innovative inverse approach that alows for the design of cooling configuration
without prior knowledge of operating conditions was also presented and validated. This
inverse problem was solved using multi-objective optimization where two more
objectives were added to the previous optimization study. The three simultaneous
objectives were:

v" Maximize background heat flux

v' Maximize hot spot heat flux

v" Minimize inlet pressure (pumping power)
while constraining the maximum temperature at 85°C. It was shown that arrays of micro
pin-fins with symmetric airfoil cross section are able to cool a background heat flux of
760 W/cm? and hot spot heat flux of 2540 W/cm?. These heat flux levels are beyond that
of next generation electronic chips.

To further improve the cooling performance, thin film heat spreaders of varying

thickness located on the top (hot) surface of the chip were investigated to further decrease
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the maximum temperature. The two thin film materials investigated included diamond
and graphene nano-platelets. It was shown that increasing the thin film thickness leads to
lower maximum temperature at the hot spot. It was also shown that an optimum thickness
exists beyond which further increase in thin film thickness no longer results in significant
performance gains. An observation was made that even the smallest thin film thickness
improves both overall and local temperature uniformity. It was noticed that for the
circular cross section pin-fins, athin film thickness of more than 5 um is needed to create
any measurable performance. The thin films significantly lower the maximum

temperature for al three pin-fin cross section shapes.

6.2 Future Work

The following suggestions can be incorporated into future works:

1) More design parameters can be used to define the geometry of the pin-fin cross
section shapes and stagger of the pin-fins and incorporated into the optimization.

2) A larger number of suitable objective functions, such as temperature uniformity
and manufacturing cost, can be included in the optimization study.

3) The inverse design approach can be applied to configuration with thin films to

further increase the allowable heat flux.

71



4) Configurations featuring more hot spots can be analyzed and optimized. This
would require a robust optimization approach since the location of the hot spots
are not usually known.

5) Optimization of two-floor configurations can be performed. It was shown that the
temperature on the bottom surface remains relatively high and would require two-

floor configuration.
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