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ABSTRACT OF THE DISSERTATION 
 
 

Critical Thermal Analysis and Thermophysical and Geometrical Effects on the Thermal 
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by 
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Dr. Kambiz Vafai, Chairperson 
 
 
 
 

The existing integrated circuit technology is not sufficient to fulfill the 

requirements of future electronic systems. Three-dimensional (3D) integration has been 

proposed as a promising solution for future needs of miniaturized systems since it offers 

less complexity in design and fewer quantity of interconnections compared to the so-

called embedded systems. However, thermal management of 3D- ICs is more challenging 

than 2D-ICs due to higher power density and lower surface-to-volume ratio of 3D 

structures. In this dissertation, several key attributes of a 3D integrated chip structure 

including effect of the size of the substrate, heat sink, device layer, through silicon vias 

(TSVs), thermal interface material (TIM), and the pitch and arrangement of core 

processors and TSVs as well as variation of thermal conductivity and total heat 

dissipation and distribution of power within the device layers core processors are 



 vii

investigated. In addition, the thermophysical and geometrical parameters that have a 

significant impact on the thermal signature of the 3D-IC as well as those that have an 

insignificant impact were established. In the next step, the thermal and hydrodynamic 

performance of a microchannel heat sink - an efficient cooling technique for 3D 

structures - have been studied numerically. The effect of different geometrical attributes 

on thermal resistance and pressure drop characteristics are investigated and optimal 

values for channel width and height, wall width and base thickness have been reported. 

The comprehensive analysis of different geometrical and thermophysical attributes can 

guide the design and optimization of a 3D-IC structure and decrease the cost.  

In the last chapter, a design analysis and performance evaluation of a proof-of-

concept data center based on Indirect Evaporative Cooling (IDEC) is presented. The 

details of IT room design as well as HVAC design are discussed and the details about the 

physical design based on BIN data analysis and CFD simulations are unveiled. Finally, 

the performance of the physical design in terms of Power Usage Effectiveness (PUE), 

Water Usage Effectiveness (WUE), Total Cost of Ownership (TCO) and finally 

recommendations are made on operating conditions for optimal performance. 
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Chapter 1 

1 Critical Thermal Issues in 3D Integrated Circuits 

1.1 Abstract 

Several key attributes of a 3D integrated chip structure are analyzed in this 

chapter. Critical features related to the effect of the size of the substrate, heat sink, device 

layer, through silicon vias (TSVs), thermal interface material (TIM), and the pitch and 

arrangement of core processors and TSVs as well as variation of thermal conductivity 

and total heat dissipation and distribution of power within the device layers core 

processors are investigated in depth. The effect of variation of pertinent features of the 

3D IC structure on thermal hotspots are established and the optimization route for its 

reduction is clarified. In addition, a revealing analysis of the effect of the number of 

layers in the 3D structure is presented. Furthermore, the features that have insufficient 

effect on reduction of thermal hotspots are also established and discussed. 

1.2 Introduction 

The existing integrated circuit technology is not sufficient to fulfill the 

requirements of future electronic systems including portable communication devices 

(such as laptops, smart phones, smart watches, etc.) that need reliable combination of 

numerous subsystems (e.g. sensors, actuators, memory, etc.) and highly efficient 
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processing capabilities while requiring minimum footprint and power consumption. The 

current technology, the so-called embedded systems, are not only too costly and 

complicated, but also require substantial quantity of connections resulting in reduced 

performance and increased power consumption [1]. Three-dimensional (3D) integration 

has been proposed as a promising solution for future needs of miniaturized systems. 3D 

integrated circuit is fabricated by assembling multiple electronic chips and connecting 

them with through-silicon vias (TSVs) such that the entire system performs as an 

integrated device. 3D IC offers superior performance compared to conventional 2D 

technology since the functional blocks of its structure are localized resulting in greater 

quantity of accessible neighbors and higher bandwidth. In addition, the shorter 

interconnects and consequently reduced capacitance, not only decrease the total active 

power significantly, but also minimize the noise due to synchronous switching events. 

Other benefits include higher package density, condensed footprint and enhanced 

functionality [2]. 

Thermal Management is the key issue in developing future generation of 

integrated systems as chip density and clock speed are continuously increasing. Thermal 

characteristics will greatly influence design, performance, and reliability of advanced 

circuit architectures [3]. Thermal management is already a critical issue in 2D IC 

technology due to the poor thermal conductivity of dielectric materials causing thermal 

hotspots and consequently overall performance discrepancy. It has been shown that every 

10˚C increase in junction temperature results in 1.2% deterioration in the performance, 

indicating the importance of minimizing thermal hotspots in electronic circuits [4]. 
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Thermal management of 3D IC is even more challenging due to higher power 

density and lower surface-to-volume ratio of 3D structures. Hence, thermal hotspots in 

3D ICs can accelerate failure mechanisms such as junction leakage and electromigration, 

resulting in degradation of device performance and reduction in reliability and lifetime of 

the integrated system [5]. Therefore, thermal analysis of 3D IC is essential not only to 

understand the limits of this technology, but also to find the optimum design 

characteristics such that thermal hotspots are minimized. 

Several techniques have been proposed to address the thermal issues of 3D ICs 

including task scheduling, floor planning, advanced materials (e.g. carbon nanotube, 

graphene) and novel cooling technologies (e.g. heat pipes, microchannels) [6]. Task 

scheduling algorithms attempt to balance the power consumption of cores and optimize 

the supply voltage through software-hardware cooperation in order to minimize the peak 

temperature while accomplishing each processing task on time [7–9]. On the other hand, 

Floor planning is a design-stage optimization method used to compromise between 

performance, temperature, and power consumption in a way that thermal hotspots are 

positioned far apart, while regularly interacting functional units are closer [10–13].  

Thermal issues of 3D ICs must be considered from the initial phases of chip 

designing, as various parameters including number and position of cores will affect 

power and thermal performance. Therefore, it is essential to perform detailed thermal 

analysis at the design stage in order to implement the most effective thermal management 

techniques [6]. Amongst the initial attempts for establishing thorough understanding of 

thermal performance of miniaturized electronic systems, Young and Vafai [14–16] 
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conducted a detailed and extensive analysis of convective flow and heat transfer within 

an enclosure with two-dimensional array of heated obstacles. Their results showed that 

flow and heat transfer characteristics can be passively enhanced through proper selection 

of size, shape, and position of obstacles. Mahjoob and Vafai  ]17,18[  also studied thermal 

management for electronic applications and showed that prescribing appropriate pertinent 

parameters result in optimized thermal characteristics. 

In this study, we perform a comprehensive thermal analysis of 3-D high 

performance chips using numerical simulations in order to establish a set of guidelines to 

be considered by chip architects for designing new generation of 3D integrated circuits 

with optimized thermal performance. A 3D IC structure with nominal thermophysical 

properties and dimensional attributes, based on available pertinent literature, is used as 

the baseline for conducting the analysis. The effect of parametric changes in the 

geometrical configuration, such as size, number and spacing, as well as thermophysical 

properties of the chip and cooling fluid, on the flow and heat transfer is investigated 

through perturbing the baseline case in order to develop key thermal management 

attributes. In addition, the dependence of thermal hotspots as well as thermal attributes on 

the alteration of pertinent parameters such as the size of device layers, heat sink, 

substrate, TIM, TSV, the pitch, power distribution within the core processors, and the 

material selection is documented for establishing the essential principles for optimizing 

the overall thermal performance. Furthermore, the geometrical and thermophysical 

features with insignificant impact on thermal characteristics are also established and 

discussed. The results presented here provide the key features to be used for establishing 
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optimized design and setup of 3D IC’s as well as the pathway for future studies in this 

area. 

 

Figure 1-1| Schematic of the nominal 3D IC structure 

 

1.3 Modeling and Analysis 

In this work, based on our nominal study to be presented later, the thermal 

analysis of a 3D chip with multiple active silicon layers is performed. Thermal and flow 

characteristics are investigated and the temperature distribution and heat flux across the 
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chip are studied through numerical modeling of a generalized geometry of 3D IC with 

properly specified boundary conditions. The structure of 3D ICs is typically categorized 

based on the design of stacked circuit layers. For clarity in our analysis, the 3D IC is 

characterized as stacking layers of circuits, chips, and devices. The heat generated in each 

CPU due to transistor switching, is conducted through the layers to the package and then 

dissipated to the ambient via convective heat transfer. It should be noted that the rate of 

heat conduction can be very small in some layers as the device layers are electrically 

insulated from each other via dielectric materials that typically have substantially lower 

thermal conductivity compared to silicon [5].  

Figure 1-1 shows the schematic of the generalized 3D IC structure under 

consideration, based on our nominal structure attributes study, which incorporates 

substrate, thermal interface material (TIM), die, device layer, heat spreader, and heat 

sink. As the schematic illustrates, the device layers are bonded between TIM layer and 

silicon die where each device layer comprises various electronic subsystems including 

processor, memory, sensor, etc. Since the processor is the primary functional unit that 

dissipates a significant fraction of heat, the effect of other units is considered to be 

negligible in this study. The thermal interface material is used in order to enhance 

conductive heat transfer between the device layers and the die so that the insulating effect 

of air cavities created at the contact surface of two solid layers is minimized. Based on 

the pertinent literature for the nominal study, TIM layer comprised of C4 bumps is used 

to connect the silicon substrate and the die closest to it, while micro-bump TIM layers are 

utilized for bonding the device layers with the layer above it. The size of heat spreader 
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and heat sink are typically larger than other layers in order to extend the surface area 

exposed to the cooling fluid and consequently to enhance the heat transfer to the ambient 

fluid. 

In this study, heat transfer and fluid flow physics are modeled for steady state 

operation of the 3D IC. Conductive heat transfer through the solid, and isotropic layers of 

the IC are governed by 

 

2 2 2
s s s

g2 2 2 q 0
x y z

∗ ∗ ∗
∗

∗ ∗ ∗

∂ Θ ∂ Θ ∂ Θ
+ + + =

∂ ∂ ∂
&  (1-1) 

 

where gq∗&  represents the dimensionless volumetric heat generation in the central 

processing units (CPUs) and the nondimensionalized temperature and coordinates are 

defined as:  

 

xx
H

∗ = ,… yy
H

∗ = ,… zz
H

∗ = ,… e

f

T T
qH k

∗ −
Θ =  (1-2) 

 

General features of the 3D IC are such that the lateral sides of the chip are 

exposed to variable air cooling and the bottom surface of substrate is cooled by natural 

convection with general convective coefficient of bh  while the top surface of heat sink is 

exposed to forced convective heat transfer with variable convective coefficient th . The 

convective boundary condition can be represented by:  
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s
sBi

n

∗
∗∂Θ

= − ⋅Θ
∂

 (1-3) 

 

where n  is the normal coordinate and Bi  is the dimensionless Biot number defined as: 

 

c

s

hLBi
k

=  (1-4) 

 

The continuum fluid flow and heat transfer problems are modeled using the 

dimensionless Navier-Stokes equations in Cartesian coordinates: 

mass conservation 

 

u v w 0
x y z

∗ ∗ ∗

∗ ∗ ∗

∂ ∂ ∂
+ + =

∂ ∂ ∂
 (1-5) 

 

x-momentum conservation 

 

2 2 2

H 2 2 2
u u u p u u uRe u v w
x y z x x y z

∗ ∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗ ∗

   ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + = − + + +   ∂ ∂ ∂ ∂ ∂ ∂ ∂   

 (1-6) 

 

y-momentum conservation 
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2 2 2

H 2 2 2
v v v p v v vRe u v w
x y z y x y z

∗ ∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗ ∗

   ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + = − + + +   ∂ ∂ ∂ ∂ ∂ ∂ ∂   

 (1-7) 

 

z-momentum conservation 

 

2 2 2

H 2 2 2
w w w p w w wRe u v w
x y z z x y z

∗ ∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗ ∗

   ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + = − + + +   ∂ ∂ ∂ ∂ ∂ ∂ ∂   

 (1-8) 

 

energy conservation for the fluid domain 

 

2 2 2
f f f f f f

H 2 2 2Pe u v w
x y z x y z

∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

 ∂Θ ∂Θ ∂Θ ∂ Θ ∂ Θ ∂ Θ
+ + = + + ∂ ∂ ∂ ∂ ∂ ∂ 

 (1-9) 

 

The governing equations were nondimensionalized using the following 

 

m

uu
u

∗ = , 
m

vv
u

∗ = , 
m

ww
u

∗ = , 
f m

pHp
uµ

∗ = , f m
H

f

u HRe ρ
µ

= , f p,f m

f

c u H
Pe

k
ρ

=  (1-10) 

 

 

The cooling fluid enters the 3D IC package at ambient temperature with a 

specified Reynolds number where the characteristic length is the height of the 3D 

package excluding the heat sink. At the channel outlet, the cooling fluid is assumed to 

exit the package at atmospheric pressure with negligible streamwise temperature 
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gradient. Moreover, an extended numerical boundary condition is used for the outlet in 

order to obtain a solution that is not affected by the outflow boundary conditions[19][20]. 

The outlet boundary conditions are as follows 

 

op 1=  atm ,   f 0
x

∗

∗

∂Θ
=

∂
 (1-11) 

 

Based on the pertinent thermal analysis of 3D IC’s, the range and nominal values 

for different components of the 3D IC such as material selection, dimensional attributes, 

number of layers, etc. are given in Table 1-1. Silicon is the preferred material used for 

fabricating electronic chips due to stability, abundancy and ease of fabrication, while 

copper is preferred for manufacturing heat sink and heat spreader components due to its 

superior thermal conductivity. The TIM layers, which provide electrical insulation and 

mechanical support for the bonding of active device layers, are typically made out of 

composites with high volume fractions of thermally conductive fillers such as Aluminum 

Oxide ( 2 3Al O ). The thermal conductivity of TIM layers, made from thermal grease, 

ranges between 0.2 - 15 [W 1(m K)−⋅ ] depending on the material and volume fraction of 

the filler. In this study, we use a nominal value of 5 [W 1(m K)−⋅ ] for the thermal 

conductivity of the TIM layer based on the range of values utilized in the literature. As 

mentioned earlier, in this work, the variation of pertinent components utilized in the 3D 

architecture is given in Table 1-1. 
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Table 1-1| Nominal values and the range of variations for various parameters within the 3D IC 
structure 

Layer Parameter Range Nominal 
Value Unit References 

Heat Sink Material Cu, Al Cu - [21–23] 
Length & Width 20 - 70 50 mm [21–23] 
Thickness 2 - 5 4 mm [21–23] 

Heat 
Spreader 

Material Cu Cu - [21,22,24] 
Length & Width 28 – 40 30 mm [21,22,24] 
Thickness 1 – 2.25 2 mm [21,22,24] 

Chip Length & Width 5 – 25 10 mm [24–31] 
 Number of 

Layers 
2 - 4 3  [24,26,31,32] 

TIM Layer 
with 
Microbump  

TIM Material Thermal 
Grease 

Thermal Grease - [21,22,29–31,33–35] 

Thermal 
Conductivity 

0.2 – 15 5 W 1(m K)−⋅  [21,22,29–31,33–35] 

Thickness 10 - 50 15 µm [21,22,29–31,33–35] 
TIM Layer 
with C4 
Bump 

Material Thermal 
Grease 

Thermal Grease - [21,22,29–31,33–35] 

Thermal 
Conductivity 

0.2 – 15 5 W 1(m K)−⋅  [21,22,29–31,33–35] 

Thickness 25 - 150 100 µm [21,22,29–31,33–35] 
Die Material Si Si - [22,26,30,35] 
 Thickness 100 - 500 100 µm [24,26,28,31] 
Device 
Layer 

Material Si Si - [24,26,30,35] 
Thickness 1 - 5 2 µm [24,26,30,35] 

Core 
Processor 

Material Si Si - [21,22,25–28,30,35]  
Total Power 
within the 3D IC 

10 – 250 90 W [21,22,25–28,30,35] 

Cores per Layer 1 - 8 4 - [8,9,22,24,25] 
Length & Width 0.2 - 3 1 mm [8,9,22,24,25] 
Thickness 2 - 10 2 µm [8,9,22,24,25] 

Substrate Material Si, AlN Si - [28–30,33] 
Length & Width 2.5 – 45 30 mm [28–30,33] 
Thickness 0.05 – 1.6 1 mm [28–30,33] 
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Table 1-2 shows the range and nominal values for various attributes of TSVs and 

bumps utilized in the 3D IC structure, based on values obtained from pertinent literature. 

Through silicon vias (TSVs) are characterized into three categories of power, signal, and 

thermal TSVs, where power and signal TSVs act as the electrical and data 

interconnection between device layers, whereas thermal TSVs are utilized to enhance 

thermal conduction through different layers of the 3D IC. A way to use the simulation to 

optimize designs has been shown in the prior literature  ]36–38[  

 

Table 1-2| Nominal values and the range of variations for various parameters for TSVs and 
bumps within the 3D IC structure 

Layers Parameters Range Nominal Value Units Reference 

Power TSV Material Cu Cu - [1,31,39,40] 
Diameter 1 - 60 20 µm [1,31,39,40] 
Pitch 0.5 - 10  5 µm [1,31,39,40] 

Signal TSV Material Cu Cu - [1,31,39,40] 
Diameter 1 - 20 10 µm [1,31,39,40] 
Pitch 0.5 - 20 10 µm [1,31,39,40] 

Thermal TSV Material Cu Cu - [25,29,30,35] 
Diameter 10 – 250 100 µm [25,29,30,35] 
Pitch 0.2 – 2 1 mm [25,29,30,35] 

C4 Bump Material SnAg, SnAgCu SnAgCu - [27–30] 
Diameter 50 - 200 100 µm [27–30] 
Pitch 150 - 250 200 µm [27–30] 

Microbump 1 Material SnAg, Cu Cu - [22,28,30,40] 
Diameter 2 - 20 15 µm [22,28,30,40] 
Pitch 5 – 40 20 µm [22,28,30,40] 

Microbump 2 Material Cu Cu - [22,28,30,40] 
Diameter 20 - 70 45 µm [22,28,30,40] 
Pitch 5 - 100 50 µm [22,28,30,40] 
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As TSV interconnections and bumps take up a minor volume fraction of the die 

and TIM layers, an effective medium approximation can be applied to estimate a more 

accurate value for the thermal conductivity of these layers. Two different methods were 

used to estimate the effective thermal conductivity in order to ensure the accuracy of the 

approximations. The Maxwell Garnett method [41] was applied to determine the effective 

thermal conductivity of each composite medium using the following equation: 

 

i

N
i

V
ii 1

k k 0
k (N 1)k

ε

ε
δ

=

−
=

+ −∑
 

(1-12) 

 

Where 
iVδ  and ik  are the volume fraction and thermal conductivity of each constituent, 

and N, and kε  denote the system dimension and effective thermal conductivity of the 

composite medium, respectively. The volume fraction of TSVs and bumps are calculated 

based on the quantity and dimensions listed in Table 1-2 and then used in eq (1-12) to 

approximate the effective thermal conductivity.  

Another method developed by Tien and Vafai [42], was also employed, which 

establishes the following equation for estimating the effective thermal conductivity: 

 

1 2

kA B
k k
ε≤ ≤  (1-13) 

 

Where 
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and β  represents the ratio of the thermal conductivity of two constituents ( 1 2k kβ = ), 

and Vδ denotes the volume fraction of the component with thermal conductivity of . 

The mean value of the inequality represented by 
1 2

k A B
2k k

ε +
=  is used as the effective 

thermal conductivity of medium. Table 1-3 displays a comparison of the effective 

thermal conductivity obtained using the two methods. As it can be seen, the results are 

quite close. In this study, the effective thermal conductivity is estimated using the Tien 

and Vafai’s approach. 

 

Table 1-3| Nominal effective thermal conductivity of various layers [W 1(m.K)− ] 

Layer Maxwell Garnett Tien and Vafai 

Die with uniformly distributed TSVs 5.7 6.3 

TIM layer with Micro bump 7.9 7.2 

TIM layer with C4 bump 135 135 
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Figure 1-2| Comparison with an analytical solution for a slab 

 (a) f (x) 2x=   (b) 2f (x) 5x=   (c) 3 xf (x) sin( )
L
π

=  
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1.4 Modeling Validation 

COMSOL Multiphysics software is used to model our setups and for numerical 

simulation of our results. To validate our model, two limiting configurations are 

compared with our simulations. The first one is a two-dimensional conduction within a 

slab. Figure 1-2a displays the mini schematic of the conduction problem where L 2mm=  

and d 3mm=  within the comparison figure. The top boundary has a temperature 

distribution of T f (x)= , while other boundaries are at constant temperature T 0= . The 

temperature distribution across the solid domain is represented by the following 

analytical solution: 

 

n
n 1

n x n yT(x, y) a sin( )sinh( )
L L
π π∞

=

=∑  (1-16) 

 

Where 

 

L

0
n

2 n xf (x)sin( )dx
L La n dsinh( )

L

π

π
=

∫
 (1-17) 

 

The numerical and analytical results are obtained for three different functions of 

f (x) , which are as follows: 
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2
1 2 3

3 xf (x)=2x   ,   f (x)=5x    ,   f (x)=sin( )
L
π  (1-18) 

 

For each f (x)  specification, the temperature distributions along x direction are 

compared at two different y positions. The comparisons, displayed in Figure 1-2, show 

excellent agreement between the numerical and analytical results. 

The second configuration is based on the study of convective cooling of heated 

obstacles in a channel by Young and Vafai [16]. The schematic of the model, where the 

height and width of the obstacle are h 0.25mm=  and w 0.25mm= , respectively and the 

channel dimensions are H 1= , eL 2=  , oL 8=  is shown within the Figure 1-3a. The 

solid-to-fluid thermal conductivity ratio is s fk / k 10=  and the bottom surface of the 

obstacle is heated with constant heat flux of q 1′′ = . The fluid enters the channel with a 

Reynolds number of HRe 1000=  where the characteristic length is 2H. The 

dimensionless temperature profile, obtained from our simulation, is compared with the 

results from Young and Vafai [16] in Figure 1-3, where very good agreement can be seen 

between the results. In addition, the local Nusselt number along the surface of the 

obstacle is also compared in Figure 1-3, where the local Nusselt number is defined as: 

 

c f
x

f w

h H 1Nu
k n

θ
θ
− ∂

= =
∂

 (1-19) 
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The local Nusselt number results, obtained by our simulations, are in excellent 

agreement with those obtained by Young and Vafai [16]. 
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Figure 1-3| Comparison with Young and Vafai’s [16] work (a) dimensionless temperature 
contour in our simulation (b) dimensionless temperature contour from Young and Vafai’s work 
(c) local Nusselt number distribution around the three exposed faces of the obstacle compared 

with Young and Vafai’s [16] work 
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1.5 Grid Independence Study 

To establish grid independence in our simulations, three different mesh 

distributions were investigated. The finer mesh (mesh 2) had nearly 75% increase in the 

number of elements over the coarsest mesh (mesh 1), and the finest mesh had about 50% 

increase in the number of elements over the finer mesh (mesh 2). Figure 1-4 shows the 

grid independence analysis for these three grid distributions for ten different cases. These 

ten cases were chosen to demonstrate a wide range of variations in the pertinent physical 

parameters utilized in our investigations as displayed in Figure 1-4. As it can be seen, the 

deviations in the maximum temperature obtained by applying mesh 2 and 3 is less than 

0.1%. As such mesh 3 was adopted for our simulations. 
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Figure 1-4| Grid independence study: the coarsest mesh (mesh 1), finer mesh (mesh 2), and the 
finest mesh (mesh 3) 

 

1.6 Results and Discussion 

The temperature distribution in the x and y directions as well as at different layers 

for the nominal benchmark case, based on Table 1-1 and Table 1-2, is shown in Figure 

1-5. The location for the temperature distribution for Figure 1-5a and Figure 1-5b is 

clearly specified in the insert, within each of these figures. It should be noted that the 

circles on the inserts refer to the position of thermal TSVs, which is the nominal 

arrangement in this figure. As expected, the highest temperature within each processor 

occurs at its center and also the core processors on device layer 1, which is farthest from 

heat sink, are exposed to a higher temperature compared to device layer 2 and 3 and 

consequently at a higher risk of failure, which necessitates a greater attention for thermal 

management of this layer. The temperature distribution is symmetrical in y direction due 

to symmetrical boundary conditions on both sides of the 3D IC structure. However, the 

temperature profile is asymmetrical in x direction as one side is exposed to the incoming 
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cooling fluid, which is relatively colder, since the temperature of cooling fluid increases 

as it flows in x direction while dissipating heat from the circuit. Figure 1-5c displays the 

temperature distribution of the benchmark 3D IC along the z direction at the centerline of 

each core and the chip. 
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Figure 1-5| Temperature distribution for the nominal benchmark 3D IC (a) along x direction 
for each device layer (b) along y direction for each device layer (c) along z direction at the 

vertical center line of each core and the center line of chip. 
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As it can be seen, the heat spreader has a lower average temperature compared to 

the substrate since the convective heat transfer coefficient of the heat sink is forty times 

greater than that of the substrate ( t bh h 40= ) in the nominal case [43]. Again, as 

expected, the maximum temperature occurs within device layer 1, where the core 

processors are farthest from the heat sink. This indicates the dominance of heat sink in 

cooling the circuit as the heat generated in the core processors is mainly dissipated 

through the direct and indirect communication of the layers of the 3D IC with the heat 

sink and then transferred to the ambient by convection. As Figure 1-5c illustrates, 

temperature gradient along z direction is substantially large at four regions, which is due 

to low thermal conductivity of TIM layers that impede conduction of heat between the 

device layers. In each device layer, the maximum temperature of core 1 and core 2 is 

lower compared to that of core 3 and core 4, as the former ones are closer to the incoming 

flow of the cooling fluid. Figure 1-6a and Figure 1-6b show the temperature distribution 

of the 3D IC structure with four different thermal TSV arrangements along x and y 

directions in device layer 1, which is the most vulnerable layer due to local heat 

dissipation and farthest away from the heat sink. Again, the location for the temperature 

distributions for Figure 1-6a and Figure 1-6b are given in the inserts within these figures. 

As expected, the No TSV case, which assumes no thermal TSV is implemented in the 3D 

IC structure, has indeed the highest maximum temperature. Interestingly, the Nominal 

TSV scenario that deploys 5 localized thermal TSVs between the core processors, has 

minimal thermal impact with less than one degree reduction in peak temperature. It 

should be noted that all TSV arrangements make up 10% of the total chip area. In the 
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Uniform TSV scenario, where the thermal TSVs are implemented uniformly in each 

layer, a greater improvement in cooling is achieved with nearly 5 degrees reduction in the 

maximum temperature compared to the No TSV case.  

The Core-Concentrated TSV case, which deploys concentrated thermal TSVs on 

top of each core processor, has by far the best thermal performance, as it not only reduces 

the peak temperature by more than 12 degrees, but also results in a more uniform 

temperature distribution over each core region that minimizes the thermal stresses. Figure 

1-6c illustrates how each TSV arrangement affect the temperature distribution along the z 

direction at the vertical center line of core 3. Although these results indicate that 

uniformly distributed thermal TSVs can improve the thermal characteristics of the circuit 

to some extent, this TSV arrangement is outperformed by concentrated thermal TSVs, 

which enhances conduction in the z direction by concentrating highly-conductive thermal 

TSVs in the regions where heat is locally generated. In addition, these results show that 

the core-concentrated thermal TSVs lead to a more uniform temperature distribution 

along the z direction through optimum placement of thermal TSVs such that heat 

conduction is maximized and accordingly thermal hotspots are minimized. 
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Figure 1-6| Effect of different TSV arrangement on the temperature distribution of the 3D IC 
structure (a) along x direction in device layer 1 (b) along y direction in device layer 1 (c) along 

z direction at vertical center line of core processor 3 
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Figure 1-7 shows the effect of thermal TSVs on the hotspot (maximum) 

temperature of the 3D IC. It is found that the maximum temperature decreases slightly as 

the thermal TSVs with the nominal arrangement are implemented (Figure 1-7a), 

however, the maximum temperature remains nearly constant as the TSV area increases 

showing the insignificant effect of increasing the number of TSVs for this case. On the 

other hand, when the total area of uniformly distributed thermal TSVs increases, the 

hotspot temperature decreases linearly leading to a nearly half degree drop in the 

maximum temperature per each percent increase in the TSV area. The core-concentrated 

TSV arrangement has the superior thermal performance with a decrease of the maximum 

temperature by more than 5 degrees when the total TSV area is only 2% of the chip area. 

In addition, the peak temperature in each device layer decreases linearly as the total TSV 

area increases, resulting in greater temperature uniformity between the device layers. 

Figure 1-7d compares the effect of different TSV arrangements on the maximum 

temperature of the device layer 1 displaying the superior performance of the core-

concentrated TSVs for dissipating local heat generation in core processors. 
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Figure 1-7| Effect of the thermal TSV arrangement on the hotspot temperature for (a) nominal 
TSV (b) uniform TSV (c) core-concentrated TSV (d) various TSV arrangements for device 

layer 1 

 

Figure 1-8 displays the effect of core processors pitch on the maximum 

temperature of each device layer for different TSV arrangements. It is found that for all 

TSV arrangements, the hotspot temperature drops as the pitch increases. This is due to 

the fact that the greater pitch not only leads to less accumulation of heat generated by 

processors in a localized region, but also results in enhanced cooling through convection 

heat transfer to the cooling fluid. Figure 1-8d compares the dependency of hotspot 

temperature on the core processors pitch for various thermal TSV arrangements for 
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device layer 1. It is found that the pitch variations has a similar effect on different TSV 

arrangements. 

 

 

Figure 1-8| Effect of processors pitch on the hotspot temperature for (a) no TSV (b) uniform 
TSV (10% of total chip area) (c) core-concentrated TSV (10% of total chip area) (d) various 

TSV arrangements (10% of total chip area) for device layer 1 

 

The effect of the size of the core processors on the hotspot temperature for various 

TSV arrangements, when the chip area and total heat dissipation remain constant, is 

shown in Figure 1-9. As expected, for all TSV arrangements, the hotspot temperature 

drops as the processor area increases since the same amount of heat is dissipated over a 
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larger volume leading to less localization of heat and accordingly lower maximum 

temperature. As Figure 1-9d illustrates, the hotspot temperature for the No TSV case 

drops at a greater rate compared to the core-concentrated TSV, resulting in equal hotspot 

temperature for both TSV arrangements when core processors take the entire chip area or, 

in other words, when the heat dissipation is uniform throughout the chip. In addition, this 

figure indicates that uniform TSV arrangement outperforms core- concentrated TSVs 

when the total processor area is greater than 40% of the chip area. This is due to the fact 

that a core-concentrated TSV has a superior performance when the heat generation of 

core processors is localized, while, a uniform TSV arrangement results in better thermal 

characteristics when the heat generation is uniformly distributed throughout the chip area. 
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Figure 1-9| Effect of the processor area on the hotspot temperature for the same chip area and 
total heat dissipation for (a) no TSV (b) uniform TSV (10% of total chip area) (c) core-

concentrated TSV (10% of total chip area) (d) various TSV arrangements (10% of total chip 
area) 

 

The effect of heat dissipation by the 3D IC structure on the hotspot temperature in 

lieu of different TSV arrangements is displayed in Figure 1-10. As expected, regardless 

of the TSV arrangement, the maximum temperature of the 3D structure increases as the 

total heat dissipation increases. As can be seen in Figure 1-10, the temperature variation 

between the device layers diverge as the total heat dissipation increases, however, the 

hotspot temperature differences within the three device layers for the core-concentrated 
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scenario is relatively negligible. The thermal performance of various TSV arrangements 

at different heat dissipation rates in terms of the hotspot temperature is shown in Figure 

1-10d. Our results show the importance of deploying core-concentrated TSVs in 3D ICs 

at higher heat dissipation rates. 

 

 

Figure 1-10| Effect of the total heat dissipation on the hotspot temperature for (a) no TSV (b) 
uniform TSV (10% of total chip area) (c) core-concentrated TSV (10% of total chip area) (d) 

various TSV arrangements (10% of total chip area) 

 

Alterations of the hotspot temperature through TIM thickness and thermal 

conductivity, heat sink thickness, and substrate thickness and area variation is shown in 
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Figure 1-11. As can be seen, the hotspot temperature rises as the TIM thickness increases 

due to relatively low thermal conductivity of TIM material and as expected, the increase 

in the hotspot temperature is more severe when the thermal conductivity of the TIM 

material is smaller. This result reiterates the importance of utilizing a TIM material with 

larger thermal conductivity and a smaller thickness. The effect of heat sink thickness and 

convective heat transfer coefficient on the hotspot temperature is shown in Figure 1-11b. 

It can be seen that increasing the thickness of the heat sink lowers the hotspot 

temperature nonlinearly resulting in a minima such that thermal characteristics are not 

enhanced beyond a given thickness of the heat sink. The maximum hotspot temperature 

drop occurs if a heat sink with 10 mm thickness is deployed. Furthermore, the effect of 

convective heat transfer coefficient becomes less significant when the optimum thickness 

of the heat sink is utilized. Figure 1-11c and Figure 1-11d display the effect of substrate 

thickness, surface area, and convective heat transfer coefficient on the hotspot 

temperature of the 3D IC structure. It should be noted that increasing the substrate 

surface area and thickness has a relatively negligible effect on the hotspot temperature 

within the customary range of convective heat transfer coefficients experienced within 

the 3D structure. Increasing the substrate dimensions can significantly improve the 

thermal characteristics and reduce the hotspot temperature only when the convective heat 

transfer coefficient is extremely large. 
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Figure 1-11| Alteration of the hotspot temperature through (a) TIM thickness and thermal 
conductivity (b) heat sink thickness (c) substrate thickness (d) substrate area 

 

Figure 1-12a presents a detailed case study for evaluating the dependency of 

hotspot temperature on distribution of power among the device layers. In the nominal 

case, all device layers have equal functionality and heat dissipation (30 Watt each), while 

in the other scenarios, one of the device layers has a greater functionality and accordingly 

higher heat dissipation. The power is equally distributed amongst all core processors 

within each device layer. As it can be seen in Figure 1-12b, the hotspot temperature is 

minimized when the majority of processing is performed by the core processors on 
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device layer 3 (cases D3 and D6), which is the closest one to the heat sink, regardless of 

the utilized TSV arrangement. In contrast, the thermal characteristics are worsened 

compared to the nominal case if most of the processing chores are accomplished by the 

core processor on device layer 1 (cases D1 and D4), which is the farthest one from the 

heat sink. On the other hand, the task load within the device layer 2 (cases D2 and D5) 

has a minimal impact on the thermal performance of the 3D structure. Figure 1-12c 

displays a case study for investigating the effect of power distribution among the core 

processors for each device layer on the hotspot temperature. In the nominal case, power is 

uniformly distributed among the core processors for each device layer i.e. each core 

dissipates 7.5 Watt, while in the other scenarios, two cores have greater functionality and 

accordingly larger heat dissipation compared to others. In this part, when variable 

distribution amongst different core processors is applied, it is imposed on all the device 

layers. Figure 1-12d shows that non-uniform distribution of power among the cores of 

each device layer deteriorates the thermal characteristics and increases the hotspot 

temperature, regardless of the utilized TSV arrangement. Therefore, the optimum setup 

for reducing the hotspot temperature is achieved if power is evenly distributed among the 

core processors of each device layer in the 3D IC. 
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Figure 1-12| (a) Case study for the power distribution within the device layers (b) effect of the 
power distribution within the device layers on the hotspot temperatures (c) case study for 

power distribution within the cores of each device layer (d) effect of the power distribution 
within the cores of each device layer on the hotspot temperature 
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Figure 1-13 presents a case study for evaluating the effect of vertical placement of 

the core-concentrated thermal TSVs, which were found to provide the best thermal 

performance based on our earlier presented results, on the hotspot temperatures. It is 

found that implementing core-concentrated thermal TSVs through all layers of the 3D IC 

structure will result in the optimum thermal performance and the minimum hotspot 

temperature (case T9). 

 



 38

 

Figure 1-13| (a) Case study for the vertical placement of the core-concentrated TSVs with a 
10% of chip area (b) effect of the vertical placement of the core-concentrated TSVs on the 

hotspot temperature in each device layer 

 

The effect of adding additional layers on the hotspot, while imposing the same 

total power generation within the 3D IC is displayed in Figure 1-14. It can be seen that, 

when core-concentrated thermal TSVs are implemented, an increase in the number of 

layers beyond 3 does not have much of an impact on the hotspot temperature within the 

3D IC. This is an unexpected interesting finding. In fact, increasing the number of layers 
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could have an adverse effect on the hotspot temperature when no TSV or uniform TSV is 

employed. 

 

 

Figure 1-14| Effect of the number of layers on the hotspot temperature for (a) 90 W total heat 
dissipation (b) 180 W total heat dissipation 
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1.7 Summary and Conclusions 

In this work, a comprehensive and systematic study of the critical thermal issues 

in the 3D IC is presented. A nominal 3D IC structure based on the data from pertinent 

literature is developed and the effects of various prominent parameters such as different 

TSV arrangements, processor pitch, processor area variations, heat dissipation variation 

and distribution, TIM thickness and thermal conductivity variation, heat sink and 

substrate thickness and area variations, power distribution within different device layers, 

variations within different core processors, and variations in TSV placement within the 

3D layers for the optimized arrangement as well as the effect of additional layers are 

analyzed in detail. A set of guidelines for achieving optimum thermal characteristics are 

established and the pertinent attributes of the optimum 3D IC design are presented. The 

following key features were established through our comprehensive analysis: 

1. The device layer closest to the substrate is the most critical one in terms of the 

hotspot temperature production under various conditions considered in this study. 

2. The utilization of the core-concentrated TSV provides the optimum arrangement 

for reducing the hotspots, resulting also the best arrangement when increasing the 

total TSV area. 

3. An increase in the pitch relative to the chip length will in general result in a 

reduction of the hotspot temperature regardless of the device layer and the TSV 

arrangement. 

4. As expected, for the same power density, an increase in the processor area relative 
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to the chip will result in a reduction in the hotspot temperature regardless of the 

TSV configuration. When the processor area is greater than 40%, the uniform 

TSV arrangement outperforms the core-concentrated arrangement, while below 

40%, it is the other way around. 

5. As expected, an increase in the power dissipation of the device layers will 

translate into an increase in the chip temperature while the temperature difference 

between the different layers for the core-concentrated TSV arrangement becomes 

negligible. 

6. An increase in the TIM thickness results in an increase in the hotspot temperature 

while an increase in the heat sink thickness or the substrate thickness or their 

areas results in a reduction of the hotspot temperature. 

7. It is established that the best performance in terms of the reduction in the hotspot 

temperature occurs when more of the processing is delegated to the device layer 

closest the heat spreader.  

8. It is established that non-uniform power distribution amongst the processors 

within a device layer, deteriorates the thermal characteristics in terms of the 

hotspot temperature.  

9. It is established that the best emplacement of the optimized TSV arrangement, 

which was found to be the core-concentrated, is when the TSVs go through all 

layers of the 3D IC structure. 

10. It is established that additional layers beyond 3 for the same total power 
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dissipation have an insignificant effect on the hotspot temperature, if core-

concentrated TSV arrangement is utilized. 



 43

Nomenclature 

pc  specific heat at constant pressure [J 1(kg K)−⋅ ] Superscripts 

hD  hydraulic diameter [m] f Fluid 
G  cell geometric factor e entrance 
h  convective heat transfer coefficient [W 2 1(m K)−⋅ ] ε  effective 
H  height [m] m mean 
k  thermal conductivity [W 1(m K)−⋅ ] o outlet 
L  length [m] s solid 

cL  characteristic length [m] w wall 
n  normal coordinate 0 initial 
N system dimension   
Nu  Nusselt number [ fh H / k⋅ ] Superscripts 
p  pressure [Pa] * dimensionless 

HPe  Péclet Number [ f p,f m fc u H kρ ]   
Pr  Prandtl number [ f p,f fc kµ ]   
q  heat flux [W 2m− ]   

gq&  volumetric heat generation rate [W 3m− ]   

HRe  Reynolds number [ f m fu Hρ µ ]   
T  temperature [ K ]   
u  x-component of velocity [m 1s− ]   
v  y-component of velocity [m 1s− ]   
w  z-component of velocity [m 1s− ]   
x, y, z Cartesian coordinates   
 
Greek Symbols   

β  thermal conductivity ratio [ 1 2k k ]   
µ  dynamic viscosity [ (N s)⋅ 2m− ]   
Θ  dimensionless temperature [ e f(T T ) (q H k )′′− ]   
ρ  density [kg 3m− ]   

Vδ  volume fraction   
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Chapter 2 

2 Thermophysical and Geometrical Effects on the Thermal 
Attributes and Optimization of a 3D IC  

2.1 Abstract 

A comprehensive analysis and optimization of 3D IC structure and its 

thermophysical attributes is presented in this work. The thermophysical and geometrical 

attributes studied in this paper includes the die, device layer, heat sink and heat spreader 

which are critical structures within a 3D IC. The effect of the power density of the device 

layer which is the source of heat generation within the chip as well as the through silicon 

vias and micro-bumps are also considered in our investigation. The thermophysical and 

geometrical parameters that have a significant impact on the thermal signature of the 3D-

IC as well as those that have an insignificant impact were established. The 

comprehensive analysis of different geometrical and thermophysical attributes can guide 

the design and optimization of a 3D IC structure and decrease the cost. 

2.2 Introduction 

Three-dimensional (3D) integration is emerging as an important technology to 

improve the computational performance of CMOS (complementary metal-oxide 

semiconductor). Thermal issues are recognized to be among the major concerns, which 

are blocking the widespread adoption of the promising 3D integrated circuits (ICs). More 
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studies are required to properly establish the thermal characteristics of the 3D ICs.  With 

the development of logic performance, the number of cores is increasing by as much as 

two times per generation [44]. The z-dimension resources accessibility is highly needed 

in addition to x- and y- dimensions due to the limitations of two-dimensional 

connectivity. The design space expands into the third dimension by stacking multiple 

silicon dies and interconnecting circuits between different dies using through-silicon vias 

(TSV). 3D IC can realize significant electrical performance benefits, such as reducing 

average wire length, power consumption and the footprint of the 3D chip [45]. However, 

3D IC results in higher power density and heat generation due to the increased 

integration. Detailed understanding of the thermophysical and geometrical attributes of 

the heat spreader, heat sink, die, device layer, substrate, power density and structure of 

the 3D IC is essential in order to augment and optimize the dissipation of the generated 

heat efficiently.  

Various cooling and thermal management technologies have been developed in 

the past decades, which can mainly be divided into two main areas. One area is related to 

convection and conduction cooling enhancement by improving the heat transfer 

coefficient. The other area is the system-level dynamic thermal management (DTM), 

which uses both hardware and software support to optimize the temperature profile [46]. 

To increase the heat transfer coefficient, heat spreader and heat sink are a 

promising solution, which should be explored along with other alternatives. Heat 

spreader is primarily utilized to enlarge the heat dissipating area from the die to the heat 

sink or the package surface. Several materials are considered for constructing a heat 
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spreader, such as graphene, carbon fiber, graphite, carbon-based composites, synthetic 

diamonds and graphite, etc. [46]. Carbon based materials are good options for a heat 

spreader due to their low density and relatively high thermal conductivity, such as the 

conductivity of a 2D graphene structure. Different materials and structure of the heat 

spreader and heat sink and substrate can significantly affect the heat dissipation from the 

3D-IC chip.  

Increasing the heat transfer coefficient, the structure of the chip, such as the 

device layer, die and power distribution, are also critical factors that substantially impact 

the thermal profile of the chip. The consideration and analysis of the structure of the 3D-

IC can help in optimizing its architecture leading to its innovative design fabrication [47]. 

The optimized power distribution or thermal sources can efficiently improve the thermal 

profile to avoid overheating such as low power design [48], rearranging the heat source 

[24] and so on. Low power design can utilize power switches to control power gate and 

reduce the leakage power. Rearranging the chip structure by physical design (floor-

planning and placement) improves the thermal profile and can diminish the hot spot 

temperatures.  

In this work, a comprehensive analysis and optimization of 3D IC structure and its 

thermophysical attributes are presented. The effect of the die size, device layer, device 

power and heat spreader and heat sink are investigated.  The effect of TSVs (through 

silicon vias) and TIM (thermal interface material) on the above-mentioned areas is also 

investigated. Furthermore, the geometrical and thermophysical parameters that have an 
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insignificant impact on the thermal attributes of the 3D IC as well as those that have a 

significant impact were established. 

 

Figure 2-1| Schematic of the nominal 3D IC structure [49] 

2.3 Modeling and Analysis 

The structure of 3D ICs is typically characterized as stacking layers of circuits, 

which are linked via interlayer connections. The primary components of a 3D IC include 

substrate, die, device layer, thermal interface material (TIM), heat spreader and heat sink. 

The heat generated in each processor is conducted through the circuit layers to the heat 

spreader and then dissipated to the ambient through the heat sink. The TIM layer can be 
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categorized as micro-bump TIM layer and C4 bump TIM layer depending on the type of 

structure utilized in the layer. Our thermal model is based on a generalized 3D IC 

structure under consideration, based on our nominal structure attributes study. Figure 2-1 

shows the schematic of a nominal 3D integrated circuit which was presented in our 

earlier work [49]. As the schematic illustrates, the structure consists of three circuit layers 

mounted on the silicon substrate. The thermal interface material (TIM) is typically 

utilized between dies or between a die and substrate to minimize the insulating effect of 

air cavities created at the contact surface of two layers. Thermal grease is usually utilized 

as TIM due to its adhesive properties and relatively high thermal conductivity. The size 

of heat spreader and heat sink are usually larger than other layers to increase the surface 

area exposed to convective cooling and accordingly to enhance the overall heat 

dissipation. In this work, the physics of heat transfer and fluid flow are simulated for 

steady state operation of the 3D IC. Heat conduction through the solid and isotropic 

layers of the 3D IC are governed by 
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s s s

g2 2 2 q 0
x y z

∗ ∗ ∗
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where gq∗&  denotes the dimensionless volumetric heat generation in the processors and the 

nondimensionalized temperature and coordinates are defined as:  
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The bottom surface of substrate is exposed to natural convection with a nominal 

convective coefficient of 2
bh 10 W (m K)= ⋅ whereas the top surface of heat sink is cooled 

by forced convective heat transfer with a nominal convective coefficient 

2
th 400 W (m K)= ⋅ [36,37]. Pertinent aspects related to convective cooling, heat 

transfer coefficients, extended surfaces, and heat sinks were utilized in our study 

[36,37,50–53].The convective boundary condition can be represented by:  

 

s
sBi
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∗
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= − ⋅Θ
∂

 (2-3) 

 

where n  is the normal coordinate and Bi is the dimensionless Biot number defined as: 

 

c

s

hLBi
k

=  (2-4) 

 

The continuum fluid flow and heat transfer problems are modeled using the 

dimensionless Navier-Stokes equations in Cartesian coordinates: 

mass conservation 
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x-momentum conservation 
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y-momentum conservation 
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z-momentum conservation 
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energy conservation for the fluid domain 
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The governing equations were nondimensionalized using the following 
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The nominal thermal power for each processing unit is p 7.5 W=  per processor 

which results in a total power of P 30 W=  per layer. Therefore, the total power 

consumption for a three layer nominal 3D IC chip is P 90 W= . The 3D IC experiences 

an incoming air flow at ambient temperature with Reynolds number of Re 1500=  where 

the characteristic length is the height of the 3D IC package excluding the heat sink. At the 

channel outlet, the cooling fluid is assumed to exit the package at atmospheric pressure 

with negligible streamwise temperature gradient. The outlet boundary conditions are as 

follows: 

 

op 1=  atm,   f 0
x

∗

∗

∂Θ
=

∂
 (2-11) 
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Table 2-1| Nominal values for different parameters within the 3D IC structure [54] 

Component Property Nominal Value 

Chip 
Area 10 × 10 mm2 

Number of Layers 3 
CPU Area 1 × 1 mm2 

 Thickness 2 µm 
 Material Silicon 

 Number of Cores 
within each Layer 4 

 Total Thermal Power 90 

Heat Sink 
Area 50 × 50 mm2 

Thickness 4 mm 
 Material Copper 

Heat Spreader 
Area 30 × 30 mm2 

Thickness 2 mm 
Material Copper 

Thermal TSV 
 

Diameter 100 µm 
Number 5 
Material Copper 

Power TSV 
Diameter 20 µm 
Number 400 
Material Copper 

Signal TSV 
Diameter 10 µm 
Number 4 × 104 

Material Copper 

TIM with Microbump 
Thickness 15 µm 

Thermal Conductivity 5 W/m.K 
Material Thermal Grease 

TIM with C4 bump Thickness 100 µm 
 Thermal Conductivity 5 W/m.K 
 Material Thermal Grease 

Device Layer 
Thickness 2 µm 
Material Silicon 

Die 
Thickness 100 µm 
Material Silicon 

Substrate Area 30 × 30 mm2 
 Thickness 1 mm 
 Material Silicon 
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Table 2-1 presents the nominal values for various components of the 3D IC such 

as material selection, dimensional attributes, number of layers, etc., based on the 

pertinent thermal analysis of 3D ICs performed in previous work [49]. The nominal 

values for different geometrical and thermophysical attributes of TSVs utilized in the 3D 

IC structure, based on values obtained from pertinent literature, are also given in Table 

2-1. Through silicon vias (TSVs) are classified into three types of power, signal, and 

thermal TSVs, where power and signal TSVs act as electrical and signal interconnection 

between device layers, while thermal TSVs are used to enhance heat conduction through 

various layers of the 3D IC.  

As there are TSVs and bumps within the dies and TIM layers, the effective 

thermal conductivity needs to be determined for each layer. The effective thermal 

conductivity can be determined by a method proposed by Tien and Vafai [42]. Based on 

their analysis the effective thermal conductivity satisfies the following inequality: 
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and β  denotes the thermal conductivity ratio of two components ( 1 2k kβ = ), and 

Vδ represents the volume fraction of the component with thermal conductivity of . The 

mean value of the inequality represented by 
1 2

k A B
2k k

ε +
=  is used as the effective 

thermal conductivity of medium.  

The COMSOL Multiphysics simulation tool has been used to set up our thermal 

models. two sets of comparisons are employed to verify the accuracy of our models. One 

is the comparison with an analytical solution. The other comparison is with the numerical 

results of Young and Vafai’s [15] work.  Both of these comparisons were established 

earlier displaying very close results as shown in [49]. 

2.4 Results and Discussion 

Figure 2-2 shows the temperature profile for the entire 3D IC for the nominal 

case. It can be seen that the temperature in the front edge of the incoming air flow has the 

lowest value because the air temperature is lower at this point before it is heated as it 

moves through the chip existing from the back end. The hotspot (maximum) temperature, 

which is about 350 K in the nominal case, occurs within the CPUs as they are the primary 

source of heat generation. The bottom device layer is the layer close to the substrate and 

the top device layer is close to the heat spreader. It is found that the bottom device layer, 
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farthest from heat sink, has the highest temperature compared to the other device layers, 

while the top device layer, closest to heat sink, has the lowest temperature. This is due to 

the fact that heat sink, which provides a better path way for dissipating the heat from the 

upper device layers. That is the top device layer is closer to the heat sink, which 

dissipates the generated heat from the circuit.  

 

 
Figure 2-2| Temperature distribution of the nominal 3D IC structure 

 

In the current work, the effect of the number of dies and their size, device layer 

size and thickness, heat spreader and heat sink size and thickness and thermophysical 

properties and device power are analyzed.  

Three different chip Areas are selected for evaluating the effect of chip size on 

thermal attributes. The area (width and depth) are 10 10mm mm×  , 20 20mm mm× , 

30 30mm mm×  respectively. For these three cases, the thermal power for each device 
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layer is set to p 30 W= . Figure 2-3 shows the effect of the die thickness on the hot spot 

temperature for different chip areas for the 3D IC model. Since the bottom device layer is 

the hottest, the results shown in Figure 2-3 reflect the highest temperature values for this 

layer. The highest temperatures for these three cases are 350 K, 349 K, and 348.5 K 

respectively.  

 

 

Figure 2-3| Effect of thickness of the die and area of the chip on the hotspot temperature 

 

More dies can translate into more cores resulting in a possible improvement in the 

computing performance. There has been a speculation that if one can overcome the 

manufacturing difficulty when increasing the number of dies can possibly alleviate some 

of the thermal issues. As such Figure 2-4 presents the effect of an increase in the die 

thickness representing an increase in the number of dies. A range of die thicknesses from, 
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100 mµ  to 300 mµ  were considered. Figure 2-3 shows that an increase in the number of 

dies from the nominal case has a relatively insignificant effect on the hot spot 

temperatures.   

Figure 2-4 shows the effect of the thermal conductivity of the die on the hot spot 

temperature. As it can be seen the variations in the thermal conductivity of the die also 

has a relatively insignificant effect on the hot spot temperatures. 

 

 

Figure 2-4| Effect of thermal conductivity of the die and area of the chip on the hotspot 
temperature 

 

The effect of the device layer thickness is investigated in Figure 2-5. Figure 2-5 

presents a range of variation of the device layer from 1 mµ  to 5 mµ  for 3 different chip 

areas. The power density for each layer is kept at p 30W=  for all cases. Figure 2-5 
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shows that the device layer thickness has a minimal effect on the highest temperatures. 

This means that for the same power density, the transistor placement at different 

thicknesses will not affect the highest temperature.  

 

 

Figure 2-5| Effect of thickness of the device layer and area of the chip on the hotspot temperature 

 

The effect of the TIM layer thickness on the hot spot temperatures for different 

chip layers is shown in Figure 2-6. As it can be seen the TIM layer thickness has a 

significant effect on the hot spot temperature. 
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Figure 2-6| Effect of thickness of the device layer and area of the chip on the hotspot temperature 

 

The use of heat spreader can improve the heat dissipation and heat transfer 

coefficient. The selection of material for the heat spreader will directly affect the 

temperature distribution in the chip. For the same heat flux, the higher thermal 

conductivity translates into a lower temperature difference between the heat sink and the 

mid-section of the chip. A range of thermal conductivities representing different materials 

such as aluminum, copper and composite materials is selected for comparison. Also the 

effect of the thickness and size of the heat spreader are analyzed. These results are 

displayed in Figure 2-7 and Figure 2-8. Also the impact of the total power on the hot spot 

temperatures for different size 3D chips is shown in Figure 2-8. As it can be seen the 

thermal conductivity of the heat spreader has a significant impact in reducing the hot spot 

temperatures while the size of the heat spreader has a minimal effect. 
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Figure 2-7| Effect of thermal conductivity and thickness of the heat spreader on the hotspot 
temperature 

 

 

Figure 2-8| Effect of area of the heat spreader and total thermal power of the chip on the hotspot 
temperature 
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Figure 2-9| Effect of thermal conductivity and thickness of the heat sink on the hotspot 
temperature 

 

The thickness of the heat spreader is also an important factor for the heat 

dissipation.  As can be seen in Figure 2-1, the heat spreader and heat sink take up a 

substantial portion of the 3D-IC space. The heat spreader thickness affects the 

temperature profile as seen in Figure 2-9. As can be seen a thinner heat spreader resulting 

in a thinner chip structure can have a substantially adverse impact in terms of the hot spot 

temperatures. Three thicknesses of the heat spreader were considered here. These were 2 

mm, 4 mm and 6 mm. The nominal material for the heat spreader is copper. However, in 

Figure 2-9 a range of different material were also chosen to display the impact of 

variations in thermal and geometrical attributes of the heat spreader on the temperature 

signature of the 3 D chip. For the nominal case, the temperature decreases by 12 K when 

the thickness increases from 2 mm to 4 mm and when the thickness increases from 4 mm 
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to 6 mm, the temperature decreases by another 5 K. So when a smaller size chip is 

desired, decreasing the thickness of the heat spreader is not an attractive alternative. The 

impact of the use of different materials for the substrate is shown in Figure 2-10. As it 

can be seen the substrate material has a minimal impact on the hotspot temperature.  

 

 

Figure 2-10| Effect of thermal conductivity and convective heat transfer coefficient of the 
substrate on the hotspot temperature 

 

One interesting aspect, which was found through our analysis, was related to the 

ratio of heat dissipation from the heat sink at the top of the 3D-IC to that of the substrate, 

which is at the bottom. In Figure 2-11, effect of the ratio of the heat sink to substrate 

convective heat transfer coefficient (φ ) and thermal conductivity (ψ ) on heat dissipation within 

the 3D IC chip and the hotspot temperatures is displayed. As can be clearly seen in Figure 
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2-11 substantially more of the generated heat from the CPU’s escapes through the heat 

sink as compared to the substrate.  

 

 

Figure 2-11| Effect of the ratio of the heat sink to substrate convective heat transfer coefficient 
(φ ) and thermal conductivity (ψ ) on heat dissipation within the 3D IC chip and the hotspot 

temperatures 

2.5 Conclusions 

A comprehensive analysis and optimization of the thermophysical and 

geometrical attributes including the die, device layer, substrate, heat sink and heat 

spreader, which are critical structures within a 3D IC, were presented in this study. The 

effect of the power density of the device layer as well as the through silicon vias and 

micro-bumps were considered in this investigation. The geometrical and thermophysical 

parameters that have an insignificant impact on the thermal attributes of the 3D-IC as 
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well as those that have a significant impact were established. It was shown that the die 

and device layer thicknesses, thermal conductivity of the die and the substrate and the 

heat spreader area have an insignificant effect on the thermal signature of the chip. On the 

other hand, the thermal conductivities of the heat spreader and heat sink and the TIM and 

heat spreader thicknesses have a substantial impact on the thermal profile of the 3D-IC.  

The comprehensive analysis of different geometrical and thermophysical attributes will 

provide the required guidelines for the design and optimization of a 3D IC structure in 

order to decrease the cost.   
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Nomenclature 

pc  specific heat at constant pressure [J 1(kg K)−⋅ ] Superscripts 

G  cell geometric factor b bottom surface 
(substrate) 

h  convective heat transfer coefficient [W 2 1(m K)−⋅ ] f Fluid 
H  height [m] e entrance 
k  thermal conductivity [W 1(m K)−⋅ ] ε  effective 
L  length [m] m mean 

cL  characteristic length [m] o outlet 
n  normal coordinate s solid 

N system dimension t top surface 
(heat sink) 

Nu  Nusselt number [ fh H / k⋅ ] w wall 
p  pressure [Pa] 0 initial 

HPe  Péclet Number [ f p,f m fc u H kρ ] Superscripts 
q  heat flux [W 2m− ] * dimensionless 

gq&  volumetric heat generation rate [W 3m− ]   

HRe  Reynolds number [ f m fu Hρ µ ]   
T  temperature [ K ]   
u  x-component of velocity [m 1s− ]   
v  y-component of velocity [m 1s− ]   
w  z-component of velocity [m 1s− ]   
x, y, z Cartesian coordinates   
 

Greek Symbols   
β  thermal conductivity ratio [ 1 2k k ]   
µ  dynamic viscosity [ (N s)⋅ 2m− ]   
Θ  dimensionless temperature [ e f(T T ) (q H k )′′− ]   
ρ  density [kg 3m− ]   

Vδ  volume fraction   
φ  ratio of heat sink to substrate convective heat transfer coefficient [ t bh h ] 
ψ  ratio of heat sink to substrate thermal conductivity [ t bk k ] 
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Chapter 3 

3 Geometric Optimization of a Water-Cooled Microchannel Heat 

Sink for High Heat Flux Electronic Applications 

3.1 Introduction 

Recent advances in artificial intelligence and autonomous driving has led to large 

scale adoption of graphical processing units (GPU) with power densities as high as 300 

Watts. This high rates of heat dissipation necessitates low junction-to-ambient thermal 

resistances (<0.14 C/W) to maintain the junction temperature below the recommended 

limit of 85 C [55], which has great significance to GPU performance, energy efficiency, 

reliability, and total cost of ownership.  

Microchannel heat sink is one of the most feasible and innovative liquid cooling 

methods, which was originally proposed by Tuckerman and Pease [56]. Recent 

microfabrication techniques enable manufacturing microchannel heat sinks with 

extremely large surface-to-volume ratio (~105 m2/m3) and impressive volumetric heat 

transfer coefficients (~ 300 MW/m3.K)[57]. Microchannel heat sinks are typically built 

from materials with high thermal conductivity such as copper or silicon using precision 

machining, skiving or microfabrication techniques [58,59]. Advanced microfabrication 

techniques such deep reactive-ion etching (DRIE) allow creating rectangular 

microchannels using silicon wafers with channel width as small as 10 µm and aspect 
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ratios (height-to-width ratio) as high as 20, constrained by structural and stress limitations 

under elevated pressures [55]. 

Heat transfer characterization of microchannels has an utmost importance to 

establish design frameworks that can be used to optimize the overall design of the heat 

sink by minimizing the overall thermal resistance and pressure drop [58]. Several 

attempts have been made to understand the hydrodynamic and thermal performance of 

microchannels, which found some deviation from macroscale behavior such as lower 

critical Reynolds numbers and inaccuracy of classical correlations for friction and heat 

transfer [57]. However, Steinke et al. [60] and Hetsroni et al. [61] reviewed data from 

various numerical and experimental investigations of microchannels and determined that 

such deviations are mostly correlated to inconsistencies and low tolerance control in 

experimental research and therefore concluded classical theories for macroscale channels 

are still applicable if the fundamental conditions and assumptions are fulfilled. Evidently, 

physical understanding of fluid flow and heat transfer characteristics including 

temperature, velocity, and pressure distribution in microchannels is crucial to achieve 

optimal design of microchannel heat sinks [58]. 

Most of the previous investigations on microchannel heat sinks used arbitrary 

geometries based on fabrication constraints, instead of comprehensive analysis of optimal 

geometric configuration. As such, there is substantial room to improve thermal 

performance of microchannel heat sinks with minor robust modifications in the geometry 

resulting in an optimal design that can be still manufactured using existing fabrication 

techniques [55]. Recent efforts on geometric optimization of rectangular microchannel 
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heat sinks are based on two main approaches: (i) fin efficiency method [62–64], which is 

less accurate due to multiple assumptions such as fixed temperature difference between 

solid and fluid, and insignificant axial conduction (ii) numerical method [65–67], mainly 

based upon simple 2-dimensional models with relatively coarse mesh. 

In this work, a detailed 3-dimensional numerical simulation of the conjugate heat 

transfer problem is developed to evaluate the effect of different geometrical and 

thermophysical attributes of microchannel heat sinks on the overall thermal and 

hydrodynamic performance. This analysis will enable us to come up with the optimal 

structure of microchannel heat sink under the assumption of a constant volumetric flow 

rate. The microchannel heat sink evaluated in this study, shown in Figure 3-1, consist of a 

10 mm×10 mm substrate with microchannels width ( cW ) ranging from 50 to 200 mµ , an 

aspect ratio (α ) in range of 5 to 20, and wall-to-channel ratio ranging from 0.25 to 1.25. 

The effects of the microchannel geometrical parameters including number of 

microchannels, channel width, wall width, base thickness, etc. on junction temperature, 

thermal resistance and pressure drop are first evaluated for a constant water flow rate to 

optimize the microchannel structure. Finally, the effect of flow rate on thermal and 

hydrodynamic performance is evaluated for the optimal structure when exposed to a 

constant heat flux at the bottom surface.  

3.2 Problem Formulation 

Heat transfer in microchannel is conjugate, which entails both conduction in the 

solid base and convection in the fluid. As such, characterizing thermal and fluid flow 
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behavior of a microchannel heat sink requires detailed numerical simulations. In this 

work, the system of 3-dimensional Navier-Stokes equations with continuum flow 

assumption is used as the mathematical framework to describe conservation of mass, 

momentum, and energy in microchannel. The following assumptions are used for 

numerical simulation:  

1. The Navier-Stokes conservation equations are valid at hydraulic diameters greater 

than 10 mµ , since the Knudsen number is within the continuous flow regime 

( 310Kn −< )  

2. All physics including heat transfer and fluid flow are 3-dimensional and steady state 

3. The fluid flow is incompressible and laminar 

4. Thermal radiation is negligible compared to convection 

5. All thermophysical properties including viscosity are temperature dependent 

6. A no-slip zero velocity boundary condition is applied at the microchannel walls  

Considering the above assumptions, the fluid flow and heat transfer in a single 

node is described by the following differential equations: 

Mass conservation: 

 

( ) 0Vρ∇ =
r

 (3-1) 

 

Momentum conservation: 
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( ) ( ). .f fV V p Vρ µ∇ = −∇ + ∇ ∇
r r r

 (3-2) 

 

Energy conservation for fluid: 

 

( ) ( ),. .f p f f f fV c T k Tρ∇ =∇ ∇
r

 (3-3) 

 

Energy conservation for solid: 

 

( ) 0s sk T∇ ∇ =  (3-4) 

 

At the channel inlet, uniform velocity and temperature boundary conditions are used for 

the fluid: 

 

    ,    in inu u T T= =  (3-5) 

 

The bottom surface of the microchannel is exposed to a uniform heat flux: 

 

s
Tk q
z

∂
′′− =

∂
 (3-6) 
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A fully developed boundary condition, i.e. zero normal temperature and velocity 

gradients of fluid, are imposed at the channel outlet: 

 

0    ,     0V T
x x
∂ ∂

= =
∂ ∂

r

 (3-7) 

 

Perfect thermal insulation is imposed on all other walls and no-slip zero velocity 

boundary condition is applied to the inner walls of the channel. Finally, temperature and 

heat flux continuity are used for the conjugate boundary condition at the solid-fluid 

interface: 

 

, ,      ,    fs
s f s f

TTT T k k
n nΓ Γ

Γ Γ

∂∂
= − = −

∂ ∂
 (3-8) 

 

Although the temperature might not reach fully developed condition at the channel outlet, 

the normal temperature gradient is relatively small, which minimizes its impact on 

accuracy of numerical simulation. On the other hand, the flow is always hydrodynamic 

fully developed since the channel length is much greater than the hydrodynamic diameter 

[68]. 
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Figure 3-1| Schematic diagram of the microchannel heat sink 

 

3.3 Numerical Simulation 

A numerical simulation approach to solve conjugate heat transfer problem in 

microchannel is to consider the solid and fluid medium as a single computational domain 

such that the governing equations are discretized and solved at the same time. A single 

microchannel is chosen as the computational domain to save on computational resources 

based on symmetrical geometry. The numerical simulation is implemented in COMSOL 

Multiphysics due to its extensive library of solvers and meshing methods. The thermal 

and hydrodynamic development of the fluid at the channel inlet is discretized with very 
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fine mesh due to large gradients during the formation of boundary layer in this region. 

Mesh independence analysis is also established to ensure sufficient accuracy of numerical 

results. As detailed in Table 3-1, three different meshes are analyzed for the mesh 

sensitivity analysis, where junction temperature, pressure drop across the channel, and 

thermal resistance are evaluated and compared. The analysis shows less than 0.1% 

difference between the results of mesh 2 and 3. Hence, mesh 2 is selected as the optimal 

mesh for further numerical analysis. 

 

Table 3-1| Mesh independence analysis of microchannel heat sink 

Mesh Tj (K) dP (kPa) Rth (K/W) 
Value Difference Value Difference Value Difference 

1 314.51 0.13% 53.257 1.62% 0.08605 1.81% 
2 314.89 0.01% 54.106 0.05% 0.08756 0.09% 
3 314.91 baseline 54.134 baseline 0.08764 baseline 

 

3.4 Microchannel Heat Sink Optimization 

A comprehensive optimization process for thermal and hydrodynamic 

performance of microchannel heat sink is established. A typical copper heat sink with 

dimensions of 1 cm×1 cm exposed to heat flux of " 2  250 q W cm=  at bottom surface is 

used for the analysis. The geometrical structure of this microchannel heat sink can be 

determined based on four dimensionless parameters: (i) number of channels n, (ii) aspect 

ratio c cH Wα = , (iii) wall to channel width ratio w cW Wβ = , and (iv) base thickness to 
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wall width ratio b wt Wγ = . The effect of each of these geometric attributes on thermal 

resistance and pressure drop is evaluated as follows:  

3.4.1 Effect of channel number and wall to channel width ratio 

The width of channel and wall, determined based on the number of channels and 

wall to channel width ratio, have great importance to both thermal and hydrodynamic 

performance. Therefore, the effect of these two parameters are studied first. Assuming an 

aspect ratio of 5α =  and base thickness to wall width ratio of 1γ = , different 

combinations of number of channels ( 25,  50, 75, 100, 125, 150n = ) and wall to channel 

width ratio ( 0.25,  0.5, 0.75, 1, 1.25β = ) are considered and their influence on thermal 

resistance and pressure drop are analyzed. Water enters the channel at volumetric flow 

rate of 0.5 Q LPM=  and temperature of 20 CiT = .  
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Figure 3-2| Effect of number of channels and wall to channel width ratio on thermal resistance for 

the heat sink with aspect ratio α=5 and base thickness to wall width ratio of γ=1 

 

As shown in Figure 3-2, increasing the number of channels n, i.e. reducing 

channel width, generally improves thermal resistance of microchannel heat sink for all 

values of wall to channel width ratio. Thermal resistance reaches a minimum around 150 

channels and start to worsen after this minimum point. However, increasing the number 

of channels leads to higher pressure drop and accordingly greater pumping power to 

supply the same volumetric flow rate, as presented in Figure 3-3. Therefore, there is a 

compromise between thermal resistance and pressure drop when selecting the optimal 

number of channels. In addition, reducing the wall thickness by lowering the wall to 

channel width ratio β  leads to significant improvement in pressure drop with negligible 

impact on thermal resistance. Overall, the optimal structure is selected with 100n =  
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channels and 0.5β = , which corresponds to the channel width of 66.6cw mµ= and wall 

width of 33.3ww mµ= .  

 

 
Figure 3-3| Effect of number of channels and wall to channel width ratio on pressure drop for the 

microchannel heat sink with aspect ratio α=5 and base thickness to wall width ratio of γ=1 

 

3.4.2 Effect of channel aspect ratio 

Aspect ratio of microchannel is another important geometric parameter with 

possible substantial impact on the overall design and performance of heat sink. As such, 

the effect of aspect ratio α, corresponding to height of the channel for a fixed channel 

width cw , is evaluated in this section. Using the optimal structure obtained in previous 

section, i.e. 100n =  channels and 0.5β = , variations of aspect ratio ranging from 2α =  

to 20α =  are simulated and analyzed. As detailed in Figure 3-4, there exists an optimal 
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choice of the aspect ratio ( 8α = ), at which thermal resistance reaches a minimum value, 

while additional increase in aspect ratio will deteriorate the thermal performance. On the 

other hand, pressure drop across the channel drops nonlinearly with an increase in aspect 

ratio, and decays to a constant value after some point ( 20α > ). Hence, aspect ratio of 

8α =  is selected as the optimal value for both thermal and hydrodynamic performance. 

 

 
Figure 3-4| Effect of aspect ratio on thermal resistance and pressure drop for the microchannel 

heat sink with 100n =  channels, 0.5β =  and 1γ =  

 

3.4.3 Effect of base thickness 

The effect of the base thickness of microchannel heat sink is analyzed here, while 

the optimal values obtained in previous sections are used for other geometrical 

parameters.  Figure 3-5 indicates that the thermal resistance varies linearly with base 
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thickness, meaning a thinner heat sink base is more favorable for thermal performance. It 

should be noted that heat transfer through the heat sink base is two-dimensional and most 

of the heat dissipation to the fluid occurs at the channel wall surface and only a small 

portion is rejected from the channel base surface. Therefore, too thin or too thick heat 

sink base can impede the heat transfer from the base to the fin, yielding a larger overall 

thermal resistance. In addition, the base thickness has negligible impact on pressure drop, 

as shown in Figure 3-5, since the hydraulic diameter remains constant. Therefore, a base 

thickness to wall width ratio of 1γ = , corresponding to a base thickness of 33.3 bt mµ=  

is chosen as the optimal value.  

 

 
Figure 3-5| Effect of base thickness on thermal resistance and pressure drop for the microchannel 

heat sink with 100n =  channels, 8α =  and 0.5β =   
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3.4.4 Effect of flow rate 

The optimal structure of the heat sink was found in previous sections, where the 

optimal geometric parameters are 100n = , 8α = , 0.5β = , 1γ = . Using this optimal 

geometrical design, the effect of the volumetric water flow rate on thermal resistance and 

pumping power is studied, as shown in Figure 3-6. It can be seen that thermal resistance 

has inverse nonlinear relationship with flow rate, while pumping power has quadratic 

correlation with flow rate. Considering the compromise between thermal performance 

and pumping power, 1 Q LPM=  is selected as the optimal water flow rate, at which 

thermal resistance is 0.0436 K/W, while only 2.646 watts of power is required to reject 

250 watts of heat dissipated by the GPU. Under this condition, the heat sink junction 

temperature is 303.9 K, which is within 11 degrees of difference from the water inlet 

temperature. 
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Figure 3-6| Effect of volumetric water flow rate on thermal resistance and pumping power of the 

optimal microchannel heat sink structure  

 

3.5 Conclusions 

A general numerical optimization framework is established in this work, where 

the effect of different geometrical attributes on thermal and hydrodynamic performance 

of a microchannel heat sink with 1 1 cm cm×  dimensions is analyzed. Analysis shows a 

microchannel with 100 channels, channel width of Wc=66.6 µm, wall width of Ww=33.3 

µm, channel height of Hc=532.8 µm, and base thickness of tb=33.3 µm has optimal 

thermal resistance and pressure drop characteristics. Finally, analysis of volumetric flow 

rate indicates Q=1 LPM is an optimal value to provide a thermal resistance of 0.0436 

K/W using 2.646 watts of pumping power.  
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Chapter 4 

4 Design Analysis and Performance Evaluation of a Data Center 

with Indirect Evaporative Cooling 

4.1 Introduction 

Thermal management of data centers has a critical importance to ensure 

continuous and reliable operation of electronic components and also to minimize 

operating costs. Data centers are traditionally air cooled by computer room air 

conditioner (CRAC) units based on mechanical vapor compression cycle, which typically 

account for more than 20-50% of the overall electricity use of data centers [69]. With the 

growing energy demand of data centers along with the global shift toward energy 

sustainability, pursuing new cooling methods for improving energy efficiency and 

environmental footprint has critical importance. Recently, air-side economizers, also 

widely known as free cooling systems, have gained attention as the maximum allowable 

temperature has been raised up to 45°C [70]. Such systems, which use the ambient air to 

cool the internal heat loads, are being deployed extensively to improve the Power Usage 

Effectiveness (PUE) of data centers. However, if weather conditions are not favorable, 

ambient air must be conditioned to provide adequate cooling to the servers.  

A promising air conditioning method is evaporative cooling which functions by 

spraying atomized water through an air stream in an evaporative cooling zone [71]. The 
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cooling effect is generated by converting sensible heat to latent heat, where the vapor 

partial pressure and temperature differences are the main driving force for the mass and 

heat transfer between water and air streams. To illustrate, water is evaporated by 

absorbing heat from the air, which consequently enters the air as water vapor and 

transports the heat absorbed during evaporation back to the air in the form of latent heat 

such that the total enthalpy of air remain almost constant [72].  

Evaporative cooling offer several advantages, compared to conventional air 

conditioning systems, including high energy efficiency, low environmental footprint, 

enhanced indoor air quality, and high life-cycle cost effectiveness [73,74]. In a direct 

evaporative cooler, the water film and the primary air stream are in direct contact, which 

leads to an increase in the relative humidity of air. In humid climates, the relative 

humidity of the air stream can be as high as 80%, which is not desirable for direct supply 

to the space due to the increasing risk of damaging vulnerable materials [75,76] and also 

lower cooling effectiveness for applications such as data centers [77]. In addition, direct 

supply of ambient air to the electronic equipment in data centers pose reliability issues in 

regards to particulate contamination [78].  

By using the indirect evaporative cooling (IDEC) technology, air can be cooled 

without being humidified thus allowing hygiene indoor air quality [74]. IDEC comprises 

two air streams, where the air cooled through water evaporation is the secondary stream. 

This air is later used to cool the primary air stream, supplied to the space, via a heat 

exchanger [79]. The drawback of IDEC is its lower efficiency compared to DEC, since it 

requires two fans rather than one [71]. The heat transfer between the primary and 
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secondary air streams can occur in a plate/tubular heat exchanger, or in a heat pipe, where 

the secondary air flow absorbs heat in the condenser and the primary air flow rejects heat 

in the evaporator. The efficiency of the IDEC mainly depends on the heat exchanger 

efficiency, inlet air conditions and the air flow rate ratio of the primary and secondary 

streams. 

Usually in IDEC, the cooling unit is comprised of a heat exchanger with parallel 

plates where the primary air flows horizontally in every other slot, as illustrated in Figure 

4-1. Meanwhile, in the remaining slots, a secondary air flows vertically upward cooling 

down as a consequence of contacting with sprayed water and evaporation. Therefore, the 

primary air stream is not in direct contact of sprayed water and is cooled via the heat 

transport through the evaporation of the sprayed water on the other side of the slot’s wall. 

Thus, although the temperature of the primary air decreases, its absolute humidity does 

not change. One should note that in order to maximize the efficiency, the system must be 

designed in a way that achieve maximum heat and mass transfer rates as well as 

minimum pressure drops in the heat exchanger unit [80]. The major drawback of IDECs 

is its high dependency on ambient air condition. In evaporative cooling technologies, the 

cooling capacity strongly relies on the difference between the dry bulb and wet-bulb of 

the air, which is very small in humid climates. Moreover, any instabilities in the 

temperature and humidity of the ambient air may cause unsteady operation of the IDEC 

systems.  
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Figure 4-1| indirect evaporative cooling system 

 

The performance of indirect evaporative cooling system has been studied 

extensively. Iyengar et al. [78] studied the cooling power consumption and energy 

savings of different data center configurations using high efficiency air cooling systems 

including IDEC. Gebrehiwot et al. [80] performed CFD investigation of an indirect 

evaporative cooling (IDEC) unit for supplying cold air to a modular data center and 

showed the negligible effect of airflow arrangement on the cooling performance. Weerts 

et al. [81] investigated the energy saving potential of air-side economizers and IDECs in 

data center applications. Their results showed that the average cooling power usage is 

reduced significantly by applying an IDEC rather than the conventional CRAH system, 

so the PUE decreases from 2.03 to 1.27. Kim et al. [82] proposed the integration of a hot 

water cooling system with a desiccant-assisted evaporative cooling system for air 

conditioning a data center and showed that the proposed system saves more than 95% of 

the peak power demand and 84% of annual operating energy consumption. Endo et al. 
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[83] combined direct fresh-air cooling with evaporative cooling and circulation of waste 

heat produced by IT equipment to further reduce the energy consumption of a modular 

data center, which exhibited a 20.8% reduction in the total energy use compared to a data 

center with chilled water system. On the deployment side, several IT companies 

including Yahoo!, Microsoft and Facebook have successfully adopted evaporative 

cooling for their data centers and have reported significant improvements in power usage 

effectiveness. The estimated average PUE of these evaporatively cooled data centers 

range from 1.08 to 1.15.  

In this chapter, a design analysis and performance evaluation of a proof-of-

concept data center based on Indirect Evaporative Cooling (IDEC) is presented. The 

details of IT room design as well as HVAC design including equipment selection, cold 

aisle/hot aisle configuration, air ducting, and deployment constraints are discussed. In 

addition, more details about the physical design based on BIN data analysis and CFD 

simulations are unveiled. Finally, the performance of the physical design in terms of 

Power Usage Effectiveness (PUE), Water Usage Effectiveness (WUE), Total Cost of 

Ownership (TCO) and finally recommendations are made on operating conditions for 

optimal performance. 

4.2 Design Analysis 

This work details the design process of a proof-of-concept data center with 

indirect evaporative cooling. As illustrated in Table 4-1, the IT hall contains 10 Beiji 
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racks each populated with 40 1U servers, where each rack has a power capacity of 8.8 

kW. A schematic of the data center room is presented in Figure 4-2. 

 

Table 4-1| DC Room dimensions and thermal load 

Parameter Value 
Area of Room 51.6 m2 

Height of room 4.6 m 
Height of false ceiling 3 m 
Number of racks 10 
Thermal load of each rack 8.8 kW 
Total thermal load 88 kW 

 

IT Room Floor

Rack RackCold aisle Cold aisleHot aisle

 
Figure 4-2| The schematic of a data center room with HACA arrangement 

 

In general, IDEC system can be classified into two different types of metal and 

non-metal based on the heat exchanger material. The metal HX offers higher heat 

exchange effectiveness and lower air volume, leading to higher overall efficiency, 

however, the metal HX can be easily affected by air and water quality, which is hard to 

control at large scales. On the other hand, the non-metal HX can be used at different 

conditions due to higher tolerance to air and water contaminants, although it is not as 
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efficient as the metal HX. Our IDEC design is based on a non-metal heat exchanger due 

to air pollution and water contamination considerations. 

 

4.3 BIN Data Analysis 

The main components of IDEC are process supply air fans, a polymer-tube cross 

flow heat exchanger, a mist delivery system, a dx coil, and scavenger fans. In the first air 

path, air is pulled from the hot aisle of the data center through the supply fan, through the 

heat exchanger, then the dx coil, and finally into the data hall. In the second path, outside 

air is pulled through the opposite side of the heat exchanger where it evaporates the water 

provided by the mist delivery system and out through the scavenger fans. The 

components work in different combinations to create three unique operating modes:  

Mode 1 (Dry operation): the supply fan pushes air through the heat exchanger and the 

scavenger fans modulate the amount of air being pulled through the heat exchanger to 

maintain the required ΔT across the servers.  

Mode 2 (Wet operation): the supply fan pushes air through the heat exchanger and the 

mist delivery system coats the heat exchanger in water and the scavenger fans modulate 

the amount of scavenger air (outside air) being pulled through the heat exchanger to 

maintain the required ΔT across the servers.  

Mode 3 (Supplemental DX cooling): as the outside air conditions become more humid, 

the capacity of the heat exchanger diminishes because the amount of water it can 
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evaporate decreases. In the case where the heat exchanger can no longer provide enough 

sensible cooling, the dx coil is energized. 

Figure 4-5 shows the psychrometric charts for the indirect evaporative cooling 

system in a nominal climate. The chart displays the climatic BIN data classified based on 

the frequency in one year. It can be seen that weather ranges from -15 °C and dry 

conditions to 35 °C and humid conditions. The IDEC system works in one of the three 

operating modes depending on the outside air condition. As illustrated in Figure 4-5, the 

system operates in dry mode if the dry bulb temperature is below 4.4 °C. For dry bulb 

temperatures greater than 4.4 °C and wet bulb temperatures lower than 23.9 °C, the 

system works in the wet mode, where the supply air is cooled through evaporative 

cooling. Finally, for wet bulb temperatures above 23.9 °C, the system needs the 

supplementary direct expansion unit (DX) to provide sufficient cooling for the supply air 

stream. In addition, the chart shows the process of each air stream (scavenging and 

supply) depending on the operating mode. The supply air stream is always cooled from 

the data hall return temperature of 39 °C to supply temperature of 27 °C, which falls in 

the ASHRAE recommended zone. However, the scavenging air stream undergoes 

different processes based on the operating mode of the system.  

 

4.4 Server Reliability Analysis 

To ensure safe and reliable operation of the electronic components, a CFD model 

of an Inspur server (Figure 4-3) is developed in 6Sigma ET tool and validated versus test 
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data at different inlet air conditions. The validation analysis shows great agreement (<5% 

error) between CFD and test data at the operating workload.  

The CFD model is used to analyze the temperature profile of the server under 

maximum workload, i.e. thermal design power (TDP) for each component, to make sure 

all electronic equipment can stay under the maximum allowable temperature. Figure 5 

shows the temperature profile of the server when inlet temperature is 27 °C and the fan 

duty cycle is 50% (i.e. 33 CFM). It can be seen that the DIMMs behind the CPU are the 

most vulnerable components since they are exposed to the hot air stream that has already 

absorbed large amounts of heat from the chipset, PCH and the CPU. 

 

  

Figure 4-3| Inspur server  
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Max HDD: 64.2 C

Max DIMM: 87.4 C

Chipset: 74.5 C

CPU0: 67.7 C CPU1: 63.5 C

 
Figure 4-4| Temperature profile of an Inspur server under TDP conditions (Tair = 27 C, V̇air = 33 

CFM) 

 

The thermal profile of the server is analyzed at different inlet conditions to assess 

the feasibility of elevating the inlet air temperature. As displayed in Figure 4-6a, the CPU 

and chipset stay well under their maximum allowable temperatures; however, the DIMM 

units are over their design limit at 50% fan duty cycle. Similarly, the HDD units are 

within few degrees of their design limit, which is concerning from reliability and 

availability point of view. Hence, similar analysis is established for different fan duty 

cycles to ensure sufficient cooling can be supplied by the fans to keep all electronic 

components under their thermal design limits. Figure 4-6b shows DIMMs and HDDs can 

be sufficiently cooled to stay under the maximum allowable temperature when the fans 

operate at least at 60% duty cycle and the air supply is at 27 °C. Considering a 10 °C 

margin, a minimum of 80% fan duty cycle is required to provide adequate cooling at 
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supply temperature of 27 °C. Therefore, a supply temperature of 27 °C is recommended 

to minimize the risk of overheating the electronics. 
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Figure 4-5| Psychrometric charts of the IDEC system with BIN data and ASHRAE zones in two 
different operating modes (a) wet mode with scavenger fan on (b) wet mode with scavenger fan 

on + supplemental DX cooling 
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Figure 4-6| Hotspot temperatures of an Inspur server under TDP conditions in (a) different inlet 

air temperatures and 50% fan duty cycle (b) different fan duty cycles and 27 °C inlet temperature 

 

4.5 IT Room Thermal Design 

Although sufficient cooling of data centers has great importance to continuous 

and reliable operation of IT equipment, excessive cooling can lead to financial loss and 

waste of resources. Computational Fluid Dynamics (CFD) provides an accurate method 
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of characterizing the thermal performance of a data center. A CFD model of any data 

center configuration including server racks can be established to evaluate the spatial 

distribution of air flow and temperature within the room. The simulation can be used to 

identify local hot spots and other thermal issues in an existing data center, but more 

notably, to evaluate the feasibility and performance of new cooling technologies or new 

data center configurations [84].  

 

 
Figure 4-7| Hot aisle cold aisle (HACA) arrangement in the IT room 

 

For instance, the cold air stream, supplied by an IDEC unit to a data center room, 

must flow through the server racks to provide sufficient cooling. However, there is a 

chance that the air flow and accordingly the cooling rate is inadequate based on the 
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configuration of the IDEC unit or the server racks in the data center. Hence, CFD 

simulations should be used to analyze the temperature and flow fields in a data center 

room in order to evaluate the effectiveness of the cooling system and also improve the 

placement of the server racks [85]. 

In this study, we use 6sigma DCX for establishing the CFD analysis of the data 

center hall configuration. The 6sigma software offers an embedded library of electronic 

equipment, cabinets and cooling system, which allows building 3D IT room geometry, 

cooling, and power design. The CFD model offers detailed evaluation of temperature and 

air flow of an entire data center room. In our model, the room includes a hot aisle cold 

aisle (HACA) arrangement where the cold air is supplied to the cold aisle and then to the 

server inlets. On the back side of the servers, hot air is removed into the hot aisle and 

finally returned to the IDEC unit through air ducts. 
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Case 1 Case 2

Case 3 Case 4

 
Figure 4-8| Four IT room configurations based on HACA arrangement and aisle containment 

 

Four IT room configurations based on hot aisle cold aisle (HACA) arrangement 

and installation of aisle containment are proposed. CFD analysis are established for each 

configuration to analyze thermal and fluid flow characteristics. As illustrated in Figure 

4-8, the hot aisle is located between the two rows in case 1 and 2, whereas the cold aisle 

is at center in case 3 and 4. In addition, a containment at the center aisle separates the hot 

and cold air streams in case 1 and 3. 

Thermal performance of each configuration in terms of maximum rack inlet 

temperature, Return Heat Index (RHI), Return Temperature Index (RTI), and Rack 

Cooling Index (RCI) are evaluated. RHI is a measure of air mixing between hot and cold 

air streams, i.e. a high value of RHI (usually > 96%) indicates a good room design, where 

minimum air mixing occurs. Similarly, RTI measures air recirculation or bypass in the 

data hall, where values greater than 100% indicate recirculation and values less than 

100% show flow bypass. RCI is scale of cooling effectiveness in the data hall, where a 
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high value of RCI shows high compliance with temperature standards for the IT 

equipment. RCIlow and RCIhigh are measures of avoiding under-temperature and over-

temperature, respectively.  

 

Table 4-2| Cooling effectiveness of different IT room configurations at room inlet temperature of 
27 °C and air flow of 14700 CFM 

IT Room Design Max Rack Inlet 
Temperature (C) RHI (%) RTI (%) 

RCI (%) 
Low High 

Case 1 27.1 100 89.3 100 98.8 
Case 2 34.9 72.4 101 100 55.9 
Case 3 27.2 100 89.1 100 98.7 
Case 4 33.4 81.4 101 100 62.3 

 

Table 4-2 compares the thermal performance of different IT room configurations. 

As can be seen, a data hall with aisle containment (case 1 and 3) offers superior thermal 

performance with an ideal RHI (100%), and lower maximum rack inlet temperature and 

higher RCIhigh value compared to the no-containment designs (case 2 and 4). This 

demonstrates the importance of aisle containment in minimizing air mixing between hot 

and cold air streams. However, the RTI values indicates more than 10% of the airflow is 

bypassed in the contained designs, which possibly occurs through the rack openings and 

require further attention to the rack design. Comparing case 1 and 3 shows a small 

improvement can be achieved in thermal design of the IT room by placing the hot aisle at 

the center and cold aisles on the sides. Therefore, case 1 is selected as the optimal room 

configuration for our proof-of-concept data hall. 
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Figure 4-9a displays the effect of supply air condition, i.e. flow rate and 

temperature on the maximum temperature of air at the rack outlet. As can be seen, at low 

air flow rates (i.e. 6,000 CFM) the maximum rack outlet temperature ranges from 60 °C 

to 66 °C depending on the supply air temperature, which indicates high risk of 

overheating considering the thermal resistance between air and electronic equipment. As 

the air flow rate increases, the maximum rack outlet temperature drops substantially; 

however, higher air flow rates require higher energy use by fans that leads to higher PUE 

values. Therefore, an air flow rate in range of 12,000-15,000 CFM should be supplied to 

the data center room via the air ducts to ensure the maximum rack outlet temperatures 

stays below 50 °C, while the fan energy use is minimized. In addition, although lower 

supply air temperature is more favorable from thermal performance viewpoint, it can lead 

to higher PUE and WUE values and accordingly higher TCO. As such, the supply air 

temperature should be determined based on PUE, WUE, or TCO analysis.  

Figure 4-9b presents the effect of supply air condition on the room RTI. As 

illustrated, lower air temperature results in higher RTI values in general. At low air flow 

rates (i.e. 6,000 CFM), the RTI ranges from 0.65 to 0.72 depending on air temperature, 

which is well below the optimum operating conditions. The RTI increases and saturates 

towards 1 at higher air flow rates. It can be seen that with an air flow of 15,000 CFM and 

temperature of 27 C, the RTI can reach values as high as 0.9, which represent a 

sufficiently high cooling effectiveness. 
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Figure 4-9| Cooling effectiveness of the IT room in terms of (a) max rack outlet temperature, and 
(b) Return Temperature Index (RTI) for different supply air flow rates and temperatures 
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4.6 Performance Analysis 

There are three ways to measure data center efficiency. One is power utilization 

effectiveness (PUE) and the other is water utilization effectiveness (WUE) which is 

applicable only to data centers that use water for cooling. Both PUE and WUE can be 

broken down into annualized and peak values. Annualized and peak PUE and WUE are 

calculated using the following equations. 

 

 
(4-1) 

 

(4-2) 

 

(4-3) 

 

(4-4) 

 

Using these formulae, the most efficient data center possible would have a PUE of 

1.0, where all incoming power results in direct IT energy.  Lower PUE values represent 

more efficient data centers whereas higher PUE values indicate less efficient data centers.  

PUE looks at the total data center energy which includes all the energy spent on cooling, 

any miscellaneous electrical loads, and any losses in the power distribution system. The 

annualized PUE is the primary indicator of data center efficiency because it indicates 
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what the expected yearly efficiency of the data center and is based off of typical 

meteorological year (TMY) data. The peak PUE is used primarily for sizing the electrical 

distribution system in the most extreme mechanical operating mode (including failures of 

redundant equipment). To analyze the mechanical cooling system only, PUE and WUE 

can be further broken down into partial power utilization efficiency (PPUE) and PWUE. 

PPUE and PWUE are calculated using the following equations. 

 

 
(4-5) 

 

(4-6) 

 

For the site, annualized PPUE and PWUE values are obtained for the three 

different temperatures studied as shown in Table 4-3. From BIN data, the annualized 

PUE and peak PUE were calculated by including the pump energy of an assumed IT 

room, the upstream UPS cable loss, and the main transformer losses. For the purposes on 

this calculation the envelope load was assumed to be negligible. The results show that as 

the supply air temperature increases both the PUE and the WUE of the data center 

decreases (i.e. the data center is more efficient with higher cold aisle supply air 

temperatures). This is due to the decrease in the amount of mechanical cooling required 

and a decrease in the amount of water required to achieve the target ΔT across the 

servers. The annualized PWUE and annualized WUE are equal in this instance because 
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total annual data center water usage is equal to the total mechanical equipment water 

usage.
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Table 4-3| PUE and WUE values for the IDEC unit 

Supply air 
Temperature 

(°C) 

Annualized 
PPUE 

Annualized 
PUE 

Peak 
PUE 

Annualized 
PWUE 
(L/kWh) 

Annualized 
WUE 
(L/kWh) 

Peak 
WUE 
(L/kWh) 

27 1.065 1.154 1.296 1.131 1.131 2.045 
30 1.061 1.150 1.251 1.125 1.125 2.614 
33 1.060 1.149 1.205 1.119 1.119 1.932 
 

4.7 TCO Analysis 

The Total Cost of Ownership (TCO) analysis is critical for determining the 

optimum data center design and operating conditions from a financial perspective. 

Particularly, TCO analysis assists data center designers with evaluating the potential cost 

benefits of new technologies such as Indirect Evaporative Cooling (IDEC). In this 

section, a TCO analysis of IDEC project is presented to: (i) show the cost savings 

compared to conventional cooling systems (e.g. CRAC + chiller) and (ii) find the 

optimum operating conditions that leads to minimum data center TCO.  

The TCO analysis presented here is based on the model by Cui et al.[86]. This 

model comprises five cost components including infrastructure, server acquisition, 

network, power, and maintenance. The infrastructure cost is the capital cost for land 

acquisition and construction as well as cooling system procurement and depreciation. The 

sever acquisition cost includes the capital cost of IT and hot-spare servers, while the 

network cost covers the capital cost of switches and cables. The power cost is the primary 

operating expense, which accounts for electric power used by the IT components and the 

cooling facility. This cost component has significant importance when deploying new 
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cooling technologies, such as IDEC, since energy use for cooling is directly impacted by 

the efficiency and power usage effectiveness (PUE) of the data center. The maintenance 

cost reflects the cost of cold-spare servers, components replacement and repair, and other 

labor expenses. 

As some cooling technologies, such as IDEC, use water for cooling air, the cost of 

water consumption must be considered in the TCO analysis. The cost of water is 

calculated using the following equation: 

 

 
(4-7) 

 

where WUE is the Water Usage Effectiveness of the data center,  is 

the IT power consumption, and  is the cost of each  of water from utility. The 

TCO of a data center is then represented by summation of these six cost sub-components: 

 

 
(4-8) 

 

where each cost component is described in detail in  ]86[ . Obviously, the capital cost and 

depreciation of new technologies has a strong effect on the infrastructure cost; for 

instance, IDEC provides cooling without the need for a chiller, which can lead to 

significant infrastructure cost savings. In addition, the PUE of data center, which has a 
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strong dependence on the design and operating conditions of the cooling system, can 

have a large impact on the power costs. Therefore, in comparing the TCO of our IDEC 

data center with a chilled water-cooled data center, the main varying parameters are 

capital cost and depreciation of the cooling system, PUE, and WUE. 

 

Chilled    Water    System IDEC

Total    Cost    of    Ownership    per    month
Infrastructure Server
Network Power
Water Maintenance

-9%

 

Figure 4-10| The monthly TCO of 88kW POC data center based on different cooling scenarios 

 

Figure 4-10 shows the results of our TCO analysis based on different cooling 

scenarios. The first scenario, i.e. chilled water system, acts as a baseline for the TCO 

analysis in order to evaluate the cost benefits of indirect evaporative cooling (IDEC) 

compared to conventional cooling systems. As can be seen, the server acquisition cost is 

the major cost sub-component, representing more than 50% of the TCO for each scenario 
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and the infrastructure and power cost sub-components account for 21.8% and 13% of the 

monthly TCO, respectively. Using IDEC for cooling the data center, the infrastructure 

cost drops by 30.4% due to lower acquisition cost of IDEC compared to chilled water 

system. In addition, higher efficiency of IDEC (i.e. lower PUE) results in lower 

electricity use for cooling, which translates into 17.7% saving on power costs per month 

on average. It should be also noted that variation in air supply temperature has a 

negligible impact on the PUE and accordingly on TCO of the data center. Overall, our 

analysis shows 9% drop in TCO can be achieved by deploying indirect evaporative 

cooling (IDEC) instead of chilled water system for cooling.  

4.8 Summary and Conclusions 

In this paper, a detailed description of an 88kW data center design with 

evaporative cooling is presented. The physical design based on BIN data analysis and 

CFD analysis are presented and discussed. According to CFD simulations, an air flow in 

range of 12,000-15,000 CFM must be supplied to the cold aisles to ensure high cooling 

effectiveness and low risk of overheating. Based on TCO analysis, 9% savings can be 

achieved by using IDEC instead of chilled water system. In addition, TCO analysis 

shows negligible impact of air supply temperature. Therefore, air should be provided to 

the cold aisle at 27 °C to improve cooling performance. Finally, ROI sensitivity analysis 

is established to evaluate the reliance of financial measures on power usage effectiveness 

of the IDEC unit.   
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