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SUMMARY

The technological advances, encouraging government policies, as well as the global

trend towards electri�cation are driving a revolutionary expansion in the electric vehicles'

market. Power electronics/devices are a key building block of the traction power inverter

systems. The adoption rate of SiC power electronics is increasing due to its superior per-

formance over Si devices, since they have higher ef�ciency, can handle higher power, with-

stand higher operating temperatures, and are more compact. However, the thermal manage-

ment of these high-power density devices is challenging, especially with the trend towards

more compact systems. In this work, the limits of single-phase cooling techniques are ex-

plored for an automotive SiC power module package. Reliability and manufacturability

considerations of automotive applications are simultaneously considered. Jet Impingement

on textured surfaces that are attached to or manufactured as an integrated part of direct

bonded copper (DBC) substrate is numerically investigated for water-ethylene glycol mix-

tures. Pin-�n covered surfaces show better thermal performance compared to folded �ns.

An elliptic pin-�n heat sink is chosen and optimized for the jet impingement �ow con-

�guration. Selected optimal design candidates are experimentally tested to validate the

numerical simulations.
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CHAPTER 1

INTRODUCTION

1.1 Power electronics in electric vehicles (EV) inverters

1.1.1 TheEV nascentmarketis witnessingunprecedentedgrowth

The technological advances, the worldwide encouraging government policies, the green

house gases GHG emissions, the fear of peak oil, the direction towards sustainability, as

well as the global trend towards electri�cation are driving a revolutionary expansion in the

electric vehicles' (EV) market. This is evident from the sales of electric cars going over 2.1

million in 2019 - registering a 40% year-on-year expansion according to the International

Energy Agency (IEA) global EV outlook 2020 [1]. Despite the Covid-19 pandemic, electric

cars sales broke the record with 3 million cars sold in 2020 defying all the expectations for

a recovering economy [2]. In the past decades, the number of electric vehicles on the road

rose from 17,000 cars in 2010 to over 10 million today re�ecting the increasing adoption

of EVs. However, this is still about 1 % of the global car stock with great room for growth.

China, Europe, Japan, and the United States are the major markets for electric cars. On the

other hand, the adoption of EVs in developing countries is not yet feasible because of their

high prices according to Rajper et al.[3].

Transportation sector is responsible for 25 % of direct carbon dioxide (CO2) emissions

[4]. Hence, the electri�cation of transportation along with investing in renewable energy

resources can play a key role in the global warming combat and green recovery. Gov-

ernmental policies are sending strong signals to both consumers and car manufacturers and

steering the buyer's decision towards electric cars. Examples of theses policies are the zero-

emission mandate in the United States, European Union (EU)CO2 emissions regulations,

and New Energy Vehicle in China. These policies are proceeding in parallel with some
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countries in Europe like Norway, Denmark, France, and Germany targeting 100 % sales

of zero-emission vehicles (ZEV) by 2025, 2035, 2040 and 2050 and in Asia Japan aiming

at 100 % sales of EV by 2050. Some cities are considering banning internal combustion

engine (ICE) cars and creating zero-emission zones. The highest EV adoption barrier is

the high cost compared to conventional vehicles. Technology learning, government subsi-

dies, and tax reduction policies based on environmental impact make EVs more affordable

and attractive. Increasing adoption of EVs will bene�t from the economies of scale that

will drive the EV cost down as EV production increases. Technological advances in battery

manufacturing reduced its cost by 85% since 2010 and increased its capacity. That, along

with the advancement in fast charging technology, addresses the consumer's range anxiety.

Installing publicly accessible charging units on cities and highways, private charging units

in residences, and enterprise-based charging stations is essential for EV adoption [1]. A

technical report by the National Renewable Energy Laboratory (NREL) published in Jan.

2021 discusses the potential impact of different electri�cation scenarios on the generation

and transmission infrastructure in the U.S., and how it will affect the demand sector and

the supply systems [5].

1.1.2 Invertersandpowerelectronicstargets

According to the Electrical and Electronics Technical Team (EETT) Roadmap, published

by the Department of Energy (DOE) Vehicle Technologies Of�ce (VTO) in 2017, the two

major obstacles to achieving mass-market adoption for EVs are the cost and the size of

both the electric traction drive systems (ETDS) and the energy storage [6]. An inverter is

an essential component of EVs' ETDS as shown in Figure 1. It converts the direct current

(DC) from the battery to an alternating current (AC) that is supplied to the electric traction

motor. The inverter switches regulate the motors speed and torque by chopping the battery

DC voltage to the required AC voltage according to a pulse width modulation signal.

The inverter components and its thermal management are a big hurdle to achieving
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Figure 1 – Illustration of the power transfer from the grid to the electric motor, the ETDS
is the blue boxes [6].

DOE 2025 roadmap targets for a 6$/kW cost and 33 kW/L power density ETDS. To meet

these targets, one liter inverter should be developed to handle a 100 KW peak power. That

requires over 80% volume reduction compared to existing inverters. The power density and

cost targets for the high voltage power electronics are 100kW/L and $2.7/kW, respectively.

Figure 2 shows the structure of the power inverter module (PIM) for the second-generation

Chevrolet Volt extended-range electric vehicle (EREV) [7]. All the power from the battery

to the motor passes through the inverter's power module. Although inverters typically have

high ef�ciency, the power loss, in the form of heat, is still high enough to generate high heat

�uxes on the power devices due to their small footprint area. An effective thermal man-

agement solution is essential for the power board to function ef�ciently. The Volt power

board has 12 switches (Silicon Insulated Gate Bipolar Transistor (IGBT) and diode) con-

nected to both sides of a double-sided printed board which consists its two main inverters.

With this inverter design, they achieved 18 kW/L inverter power density in 2015 which is

considerably lower than the DOE 2025 targets.

Several efforts have been made to achieve the 2025 targets. One approach is to reduce

the size of the DC link capacitor. The capacitor is a vital component of any inverter that can
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Figure 2 – Illustration of the inverter module of the second-generation Chevrolet Volt. (a)
the inverter components (b) the power board [7].

be both bulky and costly. Two approaches to reducing the DC bus capacitor by changing the

inverter's architecture and by increasing the DC bus voltage to 800V have been described

in the 2019 DOE VTO Electri�cation annual progress report [8]. The power modules and

their thermal management solution take up a signi�cant portion of the inverter's size. Thus,

a reduction in their size and cost will accelerate reaching the targets. Replacing the Si-

based devices with the wide-bandgap (WBG) devices is a promising technology to enable

building a cheaper, more compact inverter that has a higher power density.
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1.1.3 TransitiontoWBGdevicesaswayof achievingDOE2025targetsfor powerelectronics

WBG semiconductors are the materials that have a relatively wider bandgap, also called the

energy gap, where no electronic state can exist. A bandgap refers to the energy difference

required to free a valence electron bound to an atom to be a conduction electron. Thus,

a wide bandgap is associated with having a high breakdown voltage that allows handling

high power levels [9]. The proprieties of WBG materials like silicon carbide (SiC) and

gallium nitride (GaN) compared to the conventional Si devices are shown in Figure 3.

Figure 3 – WBG superior properties compared to Silicon [9].

Because of their superior characteristics, WBG devices have initiated a revolution in the

power electronics industry. Since the �rst SiC power transistor was released in the market

in 2010, the adoption of SiC devices is rising [10]. Figure 4 shows the transition stages from

the Si to the SiC-based power electronics. The SiC devices have higher ef�ciencies due to

the low switching and conduction losses. The low switching losses are due to the short

switching transition which signi�cantly reduces the energy loss during switching events

[11]. That translates to a reduced battery capacity for the same range or extended ranges

for an EV. Shepard et al. reviewed the impact of WBG devices on the miniaturization of

power electronics systems [12]. The nature of the WBG materials allows a reduction in the

device size for a given blocking voltage. Faster switching gives the possibility for using
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smaller passives .WBG devices require closer coupling of the passives' components which

further drives the miniaturization. Therefore, although SiC MOSFETs are more expensive

compared to Si devices, the savings on the system level when using SiC devices are more.

Figure 4 – Transition from Si to SiC-based devices [10].

We are at the point to summarize how the properties of the WBG devices and their

impact on packaging miniaturization affect the thermal management solution. First, the

pros are their ability to reliably operate at elevated temperatures and their higher thermal

conductivity compared to Si gives more tolerance to a less aggressive heat sink. On the

other hand, the availability of high temperature-rated passives that can stably function near

the high-temperature WBG devices puts a limitation on the packaging. Although WBG

devices are rated at a high temperature, it's desirable to work at lower temperatures than

their rated temperatures to increase their lifetime, prevent high temperature gradient in the

power module layers, and eliminate the need for high temperature bonding materials [8, 9,

12]. Another challenge is that the increased power density, as the device size goes down

and the power it handles goes up, requires aggressive cooling to deal with the signi�cantly

high heat �uxes.

1.2 Thermal management methods of power electronics

1.2.1 Benchmarkingof EVspowerelectronicscoolingsystems

Moreno et al. [13] characterized and compared the thermal management systems of the

2014 Honda Accord HEV against the 2012 Nissan LEAF. The characterization was done
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at NREL. Figure 5 shows the cold plate thermal solution and the power module package

schematic for both vehicles. They found that the Accord power module package has a

steady-state junction-to-�uid thermal resistance that is 44% lower than the 2012 Nissan

Leaf power module thermal resistance. The reduction in the thermal resistance is attributed

to the removal of the thermal interface material (TIM) in the Accord which accounts for

about 60% of the Leaf total thermal resistance.

(a) The cold plate and the power module package layers of the 2012 Nissan LEAF

(b) The cold plate and the power module package layers of the 2014 Honda Accord

Figure 5 – The cold plate images and power module package schematics of the 2012
Nissan LEAF (a), and the 2014 Honda Accord (b) [13].

The second-generation Chevrolet VOLT utilized a dual-side-channel cooling approach

[14] similar to the double-side pin-�ns cold plate in the 2017 Cadillac CT6 Plug-in hy-

brid electric vehicle (PHEV) [15]. Figure 6 shows the cold plate solution and the power

module package schematic for both cars. A comprehensive review of electric-drive vehicle

power electronics thermal management systems for the EVs produced in the last 15 years

is provided by Moreno et al. [16].
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(a) VOLT power module package [14]. (b) Cadillac CT6 power module package [15].

Figure 6 – The power module package and heat sink of the 2016 Chevrolet VOLT (a), and
2017 Cadillac CT6 BHEV (b).

1.2.2 Reviewof jet impingementcooling

Jet impingement cooling is one of the widely used cooling techniques especially in in-

dustries that requires high heat dissipation rates such as gas turbine cooling [17], rocket

launchers, and power electronics cooling [18]. A classic paper by Webb et al. [19] sum-

marizes the analytical and experimental work on single-phase liquid jet impingement heat

transfer for single jets and multiple array jets to 1995. A recently published paper by Mu-

dawar et al. [20] provides a comprehensive review of the critical heat �ux (CHF) in jet

impingement boiling for various �uids, �ow con�gurations, and operating conditions.

1.2.3 Jetimpingementonenhancedsurfaces

Jet impingement on pin �n heat sinks was found to enhance the thermal heat transfer coef-

�cient (HTC) by a factor that ranges between 3 and 10 compared to jet impingement on a

bare surface [21]. Moreno et al. experimentally studied jet impingement heat transfer on

micro-structured surfaces for a range of Reynolds numbers (Re) from 3,300 to 18,500 and

found that the microporous coating and micro-pinned surfaces produced a 130% and 100%

enhancement in the HTC, respectively, compared to the smooth surface [22]. Wang et al.

studied multiple outlet arrangements of air jets on pin �ns and found that two way-outlet
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openings offered both reduced pressure drop, and enhanced HTC compared to a one-way

opening. They also found that the nonuniformity of Nusselt number distribution decreases

below 8% when employing pin-�n heat sinks, compared to 18.5% nonuniformity in the

case of jet directly impinging on a plain surface [23]. Although cooling of EV inverters is

typically through a cold plate which incorporates channel �ow con�guration, as shown in

the bench-marked EV, there are several efforts, in literature, to use jet impingement for au-

tomotive power electronics cooling system. Mouawad et al. designed a SiC power module

package with deionized water jets directly impinging on the back of the direct bonded Alu-

minum (DBA) substrate [24]. A similar approach is discussed by Narumanchi et al. [25]

using water-ethylene glycol jets impinging on a copper or aluminum base-plate attached to

the DBC/DBA substrate. Zhou et al. suggested a novel design that combines slot jets of

WEG with a 209 micron-wide channel cold plate. Their heat sink design achieved a heat

transfer coef�cient of 34,000W=m2:K and managed to dissipate a 200W=cm2 heat �ux

calculated based on the footprint area of the power module and at a �uid inlet temperature

of 105� C [26].

1.3 Description of the current SiC inverter power module and the industrial relia-

bility restrictions on the cooling solutions

1.3.1 CurrentSiC powermodule

Figure 7 shows a cross-section of the current SiC package. The half bridge power module

consists of 6 SiC MOSFETs, each with a surface area of 4.46 mm x 5.38 mm. To reduce

the cost of the power module, only 3 SiC MOSFETs were used per switch [27]. This

means more current passing through each device, thus more heat loss per device which

puts more pressure on the thermal management solution. Each die is attached to the direct

bonded copper (DBC) substrate using Nano-silver (Ag) paste through a sintering process

[28]. Unlike traditional die-attach materials, such as Pb-based and Sn-based solders, Nano-

Ag paste has a good bonding reliability at high temperature and high thermal conductivity
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making it excellent for the high operating temperatures of the SiC devices [29]. The DBC

substrate uses silicon nitride (Si3N4) ceramic layer which has a relatively high thermal

conductivity compared to other ceramics. The SiC devices are attached to the copper on

Figure 7 – Schematic of the SiC package cross-section

one side of the DBC while the copper layer on the other side, shown in Figure 8a works

as a heat spreader to which the thermal management solution is applied/attached. Since

the SiC devices have a small footprint area of 24mm2, they generate extremely high heat

�uxes which make their thermal management dif�cult. For example, a device heat loss of

136 W generates a 700W=cm2 device-level heat �ux. However, what makes their thermal

management slightly easier is their ability to withstand temperatures higher than 175� C.

Figure 8b shows the SiC devices attached to a simpli�ed DBC substrate.

1.3.2 Automotiveindustryreliability andmanufacturabilityconsiderations

The DOE VTO 2025 roadmap provides guidelines for WBG advanced integrated power

module cooling system requirements [6]. These guidelines put limitation on the cooling

system design. The �rst limitation is that the maximum cooling system �ow rate is 10

L/min for the inverter. The maximum particle size allowed in the cooling liquid is 1 mm and

thus any heat sink design must have a channel dimension of at least 1 mm to prevent clog-

ging. WEG is commonly used in automotive cooling loops. The 2004 Prius, 2007 Camry,
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(a) Bottom view of the
power module

(b) The SiC devices attached to the DBC substrate

Figure 8 – Shows the SiC devices attached to the DBC from one side, while the other
copper side of the DBC is used as heat spreader

2008 Lexus LS, and 2010 Prius are all using WEG for cooling their inverter/converter

power electronics [30]. Thus, WEG was selected to be the cooling �uid. To prevent cool-

ing system erosion, it is recommended for water �owing in copper pipes to have a velocity

lower than 2.4 m/s [31]. So, the maximum jet inlet velocity is limited to 2 m/s for our

cooling system design. The cost and ease of manufacturability were also considered.

In this thesis, single-phase jet impingement on different surface enhancements is stud-

ied and a thermal solution for a typical SiC package that can remove a heat �ux of 750

W=cm2, while complying to the industry considerations, is developed. In chapter two, a

heat conduction �nite element analysis (FEA) is conducted to determine a target heat trans-
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fer coef�cient for the heat sink and the maximum heat �ux that can be thermally managed

for the current package. Chapter three studies single-phase jet impingement on pin �ns

and folded �ns and compares the thermal and hydraulic performances. In chapter four, the

selected elliptic pin-�n heat sink is optimized and three candidates are selected for experi-

mental validation. Chapter �ve covers the experiments conducted on the unit cell level. In

chapter six, the power module-level heat sink is developed based on the unit cell design.

The simulation results for the package with the thermal solution are compared against the

expected performance from the unit cell experiments/simulations.
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CHAPTER 2

HEAT CONDUCTION FINITE ELEMENT ANALYSIS (FEA) OF THE CURRENT

SIC POWER MODULE

2.1 The purpose of the heat conduction FEA thermal modeling

The main goals of conducting the heat conduction FEA analysis are:

1- Identify the target HTC that can cool the SiC devices while keeping their junction tem-

perature below 150� C for durable and reliable operation. The junction temperature de-

pends on the amount of heat loss by the devices. Thus, it is also of interest to identify the

maximum heat loss per device that can be thermally managed using single-phase thermal

solutions.

2- Our package is not designed to be cooled on both sides as the encapsulation thermal

conductivity is low and works as thermal insulation. However, it's of interest, especially at

extremely high heat �uxes, to see if there's any value gained from cooling the plastic side

and quantifying the bene�t, as shown in Figure 9.

3- Understanding the highest thermal resistance in the heat path in the package, and inves-

tigating ways to enhance future package designs.

Figure 9 – The heat conduction FEA analysis goal is to estimate a target HTC1 and if
there's a value in cooling the plastic side.

4- To understand how the overall speci�c thermal resistance changes with the heat trans-
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fer coef�cient and compare the current package's speci�c thermal resistance against that of

the power module packages of bench-marked EVs.

2.2 Study methodology, model and boundary conditions

Figure 10 shows the three different cases that are studied. The �rst case only cools one side

of the power module, the copper spreader layer of the DBC substrate, while the encapsu-

lation side is insulated. The heat transfer coef�cient (HTC1) was uniformly applied and

changed from 1000W=m2K to 100,000W=m2K via 1000W=m2K increments, while the

encapsulation walls and the metal leads outer surfaces are assumed insulated. In the second

case, heat transfer coef�cients (HTC1 and HTC2), are swept over the same range as in case

1, but with different increments. HTC1 and HTC2 are equally applied on both package

sides to investigate how much heat will �ow through each side. For the third case, the

heat transfer coef�cient on the copper heat spreader (HTC1) was �xed at different values to

study the effect of increasing the heat transfer coef�cient on the encapsulation (HTC2) on

the thermal resistance. The convective boundary conditions are applied according to each

case with the ambient temperature set at 65� C.

Figure 10– The boundary conditions for the three studied heat conduction analysis cases.

The following three-dimensional steady-state heat conduction equation is solved for the

package layers using the ANSYS 2019/R3 steady-state thermal tool.

@
@xi

(K s
@Ts
@xi

) = 0 (2.1)

where the subscript s stands for solid,K s is the solid layer thermal conductivity, T is the

temperature, andx i is the coordinate system where i can take the values 1,2, or 3. The
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thermophysical properties of the package layers are listed in Table 1.

Table 1– Thermophysical properties of the SiC package layers

Material
Density
[Kg=m3]

Thermal conductivity
[W/mK]

Speci�c heat
[J/KgK]

DBC copper 8900 383.5 [32] 390
DBC ceramic (Si3N4) 3200 57.9 [33] 840
Encapsulation 1680 0.25 [34] 1000
Nano Ag paste 3200 250 [29] 470
MOSFET SiC 2340 Temp. dependent [35] 840

The heat loss from each MOSFET is applied as a uniform heat �ux on the devices'

source side. Table 2 shows the studied heat �uxes and their corresponding heat loss per

MOSFET.

Table 2– Heat losses from the SiC MOSFET devices

Heat Loss [W] Heat �ux [W=cm2]
356 1483
168 700
137 570
120 500

2.3 Mesh independence analysis

The mesh independence study's main objective is to obtain fairly accurate results using the

least computational resources. The analysis was performed for case 1 (refer to Figure 10)

using the maximum studied heat �ux (1483W=cm2) and copper side heat transfer coef-

�cient of (HTC1) of 10,000W=m2K . Figure 11a shows the points where the MOSFETs

junction temperatures are monitored. Figure 11b shows that when comparing the coarsest

mesh of only 12,000 elements to the most re�ned 6.6 million elements mesh, the 12,000

mesh results are 2.7% lower monitored temperatures.

When comparing the 250,000 elements mesh against the �nest mesh, the difference

between the results is only 0.05%. Thus, all the cases were computed at the 250,000 el-

ements mesh. The heat balance was also monitored to ensure that energy conservation is

15



satis�ed. It's concluded that the heat conduction FEA results for the considered package

are not strongly dependent on the element count as the results didn't change much over a

wide range of mesh element count.

(a) Monitored temperatures (b) Monitored temperatures versus mesh count

Figure 11– FEA mesh sensitivity analysis

2.4 Results of the FEA analysis

The results are evaluated through the global junction to �uid speci�c thermal resistance

(R"
th;j � f ) and the device junction to �uid speci�c thermal resistance (R"

M th;j � f
) de�ned by

the following equations:

R"
th;j � f =

As;All (TG;M max � Tf;i )
HeatAll

(2.2)

R"
M th;j � f

=
As;M (Tj;M max � Tf;i )

HeatM
(2.3)

Where

The subscripts M & All refer to MOSFET and all MOSFETs, respectively.

As is the surface area.
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TG;M max is the global maximum junction temperature of all the devices.

Tj;M max is the maximum junction temperature of the device.

Tf;i is the �uid inlet temperature.

Now, let's answer the �rst question: Is there any bene�t to cool the package's encap-

sulation side, and how much? Figure 12a compares case 1, only the copper side is cooled,

and case 2, where both sides are equally cooled. Results show that the effect of cooling

the encapsulation side on the global junction to �uid speci�c thermal resistance is insignif-

icant compared to only cooling the copper side, as expected. Figure 12b shows the results

for case 3, which clearly illustrates the independence of the global speci�c thermal re-

sistance with respect to cooling the plastic side. Figure 12c shows that most of the heat

�ows through the copper side as it offers the path with the least thermal resistance. At a

very low convection heat transfer coef�cient, about 1,000W=m2K , 12% of the heat �ows

through the encapsulation side. This percentage rapidly decays and approaches zero at high

heat transfer coef�cients. This evaluation was done at the highest heat �ux, 1483W=cm2.

However, the speci�c thermal resistance is independent of the heat �ux apart from the mi-

nor effect of the temperature dependence of the thermal conductivity of SiC. Thus, results

show that there's no bene�t to cooling the encapsulation side of the module.

2.4.1 Whatis agoodtargetfor HTC1?

For case 1, that the global speci�c thermal resistance (R"
th;j � f ) rapidly decreases with in-

creasing heat transfer coef�cient (HTC1) until it starts to decreases by only 1% at an HTC1

of 35,000W=m2K , as shown in Figure 13. The percentage change in the global speci�c

thermal resistance is calculated by the following equation:

� R"
th;j � f % ==

R"
th;j � f @Next � HT C � R"

th;j � f @P rev � HT C

R"
th;j � f @P rev � HT C

100% (2.4)
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(a)

(b)

(c)

Figure 12– Comparison between single versus double-sided cooling. (a) the global
speci�c thermal resistance is nearly the same in both cases 1 and 2, (b) Cooling both sides
(case 3) results, (c) Showing that most of the heat goes through the package's copper side.
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A target HTC of 35,000W=m2k was chosen for the following reasons. First, at 35,000

W=m2k the conduction resistance is dominant, with the convection resistance consisting

only 25% of the total resistance. That is why the increase in the heat transfer coef�cient

reduces (R"
th;j � f ) by only around 1% for each 1,000W=m2k increase in HTC after 35,000

W=m2k. Achieving HTC higher than 35,000W=m2k has been reported when designing

heat sinks with micro-scale features. Thus, it seems a reasonable target for our heat sink

considering the heat sink dimension limitations.

Figure 13– Illustrates the change in the global speci�c thermal resistance with HTC1

2.4.2 Whatis themaximumheatlossthatcanbethermallyhandled?

SiC devices can operate at temperatures higher than 175� C. However, operating at lower

than this rated temperature is desired since the devices will be more durable and reliable.

The fact that they can tolerate higher temperatures doesn't make the thermal solution any

easier as designers try to reduce the number of expensive SiC devices and operate them

at higher powers. This combined with their small footprint area, creates high heat �uxes

,as discussed earlier. Figure 14 shows the global (for all six devices) maximum junction

temperature against HTC1 for different heat �uxes. Results show that the junction tempera-
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tures remain above 175� C at a heat �ux of 1483W=cm2, even at a heat transfer coef�cient

of 100,000W=m2K . The analysis shows that it's not possible to operate below 175� C

using the current package design.

Figure 14– Illustrates the global maximum junction temperature for different heat �uxes
at different HTC

Table 3 shows the HTCs required to operate below 175� C for various heat �ux values.

With a heat sink that achieves our 35,000W=m2K target, we can deal a with a device

heat �ux of 570W=cm2 with the operating temperature< 150� C. If we raise the bar for

the operating temperature to be< 175� C, we can deal with 750W=cm2. A 750 W=cm2

heat �ux is generated by 179 W heat loss per device. An inverter consists of three power

modules. Each module contains six devices. Thus, the total heat loss by the inverter, in this

case, is 3,239 W.

2.4.3 HeatMapandpaththermalresistance

The results for a device level heat �ux of 570W=cm2 and a uniform HTC1 of 35,000

W=m2K will be discussed. Figure 15 shows the temperature contours for the SiC devices.

The middle devices have the highest maximum junction temperatures that are about 6� C
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Table 3– Shows the required HTCs to deal with the corresponding heat losses

Heat �ux [W=cm2]
Heat Loss [W] HTC [W=m2K ] to operate devices

Device Inverter � 150� C � 175� C
1483 356 6,408 - -
750 179 3,239 85,000 35,000
700 168 3,024 60,000 28,000
570 136 2,461 35,000 19,000
500 120 2,160 25,000 14,000

higher temperature than neighbouring devices. Enhancing temperature uniformity can be

done through having jets directly impinging on the devices and/or performing a multi-

physics optimization for the package dimensions such as the spacing between the devices.

Figure 15– Illustration of the temperature contours of the devices.

Figure 16 shows the temperature path through all the package layers passing through

the SiC device center on the bottom left corner. Results show that most of the heat is

dissipated from the DBC side of the module. It's noticed that the temperature gradient on

the active copper layer is steeper than the copper spreader. The reason for that is the cross-

sectional area in the copper spreader is larger. The highest thermal resistance is the ceramic

layer, with a temperature drop of 18� C over the 0.32 mm thick layer. The ceramic thermal
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resistance can be reduced if theSi3N4 ceramic tile was replaced by AlN, which has 2.3X

better thermal conductivity but 1.6X times more expensive [33].

Figure 16– Illustrates the temperature gradient along the heat path through the package
layers.

2.5 Conclusion of the heat conduction analysis

For the current package, a heat transfer coef�cient of 35,000W=m2K applied uniformly

to the copper spreader of the DBC is a good target considering that the heat sink must

be designed in the mm scale and using single-phase cooling. A heat sink, that achieves

the target, can manage a device heat loss of 136 W (2,465 W per inverter) which is 570

W=cm2 device level heat �ux with all the devices working at a junction temperature lower

than 150� C. This HTC can remove 179 W of heat dissipation per device and maintain

junction temperatures below 175� C. An improvement to the package design is required to
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dissipate higher heat �uxes. For example, the DBC can utilize a ceramic layer with a better

thermal conductivity or the package design can be modi�ed to incorporate double sided

cooling. Multi-physics optimization of the package dimensions can be done to enhance the

heat spreading and temperature uniformity and reduce the thermal stresses.

Figure 17 plots the speci�c junction to �uid thermal resistance versus HTC for the

bench-marked EVs and HEVs and the current package. The data for the 2012 Nissan Leaf

and the 2014 Honda Accord are extracted from [13], while the data for the 2015 BMW

i3 are extracted from [16]. The main reason that the current package has a better thermal

performance than these three bench-marked EVs is removing the base plate and directly

cooling the DBC layer. In addition to that, using silver sintering die-attach reduces the

conduction resistance. Thus, we decided to apply the thermal solution to the DBC layer

directly.

Figure 17– Comparison of the speci�c thermal resistance of the current package against
the benchmarked EVs and HEVs packages.
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CHAPTER 3

CFD/HT SIMULATIONS OF JET IMPINGEMENT ON SURFACES WITH

DIFFERENT SURFACE ENHANCEMENTS

Iwasaki et al. [36] compared the cooling performance of channel versus impinging �ow

con�gurations on plate �ns and showed that the jet impingement con�guration performed

much better, as shown in Figure 18. Another advantage of using jet impingement centered

on the heat sources (devices) is that we utilize the high local heat transfer coef�cient of

the stagnation zone where it is needed the most. In this chapter, the jet impingement on

different surface enhancements is investigated as a cooling strategy to achieve the 35,000

W=m2K HTC.

Figure 18– Thermal performance of duct �ow versus jet impingement [36]

3.1 Jet impingement on a plain surface

Jet impingement on a plain surface works as a baseline to quantify the improvement in

the thermal performance using enhanced surfaces. First, The �uid delivery is discussed.
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The �ow rate, the jet geometry, and the �ow con�guration determine how the unit cell is

selected. Then the thermal performance is evaluated and validated at different jet velocities.

3.1.1 Fluid delivery

The �uid delivery design is critical to and used to estimate jet velocities. The focus, at this

point, is the �uid delivery concept. Thus, the details necessary to ensure �ow uniformity

and sealing mechanism are not considered. The initial concept is that a manifold is attached

to the copper spreader layer of the DBC substrate, as shown in Figure 19. The manifold

Figure 19– Fluid delivery concept

has two inlet slots centered on the devices to generate the jets. The �ow goes out through

two side slots and one centered slot as shown in Figure 20b . The inlet slots are marked

in blue, while the three outlet slots are marked in red. The width of the inlet slots was set

to 1 mm as this is the minimum channel width without breaking the 1 mm particle size

constraint. Thus this is the minimum cross-sectional area and, the jet velocity generated

is maximum. To calculate the jet velocity, we start with the 10 L/min typically used by

automotive manufacturers to cool the EV inverters. Our inverter consists of three power

modules. In each module, we have two inlet slots for its �uid delivery. The dimensions

on the initial �uid manifold are provided in Figure 20. We can calculate the jet velocity

by dividing the �ow rate over the total inlet area. Assuming that the velocity is uniform
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over the inlet slot, the jet velocity was calculated to be 1.11 m/s . That is the maximum

jet velocity that can be achieved for this design and the given �ow rate. The jet velocity

could be increased to 2 m/s if six smaller slots centered on the devices were used instead

of using two inlet slots. The channel height was arbitrarily selected to be 3 mm, which is

three times the slot width. The channel height will be optimized in the next chapter.

(a) Transparent front view (b) Top view

Figure 20– Inner channels and dimensions of the manifold concept.

3.1.2 Unit cell selection

The unit cell is selected around the symmetry lines, as shown by the dashed red box in

Figure 21b. Combining that box with the red box in Figure 20a generates the unit cell

illustrated in Figure 21a. The unit cell selected cuts through all the package layers, and the

unit cell width is chosen to be 1 mm. The unit cell length for all the cases studied in this

chapter is 17 mm, where the unit cell width changes based on the unit cell selection for

each surface enhancement.

3.1.3 Boundaryconditions

Symmetry boundary conditions are applied, as shown in Figure 21a. Three uniform inlet

velocities 0.56, 1.11, and 2 m/s, are investigated. The inlet temperature is 65� C . Ambient

pressure is applied to the outlets and a uniform heat �ux of 700W=cm2 is applied to the

active surface of the MOSFET.
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(a) Unit cell front view and the boundary conditions (b) Top view

Figure 21– Selection of the unit cell for jet impingement on plain surface.

3.1.4 Meshing

A structured mesh is generated, as shown in Figure 22. A zoom-in shows the in�ation layers

added to capture the boundary layer. Mesh independence analysis is shown in Figure 23.

Results show that the pressure drop calculated with a 1.8 million mesh is only 0.6%, less

than 1Pa, different from the �ner 7.6 million mesh. Please note the outlet length is increased

to 5 mm to prevent any reverse �ows.

Figure 22– A structured mesh of the plain surface unit cell.
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Figure 23– Mesh independence analysis for jet impingement on a plain surface unit cell.

3.1.5 Modelandproprieties

The steady-state incompressible momentum equation was solved in conjunction with the

energy equation using ANSYS Fluent 2019/R3. SST k-Omega turbulence model was used

for all the cases solved in this chapter. In�ation layers were created near the walls to capture

the boundary layer. The �rst layer thickness was selected such that they+ values were near

unity. The thermophysical properties of the WEG mixture are mentioned in Table 4. The

properties of the package layers were mentioned in Table 1.

Table 4– Thermophysical properties of WEG (50/50)

Fluid
Density
[Kg=m3]

Conductivity
[W=mK ]

Speci�c heat
[J/KgK]

Dynamic
viscosity [Pa.s]

WEG (50/50) 1048 0.42 3519.7 0.0012

Through this chapter, the results are presented in the form of the effective heat transfer

coef�cient (hef f ) which is calculated by the following equation:

hef f =
Q

As(Ts:avg � Tf;i )
(3.1)
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Where

Q [W] is the heat going in to the unit cell.

Ts;avg [K] is the average surface temperature at the heat sink base.

Tf;i [K] is the �uid inlet temperature.

The average Nusselt number (�Nu) and Reynolds number (Re) are de�ned using the follow-

ing equations:

�Nu =
hef f Dh

kf
(3.2)

Re =
�V j Dh

�
(3.3)

Where

Dh [m] is the hydraulic diameter.

Vj [m=s] is the inlet jet velocity.

K f [W=mK ] is the �uid thermal conductivity.

� [Pa:s] is the �uid dynamic viscosity.

� [Kg=m3] is the �uid density.

3.1.6 Results,validation,anddiscussion

Table 5 shows that the pressure drop increases with the jet velocity, and its magnitude is

small due to the small scale of the unit cell geometry. The effective heat transfer coef�cient

at a jet velocity of 2 m/s is slightly higher that 10,000W=m2K which is below the HTC

target value. To validate the results, Figure 24 compares the average Nusselt number values

calculated from the simulation results against the correlation recommended by Martin [37]

for a single slot nozzle on a plain surface. The correlation is valid for3; 000 � Re �

90; 000. The results from the simulations are about 26% different from the correlation

by Martin at Re = 3500. I think that the main reason of this disagreement is that the
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�ow con�guration is different. In our case, the �uid outlet is on the same side of the jet

inlet, which is different form the side outlets in Martin's correlation. The main reasons for

adding all the package layers are to monitor the junction temperature and account for heat

spreading. However, since the unit cell does not take into account that the discrete nature

of the heat sources, it overestimates the junction temperature. Since the main purpose of

this chapter is to compare the performance of different heat sink concepts, only the ceramic

tile and copper spreader layers of the DBC are considered in the unit cells for the rest of

this chapter.

Table 5– HTC and pressure drop for jet impingement on a plain surface.

Velocity [m/s] 0.56 1.11 2
hef f [W=m2K ] 4,342 8,687 10,280
� P [Pa] 55 115 135
Tj [C] 630 460 350

Figure 24– Comparing the simulation results for jet impingement on a plain surface
against the correlation recommended by Martin [37].

30



3.2 Jet impingement on folded �ns as a surface enhancement

The heat sink concept is to attach the folded �ns directly to the copper spreader of the DBC

using thermally conductive epoxy, brazing, welding, or soldering. The motivation behind

this concept is the ease of manufacturability of folded �ns. They are basically created

through a progressive stamping process over a metal sheet with the desired �n thickness

[38]. The process offers design �exibility, speed, and low cost. Folded �ns allow having

densely packed �ns without facing the manufacturing dif�culty of extruded plate �ns [39].

3.2.1 Folded�n designsand�uid delivery

Figure 25 shows the attached folded �ns to the DBC substrate. Note that the inlet and

outlet slots cut through the top of the �ns. Figure 26a shows how the �uid is delivered to

the folded �ns through 1 mm inlet slots. The inlet slots are centered on top of the devices.

the �uid exits through the 1-mm-wide side slot outlets and the 2-mm-wide slot middle

outlet in a similar way to the jet impingement on a plain surface. This design of the inlet

Figure 25– Folded �ns attached to the power module

slots limits the jet velocity to 1.11 m/s. Increasing the jet velocity requires increasing the

�ow rate higher than 10 L/min. This limitation on the jet velocity is a disadvantage of this
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design as we learned form section 3.1 that the heat transfer coef�cient strongly depends on

the inlet jet velocity. The main three geometric parameters that will be common between all

the folded �n designs are the channel width (Wc), the �n height (H f ), and the �n thickness

(t), as shown i n Figure 26b. The idea is to have as densely packed �ns as possible. Thus

the channel width is set to be 1 mm minimum channel feature constraint. The height of

the �ns is selected to be equal to the channel height, which is previously selected to be 3

mm for the jet impingement on a plain surface. The �n thickness (t) is the same as the

thickness of the copper sheet used to create the �ns. There are two limitations on the �n

thickness, the �rst is a manufacturability limitation, and the second is that the �n should be

thick enough such that the heat reaches the �n tip. Otherwise, the upper part of the �ns will

not contribute to the heat transfer and will be just a waste of material. A thickness (t) of 0.1

mm was found to be manufacturable and thick enough for the heat to reach the �n tip.

(a) Fluid delivery method (b) Geometric parameters

Figure 26– Folded �n design, geometric parameters, and �uid delivery.

The beauty of the folded �ns is that with a simple change in the manufacturing process,

you can easily have a variety of different designs. Figure 27 shows the two studied folded

�ns, the simple straight and the wavy louvered folded �ns. The waviness of the wavy

folded �ns follows the following equation

y = Acos(2�
x
�

)

WhereA and� are the amplitude and the wavelength, respectively. The louvers' height
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and width are 2mm and 0.25 mm, respectively, and the spacing between the louvers is 4A.

The louvers are cut perpendicular to the tangent of the cosine wave. The dimensions of the

studied �ns are listed in Table 6.

Table 6– Dimensions of the studied folded �ns.

Parameter H f [mm] Wc [mm] t [mm] A [mm] � [mm]
3 1 0.1 0.25 5

Figure 27– Studied straight (right) and wavy louvered (left) folded �ns.

Figure 28– More folded �ns designs (NOT studied).

3.2.2 Unit cell selectionandboundaryconditions

Figure 29 shows how the unit cell is selected for the straight folded �ns. Since the unit

cell is repeating, periodic boundary conditions are used. For wavy folded �ns, the unit cell

was selected in a similar manner. However, instead of cutting in the middle of the �ns, as

in the straight folded �ns case, the unit cell passes in the middle of the �ow between the

�ns, as shown in Figure 30. The boundary conditions for straight folded �ns are shown in

Figure 31 and are de�ned in a similar manner for wavy folded �ns.
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Figure 29– Straight folded �ns unit cell selection.

Figure 30– Wavy folded �ns unit cell.

A uniform velocity boundary condition is de�ned at the inlet. Two inlet jet velocities,

namely, 1.11 m/s and 2.0 m/s, are studied. The 1.11 m/s inlet velocity translates to the 10

L/min inverter �ow rate. The 2.0 m/s inlet velocity is studied to investigate the magnitude

of the heat transfer enhancement when increasing the inlet velocity. The heat �ux used for
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Figure 31– Straight folded �ns boundary conditions.

the folded �n simulations, as well as the coming pin �n simulations, is 310W=cm2. The

unit cell width is 2.2 mm.

3.2.3 Meshingandmodeling

A structured mesh is generated for the straight folded �ns computational domain, as shown

in Figure 32. A zoom-in view shows the in�ation layers added to capture the boundary

layer. Mesh independence analysis shows that the pressure drop calculated with a 1.6

million mesh is only 2.5% different from the �ner 5 million mesh, as shown in Figure 33.

For the wavy folded �ns, meshing is created in a similar manner, and the solution was

calculated at 1.4 million elements after performing a mesh independence analysis. The

results will be discussed in the simulation results section.

3.3 Jet impingement on circular and elliptical pin �ns as a surface enhancement

3.3.1 Pin �n design,�uid deliveryandunit cell selection

Figure 34a shows the pin �n heat sink attached to the power module. Figure 34b shows

how the unit cell is selected. Six circular jets centered on the SiC devices generate a jet

velocity of 2 m/s. The diameter of the jet was calculated by dividing the �ow rate per

power module, which is 10/3 L/min, over six circular jets to compute the �ow rate for each
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Figure 32– A structured mesh of the straight folded �ns unit cell.

Figure 33– Mesh independence analysis for Jet impingement on straight folded �ns.

circular jet. Then the area of the circular jet is calculated by dividing the volumetric �ow

rate per jet by 2.0 m/s. The 2.0 m/s is the maximum allowed jet velocity without violating

the reliability conditions discussed in chapter one. The diameter of the jet was calculated

to be 2.38 mm.
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