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SUMMARY  

Power electronics are a necessity for many types of electrical energy conversions 

that are required from electricity sources to load devices. Innovation in these devices is 

typically driven by the need for higher power density, through either higher power or 

smaller feature sizes. One of the primary bottlenecks to this advancement is failure 

mechanisms caused by thermal and thermo-mechanical phenomena which must be 

addressed through packaging and integrated thermal management. The packaging of these 

electronics, consist of semiconductor devices mounted onto multilayer substrates that are 

attached to a convective thermal management solution. Often the effectiveness of a thermal 

management solution is characterized by both the conductive and convective thermal 

resistances. Recently, there has been considerable efforts and progress in the development 

of technologies focused on the reduction of the convective thermal resistances (both single- 

and two-phase cooling). An opportunity exists for innovation in the reduction of the 

conductive thermal resistances. This can be done by utilizing a direct cooling design that 

eliminates the encapsulant and metallized ceramic substrate, this study seeks to investigate 

such a design. In order to address some of the design changes and understand their impact 

both conjugate heat transfer and thermo-mechanical models are developed. An 

optimization scheme is implemented to consider the impacts of various design parameters 

on the thermohydraulic and thermo-mechanical performance of the system and arrive at a 

system that has reduced volume with equivalent (or improved) thermohydraulic and 

thermo-mechanical performance. Finally, a mission-based thermo-mechanical reliability 
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analysis of the optimized designs is proposed, and the trade-offs of the designs are 

considered. 
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CHAPTER 1. INTRODUCTION  

1.1 Background and Motivation 

Petroleum use for transportation and other energy applications has a major impact 

on the United Statesô economy, environment, and energy security. Petroleum dependence 

comes with many challenges such as price and production volatility [1], [2] as well as 

emissions [3]. Figure 1 shows the price of retail gasoline compared to electricity from all 

sectors from 1980 to 2008 adjusted for inflation. With gasoline ranging from ~$3.25 per 

gallon in 1980 down to just below $1.50 per gallon around 1998 back up to ~$3.25 per 

gallon again in 2008 which is a ~54% fluctuation, while electricityôs largest range in cost 

is from ~$0.10 per kilowatt-hour in 1980 to ~$0. 70 per kilowatt-hour in 2000 which is a 

~30% fluctuation, indicating a lower amount of price volatility for electricity compared to 

gasoline. Figure 2 details emission from several sources with the highlight that as of 2020 

in the United Statesô petroleum accounted for 45% of the United Statesô carbon dioxide 

emissions with 97% of our transportation energy coming from petroleum. 

 

Figure 1 ï Retail price of gasoline versus electricity in dollars from 1980 to 2008 [2]. With 

gasoline ranging from ~$3.25 per gallon in 1980 down to just below $1.50 per gallon 
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around 1998 back up to ~$3.25 per gallon again in 2008 which is a ~54% fluctuation, while 

electricityôs largest range in is from ~$0.10 per kilowatt-hour in 1980 to ~$0. 70 per 

kilowatt-hour in 2000 which is a ~30% fluctuation, indicating a lower amount of price 

volatility for electricity compared to gasoline. 

 

Figure 2 ï United States carbon dioxide emissions from energy consumption by source 

and sector 2020 [3]. Left is energy sources and right is use sectors. The values below the 

source and use sector titles is billion of metric tons (Bmt) of carbon dioxide and in 

parenthesis is the percentage of the sources. 

Renewable energy and transportation electrification is the current solution to the 

challenges that petroleum dependence present. Transportation electrification comes with 

some key benefits such as electricity being inherently produced domestically, price 

stability, and substantial spare capacity, as well as electric miles being cheaper and cleaner 

than gasoline miles [2], [4]. Figure 3 details the National Renewable Energy Laboratoryôs 

(NREL) projections for alternative fuel vehicle adoption from 2010 to 2050. 
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Figure 3 ï Total market penetrations of vehicle types from 2010 to 2050 for light, medium, 

and heavy duty vehicles [4]. Use of light duty electric vehicles expected to increase 

considerably by 2050. 

The drive for electrification will increase dependence on our domestic electrical 

energy distribution infrastructure which is a complex system of diverse sources, loads, and 

storage to meet the energy demands of end users. A simplified example of the flow of 

energy from source to use sector (loads) in the United States can be seen in Figure 4. The 

United Statesô energy dependence is primarily tied to petroleum and natural gas, with the 

use of renewables rising and replacing the use of coal [5]. Notably of the four sources 

mentioned, renewables, natural gas and coal, have a significant amount of their energy, 

60%, 34%, and 90% respectively, converted to the electric grid prior to distribution to use 

sectors [6].  
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Figure 4 ï Distribution diagram of 2020 Energy sources and use sectors in the United 

States. The left side is energy sources and the right is energy use by sector [6]. The values 

below the source and load titles is energy is quadrillion Btu and in parenthesis is the 

percentage of the sources. 

With the rise of electrification our electrical energy grid will become an even more 

crucial part of the United Statesô infrastructure. The infrastructure for transporting the 

electrical energy from source to grid and from grid to load applications is not a simple plug 

and play process. Each source and application produces or utilizes electricity under certain 

conditions, such as voltage rating, current levels, and waveforms (AC/DC). Figure 5 shows 

examples of the conversion processes in which several sources supply electricity to the AC 

electrical grid which is then supplied to several load applications. As noted in the figure 

several current conversions take place. For sources with DC output, a simple DC to AC 

conversion takes place, however, sources with AC production such as wind, geothermal, 

coal, or natural gas plants go through a two-stage DC-link conversion process that has a 
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source side AC to DC and a grid side DC to AC conversion. The decoupled nature of the 

two-stage system enables wider ranges of operation and allows for the boosting of the 

generation side voltage to match the grid conditions [7], [8]. Furthermore, power converters 

also enable the bi-directional flow of electricity to allow systems such as residential solar 

to send unused energy to the grid [9]. 

 

Figure 5 ï Example of energy transport from energy sources to the electrical grid and from 

the electrical grid to load applications. Each source and application produces or utilizes 

electricity under certain conditions, such as voltage rating, current levels, and waveforms 

(AC/DC). 

In addition to grid to application conversions, some applications require their own 

internal electrical conversions to operate various electrical components. An example of this 

occurs within electric vehicles, as several conversions are necessary to transport the 

electricity from the charging station through the battery and to the motor. Figure 6 shows 

an example of this process with a wall mounted charger that is rated for 200-600 direct 

current voltage (VDC) that needs to be converted to the conditions of a battery at a voltage 

rating of 200-800 VDC, and then finally the power will need to be converted to the 
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condition necessary for operation of the motor as three phase 400-800 alternating current 

voltage (VAC). The following sections will detail the components that handle this 

conversion process [10]. 

 

Figure 6 ï Example of power conversion in electric vehicle charger/battery/motor system. 

The example details a conceptual wall mounted charger that is rated for 200-600 direct 

current voltage (VDC) that needs to be converted to the conditions of a battery at a voltage 

rating of 200-800 VDC, and then finally the power will need to be converted to the 

condition necessary for operation of the motor as three phase 400-800 alternating current 

voltage (VAC). 

The conversion process is performed using a technology known as a power 

converter. The power converter consists of several fundamental circuit components: 

voltage source and load, passive components such as the inductor and capacitor, diodes, 

and the semiconducting transistor which acts as a switch. The inductor and capacitor are 

used to smooth out the transformed electrical current, the diode is used to control current 

flow direction, and the semiconducting transistor switch is used to modulate the source 

electrical current and convert it to the conditions necessary for the load application. Figure 

7 details several basic converter topologies in the form of the buck converter, boost 
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converter, and combination buck-boost converter, each containing the fundamental circuit 

elements mentioned. 

 

Figure 7 ï Example converter topologies of a buck converter, boost converter, and 

combination buck-boost converter. Each circuit contains the fundamental circuit elements 
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in all power conversion devices, a voltage source, a transistor switch, a diode, inductor, 

and capacitor, and a voltage load [11]. 

There are several types of fundamental converters, DC/DC and AC/AC amplifiers, 

DC/DC and AC/AC attenuators, AC/DC rectifiers, and DC/AC inverters (Figure 8). 

Amplifiers increase the voltage, current, or power from the source signal. Attenuators 

reduce the voltage, current, or power from the source signal. Rectifiers convert from an AC 

to a DC signal, and inverters convert from a DC to an AC signal [12], [13]. 

 

Figure 8 ï Types of power electronic converters. Note that ~ and = are often used to 

represent an AC and DC signal, respectively. 

Figure 9 shows a simplified example circuit of a single-phase power electronic 

inverter and an example of an inverter pulse modulation scheme for conversion from DC 

to AC. Since there are many ways to design these circuits, for overview purposes just the 

source, switches, and load are shown. The source is delivering a DC signal, the switches 

will take the signal through a process known as pulse modulation to convert the signal to 

AC. Pulse modulation takes the DC current and pulses the signal in a controlled manner 
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on and off for both the positive and negative regime to create a signal that when averaged 

is equivalent to an AC electrical current [14]. 

 

Figure 9 ï Simple inverter circuit (left) and inverter pulse modulation example for 

conversion from DC to AC signal (right). As the switches are turned on and off at different 

frequencies, the AC waveform output can be adjusted based on the need of the load device. 

For high power applications the semiconducting transistor is often either an 

insulated gate bipolar transistor (IGBT) or a metal oxide semiconducting field effect 

transistor (MOSFET). As shown in Figure 10, IGBT and MOSFET can have similar 

architecture (architecture varies) and their major differences comes from how some regions 

are doped [15]. Both IGBT and MOSFET are voltage-controlled devices and a primary 

difference is the MOSFET has an internal diode [16]. 

 

Figure 10 ï Cross-sectional view of vertical (a) IGBT and (b) MOSFET example 

architectures. 
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In this work, a MOSFET-based power module design is used and therefore a more 

detailed description is provided. Figure 11 shows another example of a MOSFET 

architecture, it consists of P and N doped semiconducting materials. The N doped materials 

are located below the source and drain metallization and the P doped material is placed 

below the gate and between the N doped regions (as well as below the N doped regions). 

The source and drain provide an inlet and outlet for the electrical current, however, without 

a voltage applied to the gate the electricity does not flow. When the gate has a voltage 

applied an electromagnetic field occurs that pulls the minority electrons in the P doped 

region towards the gate, which creates a small N channel, allowing for the flow of 

electricity. While the electric current flows through the formed channel a constriction of 

the channel occurs at the drain side due to the positive potential created. This region is 

known as the pinched off region and is the region of highest resistance in the device. The 

high resistance here is responsible for the highest amount of heat generation, due to its 

location the temperature of the heat generation site is known as the junction temperature 

[17]. Furthermore, at the package level the highest temperature experienced in the die is 

similarly referred to as the junction temperature. 
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Figure 11 ï Example lateral MOSFET architecture demonstrating where the junction 

temperature is located. 

The design for efficiency and reliability of these devices and their packaging is of 

great importance to many different industries. The efficiency of a power electronic module 

is related to the electrical power out and power losses. The power loss in the module is 

rejected as heat dissipation due to conductive and switching losses in the semiconducting 

transistor, conductive losses in the diode, and losses in the circuit passives (capacitors and 

inductors). The majority of the losses are generated by the semiconducting transistor. 

Equations 1-2 represent the electrical efficiency and power losses of the power module, 

respectively [18]. In Equations 1-2 ɖ is the electrical efficiency and p is the electrical 

power. 

 –
ὴ

ὴ ὴ
 (1) 

 ὴ ὴ ȟ ὴ ȟ ὴ ȟ ὴ ȟ  (2) 

The heat dissipation from these losses must be properly thermally managed to keep 

the heat from spreading to other components and to decrease impacts on module reliability. 

As mentioned above the majority of the losses are due to the transistors conductive and 

switching losses, which are dependent on several factors of which one is temperature 
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[18],[19]. Therefore, as the transistor operates it produces heat, which raises its 

temperature, which further increases the losses. This process will continue until the 

temperature stabilizes or the device is switched off. The thermo-mechanical reliability of 

the transistors and their packages is quite complex, and a more thorough discussion is 

provided in the following sections. 

Due to the transient operation of these devices the junction temperature is not a 

constant value, and the device will experience cyclical heating and cooling. Figure 12 

shows an idealized example profile of the temperature cycle that occurs due to the 

switching operation. While the peak value of the junction temperature is important, the 

temperature swing (the temperature difference between the case/cooling solution and the 

junction temperature) plays a larger role in the reliability of conversion systems. Further 

details of these issues will be discussed in the following sections.  

 

Figure 12 ï Idealized example of a transistor temperature profile due to its power 

switching operation. 

Furthermore, there is currently a transition from traditional silicon-based devices to 

wide-band gap (WBG) transistor devices such as silicon carbide (SiC) MOSFET for high 

temperature and high frequency applications [20]ï[22]. Silicon-based semiconductor 
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technology requires large die thicknesses and area due to the low bandgap and critical 

electric field, which leads to higher conductive and switching losses [23]ï[25]. WBG 

devices offer faster switching speeds, higher electrical efficiencies, higher operating 

temperatures, and a smaller footprint [22], [26], [27]. Switching speed is dependent on the 

electron/hole mobility and saturated electron drift velocity. The operating temperature of 

semiconductor materials is of primary concern for many applications and the upper 

operating limits based on degradation of electrical characteristics for silicon and silicon 

carbide is 300 and 600 , respectively [21]. Table 1 details some of the key differences of 

WBG materials and silicon for relevant material properties.  

Table 1 ï Material properties of various wide-band gap semiconducting materials and 

silicon [22], [26], [27]. 

 

With the reduced die thicknesses and areas needed for WBG based switches comes 

a new thermal challenge due to the increased heat fluxes. While WBG materials such as 

silicon carbide have considerably higher thermal conductivities, the smaller footprint will 

increase heat flux. Figure 13 demonstrates an example of the footprint difference and the 

considerably higher heat flux that results. To understand temperature limits and heat flux 

effects of power modules further it is important to consider the package level thermal and 

reliability design, this will be discussed further in the following section. 

Materials Bandgap [eV]

Dielectric 

Constant

Electric 

Breakdown 

Field [kV/cm]

Electron 

Mobility 

[cm
2
/Vs]

Hole 

Mobility 

[cm
2
/Vs]

Thermal 

Conductivity 

[W/mK]

Saturated 

Electron Drift 

Velocity 

[x10
7
 cm/s]

Silicon 1.12 11.9 300 1500 600 150 1

Gallium Arsinide 1.43 13.1 400 8500 400 46 1

6H-Silicon Carbide 3.03 9.66 2500 500/80 101 490 2

4H-Silicon Carbide 3.26 10.1 2200 1000 115 490 2

Gallium Nitride 3.45 9 2000 1250 850 130 2.2

Diamond 5.45 5.5 10,000 2200 850 2200 2.7



14 

 

 

Figure 13 ï Example comparison of silicon IGBT to silicon carbide MOSFET. For the 

same power rating of 180 kW, the reduced footprint of the SiC MOSFET increases the heat 

flux from 100 W/cm2 to 500 W/cm2. 

1.2 Power Electronics Packaging Overview 

Power electronics packaging is a multidisciplinary process that requires efforts 

from experts in several constituent technology areas. The sub-technologies consist of 

power switch and network, passive components, electromagnetic interference and 

compatibility, protection from environment, thermal management, reliability, 

manufacturing, and sensing/control [28]ï[30]. The efforts and discussions in this work will 

focus on the aspects of thermal management and reliability. 

Power electronics packages are a composite of layered materials. Figure 14 details 

the components of a typical power electronic package. Each componentôs purpose will be 

briefly discussed to better understand concerns in the packaging design. The terminals are 

used to transport the electrical current in and out of the package. The case acts as a layer 

of electrical isolation and protection from environmental contamination. The encapsulant 

is another layer of electrical isolation and environmental protection (primarily humidity). 

The wire bonds transport the electrical current from the die to the terminal and vice versa. 

The die is the primary semiconducting transistor device and is the source of heat generation 
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in the package. The die attach is the bond between the die and substrate, that allows for 

heat transfer and current flow from the die to the substrate. The metallized ceramic 

substrate (MCS) provides electrical isolation, structural integrity, area for elelectrical 

circuit layer, and is a common path for heat transfer and spreading. The substrate attach (or 

thermal interface material) allows for a thermal path from the substrate to the baseplate. 

The baseplate allows for a thermal path from the substrate to the cooling solution [31]. 

More details about the common materials, failure details, and lifetime prediction models 

for the common components of failure are given in Section 1.4. 

 

Figure 14 ï Typical power electronics packaging structure (brick/block structure). A 

typical structure contains a case, encapsulant, wire bonds, die, die attach, MCS, substrate 

attach, baseplate, thermal interface material, and a heat sink cooling solution. 

During their operation power electronics may experience many causes of failure, 

in particular the wear-out of their packaging is due mostly to thermal issues, primarily 

thermomechanical fatigue and creep [32]. Table 2 details failure mechanisms in IGBT 
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modules, which when compared to similar devices (such as MOSFET) may have slightly 

different failure mechanisms, however the thermo-mechanical failure is similar. 

Table 2 ï IGBT failure mode classifications [32]. 

 

Thermo-mechanical fatigue is the process of damage accumulation in a component 

that experiences cyclic mechanical stresses and strains which can lead to failure of the 

component. Thermo-mechanical fatigue occurs due to the difference between the 

temperature dependent coefficient of thermal expansion (CTE) and mechanical stiffness of 

each of the material layers and the inherent temperature cycling that occurs during the 

switching operation of the device.  

Furthermore, several key components of the package represent sites of thermal 

performance and reliability issues. The wire bonds are a primary location of thermo-

mechanical failure via cracking and lift off [33]ï[38]. The die attach is a primary source of 

conductive thermal resistance and thermo-mechanical failure due to cracking and 

delamination [39]ï[43]. The MCS is also a primary source of conductive thermal resistance 

and thermo-mechanical failure, due to ceramic fracture and delamination [44], [45]. The 
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underlying reason for the cyclical temperature-dependent failure at the interfaces of these 

various layers is due to mismatch of the CTE. The CTE mismatch induces stresses that 

then concentrates at defect and void sites in the bonded interfaces and adhesive layers 

which will eventually lead to crack formation and propagation or brittle fracture. Figure 15 

illustrates this effect and shows the difference in the direction of the bending, depending 

on temperature rise or fall, that occurs due to the interfacial stress. A more detailed 

discussion on the materials, failure mechanisms, and lifetime models of the various 

components is given in Section 1.4. 

 

Figure 15 ï The effect of CTE mismatch of the various material layers. The mismatch 

causes interfacial stress and mild bending in each layer with the direction of the bend being 

dependent on whether the temperature is increasing or decreasing in the layers. 

1.3 Thermal Management of Power Electronics 

Proper thermal management design is key to reducing footprint, and increasing 

power density while limiting reliability and efficiency issues in power modules. This 
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section will provide information on common thermal operational environments and 

thermal limitations, as well as a review of various thermal management technologies with 

a particular focus on recently developed MCS-less actively direct cooled power module 

technologies. 

Power modules are utilized in many different environments that will expose the 

modules to various temperatures. Aerospace environments can range from -55 ï 225  

[46], automotive environments can range from -40 ï 140  [46], [47], and downhole 

drilling environments can be up to 200  [48]. Maximum junction temperature in Si IGBT 

and MOSFETs is 125  and 150 , respectively [49]. Maximum junction temperatures 

in SiC WBG modules greatly exceed that of Si at 500-600 , this shifts the limitations to 

the other components of the package and passive elements in the modules [49]ï[51]. 

Commercially available die attach materialsô maximum operating temperatures vary 

widely from 250 ï 500  [39]. Commercial wire bonds are typically aluminum wire bonds 

with the aluminum bond pads rated for 225  [52]. 

To manage the operating temperature of the power modules innovations in the 

thermal management of power electronic packages has focused primarily on convective 

cooling. Significant progress has been made to minimize the fluid convective thermal 

resistance by employing novel surface enhancements and fluid delivery in both the single- 

and two-phase regimes, leading to the potential for very high heat transfer coefficients and 

thus considerable reductions in convective thermal resistance. The following review details 

efforts in single-phase and two-phase thermal management of electronics, thermal 

resistance in power packages, and efforts towards MCS-less integrated thermal 

management. 
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Recently several review articles have been published summarizing the 

advancements in power electronics thermal management. Acharya, et al., [53] reviewed 

the impact of various cooling technologies on the maximum allowable heat flux. The 

technologies reviewed include single- and double-sided air cooling, single-phase liquid 

cooling, direct single-phase liquid cooling, two-phase liquid cooling, jet impingement 

cooling, and spray cooling; most were considered with both copper and polymer heat sinks. 

Figure 16 shows the comparison of the reviewed technologies with respect to maximum 

allowable heat flux. The review found that single/two-phase, direct single-phase liquid 

cooling (copper heat sinks), jet impingement, and spray cooling were capable of handling 

the highest heat fluxes. 

 

Figure 16 ï Impact of various cooling technologies on the maximum allowable heat flux 

[53]. 

Iradukunda, et al., [54] reviewed and compared air, jet impingement, single/two-

phase microchannel heat sinks, single/two-phase porous media, and spray cooling with 

respect to the effective convective heat transfer coefficient, coefficient of performance and 

the device-to-fluid-inlet temperature difference (Figure 17). The best performance was 
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found for micro-channel and porous media heat sinks, as well as jet impingement and spray 

cooling. 

 

Figure 17 ï Effective heat transfer coefficient versus COP (left) and device to fluid inlet 

temperature difference (right) of various thermal management technologies [54]. 

Kelly, et al., [55] detailed a comparison of unspecified various thermal interface 

materials, as well as the thermal improvements that can be made through adjusting the 

conductive thermal resistance of the power module package. Figure 18 details the thermal 

improvements by cooling directly on the bottom side of the MCS and removing the 

baseplate and thermal interface material. With the reduction of the conductive thermal 

resistance the temperature difference experienced in the direct cooled module is 8 , 

where the temperature difference across the traditional module is 35 . 
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Figure 18 ï Thermal profile through the thickness of the power module package beginning 

at the coolant side on the left and the heat generation side on the right. A comparison is 

made between a baseline traditional module and a module with direct cooling on the bottom 

side of the MCS with the base plate and thermal interface material removed. 

Moreno, et al., [51] detailed a comparison of the thermal performance of 

commercial modules from the 2012 Nissan LEAF (EV), 2014 Honda Accord (HEV), and 

the 2015 BMWi3 (EV). Figure 19 details the thermal resistance analysis performed on the 

commercial modules and details the package and convective thermal resistances for each 

module. For the 2012 Nissan LEAF, 2014 Honda Accord, and 2015 BMWi3 the package 

thermal resistance made up 83%, 70%, and 64%, respectively.  
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Figure 19 ï Thermal resistance comparison of the package and convective thermal 

resistances of the 2012 Nissan LEAF (EV), 2014 Honda Accord (HEV), and 2015 BMWi3 

(EV). 

While much effort has been put into reducing the convective thermal resistance, the 

active cooling solutions are far removed from the location of the heat generation sourcesð

the power semiconductor devices. The heat must travel through layers of material which 

add conductive resistance to reach the convective cooling solution. While efforts have been 

made to reduce this thermal resistance, it is ultimately desired to move the convective 

cooling as close to the heat source as possible. 

Boteler, et al., [56] developed a stacked diode module that immersed the die and 

traces in single-phase Novec 7500 dielectric fluid for an active immersion cooling 
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configuration. The developed technology utilizes multifunctional components (MFC) that 

replace the wire bonds and act as heat transfer surface area enhancements. Figure 20 shows 

the assembled stacked configuration with the housing enclosure that allows for the fluid to 

actively flow over the entire stacked assembly. The module featured a minimum junction-

to-fluid temperature difference of 10.2  with a heat dissipation of 15 W/cm2, which 

results in a specific thermal resistance of 68 mm2-K/W. 

 

Figure 20 ï Fabricated high voltage module with integrated cooling. Image shows location 

of fluid ports as well as the cathode and anode of the diodes, stacked in series [56]. 

Boteler, et al., [57] adapted their previous stacked diode module design to a diode 

and switch design with active immersion cooling with single-phase HFE 7500. The 

package was redesigned to allow for an additional stack, while considering the electrical, 

thermal, and mechanical implications of the novel design. Figure 21 shows the 

configuration of the active immersion cooled power module, along with callouts for the 

electrical, thermal, and mechanical improvements of the design compared to traditional 

designs. The minimum temperature rise experienced was 124.6  with a heat dissipation 

of 500 W/cm2 resulting in a specific thermal resistance of 25 mm2-K/W, a significant 

improvement from the previous design. 
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Figure 21 ï Locations of the thermal, mechanical, and electrical improvements of the 

power module assembly. The design features an MCS-less configuration that fully 

immerses the devices in dielectric cooling fluid. Multifunctional component pin fin 

structures are used as electrical interconnections and heat transfer surface enhancements 

[57]. 

Moreno [58] developed a direct cooled module concept with the MCS removed and 

considered several different single-phase dielectric working fluids. Figure 22 details the 

direct cooled concept that uses slot jets impinging on straight fins to cool silicon carbide 

devices. Under a heat flux of ~716 W/cm2 the cooling solution was able to achieve a per 

device specific thermal resistance of 22 mm2-K/W. 
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Figure 22 ï Planar MCS-less active direct cooled power module concept. Contains slot jet 

on straight fins using dielectric fluids [92]. 

With direct MCS-less cooled power modules being a new technology direction 

there are considerations that need to be made regarding working fluid selection, variations 

in surface enhancement design, package architecture, steady-state mechanical, and 

transient reliability of these novel module designs. This work seeks to investigate the 

aforementioned considerations on a novel actively direct cooled power module design. 

1.4 Research Objectives 

With the above information shown in the prior sections, there are opportunities for 

improved packaging structures to reduce the overall thermal resistance of the package and 

improve the reliability. One way to achieve this is to redesign the package from the typical 

structure through the removal of components where significant thermal resistance and 

reliability concerns are present. While studies have be done on packages without MCS, a 
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full module has yet to be proposed and the thermo-mechanical implications of such a 

design choice has not been considered. This work seeks to propose an MCS-less power 

module, including integrated thermal management solution, while considering the thermal-

mechanical performance and reliability of such a design. The primary research questions 

addressed in this work are: 

¶ How can dielectric fluids thermohydraulic properties be analytically 

compared for the use in MCS-less actively direct cooled power modules? 

This question is addressed through the survey of commercially available single-

phase dielectric fluids. A thermohydraulic figure of merit development process is 

detailed and utilized to compare commercially available dielectric fluids. The 

analytical process is validated against a conjugate heat transfer study considering 

the various thermohydraulic properties of the dielectric fluids in an MCS-less 

active direct cooled power module application. 

Dielectric fluids are required for MCS-less power module to maintain electric 

isolation [56], [57]. In addition to the thermohydraulic properties under study, other 

material properties are discussed to give insight into down selecting the proper fluid for the 

application. 

After detailing a way to consider the various commercially available dielectric 

fluids, and considering a limited number of cooling configurations that are considered in 

the literature for MCS-less actively direct cooled power module, the following question 

and hypothesis is posed: 
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¶ How will utilizing digital design techniques impact the development of active 

direct cooling of an MCS-less power module package? 

This question is addressed through reducing conductive thermal resistance by 

moving the cooling solution closer to the heat source via elimination of the solid 

dielectric layers (e.g., ceramics) and directly cooling the semiconductors and/or 

utilizing traces as heat exchangers. The heat transfer surface enhancement and 

fluid delivery design will be accomplished through the use of numerical analysis, 

statistical fidelity reduction, and design optimization. Additionally, thermo-fluid 

experiments are performed to validate the numerical model. 

The package redesign and removal of the solid dielectric layers allows for the 

cooling solution to be very close to the heat source with the heat exchanger integrated into 

the traces (i.e., the electrical conductors). The elimination of the MCS would not only move 

the cooling solution closer to the die, but also eliminate a packaging component that is 

prone to thermomechanical failure through thermal cycling. It should be noted that 

dielectric fluids typically have inferior properties compared to typical coolants (e.g., water-

ethylene glycol), but they enable a redesign of the package to reduce the 

package/conduction thermal resistance. However, it is important to also consider the 

significant role the solid dielectric layers play in managing thermo-mechanical stress in the 

package. When moving to this type of design it is crucial to consider the excess interfacial 

stresses that may occur. This will be addressed in another part of the study. 

In addition to MCS-less package designs being a recent direction of study, liquid 

jet impingement onto finned surfaces in this configuration and the optimization of such a 

fluid delivery and surface enhancement combination to the best of authorôs knowledge has 
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not been significantly investigated. Therefore, the following question and hypothesis has 

been posed. 

¶ How does thermo-mechanical design optimization impact the development of 

a direct cooled MCS-less power electronics package? 

This question is addressed through the design and optimization of the MCS-less 

package. A thermo-mechanical coupled FEA design domain is established, and 

design studies are carried out to examine the thermal and mechanical performance 

of each design. The thermal boundary conditions are based on the performance 

information provided by the surface enhancement and fluid delivery design. 

Thermo-mechanical analysis is often carried out during the design process of power 

electronics packaging development to examine the stresses that occur at the interfaces of 

the various package layers caused by temperature dependent CTE mismatch. The 

magnitude of stress that occurs is geometrically dependent on the area and thickness of the 

layers. Additionally, this needs to be balanced with appropriate thickness and area for the 

level of desired heat transfer and spreading. 

There have been numerous studies on the various ways to address issues with CTE 

mismatch in packaging design and improve thermal performance. Few who have posed the 

various integrated cooling strategies have considered the thermo-mechanical implications 

of the designs, and none have considered the thermo-mechanical optimization when 

removing the corresponding MCS and substrate attach layers [59]ï[61]. 

Due to MCS-less package designs being a recent research direction there have been 

no studies that utilize digital design processes to optimize the design and study the impacts 
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of geometric design parameters. Furthermore, the thermo-mechanical reliability of MCS-

less devices have not been explored. Therefore, the following question and hypothesis has 

been posed. 

¶ What is the impact of the novel optimized package structure on the mission-

profile-based reliability? 

This question is addressed by performing transient thermo-mechanical analysis 

using temperature profiles that occur within an electric vehicle drive cycle. The 

temperature swings will cause stress accumulation in the die attach, which will be 

monitored as the primary site of potential failure. A damage indication parameter 

will be used in conjunction with an appropriate lifetime model taken from literature 

to study the damage accumulation over the course of the mission. This is done for 

two down selected package designs and is compared to a benchmarked package 

from the 2015 BMWi3 electric vehicle power inverter. 

The above questions and issues will be addressed through this dissertation. The 

following section will provide and outline for this work. 

1.5 Dissertation Outline 

Chapter 2 provides background into thermo-mechanical reliability and failure of 

power electronics packaging. The chapter is broken into sections covering a few of the 

critical components that are most prone to thermo-mechanical failure within the lifetime of 

typical power module. Each section covers the critical components common materials and 

relevant properties, images/illustrations of failure mechanisms, cause of defects in 

fabrication processes, and any common lifetime model variations. 
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Chapter 3 introduces the overall numerical, statistical, and analytical codesign 

process used throughout the dissertation. Sections give fundamental information on 

conjugate heat transfer and thermo-mechanical numerical analysis, statistical reduced order 

modeling, and heuristic optimization algorithms. Review information on the use of 

optimization in power module structure and thermal management design is provided. 

Chapter 4 discusses the process for developing thermohydraulic figures of merit 

for dielectric fluid comparison. Various commercially available dielectric fluids are 

surveyed and their material properties are provided and analyzed. The analytical FOMs are 

validated against a conjugate heat transfer model of an MCS-less actively direct cooled 

power module. Insights into the thermohydraulic comparison of the various fluids and 

various other material properties considerations are discussed. 

Chapter 5 details the numerical and statistical design process for the development 

of the surface enhancement and fluid delivery of MCS-less active immersion cooled power 

module. The details of the experimental validation of the conjugate heat transfer numerical 

model are provided. Influence of the various design parameters is considered and a reduced 

order model of the effects of the design parameters on the performance metrics is 

considered. A multi-objective genetic algorithm (MOGA) optimization scheme is 

implemented to efficiently study the design space and arrive at a set of optimal solutions. 

Two optimal solutions are down selected for high fidelity investigation and their 

thermohydraulic performance is compared and discussed. 

Chapter 6 details the numerical and statistical design process for the development 

of the package structure for the MCS-less active immersion cooled power module. The 

influence of the design parameters is considered and a reduced order model representing 
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the influence of the design parameters on the performance metrics is utilized. A MOGA 

optimization scheme is implemented to efficiently study the design space and arrive at a 

set of optimal solutions. Two optimal solutions are down selected for high fidelity 

investigation and their thermo-mechanical performance is compared and discussed. 

Chapter 7 details the numerical and statistical transient thermos-mechanical 

mission-based reliability analysis of the down selected modules from Chapter 5. For 

comparison a commercial module is analyzed alongside the newly developed modules. A 

novel framework for mission-based thermo-mechanical reliability analysis for wire bond 

and MCS-less power modules based on physics-of-failure lifetime models is provided. The 

process for predicting the thermal response of the power modules during the mission profile 

is explained. The analysis of the mission profile thermal response is provided via rainflow 

counting. Transient thermo-mechanical numerical models provide information on the 

mechanical response of the modules under transient thermal loading. 

Chapter 8 concludes the work and provides a summary of contributions and future 

work. 
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CHAPTER 2. THERMO -MECHANICAL  RELIABILITY 

AND FAILURE IN POWER ELECTRONICS PACKAGING  

The cyclical thermal loading that is generated from the operation of power 

electronic modules has serious implications on their mechanical performance and 

reliability. The stress that occurs during the expansion and contraction processes under the 

cyclic temperature swings will result in a mechanical stressing of the layer materials that 

in an idealized case will resemble a common cyclical stress sinusoidal waveform, as seen 

in Figure 23. 

 

Figure 23 ï Cyclic stress sinusoidal waveform as a general example of stress amplitude 

with regards to mechanical fatigue [62]. In the figure R is the stress ratio and A is the 

amplitude ratio. 

Furthermore, fatigue failure in ductile materials is primarily due to cyclic slip and 

has three underlying processes: crack initiation, crack propagation, and catastrophic failure 

(material fracture). Figure 24 shows this process of initiation, propagation and failure 
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through the threshold, Paris, and failure regions [63], [64]. In the threshold region, cracking 

is initiated and propagates to the Paris region where it experiences a linear propagation 

(longest lasting region) until it propagates enough to hit the final failure region in which 

fracture is imminent. Fatigue failure in brittle ceramic materials in dry environments is 

similar to ductile materials, however the mechanisms are primarily environmentally 

assisted crack growth and sustained tensile loading [65]. 

 

Figure 24 ï Fatigue Crack Growth Rate (da/dN) versus cyclic stress intensity factor range 

(ȹK) [64]. The three regions featured are the threshold, Paris, and failure regions. In the 

threshold region, cracking is initiated and then as it propagates to the Paris region, it 

experiences a linear propagation (longest lasting region), until it propagates enough to hit 

the final failure region in which fracture is imminent. 

Fatigue life is dependent on material choice, manufacture, and operational 

environment. With regards to these dependencies, surface finish and defect control, 

material grain size, and corrosion reduction are common practices considered for fatigue 

life improvement of materials [65]. 

Thermo-mechanical creep occurs in a material due to the application of a constant 

average load to a system under high operating temperatures (1/3-1/2 melting temperature) 
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that are maintained during device operation and accounts for the time-dependent plastic 

deformation due to this extended thermal loading. Figure 25 shows the typical stages that 

a material experiences during creep deformation process. First is primary creep, then 

secondary creep, and finally tertiary creep leading to rupture. Primary creep involves the 

strain hardening of the material following the elastic and time independent plastic 

deformation that comes with creep initiation. Secondary creep (steady-state creep) is the 

prominent regime which is characterized by a constant strain rate. In the final tertiary stage, 

the strain rate rapidly increases until rupture is experienced in the material. 

 

Figure 25 ï A typical creep curve under constant load [66] detailing the primary, 

secondary, and tertiary creep regimes on a strain versus time map. Primary creep involves 

the strain hardening of the material following the elastic and time independent plastic 

deformation that comes with creep initiation. Secondary creep (steady-state creep) is the 
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prominent regime which is characterized by a constant strain rate. In the final tertiary stage, 

the strain rate rapidly increases until rupture is experienced in the material. 

Creep is a function of the material under load, the deformation process, the stress 

experienced, and is activated by the temperature as demonstrated by the generic creep 

constitutive relationship as seen in Equation 3 (many material dependent variations exist): 
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where, dɔs/dt is the steady state creep rate, C is a material constant, b is Burgerôs vector, d 

is the average grain size, G is the shear modulus (temperature dependent), k is the 

Boltzmannôs constant, T is temperature, Ű is stress, p and n are fitting constants (p is 0 for 

single crystal ceramics [67]), ka is the activation energy for the deformation process and 

D0 is the frequency factor. 

Thermo-mechanical failure in electronic assemblies starts with the forces that are 

generated internally due to the elastic properties of the layered materials as they are stressed 

by the expansion and contraction of the various layers during the transient heating and 

cooling throughout under device operation. The stress concentrates at defect sites such as 

voids, micro-cracks, and other defects that are formed during the manufacturing process of 

each layer. The stress concentrations at these vulnerable locations eventually lead to crack 

formation and propagation. Power electronic packages and their componentôs failure 

characteristics are often determined by a combination of experimental and numerical 

methods (or analytical). The experiments often used are accelerated life testing which is 

composed of both thermal and power cycling tests. 

Thermal cycling is performed by placing the device or material sample into a 

thermal chamber, the temperature (and possibly humidity) of the chamber is cycled to 
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characterize the environmental impacts on the sample. Thermal cycling is typically 

performed by utilizing ramp rates from a standard temperature (such as room temperature) 

to an elevated temperature, then the sample is often left to dwell in this environment for 

some time before being allowed to cool back to the standard temperature [68]ï[73]. Power 

cycling is similar, except the thermal cycle comes from the internal heat generation of the 

power transistor as it is pulsed on and off, this is often done until the sample fails [68], 

[73]ï[75]. Upon failure the number of cycles are recorded and if desired a physics-of-

failure lifetime model for the module can be developed typically based on a either the Paris 

Law (Equation 4) or a variation of the Coffin-Manson relationship (Equations 5-6). 
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In Equations 4-6, da/dN is the crack growth rate per cycle, A and Ŭ are experimental fitting 

parameters, ȹK is the stress intensity factor, ɝ is the generalized stress parameter and ȹTj 

is the junction temperature swing. Additionally, there are several variations of the 

temperature dependent Coffin-Manson expression with varying degrees of fidelity that will 

include more information about the module [32].  

Furthermore, to develop a lifetime model similar to Equations 4-6 [76], analytical 

or numerical processes are used to observe damage indicator response to the thermal 

loading. Statistical handbook models based on empirical analysis of field failures were 

used prior to the development of physic-of-failure models. These methods have been 
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shown to be inaccurate [77]ï[79] due to the generalities made in the models regarding the 

application and disregard for consideration of failure mechanisms. 

The following subsections will detail failure mechanisms for power package wire 

bonds, die-attach, and MCSs. The sections are arranged in order of typical first component 

to fail, which is in the order of wire bond, die-attach, and finally MCS [80]. With advances 

in the reliability of each component, other components become more likely to fail. 

Additionally, the sections will also discuss common materials and their properties for each 

component. 

2.1 Wire-bond Failure 

Wire bonds are used to transport the electrical signal from the terminal to the 

transistor and vice versa. Recent efforts into the study of wire-bond materials have focused 

on aluminum, gold, and copper, with aluminum and gold being classic materials and copper 

being a more recent material of study. Each material has different design tradeoffs with 

respect to cost, manufacturability, and reliability. Table 3 details some example material 

properties of gold, copper, and aluminum, note that some properties are subject to the 

treatment of the material and could vary significantly. 

Table 3 ï Material properties for common wire bond materials in industry and research 

applications. References: Ag and Cu [81] and Al [82]. 

 

Materials

Electrical 

Resistivity 

[ɛɋ*cm]

Thermal 

Conductivity 

[W/mK]

CTE 

[ppm/K]

Yield 

Strength 

[MPa]

Ag 1.63 430 18.9 45.5

Cu 1.72 400 16.5 200

Al 2.7 220 25 29
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Thermo-mechanical failure in wire bonds often occurs at the bonded interface 

between the wire bond and the bond pad metallization or through cracking at the heel just 

above the bonded interface. These failures occur due to temperature and power cycling 

conditions and are due to the CTE mismatch of the various layers in the package causing 

stress accumulation at the interface. Furthermore, interaction between the encapsulation 

material and the wire bond has also been shown to cause failure due to CTE mismatch 

between the wire bond and encapsulant [83]. Figure 26 shows the site of failure at the bond 

interface and how the stresses accumulate during the switching operation of the active 

device [84]. Figure 27 shows images of lift-off and heel crack failure for bond wires. 

 

Figure 26 ï Wire bond interfacial stress reaction during heating and cooling that occurs as 

the active device performs its switching operation. The interfacial stress leads to fatigue at 

the interfacial bond which eventually causes bond failure and liftoff. 
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Figure 27 ï Failure types lift off (left) and heel crack (right) for wire bonds in power 

modules [85]. Wire bond liftoff is often caused by stress concentrations at defect sites in 

the bond interfacial region. Heel cracking occurs due to overheating of the wire and stress 

concentrations at the heel weak point as the wire tries to deform under thermal loading. 

The thermo-mechanical stress that causes bond wire lift off is characterized by the 

bimetallic thermo-mechanical strain relationship shown in Equation 7 

 ‐ ὒ‌ ‌ ЎὝ (7) 

Where Ůtotal is the total bimetallic thermo-mechanical strain at the bond wire and bond pad 

interface, L is the bond length, Ŭ is the materials respective CTE, and ȹT is the temperature 

swing. The total strain will mostly be dominated by plastic strain and thus the Coffin-

Manson law in Equation 8 combined with Equation 7 can be converted to the temperature 

dependent version seen in Equation 6 [86]. 

 ὔ ὃɝ‐  (8) 

Since wire bond failure is the most common mode of failure in typical packages, 

several easy-to-use temperature dependent Coffin-Manson equations have been developed 

to estimate package failure with increased accuracy. The original form of this model was 

shown in Equation 6, the following equations are enhancements of this original model for 

increased accuracy. 

Schilling, et al., [87], conveniently reviewed these various equations . The 

Arrhenius approach to the Coffin-Manson model provided in Equation 9 

 ὔ ὥɝὝ Ὡ ȟ  (9) 

where Nf is the cycles to failure, a and n are fitting parameters, ȹTj is the junction 

temperature swing, ka is the activation energy, kb is the Boltzmann constant, and Tj,m is the 
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mean junction temperature. The Arrhenius version was created due to the observations that 

more than just the temperature swing during power cycling tests was observed to have an 

effect on the lifetime of standard power modules. Next, additional parameters describing 

the operation and wire bond geometry are included in the Bayerer model, as seen in 

Equation 10 

 ὔ ὑɝὝ Ὡ ȟὸ Ὅὠ Ὀ  (10) 

where Nf is the cycles to failure, K and ɓ1-6 are fitting parameters, Tj,m is the mean junction 

temperature, ton is the operational time on for the switching device, I is the current per bond 

stitch, V is the chip blocking voltage, and D is the bond wire diameter. Finally, the 

Scheuermann model was developed for modules with sintered die-attach but is still based 

on wire bond information as seen in Equation 11 

 ὔ ὥɝὝ ὥὶЎ
ὅ ὸ

ὅ ρ
Ὡ ȟὪ  (11) 

where Nf is the cycles to failure, the fitting parameters are a, C, n, ɓ1-2, ɔ, ar is the bond 

wire aspect ratio, ton is the operational time on for the switching device, ka is the activation 

energy, kb is the Boltzmann constant, Tj,m is the mean junction temperature, and fDiode is the 

diode de-rating factor. 

2.2 Die-attach Failure 

Die-attach is typically utilized to bond the semiconducting transistor to the top 

metallized layer of the MCS. For lateral devices the die attach is often just used to transfer 

heat from the die through the rest of the package and in vertical devices it is used as both a 

heat and electrical path. Recent die-attach material developments have been focused on the 
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improvements in lead-free solders, metal sinter, and direct bonding technologies. Table 4 

shows the material properties of several recent lead-free die-attach materials in comparison 

with a lead-based solder. 

Table 4 ï Material properties of some recent lead-free die-attach technologies in 

comparison with a lead based solder[88], [89]. SAC 105 electrical resistivity was not 

provided from the sources. 

 

When solder-based die-attach is formed through the solder reflowing process, often 

many micro-sized voids are formed as well. These voids become sites of stress 

concentration and will eventually become crack initiation sites when the die-attach 

experiences thermo-mechanical stress during the operation of the device. Depending on 

the location of the void, overtime a crack could propagate and lead to delamination of a 

significant area of the attached interface resulting in fatigue-based failure of the device. 

Delamination does not need to occur to considerably limit the performance of the die-

attach, large cracks propagated from centrally located voids could also greatly affect 

performance, therefore fatigue failure is often characterized by a critical crack length [43]. 

Figure 28 shows a visual description of the void, cracking, and delamination processes, 

Figure 29 while shows the delamination and cracking in a failed sample. 

Materials

Melting 

Temperature [C]

Shear

Strength

(20 C) [Mpa]

Shear

Strength

(200 C) [Mpa]

Electrical 

Resistivity 

[ɛɋ*cm]

Coefficient 

of Thermal 

Expansion

[ppm/K]

Thermal 

Conductivity 

[W/mK]

Pb5Sn2.5Ag 296-298 28 7.5 19 28.7 23

AuSn 280 130 100 16.4 16 59

TLPB Bonding >300 20-40 2-40 - - -

SAC 105 217-221 45 - - 20 60

Ag Sintering >900 20-80 20-40 5 18-23 >100
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Figure 28 ï Potential void, cracking, and delamination in die attach portion of electronic 

package assemblies [90]. Voids occur during reflow processing of the die attach material 

and can take the form of interfacial, isolated, and through thickness voids. Cracking either 

occurs adhesively at the interface causing delamination or cohesively in the center of the 

die attach material, propagating from a defect site. 

 

Figure 29 ï Image of die-attach failure by delamination (left) and prominent crack 

propagation (right) [91]. 

2.3 Metallized Ceramic Substrate Failure 

Metallized ceramic substrates are composed of a ceramic material sandwiched 

between two metallic layers. To create the layered assembly the metal layers are brazed or 

soldered to the ceramic to create a hermetic seal. Ceramics cannot be directly brazed or 

soldered; therefore, an intermediary metal film is utilized to aid in this effort. Common 

ceramic materials for MCS technology are aluminum oxide (alumina, Al2O3), aluminum 
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nitride (AlN), and silicon nitride (Si3N4). The common metallic materials are copper and 

aluminum. Table 5 details material properties of aforementioned MCS materials. 

Table 5 ï MCS technology materials and their properties. Copper and aluminum thermal 

conductivities are from [92], [93], respectively; all other properties are from [94]. 

 

The top layer of metallization in a MCS system is etched to create a circuit layer to 

which the dies and terminals can be appropriately attached. During the etching process 

geometric singularities are created at the metal/ceramic interface that become potential 

crack initiation sites. During the operation of the module the thermal cycling that takes 

place causes expansion and contraction creating stress concentrations at the singularities 

leading to crack bifurcation and ultimately brittle fracture provided another form of failure 

in the module has not already taken place [45]. Figure 30 shows an example of the fracture 

that may occur due to stress concentrations and crack propagation at the micro-cracks 

caused during the etching process. 

Materials

Coefficient of 

Thermal Expansion 

[ppm/K]

Young's 

Modulus 

[Mpa]

Thermal 

Conductivity 

[W/mK]

Alumina 6.7 370 30-40

Aluminum Nitride 4.2 330 140-200

Silicon Nitride 2.8 320 35-60

Copper 16 110 385

Aluminum 24 70 210
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Figure 30 ï Brittle fracture of ceramic in MCS assembly due to thermal-mechanical stress 

propagating micro-cracks caused through the circuit layer etching process [95]. 
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CHAPTER 3. DIGITAL DESIGN METHODOLOGY  

Digital design is a broad term that incorporates many different combinations of 

numerical and analytical approaches. For this work it refers to the use of numerical 

modeling, design of experiments, reduced order modeling, and optimization algorithms in 

combination with one another towards a multi-objective design goal. Figure 31 shows the 

overall process for the steady-state CFD and FEA based codesign process. A major 

challenge in design exploration is the computational cost of high-fidelity numerical 

analysis, this can be addressed by the aid of reduced order modeling and optimization 

algorithms. A reduced order model can analytically relate the various performance metrics 

to the design parameters and optimization can utilize these analytical representations to 

efficiently explore the design space. Once the power module concept is established the 

design space for the heat exchanger and packaging structure can be explored. The process 

starts by establishing a design space for the heat exchanger, generating a design of 

experiments, each of the design points can be explored using CFD software, and the 

performance metrics for each of the designs is recorded. Once the design of experiments is 

established the reduced order model can be formulated to develop analytical expressions 

representing the response of the performance metrics to the change in design parameters, 

which is then used by the optimization algorithm along with constraints to study the design 

space. 
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Figure 31 ï Steady-state linked CFD and thermo-mechanical FEA design process with 

fidelity reduction and multi-objective optimization. The process starts by establishing a 

design space for the heat exchanger, generating a design of experiments, each of the design 

points can be explored using CFD software, and the performance metrics for each of the 

designs is recorded. Once the design of experiments is established the reduced order model 

can be formulated to develop analytical expressions representing the response of the 

performance metrics to the change in design parameters, which is then used by the 

optimization algorithm along with constraints to study the design space. 

High performance designs and insights into the influences of design parameters on 

design performance metrics are enabled through the combination of these design 

technologies. This chapter describes the design technologies with relevance to the thermo-

mechanical design of a power module with integrated thermal management and provides 

examples of how these processes are utilized in the design of power electronics thermal 

management and packaging. 

3.1 Thermo-mechanical Numerical Modeling 
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The numerical modeling methods used for thermo-mechanical design of a power 

module with integrated thermal management will include conjugate heat transfer based 

CFD, as well as thermal and structural FEA. Steady-state laminar conjugate CFD, steady-

state and transient thermal FEA, and static linear and non-linear (geometric and material 

non-linearity) are used for the design process. This section will detail the fundamental 

background of conjugate CFD and coupled thermo-mechanical FEA. 

3.1.1 Steady-State Computational Fluid Dynamics 

CFD utilizes the finite volume method and for the purposes of this study a conjugate 

heat transfer (conduction and convection) approach is employed. This approach is 

governed by the conservation of mass (Equation 12), momentum (Equations 13-15), and 

energy (Equation 16) [96], [97].  
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Where x, y, and z are the x, y, and z directions; u, ɜ, w are the x, y, and z direction velocities, 

respectively; P is the pressure, T is the temperature, q is the internal heat generation, ɟ is 

the fluid density, ɛ is the fluid viscosity, and ə is the material thermal conductivity. For 
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Equations 12-16 viscous dissipation and gravitational effects are assumed to be negligible; 

fluid is incompressible, and constant properties are assumed. Figure 32 shows a three-

dimensional element illustration for the conservation of mass, momentum, and energy with 

the center of the element as reference. 

 

Figure 32 ï Three-dimensional fluid element illustration of (a) mass conservation, (b) 

momentum conservation, and (c) energy conservation [97]. 

CFD is employed for heat exchanger design of the integrated heat sink, an example 

of which can be seen in Figure 33. The CFD model will be primarily utilized to understand 

effects of the heat exchanger design changes and is capable of thermally analyzing the solid 

layers of the domain, as well as analyzing the thermohydraulic performance of the fluid. 

Utilizing this approach, a considerable amount of information can be gained about the 

thermo-hydraulic performance of any one design. Information such as flow streamlines, 
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heat transfer coefficients, temperature, and pressure can be gained from utilizing this 

numerical method. 

 

Figure 33 ï Example CFD domain for the use in heat exchanger design for a power 

module. The CFD model will be primarily utilized to understand effects of the heat 

exchanger design changes and is capable of thermally analyzing the solid layers of the 

domain, as well as analyzing the thermohydraulic performance of the fluid. 

3.1.2 Thermo-mechanical Coupled Finite Element Analysis 

A thorough discussion of thermo-mechanics of electronic assemblies is discussed 

in this section. Thermal stresses and strain occur in these layered composite assemblies due 

to the varying coefficients of thermal expansion, their elastic/plastic mechanical properties 

and non-uniform local heating within the layered composite assembly. Figure 34 details 

the general structure of a local portion of an electronic assembly (material layer 1, adhesive 

layer, and material layer 2), as well as the forces and stresses that occur due to the thermal 

strain caused by mismatch of the CTE under changing temperatures (Equation 17), where 
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E is Youngôs modulus, ɜ is Poissonôs ratio, Ŭ is CTE, h is layer thickness, M is the moment, 

Q is the shear force, N is the axial force, Ű is the interfacial shear stress, and ů is the peeling 

stress. 

 

Figure 34 ï (a) Electronic assembly layers, material 1, adhesive, and material 2; (b) Free-

body diagram of layered assembly. 

The force (Equation 17) and stress (Equations 18-19) equilibrium of each layer is 
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where the variables shown are the same as introduced above, except for ɓ, which is a per 

layer directional operator (is 1 or -1 depending on the layer) [98]. 

Finite element analysis is used frequently to obtain the thermal stresses and strains 

in electronic packages [99]ï[103] and in this study is similarly employed to understand the 

thermal and structural performance of the package. In this section the general governing 
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equations for this coupled phenomenon (often coupled sequentially) are presented for 

linear thermo-elastic regimes, as well as non-linear considerations for geometric large 

deformations and material viscoplasticity. 

The governing equations for sequentially coupled linear thermoelasticity are 

composed of the heat equation (Equation 20), compatibility equation (Equation 21), and 

the displacement equilibrium equations (Equations 22-24) [104]ï[107]. 
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Where, q is the internal heat generation, k is the thermal conductivity, T is the temperature, 

ɟ is the density, cp is the specific heat, t is time, ů is the plane stress, E is Youngôs modulus, 

Ŭ is the CTE, G is the shear modulus, ɜ is Poissonôs ratio, while U, V, W are the x, y, z 

direction displacements respectively. 

For electronic assemblies, geometric and material non-linearities are common. The 

geometric non-linearity experienced is that of large deformations (deformations larger than 

the dimensional direction, commonly thickness of material layers in the assembly). 

Extended formulations of the strain/deformation relationships (Equations 25-30) are used 

[104]. 
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Where, ⱦ is the plane strain and ɔ is the shear strain. The non-linear viscoplasticity model 

is employed to represent the strain-rate sensitive plastic regime common in metallic ductile 

materials [104]. The most common viscoplastic model used for ductile metals in electronic 

packages is Anandôs model (Equations 31-35) [108], [109]. 
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Where, c is a constant material parameter, s is the deformation resistance, ɝ is the stress 

multiplier, Ůp is the plastic strain rate, ka is the activation energy of the deformation process, 
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m is the strain rate sensitivity, R is the gas constant, T is the absolute temperature, h0 is the 

hardening constant, a is the strain rate sensitivity of the hardening process, s* is the 

saturation value of the deformation resistance, ⅞s is a coefficient, and n is the strain rate 

sensitivity for the strain saturation. 

The above detailed thermo-mechanical analysis is employed for the design of a 

power module package. Figure 35 shows an example of the components within the package 

that will be analyzed. Thermal boundary conditions are imposed for the thermal portion of 

the analysis to get a thermal map of the domain, which is then used as loading in the 

mechanical analysis. The focus of the analysis is on the impact of the thermal loading on 

the critical components and interfaces within the package structure. 

 

Figure 35 ï Example power module package domain for thermo-mechanical analysis. 

Thermal boundary conditions are imposed for the thermal portion of the analysis to get a 

thermal map of the domain, which is then used as loading in the mechanical analysis. The 

focus of the analysis is on the impact of the thermal loading on the critical components and 

interfaces within the package structure. 

3.2 Reduced Order Modeling 

Fidelity reduction techniques in the design of electronic packaging and thermal 

management often include compact models or response surface methodology (RSM). 

Compact models differ from RSM as they often are trying to achieve a level of physical 
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fidelity of the device, where RSM is a purely mathematical representation and can be used 

to represent many different systems. Various compact models exist such as analytical 

thermal resistance/impedance models [110] and numerical approaches such as representing 

various heat sink configurations as volumetric blocks or porous media [111]ï[113]. 

Thermal resistance/impedance models have a similar fidelity to that of ROM but 

the numerical volumetric block approaches would be a higher fidelity. Thermal 

resistance/impedance models compared to RSM is the ability to easily extract design 

parameter effects and inclusion of mechanical considerations in an optimization process. 

Figure 36 shows two example thermal compact models, the two-resistor model and 

DELPHI models. The two-resistor model is the most widely used thermal compact model 

and is able to predict the thermal performance of the device connections to the case and 

board. The DELPHI model is a more complex model that has high accuracy for various 

design environments, considering variation packaging and cooling solution. 
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Figure 36 ï Example compact thermal models for electronics thermal analysis. (a) is a 

two-resistor compact thermal model and (b) is a typical DELPHI compact model topology 

[114]. The DELPHI topology is more complex but has higher accuracy compared to the 

two-resistor model. 

The numerical volumetric block approach would have to be directly linked to the 

optimization algorithm and either would be more computationally expensive to analyze a 

similar number of designs or the overall number of designs studied would have to be 

decreased when compared to RSM. Figure 37 shows an example of how a pin fin heat sink 

is converted for a porous medium volume block compact modeling approach. To develop 

the volume averaged porous medium model, representative porosity factors permeability, 

Ergun constant, and interstitial heat transfer coefficient are necessary. The volumetric 

block numerical fidelity reduction technique can then be used with an optimization 
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algorithm directly or combined with an analytical reduced order model depending on the 

number of designs to be studied. 

 

Figure 37 ï Example of porous medium volume block approach. (a) is the pin fin heat sink 

and (b) is the equivalent porous medium representation. 

RSM is a common reduced order modeling process utilizing statistical techniques 

to relate all or significant inputs to a system to its output. For example, in utilizing this 

process for the thermal design of a power module, the die spacing can be considered and 

the thermal response can be mapped, as seen in Figure 38. This is useful to thoroughly 

study a design space with minimum additional computational cost. For design spaces with 

a large number of independent variables, response maps may only give limited insights 
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into design parameter influence on performance metric response, in this case statistical 

influence such as a rank of influence analysis is performed. Rank of influence analysis is 

discussed later in the section.  

 

Figure 38 ï Example response surface detailing the thermal response to the spatial layout 

coordinates x and y of die in an electronic module [115]. (Note image quality is similar to 

publication) 

The most common models for this technique are linear (Equation 36) and second 

order (Equation 37) regression. Here y is the output parameter, ɓ is correlation parameter, 

x is an input parameter and ⱦ is random error [116]ï[118]. 
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The second order is more computationally expensive and thus, typically the first order 

model is attempted first. However, for particularly complex systems with many variables, 
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second order is often the correct solution. This studyôs focus will be on the second order 

design process. 

The process for determining the fitting coefficients and metrics of fit are performed 

with matrix notation using a least squares methodology [119]. Equation 37 is transformed 

to matrix notation in Equations 38-42. 
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The least square method seeks to minimize the square of the random errors (Equation 43-

48), which leads to an expression for the least square estimator of the regression 

coefficients (Equation 45). The fitted regression model (Equation 46) and residual error 

(Equation 47) is then formulated. The coefficient of determination (Equation 48) is used to 

assess the fit of the model. 

ὒ ◐ ╧♫ᴂ◐ ╧♫ (43) 
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A non-exhaustive study of the design space is necessary and is carried out by a 

design of experiments (DOE) algorithm. Both first and second order RSM schemes have 

corresponding DOE algorithms. The most common design algorithms for second order 

RSM in order of least to most economical are the three-k, central-composite, and Box-

Behnken [116], [118] techniques. This study will focus on Box-Behnken design as it was 

found to have good prediction with the computational cost in a previous internal study at 

NREL [120], as well as it being the most economical and popular in industrial research 

[116]. 

Box-Behnken design is performed by breaking down each design variable 

(geometric variables for this study) into three levels, +1, 0, -1 which represent the 

maximum, center, and minimum, respectively. Based on this definition the number of total 

design points is determined by Equation 49. Where N is the number of design points and 

kg is the number of geometric input variables [118], [121]ï[123]. 

 ὔ ςὯ Ὧ ρ ρ (49) 
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This would mean for the heat sink design example from above with fin height, 

diameter, and spacing as the geometric input parameters, there would be a total of 13 high 

fidelity designs studied to enable the response surface approximation to allow for accurate 

prediction of the performance of other designs. 

Furthermore, the influence of the design parameters on the performance metrics 

can be quantified using Spearmanôs rank of influence correlation (SROIC) (Equation 50). 

SROIC analyzes the variance in the performance metrics with respect to the design 

parameters to determine how sensitive the metric is to a change in the parameter. The rank 

has a range of -1:1, with a negative value indicating a reduction in the performance metric 

with respect to an increase of the design parameter and a positive value indicating an 

increase in the performance metric with respect to an increase in the design parameter. 

Additionally, a value close to zero indicates a low magnitude of influence of the design 

parameter. The SROIC is particularly useful as it is less sensitive to outliers in the data 

determining the influence compared to other sensitivity/influence correlations. 

 ” ρ
φВὨ
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 (50) 

The SROIC ranks each of the design parameters and metrics value to one another 

as an individual integer for each design point. Once each parameter is ranked the influence 

is determined based on the difference between the rank of the design parameter and the 

performance metric along with the sample size. 
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3.3 Design Optimization 

Optimization is utilized in many forms and the term is definitively used to describe 

processes from simple parameterization studies to studies implementing advanced 

algorithms. This study will utilize the algorithmic approach to such a process. Generally, 

optimization is the search for the minimum or maximum of an objective function 

depending on the desire of the designer. Until recently these mostly were single objective 

processes that were performed, however, with the need for multidisciplinary and 

multiphysics based design becoming more crucial for complex systems, the desire for 

algorithms capable of handling and balancing multiple design objectives has increased 

[124]. 

The primary reason that multi-objective algorithms are increasingly popular in 

engineering design is the desire to optimize based on several objectives that may be 

conflicting (such as heat transfer coefficient and pressure drop in heat sink design). The 

fundamental problem in multi-objective optimization is shown in Equations (51-53), where 

Equation (51) is the minimization or maximization of the desired objectives, Equation 52 

is the inequality constraints the objectives may be subject to, and Equation 53 is the discrete 

geometric bounds of the design. In Equations (51-53), f is the objective function, g is the 

inequality constraints, x is the design variable, and p is the outcome variables [124]ï[127]. 

 ÍÉÎ ÏÒ ÍÁØ Ὢ ὼȟὴ  ά ρȟȣȟὓ (51) 

 Ὣ ὼȟὴ π Ὦ ρȟȣȟὐ (52) 

 ὼ ὼ ὼ  (53) 
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The results of an optimization problem are known as a Pareto optimal solution that 

is not dominated by another solution in the solution space. This solution parameter cannot 

be improved without negatively affecting another parameter objective. The Pareto optimal 

set is the set of all of the Pareto optimal solutions. Attaining this is not feasible and instead 

several distinctive solutions within the set are found and this is known as the Pareto front 

[125]. 

While there are many different multiple-objective optimization algorithms, often in 

electronics thermal management and design several optimization algorithms are utilized 

including direct search [128]ï[131], gradient based search [132]ï[135], and genetic 

algorithms [136]ï[140]. Direct search is essentially parameterization studies and is less 

precise and not the best candidate for managing optimization of multiple objectives. 

Gradient search utilizes the function formulated from response surface methodology 

reduced order models to find optimal points and is suitable for multiple objectives, however 

it is prone to get stuck on local extremes. Genetic algorithms are useful as they are capable 

of optimizing for multiple objectives but cannot get stuck on extremes due to its heuristic 

nature. It should be mentioned that topology optimization is also a common path for 

thermal management design, however it is not possible to use with predetermined fin 

shapes and not compatible with packaging optimization. Therefore, the discussion of this 

technique is outside the scope of this work. 

Genetic algorithms have advantages over direct search and gradient based 

approaches as they are more likely to arrive at a global optimal solution and have 

compatibility with many types of constraint formulations [141]. Additionally, an internal 

study at NREL found that for thermo-mechanical packaging applications, multiple-
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objective genetic algorithm (MOGA) combined with a second-order ROM and Box-

Behnken DOE provided the adequate accuracy with minimal computation time [120].  

Genetic algorithms (GA) are based on the ideas found in the theory of evolution 

involving the process genes go through as a species reproduces. The GA process (Figure 

39) starts with an initial population utilizing the model created from the RSM process, the 

initial population which goes through a fitness assignment allowing for the selection of the 

parents that are closest to the desired design, those parents undergo crossover to produce 

offspring which are then mutated, some offspring are randomly removed and replaced with 

other population members and termination criteria is checked, if not met the process begins 

again with the new population [124]ï[127]. 

 

Figure 39 ï Flow chart of the genetic algorithm heuristic search process in which an initial 

population is generated and evaluated, pairs are selected, crossed, and mutated, the mutated 

designs are evaluated and top candidates are set as the new optimal designs. This process 

is repeated until the same set of designs are converged as the Pareto optimal set. 
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3.4 Digital Design in Power Electronics Thermal Management and Packaging 

Development 

There are various levels of fidelity that are utilized for digital design. High fidelity 

methods use numerical modeling or experiments coupled with optimization algorithms, 

medium fidelity methods use a hybrid analytical and numerical process mostly through the 

use of reduced order modeling coupled with optimization algorithms, and low fidelity 

methods use analytical methods with optimization algorithms. Each of these approaches 

has been utilized for the pursuit of higher performing designs. This section will review 

some of the efforts to optimize designs using different levels of fidelity for various thermal 

management and packaging solutions. 

Sakanova, et al., [128], optimized and compared double-layer and double-sided 

micro-channel heat sinks (Figure 40) with nanofluid. The micro-channels are integrated 

into the bottom side of the metallization of the MCS with both water and water-based 

alumina nanofluid are utilized as the working fluids. The design process which utilized 

numerical simulations and optimization was carried out by looking at the channel width 

ratio (width/height) and number of channels against thermal resistance, pumping power, 

and pressure drop while considering various inlet velocities, inlet temperatures, and heat 

fluxes for each of the designs and working fluids. The double-sided configuration was 

shown to be between 52-59% more effective at reducing the thermal resistance compared 

to the other configurations studied. The use of the alumina based nanofluid show the 

capability of a further thermal resistance reduction of 17.3% at 5% concentration. 
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Figure 40 ï Cross sections of (a) double layered microchannel, (b) double sided 

microchannel, and (c) single layer microchannel configurations [128]. 

Yang, et al., [134] utilizes a combination of experimental, reduced order modeling, 

and optimization processes to study the design space for channel heat exchanger with pin 

fin surface enhancements. Figure 41 illustrates the structure of the channel heat exchanger 

with pin fin surface enhancements and indicates various design parameter that are further 

defined in Table 6. The design parameters considered were heater power, pressure drop, 

pin fin height, and channel width. The 16 designs experimentally studied were determined 

based a uniform design of experiments which uniformly distributes design points to enable 

the development of a reduced order model. A quadratic regression model was used to 

characterize the thermal resistance response to the design parameters. The optimal design 

points were found through taking the partial derivatives of the regression model and solved 

as a system of equations. In the optimal design, the optimal power, pressure drop, fin 

height, and channel width were 150 W, 0.273 MPa, 2.53 mm, and 6.21 mm respectively, 

resulting in a thermal resistance of 0.09 /W. 
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Figure 41 ï The structure of the pin fin enhanced channel heat exchanger. The three images 

shown detail: (a) the flow path, heat source location and pin fins, (b) the arrangement of 

the pin fin surface enhancements, and (c) position of the fins within the channel [134]. 

Table 6 ï Nomenclature accompanying the illustration of the pin fin enhanced channel 

heat exchanger [134]. 
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Sahu, et al., [139] details the development of a direct MCS cooled power module 

using Fourier series (Equation 54) to create topological structure for heat exchanger 

utilizing 50% water-glycol working fluid. This structure generation process is combined 

with a genetic algorithm to optimize the topological shape and reduce thermal resistance. 

Figure 42 shows and example of the resulting heat exchange structure topological 

generated by the use of the Fourier series and Table 7 details the design parameters used 

based on Fourier series variables. The optimized design was capable of achieving a thermal 

resistance of 0.015 K/W under a power input of 87 W. 

 Ὂ ὼ Ὄ ὃ ὲÃÏÓ 
ς“

‗
Ὤὲὼ ‰ ὲ ȟὼ‭πȟὡ  (54) 

 

Figure 42 ï Example of the topological surface generated using the Fourier series. Heat 

load, heat sink region, coolant contact surface, and coolant region are identified [139]. 
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Table 7 ï Design space for the topological heat exchanger structure based on Fourier series 

[139]. 

 

Xu, et al., [129] utilizes a high-fidelity design approach combining thermo-

mechanical numerical modeling and utilizes a downhill simplex optimization method to 

explore the design of a MCS system. The downhill simplex method is utilized to arrive at 

a solution quickly. Figure 43 details the computation domain used in the design process 

and the bounds of the various design variables. The goal of the optimization was 

minimizing the maximum stress in the top metallization, ceramic substrate, semiconductor 

die, and die attach. The final design achieved a maximum von Mises stress of 38 MPa. 
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Figure 43 ï Optimization of the MCS system with the design parameters and ranges 

provided [129]. (Note image quality is similar to publication). 
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CHAPTER 4. DIELECTRIC FLUIDS FOR THE ACTIVE 

DIRECT COOLING OF POWER ELECTRONICS  

This chapter was adapted from the authorôs previous work [142]. 

4.1 Overview 

A typical power electronics module (Figure 44) consists of multiple 

semiconductors (encapsulated in insulative gel or molding), an insulated substrate 

(typically direct-bonded copper), a thermal interface material or bonded interface, and a 

thermal management solution (e.g., heat sink) typically onto the baseplate. The electrically 

insulating substrate contains a ceramic material that has a low dielectric constant and high 

breakdown voltage, but a lower thermal conductivity compared to the metallic layers. 

 

Figure 44 ï Typical schematic of a power electronic module with single-sided thermal 

management. 
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While much effort has been put into reducing the convective thermal resistance, the 

active cooling solutions are far removed from the location of the heat generation source 

which comes from the power semiconductors themselves. The heat must travel through 

layers of material which add conductive resistance to reach the convective cooling solution. 

While efforts have been made to reduce this thermal resistance, it is ultimately desired to 

move the convective cooling as close to the heat source as possible. One path towards this 

end is through the elimination of the dielectric solid layers (e.g., ceramics) and directly 

cooling the semiconductors. This would still require the use of a dielectric for the operation 

of the power module which would thus require the use of dielectric fluids as the coolants 

to improve thermal performance [56], [57]. The package redesign and removal of the solid 

dielectric layers allows for the cooling solution to be very close to the heat source with the 

heat exchanger integrated into the traces (Figure 45). The elimination of the direct-bonded 

copper would not only move the cooling solution closer to the die, but also eliminate a 

packaging component that is prone to thermomechanical failure through thermal cycling. 

It should be noted that dielectric fluids typically have inferior properties compared to 

typical coolants (e.g., water-ethylene glycol), but they enable a redesign of the package to 

reduce the package/conduction thermal resistance. While there are many dielectric fluids 

available for cooling electronics, the selection of the dielectric fluid depends on the 

application and cooling method (single-phase versus two-phase cooling). To help with the 

dielectric fluid selection, parameters such as figures of merit (FOM) can be useful in 

determining the appropriate dielectric for a given application. 
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Figure 45 ï Illustrative example of a power module without MCS layers featuring direct 

cooling on the module leads. 

One of the first FOM developments was the Mouromtseff number that was used for 

comparing cooling fluids in the thermal management of vacuum tubes [143]. This work 

also established the general form of the convective figure of merit. Lee, et al., developed a 

process for the general internal single-phase forced convective flow comparison of various 

fluids using an FOM (in addition to other flow regimes) [144]. Modern iterations of FOM 

development focus on specific applications. Lenert, et al., showed how the process can be 

applied to single channel flow for a solar collector tube application [145]. Recently, 

Ehrenpreis, et al., considered a process for FOM development for the application of electric 

motor cooling [146]. 

This work seeks to develop a comparison based on the thermal-fluid properties to 

aid in the fluid selection process for single-phase heat transfer applications in power 

electronic packages redesigned for reduced conductive thermal resistances using dielectric 

fluids. This is accomplished by establishing a process for FOM development and then 

comparing the correlation based FOM with conjugate heat transfer CFD results of using 

various dielectric fluids in a relevant application. A process to identify fluids that meet 

convective performance targets is described while also considering the previously 
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mentioned dielectric targets. Finally, a discussion is then provided about other 

considerations when making the choice of the dielectric coolant. 

4.2 Methods 

When moving to this new packaging structure and cooling method, it is important 

to understand the dielectric properties. The use of these fluids as coolants is not new, but 

they have not been well investigated for the use in power electronics applications. 

To aid in the discussion of replacing the solid/gel insulation typically used in power 

electronics packages with dielectric fluids, the authors deemed it important to present some 

definitions and design targets for the dielectric properties. 

The dielectric constant, ədielectric, (Equation 55)ða dimensionless parameterðis the 

ratio of the permittivity of the material, Ůperm, with respect to the permittivity of the free 

space (i.e., of a vacuum environment), Ůperm,0. This quantity represents a materialôs ability 

to store an electric field. 

‖
‐

‐ ȟ
 (55) 

A low dielectric constant indicates a poor ability to store charge (desired for 

insulative applications) and a high dielectric constant represents a strong ability to store 

charge (desired for capacitive applications). For power electronics applications, it is 

typically desirable to have a dielectric constant less than 5 [147]. 

Dielectric materials are inherently poor electrical conductors; however, there is a 

mechanism known as breakdown (of which there are several types), in which a sufficiently 

strong electric field will free the bound electrons and allow for a conductive path in the 
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material. Arcing occurs when the conductive path is established after the breakdown 

process is complete and electrons flow freely. The dielectric strength of a material is 

quantified as the voltage at which breakdown occurs across an electrode separation length 

(often in units of kV/mm). Although highly dependent on the application (primarily 

application voltage and electrode spacing), power electronics applications typically seek to 

have a dielectric strength greater than 10 kV/mm [147]. 

It is important to keep in mind with the application of these fluids that the dielectric 

constant and breakdown are not independent of other system variables such as temperature, 

pressure, frequency, etc. 

A method to select the optimal dielectric fluid for single phase heat transfer 

applications is presented in this section. It is helpful to develop a parameter that captures 

the opposing performance impacts of heat transfer and pumping power/pressure drop. This 

can be done by deriving an FOM based on common Nusselt number and friction factor 

correlations. For the purposes of a thermal management solution, laminar and turbulent 

internal flow correlations are typically considered. The FOM development process 

considers only the relationships between the material properties observed in the Nusselt 

number and friction factor correlations [148]. 

A convective FOM represents the ratio of key thermohydraulic performance 

properties. For the purposes of convective processes, the specific heat (cp), heat transfer 

coefficient (h), and pumping power (Ppump) are chosen for comparing dielectric fluids 

(Equation 56). However, for better comparison, these convective properties are expanded 

until the FOM is a representation of the thermohydraulic material properties of the fluids. 
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Equations 57ï61 show the process of expanding the definition of FOM into a ratio 

of the fluidôs density and dynamic viscosity under constant volumetric flow conditions (for 

the purposes of the FOM, constants were dropped and fixed volumetric flow rate was 

chosen for comparison with conjugate heat transfer CFD results), where m is the mass flow 

rate, ɟ is the density, ɕ is the pump efficiency, V is the velocity, A is a cross-sectional area 

of the duct, æp is the pressure drop, f is the friction factor, L is the duct length, d is the 

hydraulic diameter, g is the gravitational constant, Re is the Reynoldôs number, ɛ is the 

dynamic viscosity, and a is a mathematical constant.  

Equations 62 and 63 consider the flow conditions to finalize the FOMs for both 

laminar and turbulent internal forced convective channel flow in a circular tube, where Nu 

is the Nusselt number, k is the thermal conductivity of the fluid, Pr is the Prandtl number, 

FOMl is the laminar FOM, and FOMt is the turbulent FOM [14]. 
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These cases represent very basic forms of an FOM that could be applied to many 

scenarios. Using the process described here, other application-specific figures of merit can 

be developed to consider natural convection and thermal entry length, just to cite a couple 

of examples. This FOM approach was used to compare dielectric fluid performance to aid 

in fluid selection. 

Steady, laminar, constant properties conjugate heat transfer CFD simulations were 

then conducted to compare the predicted performance of the dielectric fluids, with the 

analytical FOM results. A quarter-symmetry power electronics module conjugate heat 

transfer CFD model was constructed (Figure 46) and analyzed using Ansys Fluent 19.3, 

and the results from the conjugate heat transfer CFD simulations were compared with the 

results obtained from the developed FOMs. The computational domain consisted of copper 

metallization, silicon carbide die (heat source), dielectric molding around the die, copper 

heat sink with straight fins, fluid domain, and slot jet. The copper, silicon carbide, and 

dielectric molding had thermal conductivities of 387.6, 80.0, 0.25 W/m-K, respectively. 

Figure 45 shows the package layers and thermal boundary conditions, and Figure 46 shows 

the conjugate heat transfer CFD model with descriptions and dimensions of each layer, as 

well as the direction of fluid flow. The domain was analyzed considering the energy and 
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laminar viscous model. The laminar viscous model was chosen based on the low Reynolds 

number calculated at the jet inlet. The boundary conditions included a die heat dissipation 

of 44.8 W (as internal heat generation), inlet velocity of 0.325 m/s, fluid inlet temperature 

of 65°C, and outlet gauge pressure of 0 Pa. The power, velocity, fluid inlet temperature 

was chosen to maintain a reasonable junction temperature under laminar flow conditions. 

To decrease computation time quarter symmetry was used as the full domain was 

completely symmetrical across center lines. 

 

Figure 46 ï Conjugate heat transfer domain of a direct cooled power module featuring slot 

jet on straight fins. 

The conjugate heat transfer CFD FOM was derived using Equations 56-59, and 

dropping the pump efficiency for the unit cell analysis, we arrive at Equation 64, where the 

heat transfer coefficient is the area-averaged overall heat transfer coefficient 80 ɛm below 

the base of the fins, and the pressure drop is derived from the area-averaged difference 

between the inlet and the outlet. 
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4.3 Comparison of Dielectric Fluids for Active Direct Cooling of Power Modules 

This study considered 22 commercially available fluids, whose thermohydraulic 

and dielectric properties can be found in Table 8 (reported values are given at room 

temperature, per reference data). Their thermohydraulic performance was analyzed using 

Equations 62-64 for comparison with conjugate heat transfer CFD results. 
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Table 8 ï Surveyed dielectric fluid list [149]ï[157] with thermohydraulic properties and 

FOMs. Reported values are given at room temperature, per reference data. 

 

From the original FOM developed previously, the value of this information may 

not be clear. Knowing that water is a commonly used liquid coolant due to its relatively 

high specific heat and thermal conductivity, as well as its low dynamic viscosity, it is used 

as a normalization for others for ease of comparison (Equations 65-67). 
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kV / mm W/m*KJ/kg K kg/m^3 Pa*s

Alpha 6 29 -- 0.15  2,120 824 0.0555.73E+038.36E+045.35E+09

ATF 14 -- 0.13  2,215 840 0.0714.06E+036.75E+044.11E+09

AC-100 30 2.10 0.14  2,137 795 0.0093.10E+042.84E+052.97E+10

AC-150 30 2.22 0.16  2,137 833 0.1592.14E+034.12E+041.95E+09

AC-200 30 2.21 0.16  2,137 807 0.0103.46E+043.05E+052.89E+10

AC-250 30 2.25 0.16  2,137 839 0.1662.04E+033.99E+041.87E+09

BC-888 20 2.20 0.14  2,133 817 0.0132.31E+042.30E+052.12E+10

EC-100 20 2.20 0.14  2,133 846 0.0221.35E+041.56E+051.29E+10

EC-110 30 2.10 0.14  2,133 846 0.0112.78E+042.63E+052.50E+10

EC-120 30 2.10 0.14  2,133 846 0.0083.90E+043.35E+053.34E+10

EC-130 30 2.20 0.14  2,133 846 0.0055.65E+044.38E+055.04E+10

EC-140 30 2.22 0.16  2,133 846 0.1622.10E+034.06E+041.91E+09

PSF-20 cSt 25 2.68 0.14  1,600 950 0.0191.18E+041.20E+051.05E+10

PSF-50 cSt 25 2.71 0.15  1,500 960 0.0484.69E+035.90E+044.09E+09

PSF-100 cSt 25 2.71 0.16  1,500 970 0.0972.40E+033.64E+042.11E+09

FC-3284 16 1.90 0.06  1,100 1710 0.0019.61E+044.62E+052.20E+10

FC-72 16 1.80 0.06  1,100 1680 0.0019.80E+044.70E+052.21E+10

FC-84 16 1.80 0.06  1,100 1730 0.0017.25E+043.78E+052.20E+10

FC-770 16 1.90 0.06  1,038 1793 0.0014.67E+042.66E+052.01E+10

FC-3283 16 1.90 0.07  1,100 1820 0.0015.19E+042.96E+052.37E+10

FC-40 16 1.90 0.07  1,100 1850 0.0032.10E+041.55E+051.57E+10

FC-43 16 1.90 0.07  1,100 1860 0.0051.52E+041.23E+051.35E+10

Water -- 80.10 0.58  4,187 998 0.0012.41E+069.25E+064.63E+11
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Figure 47 shows the comparison of the various dielectric fluids using their 

normalized FOM for both laminar and turbulent flows, as well as the conjugate heat 

transfer CFD application (CFD results were also normalized to the results obtained using 

water in the CFD model). 
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Figure 47 ï Normalized FOM for each analysis type. CFD analysis was performed under 

laminar flow conditions. 

From Figure 47, we can group the fluids based on their performance. For a 

normalized laminar FOM (Equation 65) above 0.025, we have the top-performing fluids 

FC-3284, FC-72, and FC-84. In the range of 0.01 to 0.025 are AC-100, AC-200, EC-110, 

EC-120, EC-130, FC-770, and FC-3284. Finally, the lowest-performing fluids under a 

laminar FOM of 0.01 are Alpha 6, automatic transmission fluid (ATF), AC-150, AC-250, 

BC-888, EC-100, EC-140, all PSF series, FC-40, and FC-43. 

A normalized turbulent FOM (Equation 66) shows the top performers above 0.04 

as FC-3284, FC-72, FC-84, and EC-130. In the range of 0.02 to 0.04 are AC-100, AC-200, 

BC-888, EC-110, and EC-120. The lowest-performing fluids surveyed are Alpha 6, ATF, 

AC-150, AC-250, EC-100, EC-140, FC-40, FC-43, and the PSF series. Note that most 

fluids have similar rankings compared to the other fluids for both the laminar and turbulent 

regimes, and normalized values for both regimes are similar across fluids. 

The application results for the conjugate heat transfer CFD analysis show that the 

absolute results do not fall in the same regime as the correlations used; however, for most 

of the fluids, the trend remains when comparing the candidates. It seems that a few of the 

FC seriesðFC-3284, FC-72, and FC-84ðfit the trend the least. It is important to keep in 

mind that the correlations used were simple internal flow correlations and the material 

properties of the correlation was used for FOM development, whereas the application 

analyzed was for a MCS-less power module with slot jet impingement on straight fins.  

Based on the laminar and turbulent channel flow FOMs, the FC series seems to be 

the highest performing, which is interesting because their thermal properties (thermal 
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conductivity and specific heat) are consistently lower (nearly half) compared to the other 

fluids surveyed. However, this is accompanied by a viscosity that is significantly lower 

than the other candidates, enhancing their hydraulic performance which overcomes their 

thermal drawbacks. 

Now when we consider the conjugate heat transfer CFD results, the FC series is 

outperformed by several other candidates in the AC and EC series of fluids for the 

application of slot jets on finned surfaces. The reason is that the application is quite 

different that the correlations used in FOM development and while capturing the effects of 

most fluids well, may not capture accurate effects of all fluids. This shows that when 

developing an FOM, it is beneficial to seek thermal and hydraulic correlations that closely 

match the application. 

Furthermore, there are several other material properties and factors to consider for 

the dielectric fluid selection process. Cost, toxicity, global warming potential, flash point, 

pour point, industry regulations, material compatibility, and the operating temperature 

range should be considered when selecting a fluid. Selecting the fluids that meet these 

criteria will narrow the list of candidate fluids to consider for the specific application. The 

candidate fluids can then be ranked using the FOM approach described above. 

It is also important to understand that because of the ideal dielectric properties of 

these fluids the cooling solution could be moved closer to the heat source. This will assist 

in lowering the overall thermal resistance of a system, as these fluids allow for the removal 

of some low-thermal-conductivity solid layers typically used in power electronics 

architectures. It should also be noted that when removing the solid electrical insulation 

layer in a power electronics package, aspects related to the coefficient of thermal expansion 
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mismatch between the die attach and trace materials should also be considered. Extra 

consideration and research will need to be performed to address this potential 

thermomechanical problem. 

4.4 Conclusions 

This work reviews the use of dielectric fluids as coolants in the single-phase flow 

regime. We propose a method for comparing the fluids and compare this method to an 

application analyzed using conjugate heat transfer CFD. We also discuss other 

considerations with this novel power electronics thermal management approach. We 

compare the fluids through a figure of merit normalized with the figure of merit of water. 

The comparison shows that using a correlation based FOM approach follows similar trends 

with computational analysis and is decisively faster and considerably less computationally 

expensive to aid in the fluid selection of a cooling application. This method allows the 

cooling impact of dielectric fluids to be evaluated and when coupled with nonthermal 

considerations will aid in determining the overall eligibility of each fluid for a given 

application. 
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CHAPTER 5. THERMAL MANAGEMENT DESIG N FOR 

AN ACTIVELY DIRECT COOLED POWER ELECTRONICS 

PACKAGE  

5.1 Overview and Approach 

This portion of the study details the development and refinement of the heat 

exchanger design for a direct-cooled three-phase module containing (SiC) devices (Figure 

48). The inverter concept includes DC bus bars (positive and negative leads) and three-

phase output connections with three devices per switch (18 total SiC devices). Figure 49 

describes key details of the module and highlights various portions of the package 

configuration including the die stack, die layout, and component highlights. In particular, 

this module will be designed for direct cooling on the copper leads and then the spent fluid 

will flow over the rest of the module including around the active die. The configuration 

chosen will offer benefits seen in double-sided MCS-less cooling with the added benefit of 

direct cooling of the die area. This configuration allows for the entire module to be housed 

in a single manifold and provide active direct immersion cooling to the leads, die, and sinter 

layers. Figure 50 details the proposed circular jet fluid delivery and pin fin heat transfer 

surface enhancement structure. A high-performance convective cooling solution (jet 

impingement onto highly finned surfaces) was used to offset the relatively poor fluid 

properties. To the best of the authorôs knowledge, a combination of circular jet 

impingement, pin fin surface enhancement, and active direct immersion cooling with a 

dielectric fluid had not been previously attempted. Therefore, it was of interest to study the 

impact of these design decisions for this novel power module configuration. 
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Figure 48 ï Three-dimensional illustration of the proposed three-phase active immersion 

cooled power inverter module with two switches per phase bar consisting of three silicon 

carbide MOSFETs with internal body diodes per switch and sintered silver die attach. 

 

Figure 49 ï Overview of actively cooled power module phase leg consisting of DC minus, 

phase bar, and DC plus copper leads including two switches consisting of three (5.38 x 

4.46 mm x 0.18 mm) silicon carbide die with (0.1 mm thick) sintered silver die attach. 
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Figure 50 ï Illustration of how fluid is dispersed across the actively direct immersion 

cooled module. Top right shows the module and then a unit cell cutout in the lower left 

details how the fluid is intended to impinge onto the surface and then flow across pin fin 

surface enhancements. Similar flow arrangement is found on the DC plus side as well. 

The following sections detail the design and validation of the heat exchanger 

design, with primary focus given to the design variations of the surface enhancement 

features on the surface of the copper leads. To explore the design space for this novel power 

inverter package utilizing single-phase flooded immersion cooling with dielectric fluids, 

an automated design approach was implemented utilizing DOE, ROM, and optimization 

algorithms. These methods were discussed in the previous chapter. The design space for 

the heat exchanger included the arrangement, diameter, spacing, and height of the circular 

pin fin surface enhancements. 

5.2 Impact of Digital Design Process on Heat Exchanger Performance 

5.2.1 Methodology 
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The numerical conjugate heat transfer analysis begins by identifying the proper 

computational domain. Figure 51 shows the die-level unit cell geometry used for the 

modeling design analysis. Figure 52 shows the die-level unit cell with an example fin 

configuration and jet size. 

 

Figure 51 ï Module unit cell for use in numerical analysis containing DC minus/plus leads, 

a phase bar lead, and six SiC die. 

 

Figure 52 ï Die level unit cell for heat exchanger design containing a portion of the phase 

bar and DC minus and a single die. 

Double-sided fluid delivery to the devices is implemented via jet impingement on 

copper conductors bonded to both sides of the devices. The phase bar side is a straight bus 
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bar with a jet impinging on a flat surface centered above the die. The DC minus side only 

covers ~75% of the die to allow room for a gate connection on the top surface. A wall 

(labeled as manifold wall in Figure 53) is placed on the gate side of the device and is used 

to force the fluid across the fins. The manifold wall is assumed to be part of the fluid 

manifold structure. A total flow rate of 10 L/min was assumed and divided between the 36 

jets resulting in 0.28 L/min per jet. The jet diameter of 1.7 mm was then designed to achieve 

2 m/s jet velocity. This jet velocity was chosen used to minimize erosion-corrosion effects 

at high jet velocities (> 2 m/s). Due to the use of high viscosity dielectric fluid laminar flow 

was considered with a jet inlet Reynoldôs number of 260. 

 

Figure 53 ï Computational domain for the heat exchanger design, including example fin 

structures, example dimension, fluid containment area, and manifold wall. 

Figure 54 describes the boundary conditions for the computational domain and 

includes a jet inlet velocity of 2 m/s, heat dissipation of 144 W imposed as internal heat 

generation in the SiC die, outlets at 0 Pa gauge pressure, and inlet temperature of 65 . A 

Reynolds number of ~260 is computed at the jet, indicating a laminar flow regime. The 
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144 W heat dissipation was chosen because it achieved a 150  maximum junction 

temperature for the initial design. 

 

Figure 54 ï Illustration of the boundary conditions used in the conjugate heat transfer CFD 

model. Heat flux is applied at the top side of the SiC die, the fluid is delivered at the jet 

inlets and five outlets are provided at the left and right sides of the domain. 

Figure 55 details the mesh independence study performed, the convergence of the 

number of mesh elements was determined to be achieved when less than 1% change 

occurred in the results upon increasing the number of mesh elements. Additionally, the 

iterative convergence was considered achieved when continuity and velocity residuals 

were less than 10-4 and the energy residual was less than 10-6, typically achieved after 200 

iterations. 
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Figure 55 ï Mesh independence for the heat exchanger design conjugate heat transfer CFD 

model. 

In an effort to reduce the computational cost, a reduced order model of the system 

was developed using response surface methodology. The reduced order model is built from 

a Box-Behnken DOE process and high-fidelity conjugate heat transfer information from 

the above discussed CFD model. Additionally, CFD verification points are used to estimate 

the accuracy of the reduced order model. A second-order linear regression model was 

chosen to represent both the specific thermal resistance and pressure drop with respect to 

the design parameters and their interaction terms. The models yielded from this process are 

then utilized by a MOGA developed in MATLAB to heuristically explore the design space 

and arrive at set of optimal solutions. Additionally, the influence of various design 
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parameters on the performance metrics of the system are explored using the Spearman 

ranking system. The results of the fidelity reduction, optimization, and overall system 

performance are discussed in the following section. 

5.2.2 Heat Exchanger Design Results 

The DOE for the heat exchanger design process included 26 design pointsð13 for 

each pin fin arrangement (Table 9). The number of design points is determined from 

Equation 49 while considering four fin design parameters: arrangement, diameter, spacing, 

and height, as well as two performance parameters: specific thermal resistance and pressure 

drop. Best practice is to include a number of validation points for evaluation of the ROM 

equal to a quarter to a third of the quantity of design points. Therefore, an additional eight 

points are also included in Table 9. The validation points were chosen to be in between 

points with respect to the DOE generated design points. 
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Table 9 ï Heat exchanger DOE and validation points. 

 

The DOE points are used in conjunction with a second-order linear regression 

model (Equation 37). The fit was acquired utilizing a least-squares fit process and the 

specific thermal resistance and maximum pressure drop were fit separately for each fin 

arrangement. The judgement of fit is determined by the root mean squared error (RMSE), 

the coefficient of determination (R2) and the averaged prediction accuracy with respect to 

the validation points (ACCRY). 

Figure 56 shows fit of both the specific thermal resistance (left) and the maximum 

pressure drop with respect to the design parameters for the staggered fin arrangement. Both 

performance parameters show good prediction with regards to the coefficient of 

determination (minimum of 0.98) and the averaged accuracy with respect to the validation 

points (minimum of 93%). The pressure drop is concentrated in three areas due to the heavy 

influence of height and there only being three heights in the DOE. 

Diameter

[mm]

Spacing

[mm]

Height

[mm]

Maximum

Junction 

Temperature

[C]

Specific

Thermal Resistance

[mm
2
-K/W]

Maximum

Pressure 

Drop

[Pa]

Diameter

[mm]

Spacing

[mm]

Height

[mm]

Maximum

Junction 

Temperature

[C]

Specific

Thermal Resistance

[mm
2
-K/W]

Maximum

Pressure 

Drop

[Pa]

1.25 0.625 2.5 204 23 1265 1.25 0.625 2.5 169 17 1479

0.5 0.25 2.5 136 12 1812 0.5 0.25 2.5 121 9 3271

2 0.25 2.5 239 29 1259 2 0.25 2.5 154 15 2845

0.5 1 2.5 180 19 1287 0.5 1 2.5 186 20 1284

2 1 2.5 255 32 1215 2 1 2.5 207 24 1404

0.5 0.625 1 164 17 2723 0.5 0.625 1 164 17 2524

2 0.625 1 225 27 2147 2 0.625 1 196 22 2796

0.5 0.625 4 152 14 1263 0.5 0.625 4 151 14 1289

2 0.625 4 227 27 1199 2 0.625 4 187 20 1278

1.25 0.25 1 182 20 2838 1.25 0.25 1 145 13 8648

1.25 1 1 215 25 1993 1.25 1 1 197 22 2315

1.25 0.25 4 170 18 1136 1.25 0.25 4 129 11 2735

1.25 1 4 208 24 1208 1.25 1 4 184 20 1233

1.5 0.5 4 199 22 1224 1.5 0.5 4 157 15 1554

1 1 2 195 22 1369 1 1 2 199 22 1392

0.5 0.5 3 145 13 1462 0.5 0.5 3 140 13 1539

2 0.25 1 224 27 2161 2 0.25 1 162 16 7679

Staggered Arrangement

Staggered Arrangement Inline Arrangement

Design of Experiments

Validation Points
Inline Arrangement
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Figure 56 ï Staggered ROM fit for specific thermal resistance (left) and maximum 

pressure drop (right). The evaluation of the fit for the specific thermal resistance was 

observed with an RMSE of 1.5, a R2 of 0.98, and an ACCRY of 95%. The evaluation of 

the fit for the maximum pressure drop was observed with an RMSE of 45, a R2 of 0.999, 

and an ACCRY of 93%. 

Figure 57 shows fit of both the specific thermal resistance (left) and the maximum 

pressure drop with respect to the design parameters for the inline fin arrangement. Both 

performance parameters show good prediction with regards to the coefficient of 

determination (minimum of 0.9) and the averaged accuracy with respect to the validation 

points (minimum of 88%). 
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Figure 57 ï Inline ROM fit for specific thermal resistance (left) and maximum pressure 

drop (right). The evaluation of the fit for the specific thermal resistance was observed with 

an RMSE of 0.69, a R2 of 0.99, and an ACCRY of 96%. The evaluation of the fit for the 

maximum pressure drop was observed with an RMSE of 1253, a R2 of 0.90, and an 

ACCRY of 88%. 

The correlation of design parameters to performance metrics can give valuable 

information for design insights. The Spearman rank of influence (Equation 50) for both 

specific thermal resistance and maximum pressure drop is given for each arrangement in 

Figure 58 and Figure 59. The staggered arrangement shows that the specific thermal 

resistance increases considerably with an increase in spacing (rank of 0.81), moderately 

with an increase in diameter (rank of 0.50) and has a weak response with regard to height 

(rank of -0.21). The maximum pressure drop for the staggered arrangement shows minimal 

influence of the diameter (rank of 0.03), with increases in the height (rank of -0.76) and 

spacing (rank of -0.58) leading to considerable contributions to reductions in the pressure 

drop. While the spacing had the overall influence of the staggered design, it is observed 

that the diameter has the highest impact on increases in specific thermal resistance and 

height being the primary contributor to pressure drop for the inline arrangement. 
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Figure 58 ï SROIC for staggered arrangement designs with respect to specific thermal 

resistance (left) and maximum pressure drop (right). Most of the influence on the specific 

thermal resistance comes from the spacing, along with a reasonable influence from the 

diameter, the height has minimal impact. The maximum pressure drop also shows a large 

influence of the spacing, with reasonable influence from the fin height, with negligible 

influence of the diameter. 

 

Figure 59 - SROIC for inline arrangement designs with respect to specific thermal 

resistance (left) and maximum pressure drop (right). Most of the influence on the specific 

thermal resistance comes from the diameter, with the spacing and height having minimal 

impact. The maximum pressure drop is primarily impacted by the fin height with minimal 

impact of the diameter and spacing. 

The optimization of the heat exchanger was tasked with minimization of both the 

specific thermal resistance and the pressure drop. The MATLAB function ñgamultiobjò 

which performs the multi-objective genetic algorithm used to heuristically search the 
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design space and converge on a set of solutions. Figure 60 shows the Pareto front of optimal 

solutions for the staggered and inline arrangements spanning various combinations of fin 

diameter, spacing and height. Both the staggered and inline arrangements can achieve high 

thermal performance with minimal specific thermal resistances of 9.8 and 8.1 mm2-K/W, 

respectively. However, with the given design space the inline design can achieve higher 

thermal performance due to the potential for higher fin densities, thus increasing the heat 

transfer surface area in contact with the cooling fluid. The inline designs increase in thermal 

performance comes at a cost of lower hydraulic performance as the pressure drop is nearly 

twice that of the staggered design at their respective lowest thermal resistances, 2420 Pa 

for the inline and 1360 Pa for the staggered arrangements. However, the pressure drop 

experienced by the inline design is still considered reasonable and is ultimately chosen as 

the most optimal design. Furthermore, inline designs having a higher thermohydraulic trade 

off compared to staggered is an interesting observation as the contrary (or inline having 

overall lower thermohydraulic performance) is often reported for conventional channel 

flow pin fin heat sinks [153] ï [156]. Further study is necessary to understand if the 

utilization of a combination of jet impingement on the pin fin surface is responsible for this 

observation. 
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Figure 60 ï Pareto front of optimal solutions for the staggered and inline fin arrangements. 

The staggered arrangement shows a balanced relationship between the pressure drop and 

specific thermal resistance. The inline design is capable of much lower thermal resistances 

at the cost of much higher pressure drop. 

Figure 61 and Figure 62 show the high fidelity CFD visualization results of 

analyzing the thermally optimal designs for both the staggered and inline arrangements. 

The high-fidelity visualizations correlate well with the ROM based optimization results 

with the CFD results reflecting the same major differences seen in the Pareto plot. The 

specific thermal resistance of the high-fidelity simulations was higher than predicted from 

the optimization process, with specific thermal resistances for the staggered and inline 

arrangements of 11.2 and 9.0 mm2-K/W, respectively. While there was a slight discrepancy 
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in the thermal resistance, the maximum pressure drop for both were nearly identical. The 

high-fidelity visualizations also allowed for the procurement of the overall heat transfer 

coefficients at the base of the fins for the down selected designs, for which the DC Minus 

side had slightly higher performance. The DC Minus side overall heat transfer coefficients 

for the staggered and inline designs were 13040 and 20690 W/m2K, respectively. Both the 

optimization and high-fidelity results indicate that the staggered arrangement has a better 

balance between the thermal and hydraulic performance, while the inline design has higher 

overall thermal performance at the cost of lower hydraulic performance. Ultimately, as 

discussed above the inline design was down selected as the optimal surface enhancement 

solution for use in design of the power module package with the following design 

parameters of 0.5 mm diameter, 0.25 mm spacing, and 3.96 mm height. 



99 

 

 

Figure 61 ï Thermally optimal staggered design thermal profile, velocity contours, overall 

heat transfer coefficients, specific thermal resistance, and pressure drop. The staggered 

arrangement design has the fin features of 0.5 mm diameter, 0.25 mm spacing, and 3.84 

mm height. The design shows a good balance between thermal and hydraulic performance 

with a specific thermal resistance of 11.2 mm2-K/W and pressure drop of 1305 Pa. 
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Figure 62 ï Thermally optimal inline design thermal profile, velocity contours, overall 

heat transfer coefficients, specific thermal resistance, and pressure drop. The inline 

arrangement design has the fin features of 0.5 mm diameter, 0.25 mm spacing, and 3.96 

mm height. The design shows a high thermal performance at the expense of hydraulic 

performance with a specific thermal resistance of 9 mm2-K/W and pressure drop of 2416 

Pa. 

The next section will highlight efforts to validate the high-fidelity CFD models used 

in the heat exchanger design. The section will cover both the experimental methodology 

and the corresponding adapted model. 

5.3 Experimental Validation of Heat Exchanger Design 

This section provides details into the experimental investigation of several designs 

for a direct-cooled heat exchanger, with the objective of validating the models featured in 

the heat exchanger design section of this report. Due to the complicated nature of a double-
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sided cooled package, an experiment was designed to validate the effects on just a single 

side (Phase Bar Side). The following sections detail the experimental design and analysis 

process. 

5.3.1 Experimental Assembly Design 

Figure 63 shows the experimental assembly used to hold the sample in place and 

deliver the fluid. The assembly consists of several parts including a fluid delivery manifold, 

device under test (DUT), DUT base, heater, heat mount, and insulation. 

 

Figure 63 ï Experimental assembly for use in heat exchanger performance validation. The 

assembly consists of a fluid delivery manifold, heat exchanger device under test, the base 

in which the sample is set into and allows for the use of an O-ring for sealing against the 

manifold, the aluminum nitride heater, a heater mount for maintaining good heat/sample 

contact and then solid insulation to encapsulate the assembly and avoid heat losses. 

A cross-section of the assembly can be seen in Figure 64 (right), which shows how 

the pieces connect together. The manifold delivers the cooling fluid directly on to the 
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sample via an impinging jet, which then flows around to the outflow fitting. The sample 

sits on the base fixture which aligns it properly with the manifold. The heater is positioned 

below the sample and then pressed against the sample using bolts on the heater mount to 

create good contact. 

 

Figure 64 ï Experimental assembly overview (left) and assembled cross-section (right). 

The assembly consists of a fluid delivery manifold, heat exchanger device under test, the 

base in which the sample is set into and allows for the use of an O-ring for sealing against 

the manifold, the aluminum nitride heater, a heater mount for maintaining good 

heat/sample contact and then solid insulation to encapsulate the assembly and avoid heat 

losses. 

Figure 65 shows the computer-aided design (CAD) drawings of the heat exchanger 

design that includes the fin structures, heating column to conduct heat from the heating 

element to the cooling fluid, and thermocouple holes for temperature measurements. 

Additive manufacturing of the entire sample with the heating column included proved to 

be a significant challenge for the manufacturer, resulting in samples that were lower quality 

than desired, with rough features and fabrication imperfections. A second round of 

fabrication was completed with the copper column and pin fin heat exchangers fabricated 

separately. The fabrication process for the second round had the heat exchanger additive 
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manufactured and the post precision machined and then the two parts were soldered 

together with Sn96.5Ag3C0.5 (SAC305). 

 

Figure 65 ï Overview of heat exchanger test sample design with example fin structure. 

Sample consists of copper pin fin heat exchanger, soldered to the column structure. The 

column structure has two thermocouple holes for measuring the heat from the heater 

through the sample. The top hole is 1 mm from the base of the heat exchanger, the column 

has the same footprint as the die used in the heat exchanger optimization. The flared base 

allows attachment of the 12×12 mm heater. 

5.3.2 Experimental Methods 

Figure 66 and Figure 67 show the dielectric flow loop with the experimental 

assembly. The flow loop uses a stainless-steel coil heat exchanger that is immersed in the 

reservoir to control the fluid temperature. A heater/chiller circulator pumps silicon oil 

within the coil to control the dielectric fluid temperature. The fluid is then circulated 

through the sample using a speed-controlled gear pump. A gear flow meter (Max 

Machinery Model G045) was used to measure the flowrate and a differential pressure 

transducer (Setra Model 230) was used to measure the pressure drop from the inlet to the 

pressure port. Thermocouples were placed in the heater, the heating column, inlet and 
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outlet ports, reservoir, and at the flow meter inlet. T type thermocouples were used and 

calibration of the thermocouples was conducted with NIST traceable equipment with a 

calibration uncertainty of 0.5 . A National Instruments data acquisition system was used 

to measure and record all the sensor data and control the experiments. 

 

Figure 66 ï Dielectric flow loop for experimentally analyzing heat exchanger designs. The 

loop contains a fluid storage reservoir, pump, heat exchanger, flow meter, and experimental 

assembly. 
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Figure 67 ï Schematic of dielectric flow loop. The loop contains a fluid storage reservoir, 

pump, heat exchanger (unused in these experiments), flow meter, and experimental 

assembly. Temperature (T) and Pressure (P) sensor locations are shown. 

Data was taken under steady-state conditions which was achieved when the 

temperature, flowrate, and pressure differential monitors were stable for ten minutes. Alpha 

6 dielectric fluid is utilized as the working fluid. The fluid inlet temperature was set to 65 

, and tests were conducted at fluid flow rates of 0.13, 0.20, 0.27, 0.34, and 0.42 L/min. 

The flow meter had a ~0.05 L/min offset, slightly increasing the actual flowrates. A total 

of 16.8 W was delivered to the heater which resulted in a heat flux of 11.67 W/cm2 at the 

heater surface. Through FEA analysis, the heat loss was estimated to be ~4 W, mostly 

through the heater mount. The heat loss was mitigated using fiberglass wool and reduced 

to ~1-1.5 W. 
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The pressure drop and specific thermal resistance (STR) (Equation 69) were the 

main parameters that were measured and used to evaluate performance. Equation 68 is used 

to calculate the heat that is dissipated to the fluid.  

The systematic uncertainty for each variable except pressure drop is shown in Table 

10. The random uncertainty is calculated based on the standard deviation of the 30 

measurements taken to represent each data point (Equation 70). The propagation of 

systematic uncertainty of the heat and STR are shown in Equations 72-73. The total 

uncertainty (Equation 74) utilizes a 95% confidence interval with the random uncertainty 

with 30 data samples taken for each data point leading to a t-value of 2.045. In Equations 

68-74, STR is the specific thermal resistance, q is the heat in the heating column, k is the 

thermal conductivity, A is the heating column cross-sectional area, ȹx is the distance 

between thermocouple holes, TL is the lower thermocouple temperature (closest to heater), 

TU is the upper thermocouple temperature, ů is the standard deviation, y is the sampled 

data point (1 of 30), Ȓ is the mean of the sampled data points, n is the number of sampled 

data points, ⱦ is the systematic error of a variable, Es is the propagated systematic error, 

and ET is the total error. 

Table 10 ï Systematic uncertainties from heat exchanger experimental study. ET is the 

thermocouple error, EX is the fabrication error in the distance between thermocouple holes, 

El is the fabrication error for the area of the column, and Edp is the error in the pressure 

transducer. 

 

 ή Ὧὃ
Ὕ Ὕ

Ўὼ
 (68) 

ET (ᴈ) EX (m) El (m) Edp (Pa)

0.03 0.0003 0.00001 86.1845

Systematic Uncertainties
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The average uncertainty range for each experimental data point performed was ~6% 

for the STR values and ~4% for the pressure drop values. The primary driver of the 

uncertainty in the STR values is from the variation in the fabrication dimensions of the 

samples and the thermocouple uncertainty. 

5.3.3  Validation Results and Discussion 

The heat exchanger design described in the previous sub-sections requires the 

ability to experimentally evaluate a double-sided package with active devices, however the 

resources for such an experiment were not available. Therefore, a single side of the heat 

exchanger was evaluated, and this section details a conjugate heat transfer model that 

reflects such an experiment. Figure 68 details the transition from the full double-sided heat 
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exchanger design domain to the single-sided heat exchanger experimental domain. The 

experimental domain consists of a single side of the heat exchanger (phase bar side) and a 

copper column with the same footprint as the die (5.38 x 4.46 mm), the copper column 

extends down to a flared based which matches the footprint of the aluminum nitride 

resistance heater. 

 

Figure 68 ï Transition from the double-sided full heat exchanger design domain to the 

single-sided heat exchanger experimental domain. The experimental domain consists of a 

single side of the heat exchanger (phase bar side) and a copper column with the same 

footprint as the die (5.38 x 4.46 mm), the copper column extends down to a flared based 

which matches the footprint of the aluminum nitride resistance heater. 

The steady-state finite volume method utilized for this conjugate heat transfer 

analysis is governed by the conservation of mass (Eq. 36), momentum (Eq. 37-39), and 

energy (Eq. 40). Within this analysis, viscous dissipation and gravitational effects are 

assumed to be negligible, fluid is incompressible, constant properties are assumed, heat 

generation only occurs locally in the conductive region (heater), and the solid thermal 

conductivities are considered isotropic. 
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The boundary conditions (Figure 69) for the computational domain are inlet mass 

flow rates corresponding to volumetric flow rates of 0.13, 0.2, 0.27, 0.34, and 0.42 LPM, 

including the offset from the flowmeter. Due to the use of high viscosity dielectric fluid 

laminar flow was considered with a maximum jet inlet Reynoldôs number of 430. A 

volumetric heat generation of 16.8 W was imposed on the heater. A pressure outlet 

condition (0 Pa gauge pressure) was applied at the outlet and a fluid inlet temperature of 

65  was used. 

 

Figure 69 ï Computational domain for the experimental adaptation of the heat exchanger 

design. Fluid is delivered from the jet inlet and the flows out the left and right side of the 

heat exchanger. Heat is applied in the heater as internal heat generation equivalent to 16.8 

W. 
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A mesh independence study

 

Figure 70) was performed, and convergence was determined to be achieved with 

less than 1% change in results upon increasing the number of mesh elements. Additionally, 

the iterative convergence was considered achieved when continuity and velocity residuals 

were less than 10-4 and the energy residual was less than 10-6, typically achieved after 200 

iterations. 
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Figure 70 ï Mesh independence of the experimental assembly CFD model. 

The experimental validation process involved the study of six different designs, as 

denoted in Table 11. Elementum 3D fabricated the samples using a laser metal sintering 

additive manufacturing process was used known as laser metal sintering (LMS). Similar to 

traditional additive manufacturing process the material is distributed in layers and allowed 

to set, however LMS requires a high heat sintering process to cure. The tolerances for small 

features sizes was a challenge for this relatively new technique. A limitation for the 

fabrication of the features considered in this study showed a high level of imperfections in 

the designs, as can be seen in Figure 71. The final parts had a rough surface texture which 

affected the experimental measurement (Figure 71). 
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Table 11 ï Design variations studied in the experimental investigation of the heat 

exchanger performance. All designs had the same designated spacing parameter of 0.5 mm. 

 

 

Figure 71 ï Heat exchanger designs studied in the experimental analysis. Six designs were 

considered: inline arrangement with 0.5 mm diameter, 1 mm height (top left), inline 

arrangement with 0.5 mm diameter, 2.5 mm height (bottom left), inline arrangement with 

0.5 mm diameter, 4 mm height (top middle), inline arrangement with 2 mm diameter, 4 

mm height (bottom middle), staggered arrangement with 0.5 mm diameter, 4 mm height 

(top right), and staggered arrangement with 2 mm diameter, 4 mm height (bottom right). 

Spacing was 0.5 mm for each design. Note the rough features of each design lead to 

difficult to characterize additional heat transfer surface area enhancement and additional 

pressure drop. 

The six designs discussed above (Table 11) were modeled to compute the specific 

thermal resistance and pressure drop, each at five flow rates of 0.13, 0.2, 0.27, 0.34, and 

0.42 L/min and the results were compared with experiments. The 0.27 L/min flow rate 

produces the inlet jet velocity of 2 m/s used in the design of the heat exchanger, however 

for additional validation data more flowrates were considered. The experimental sample 

Design Arrangement Diameter [mm] Height [mm]
Number

of Fins

1 Inline 0.5 1.0 176

2 Inline 0.5 2.5 176

3 Inline 0.5 4.0 176

4 Inline 2.0 4.0 22

5 Staggered 0.5 4.0 158

6 Staggered 2.0 4.0 11
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roughness has the effect of heat transfer enhancement and additional pressure drop which 

is difficult  to quantify. The following discussion will detail the experimental results and 

compare the performance of the various designs. 

Figure 72 details the specific thermal resistance as function of the flow rate for 

designs 1-3. Design 1 has an experimental specific thermal resistance of 19-24 mm2-K/W 

with the model being 15-26% higher. Design 2 has an experimental specific thermal 

resistance of 16-19 mm2-K/W with the model being 15-23% higher. Design 3 has an 

experimental specific thermal resistance of 16-20 mm2-K/W with the model being 3-6% 

higher. Figure 73 details the specific thermal resistance as function of the flow rate for 

designs 4-6. Design 4 has an experimental specific thermal resistance of 22-29 mm2-K/W 

with the model being 18-22% higher. Design 5 has an experimental specific thermal 

resistance of 17-20 mm2-K/W with the model being 5-13% higher. Design 6 has an 

experimental specific thermal resistance of 35-51 mm2-K/W with the model being 0-11% 

higher. 
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Figure 72 ï Experimental designs 1-3 junction to fluid specific thermal resistance with 

respect to flow rate for the six design experimentally studied. Dashed lines are CFD results 

and solid lines are experimental results. Each of the designs experiences a variance of the 

specific thermal resistance between the numerical and experimental values with the 

experiments having lower thermal resistance due to the roughness of the samples. 

However, the trend between the model and experiment is the same. 
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Figure 73 ï Experimental designs 4-6 junction to fluid specific thermal resistance with 

respect to flow rate for the six design experimentally studied. Dashed lines are CFD results 

and solid lines are experimental results. Each of the designs experiences a variance of the 

specific thermal resistance between the numerical and experimental values with the 

experiments having lower thermal resistance due to the roughness of the samples. 

However, the trend between the model and experiment is the same. 

All  designs had a reduction in the amount of thermal performance improvement as 

the flow rate increases. A comparison of designs 1-3 allow for a discussion of how the fin 

height affects the thermal performance. Changing from a fin height of 1 mm to 2.5 mm an 

average of 4.2 mm2-K/W difference in the thermal resistance is observed. Where a change 

from 2.5 mm to 4 mm an average of 0.6 mm2-K/W difference in the thermal resistance is 
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observed. An increase in diameter also shows a dramatic reduction in the thermal 

performance. For inline arrangements, changing from 0.5 mm to 2 mm fin diameter an 

average thermal resistance difference of 7 mm2-K/W is observed. The staggered 

arrangement showed an even large difference changing from 0.5 mm to 2mm fin diameter 

in which an average thermal resistance difference of 23.8 mm2-K/W is observed. 

The specific thermal resistance of each of the experimental samples was lower than 

their numerical counterpart, due to the sample roughness increasing the heat transfer 

surface area or possibly causing turbulence. However, the trend experienced by both 

experimental and numerical model is the similar. Figure 74 provides details on the 

measurements of the roughness of the sample features. Each of the samples has larger 

diameter and height compared to that intended design due to the roughness features. An 

attempt is made to characterize these effects through a comparison of the specific thermal 

resistance with respect to the surface area considering the model, experiment, and adjusted 

experimental surface areas. Figure 75 provides a comparison of specific thermal resistance 

with respect to the convective surface area at the 0.32 L/min flowrate. It is observed that 

the lower convective surface area designs have a large reduction in specific thermal 

resistance compared to the model analysis, when the enhanced features are considered 

through an adjusted surface area the trend is much closer to model predictions for surface 

area impact on specific thermal resistance. 
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Figure 74 ï Measurements of experimental sample features. Digital microscope 

measurements were taken to estimate the roughness of sample features, of particular note 

were the increased effective diameter and height of the samples, which will lead to overall 

high surface area of the experiments compared to smooth fin approximations in the 

numerical models. 
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Figure 75 ï Specific thermal resistance versus convective surface area for the experiments 

compared to models for a flow rate of 0.32 L/min. It is observed that the lower convective 

surface area designs have a large reduction in specific thermal resistance compared to the 

model analysis, however this effect is decreased as the surface area of designs go up. 

The effect of the roughness can be further seen in the pressure drop data, as similar 

trends are seen in both the experimental and modeling data for each design, however, there 

is a discrepancy. The effect of the fin/channel height is found to have a large impact on the 

pressure drop, smaller fin heights result in higher pressure drop due to increased flow 

resistance as the fluid is constrained to a smaller flow path. Figure 76 shows the pressure 

drop model and experimental data for designs 1-3 in which only the fin height is changing. 

Design 1 has an experimental pressure drop of 4200-15600 Pa with the model being 36-
















































































































































































