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specific thermal resistance. The inline design is capable of much lower thermal resistances
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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 |b64es.
Figure 6471 Experimental assembly overview (left) and assembled ®s$on (right).
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heat/sample contact and then solid insulation to encapsulate the assembly and avoid heat
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Figure 7017 Mesh independence of the experimental assg@BD model. 110
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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 wimon 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 surfams enhancement and additional
pressure drop. 111
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respect to flow rate fahe 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
experimentshaving lower thermal resistance due to the roughness of the samples.
However, the trend between the model and experiment is the same. 113

Figure 731 Experimental designs-@ 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 vértiaace
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. 114
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Figure 771 Experimental designs-@ pressure drop 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 pdesgure
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Figure 781 Threedimensional illustration of the proposed thpdease active immersion
cooled power inverter module with two switches per phase bar consisting of three silicon
carbide MOSFETSs with internal bodlyodes per switch and sintered silver die atta2H.
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Figure 801 lllustration 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 howthe 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.
125
Figure 811 lllustration of convective boundary conditions for package design process.
Copper colored portions are considered insulated. Heat generation equivalent to 144 W
heat dissipation was applied at the top 10 um of the source side of eadHuile
temperature was 65 . 126
Figure 821 Element with 12 degrees of freedom (6 i is/included as one DOF) [166].
128
Figure 837 Mechanical boundary conditions to hold design in space using-ghg 3
principle of location. 128
Figure 841 Mesh independence for thermeechanical package design. 129
Figure 851 Design space for therrmmechanical design of the direaboled module. The
design parameters consist of the DC minus, phase bar, and DC plus thickness, DC minus

and plus spacer thickness, module width, and die area length. 131
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Figure 861 Reduced order model fit results from the use of second order response surface
methodology. The evaluation of the fit for the specific thermal resistance was observed
with an RMS of .16, a Rof 0.99, and an ACCRY of 97%. The evaluation of the fit for

the maximum average interfacial stress was observed with an RMSE of 32, @ %,

and an ACCRY of 94%. 135

Figure 871 Spearman rank of influence of design parameters on the package performance
metrics. DCM: DCMinus, PB: Phase Bar, DCP: DCPIlus, DCMS: DCMinus Spacer, DCPS:
DCPIlus Spacer. Most of the influence on the specific thermataesie comes from the
module width, along with reasonable influence from the phase bar thickness, DC plus
thickness, and die area length; the spacer thicknesses have minimal impact. The maximum
average interfacial stress shows a large influence by the phashickness, since it is the

only lead that is attached to all die. There is marginal influence from the other design
parameters; besides the spacer thicknesses which show negligible influence. 136

Figure 881 Pareto front of the minimization of specific thermal resistance and maximum
average interfacial stress. A linear relationship is present between these performance
metrics and a linear fit is performed ifiwh the equation and coefficient of determination

is provided. The linear relationship gives credibility to future design studies only needing
to consider thermal performance, which will greatly reduce the computational cti3T.

Figure 891 Pareto front for maximum average interfacial stress and copper volume.
Indication is provided for the approximate point at which additional volume begins to see

marginal gainsn stress reduction. 138
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Figure 901 Pareto front for specific thermal resistance and copper volume. Indication is
provided for the approximate point at which additional volume begins to see marginal gains
in thermal resistance reduction. 139
Figure 911 Isometric view of the thermal profiles of the thermally optimal (top) and
thermal/volume balanced (bottom) designs. Volumes of the different designs are provided
and insights to overall utilization of heat transfer area is provided. 141
Figure 921 Top-down view with temperature uniformity information of thermally optimal
design (top) and thermal/volume balanced design (bottom). The temperate uniformity of
theter mal l'y opti mal design is 1.1 and 0.8
142
Figure 937 Top-down view of the stress profiles for the locations of maxinawerage
interfacial stress for the thermally optimal (top) and thermal/volume balanced (bottom)
designs. The thermally optimal design has an average interfacial stress of 58 MPa, which
is 52% of the 111 MPa average interfacial stress experienced in dimaathvolume
balanced design. While this is a significant improvement, the yield strength of full hard
copper is 275 MPa, therefore the design limit has not been reached. Also, transient thermo
mechanical implications are more prevalent in this technalatner than static. 143
Figure 941 Power inverter images and die stack schematics for the 2012 Nissan Leaf EV
(left), 2014 Honda Accord HEV (middle), and 2015 BMS\EV (right). 145
Figure 951 Heat exchanger design images of the 2012 Nissan Leaf EV (top left), 2014
Honda Accord HEV (top right), and 2015 BMW i3 EV (bottorfihe dimensions for the
channel width, fin width/diameter, fin height, and spacing, as well as material are provided.

145
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Figure 961 Locations of the thermal, mechanical, and electrical improvements of the
power module assembly. Overall module dimensions are also shown. The design boasts
fewer wire bonds, small bond areas, and electrical contacts that also act as thermal fins.
The ative direct cooling of the power devices provides a lower specific thermal resistance
of 25 mn¥-K/W. 146

Figure 9771 Planar MCSless active direct cooled power due concept. Contains slot jet

on straight fins using dielectric fluids. The finned area is 10 mm, fin height is 4 mm, and
the slot jet is 1.75 x 10 mm and is centered directly in the center of the straightifihs.

Figure 981 Thermal performance comparison of automotive benchmarks, recent MCS
less power module developments, and this work. The 2015 BMW i3 showed a significant
specific thermal resistance reductioh60% compared to the 2012 Nissan Leaf. Boteler
and Moreno who had similar thermal performance showed a 49% and 55% specific thermal
resistance reduction compared to the BMW
balanced and thermally optimal designswséd reduction in specific thermal resistance
compared to the BMW i3 module of 69% and 84%, respectively. 148

Figure 997 Threedimensional illustration of the pposed threg@hase active immersion
cooled power inverter module with two switches per phase bar consisting of three silicon
carbide MOSFETSs with internal body diodes per switch and sintered silver die d&ach.
Figure 1007 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) silicon carbide diattvsintered silver die attach. 152

Figure 1017 lllustration 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
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details how the fluid is intended to impinge onto the surface and then flow across pin fi
surface enhancements. Similar flow arrangement is found on the DC plus side as well.
153
Figure 102 i Development procedure for power electronic systems [1DHR
implementation is done now in the initial design and verification states of the design
process (highlighted in red). 154
Figure 1037 DFR prediction procedur®r power electronic systems [172]. The process
starts by gathering information about the environment the system will be exposed to,
identifying the components and failure mechanisms that are of the highest reliability
concern, and gathering data aboue treliability performance. Then an effort to
characterize the reliability is performed, with the goal of comparing design decikiins.
Figure 1041 Overview of missionbased reliability analysis. The process begins by
performing an FEAbased thermal analysis on the module and acquiring the mission heat
dissipation profile. A Foster thermal reduced order model is then implemented to
analytically represent the threal response to varying heat dissipations. The Foster model
is utilized to predict the thermal response of the module under the changing heat dissipation
load of the mission. Rainflow counting is then used to analyze and identify the various
thermal cycleshat take place within the thermal mission profile. Each of the thermal cycles
are then numerically analyzed (thesm@chanical) to determine the damage response to
the load. The damage indicator is then used to predict the lifetime of the module and the
total damage accumulation for the mission. 157
Figure 1057 Overview of the commercial module to be analyzed and compared to the

modules designed in this work. &hthreephase inverter consists of an Infineon
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HybridPACK 2 module, 24 IGBT/diode pairs, a copper/alumina MCS system, and a copper
baseplate with integrated pin fin heat exchanger. (Geometric values are estimdts#)

Figure 10617 Boundary conditions for the thermally optimal and thermal/volume balanced
designs. Heat generation equivalent to 150 W heat dissipation was applied at the top 10
pum of the source sideohec h  di e. Fluid temperatuid® was
Figure 1077 Boundary conditions for the commercial design. Heat flux equivalent to
112.5 W heat dissipation was appletdhe top of the IGBT/diode pairs at 3:1 ratio. Fluid
temperature was 65 . 160
Figure 108 i Example cyclical heat dissipation profile (left axis black) with
corresponding thermal response (right aiised). The twecycle example shows an
example thermal response @sponding to the etime of the die heat dissipation, as well

as the thermal response of the cooling process after the die heat dissipation is turned off
and allowed to come back to ambient temperature. 161

Figure 10917 Thermal mesh independence of the immersion cooled module developed in
this work and the commercial module utilized as comparison. Mesh independence was
deemed reached with 2% change or less. 163

Figure 1107 Mechanical mesh independence of the immersion cooled module and
commercial module. Equivalent plastic strain was taken from the die attach layers. The
locations featured in the figure for the immersion cooled module are from the top side sinter
layers with the highest volumetric strain in the DC minus and DC plus. The strain was
fairly distributed in the commercial module and one of the inner IGBT stdgters is
featured for mesh independence. All die attach layers were considered converged for 5%

change or less in the volume averaged plastic strain. 164
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Figure 111 7 Thermal response and Foster model fit of thermally optimal (left),
thermal/volume balanced (middle), and commercial (right) packages. The Foster model is
able to accurately replicate the FEA based thermal response for each of the module designs.
The thermal/volume balanced and commercial modules have a 63% and 445% higher
leveled off specific thermal impedance compared to the thermally optimal module,
respectively. 166

Figure 1127 Inverter losses through the L drive cycle with an assumed 97% inverter
efficiency. The US06 drive cycle represents a high acceleration aggressive driving
schedule [191]. 168

Figure 11371 Heat dissipation due to power losses in the conceptual inverter and the
corresponding thermal response from the thermally optimal (top), thermal/volume
balanced (middle), and commercial (bottom) package 171

Figure 1147 High fidelity FEA thermal response to the first 60 seconds of the drive cycle
compared to what is predicted by the Foster model. The Foster model is tied directly to the
heat dissipation of the drive cycle and therefore follows it closely, this cansesaer
prediction of the extremes of the thermal response. For example, at ~40s the FEA has a
temperature of ~69 and the Foster model
timeline hits ~50s, the prediction is nearly identical. Therefore, the tatope swing
estimate of the Foster model can be slightly larger than actual and thus can be more
conservative. 172

Figure 1157 Rainflow counting results for themperature swings found in the mission
based thermal response of the thermally optimal (top), thermal/volume balanced (middle),

and commercial (bottom) packages. 176
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Figure 11617 Thermal uniformity of maximum temperatures in each die for the thermally
optimal (top), thermal/volume balanced (middle), and commercial (bottom) modules. The
difference between the highest and lowest maximum temperature experienced s us
evaluate the overall temperature uniformity of the module (along with the distribution
shown), the difference in the thermally optimal, thermal/volume balanced, and commercial
packages is 1.1 , 0.8 , and 3 , lf%espect
Figure 1177 Thermally optimal package maximum temperature uniformity (left) and fifth
cycle equivalent plastic strain distribution (right) with a temperature swing of 5282

Figure 11871 Volume averaged equivalent plastic strain accumulation per cycle with
respect to temperature swing. The first major observation is that even though the
commercial module had better thermal performance, the mechanical response to the
temperature is significant. The maximum strain in each design was experienced at the
hi ghest temperat tr el 55Adnld,* rimi Btldintalemt .plasficl 0
stran accumulation per cycle for the commercial, thermal/volume balanced, and thermally
optimal modules, respectively. 183

Figure 1197 Estimated lifetime with respect to temperature swing for each package
considering the two different lifetime models for sintered silver and one for SAC305. One
of the initial interesting observations is that the change in lifetime at higher temperature
swings begins to level off in the thermally optimal and thermal/volume balanced packages
leading to them having similar lifetimes at their respective maximum temperature swings,
this trend is observed for both the Knoerr and Paret models, this is thesadhebserved

in the plastic strain accumulation data and is primarily due to the similar mechanical

performance of the modules. 186
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Figure 12071 Lifetime comparson of the Knoerr models for the thermally optimal,
thermal/volume balanced, and commercial modules. It can be seen that the thermally
optimal and thermal/volume balanced designs have ~106 higher lifetime at the highest
temperature swings compared to tbenenercial module. While there are more parameters
here affecting the outcome of this results, it was noted in [75] that sintered silver die attach
had a lifetime 4000 times that of SAC305 with comparable geometries. However, in the
provided comparison theyeometries are quite different and the overall material
compositions of the module differ as well. Likely, the absence of the solid ceramic layer
and the lower CTE of sintered silver has a large contribution to the increased reliability of
the modules deVeped in this study. 187

Figure 1217 Total damage accumulation for each package based on the different lifetime
models. As expected from the information from dieer analysis provided before this the
modules developed in this work have considerably better lifetime compared to the
commercial module. The modules developed in this work show that they are capable of
essentially performing the drive cycle indefinytels it flattens at around ~107 years for

any number of drive cycle iterations per day. 189
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SUMMARY

Power electronics are a necessity for many types of electrical energy conversions
that are requed 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
mechamsms caused byhermal and thermmechanical phenomena which stlbe
addressed through packaging and integrated thermal manag@émepiackaging of these
electronics consistof 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
resistancesRecently, there has been considerable efforts and progress in the development
of technologie$ocused orthe reduction of the convective thermal resistances (both single
and twephase 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 thencapsulant anahetallized ceramic substrathis study seeks to investigate
such a design. In order to address some of the design changes asthuddeeir impact
both conjugate heat transfer and themmechanical models are developed. An
optimization scheme is implemented to consider the impacts of various design parameters
on the thermohydraulic and thermmechanical performance of tegstemand arrive at a
systemthat has reduced volume with equivalent (or improved) thermohydraulic and

thermemechanical performance. Finally, a misslmasedthermamechanicareliability
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analysis of the optimized designs psoposed,and the tradeffs of the dsigns are

considered.
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CHAPTER 1. INTRODUCTION

1.1  Background and Motivation

Petroleum use for transportatiand other energy applicatiohas a major impact
on the United Statégconomy, environment, and energy secuRtgtroleum dependence
comes with manyhallenges such as prieed productiorvolatility [1], [2] as well as
emissiond3]. Figurel shows the price afetail gasoline compared to electricity from all
sectorsfrom 1980 to 2008 adjusted for inflatiow/ith gasoline ranging from ~$3.3%er
gallonin 1980down to just below $50 per galloraround 199%ack up to ~$3.25 per
gallon againn 2008which is a ~54% fluctuation, while electricityarges rangein cost
is from ~$010 per kilowatthourin 1980to ~$0.70 per kilowatthourin 2000which is a
~30% fluctuationjndicating a lower amount of price volatility for electricity compared to
gasoline Figure2 detailsemission from several sources with the highlidpatt as 02020
I n the Unpeterdo|Setuant eescbcount ed for 45% of

emissionswvith 97% of our transportation energy coming from petroleum.

¢ GALLON (REAL 20005)
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Figure 17 Retail price of gasoline versus electricity in dollars from 1980 to PZJ08Vith
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 whiclbié% ftuctuation, while
electricityd $arges rangein is from ~$0.10 per kilowathour 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.

source?® end-use sector®
percentage of sources percentage of sectors

77% . 3% '
2, transportation

petroleum m " <1% 1.6 (36%)
20 (45%) : / I.'I'_

/

commercial
09 (19%) 0.7 (16%)

total = 4.6 Bmt

Total = 4.6 Brmit

Figure 27 United States carbon dioxide emissions from energy consumption by source
and sector 202(B]. 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 electrictiging inherently produceddomestially, price
stability, and substantial spare capacity, as well as electric miles being cheaper and cleaner
than gasoline mile$2], [4]. Figure3 details the National Renewable Energy Laboraiosy

(NREL) projections for alternative fuel vehicle adoption from 2010 to 2050.
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Figure 371 Total market penetrations of vehicle types from 2010 to 2050 for light, medium,
and heavy duty vehicleRl]. Use of light duty electric vehicles expected to increase
considerably by 2050.

The drive for electrification will increase dependence on oumedtic electrical
energy distribution infrastructure whichasomplex system of diverseurcesloads,and
storage to meet the energy demands of end usesgnplified example of the flow of
energy from source to use sector (loads) in the United States can be Beggmed. The
Uni ted St at elsnde iseprinaarilygtigd tadpetwleum and natural gas, with the
use of renewables rising and replacing the use of [BpaNotably of the four sources
mentioned, renewables, natural gas and coal, have a significant amount of their energy
60%, 34%, and 90% respectivetpnverted to the electric grid prior to distribution to use

sectord6].
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Figure 4 1 Distribution diagram of2020 Energysources and use sectansthe United
States. The left side is energy sources and the right is energy use by&ectw 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 electrificatioour electrical energy grid will become an even more
cruci al part o infradtrircteire. Uheiinfrastclictuier @ahspostifg the
electricalenergy from source to grid and from grid to load applications is not a simple plug
and play process.@€h source and application produces or utilizes electricity under certain
conditions, such as voltage ratjegrrentlevels,and waveforra (AC/DC). Figure5 shows
exampla of the conversion processes in whegveral sourcesupply electricityto theAC
electrical gridwhich isthensuppliedto several load applications. As noted in the figure
several current conversions take pldéer sources with DCugput, a simple DC to AC
conversion takes place, howeysources with AC production such as wind, geothermal,

coal, or natural gas plants go through a-stegeDC-link conversion process that has a

4



source sid&AC to DCand a grid sid®C to ACconversion The decoupled nature of the
two-stage systenenables wider ranges of operation and allows for the boosting of the
generation side voltage to match the grid conditj@ghg8]. Furthermore, poweasonverters

also enable the Hlirectional flowof electricity to allow systems such as residential solar

to sendunused energy to the giid].

Geothermal Coal/Nat Gas

waser
nimy

Personal Electric Electric Lighting
Electronics Appliances Transportation Systems

Figure 57 Example of energy transport from energy sources to the electrical grid and from
the electrical grid to load applicatioriSach source and application produces or utilizes
electricity under certain conditions, such as voltage rating, current levels, ancmzs/ef
(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 sagget transport the
electricity from the charging station through the battery and to the n¢ure6 shows
an example of this process with a wall mounted charger that is rated f@02@drect
current voltage (VDC)hat needs to be convertedth@ conditions o& battery at a voltage

rating of 200800 VDC, and then finally the power will need to benwerted to the



condition necessary for operation of the motor as three phas@0@Gdternating current
voltage (VAC) The following sections will detail theomponentsthat handle this

conversion proced40].

DC D(

DC AC

200-800 vVDC

200-600 VDC 400-800 VAC 3-Phase

EV Charger EV Battery Pack EV Motor

Figure 61 Example of power conversion in electric vehicle charger/battery/motor system.
The example details a conceptwall mounted chargethat is rated for 20800 direct
current voltage (VDChhat needs to be convertedth@ conditions o& battery at a voltage
rating of 208800 VDC, and then finally the power will need to be converted to the
condition necessary for operation of the matsrthree phase 4@DO0 alternating current
voltage (VAC)

The conversion process erformedusing a technology known as awper
converter The power converter consists of several fundamental circuit components:
voltage source and load, passive components such as the inductor and capacitor, diodes,
andthe semiconducting transistor which acts as a swittte inductor and capacitor are
used tosmooth 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 appliEajure

7 details several basic converter topologies in the form of the buck converter, boost



converter, and combination bubloost converter, eadontaining the fundamental circuit

elements mentioned.

Buck converter
Transistor Switch Infc#;;_t\or
dv !l _ +
- | ] b |y
= 3 © O b v 8
3% C -3 ¥ s== sV 3
n a 3

®)
e

TFC
I
A

Buck-boost converter

—

'A%

46

Figure 7 7 Example converter topologies of a buck converter, boost converter, and
combination buckboost converter. Each circuit contains the fundamental circuit elements



in all power conversion devices, a voltage source, a transistor switch, a diode, inductor,
and capacitor, and a voltage Idad].

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 inverté&igufe 8).
Amplifiers increase the voltage, current, or power from the source siytiahuators
reduce the voltage, current, or power from the source sigectifiers convert from an AC

to a DCsignal, and inverters convert from a DC to an AC si¢h2|, [13].

AC/DC
~J g [—
Rectifier
- :
O o
< @]
DC/AC
~ L =
Inverter

Figure 8 1 Types of power electronic convertefdote that ~ and = are often used to
represent an AC and DC signal, respectively.

Figure 9 shows a simplified example circuit of a singlease power etgronic
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 X gigrswitches
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



on and off for both the positive and negative regime to ceeaignal that when averaged

is equivalent to an AC electrical currg¢hdl].

Voltage DC Signal

N N
DC AC AC Signal
Source Load Time

DC Signal

Figure 9 1T Simple inverter circuit (left) and inverter pulse modulation example for
conversion from DC to AC signal (righ#s the switches are turned on and off at differen
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 iRigure 10, IGBT and MOSFET can have similar
architecturedrchitecture varigsaand theirmajor differences comes fromigome regions
are doped15]. Both IGBT and MOSFETare voltagecontrolled device anda primary

difference is the MOSFEMas an internal dioda6].

(a) (b)

Emitter Source

metal metal
gate gate
n n-

Collector Drain

Figure 10 i Crosssectional view ofvertical (a) IGBT and (b) MOSFET example
architecture.



In this work aMOSFET-basedhower module desigis usel andtherefore a more
detailed descriptionis provided. Figure 11 shows anther example of a MOSFET
architecture, it consists of P and N doped semicoimuy materials. The N doped materials
are locateelow the source and drain metallization and the P doped masepi@ced
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 thehgsta voltage
applied an electromagnetic fietstcurs that pulls the minority electrons in the P doped
region towards the gate, which creates a small N channel, allowing fofldhe of
electricity. While the electric current flows through the formed cle@ranconstriction of
the channel occurs at the drain side due to the positive potential created. This region is
knownas the pinched off region and is the region of highest resistance in the device. The
high resistance here is responsible for the highestuat of heat generatipdue to its
location the temperature of the heat generation site is known as the junction temperature
[17]. Furthemore, at the package level the highest temperaixperiencedn the dieis

similarly referred to as the junction temperature.
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Junction Temperature T; Location

Source Gate Drain

EN KN

Pinch off region

P

MOSFET Example

Figure 11 17 Examplelateral MOSFET architecture demonstrating where the junction
temperature is locatl.

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 tathe electricalpower out and power losses. The power losshanrmodule 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 ofthe lossesare generated byhe semiconducting transistor.
Equationsl-2 repregnt the electrical efficiency and power losses of the power module,
respectively[18]. In Equationsl-2 d is the electrical efficiency and is the electrical

power.

- Q)
n n & n & n h n & 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 abovthe majority ofthe 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 gwoeél continue until the
temperature stabilizes dne device is switched offhe thermemechanical reliability of

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

provided in the following sections.

Due to the trasient operation of these devices the junction temperature is not a
constantvalue, and the device will experience cyclical heating and coolikigure 12
shows anidealized example profile of the temperature cycle that occurs due to the
switching operationWhile the peak value of the junction temperature is important, the
temperature swing (the temperature difference between the case/cooling solutibe and
junction temperature) plays a larger role in the reliability of conversion systems. Further

details of these issues will be discussethenfollowing sections.

_|

Temperature
>
_{

»Time

Figure 12 i ldealized &ample of a transistortemperature profile due to its power
switching operation.

Furthermore,tltere is currently a transitidrom traditionalsilicon-basedlevicego
wide-band gap (WBGJjransistordevices such as silicon carbide (SiC) MOSH&r high

temperature and high fregocy applicationg20]i [22]. Silicon-based semiconductor
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technology requires largdie thicknesses and area due to the low bandgap and critical
electric field, which leads thdigher conductive and switching loss¢23]i [25]. WBG
devices offer faster switching speeds, higher electrical efficienbigber operating
temperaturesanda smaller footprin{22], [26], [27] Switching peed is dependent on the
electron/hole mobility and saturated electron drift veloCitye operating temperature of
semiconductor materials is of primary concern for many applications and the upper
operating limits based on degradation of electrical chawmatics for silicon and silicon
carbide is 300 alRld Tablel@etails some efshp key differeness y

WBG materials and silicofor relevant material properties.

Table 1 7 Material properties of various wideand gap semiconducting materials and
silicon[22], [26], [27].

Saturated
Electric Electron Hole Thermal Electron Drift
Dielectric Breakdown Mobility Mobility conductivity Velocity

Materials Bandgap [eV] Constant Field [kv/cm] [cm?/Vs] [cm®Vs]  [WImK] [x10’ cmis]
Silicon 1.12 11.9 300 1500 600 150 1
Galiium 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 55 10,000 2200 850 2200 2.7

With the reduced die thicknesses and areas needed for WBG based switches comes
a newthermal challengelue to tke increased heat fluxes. While WBG materials such as
silicon carbide have considerably higher thermal conductiyitiessmaller footprint will
increase heat fluxigure 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 levehtraard

reliability design, this will be discussed further in the following section.
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Si IGBT — 180 kW SiC MOSFET - 180 kW

Typical Area: ~140 mm? Typical Area: ~30 mm?
Typical Heat Flux: ~100 W/cm? Typical Heat Flux: ~500 W/cm?

Figure 131 Example comparison dfilicon IGBT to silicon carbideMOSFET.For the
same power rating of 180 kW, the reduced footprint of the SiC MOSFET increases the heat
flux from 100 W/cn3 to 500 W/cn.

1.2  Power Electronics Packaging Overview

Power electromis packaging i multidisciplinary processthat requires efforts
from experts in several constituent technology areas. Thetestimologies consist of
power switch and network, passive components, electromagnetic interference and
compatibility, protection from environmentthermal management reliability,
manufacturing, and ssing/contro[28]i [30]. The efforts and discussions in this work will

focus on the aspects tifermal management and reliability

Power electronics packages are a posite of layered materialSigure14 details
the components of a typical power electronic packkgec h component 6s pur |
briefly discussedo better understand concerns in the packaging deBmgnterminals 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. Thepsualant
is another layer of electrical isolation and environmental protection (primarily humidity).
The wire bonds transport the electrical current from the die to the teramdalice versa.

The die is the primary semiconducting transistor device ahe 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 transferand current flowfrom the die to the substrat&he metallized ceramic
substrate (MCS)rovides electrical isolation, sictural integrity, area foelelectrical

circuit layer and is a common path for heat transfer and spreatinrggubstrate attach (or
thermal interface materiaBllows for a thermal path from the substrate to the baseplate
The baseplate allows for a theal path from the substrate to the cooling soluf®@tj.

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

for the comma components of failure are given$ectionl.4.

Terminal

Case
Encapsulant

Wire Metallized
Transistor Bond Ceramic

Substrate

Figure 14 7 Typical power electronics packaging structibeick/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 gwer electronicsnay experience many causes of failure,
in particular the weaout of their packaging is due mostly to thermal issues, primarily

thermomechanical fatigue and cref@2]. 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 themmechanical failure is similar.

Table 21 IGBT failure mode classificatior[82].

Gate overvoltage (Voltage breakdown)
— p . System Effects:
Overvoltaze (Voltage breakdown) L.
Overstress - Open circuit faults
Overcurrent . .
. Short circuit faults (Mg ority of cases)
. Cosmic rays burnout
Chip-related . - i
. Time dependent dielectric breakdown (TDDB) | System Effects:
Failure Modes . .
Hot carrier injection (HCI) - Mal-operation of gate drivers &
Wear-out switches
Electro-chemical migration - Loss of chip’s voltage blocking
capability
Mechanical shock and stresses System Effects:
Thermal shock - Open, or short circuit faults
Overstress - Accelerate wear-out
Thermal runaway & flashovers - Melting & Burnouts (More common in
Packagerelated harsh environments)
Failure Modes Thermomechanical fatigue System Effects:
Thermomechanical creep - Thermal issues (Majority of cases)
Wear-out Electro & electro-chemical migration - Stray (leakage) current issues
. . Loss of module’s voltage blocking
Insulation degradation e
capability

Thermaemechanical fatigues the process of damage accumulatioa component
that experiences cyclic mechanical stresses and strains which can lead to failure of the
component Thermemechanial fatigue occurs due to the difference between the
temperature dependent coefficient of thermal expar(§l®it) and mechanical stiffness of
each of the material layers and the inherent temperature cycling that occurs during the

switching operation of thdevice.

Furthermore, averal key components of the package represent sites of thermal
performance and reliability issueghe wire bondsare a primary location of thermo
mechanical failure via cracking and lift §&3]i [38]. The die attach is a primary source of
conductive thermal resistance and themmechanical failuredue to cacking and
delaminatior{39]i [43]. TheMCSis also grimary source of conductive thermal resistance

and thermemechanical failuredue to ceramic fracture and delaminatjiéd], [45]. The
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underlying reason for theyclical temperaturalependent failure at the interfaces of these
various layers is due to mismatch of 8&E. The CTE mismatclinduces stresses that
then concentrateat defectand voidsites in the bonded interfaces and adhesive layers
which will eventually lead to crack fmation and propagatiaor brittle fractureFigurel5
illustrates this effect and shows the difference in the direction of the bending, depending
on tenperature rise or fall, that occurs due to the interfacial stiessiore detailed
discussion on the materials, failure mechanisms, and lifetime models of the various

components is given in Section 1.4.

Die Attach

Copper
Die ~
Die Attach Cooling —
Heating
Copper N\ - —

Die
Die Attach

Figure 1571 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 hermal managemertesignis key toreducing footprint, and increasing

power density whildimiting reliability and efficiency issues in power modules. This
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section will provide information on common thermal operatloanvironments and
thermal limitations, as well as a review of various thermal management technologies with
a particular focus on recéntdeveloped MCSess actively direct cooled power module

technologies

Power modules are utilized in many differenvieonments that will expose the
modules to various temperaturédgrospacesnvironmentan range from551 2 2 5

[46], autonotive environments can range frod01 1 4 0 [46], [47], and downhole

drilling envir on mé8hMaimaeraunctidn &empemture iBi IGBD 0
and MOSFETs is 125 [49]n MaxirhubnQunctiontemperagupee c t 1 v e
in SIC WBG modules greatly exceed that of Si at-600 0 , this shafts t]

the other components of the package and passive elements in the njd@ilgsl].
Commercially &ailable die attach materi@dlsnaximum operating temperatures vary
widely from 250i 5 0 0 [39]. Commercial vire bond are typically aluminum wire bonds

withtheal umi num bond pdxs rated for 225

To manage the operating temperature of the power modutesations in the
thermal management of powelectronic 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 twephase regimeseading to the potential for very high heat transfer coefficients and
thus considerable reductions in convective thermal resist@hedollowing review details
efforts in singlephase and twphase thermal management of electronics, thermal
resistance N power packages, and efforts towards MIESs integrated thermal

management.
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Recently several review articles have been publistsegnmarizing the
advancements in power electronics thermal management. Acleargl [53] reviewed
the impact of various cooling technologies on the maximum allowable heatTHex
technologiegeviewed includesingle and doublesidedair cooling, singlephase liquid
cooling, direct singlgohase liquid cooling, twgphase liquid coolingjet 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 fluxThe review found that single/twghase direct singlephase liquid
cooling (copper heat sinks), jet impingememtd spray cooling were capable of handling

thehighest heat fluxes.
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Figure 167 Impact of various cooling technologies on the maximum allowable heat flux
[53].

Iradukundaet al, [54] reviewed and compareddr, jet impingement, single/two

phase microchannel heat sinlsingle/twephase porous media, and spoling with

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

the deviceto-fluid-inlet temperature differenc@=igure 17). The best performance was
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found for micrechannel and porous media heat sinks, as well as jet impingement and spray

cooling.
12
A Air
" ¢ {  Jet Impingement
10 O Single-phase MCHS
X Two-phase MCHS
O * PM
= 8 O 4+ Two-phase PM
Jf o) o O  Spray Cooling
5 ¢ 0 %
2 o 09, y
;E 4 fe) dp 6) -
- o]
X (x4 +
2 * X X
- 0700 ™ o o
*
0 &

10°
CcOP

10° 1

0

|k”|u'nnsz

10}

Air

* 0 Heat pipe
o (o}
o o]
(e}
x o
o 0
0 0
)9)( e
%3 o 4 o® o
I o
> x()
t&ﬁ%ﬁ @ * D
Q¢ o]
Dge (u]
B o -
@ A AR
100 120

Figure 171 Effective heat transfer coefficieneksusCOP (left) and device to fluid iat
temperature difference (right) of various thermal management techndggjes

Kelly, et al, [55] detailed a comparison of unspecifiedivas thermal interface

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

conductive thermal resistance of the power module packam#.e18 details the thermal

improvements by cooling directly on the bottom side of the M8 removing the

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

resistance the temperature difference expgem ced i n t

where the
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Figure 181 Thermal profile through the thickness of the power module package beginning
at the coolant side on theft 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)Figurel9details 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 BNtWiBackage

thermal resistance aae up 83%, 70%, and 64%, respectively.
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Figure 19 7 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 ha been put into reducing the convective thermal resistance, the
active cooling solutions are far removed from the location of the heat generatiorsdource
the power semiconductaevices Theheatmust travel through layers of material which
add conductiveesistance 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 stacketiode modulghatimmersedthe die and

traces insinglephaseNovec 7500 dielectric fluidfor an active immersion cooling
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configuration The developetiechnologyutilizes multifunctional components (MFC) that
replace the wire bonds and act as heat transfer surfacentu@acementsgigure20shows

the assembled stacked configuration with the housing enclosure that allows for the fluid to
actively flow over the entiretacked assembly. The module featured a minimum junction
tof |l uid temperatur e dihéatdsgipationcogé 15dfci which 2

results in a specific thermal resistanc&8fmn?-K/W.

Fluid Inlet Ports

Fluid Outlet Ports

Figure 207 Fabricated high voltage module with integrated cooling. Image shows location
of fluid ports as well as the cathode and anode of the diodes, stacked ips&dries

Boteler,et al, [57] adapted their previous stacked diode module design to a diode
and switch desigrwith active immersion cooling withsinglephaseHFE 7500 The
package wasedesigned to allow for an additional stack, while considering the electrical,
thermal, and mechanical implications of the novel desigigure 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. Themni mum temperature rise experienced
of 500 W/cn? resulting in a specific thermal resistance2af mn?-K/W, a significant

improvement from the previous design.
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Figure 211 Locations of the thermal, mechanical, and electrical improvements of the
power module assemblylThe design features an M@&&ss configuration that fully
immerses the devices in dielectric cooling fluid. Multifunctional component pin fin
structures aresed as electrical interconnections and heat transfer surface enhancements
[57].

Moreno[58] developed a direct cooled module concept with the vEd®ved and
considered several differeninglephasedielectric working fluids.Figure 22 details the
direct cooled concept thasesslot jes impingirg onstraight finsto coolsilicon carbide
devices Under a heat flux of ~716 W/chthe cooling solution was able to achieve a per

device specific thermal resistance of 22 #AW.

24



Slot jet

«—— 10mm

1.75mm '\ D
\ \J Y Y \J Y

|

W

Figure 2271 PlanarMCS-lessactive direct coolegower module concept. Contains slot jet
on straight fins using dielectric fluid92].

With direct MCSless 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, -stdelymechanical, and
transient reliability of these novel module desighkis work seeks to investigate the

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

1.4 Research Objectives

With the above information showin the prior sections, theexeopportunities 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 whereifgignt thermal resistance and

reliability concerns are presemthile studies have be done on packages without MCS, a
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full module has yet to be proposed and the themmechanical implications of such a
design choice has not been considered. This worksseegroposen 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:

1 How can dielectric fluids thermohydraulic properties be analytically

compared for the use in MCSless actively direct cooled power modules?

This question is addressed throutjie 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 conjughéeat transfer study considering
the various thermohydraulic properties of the dielectric fluidsan MCSless

active direct cooled power module application.

Dielectric fluids arerequiredfor MCS-less power moduleto maintain electric
isolation [56], [57]. In addition tothe 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 considring a limited number of cooling configuratiotet are considered in
the literaturefor MCS-less actively direct coetd power module, the following question

and hypothesis is posed:
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1 How will utilizing digital design techniques impact the development o#ctive

direct cooling of anMCS-lesspower module packag®

This question is addressed througgducing conductive thermal resistanbg
moving the cooling solution closer to the heat sowieeslimination of the solid
dielectric layers (e.g., ceramics) and directly cooling the semiconductors and/or
utilizing traces as heat exchangei®he heat transfer surface enhancement and
fluid deliverydesign will be accomplished through the use of nurakanalysis,
statistical fidelity reduction, and design optimization. Additionally, thefind

experiments are performed to validate the numerical model.

The package redesign and removal of the solid dielectric layers allows for the
cooling solution to b very close to the heat source with the heat exchanger integrated into
the tracesi.e., the electrical conductord)he elimination of th&iCSwould 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
packag/conduction thermal resistance. However, it is important to also consider the
significant role the solid dielectric layers play in managing themmegchanical stress in the
package. When moving to this type of design it is crucial to consider the exestial

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

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

jet impingement onto finned surfaces in this configuration and the optimizationtofisuc

fluid delivery and surface enhancement <c¢oml
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not been significantly investigated. Therefore, the follonwgagstion andhypothesis has

been posed

1 How does thermemechanical design optimization impact the deMlopment of

a direct cooledMCS-less power electronics package?

This question is addressed through the design and optimization of thdegkCS
package. A thermmechanical coupled FEA design domain is established, and
design studies are carried out to examthe thermal and mechanical performance

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

information provided by theurface enhancement and fluid delivdasign.

Thermoemechanical analysis is often carried out during trsegiheprocess 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
magnitudeof stress that occurs is geometrically dependent ornréaeaend 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 havdeen numerous studies on the various ways to address issues with CTE
mismatch in packaging design and improve thermal perform&aeewho have posed the
various integrated cooling strategies have considered the theatioanical implications
of the desigs, and none have considered the themmechanicaloptimization when

removing the correspondingCS and substrate attach lay¢s®]i [61].

Due toMCS-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 parameteFarthermore, the therramechanical reliability of MCS
lessdevices have not been exploré@tierefore, the followingjuestion andhypothesis has

been posed

1 What is the impact of the novel optimized package structure on the missien

profile-based reliability?

This question is addressed by performing transient thenmachanical analysis
using temperature profilethat occur within a 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 failureddmage indicatn parameter

will be used in conjunction with an appropriate lifetime madkénfrom literature

to study the damage accumulation over the course of the mission. This is done for
two down selected package designs encbompared 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.

15 Dissertation Outline

Chapter 2providesbackground into thermmedanical reliability and failure of
power electronics packaging. The chapter is broken into sections covering a few of the
critical components that are most pron#ghi@rmaemechanicatailure within the lifetime of
typical power module. Each sectioavers 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, statiskicand analytical codesign
process used throughout the dissertation. Sections give fundamental information on
conjugate heat transfer and thermechanical numerical analysis, statistical reduced order
modeling, and heuristic optimization algorithmReviev information on the use of

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

Chapter4 discusses the process for developing tteydraulic figures of merit
for dielectric fluid comparisanVarious commercially available electric fluids are
surveyedandtheir material propertieasreprovided and analyzed. The analytical FOMs are
validated against aonjugate heat transfer model of MICS-less actively direct cooled
power modulelnsights into the thermohydraulic comparisohthe various fluids and

various other material properties considerations are discussed.

Chapter5 details the numerical and statistical design process for the development
of the surface enhancement and fluid delivery of M&S active immersion cool@dwer
module. The details of the experimental validation of the conjugate heat transfer numerical
modelareprovided. Influence of the various design parameters is considered and a reduced
order model of the effects of the design parameters on the penfoenraetrics is
considered. Amulti-objective genetic algorithm (MOGADpptimization 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 investigatow their

thermohydraulic performance is compared and discussed.

Chapter6 details the numerical and statistical design process for the development
of the package structufer the MCS-less active immersion cooled power modulae

influence of the desigparameters is considered and a reduced order meielsenting
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the influenceof the design parameters on the performance metriaslized. A MOGA
optimization scheme is implemented to efficiently study the design space and arrive at a
set of optimal slutions. Two optimal solutions are down selected for high fidelity

investigation and thethermemechanicaperformance is compared and discussed.

Chapter 7 details the numerical and statisticethnsient thermesechanical
missionbased reliability angbis of the down selected modules from Chapter 5. For
comparison a commercial module is analyzed alongside the newly developed modules. A
novel framework for missiobased thermanechanical reliability analysis for wire bond
and MCSless power modules baken physicsof-failure lifetime models is provided. The
process fopredicting the thermal response of the power modidesg themission profile
is explained The analysis of the mission profile thermal response is providediaflow
counting. Transient therramechanical numerical models provide information on the

mechanical response of the modules under transient thermal loading.

Chapter8 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 thds generated from the operation of power
electronic modules has serious implications on their mechanical performance and
reliability. The stress that occurs duringtbxpansion 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 Figure23.
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Figure 2371 Cyclic stress sinusoidal waveform as a general example of stress amplitude
with regards to mechanical fatig@2]. 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 reg{6i$, [64]. In the threshold regigrracking

is initiated and propagates to tRaris regiorwhereit 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 environmgents
similar to ductie materials, however the mechanisms are primarily environmentally

assisted crack growth and sustained tensile logdéig
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Figure 2471 Fatigue Crack Growth Rate (da/dNgrsuscyclic stress intensity factor range
( g K6K]. The three regions featured are the threshold, Paris, and failure rdgiomes.
threshold regioncracking is initiated and then as it propagates to the Paris ragion
experiences a linear propagation (longest lasting region) it propagates enohgo 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 corrosi reduction are common practices considered for fatigue

life improvemenbf materiald65].

Thermaemechanical creep occuirs a materiadue to theapplication of a constant

average load to a system untieggh operating temperaturés/3-1/2 meltng temperature)
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that are maintained during device operatmd accounts for the tinrgependent plastic
deformation due to this extended thermal loadiigure25 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. Primaryiokedygesthe

strain hardening of the material folling the elastic and time independent plastic
deformation that comes with creep initiation. Secondary creep (sttaidycreepis the
prominent regime which is characterized by a constant strain rate. In the final tertiary stage,

the strain rate rapidlincreases until rupture is experienced in the material.
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Figure 25 17 A typical creep curve under constant logb] detailing the primary,
secondary, and tertiary creep regimes on a stexsustime map Primary creepnvolves
the strainhardening of the material following the elastic and time independent plastic
deformation that comes with creep initiation. Secondary creep (sstaigycreepis the
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prominent regime which is characterized by a constant strain rate. In the final steigery
the strain rate rapidly increases until rupture is experienced in the material.

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

experienced, and is activated by the temperature as demonstrated danéhniecree

constitutive relationships seen in Equatiod (many material dependent variations exist)

e

0 O T

’Q 'F’Q

T 3

Qo Q'YQ O O ADBex, ®)
wher g, dtdois the steady state creep rate, C

is the average grain size, G is the shear modulus (temperature dependent), k is the
Boltzmanndés const anress, pandmase fitting copstafpssto tor e U
single crystal ceramid®$7]), ka is the activation energy for the deformation process and

Do is the frequency factor.

Therno-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 transieng heradi
cooling throughout under device operation. The stress concentrates at defect sites such as
voids, micracracks, and other defects that are formed during the manufacturing process of
each layer. The stress concentrations at these vulnerable loeatgonsally lead to crack
formation and propagation. Power el ectron
characteristics are often determined by a combination of experimental and numerical
methods (or analytical). The experiments often used are aaisgldife 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 theenvironmental 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 timebefore being allowed to cool back to the standard tempeié&glii¢73]. Power

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

power transistor as it is pulsed on and off, this is often done until the samplB&jls
[73]i[75]. Upon failure the number of cycles are recorded and if desired a plysics
failure lifetime model for the module can be developed typidaled on a either the Paris

Law (Equatiord) or a variation of the CoffiManson relationship (EquatioBst).

Q®

22 aar 4
op 0% (4)
0 03U (5)
0 03"Y (6)

In Equationst-6, da/dN is the crack growth rate per cyé@ndUare experimental fitting
parametersgKist he stress intensity factor gl & is
is the junction temperature swing. Additionally, there are several variations of the
temperature dependent Coffilanson expression with varying degrees of fidelity that will

include more information about the mod{®2].

Furthermoreto develop a lifetime model similar quations4-6 [76], analytical
or numerical processes are used to observe damage indicator response to the thermal
loading Statigical handbook models based on empirical analysis of field failusrse w

usedprior to the development of physié-failure models These method have been
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shown to be inaccuraf@7]i [79] due to the generalities made in the models regattimg

application and disregard for consideration of failure mechanisms.

The following subsections will detail failure mechanisms for power package wire
bonds, dieattach, and MCSs. The sections are arranged in order of typical first component
to fail, which is in the order of wire bond, dagtach, and finally MC$30]. With advances
in the reliability of each component, other components become more likely to fail.
Additionally, the sections will also situss common materials and their properties for each

component.

2.1  Wire-bond Failure

Wire bondsare used to transport the electrical signal from the terminal to the
transistor and vice versa. Recent efforts into the study oftbwaingl 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 reliabilifable 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 significantl

Table 31 Material properties for common wire bond materials in industry and research
applicationsReferences: AgndCu[81] and Al[82].

Electrical Thermal Yield

Resistivity Conductivity CTE Strength
Materials [ eq* c [WmK] [ppm/K] [MPa]
Ag 1.63 430 18.9 45.5
Cu 1.72 400 16.5 200
Al 2.7 220 25 29

37



Thermemechanical failure in wire bonds often ocswat the bonded interface
betweernthewire 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 theowuariayers 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 encapsul@8i. Figure26 shows the site of failure at the bond
interface and how the stresses accumulate during the switchimgtiopeof the active

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

(a) Heating Interfacial Compressive Stress (b) Cooling Interfacial Tensile Stress

Bond
Interface

Bond

Lo Interface
Metallization

Semiconductor
Die

Semiconductor
Die

Figure 267 Wire bond interfacial stress reaction during heating and cooling that occurs as
the active device performs its switching operation. The interfacial stressdefatigue at
the interfacial bond which eventually caubesdfailure and liftoff.
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Figure 27 7 Failure types lift off(left) and heel cracKright) 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
concentrabns at the heel weak point as the wire tries to deform under thermal loading.

The thermemechanical stress that causes bond wire lift off is characterized by the

bimetallic thermemechanical strain relationship shown in Equaffon

- 0 Yy (7)
Wherelba is the total bimetallic thermmechanical strain at the bond wire and bond pad
interfacel isthe bondlengti)i s t he mat er i al Sisthetemperaturei ve C°
swing. The total strain will mostly be dominated by plastic strain and thus tti@-Co
Manson law in EquatioB combined with Equatiofd can be converted to the temperature

dependent version seen in Equatii86].

0 03 (8)

Since wire bond failure is the most commuoonde of failure in typical packages,
several easyo-use temperature dependent Cofflanson equations have been developed
to estimatgpackagdailure with increased accuracy. The original form of this model was
shown in Equatio, the following equations are enhancements of this original model for

increased accuracy.

Schilling, et al, [87], conveniently reviewed these various equation$he

Arrhenius approach to the CoffManson modeprovidedin Equation9

6 'Y Q F ©)
where Nt is the cycles to failurea andnar e f i t t i n Jjispghejuactoat er s,

temperature swinga is the activation energy is the Boltzmann constant, afigh is the
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mean junction temperature. The Arrhenius versiasateated 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 areluded in the Bayerer model, as seen in

Equationl10

6 03Y Qo 06 O (10)
whereNs is the cycles to failurel andba-s are fitting parameterg;m is the mean junction
temperaturetonis the operational time on for the switching devlas,the current per bond
stitch, V is the chip blocking voltage, and is the bond wire diameter. Finally, the
Scheuermann model was developed for modules with sinteredtdah but is still based
on wire bond information as seen in Equatldn

¥ O O
6 p

6 @Y O Q FQ (11)

whereN is the cycles to failure, the fitting parameters ar€, n, bi-2, 9, ar is the bond
wire aspect ratidpn is the operational time on for the switching devieas the activation
energy ko is the Boltzmann constar,m is the mean junction temperature, dméhe is the

diode derating factor.

2.2 Die-attach Failure

Die-attach is typically utilized to bond the semiconducting transistor to the top
metallized layer of the MC%-or lateral devices the die attach is often just used to transfer
heat from the die throughelrest of the package and in vertical devices it is used as both a

heat and electrical patRecent dieattach material developments have been focused on the
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improvements in leattee solders, metal sinter, and direct bonding technolofadde 4
shows the material properties of several recentfiesgadieattach materials in comparison

with a leadbased solder.

Table 47 Materid properties olsomerecent leadree dieattach technologies
comparison with a lead based so[88t, [89]. SAC 105 electrical resistivity was not
provided from the sources.

Coefficient
Shear Shear Electrical of Thermal Thermal
Melting Strength Strength  Resistivity Expansion Conductivity

Materials Temperature [C] (20 C) [Mpa] (200C)[Mpa] [ € q * ¢ [ppm/K] [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

When soldetbased dieattach is formed through the solder reflowing process, often
many micresized voids are formed as well. These voids become sites of stress
concentration and will eventually become crack initiation sites when thattdieh
experienceshermemechanical stress during the operation of the device. Depending on
the location of the void, overtime a crack could propagatidead to delamination of a
significant area of the attached interface resulting in fatigased 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 eraytk[43].

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

Figure29 while shows the delamination and cracking in a failed sample.
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Dialamination Die-Attach Material Lack of
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Material—
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Delamination Growing Along Substrate

Figure 281 Potential void, cracking, and delamination in die attach portion of electronic
package assembli¢80]. 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 marial, propagating from a defect site.

|
B 100 pm

Figure 29 i Image of dieattach failure by delamination (left) and prominent crack
propagation (rightj91].

2.3 Metallized Ceramic Substrate Failure

Metallized ceraic substratesare composed of a ceramic material sandwiched
betweenwo 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; theffere, an intermediary metal film is utilized to aid in this effort. Common

ceramic materials for MCS technology are aluminum oxide (alumire@sAlaluminum
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nitride (AIN), and silicon nitride (SN4). The common metallic materials are copper and

aluminum.Table5 details material properties of aforementioned MCS materials.

Table 57 MCS technology materials and their properties. Copper and aluminum thermal
conductivities are fnm [92], [93], respectively; all other properties are fr¢@d].

Coefficient of Young's Thermal
Thermal Expansion Modulus  Conductivity

Materials [ppnVK] [Mpa] [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

The top layer of metallization in a MCS system is etched to create a circuitdayer
which the dies and terminals can be appropriately attached. During the etching process
geometric singularities are created at the metal/ceramic interface that becont@lpote

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 fractprevidedanother form of failure
in the module has not already taken pléd. Figure30 shows an example of the fracture
that may occur due to stress concentrations and crack propagation at theratkso

caused during the etching process.
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Figure 307 Brittle fracture of ceramicniMCS assembly due to thermmechanical stress
propagating micraracks caused through the circuit layer etching pro¢@ss
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CHAPTER 3. DIGITAL DESIGN METHODOLOGY

Digital design is a broaterm that incorporates many differesdmbinations of
numerical and analyticahpproachesFor this work i refers to the use of numerical
modeling, design of experiments, reduced order modeling, and optimization algorithms in
combination with one anoth&swards a multobjective design goaFigure31 shows the
overall process for the steadtate CFD and FEAased cdesign processA major
challenge m design exploration is the computational costhigh-fidelity numerical
analysis, this can be addressed by the aickdiiced order modeling and optimization
algorithms. A reduced order model can analytically relate the various performamics met
to the design parameters and optimization can utilize these analytical representations to
efficiently explore the design spad@nce the power module concept is established the
design space for the heat exchanger and packaging structure can bedeXplengrocess
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 sofwwdtege
performance metrics for each of the designs is recorded. Ondegigmof 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 wathstraints to study the design

space.
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Figure 311 Steadystate linked CFD and thermmechanical FEA design process with
fidelity reduction and mukobjective optimizationThe process starts by establishing a
design space for éhheat 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 ke 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 deginsand insights into the influences of design parameters on
design performance metrics are enabled through the combination of these design
technologiesThis chaptedescribes thdesign technologies with relevance to the thermo
mechanical design of a pawmodule with integrated thermal managenamprovides
exampla of how these processes ardlized in thedesign of power electronics thermal

management and packaging.

3.1 Thermo-mechanicalNumerical Modeling
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The numerical modelinghethods used fahermaemechanical design of a power
module with integrated thermal management will incladajugate heat transfer based
CFD, as well as thermal and structurA. Steadystate laminar conjugate CFD, steady
state and transient thermal FE#ndstatic linear and noitinear (geometric and material
nontlinearity) areused for the design proceskhis section will detail the fundamental

background otonjugateCFD andcoupled thermaonechanicaFEA.

3.1.1 SteadyStateComputational Fluid Dynamics

CFD utilizes the fite 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 mg@gguation12), momentumEquationsl13-15), and

energy(Equationl16) [96], [97].
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Wherex, y, and z are the x, y, and z directionss,wy are the x, y, and z direction velocities,
respectively; P is the pressure, T is the temperature, q is the internal heat geneistion,

the fluid densityg is the fuid viscosity, and is the material thermal conductivitizor
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Equationsl2-16 viscous dissipation and gravitational effects are assumed to be negligible;
fluid is incompressible, and constant properties are assuriguate 32 shows a three
dimensional element illustration for the conservation of mass, momentum, andwitergy

the center of the element as reference.
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Figure 321 Threedimensional fluid element illustration of (a) mass conservation, (b)
momentum conservation, and (c) energy conservgion

CFD is employed for heat exchanger design of the integrated headsiekample
of which can be seen Figure33. The CFD model will be primarily utilized to understand
effects of théneat exchangetesign changes and is capable of thermally analyzing the solid
layers of the domain, as well as anahggthe thermohydrauliqperformance of the fluid.
Utilizing this approach, a considerable amount of information can be gained about the

thermohydraulic performance of any one design. Information such as flow streamlines,
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heat transfer coefficients, tempera&uand pressure can be gained from utilizing this

numerical method.

@t |nlet l

Heat Flux

Copper

s SiC Die
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"

Figure 337 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 hea
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 Thermemechanical Coupled Finite Element Analysis

A thorough discussioof thermemechanicof electronic assemblies is discussed
in this sectionThermal stresses and strain occur in these layered composite assemblies due
to the varying coefficients of thermal expansitheir elastic/plastic mechanical properties
and nonuniform local heating within the layered composite assenthure 34 details
the general structure of a local portion of an electronic adgémhterial layer 1, adhesive
layer, and material layer 2), as well as the forces and stresses that occur diieciorthle

strain caused bgnismatch of the CTE under changing temperat(Egsiationl7), where
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E is Youngds médatue, B is EOEssbnis |

ayer
Q is the shear force, N is the axial force,
stress.
.Q, Qq+dQy
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Figure 341 (a) Electronic assembly layers, material 1, adhesive, and material 2; (b) Free
body diagram of layered assembly

The force (Equatiod7) and stress (Equatiod$-19) equilibrium of each layer is

Q0 .
2% 5 Pya n (17)
Q® C
Q0
220 18
a0 .1 T (18
Q0
2L 19
a6 T m (19

where the variables shown are the same as

layer directional operator (is 1 ef depending on the layg88].

Finite elemenanalysis is useftequently to obtain the thermsiresses and strains
in electronic packagd99]i [103] andin this studyis similarly employedo understand the

thermal and structural performance of the packagthis section the general governing
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equations forthis coupled phenomendiften coupled sequentialgre presented for
linear thermeelastic regimes, as well as nbnear considerabins for geometric large

deformations and material viscoplasticity.

The governing equations for sequentially coupled linear thermoelasticity are
composed of the heat equatiquation20), compatibility equatiorfEquation21), and

the displacement equilibrium equatiqiEgjuations22-24) [104]i [107].
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Where, g is the internal heat generation, k is the thermal conductivity, Ttéesriperature,

] is theg sdetnhsei tsyp,ecci fic heat, t is time, 1

U i s t®&istheXshear,modulus, i s Poi ssoW¥3Waredhek g,z whi l

direction displacements respectively.

For electronic ssemblies, geometric and material Aimearities are common. The
geometric nodinearity experienced is that of large deformations (deformations larger than
the dimensional direction, commonly thickness of material layers in the assembly).

Extended formudtions of the strain/deformation relationshigsjuations25-30) are used

[104].
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Wherefi s t he pl ane st r aiThenenlindarvisoplasticity hodel s he ar
is employed to represent the stradte sensitive plastic regime common in metallic ductile
materialg104]. The most common viscoplastic model used for ductile metals in electronic

packages i s (Eyumidonsgl-85 [108]po[1De] |

Qi (31)
@ ?i wm E(T (32)
- 8@ OENE (33
i Qp Il— i Q@@ ll— - (34)
i’ iwﬂg'r (35)
Wherec i s a constant materi al par ameter, S

mu | t i gslthe plastic stridin ratksis the activation energy of the deformation process,
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m is the strain rate sensitivjtiR is the gas constant, T is the absolute temperatuieite
hardening constant, a is the strain rate sensitivity of the hardening procésshe
saturation value of the deformation resistaisc a coefficient, and n is the strain rate

sensitivity for the strain saturation.

The above detailed thersmmoechanical analysis is employed for #hesign of a
power module packagBigure35shows 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 focakthe analysis is on the impact of the thermal loading on

the critical components and interfaces within the package structure.

T, h
-_——_.__ ____’-_-*

Die
with Heat

/ Generation

Lead/Die Attach Interface
(Critical Interface)

Die Attach
(Critical Component)

e ——-—-________“
T, h

Figure 351 Example power module package domain for themszhanical analysis.
Thermal boundary cdlitions 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 reductiontechniques in the design of electronic packaging and thermal
management often include compact modelsesponse surface methodology (RSM)

Compact models differ from $M as they often are trying to achieve a level of physical
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fidelity of the device, wherBSM is a purely mathematical representation and can be used
to represent many different systems. Various compact models exist such as analytical
thermal resistanédenpedancenodels110] andnumerical approaches such as representing

various heat sink configurations as volumetric blocks or porous rfieldi@i [113].

Thermal resistance/impedance models have a similar fidelity to that of ROM but
the numerical volumetric block approaches would be a dmigiidelity. Thermal
resistance/impedance models compared $VIRs the ability to easily extract design
parameter effects and inclusion of mechanical considerations in an optimization process.
Figure 36 shows two eample thermal compact models, the {mesistor model and
DELPHI models. The twoesistor model is the most widely used thermal compact model
and is able to predict the thermal performancéhefdevice connections to the case and
board. The DELPHI model is a more complex model that has high acdoraegrious

design environments, considering variation packaging and cooling solution.

54



(a) (b)

Case Node Top Inner Top Outer

Thermal
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Oy8
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Figure 36 1 Example compact theral 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 haveddlirectly 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
decreasethen compared to RSNFigure37 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 mod@esentative porosity factors permeability,
Ergun constant, and interstitial heat transfer coefficient are nece3smrwolumetric

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

number of designs to be studied.

i
Uniform heat flux
(a)

e 0 0 R
Uniform heat flux
(b)

Figure 371 Example of porous medium volume block approach. (a) is the pin fin heat sink
and (b) is the equivalent porous medium representation.

RSMis acommon reduced order modelipgocess utilizing statistical techniques
to relate all or significant inputs to a system to its output. For example, in utilizing this
process fothe thermal design of a power modulee die spacing can be considered an
the thermal response can be mapped, as sefigune 38. This is useful to thoroughly
study a design space with minum additional computational cogtor 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 me#sponse, in this case statistical
influence such as a rank of influence analysis is performed. Rank of influence analysis is

discussed later in the section.
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Figure 381 Example response surface detailing thernal responsi® the spatial layout

coordinates x and y of die imalectronic modul¢115]. (Note image quality is similar to
publication)

The most common models for this technique are linear (Equa@lpand second
order (Equatior87) regressionHer e 'y i s the output parameter

X is an input parameter agids random errof116]i [118].

A T f (36)

w I I w [ ww o T (37)

The second ordes more computationally expensivand thustypically the first order

modelis attempted firstHowever, for particularly complex systems with many variables,
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second order i s often the correct sol ution

design pocess.

The process for determining the fitting coefficieatsl metrics of fit are performed
with matrix notationusing a least squares methodol¢biQ]. Equation37 is transformed

to matrix notation in Equatior38-42.

« N (39
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The least square method seeks to minimize the square of the randonfEuatson4 3-

48), which leads to an expression for the least square estimator of the regression
coefficients(Equation45). The fitted regression mod@tquation46) and residual error
(Equatiord?) is then formulated. Theoefficient of determinatio(Equatior48) is used to

assess the fit of the model.

0 « Lga L (43
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A nonexhaustive 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 ma@a®mmon design algorithms for second order
RSM in order of least to most economieake thethreek, centralcomposite, and Boex
Behnken[116], [118]techniquesThis study will focus on BoBehnken design as it was
found to have good prediction with the computagiarost 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;10which represent the
maximum, center, and minimum, respectively. Based on this definition the number of total
design poits is determined by Equatiet®. Where N is the number of design points and

kg is the number of geometric input variabJ2$8], [121] [123].

6 ¢Q p p (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 approximadibmntdor accuate

predicton of the performance of other designs.

Furthermore, the influence of the design parameters opdtfermance metrics
can be quantified usi nagrebtpESROEB){EyaEN50).ank of
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 ofl:1, with a negative value if@hting 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 zernadicates a lonmagnitudeof influence of the design
parameterThe SROIC is particularly useful as it is less sensitive to outliers in the data
determining the influence compared to other sensitivity/influence correlations.

¢BQ

TE op 0

) p

The SROIC ranks eadf thedesign 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 desigrejgarand the

performance metrialongwith 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 thalgorithmic 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, hegre 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 pimary reason that mulbbjective 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
fundanental problem in muliobjective optimization is shown in Equatidigd-53), where
Equation(51) is the minimization or maximization of the desired objectives, Equafon
is the inequality constraints the objectives may be subject to, and Ecp@itsathe discrete
geometric bounds of the dgs. In Equationg51-53), f is the objective function, g is the

inequality constraints, X is the design variable, and p is the outcome vafidt?§$127].

I ETTOAG Qan & pBH (51)
Qadn T Q pBD (52)
0 0 ® (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 #odution spaceThis solution parameter cannot
be improved without negatively affecting another parameter objective. The Pareto optimal
set is the set of all of the Pareto optimal solutiédtaining this is not feasible and instead
several distinctive dotions within the set are fourahdthis is known as the Pareto front

[125].

While there are many different multiptébjective optimization algorithmsften in
electronics thermal management and design abweg@timization algorithms are utilized
including direct searcj128]i[131], gradient based seardt32]i[135], and genetic
algorithms[136]i [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 formuthttfom 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 extresn&enetic algorithmareuseful aghey arecapable
of optimizing for multiple objedtes 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 vjppackaging optimizatianrherefore 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 solutioraamed
compatibility with many types of constraiftrmulations[141]. Additionally, an internal

study at NREL found that fothermoemechanical packagingpplications, multiple-
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objective genetic algorithm (MOGA) combined with a secomter ROM and Box

Behnken DOE provided thedequate accuraayith minimal computation timg120].

Genetic algorithms (GA) are based on the ideas found ithdwy of evolution
involving the process genes go through as a species reproduces. The GA piigoess (
39) starts with an initial population utilizg the model created from the RSM process, the
initial population which goes through a fithess assignment allowing for the selection of the
parents that are closest to the desired design, those parents undergo crossover to produce
offspring which are themutated, 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 populatigd24]i [127].

Generate Initial Population]

l

N

Fitness Assignment |

i
v || Selection
S 1
(1]
o Crossover
o [3
O|| Mutation

l

Survivor Selection

Termination
Criteria Met

Pareto Solution Set J

Figure 3971 Flow chart of the genetic algorithneuristic 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 desgprecéhs

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 desiygh fidelity
methodsuse numerical modelingr experimentsoupled with optimization algorithms,
medium fidelitymethodause a hybrid analytical and numerical process mostly through the
use of reduced order modeling coupled with optimization algorithnts,laam fidelity
methodsuse 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 levdidality for various thermal

management and packaging solutions.

Sakanovagt al, [128], optimized and compared douddéeyer and doubksided
micro-channel heat sinkd={gure 40) with nanofluid. The micraechannels are integrated
into the bottom side of the metallization of the M@&h both waterand waterbased
alumina nanofluidare utilized as the working fluid The design processhich 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 drophile considering various inlet velocities, inlet temperatures, and heat
fluxes for each of the designs and working fluids. The desioled configuratiorwas
shownto be between 589% more effective at reducing the thermal resistance compared
to the othe 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 7 Cross sections of (a) double layered microchannel, (b) double sided
microchannel, and (c) single layer microchannel configurafb2a].

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 enhancementsgure4lillustrates the structure of the channel heat exchanger
with pin fin surface enhancements and indicates various design parameter that are further
defined inTable6. The design parameters considered were heater power, pressure drop,
pin fin height, and channel widtfihe 16 designs experimentally studied were determined
based a uniformdesign of experimentshich uniformly distributes design points to enable
the development of a reduced order model. A quadratic regression waslased to
characterize the thermal resistance response to the design parametemimaledesign
points were found through taking the partial derivatives of the regression model and solved
as a system of equations the optimal desigrthe 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 ther mal resistance of O0.09
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(a) The structure of PFCHS.

(b) The cross sections and the arrangement of the pin-fins in the PFCHS.

(¢) The PFCHS s cross section.

Figure 417 The structure of the pin fin enhanced chaneealtlexchangemhe three images
shown detail (a) the flow path, heat source location and pin f{b¥ the arrangement of
the pin fin surface enhancements, and (c) position of the fins within the ciikB4el

Table 6 1 Nomenclature accompanying the illustration of the pin fin enhanced channel
heat exchangdf34].

Momenclature,
Coes the width of the PFCHS, mm C7: the thickness of the channel wall, mim
Dp: the distance between the pin-fins and the channel, mm 5 transverse distance between pin-fins’ center, mm
51t longitudinal distance between pin-fAns center, mim b: length of the ellipse's semi-rminor axis, mm
a: length of the ellipse's semi major axis, mm Cy: the height of the channel, mm
H: the height of the pin-fins, mm Q: the power of the heat source, W
fre the thickness of heat source cntact face, mm Fa: the pressure drop, MPa
R.: the total thermal resistance (TTR), *C/W Toge: Outlet water temper ature, *C
Tin: inlet water tem perature, *C AT: the temperature difference cause by thermal paste, *C
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Sahu.et al, [139] details the development of a direct MCS cogbesver module
using Fourier seriegEquation54) to create topological structure for heat exchange
utilizing 50% waterglycol working fluid This structure generation process is combined
with a genetic algorithm to optimize the topolodishapeand reduce thermal resistance
Figure 42 shows and example of the resulting heat exchange structure topological
generated by the use of the Feurseriesand Table 7 details the design parameters used
based on Fourier series variables. The optimized design was capable of achieving a thermal

resstance of 0.015 K/W under a power input of 87 W

0 & O 5 AT 608 @ % & ol it (54)

Heat Sink C‘m]]arln Contact Surface

1
|\ Heat Load Coolant Region

\ Y d gy /

Heat Sink Region

Figure 427 Example of the topological surface generated using the Fourier $ég@s.
load, heat sink region, coolant contact surface, and coolant region are id¢h88¢d
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Table 77 Design space for the topological heat exchanger structure based on Fourier series
[139].

Parameter Description Min. Max.
Hy Constant DC shift 05mm 5 mm
h|n] n'™ harmonic order 1 100

Ap(n] n'™ harmonic amplitude Omm  Hy .
O[] n'™ harmonic phase angle 0 2

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 desigof a MCS system. The downhill simplex method is utilized to arrive at
a solution quickly Figure 43 details the computation domain used in the desigogss
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 stredglBa38
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Fig. 8. DBC model for optimization

TABLE IL DESIGN VARIABLE CONSTRAINTS (IN MM)
Vanables Lower Bound | Upper Bound | Initial Value
DBC Size 6 20 15
Top Cu 0.1 1 04
Al,0, 0.1 12 0.625
Bottom Cu 0.1 1 04

Figure 43 7 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 adaptedl4lr om t he author

4.1 Overview

A typical power electronics moduleFigure 44) consists of multiple
semiconductors eficapsulated in insulative gel or molding), an insulated substrate
(typically directbonded copper), a thermal interface material or bonded interface, and a
thermal management soluti¢eg., heat sinkiypically onto thebaseplate. The electrically
insulding substrate contains a ceramic material that has a low dielectric constant and high

breakdown voltage, but a l@vthermal conductivity compared to the metallic layers.

Terminal

Case

Encapsulant

Metallized
Ceramic
Substrate

Wire
Attach Transistor Bond
Die

Baseplate

Figure 441 Typical schematic of a power electronic module with sksgiked 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 generatioe so
which comes from the power semiconductors themselvesh&aenust 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 iataltirdesired 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 requireube 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 performan§&6], [57]. The package redesign and removal of the solid
dielectric layers allows for the coolirsgplution to be very close to the heat source with the
heat exchanger integrated into the trg€ggure45). The elimination of the diredtonded
copperwould 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., watethylene 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 fiegends on the
application and cooling method (singlease versus twphase 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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Molding Molding

Coolant N

Figure 457 lllustrative 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 thmal management of vacuum tuljég3]. This work
also established the general form of the convective figure of meriteLak developed a
process for the general internal singlease forced convective flow comparison of various
fluids using an FOM (in addition to other flow regimgEs}4]. Modern iterations of FOM
development focus on specific applicatiobsnert et al, showed how the process can be
applied to single channel flow for a solar collector tube applicdtld®]. Recently,
Ehrenpreiset 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 thitandgbroperties to
aid in the fluid selection process for singlease heat transfer applications in powe
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 withnjugate heat transfer CHBsults ofusing
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 afibet

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

theyhave 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 imporpaesent some

definitions and design targets for the dielectric properties.

The di el e c tikci, (Equationdb5ot aadimeénsionkess parameieis the
ratioofte per mi t t i vi tpym vath respecteo the pdrneitivitysofl the frde
space (i.e., of a vacuum environmefigymp. Thi s quantity represen

to store an electric field.

I - (55)

- R
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 applicatiass, i

typically desirable to have a dielectric constant less tHad A.

Dielectric materials are inherently poor electrical conductors; however, there is a
mechanism known as breakdown (of which there are several types), inanhitficiently

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 dielectremgtin of a material is
guantified as the voltage at which breakdown occurs across an electrode separation length
(often in units of kvV/mm). Although highly dependent on the application (primarily
application voltage and electrode spacing), power elecg@piplications typically seek to

have a dielectric strength greater than 10 kV/fha7].

It is important to keep in mind with the application of these fluids that the dielectric
constant and breakdown are not independent of ogstsra 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 perforamce 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 corréations are typically considered. The FOM development process
considers only the relationships between the material properties observed in the Nusselt

number and friction factor correlatiofis48].

A convective FOM represents the ratio of key thermohydrautidopmance
properties. For the purposes of convective processes, the specificphelaedt transfer
coefficient (h), and pumping power &ktp are chosen for comparing dielectric fluids
(Equation56). 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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Equationss7i 61 show the process of expanding the definition of FOM antatio
of the fluidds density and dynamic Vviscosi:t
the purposes of the FOM, constants were dropped and fixed volumetric flow rate was
chosen for comparison wittonjugate heat transfer CkBsults), where ris the mass flow

rate, J} is the density, 6 is thsectqgnalaga ef f i

N

of the duct, &ep is the pressure drop, f i
hydraulic diameter, g is the gravitational soh a n t , Re is the Reynol c

dynamic viscosity, and a is a mathematical constant.

Equations62 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 conishity of the fluid, Pr is the Prandtl number,

FOMI 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 applispgoific figures of merit can
bedeveloped 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 propertesjugate heat transf@FD simulations were
then conducted to compare the predicted performance of the dielectric fluids, with the
analytical FOM results. A quartsymmetry power electronics modutenjugate heat
transfer CFDmodel was constructedrigure46) and analyzed using Ansys Fluent 19.3,
and the results from tt@mnjugate heat transfer CFImulations 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 donmiand slot jet. The copper, silicon carbide, and
dielectric molding had thermal conductivities of 387.6, 80.0, 0.25 W/mespectively.
Figure45shows the package layers and thermal boundary condition$;ignce46 shows
theconjugate heat transfer CRBodel with descriptions and dimensions of elagter, 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 conditimeiadedadie 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 teryyerander laminar flow conditions.

To decrease computation time quarter symmetry was used as the full domain was

completely symmetrical across center lines.

Slot Jet Inlet

*Unit in mm

Figure 467 Conjugate heat transfer domain of a direct cooled power module featuring slot
jet on straight fins.

The conjugate heat transfer CHBOM was derived using Eatiors 56-59, and
dropping the pump efficiency for the unit cell analysis, we arrive aaf@n64, where the
hed transfer coefficientistheareav er aged over al |l heat transf
the base of the fins, and the pressure drop is derived from thaweaed 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 foundTable 8 (reported values are given at room
temperature, per reference data). Their thermohydraulic performance was analyzed using

Equation$62-64 for comparison wittconjugate heat transfer CkBsults.
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Table 81 Surveyed dielectric fluid ligtL49]i [157] with thermohydraulic prop&es and
FOMs. Reported values are givat room temperature, per reference data.

< c S 2

S E B - 7

c ) s 5 o

o 5 T 2 > 3 S =

& O S S g 5 se =2 so

Material .2 e O = s g 0O0&g ©Os5 O

5 8§ s & 4 E %8 ®5 v

D ] e o IS - =

2 @ g3 @ 2

[a ) E

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+046.35E+0
ATF 14 -- 013 2,215 8400.0714.06E+03%.75E+04.11E+0
AC-100 30 2.10 0.14 2,137 7950.0093.10E+04.84E+0x2.97E+1
AC-150 30 2.22 0.16 2,137 8330.1592.14E+03#.12E+041.95E+0
AC-200 30 2.21 0.16 2,137 807 0.0103.46E+043.05E+0%2.89E+1
AC-250 30 225 0.16 2,137 8390.1662.04E+03B.99E+041.87E+0
BC-888 20 220 0.14 2,133 8170.0132.31E+04.30E+02.12E+1
EC-100 20 2.20 0.14 2,133 846 0.0221.35E+041.56E+05L.29E+1
EC-110 30 2.10 0.14 2,133 8460.0112.78E+04£.63E+032.50E+1
EC-120 30 2.10 0.14 2,133 846 0.0083.90E+043.35E+033.34E+1
EC-130 30 2.20 0.14 2,133 846 0.0055.65E+044.38E+0%.04E+1
EC-140 30 222 0.16 2,133 846 0.1622.10E+03#.06E+041.91E+0

PSF-20 cSt 25 2.68 0.14 1,600 9500.0191.18E+041.20E+05L.05E+1
PSF-50 cSt 25 271 0.15 1,500 960 0.0484.69E+03%.90E+044.09E+0
PSF-100cSt 25 2.71 0.16 1,500 9700.0972.40E+033.64E+04.11E+0

FC-3284 16 1.90 0.06 1,100 17100.0019.61E+04.62E+0%2.20E+1
FC-72 16 1.80 0.06 1,100 16800.0019.80E+04.70E+0%2.21E+1
FC-84 16 1.80 0.06 1,100 17300.0017.25E+043.78E+0%2.20E+1
FC-770 16 1.90 0.06 1,038 17930.0014.67E+04.66E+0532.01E+1
FC-3283 16 1.90 0.07 1,100 18200.0015.19E+04£.96E+0%2.37E+1
FC-40 16 1.90 0.07 1,100 18500.0032.10E+041.55E+051.57E+1
FC-43 16 1.90 0.07 1,100 18600.0051.52E+041.23E+051.35E+1
Water -- 80.10 0.58 4,187 998 0.0012.41E+08.25E+064.63E+1

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 comparisondtms 65-67).
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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 asctrgugate heat
transfer CFDapplication CFD results weralso normalized to the results obtained using

water in theCFD model).
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Figure 477 Normalized FOM for each analysis type. CFD analysis was performed under
laminar flow conditions.

From Figure 47, we can group the fluids based on thperformance. For a
normalized laminar FOM (Eation65) above 0.025, we have the tpprforming fluids
FC-3284, FC72, and FE84. In the range of 0.01 to 0.025 #€-100, AG200, EG110,
EC-120, EG130, FG770, and FE3284. Finally, the lowegberforming fluids under a
laminar FOM of 0.01 are Alpha 6, automatic transmission fluid (ATF);148G, AG250,

BC-888, EGC100, EG140, all PSF series, F@0, and FE43.

A normalized turbulent FOMEquation66) shows the top performers above 0.04
as FG3284, FC72, FG84, and EC130. In the range of 0.02 to 0.04 are-AQ0, AG200,
BC-888, EG110, and EC120. The lowesperforming fluids surveyed are Alpha 6, ATF,
AC-150, AG250, EG100, EG140, FG40, FG43, and the PSF series. Note that most
fluids have similar rankings compared to the other fluids for both the laminar and turbulent

regimes, ad normalized values for both regimes are similar across fluids.

The application results for thmnjugate hearansferCFD analysis show that the
absolute results do not fall in the same regime as the correlations used; however, for most
of the fluids, tke trend remains when comparing the candidates. It seems that a few of the
FC serie§ FC-3284, FC72, and FE840 fit the trend the least. It is important to keep in
mind that the correlations used were simple internal flow correlatiodsthe material
propeties of the correlation was used for FOM development, whereas the application

analyzed was for a MCEess power module witklot jet impingement on straight fins

Based on the laminar and turbulent channel flow FOMs, the FC series seems to be

the highestperforming, 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 theonjugate heat transfer CHEsults, the FC series is
outperformed by several other candidates in the AC and EC series dxf fari the
application of slot jets on finned surfaces. The reason isthieaapplication 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 fluidss 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 peess. 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 narraw 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 theooling 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 lowthermalconductivity solid layers typically used in power electronics
archtectures. 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 cdndioénae
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 spigise flow
regime. We propose a method for comparingfthiels and compare this method to an
application analyzed usingonjugate heat transfer CFDWe also discuss other
considerations with this novel power electronics thermal management approach. We
compare the fluids through a figure of merit normalized Withfigure 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 @oting 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 fltod 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 refinemetheoheat
exchanger design far directcooled thregophase module containing (SiC) devicEgy(ire
48). Theinverterconcept includes DC bus bars (positive and neg#tizdg and three
phase output connections with three devices per switch (18 total SiC dekiges$49
describes key details of the module and highlighasious portions of the package
configuration including the die stack, die layout, @aothponent highlightdn particular,
this modulewill be designed for direct cooling on the copper leats then the spent fluid
will flow over the rest of the module ¢tuding around the active die. The configuration
chosen will offer benefits seen in dousidedMCS-lesscoolingwith the addedbenefit of
direct cooling of tle die areaThis configuration allows for the entire moduléb®housed
in a single manifold athprovide active direct immersion cooling to the leads, die, and sinter
layers.Figure 50 details the proposed circular jet fluid delivery and pin faathtransfer
surface enhancement structure. high-performanceconvective cooling solution (jet
impingement onto highly finned surfaces) was used to offset the relatively poor fluid
properties. T 0 t he best of t h & combinatibnoaf @icalr fen o wl e d
impingement,pin fin surface enhancement, and active direct immersion cowditiga
dielectric fluidhad not been previously attempted. Therefore, it was of interest to study the

impact of these design decisions for this novel power module coatigar
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Figure 487 Threedimensional illustratiomf the proposethreephase active immersion
cooled power inverter module with two switches per phase bar consisting of three silicon
carbide MOSFETs with internal bodijodes per switch and sintered silver die attach.

Materials:

DC Minus, Phase Bar, DC Plus: Copper
Die Attach: Sintered Silver (0.1 mm thick)
Die: Silicon Carbide (0.18 mm thick)

Figure 497 Overview of actively coolegower module phase legnsisting of DC minus,
phase bar, and DC plus copper leausdudingtwo switches consisting of three (5.38 x
4.46 mmx 0.18 mn) silicon carbide die witl§0.1 mm thick)sintered silver die attach.
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Phase Bar (Bottom View) DC Minus (Top View)

DC Minus

Figure 50 1 lllustration of hav fluid is dispersed across the actively direct immersion
cooled moduleTop 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 enhancementSimilar 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 leddexplore he design space for this novel power
inverter package utiling singlephase flooded immersion coolingth dielectric fluids
an automated design approach was implemented util2@g, ROM,and optimization
algorithms.These methods were discussed in the previous chapter. The desigfospace
the heat exchangercluded the arrangement, diameter, spacing, and height oiftiuéar

pin fin surface enhancement

5.2  Impact of Digital Design Process on Heat Exchanger Performance

5.2.1 Methodology

86



The numerical conjugate heat transfer analysis beginddntifying the proper
computational domainkigure 51 shows the didevel unit cell geometry used for the
modeling design analysigigure 52 shows the didevel unit cell with an example fin

configuration and jet size.

Figure 517 Module unit cell for use in numerical analysis containing DC minus/plus Jead
a phase bar lead, and six SiC die.
DC Minus

12.33 mm 9.9 mm

15.75 mm

DCPlus

1.75 mm

Phase Bar 2 mm

Figure 5271 Die level unit cell for heat exchanger design containing a portion of the phase
bar and DC minus amalsingle die.

Doublesidedfluid deliveryto 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 khgDC minus side only
covers ~75% of the die to allow room for a gate connection on the top sukfacal
(labeled as manifold wall iRigure53) 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 structureA total flow rate of 10 L/min was assumed and divided between the 36
jets resulting in 0.28 L/mingg jet. The jet diameter of 1.7 mm was then designed to achieve
2 m/s jet velocity. This jet velocity was choagsed to minimize erosiecorrosion effects

at high jet velocities (> 2 m/dpue to the use of high viscosity dielectric fluid laminar flow

wasconsi dered with a jet inlet Reynolddés nut

Phase Bar (Bottom View)

Cross-section View

DC Minus (Top View)

-
l Tocm

Manifold Wall DC Minus

. ) Alpha 6
3&"1;;;‘ :m L“M_' 9.89mm  ¢4nner Thermal Conductivity: 387.6 W/m-K Density: 795.98 kg/m?
: 1. toow: 175MM  gic Thermal Conductivity: 80 W/m-K Thermal Conductivity: 0.144 W/m-K

Lpg: 15.75mm  h:4 mm

Sintered Silver Thermal Conductivity: 250 W/m-K i . i/kg-
tpg: 2 mm D,: 0.5 mm ty / Specific Heat: 2290 j/kg-K

Viscosity: 0.010595 kg/m-s

Figure 5317 Computational domain for the heat exchanger design, including example fin
structuresexample 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 imposeadternal heat
generation in the SiC die, outlets at 0 Pa gauge pressure, and inlet temperature &f 65

Reynolds number of ~260 is computed at the jet, indicating a laminar flow regimae.
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144 W heat dissipation was choskeecause it achieved A5 0 maximum junction

temperature for the initial design

s J @t |nlet
Outlet
Heat Flux

Figure 541 lllustration 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.

Figure55 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 convergerec was considered achieved when continuity and velocity residuals
were less that0* and the energy residual was less théf, typically achieved after 200

iterations.
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Figure 5517 Mesh independence for the heat exchanger desigjungate heat transfer CFD
model.

In an effort to reduce the computat@dicost a reduced order model of the system
was developed using response surface methodoldgyreduced order modslbuilt from
a BoxBehnken DOE process atigh-fidelity conjugate heat transfer information from
the above discussed CFD maddditionally, CFD verification points are used to estimate
the accuracy of the reduced order modelsecondorder linear regression model was
chosen to represent both the specific themasistance 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 sdilons. Additionally, the influence of various design
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parameters on the performance metrics of the system are explored using the Spearman
ranking systemThe results of the fidelity reduction, optimization, and overall system

performance are discussed i fiollowing section.

5.2.2 Heat Exchanger Design Results

The DOE for the heat exchanger design process included 26 desigid gt
each pin fin arrangementdble 9). The number of design points is determined from
Equatiord9while considerindour fin design parametsrarrangement, dmeter, spacing,
and heightas well as two performance parametspgcific thermal resistance and pressure
drop.Best practice is to include a number of validation points for evaluation of the ROM
eqgual to a quarter to a third of the quantity of desigintg. Therefore, an additional eight
points are also included ihable9. The validation points were chosen to be in between

points with respect to tHeOE generated design points.
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Table 91 Heat exchanger DOE and validation points.

Design of Experiments
Staggered Arrangement Inline Arrangement
Maximum Specifc Maximun Maximum Speciic Maximur
Dﬁqrr:]te S[’;?rﬁin Trilr%r]ﬂ TeJnL”jlgCetrIZ?ur Thermal Resistanq PIrDerzspure leamrrnﬁte S[F:ni]'ng T;g?t T:;;ztz?ur Thermal Resistan P;SOSpUrG
miP-K/W mn-K
[c] [ 1 | pal c] A
1.25 0.625 25 204 23 1264 1.29 0.624 2.5 169 17| 1479
05 025 25 136 12| 1812 05 0.25 2.5 121 9 3271
2| 025 2.5 239 29| 1259 2 0.25 2.5 154 15 2844
0.5 1 25 180 19| 1287 0.5 1 2.5 186 200 1284
2 1 2.5 255 32 1214 2 1 2.5 207 24 1404
0.5 0.625 1 164 171 2723 0.5 0.624 1 164 17| 2524
2| 0.625 1 225 27| 2147 2| 0.62 1 196 22| 2794
0.5 0.629 4 152 14| 1263 0.5 0.624 4 151 14 1289
2| 0.625 4 227 27| 1199 2| 0.62 4 187] 20| 1274
1.2 0.25 1 182 20 2834 1.2§ 0.25 1 145 13 8649
1.25 1 1 215 25 1999 1.25 1 1 197] 22| 231§
1.29 0.2§ 4 170 18 1136 1.29  0.2§ 4 129 11 2734
1.25 1 4 208 24 1209 1.25 1 4 184 20 1239
Validation Points
Staggered Arrangement Inline Arrangement
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| 1397
0.5 0.5 3 145 13| 1462 0.5 0.5 3 140 13| 1539
2| 0.25 1 224 27| 216} 2 0.25 1 162 16| 7679

The DOE points are used in conjunction with a seemi@ér linear regression
model (Equatior37). The fit was acquired utilizing a leasfuares fitprocess and the
specific thermal resistance and maximum pressure drop were fit separately for each fin
arrangement. The judgement of fit igetenined by the root mean squared error (RMSE),
the coefficient of determination fRand theaveragedrediction accuracwith respecto

the validation points (ACCRY).

Figure56 shows fit of both the specific thermal resistance (left) and the maximum
pressure dropith respect to the design parameters for the staggered fin arrangement. Both
performance parameters show good prediction with regards tocdb#icient of
determination (minimum of 0.98) and the averaged accuracy with respect to the validation
points (minimum of 93%)Thepressure drop is concentrated in three areas due to the heavy

influence of height and there only being three heightsarD®E.
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Figure 56 1 Staggered ROM fifor specific thermal resistance (left) and maximum
pressure drop (right)The evaluation of the fit for the specific thermal resistance was
observed with an RMSE df.5 a R of 0.9, and an ACCRY of %%. The evaluation of
the fit for the maximum pressure drop was observed with an RMSE of £5f0@®99,

and an ACCRY of 93%.

Figure57 shows fit of both the specific thermal resistance (left) and the maximum
pressure drop with respect to the design parameters for the imiaerdingement. 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 5771 Inline ROM fi 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®of 0.99, and an ACCRY of 96%. The evaluation of the fit for the
maximum pressure drop was observed with an RMSE 283 a R of 0.9, and an
ACCRY of 88%.

The correlation of design parameters to performance metrics can give valuable
information for design insights. TH&pearman rank of influence (Equati6) for both
specific thermarlesistance and maximum pressure drop is given for each arrangement in
Figure 58 and Figure 59. The staggered arrangement shdhat the specific thermal
resistance increases considerably with an increase in sgaamgof 0.8), modergely
with an increase in diametéank of 0.®) and has aveakregponse with regard to height
(rank of-0.21). The maximum pressure drop for the staggered arrangement shows minimal
influence of the diametdgrank of 003), with increases in the heigfrank of-0.76) and
spacing(rank of-0.58) leading to considerable contributions to reductions in the pressure
drop. While the spacindnadthe overallinfluence of the staggered design, it is observed
that thediameter has the highest impact on increases in specific thermal resistance and
height keing the primary contributor to pressure drop for the inline arrangement.

94



10 4 Staggered Arrangement

, Staggered Arra i
L0 taggered Arrangement Maximum Pressure Drop Influence

Specific Thermal Resistance Influence 08

Spearman Rank of Influence
=3
o

Spearman Rank of Influence
&
(=
1

&
0
f

-0.8 4

=

T T T T T T
Diameter [mm] Spacing [mm] eight [mm] Diameter [mm] Spacing [mm] Height [mm]

Figure 581 SROIC for staggered arrangement designs with respect to specific thermal
resistance (left) and maximum pressure drop (righost of the infllence on the specific
thermal resistance comes from the spacing, along with a reasonfidecefrom the
diameter, the height has minimal impact. The maximum pressurati@ghows large
influence of the spacing, with reasonable influence from théndight, with negligible
influence of the diameter.
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Figure 59 - SROIC forinline arrangement designs with respect to specific thermal
resistance (left) and maximum pressure drop (righost of the influence on the specific
themal 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 taski¢td minimization of both the
specific ther mal resistance and the pressu

which performs the mulbbjective genetic algorithm used to heuristically search the
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design space and converge on a set of solutiagere60shows the Pareto front of optimal
solutions for the staggered and inline arrangements spanning various combinations of fin
diameter, spacing and height. Bditle staggered and inline arrangensean achievéigh
thermal performance with minimapecific thermal resistance$ 9.8 and 8.1 mK/W,
respectively However,with the given design space the inline designachieve higher
thermal performancdue to the potential for higher fin detiss, 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 lagit respective lowest thermal resistan@t20 Pa

for the inline and 1360 Pa for the staggered arrangemidotsever, the pressure drop
experienced by the inline design is still considered reasonablie ationately chosen as

the most optimal desighurthermore, 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] i [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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2600 m Staggered Arrangement
Inline Arrangement

Maximum Pressure Drop (Pa)

Specific Thermal Resistance (mm:-K.-’W)

Figure 6071 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 thermahEsst

at the cost of much higher pressure drop.

Figure 61 and Figure 62 show the high fidelity CFDvisualizationresults 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 Parefbhplot.
specific thermal resistance of the hifighelity simulations was higher than predicted from
the optimization process, witbpecific thermal resistances for the staggeratl ialine

arrangements of 11.2 and 9.0 AKIW, respectively. While there was a slight discrepancy
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in the thermal resistance, the maximum pressure drop for both were nearly id&hecal.
high-fidelity visualizations also allowed for the procurement of alverall 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 eikrallheat transfer coefficients

for the staggerednd inlinedesigrs were 13040 an20690 W/niK, respectivelyBoth the
optimizationand highfidelity 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 to$ 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 packagfd the following design

parameters of 0.5 mm diameter, 0.25 spacing, and 3.96 mm height
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Figure 611 Thermally optimal staggered design thermal profile, velocity coatouerall

heat transfer coefficientspecific thermal resistancand pressure drop. The staggered
arrangement design has the fin features of 0.5 mm diameter, 0.25 mm spacing, and 3.84
mm heightThe design shows a good balance between thermal and hydraulic performance
with a specific thermal resistance of 11.2 W and pressure drop of 1305 Pa.
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Figure 621 Thermally optimal inline design thermal profile, velocity conguwverall

heat transfer coefficientsspecific thermal resistancend pressure droplhe inline
arrangement design hdgetfin features of 0.5 mm diameter, 0.25 mm spacing, and 3.96
mm height.The design shows a high thermal performance aeXpenseof hydraulic
performance with a specific thermal resistance of 4/ and pressure drop of 2416
Pa.

The next section wilhighlight efforts to validate the higfidelity 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 proves details into the experimental investigatioseferadesigns
for a directcooled 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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sidedcooled 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 prazcksding a fluid delivery manifold,

device under test (DUT), DUT base, heater, heat mount, and insulation.

Heater —\
M DUT Base

Heater
Mount

Insulation

Figure 631 Experimental assembly for use in heat exchanger performance validdteon.
assembly consists of a fluid dedry manifold, heat exchanger device under test, the base
in which the sample is set into and allows for the use of-aimgfor sealing against the
manifold, the aluminum nitride heater, a heater mount for maintaining good heat/sample
contact and then 8d insulation to encapsulate the assembly and avoid heat losses.

A crosssection of the assembly can be seeRigure64 (right), which shows how

the peces 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 heatesiioped
below the sample and then pressed against the samplebotim@nthe heater mount to

create good contact.

*Units in mm

54.5

Figure 641 Experimental assembly overview (left) and assembled @®sison (right)

The assembly consists affluid delivery manifold, heat exchanger device under test, the
base in which the sample is set into and allows for the use ofrang @r sealing against

the manifold, the aluminum nitride heater, a heater mount for maintaining good
heat/sample contaand then solid insulation to encapsulate the assembly and avoid heat
losses.

Figure65shows the computearided design (CAD) drawings of the heat exaer
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 othe 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 imperfectidnsecond round of
fabrication was empleted 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 withSrvs.sAg3Co.5 (SAC305).

Side 1 View Side 2 View *Units in mm

Fins

Fin Base

T
upper Heating Column

Thermocouple Hole
Tlower

Heater Base

Figure 657 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 therswuple holes for measuring the heat from keater
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 optimitaéflared base

allows attachmentf the12x12 mm heater.

5.3.2 Experimental Methods

Figure 66 and Figure 67 show the dielectric flow loop withthe experimental
assembly. The flow loopses a stainlesseel coil heat exchanger that is immersed in the
reservoir to control the fluid temperatur® heater/chiller circulator pumps silicon oil
within the coil to control the dielectric fluid temperatufiéhe fluid is then circulated
through the sample using a spemmhtrolled gear pump. A gear flow met@vax
Machinery Model G045was used to measutbe flowrate and a differential pressure
transduce(Setra Model 230)vas 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, amat the flow meterinlet. T type thermocouples were used and
calibration of the thermocouples was conducted with NIST traceable equipmerd with
cal i brati on u rAdationaldanstmments dath acQuisibon system was used

to measure and record all the sendata and control the experiments.

Figure 661 Dielectric flow loop for experimentally analyzing heat exchanger desldres.
loop contains a fluid storage reservoir, pump, heat exchanger, flow meter, and experimental
assembly.
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Figure 671 Schematic of dielectric flow loog:he loop contains a fluid storage reservoir,
pump, heat exchanger (unused in these experiments), flow meter, and experimental
assemblyTemperature®) and Pressurd’] sensotocations are shown.

Data was taken under steashate conditions which was achieved when the

temperature, flowrate, and pressure differential monitors were stable for ten miipites.
6 dielectric fluid is utilized as the working flui@he fluid inlettemperature was set to 65

, and tests were conducted at fluid flow rates of 0013),0.27,0.34, and.42 L/min.
The flow metethada ~0.05L/min offset slightly increasing the actual flowrates total
of 16.8 W was delivered to the heater which Iteslin a heat flux of 11.67 W/chat the
heater surfaceThrough FEA analysjsthe heat loss was estimated to be ~4 W, mostly
through the heater mount. The heat loss was mitigaedfiberglass wool and reduced

to~1-1.5W.
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The pressure drop and specithermal resistance (STREquation69) were the
main parameters that were measured and used to evaluate perfoibgaat®nc8is used

to calculate the heat that is dissipated to the fluid.

The systematic uncertainty for each variable except pressure drop is shicattein
10. The random uncertainty is calculated based on the standard deviation of the 30
measurements taken to represent each data @eiquation 70). The propagation of
systematic uncertainty of the heat and STR are showhquations72-73. The total
uncertainty Equation74) utilizes a 95% confidence interval with the random uncertainty
with 30 data samplesken for each data point leading te\aatue of 2.045. IrfEquations
68-74, STR is the spafic thermal resistance, q is the heat in the heating column, k is the
thermal conductivity, A is the heating column crese ct i on al area, QX
between thermocouple holes, TL is the lower thermocouple temperature (closest to heater),
TUisthe upper thermocouple temperatur e, a is
data point (1 of 30), R is the mean of the
data pointsy is the systematic error of a variable, Es is the propagated systematic

and ET is the total error.

Table 101 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 fabricatin error for the area of the column, and Edp is the error in the pressure

transducer.

Systematic Uncertainties
ET$§) EX (m) El (m) Edp (Pa)
0.03 0.0003 0.00001 86.184°5
Y Y
1 Q0 68
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The average uncertainty range for each experimental data point performegvas
for the STR values and4% for the pressure drop values. Themary driverof the
uncertainty in the STR values is from the variation inféi®ication dimensions of the

sanplesand the thermocouple uncertainty

5.3.3 Validation Results and Discussion

The heat exchanger design described in the previousesiions requires the
ability to experimentally evaluate a douslieled package with active devices, however the
resources fosuch 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 experimefigure68 details the transition from the full doukdeded heat
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exchanger design domain to the singjlded heat exchanger experimental domatme T
experimental domain consists of a single side of the heat exchi{@hgse 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.

Full Heat Exchanger Experimental Heat Exchanger

— Outlet
—— Heat Flux

l Jet Inlet B

Jet Inlet
Outlet
Heat Flux

TC Location

Copper

Heating
Column
Copper (Die Footprint)

G SiC Die

Figure 681 Transtion from the doublesidedfull heat exchanger design domain to the
singlesided heat exchanger experimental domaire experimental domain consists of a
single side of the heat exchanger (phase bar side) and a copper column with the same
footprint as thalie (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 steadystate finite volume method utilized for this conjugate heat transfer
analysis is governed by tle®nservation of mass (Eq. 36), momentum (Eg39), and
energy (Eqg. 40). Within this analysis, viscous dissipation and gravitational effects are
assumed to be negligible, fluid is incompressible, constant properties are assumed, heat
generation only occarlocally in the conductive region (heater), and the solid thermal

conductivities are considered isotropic.
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The boundary conditiong={gure 69) for the computational domain are inlet mass
flow rates corresponding teolumetric flow rates 00.13,0.2,0.27,0.34, and).42 LPM,
including the offset from the flowmeteDue to the usefdigh viscosity dielectric fluid
| aminar flow was considered with a Amaxi mu
volumetric heat generationof 16.8 W was imposed o the heaterA pressure outlet
condition(0 Pa gauge pressirwas applied at the outlarnd afluid inlet temperature of

65 was used

TC Points Flow Direction }
Inlet ?

Outlets

Heater

Solder

Heat Dissipated: 16.8 W

Inlet Flow Rates: 0.13,0.2, 0.27, 0.34,0.42 LPM 4
Copper Thermal Conductivity: 385 W/m-K
Thermal Grease: 3 W/m-K, 100 um

SAC305 Solder: 58 W/m-K, 100 pm
Alpha 6 (~65 C)

Density: 796 kg/m?

Heat Capacity: 2290 J/kg-K

Thermal Conductivity: 0.144 W/m-K
Dynamic Viscosity: 0.10595 Pa-s

Thermal Grease

Figure 691 Computational domain for the experimental adaptation of the heat exchanger
design.Fluid is delivered from the jet inletind 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
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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 calesied achieved when continuity and velocity residuals
were less that0* and the energy residual was less théf, typically achieved after 200

iterations.
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Figure 707 Mesh independence of the experimental assembly CFD model.

The experimental validation process involved the study of six different designs, as

denoted inTable11. Elementum 3Oabricated the samples usindager 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 sinterioggss 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 seefigure71 The final parts had a rough surface texture which

affected the experimental measureméigre71).
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Table 11 i Design variations studied in the experimental investigation of the heat
exchanger performance. All designs had the same designated spacing parameter of 0.5 mm.

Design |Arrange ment|Diameter [mm]| Height [mm] Numper
of Fins

1 Inline 0.5 1.0 176

2 Inline 0.5 2.5 176

3 Inline 0.5 4.G 176

4 Inline 2.0 4.G 22

5 Staggered 0.5 4.0 158

6 Staggered 2.0 4.0 11

Figure 711 Heat exchanger designs studied in the experimental an&ysesigns 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 2vittm diameter, 4

mm height (bottom middlestaggeredgirrangement with 0.5 mm diametdrmm height
(topright), 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 esigh tkadto
difficult to characterizeadditionalheat transfer surface area enhancement and additional
pressure drop.

The six designs discussed ab@Vable11) weremodeled to compute trspecific
thermal resistance and pressure drop, each at five flowab@%3, 0.2, 0.27, 0.34, and
0.42 Umin and the results were compared with experimenhtge 0.27 Imin flow rate
produces the inlet jet velocityf 2 m/s used in the design of theat exchanger, however

for additional validation data more flowrates were considered experimental sample
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roughness has the effect of heat transfer enhancement and additional pressure drop which
is difficult to quanify. 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 13. Design lhas an experimental specific thermal resistance &41en?-K/W
with the model being ¥26% higher. Design 2 has an experimental specific thermal
resistance of 189 mn?-K/W with the model being ¥23% higher. Design 3 has an
experimental specific thermal resistance 6f20 mn?-K/W with the model being 8%
higher. Figure 73 details the specific thermal resistance as function of the flow rate for
designs 46. Design 4 has an experimental specific thermal resistance2d grf-K/W
with the model bing 1822% higher. Design 5 has an experimental specific thermal
resistance of 20 mn?-K/W with the model being 43% higher. Design 6 has an
experimental specific thermal resistance of535mn?-K/W with the model being-A1%

higher.
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Figure 721 Experimental designs-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 resuliach of the designs experiences a variance of the
specific thermal resistance between the numerical and experimental values with the
experiments hamg lower thermal resistance due to the roughness of the samples.
However, the trend between the model arderiment is the same.
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Figure 731 Experimental designs-@ 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 expeental resultsEach of the designs experiences a variance of the
specific thermal resistance between the numerical and experimental values with the
experiments hamg lower thermal resistance due to the roughness of the samples.
However, the trend betwa the model and experiment is the same.

All designshad a reduction in the amount of thermal performance improvement as
the flow rate increaseé comparison of dsigns 13 allow for a discussion of how the fin
height affects the thermal performanCGharging from a fin height of 1. mm to 2.5 man
average oft.2 mn?-K/W difference in the thermal resistariseobservedWhere a change

from 2.5 mm to 4 mnan average dd.6 mn?-K/W difference in the thermal resistance is
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observed.An increase indiameter alsoshows a dramatic reduction in the thermal
performanceFor inline arrangements, changing from 0.5 mm to 2 mm fin diaraeter
average thermal resistance difference of 7 %HMW is observed. The staggered
arrangement showed an even large difference changing from 0.5 mm to 2mm fin diameter

in whichan average thermal resistance differenc238 mni-K/W is observed

The specific thermal resistance of each of the experimentalesamas lower than
their numerical counterpart, due to the sample roughness increasing the heat transfer
surface arear possibly causing turbulencélowever, the trend experienced by both
experimental and numerical model is thiilar. Figure 74 provides details on the
measurements of the roughness of the sample feattmehb. of the samples has larger
diameter and height compared to that intendedgdeduie 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 are&sgure75 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 analysisen 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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1000.00pm

Figure 74 7 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 suface area of the experiments compared to smooth fin approximations in the
numerical models.

118



Figure 757 Specific thermal resistance versus convective surface area for the experiments
compared to modefsr a flow rate of 0.32 lthin. 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 da& further seen in the pressure drop data, as similar
trends are seen in both the experimental and modeling data for each design, ftberever
is a discrepancyl he effect of the fin/channel heigistfound to have a large impawt the
pressure drop, satler fin heighs result in highepressure droglue to increased flow
resistance as the fluid is constrained to a smaller flow paghre76 shows the pressure
drop modebhnd experimentalata for designs-B in which only the fin height is changing

Design 1 has an experimental pressure drog26015600Pawith the model being 36
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