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SUMMARY

The advent of wde-bandgappower devices brings better efficiencies, faster
switching speeds, and highoperating temperatures, leading to smaller and improved
electric vehicle power conversion units. But full utilization of rgeteration device
potential requires a systelavel redesign, including the thermal nagement systems.
Decreased form factoesd increased heat fluxes will necessitate cgatiethod advances
beyond singlghase flow in straight fins, which is predominantly used for inverter cooling
in commerciallyavailable electric vehicles. Further challenges arise from the desire for
increadng inlet temperatures and the broader goals of more direct cooling solutions and
integrated cooling loops. Additive manufactured metal foams provide a potential solution
for nextgen inverter cooling by combining the demonstrated thermal management
potental of metal foams with the benefits of additive manufacturing, including

customizability and local geometric control.

Traditional and additive manufactured (AM) mdtams were compared in single
phase flows. The purchased sample was characterized wgizy microcomputed
tomography, which involved quantifying several relevant geometric parameters.
Experimental results demonstrated excellent agreement with redaogain numerical
models, which were subsequently further examined. Flow phenomena wviithnevo
averaging consequences demonstrated moderate differences between the two structures.
The flow tortuosity and interfacial heat transfer coefficients were increased and decreased
respectively when using the traditional foam, as a result of the stachastire. The

validated models were also used to examine the effect of attachment method thermal
Xvii



conductivity, showing that a significant reason the AM structure outperforms its

counterpart results from the thermal interface.

Volumeaveraged simulationssad discrete heat sources to examine the metal
f oamds vi ab-levelithterynal managenoedt.uMetal foams proved to be a viable
candidate over conventional finning solutions assuming moderate thermal conductivity for
attachment methods, further empizang the importance of reducing or eliminatiogy-
conductivity interfaces. Additional volureev er aged si mul ati ons de mc
ability to provide local geometric variation. This was leveraged for targeted hotspot

cooling.

Multiphase flows in ntrochannels dissipate high heat fluxes with low temperature
rises and have consequentially been studied for inverter cooling. Alternative microchannel
geometries can improve performance beyond conventional rectangular microchannels.
Flow boiling in microdannels was examined numerically as a predecessor to later
computational investigations for twahase flows in AM metal foams. Four total
geometries conventional baseline, constricted inlet, diverging, and auxiliary jefting
were simulated. Their perfimance as well as flow behavior were compared with each
other and relevant available literature, providing a foundational understanding for further

two-phase numerical simulations while simultandpasidressing a knowledge gap.

Two additive manufactureghetal cold plates were developed by leveraging prior

research. The first sampl e, dubbed oO6unifor

rhombic dodecahedreamased unit cells. The second sample removed alternating lanes of

XVili



unit cells past the midway point hi s sampl e was <called Ovap
intended purpose of forming a vapor removal channel by removing alternate lanes. The
flow boiling in both samples was experimentally assessed using-7EB& in an
instrumented, closed flow loop. A validdtecomputational model for both samples
examined the bubble behavior using a 3D VOF flow boiling model. The experimental and
computational work presented a fidtits-kind detailed VOF model of flow boiling in

metal foams, which can be used for efficiemtp-phase cooling with dielectrics, while
simultaneously leveraging additive manufacturing capabilities to customize designs for

improved performance.
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CHAPTER 1. INTRODUCTION

Efforts to reduce and eventually eliminate £émissions due to the effect of
greenhouse@ases on global climates have been driving increased electrification. Power
electronics transmit and convert electrical energy, whether through AC/DC conversion,
rectification, or i nver si on. Thel Ebefgp6s Ad
(ARPA-E) esimates up to 80% of electrical energy generated will pass through some form
of energy conversion via power electronics, representing a 160% increase frofi]J2005
Improved electric vehiclegEVs) are consequentlyof great research interest, with
aggressive goals for reducing volume by over 80% for both electric vehicle drive trains
and inverters from 20202025 while improving cost per kilowd&]. To reach these goals
and improve electric vehieladoption, a systetevel redesign of all components including
thermal management systems is requirBae present chapter draws largely frand uses
previously published work, which was reproduéman [3], with the permissionf ASME

publishing.

1.1 Conventional traction inverter power diemics packaging

Power electronics can be packaged discretely or in modules. Increasing power levels
necessitates packaging on electrically insulating ceramic modules instead of organic
printed circuit boards or lead frames. The increased heat loadghef power electronics
requires directly mounting them on heat sinks, due to their high current and voltage levels
and resulting increased heat dissipation loads. Effective cooling mdttrottese heat
loads are required to mitigate failures caused lynperature cycling and elevated

temperaturef3].



Typical power electronics packages for traction invedegsshown inn Figurel.l.
Semiconductor devices (e.metaloxide-semiconductor fielagffect transistorsnsulated
gate bipolar transistars and di odes) generate the majori
with conduction losses and during switching with eponymous switching losses. Aluminum
wires are ultrasonically bonded to the aluminum metallizationentihi gh power de
top sideThe devices are connected with a éaetach technology, typically a tinased lead
free solder, which provide mechanical attachment while providing excellent electrical and
thermalpathways. Several digtach options have been suggested due to the increasing
junction temperatures. Leaded solders, tigghperature leaftee solders, transient liquid
phase bonding, and silver sintering have their own advantages and disgevagalie
attach alternativeslThe dieattach joirs the device to an electrical substratéich is a
ceramic sandwiched between two metal layemsmied DBC or DBA for direct bond copper
and aluminum, respectivelseveral ceramics have been used, alumina being the most
common due to low cost and mature production, but beryllia, aluminumejitmd SN4
present additional options with improved thermal and reliability performanbe.
substrate is connected to a thick copper or aluminum base plate and heat spreader. Metal
matrix composites with similar base materials have been investigatechprove
coefficients of thermal expansio@TE) while maintaining high thermal conductivitgn
air-cooled heat sink or liquigdtold plate, thermally attached with a thermal interface

material(TIM), ultimately rejects the heat from the package.



Bond wires Power devices

N\ /

Die attach

<«— Substrate
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Heat

sink

Figure 1.1: Typical power electronics packaging scheme
1.2 Current EV package solutions

The electric vehicle and hybrid electric vehicle (EV/HEV) industry shows
incremental progression in terms of packagang cooling Tracking the changes shows
generakrends in EV/HEV traction inverter solutionshich attempt to optimize packages
in terms of thermal resistance, religl, cost, and power densityrhe following section
examines package configurations for multipl/lHEVs with a particular focus on the
thermal packaging strategies. The discussed EV inverter packilyeslloutscan be seen

in Figurel.2.

The 2004 Toyota Prius uses conventional power packaging methodsnas se
Figurel.2 [4]. The most notable differend®tween the packaging Figurel.1 and the
2004 Prius is the use of aluminum, which has a superior specific thermal conductivity.
Design engineers may prefer aluminuvweds | ow
copper, particularly in electric vehicle applications, where weagit decrease fuel
efficiency. Al umi numdés | ower <cost Smallghermadl designb e a
variatiors come in the selection dhe solder, ceramic, and TIMhese area leadfree

solder, AIN, and a ZnO thermal paste, respectively.



Figurel.2 illustrates the power electronics packaging used in the 2008 Lexus LS
600h[5]. The 2008 LS 600h implements double sided cooling, whaah significantly
decrease thermal resistance by cooling both sides; Liang showed a reduction in thermal
resistance by almost 40% compared to a traditional md@erhis also replaces the
topside interconnectionsitiv copper spacers and platéke spacers are made to address
the vaying power device thicknesseghe typical DBC or DBA ceramic structure is not
se@m i n this LS 56 enittersandplieatok @pgperrplgtes address the
current handling and heat spreading that the topside of the DBC structure provides in a
typical package, while the $8l4 tile addresseelectrical isolatiorEliminating the metallic
ceramic layer decreases costs arel filures that come with it (e,gdlelaminatio and
cracking of the ceramicHowever, thermal greases come with large thermal resistances
compared to the rest of the package, which will severely lessen the increase in thermal
performance brought by dowssided cooling architecture utilizatigr]. The 2013 Toyota

Camry utilizes a similar design.

The 2010 Toyota Prius modified the 2004 design by decreasing the distance
between device and coolantamy 60% from 9.0 mm to 3.8 mrf¥]. The modified
packaging can be seen kigurel.2. The thermal interface material and the base plate were
removed to decrease package thickness. Elimination of thikbawve clear improvements
in thermal performance, as interfaces materials (particularly greases or other standard
TIMs) have high thermal resistances, but the decrease in lateral heat spreading can also
increase the hotspot intensity.mm holes can be ee in the aluminum layer below the
ceramic, which were introduced for stress relaxation caused by CTE mismatclerbetwe

aluminum and AIN g].



Ni ssandés fully electric 2012 Figueel2 ut i | i :
[9]. A coppermolybdenum buffer plate is attached to the device using afteadsolder.
This is to grade the coefficients of thermal expansion more gradually and relax the resultant
stresses that the device seHse buffer plate is mounted on a copper plate, which serves
asthe bottom electrical pathwayhe ceramic has been replaced by an insulating pad.
Thermal grease is applied to both sides of the pdddmease contact resistances. The 2012
Leaf decreases costs by using an insulating pad instead of a DBC cetduthiis increases
thermal resistance beyond tltd a ceramiebased assemblirhis setup can also improve

transient thermal performance.

Figure 1.2 also demonstrates the packaging used tfog 2014 Honda Accord
inverter[10]. The baseplate has been removed from the package, providing a compromise
between the 2010 versus 2004 Prius in distance from die to coolant. r &ntiia Lexus
2008 LS 600h,@pper is used near the deviéepossible explanation for the use of copper
near the device is to increase heat spreading near the device, where it most impacts thermal
resistance Further away from the devideparticularlythe heat sink, where the cold plate
is often integrated into the hongii aluminum is usually used moderate source of
thermal resistance was, as expected, the ceramic, which despite the usgés,oiviBi
generally underperform with respect to most afseetused dr heat transfer applications.
However, the convective resistance was found to be the highest thermal bottleneck with

the elimination of the TIM.

The 2nd generation Chevrolet Volt was introduced by General Motors in 2016,
which utilized a doublsided coting approach seen Figurel.2[11]. Similar to the 2008

Lexus LS 600h module and tpkig-in hybrid Cadillac CT6, the power electronicsaunte



uses doubksided cooling[12]. However, unlike either of these modules, the Volt uses
ceramics for electrical isolation insteadaof isolating pad. Note that although no spacers
were illustrated [30], it is likely that they were utilized to address IGBT/diode height

discrepancies.

Despite the lag between R&D and mass production, examining the power modules
of recent (H)EVs can prvade insight into the daction the industry is heade@eneral
trends toward doublsided modules and cooling nearer to the junction can be obskrved.
singlesided cooling modules, there appears to be a migration away from modules using
TIMs with the canbination ofelimination of various layerdVhen TIMs are absent, the

largest bottleneck is the convective resistance.

vi .
Power devices Bond wires Power devices

/-\I ‘ ./“\. : Sn/Al/Ag Solder \ Lead free solder
9.0 Cu-Mo buffer plate
o I +— DBA AIN ;fn +—Cu plate
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Al Bascplate — thrlt‘rmal «—— Al cold plate
Alcoldplate ~ Paste
2012 Nissan Leaf
2004 Toyota Prius
Power devices
Sn/Al/Ag Solder
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Cu spacer plate
- Power devices
Sn/Ni solder
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Al cold plate
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1.3 EV inverter thermal management

High-power power electronics deal with high voltages and currents, and the large
amounts of power result in elevated heat generation and the necessity for efficient cooling.
For example, the 2010 Prius can supply 60 kW of power to the motor, and §1&3200
600hés motor is rated for 110 kW. Even at
generate 2.4 and 4.4 kW of waste heaspectively[4]. Devicelevel heat fluxes are
currently 100150 W/cnt and are projected to rise to 500 Wfonith nextgen devices
[13. Air cooling can be (ldgebdt higher peveraensitiesn B MW

typically require the enhanced performance of liquid cooling.

High-performance cooling can also improve output power ratings, as shown by
Bhunia et al who demonstrated the performance increase of a 1200 V/150 A IGBT
inverter when cooling with jet impingement compared to conventional air cddlbjg
Simultaneously, it is important to consider weight, volumealdlty, and cos tradeoffs
that accompany higheatflux cooling technologies. The higher heat removal capabilities
of liquids come at the cost of an added coolant loop that brings complexities such as sealing

and added weight/volume to the design.

The cooling methodologies for EVs has not seen significant changes. The cooling
enhancements are (when available) usually longitudinal fins, althou@htwy Volt has
meandering finsThe fins of the Toyota Prius, Chevy Volt, and Honda Accord are shown
in Figure 1.3. These fins were also manufactured using different methods, including
machining, brazing, and castinghe coolant was water/ethylene glycol mixture to allow

operation in ambient temperature range up(b °C.



There has also been focus on decreasing padegeeto-coolant resistancéhis
decrease in overall resistance can be achieved in two marmesglecting materials with
increased thermal conductivity or by eliminating some of the packggesla&Removal or
combination of layers can decrease resistance by eliminating contact resistances and
decreasing total thickness. Bennion et al. eliminated the TIM by combining the baseplate
and the heat sinKkL6]. The 2010 Toyota Prius cooled the ceramic substrate directly. Yin et

al. examined using minichannels to cool the insutpt@ramid 17].

All of the EV power electronics modules explicitly reviewed above utilized single
phase liquid cooling, so as package volumes decrease sharply as a result of SiC device
implementatiorj 18], compact and higperformance cooling options beyond singlease
cooling must be investigated, as efficient cooling can increaseedand package lifespan.

But nextgen power devicesvill require adjustingor reimagining thermal packaging

approaches from diattach to the entire cooling system.

Figure 1.3: Liquid cold plate for the Toyota Prius, Chevy Volt, and Honda Accord
(left to right)

1.4 Wide-bandgap devices

Power packaging evolution hbsen gradual and incrementdbwever, as silicon
(Si) devices have been nearing their theoretical lifdi®], two highperformance

alternatives in the form of gallium nitrid€aN) and silicon carbide (SiC) have emerged



and disrupted the power packaging landscape, and conventional packaging solutions are
now limiting thesedevices.These wde-bandgap(WBG) semiconductors require more
energy to move electrons from valence batmlsconduction bands, resulting in the
enhancement of various properties as demonstratgdurel.4. WBG devices have much
higher theoretical breakdown voltages, improved efficiencies, increased switching
frequencies, and higltemperature performan¢20]. Increased breakdown voltages allow
devices to handle higher power levels, or result in smaller eevat fixel blocking
voltagesHigher efficiencies will lead to lower energy consumption; mass implementation
of technologies enabled by WBG technologies could reduce US electricity consumption
by over 20%1]. Faster switching allows for smaller passives (capagiioductors, and
transformers]21] and smoother output curvediide-bandgapdevices can also allow for
both higher operating temperatures and improved theraomalictivities compared to Si.
Their temperatureobust nature permits operation in extreme temperature environments
(>200 °C), elimination of liquid cooling under certain conditions, and reduction of heat
sink size de to reduced heat dissipatioBurrently, WBG devices are projected to
encroach significantly upon the-8ominated power device market by 2023, with GaN
supersedindow-voltage applications (<600 V) and Sif2ing used for higheroltage
applications (>600 V)22]. Both GaN and SiC devices are commercially available,
although vertical GaN devices aretnyet available commerciallyLateral GaN devices

are typically in the 6050 V range, but SiC devices in the kV range aleady

commercially availabl¢23].
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Figure 1.4: Comparisonof WBGmat er i al s6 properties versus

Despite GaNbés superior performance in al
it is held back by its lateral architecture. GaN devices are usually grown on substrates such
as silicon, silicon carbide, and sapphas,researchers were initially unable to grow them
on GaN substrates. Currently, the only bulk GaN wafers are small and prohibitively
expensivg24]. Growing on these foreign substrates causes problems, including high defect
densities and stresses caused by lattice and coefficient of thermal expansion (CTE)
mismatche$25], and it limits these devices tatéral architectures. Although researchers
have recently been able to fabricate GaNGaN devices that operate much closer to the
t heoretical I i mi t s {18 aGaN dedce matudity lags behirdrita | st

SiC counterprts.

SiC devices have been commercially available since 2001, whereas vertical GaN
devices are stildl n o t . highentherandl dondudtivatyhandithee i t s
research into characterizing very higimperature devices (200 °C has alsedeen
characterized with plans for higher temperatures) provide attractive qualities for SiC

adoption and implementati¢@3, 24]. This led to an industry focus on SiC, and companies
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including Mitsubishi and Toyota have since tested SiC devices in public transportation and
electric vehicles with significant increases in efficiefe§, 27]. Recently, the Tesla Model

3 implemented SiC devices into their traction inver2&}.

SiC devices, which can withstand temperatures in excess of 200 °C, will enable an
oftenstated goal of combining vehicle cooling loops into one coolant loop with an inlet
temperature of 105 °C, which will yield sidicant space and cost savif@®]. This can
be taken another step by combining all EV coolant |¢§8fls But the combination of fluid
loops means that the packaging will see minimum temperatures of 18bd°Gp to or
exceeding 200 °C, whereas the maximum junction temperature of dilasmd units is

150°C.

Wide-bandgapdevices can be smaller than their silicon counterparts because of
their increased breakdown voltages, which then decrease-esigance. However, the
volumetric heat generation may increase despite the increase in efficiency as a result of the
decrease in size and the resulting smaller packddesse factors combine to create power
electronics modules that can see higher heatrggoe per unit volume than -Basd
modules Additionally, the high temperatures, voltages, and switching frequencies enabled
by WBG devices will enable more powaense and compact power electronics in EVs,

which requires a systelavel redesign.

1.5 Remaks

The objective of this introduction was to discuss the current state of power electronics
for electric vehicle traction inverters, while introducing the shifting landscape largely

resulting from the introduction of negen power devices such as siliaarbide. Current
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EV packages were discussed in order to draw general trends in power packaging, with the
thermal management solutions examined more specifically. The cooling solutions have
used similar schemsds straight fins with water ethylene glycolfor several decades.
However, as package size is projected to decrease by up to 80%, previous thermal
management solutions may not be sufficient to maintain operable device temperatures, and
different, newer methods of thermal management will be necetsstalye full advantage

of these wde-bandgapdevices. The following section will review specific literature
regarding methods examined that can provide higher performance cooling forgenext

EV inverter package.
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CHAPTER 2. LITERATURE REVIEW AND CHALLENGES

The present chapter discusses relevant literature for selected thermal management
solutions with potential applications to EV inverter cooling, particularly examining the
intersection between metal foams, additive manufacturing, and heat transfer. The main
highlights, contributions, and areas requiring additional research are discussed during this
review, which is divided into single and multiphase flows and further subdivided as
necessary.The current chapter draws largely from and uses previously pubhabg

which was reproduced frof31, 32, with the permission of ASMEnd AlPpublishing.

2.1 Singlephase flowsn metal foams

Current EV inverter cooling uses only singlease flows (e.g., macroscale straight
fins or pin fins). Metal foams have been researched extensively as aigidianing
surface due to their increased specific surface area, tortuous flow paths, aethtowe r
density Their primary disadvantage is their need for a mechanical attachment raethod
extensive characterizatioBxamples of open, stochastic, ainom foams can be seen in

Figure2.1. Figure2.2 illustrates common terminology used in describing metal foams.

Figure 2.1: Comparison of 20, 10, and 5 pores per inch (PP8luminum foams
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Figure 2.2: Diagram showing labeled foam parts and corresponding nomenclature

Heat transfer in metal foams is most commonly studiedysoclastic, opercell,
metal foamsA variety of cooling fluids, solid phases, and heat transfer amésims have
been investigated. Boomsma and Poulikakgamined the effect of compression and
nominal pore size on the pressure drop of water acrassralm foams at ligul velocities
up to 1.042 m/$33]. They found that the flowrate range influenced the permeability and
form coefficient, particularly in the transitional regime, as the flaitsehe linear Darcy
regime and exhibits a quadratic pressure drop respbesdaeger et al. comparecufo
different attachment methods, showing ttiet thermal contact resistance varies from 21
to 51%of the totalthermal resistanceven with brazing34]. Li et al. and DeGroot et al.
numerically demonstratiesignificant decreases in Nusselt number with increasing thermal
contact resistancg85, 36]. However, the simations assumed the thermal interface was
at the solidsolid interface only, which underestimates the detrimental effect of interface
materials as typically applied. Peseale models typically utilize unit cell87, 38|, and
those that do use nadealized models do not include thermal contact resistance effects

[39, 40].
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Additive manufactured foam structures could eliminate the need for thermal
attachment. Methods such as direct metal laser sintering prevemseti for mechanical
attachment and the accompanying thermal performance pefatlyvolumeaveraging
allows for rapid, moduléevel simulations with minimal computational resources while
still resolving general flow fields and resulting thermal behapMar 42]. However, AM

met al foamsd viabil it yenfexamined onvaenoddl@éel.e ct r oni

2.2 Multiphase flows

Multiphase flows are more complex than single fluid flows, due to the number of
fluids and the range of variables that can significantly impact flow behavior. The
multiphase flow review has been split into two sections. Onelsletanicrochannel flow
boiling, a preliminary problem with more available literature in order to provide a solid
foundation for initial multiphase flow boiling simulations, and the subsequent section

discusses boiling flows in regular and AM foams.

2.2.1 Flow boiling in alternative microchannel geometries

Microchannel flow boiling has been thoroughly experimentally investigated, due
to its potential for ultrenigh heat flux thermal managemenrtowever, flow boiling in
microchannels can result in thermohydraimstabilities These oscillations are typically
accompanied by heat transfer performance degradafdweill and Mudawar [43]
reviewed static and dynamic instabésiin macro and microchanneBeveral additional
reasons for instabilities in microchannels have been posited besides rapid bubble growth,

the most prevalent explanat® of which are given biarayiannis and Mahmoud [44]
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There has been a large body of experimental research regarding instability
suppression schemes in smatlannels. Reviewers have discussed both instability types
and mitigation strategietiang and Mudawar [45leviewed instabilities and mitigation
strategies for flow boiling, where they discussed several prevalent passive suppression
methods including upstream throttling, downstream expansion, auxiliary jetting flow, and
vapor venting. Literature regarding experimental research regarding these alternative

microchannel geometries can be seef#52].

Microchannels with flow boiling have s seen numerical investigation, but that
which investigatesnethods of pressure instability mitigatialimited [53]. Mukherjee
and Kandlikaf54] simulated the effect of inlet restrictors on the growth of singular vapor
bubbles near the restricted enshowing smaller openys were more effective at
preventing bubble growth and flow reversalugoju et al[55] simulated a 2D expanding
microchannel with nonuniform heat fluxes and compared the results to a straight channel
with similarly distributed heat fluxes. Fang et al[56] simulated vapor venting
microchannel heatxchangers as a potential solution to the issues of high pressure drop,
unstable flow, and dryout that microchannels often encouBitethe brief list given herein
encompasses a significant portion of literature regarding flow boiling simulations in

microchannels, none of which compares multiple different geometries.

2.2.2 Flow boiling inmetal foams

Metal foams and flow boiling have been investigated by several groupsetial.
investigated singkphase forced convection of water, and sifglase flow ad flow
boiling of FG72 in a copper foarfilled channel[57]. Singlephase heat transfer

coefficientsof 10 kW/n?-K and 2.85 kW/rkK were achieved with water and FQ
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respectively, in foams with 95% porosity. Tapbase performance with FI2 showed a

near four times improvement, with a maximum heat transfer coefficient of 10kWn

a heat flux of 8 kW/n?. The porosity was also seen to have a moderate effect on the heat
transfer coefficient at higher heat fluxes. Li and LefB®} performed experiments and
numerical simulations involving singjghase and flovboiling with water and F&2 in
aluminum foams. They observed the onset of nucleate boiling, the hysteresis effect, and
critical heat flux. However, while the critical heat flux (CHF) for-FEwas 8.7 W/c/H)

the heaters were not able to provide suffitieeat to achieve CHF for wat&amorovat

Abadi et al.[59] performed flow boiling visualization experimentsmini tubes, finding

that intermittent and annular flow regime occurred, but that the presence of the foam did
not significantly alter flow regimes when compared with a bare t@ha.et al. used the
Lattice Boltzmann method tsimulate 2D opencell mdal foamswith constant and
gradient foam sizegs0, 61]. However, no 3D flow boiling simulations for metal foams

have been found in literature reviews at this time.

Flow boiling in additive manufactured metal foam®#MMFs) has been
experimentally investigated withiarying unit cell replications. Septet et §62] used
selective laser meltinfpr flow boiling of npentane and water as working fluids for two
phase flows in additive manufactured fofype liquidliquid heat exchanger®/ong and
Leong visualized the flow regimes inside the cells using optical methods, and their results
showed bubbly and churn as well as a lack of annular flowwhrange of conditions
tested[63]. There is no accompanying multiphase flow boiling simulation work for

AMMFs found during literature review.
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CHAPTER 3. SINGLE-PHASECONVECTIONIN TRADITIONAL
VERSUSADDITIVE MANUFACTURED METAL FOAMS

The present chapter draws from amgks previously published work, which was
reproducedrom [3], with the permission of ASME publishinlyletal foams have been
often used for thermal management due to their favorable characteristics including high
specific surface area, high thermal conductivity, and low relative density. ldowibey
are accompanied by shortcomings including the significant contact resistances due to
attachment method, as well as the need for characterization of foam. Additive
manufactured (AM) metal foams can eliminate the substrate/foam thermal resistance,
decrease preisage characterization, and allow for tailoring structures, while also taking
advantage of the characteristics of traditional foams. A commercial foam (nominally 5
pores per inch, 86.5% porosity) was analyzed usirayxmicrocomputed tomograplix-
ray LCT), and a designed foam based on the cell diameter and porosity of the commercial
sample was manufactured. Reduced domain computational fluid dynamics/heat transfer
(CFD-HT) models were compared against experimental data. Post validationpwhe fl
behavior, effect of varying attachment thermal conductivities, and thermal performance
were numerically investigated, demonstrating the usefulness of validateésgatee

models, as well as the improved performance of AM metal foams over traditioms. foa

3.1 Characterization and experimental sample descriptions

Obtaining sufficient relevant geometrical characteristics is required for studying
thermal applications of metal foaf®!]. Existing studies often do not give comprehensive
characterization of all relevant geometric parameters. In addition to measuring an adequate

number of parameters, the measurement methaddsalzo be clearly stated, which allows
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for repeatable experimentsich comparison between studid3e Schampheleire et al.
mentioned the lack of characterization by many authors, such as presenting only
information on sample posdy and PP[64]. This is particularly problematic as PPI is
threedimensional, varies depending on orientation, and more a nominal value given b
manufacturers rather than a physical quantity of the sample. The characterization is done
in ImageJ, an open source scientific image analysis tool, as well as BoneJ, a plugin
developed for ImageJ that was developed for both trabecular and whole bamnetrésat

proved useful because of the porous nature of bone geonjétijies

The metal foam sample (referred to as commercial/stochastic/ERG foam) was
purchased from ERG Aerospace Inc. The Duocel® aluminum foam was nominally labelled
as 5 PPI, processed fromi@L alloy, and underwent T6 heat treatment. A Zeiss Metrotom
800 was used to performray UCT, a nordestructive imaging technique. A small section
of the aluminum foam was scanned at 0.25 degree rotations with a voxel size of 18.43 um,
and the resultin@D image files were subsequently imported to ImageJ. Ideally, the voxel
size should be minimized, as smaller voxel sizes would yield increased accuracy albeit with
decreasing returns, but the conflicting desires for minimizing voxel size while maximizing
numerical domain size limited the voxel size for these simulations. De Schampheleire et
al. [64] concluded that it was hmecessary to havevaxel size of less than 5 prfthis
change in accuracy due to smaller voxel size mostly affpasific surface are&6A),
which saw a 19% change going from 37.5 um to 8.5 pum, as opposed to interfacial strut
(also known as fiber drgament) area which only saw a 4% change for the same change
in voxel size. The images near both the top and bottom of the scan were deleted to remove

distorted sections, and the files were cropped to only include the foam, without the dead
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spaceOptimise Thresholda BoneJ comm

and, was used for binary segmentatiobliack

and white.The analysis of the properties (porosity, pore diameter, ligament diameter,

ligament length, cell diameter, and specific surface area) began with the modified image

files, and a flow chart illustrating the methodology can be seé&igure3.1.
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Porosiy (J was obtained by using the volume fraction command in BoneJ and

subtracting the result fronme, yielding a value of 86.5%he pore diameter was found

by locating unbroken windows, finding

the béstellipse, and averaging the major and

minor axes ofhirty different windows ér the effective pore diameteks the struts taper

so that the thinnest region is near its middle, the ligament diameter was calculated at the

smallest crossection, as defined in Equatial).(The Heywood circularity factdd, which

compares the strut

60s perimeter to the peri

area, was calculated to be 1.086 from Equat®f6g]. A crosssection withH = 1.086 is

shown as a graph

n e x tFigureB.1l. THeilighmentelength wéhs a me t «

found by runningskeletonize 3Ih BoneJ to create a skeleton image of the image sequence
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in order b more asily measure ligament lengifhirty ligament lengths from node tmde

were found and averagetdhe cell diameter was calculated by finding the equivalent
spherical diameter, when compared to éipsdid of ten unbroken cell¥he three ellipsai

axes were obtained by finding the two axes at the middle of the cell and the distance
bet ween the two pores I{istsarfacenasukiliced tofindthéhe c el

specific surface area. The calculated values can be s&éablagB-1.

Q 1060 (1)

O 0 j0 0 0 2

Table 3-11 Comparison d foam properties from x-ray uCT analysis, literature [66],
and AM foam

Parameter Result Literature comparison Rhombic dodecahedron
PPI 5 5 5

Porosity 86.5% 92% 86.5%

Ligament diameter 0.508 0.505 0.548

(mm)

Ligamern length (mm) 1.94 1.72 2.01

Pore diameter (mm) 2.58 2.61 1.35

Cell diameter (mm)  4.65 4.60 4.65

Surface area (fm°) 571 510 927

The first step to creating the additive AM foam structures was to choose an
appropriate unit cell. A unit cell can be litied to imitate foams with good thermo
hydraulic agreement as seerj38] and[39]. Unit cells that were seen in literature include
cubic unit cellf67], rhombic dodecahedron unit cel&8], pentagonal dodecahedron unit
cells[68], the Lord Kelvin mode]69], and the Weair®helan mode[69], illustrated in

Figure 3.2. Although certain models such as the Lord Kelvin and WeRirelan model
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were more accurate as their curved edges minimize surface energy (which is what occurs
during the foaming process), whether it could be manufactured and well packedkad to
considered.The first unit cell was deemed too far from a physically accurate model and
was not selected as a resitilhe last two models were not chosen because of manufacturer
warnings that angles of too small a rise would necessitatedvable support structures.

The middle model was not selected as it does not pack well and cannot form a 3D
honeycomb structuiieit was more appropriate for correlations or modeling of a single unit
cell as opposed ta larger macroscale structuigecause of these concerns, a rhambi
dodecahedron was chosen for the AM unit cell. Two views of this unit cell can be seen in

Figure3.3.

YOO

Figure 3.2: Types of unit cells (from left to right): cubic unit cell [67], rhombic
dodecahedron unit cell, pentagonal dodecahedron, the Lord Kelvin modg$9], and
the Weaire-Phelan model[69]

Figure 3.3: Dimetric and diagonal views of a rhombic dodecahedron based unit cell

Table 3-1 compares the foam geometric properties obtained from the analysis
discussed earliein this section to both an example in the literature that usedasi

analyses and the AM foarithe rhombic dodecahedron based foam was constructed by
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setting the cell size and porosity equal to thahtbfrom the xray uCT analysis.The cell

size and prosity were chosen as the two parameters due to their prevalence in literature,
being the most commonly reported parametassshown infable3-1), and the fact that

they largely determine the other geometric rdweristics Correlations froni35], which
aggregated common correlations to determine values of metal foam geq@rmiacies

for subsequent numerical analysis, show a dependence on only PPl and porosity.
Additionaly, Tikadar and Kumar found that the PPI and porosity are the most important
geometric parameters in their machine learning analysis of metal foam heat fra@jsfer

The results matched closely for all parameters except the pore diameter and specific surface
area. The reason for therfner was illustrated ifrigure 3.2 with the two ellipsesThe

nature of the rhombic windows and its pronounced elliptical shape as opposed to the Lord
Kelvin model 8s more cir cul d&ectivepore ddameter of d o ws
the AM foam wasoticeably smallerThe latter could be explained by the imperfections

of the stochastic foam since only structurally ideal cells wersarhfor analysis of cell
size.As a result, the true cell size may have bleeger, and this would have cadgsbe

surface area to be an underestimate.

The ERG foam was cut to the appropriate nominal size of 200 mm x 40 mm x 9.3
mm using electdal discharge machining (EDMYhe foam was then attached to an
aluminum plate (sandewith 1000 grit sandpaper) using Omegabond 200 Epoxy Adhesive
(k= 1.38 W/mK, thickness 0.3 mm)lhe assembled foam andostrate were placed in a
Thermdscientific Lindberg Blue M oven for 3 hours 8D e C t o cure per
recommendatiorfigure3.6a show the attached foam with the layer of cured, black epoxy

between the substrate and the fodrhe AM foam was assembled using Materialise
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Magics, a softwaréor STL file editing for 3D printing.The lattice unit cell was created in
Solidworks then imported into Materialise. STL file corruptions and errors were handled

using the Fix Wizard wsoftware.The AM manufacturing was outsourced to Forecast 3D

who usel direct metal laser sintering (DMLS) of AISi10Mg patrticles to manufacture the
designed foam structurd vertical band saw was used to cut theicture out of the
baseplateThen, an end mill and electric discharge machining were used to bring the plate

to the correct di mensions, and the plate w
stresses created during machining so as tdrezk or warp the structureBhe finished

product postmachining and heat treatment can be seéfiguare 3.6b.

3.2 Computational model

The numerical modeling examined and compared the thagu@ulic
performance of both the ERG foam and the AM foam. Although a macroscopic, volume
averaged approach can be used for decreased tatiopal time, it comes at the expense
of lost details and potentially decreased accuracy. Unit cell models have also been used but
they also fail to capture some characteristics, particularly resulting from the random nature
of foam morphology37, 38]. The porescale models seen in thikapterwill also allow
us to understand and visualize microscopiavflthenomena without difficult and costly
flow visualization techniques. The numerical model was experimentally validated to

ensure model fidelity.

3.2.1 Model description and assumptions

The numerically simulated AM geometry measured 9.30 mm x 2.33 mm r#6.5

and can be seen iRigure 3.4a. The commercial foam geometry used in CHD
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simulations was obtained from the image stack from #ta/xuCT analysis. A surface was
created using thisosurfacecommand in Bonednd then exported as a binary STL file.

The final foam geometry used in the modeling measured 9.30 mm x 4.65 mm x 25.0 mm,
with the directions oriented in the same way as the experimental sample to ensure any
directional bias in the foam is replicated hmetsimulations. Floating mesh points and
triangles were removed using Meshlab, an open source software used for mesh processing
and repaif71], which was then subsequently used to smooth the geometry to decrease the
mesh resolution. The geometry was assembled in Solidworks and subsequently exported
to Fluent for CFBHT analysis. The assembly can be sedfignire3.4b, with an inlet and

outlet section added on either side. The 0.3 mm thick thermal interface material (TIM)
layer between the substrate plate and the metal foam matrix is shown in the magnified view
asthe greyed outlayef,.he AM f oamébés si mul ation boundar.y
the ERG foam model. Both samples had Al 5083 substrates, and the thermophysical
properties for the materials in the numerical analysis can be s@ableB-2. Despite the
difference in materials used for the foams, their values were nearly identical so that the
thermal performance differences are not attributable to the material selection. The ERG

foam was Al 6101, the AM foam was AlSi10Mg, and thekirg fluid was DI water.
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Substrate

Thermal interface material

Figure 3.4: a) Reduced AM geometry and b) reduced ERG sample geometry with
TIM with magnified view showing TIM layer

The stochastic foam domain was reduced lemg#ie, as a fullength simulation
would not import properly into the 3D modeling software utilized unless the mesh was
simplified to the point of losing too much of the geometrical details. The domain reduction
was necessitated by hardware and software, and it was asthah#te reduction in total
domain length would have a small enough impact on the thbyti@ulic parameters
studied that it would be possible for us to still maintain model accuracy. Additionally, it
was assumed that the scanned section was large emloatgit would encompass a
sufficient quantity of foam cells that it could be considered a representative elementary
volume (REV). De Schampheleire et 4] found that eight foam cells would give an
appropriately sized section for an REV, and with a conservative estimate of each unit cell
having a cubic shape with edges of lengghthe current geometry would be ablehtud

over ten cells total. It was also assumed that the inlet effects would be small enough so as
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to still give reasonable agreement between the -BFDsimulation and experimental
results. Dukhan and Suleim@n2] investigated the entrance effects in ojell foams,
and they demonstrated that the entrance length increases with velocity. As the inlet speeds

seeninthisstdy were low (O 12.5 cm/s), this assu

Table3-2i Mat er i al propertiesHTmddel2 5 eC used for

Property Al 6101 AlSi1l0Mg Al 5083 Water

1 (kg/nr) 2700 2670 2660 998
6w(J/ kgA 896 890 900 4182

k( W mAK) 167 173 117 0.6

u( PalAs) - - - 0.001003

The simulations assumed steady state, laminar, incompressible flow with negligible
viscous dissipation. Buoyancy and radiative heat transfer effects were ignored, and material
properties were considered constant. Prior studies defined the transition fecelhdrigh
porosity foams in terms of pore diamebarsed Reynolds numbBmg, and permeability
based Reynoldfke, where the length scale is the square of permeabpilidy 74].
However, Dukhan et al.74] recommend a permeabilityased Reynolds number to be
most appropriate for porous media. They found that the Eramoghheimer region, where
a second order polynomial describes hydraulic performance, extendReurtiB7.5, and
turbulence is seen at values greater than 50. The pressurepdopn be described as

w0d 0 0

©)

whereq Lis test section lengtly is dynamic viscosityK is permeability u is superficial
inlet velocity, } is density, andCs is the inertial coefficient. The turbulent Reynolds

numbers corresponded to 10.2 cm/s for the ERG foam and 15.5 cm/s for the AM foam, so
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the assumption of laminar flow was reasonable. It must be tloéédhe experimental

overall heat transfer coefficient differed from the computed values due to the additional
resistances from the thermal pastppleed onto the thermocoupledhe thermal
conductivity of various TIMs was quantified by Narumanchi etaadd the product utilized

for the present work (Wacker Silicag¢me P12 |
The simulation results were adjusted accordingly to account for the additional thermal

resistance, by considering a thermal paste layer of estimated thitkn@sist mm.

3.2.2 Governing equations and boundary conditions

The governing equatis in Cartesian coordinates used for the fluid mass

conservation and foremomentum balance were as follows:

AT @
RrRa Ll BL
St B
. Tr_L()Jo TF_Z) QTr_a ?2_2 ‘ny (7)

The fluid energy coresvation equation and the heat conduction equation for the solid

region in Cartesian coordinates were given as:

O o o
T ,

Y 1Y 1Y
O T

b—y @Y (8)
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A uniform inlet velocity condition was applied on one end of the computational
domain normal to the boundary. The inlet speagswere limited by the equipment
discussed in the section detailing experimiesgaup and consequentially varied from 2.5
cm/s to 12.5 cm/s. The inlet temperaturg as set as 300 K. Both side walls were set
as symmetry conditions, as this computational domain represents a relatively thin slice of
the overall width. The solifluid interfaces were set as-stip walls with temperature and
heat flux continuity. The top section directly above the porous medium wasli@ mall
with a prescribed a heat flux gf = 10 W/cnt, and the outlet was prescribed a pressure

outlet boundry condition.

3.2.3 Numerical procedure

ANSYS Fluent 19.2 was utilized for the CHDI' simulations. A second order
upwind scheme was used for the momentum and energy equations discretization. The
pressure was interpolated using a second order scheme, amddismts were discretized
using the least squares cell based method. The SIMPLE algdri@inwas used for
pressurevelocity coupling. Convergence was reached after therage topside
temperature and pressure drop qualitatively leveled off and the residuals dropped below
1073 for mass and momentum and®lfor energy. Both porscale simulation geometries
were examined for mesh independence. This was achieved by refimew deparate
meshes withu = 10 cm/s and examining both the pressure drop and average surface
temperature for convergence. The ERG foam model elements numbered from 2.7e6 to

14.8e6, with the coarsest mesh being used for analysis. The AM model rangé&d2eém
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to 14.8e6 and the mesh of 5.2e6 elements was selected. Both the solid and fluid domains

for the two geometries were meshed using tetrahedral elements.
3.3 Experimental testing setup and procedures

The samples were tested in the closed flow loop shimwFigure 3.5. Prior to
charging with degassed, deionized (DI) water, the flow loop was evacuated using a
commercial vacuum pump. A gear pump (Microp&n@}N27) mounted on a variable
speed gear pump system (GelarmeP EW-7521130) continuously circulated the
working fluid around the loop. The coolant then passed through a-liofiguid heat
exchanger (Lytrofi LL520FG12) connected to a constant temperature bath (Thermo
Scientific™ A25 refrigerated circulat) for finer temperature control, and a flowmeter
(McMillan® S-114-8-D-S6) measured the volumetric flow rate. Three pressure sensors
(Omeg& PX219 series) and iline typeT thermocouples (Ome§aviQSS series) were
placed in various locations around thegdor continuous monitoring of both values. For
the test section itseléhown inFigure3.6c, a differential pressure sensor (Onf&Bx2300
series) measured the pressure drop across the samples. Five additpmal t
thermocouples were attached to the test section along the midline for calculating the heat
transfer coefficient using the average wall temperature, and the data acquisition was
handled by an Agilefit37940A DAQ unit. A liquidto-air heat exchangetytron® M14-

120) cooled the fluid back to near room temperature. A DC power supply (Kgilent

E3620A) provided the electrical power necessary for the instrumentation.
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Figure 3.5: a) Schematic and b) image foclosed flow loop and data acquisition setup

The uniform heat flux heating condition was achieved by placing five cartridge
heaters into an aluminum block. A DC power supply (Keysight N8742A, 600V, 5.5A)
provided electrical power to the heaters. Thedastples were nominally 4 cm x 10 cm x
0.93 cm, and the heated section had the same area of 4 cm x 10 cm. A thermal pad was
used to decrease the contact resistance between the heater block and the test section. The
system reached steady state before ddtaction, and this was ensured by ensuring the
t hermocouples measured a < 1 eC change ove
25 minutes between each collection point. The measurement uncertainty can be seen in
Table3-3. The flow rate was measured by filling a graduated cylinder and timing it while
simultaneously recording flowmeter output voltages. The pressure drop was calibrated
using an Omega DPI 610 portable pressure calibrator, and the thermocoumes we

calibrated with an Omega CL12Rblock calibrator.
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Figure 3.6: a) Stochastic ERG foam with visible thermal epoxy layer, b) designed
foam, and c) Test bed used for testing the foam samples

Table 3-31 Experimental uncertainties

Parameter Uncertainty
Pressure +20 Pa
Flow rate +4 mL/s

Temperature (type T thermocouplc £0.5 K
Heat flux (heater block) +0.2 W/cn?

3.4 Results with experimental validation

Before using the computational models for further analysis, they were first
validated using experimental data. The total pressure drop across the test section and the
Nusselt number calculated from effective heat transfer coefficient were comparethfor bo
the ERG foam and AM samples. The heat transfer coeffi¢l@mivas defined by the

following:

Q Ner’y 'y (20
wherere is heat flux,Tw is wall temperature, and; is inlet temperatureThe Nussdt

number, whth was defined as
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06 MIQ (11)
and the pressure drop normalized per unit leagéboth given as functiosof theRe in
Figure 3.7. The pressure drop results werewetiit to a seconebrder polynomial to
conform to the Darcyrorchheimer Law, which applies for the range studied. A power law
fit was selected for the Nusselt number, as is commonly done for thermal behavior with
varying Reynolds numberBigure3.7 showed good agreement between experimental and
numerical results, which ensured model validity. Regarding the pressure drops for
experimental and CFD datasets, there was a slight behavioral difference for the ERG
sample.This was attributed to using a smaller representative section, which does not
perfectly replicate the entirety of the foam sample and therafdreduces small
discrepanciesModeling more of, or the entirety of the sample, would yield better
agreement it at a severe computational cost relative to the small improvements in
accuracy. The figure also demonstrated that although the pressure drop is higher (66%) for
the AM sample (as to be expected due to the rhombic shape as opposed to more circular
shape d6the ERG foams), the penalty came with approximately 60% increase in effective

heat transfer coefficient.
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Figure 3.7: a) Pressure drop per unit length (left) and Nusselt number (right) for
computational and experimental datafor both the ERG and AM samples
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Figure 3.8: Nusselt number of both samples as a function of pressure drop per unit
length

In these structures, the variations indbd¢luid velocity about the mean flow
velocity caused mixing and increased heat transfer. Flow mixing can be $egure8.9,
which shows the streamlines in the ERG foam at two different inlet flow speeds and
compared it to the AM s amglelesinslatieng, votuman!| | ne s
averaging can decrease computational time at the expense of intrafoam detail. The
contribution to heat transfer from mixing was accounted for by augmenting the effective
fluid conductivity ki with the dispersion conductivityks. Generally, the dispersion
conductivity increases with flow speed and streamline tortuosity. Calmidi and Mahajan

[77] gave an equation fdg which simplifies to the following:

Q 6" MO (12)
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Figure3.9a ) adisglaylthg streamlines far= 2.5 cm/s and 12.5 cm/s with both
the streamlines with the solid structure as well as just the streamlines in black without the
solid to emphasize ¢hpath of the streamlines. It was clearly visualized that the fluid path
was more erratic with increasing inlet velocity, which would increase flow mixing and
supported the assumption of increasing dispersion conductivity with respect to velocity.
Examindion of the streamlines also illustrated that the majority of the particle paths are
not heavily disturbed by the foam, as they traveled in a mostly linear path. This was also
confirmed by the later tortuosity calculations, which demonstrated a totajavecaease

in streamline length of 9.3% when compared to the length of the ERG foam.
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Figure 3.9: Streamlines visualized for a) stochastic geometry with = 2.5 cm/s and b)
u =10 cm/s, and c) streamlias for the additive manufactured sample withu = 10 cm/s

The streamlines were also compared for the traditional and designed foams. The

position coordinates for several hundred particles were exported to MATLAB, where the
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particle paths were analyzed ftwetr total distance traveled over the foam structure. The
code ensured that the tortuosity calculation only used paths that traversed the entirety of
the structure (as some streamlines were truncated before exiting the foam). 500 and 161
particles were usk after the elimination of the aforementioned incomplete pathlines,
respectively. The average distances traveled were 2.732 cm and 4.828 cm for the ERG and

AM foams. The tortuosityywas defined as

LI (13)

wheres is the total distance traveled ahds the shortest travel length possible (i.e., the
length of the foam). The tortuosity values were calculated to be 1.093 andfdr.@B38
stochastic and AM foamincreasingU corresponds to increasing thermal dispersion
conductivities. For example, Du et 1] gave the following as a way to calcul&gevhile
considering the effect of tortuosity:

T’Q 7 I,
6 (A)Tpp—Yfl)l (14)

wherec is a constat, Re» is porebased Reynolds number, aRd is the fluid Prandtl
number. As the extra distance traveled grew by 2.45x when comparing the ERG and AM
samples, it implied that the dispersion conductivity should be greater for the stochastic
foam. It was ao reasonable to assume that the randomness of the ERG foam promotes
greater mixing, and although the effect of the dispersion conductivity is small at these
velocities, it may warrant additional investigation at higher flow speeds and Reynolds

numbers. Cmparing the streamlines far= 10 cm/s inFigure 3.9 b) with those inFigure
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3.9 ¢) visually demonstrated the differences in mixing, with some streamlines in the ERG
geomé¢ ry spanning more than half the breadth

streamlines, which did not mix significantly with the fluid in adjacent foam cells.
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Figure 3.10: Flow fields for u = 10 cm/s for the commercial and AM foams a)
Pressure contours, b) Velocity contours, c¢) Pressure contour, and d) Velocity
contour for AM
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Figure 3.11: Non-dimensional heat transfer performance for AM foam and ERG
Inc. foam with varying krim valuesi (N) denotes values found using a resistance
network approach
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Figure 3.12 Comparison between numerical results and calculated results using
correlations for the ERG Inc. foam andthe AM foam
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Figure 3.13: Temperature contours for the solid phase fou = 10 cm/s inlet velocity
and Ty, = 320 K for a) the ERG foam and b) the AM foam
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Figure 3.14: a) Fin efficiency for a 2.5 cm sample length and b) nondimensionalized
outlet temperature comparison for constant and variable ligament temperature

3.5 Remarks andanclusions

The presenthapterdemonstrated the advantagésraditionally manufactured and
AM metal foams for thermal management. The commercial foam was extensively
characterized and exported to CAD modeling softwareusmgxy € CT and | mage.
and the AM unit cell was based on the porosity and cell ei@anfound from the analysis.
Both reduced geometries were analyzed using commercial-HOFBoftware, and
extensive numerical studies were undertaken after validating theHITFédmmercial and
AM mod el shydratulib perfomoance with experimental data Bot h st r uc
tortuosity, which could impact the thermal dispersion conductivity in volavesaged
simulations, were numerically compared. The average increase in streamline length in the
ERG foam was substantially higher than the AM sample, stiggethat the thermal
dispersion conductivity would have to be adjusted for the AM structure. The numerical

data al so indicated that the commerci al fo
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thermal conductivity was markedly increased, and thatlingnation of an attachment
layer would bring the performance of the ERG foam much closer to the AM foam. The
interfacial heat transfer coefficients were quantified and compared with correlations found
in the literature, and the numerical results wewenfl to be in reasonable agreement with
the correlations. The fin efficiencies were also numerically examined and compared for
either structure. AM metal foams demonstrated improved performance over traditional
metal foams largely due to the eliminatimfrthe TIM, and the models gave valuable insight

into the porescale phenomena of both foams.
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CHAPTER 4. NUMERICAL INVESTIGATION OF METAL FOAMS
AND ADDITIVE MANUFACTURED METAL FOAMS FOR
MODULE-LEVEL COOLING

The following work draws largely from previously lgished work, which can be
seen in[80] and[81], with permission from IEEE and ASME Publishingodulelevel
numerical studieswvere performed on metal foams and AMMFs. Initial pccale
simulations (validated with experimental results) gave closure terms for valvenaged
(VA) simulations, allowing for rapid, modulevel simulations. Traditional metal foams
were compared with straight fins for modidgeel thermal managemeridditional VA
simulations were performed for tailored hotspot cooling structures. They were examined
specifically for their ability to locally control relevant parameters to tailor the heat transfer
performance. Two geometriésone with local, spanwise dsification and another with
uniform features throughout were investigated for thermal management of several

discrete heaters.

4.1 Closure term calculation and validation usirgggsscale simulations

A reduced computational domain (with foam size 9.3 mms.0 2nm x 4.65 mm)
was used for obtaining closuterms for the VA simulatiorf.he domairassumed that this
region would be representative of the entire foam sample anddieegive reasonable
accuracy.The simulations also assumed steady state, lamim@mpressible flow, and
neglected viscous dissifian, buoyancy, and radiatio®ection3.2.1fiModel description

and assumptiols di scussed the #foasli dity of these

Figure 4.1 illustrates the geometry used for p@eale CFD/HT analysis with a

thermal epoxy layer (thickness 0.3 mk 1.38 W/mK) connecting the substrate to the
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metal foam. A velocity inlet rangingdmu = 2.5 cm/s to 12.5 cm/s wifh, = 300 K was
applied, and the right boundary was set to a pressure.dBititt sides were set to a

symmetry condition, and the lattice was set as an isotherrsiwall atTy = 320 K.

QOutlet

0.015 0.03 (m)

Figure 4.1: Assembly with foam, TIM, and substrate used in porescale CFD/HT
simulations

The porescale pressure drop per unit length and interfacial heat transfer coefficient
were calculated using isothermal BCs for the metal fetacture. The results are given
as functions of inlet velocity ifrigure4.2. The interfacial heat transfer coefficiehts)
was calculateas per Equatiofil5) thenfitted toa power law equation, and the effects of
the varying Prandt| number duweretlumpetd inte wat e
other termsFor Ast, the specific surface area (SSA) was multiplied by the simulased fo
volume.The SSA was calculated usirgetcorrelation from Inayadt al.[82], based on the
tetrakaidecahedron approximation of foam morphology. The correlation yielded the

sampleds SSAmto be 509.1 m

Laminar flows in porous media are often described using the Braoghheimer
equation as per Equati@d). Fitting the data to a second order polynomial allows the values

for the permeabilityK) and inertial coefficientd) to be extracted, and they were found
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to be 2.421& n? and 0.108, respectively. The’ Ralue for both of the trend lines was

greater than 0.99, demonstrating the validityhese selected cunfis.
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whereris porosity ands is solid thermal conductivity
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Figure 4.3: Overall heat transfer coefficient for the VA and experimental results

4.2 Modulelevel simulations comparing conventionarsusmetal foams

ANSYS CFX 19.2 was utilized for the VA simulations. Two geometries were used
for the three cases studied, which arevam in Figure4.4. The geometric parameters for
the simulations can be seenTiable4-1. Both simulated five 1 x 1 cm silicon heat sources
in order to simulate silicon pav devices. The first case was for a metal fdiled
channel with the t IKkel.38aMm-K. The secohdacase usaedagheer i a
latter straight finned geometry. The final case used the first geometry, buérwith 40
W/m-K. A velocity inlg (ranging from 2.5 cm/s to 12.5 cm/s witly ¥ 300 K) and a
pressure outlet were defined, and a heat flux of 100 WWeas applied to the topside of
each chip heateiThe following equations describe the voluaeeraged momentum, solid

energy, and fluigknergy equations.
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Figure 4.4: Module-level geometies using metal foam (leftland straight fin s (right)

Table 4-117 Geometric parameters used for moduldevel simulations

Geometr

Di mensi ons k( W/ mL K)

Heaters10
att 10
SubstralO00 x
sel00 x

100 x 2 X

Di e

Foam

Fins

x 10 X
x010 X
40
40

130
200
x 120
x160
120

Figure 4.5 (left) illustrates the average chip temperature rise above the inlet

temperature for the three thermal mamaget schemes discussed. At lower speeds, the

foam is superior even with a poor epoxy thermal conductivity. However, at higher inlet

velocities, the thermal performance degradation from the thermal epoxy connecting the

foam and substrate causes the finr@dt®n to be superior with regards to both pressure

drop

performing option \ith thermal properties morg@milar to that of a solder) yields much

and

c hi

P

temperatur e.

Repl acing

t

he

more favorable results. Thedm dissipates heat much more effectively, with a temperature

rise of ~60 K as opposed to 87 K and 76Hgure 4.5 (right) shows the temperature
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contours for both interface material conductivities, and it is foivad the decreade
thermal resistance causes thedule to be ~20 K cooler. As some thermal degradation
mechanisms have an inverse relationship with temperature, using a foam with a higher
performing thermal interface material may be the superior optespitk the higher

pressure drop penalty.
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Figure 4.5: Average chip temperatures for modulelevel geometry simulationgleft)
and temperature contours using foams wittkrim = 1.38 W/m-K (top) andkrim = 40
W/m-K (bottom) for u =10 cm/s andy & 100 W/cn¥ (right)

Figured7compares the simulated modul esd spe
2012 Nissan Leaf and the 2014 HwratebaveréAccor d
significantly lower than typical for EV inverters, due to equipment limitations from
Chapter 3. However, it can be seen that the thermal resistances are comparable to the direct
cooling module of the Honda Accord even at flowrates over an roagnitude lower.

Additional benefits regarding weight and potentially cost can be realized by using metal
foams, which are both typically lighter per unit volume, and the decreased material required

may improve costs.
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Figure 4.6: Comparisons for the discussed solutions versus commercial inverter
modules from[83]

4.3 Porescale simulations for additiveanufactured metal foams

Two porescale models were used in this work. Pecale models of the 5 and 30
PP1 AM foams(seen inFigure4.7) were imported into ANSYS Workbench, and Fluent
19.2 was used for analg. The geometric parameters for both PPI sizes are presented in
Table4-2. Similarly to the prior porescale simulations id.1, an isothermal simulation
(constant terperatureapplied to the topside and the foam strugtarel a conjugate heat
transfer simulation (with only topside heating) were performed for finttiagnterfacial

heat transfer coefficient and pressure drop as a function of inlet speed.

Inlet &,

Figure 4.7: 5 PPI pore-scale model (top) and 30 PPI porscale model (bottom) with
unit cell shown
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Table 4-27 Geometric param

eters list for both PPIs

Parameter Smaller PPI Larger PPI
PPI 5 30*
Porosity 86.5% 73.0%
Ligament diameter (mm) 0.548 0.398
Ligament length (mm) 2.014 1.001
Pore diameter (mm) 1.35 0.55

Cell diameter (mm) 4.65 2.325
SSA (rfm?) 927.4 2465

Figure4.8 shows the pressure drop per unit length and the interfacial heat transfer

coefficient for both the 5 and 30 PPl foams as functions of inlet speed and the

accompanying equationshe same operations asdriwere performed, giving the closure

terms with the exception of the dispersion conductitandCr are given inTable4-3.

Table 4-31 Hydraulic closure terms for VA simulations

Parameter Smaller PPI Larger PPI
K (108 n12) 9.340 1.398
C 0.094 0.191
50 = 30PPI - 3GPI;PI
5 PP
is ] e 5PPI . ol . :
|
40
354 APIL = 161202 + 71.744u = . hy = 80.357u06%8  *
£ < 154
g% AN ) Y .
-
=257 . g .
% 20 2104 . "\
A g = 0.6641
" ®  APIL =306.22u% + 10.673u hy = 47.325u
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Figure 4.8: Pressure drop (left) and interfacial heat transfer coefficients (right) for
pore-scale models

The acuracy of the closure terms was first investigated by comparing the two
isothermal models. The pressure drop and heat rejection demonstrated excellent agreement.
Figure4.9 (left) displays the total heat rejectby both 5 and 30 PPI isothermal models.
However,Figure4.9 (right) demonstrates the error from not properly weighing by a
factor to account for its geometry. The model consistently-pxesticted the convéed
heat by approximately 35%. The results show excellent agreement after incorporating a
reduction in effective solid thermal conductivity to account for tortuddityThe solid

thermal conductivity was iteratively adjusted until the agreement wasastoisf.

250 40 -
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e 30PPI . 354 ® 30PPIwT v
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Figure 4.9: Isothermal (left) and conjugate model (right) comparisons of heat
rejected for VA and pore-scale simulations

4.4 Hotspot cooling modulevel simulations with targeted cooling

Two configurations representative of a typical power electronics assembly were
used for coupled CFD/HT simulations with voluareeraging to demonstrate the ability

of localized cooling for higher heat flux sourcBeth configurationsseen irFigure4.10,
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use five chip heaters mounted orgosubstrate with a die attachhe first geometry
(referred to as uniform geometry) uses a uniform metal foam for convective heat transfer,
and the second (referred to as hotspot mitigagieometry) uses the 30 PPI metal foam
characterized earlier for a densified middle section in addition to the &Bighed foam

on either side.

| 100 mm |

Inlet Outlet

EI 40 mim 1 2 3 4 5| | ==y

5 PP 14 mm 5 PPI l 30 PPI l 5 PPI

Figure 4.10: Assembled geometries with uniform foam PPI (left) and hotspot
mitigating structure (right)

Table 4-47 Parameters for full-scale sinulations

Geometry Dimensions (mm) k (W/m-K)
Heaters 10x10x 0.5 130
Die attach 10x10x0.1 200
Substrate 100 x40 x5 117
Uniform 5 PPI 100 x40x9.3 173
Hotspot 30 PPI section  25.6 x 40 x 9.3 173
Hotspot 5 PPI section 37.2x40x9.3 173

The geometric and relevant thermal parameters for the following steady state full
scale simulations can beeen in Table 4-4. Section4.2 gives the volumeaveraged
momentum and energy conservation equatibiesiters 1, 2, 4, and 5 were set with constant
heat fluxes of 150 W/ctnHeater 3 had heat flux boundary conditions ofi P50 \W/cnf.

The foam sections were set as porous domains, and a velocity inlet and pressure outlet
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conditions were applied at the surfaces nearest to chip 1 and 5. All remaining boundary
walls were set@adiabatic.

The effects of hotspots for varying flow speeds are demonstratéidune4.11.
The heat spreading in the substrate can also be seen in these graphs as the temperatures of
4 and 5 are siitar for the uniform strature.Heater 3 influences the temperatures as the
higher heat fluxes spread out towards a@lkdgacent heater#\s shown for both scenarios,
the effects of increasing flow speed decrease, and chip temperatures begin approaching a
minimum. This is due to theignificantresistances aside from the convective restga
The resistance network has, in addition to the convective resistance of the metal foam,
components from the heater, die attach, spreading in the substrate, anid-thsistgnce
of the substr. Even if the convective resistance were to be eliminated, the maximum

temperatures would remain thermally bottlenecked by the remaining elements.

170 4 170 4

2 = u=25cm/s = u=25cm/s
160 e u=50cm/s 160 o e u=50cm/s
150 A -u=75cmls 150 A u=75cm/s
v u=10cm/s v u=10cm/s
& 140 A 140 .
) ¥ .
S 130 [] 130 o
® g . .
0 120 = 120 : "
£ ® <
8 110 u ® 1104 °
>
3] A ®
100 100 4 A
= " . v v - A v
90 - A 94 " o v
L v ® A
80 - 4 80 o v
70 T T T T T 70 T T U T U
1 2 3 4 5 1 2 3 4 5
Heater Heater

Figure 4.11: Temperatures foru = 2.5, 5.0, 7.5, and 10 cm/s for uniform (left) and
hotspot mitigating (right)
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Figure 4.12: Pressure drop for both geometries

Figure4.12 shows the pressure drop for both struguAdthough the low pressure
drops make pumping power less of a priority than other systems, a locally densified
(instead of spanwise densified) structure may mitigate the pressure drop. However, as the
current setup has significant heat spreading, so mogeted thermal management may

improve pressure drop but at the cost of hotspot management.

4.5 Remarks and conclusions

This work illustrated the potential of volume averaging for rapid, systesi
simulations for cooling poweglectronics with porous edlia.A relatively small portion of
the total sample was used for the initial isothermal simulations used to obtain the VA
parameters, and the results confirmed that a reduced domain is suffici¢ghérfoc
hydraulic characterizatiodore complex systertevel simulations can then be performed
without a significant Ies in accuracy, as was showrhe metal foam was also compared
to a finned solution, and it was shown that improvements in thermal interface material

conductivity would make the metal foanviable candidatedr power electronics cooling.
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Further simulations showed that in addition to eliminating attachment resistances, AMMFs
could allow for customized cooling structures for hotspot mitigation, with hotspot intensity
decreasing by ~14%he wak herealsolays the groundwork for further research using
customdesigned cooling structures for thermal management, such as localized hotspot

cooling and graded foams to combat temperature increases due to flow heating.
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CHAPTER 5. COMPUTATIONAL INVESTIGATIONS CF FLOW
BOILING IN ALTERNATIVE GEOMETRY MICROCHANNELS
The following chapter largely draws from and uses previously published work,
which was reproduced frof82], with the permission of AIP Publishinghe present work
numerically investigates several passive methods of mitigating chianoel
thermohydraulic instabilities and compares it to a baseline Thegurpose of this was to
investigate a problem with more readily available experimental data, while simultaneously
gaining experience in the complexities of modeling flow boilingl aesearching a
compelling research area that has been scarcely addrékgediork was then leveraged
for experimental and numerical flow boiling in AMMFs, which is a more complex problem
with no available prior literature for AMMF flow boiling simulatis.Four separate cases
(straight, constricted, diverging, and auxiliary jetting flow microchannels) representing
singular 3D microchannel geometries of similar dimensiese simulated using the
volume of fluid (VOF) method for interface generation. Effects of implementing these
strategies are compared and evaluated with regards to overall thermohydraulic
performance. The flow regimes from the computations are compared to flow regime maps
in the literature. The advantages of CFD/HT simulations &e¥dged to closely examine
the bubble dynamics, and heat transfer and pressure drop characteristics as well as bubble

dynamics were evaluated against available literature.

5.1 Computational model
5.1.1 Interface capturing model

Multiphase flows, particularly barlg flows, are particularly challenging to

simulate due to issues such as multiple immiscible fluids, surface tension effects, large
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differences in properties across fltfldid interfaces, phase transitions, inherent transience
of boiling, and wide rangef flow regimes. Singldluid methods of interface capturing can
generate or capture fluitbiid interfaces, the most prominent of which include VOF, level
set, and phase fielB4]. VOF has been extensively used for multiphase microchannel
flows [56, 85-88]. The volume fraction for each phase is tracked in every mesh element,
which results in the model being naturally mass conservative, but numerical diffusion of
the interface is inherent to the metj88]. Improvements on interface capturing methods,
such as piecewise linear interface calculations, rsnmewhatmitigated the issues

regarding numerical diffusion.

Level set methodd.SM) define a function for the shortest distance to the interface
as where the level set functierequals 0. The interface has a finite thickness, across which
one phase is assigned a negative and the other a positivd 9@luespite its ability to
accurately capture complex interfaces due to the interface smoothness as well as simplicity
in integrating Cartesian adaptive mesh rafieat, the model does not conserve each
phasebés mass due to the absence of a diffu
However, there have been advances in decre
techniques that add artificial diffusig84, 91]. The fluidfluid interface also requires+e
initialization with each advection step. ®eal researchers have used level set methods for
simulating multiphase flows, as seen[B¥, 92-94]. The phase field method (PFM),
similarly to the level set method, has finite interface thickness. These two methods differ
fundamentally in that LSM is computational and PFM is based on physical interactions
between the interfaces and phaf#q. PFM was found to produce similar accuracy to

VOF with less required computational resources,hore work must be done with PFM
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in realistic twephase problemg34]. Hybrid methods combine uitiple methods to deal

with the issues inherent to each, such as the coupled level set and volume of fluid
(CLSVOF). CLSVOF leverages LSM for more accurate computation of interfaces while
using VOF to maintain the mass conservation, and has conseqyédrgeil used in recent

literature[95, 96].

The present models use the VOF model, which was implemented using the
commercial software ANSYS Fluent 2020 R1. For two fluids, the mass continuayieq

is described by the following equations:

T—‘l " 2 " Y (20)
T O

T . o
— o " Y (29)
T o
wherey is densityUis volume fraction, an& andS, are source terms that represent mass

transfer between each phase (i.e., mass transfer due to evaporation and condg@ation)

Additionally, the sum of the mass fractions must equal unity as described in eq@afion (

| P (22

Momentum conservation is deged by equation23), which is shared by the multiple

phases:

TT_ "B O bb v O ® B RV (23
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wherep is viscosity,P is pressureg is gravity, and'®is a body force. The density and
viscosity terms are weighted by each phas

energy equation for both phases is as follows:

TT—b" 0O OJb” 00 20 Y Y (24)
whereS: represents a volumetric source term. In the current investigation, it represents the
energy exchanged via phase change. The erfergymass averaged according to the

individual phaseb6s energy and is calcul at e

o L2 @9
Fluent uses a formulation of the continuum surface force model proposed by
Brackbill, et al. [98]to model surface tension forces, which are of particular importance in
multiphase flows in small channels. The YodraPlace Equation seen i26) describes
the pressure drop across the curved surface between two fluids as a function of the surface
tension coefficienéi (assuming a constant coefficient) and two orthogonal radii measuring

surface curvature.

o P P
W o. gy (26)
Manipulating equation2g) results in an implicit body forc&Equation 8), which appears

in the final term of the momentum conservation equation similarly to gravitational effects:
D, = (27)
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where i s the interface curvature.

5.1.2 Phase change model

The phase change models the mass transfer due to evapeataensation based
on the mechanistic model of Lg®9], which calculates the mass transfer due to

vaporization and condensati as a function of the local and saturation temperature:

(29

whereaanday are relaxation factors that can be tuned appropriately (e.g., to experimental
data or correlations), so that larger values of liquid superheat are required for phase change.
Changing the relaxation factor can significantly affde¢ boiling process including
altering vapor bubble growth rate and interfacial behavior, which can then lead to changes
in flow regime and total heat rejectiqd0(. Higher values ofa., negatively impact
numerical convergence, but lower values can result in inaccurate discrepancies between
saturation and interface temperatures, thereforarineguleliberation as to what relaxation
factors are most appropriate for the specific ¢aseluding consideration for the operating
conditions (e.g., heat fluxes, inlet conditions, fluid selection, etc.) and gedi@tlylLee

et al. discuss the appropriate selectioa-ahday values, and although their application of
highly subcooled flow boiling requires differing valuessednday, certain scenarios with
factors including low subcooled or saturated boiling and small -sedsonal area make
setting them as idewthl values a good assumptiph0d. Lorenzini and Joshj10Z

compared the effect changimg from 10 s' to 100 &' in a preliminary CFD study of
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microgap flow boiling for threelimensional integrated circuits. They used a value of 50 s

! for later works which compared their numerical model with experimental results. In lieu
of experimental results, both relaxation factors were calibrated as@®b@mparingp
andg Ro values calculated using selected correlations, and these were sutigeash

for all cases.

5.1.3 Case geometries and boundary conditions

The current work examines four different geometries, the first being a baseline and
the latter three utilizing instability mitigation methods experimentally demonstrated in
literature. Inorder to make the comparison as direct as possible, the geometric parameters
remain the same for all cases whenever feasiblele5-1 shows the geometric parameters
and inlet mass flux conditions. Each configimathas the same heated section length
=10.5 mm and an adiabatic entrance leihgir 0.5 mm. The total width of each assembly
is constant at 300 umFigure 5.1 illustrates the baseline straight microchannel
corfiguration (referred to as case 1). The fin heighand thickness: are 250 pm and 50
um, respectively, wherein the values for the case number are denoted with a subscript of
the same number. The substrate, upon which the fins are mounted, has @s$hickirisd
um, and the channel widt, is 200 pm. A mass flux conditio® = 1,000 kg/m-s is
applied at the inlet, and a pressure outlet condition with a gauge pressure of 0 Pa and
backflow temperature of 373.15 K is applied out the outlet. These openditions
give a Reynolds numb&ea o = 790 (with the characteristic length defined as the hydraulic
diameter) and a Prandtl numberRxf= 1.74. A heat flux condition 6= 200 W/cni is
applied at the heated wall, which is indicated on the geometirieswald or dashed red

lines.
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Figure 5.1: Computational geometry for baseline straight microchannel (case 1)

Table 5-11 Geometric parameters and simulation stup for the four cases

Parameter Case 1 Case 2 Case 3 Case 4
Fin thickness d = 50 d = 50 d = 50 d = 50
(hm) ez = 130
Channel width W; = 200 W, = 200 W; = 200 W, = 200
(Hm) Wons = 40
Channel Hi = 250 H, = 250 Hsi = 250 His = 250
height (um) Hao — 404
SL_Jbstrate t1 = 50 tz = 50 ts; = 224 ta = 50
'Ezlrzliness tso = 50
Total length Lot = 10.5 Lot = 10.5 Lot = 10.5 Lot = 10.5
(mm)

Entrance Lent = 0.5 Let = 0.5 Lent = 0.5 Lent = 0.5
length (mm)
Mass flux G: = 1,000 G, = 5000 Gs = 1,000 Gs = 625.6

(kg-n2-st) 4,793

G4,jet =

Test cases 2 4 are shown irFigure 5.2 throughFigure 5.4. Figure 5.2 shows
frontaland partial topside views of the inlet for cage@microchannel with a constricted
inlet. Inlet constriction, also referred to as upstream throttling, increases pressure

requirements for upstream expansion and the accompanying instabilities. Cagbe has
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same dimensions as case 1 with the exception of the adiabatic entrance section. Whereas
the base thicknedsand fin heightH. are the same as for the benchmark simulations, the
inlet channel widthAL is 40 um, or a fifth of the baseline value, andsequentially the

fin thicknesgd is increased to 130 pm.

The diverging microchannel geometry showfigure5.3 expands at an expansion
angled= 1e beginning after the adalsohearted c ent
expanding microchannels due to the increasing esessonal channel area. The increase
in area promotes downstream bubble growth due to the channel divergence as well as
surface tension force differencds3]. Miner, et al. [48]showed that even the slight angle
ofd= 0.5e¢e significantly decreases the press
angle to 1e and 2e¢ yi el deghPhgnituderandsslope.rAga i mp r
result of the expansion, the entrance substrate thickii@sseases whiléhe entrance fin
heightHs;i remains the same as cases 1 andi a24um andHsi = 250um. The outlet
substrate thickneds, and fin heightHs, measure 424m and 50 umWs andds measure

the same as the baseline case.

The final case examined is anxiliary jetting microchannel seenkigure5.4. The
introduction of liquid after flow boiling begins has shown to improve thermohydraulic
performance, as well as flow instabilities by accelerating bubble sellagnd
disrupting/suppressing bubble grov#b]. An initial design had an adiabatic flow bypass
thatimpinged the heated section at its middle simila¥dag, et al. [103]However, Yang
et al. utilized inlet restrictordRs) to force a significant amount of fluid into the bypass,
and since combining different geometric enhancement methods is out of the scope of the

present wor k, the i niinleirestrictocseeskeneddthe gquxibarge t r y 0

67



flow until the jetting was negligible. Instead, an alternative design with two separate inlets

(designatech s i

(b)

gi ves

nl et o
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magni fi ed

Vi ews
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the heated length, and it spans the breadth of the channel with a Widgithof 20 pm. A

mass flux G) condition of 1,000 kg/s with Tin» = 373 K is applied at the inlet for case 1

and case 3, but cases 2 and 4 required adjuStiogmaintain equivant mass flow rates.

For case 2, the mass flux was increased fivefold to 5,000 kgygm that the mass flow rate

at the start of the diabatic section would be equivalent to the benchmark case. Case 4 was

also adjusted accordingly to be 625.6 kgarfor the primary inlet, which accounted for

an inlet velocity of 5 m/s at the jet inlet. For all scenarios, a pressure outlet condition with

a gauge pressure of 0 Pa is apptitihe outlet, and a heat flux & 200 W/cnt is applied

at the heated wall (indicateon the geometries with bold or dashed red lines). The

remaining walls were adiabatic.
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Figure 5.2: a) Frontal view and b) top view of inlet constriction, and c) full top view
of constricted inlet microchannel geometry (case 2)
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Figure 5.4: View of case 4 (auxiliary jetting microchannel) showing a) side view of
the assenbly with close-up location indicated and b) closeup of auxiliary jet

5.1.4 Numerical procedure and mesh independence analysis

The CFD/HT models assumed the following:

1) Transient laminar flow
2) Continuum flow (Knudsen numb&mn = 0.0018 whem, = 30 m/s)
3) Negligible radiative heat transfer

4) Constant material properties
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5) Negligible viscous dissipation

Table5-2 lists the thermophysical properties used in the simulations. Water was used as

the coolant with the propertiesvgn at a saturation temperatufea a t 100 eC a
atmospheric pressure. The solid phase (fins and substrate) was pure copper, and the
properties wer e al so chosen -miling aoppdr e mp e r
microchannels can obtain roughness valuesr flepum with the correct feed rate and
conditions[104], and the contact angle between water and copper with a roughness of 0.9

Om has been exper i mdiDg.£onbeyuertdidiyg awontactanglb & 4 4 .
45¢e for moderate hydrophilicity and good w
was subsequently implemented to include wall adhesion effects. It is important, however,

to recognize that the surface roughnesseffett contact angle, and in turn contact angle

can significantly impact heat transfer mechanisms and perforriad6el07].

Table 5-21 Thermophysical properties of materials used in the present simulations
f or T dHrontile®Engeéring Equation Solver software

Property Symbol Copper Liquid water Water vapor
(Tsatz 1 O O (Tsatz 1 0 0

Densit¥y (kg " ,”,” 8924 958.5 0.5951

Thermal Conductivity 0,00 392.8 0.6828 0.02459

( WAK?Y)

Speci fickhe & ,00 3681 4216 2079

Dynamic vVvis C i 2.822 x 1¢ 1.226 x 16

Surfacetension ) 0.05894

coeffichent

Latent heat of KO ) 2257
vaporizadio

”
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ANSYS Fluent 2020 R1 was used to solve the governing equations using the finite
volume method. The singlghase solution was solved for each simulation to implement as
the initial condition to the twghase solutions in order to inase numerical stability. The
converged singkphase solution (as indicated by convergence of total pressure drop across
the domain) was then used as solution initialization for a constant temperature solution. In
this secondary initialization, identical tmedary conditions to the boiling simulations
described earlier were used, with the exception of the heat flux condition. An estimated
wall temperature was used in lieu of said BC to allow for faster convergence, as the thermal
capacitance of the solid rege requires longer simulation times to reach getesady
state. Finally, after quasiteadystate was qualitatively reached with volume fractions and
pressure drop values steadying, the topside boundary condition was switched to a heat flux
condition. Thesimulation time was reset, the accompanying data files were imported into
the twophase case file, and the boiling simulation was initiated with a prescribed wall heat
flux. The heat flux condition case was run for an additional period at which point the
temperature and volume fraction reached gateady state, defined as < 2% and < 5%
change over 0.5 ms in these respective parameters, following which the simulation times
were reset. The pressure drop was not an explicitly quantified -sieasly state
requirement, as the values can vary significantly with each time step, leading to occasional

spikes due to bubble formation.

Gradients were discretized using the least squares cell based method, pressure and
velocity were coupled using the SIMPLE algorithamd the PRESTO! scheme was used
for pressure discretization. The second order upwind scheme discretized both momentum

and energy equations. Values of®H#hd 10° were set as the convergence criteria for mass
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and momentum equations and energy equatespectively, with 20 iterations per time
step. The explicit VOF formulation with a Courant numk@o)(of 0.25 was employed.

The time step depended on the gloBalwhich was set to 1, with resulting time steps
typically around 0.2 ups. The simulations weperformed using a high performance
computing cluster, utilizing 192 cores in AMD EPYC 7281 processors in parallel, with
each solution requiring approximately 1 week of runtime, due to the small time steps

resulting from high vapor velocities and relativemall mesh size.

Table 5-31 Mesh independence analysis via surface temperature and pressure drop
comparison

Mesh Elements P | (*epP Tw(K)  J(TTWD/(TW  Flow regime
(kPa) @B / O|pf 373)

1 117,075 11.2 45.6% 389.9 6.29% Slug

2 236,616 20.6 4.04% 388.9 7.56% Annular

3 483,264 19.8 2.59% 390.2 1.15% Annular

4 945,000 19.3 T 390.4 T Annular

A mesh independence study was done with the benchmark case 1 geometry with
identical inlet mass and heat flux. The simplicity of the computational dortaived for
a mesh that utilized exclusively hexahedral elements, which can improve accuracy and
decrease cell counts. For mesh convergence verification, the baseline case geometry was
used, with mesh elements that approximately doubled across each fsteitenation.
Four meshes of increasing fineness, seefainle 5-3, were compared by examining the
topside wall temperature, net pressure drop, and flow regime. Although the nature of
boiling is inherently transig, the simulations were defined as qegteadystate when the

areaaveraged temperature of the heater, void fraction, and net pressure drop across the
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entire microchannel steadied. The percentage change in surface temperature and pressure
drop (averagedver 2 ms) was calculated for each mesh iteration, with the criterion < 3%
change being chosen as sufficient for mesh independence. The mesh analysis also comes
with a qualitative assurance that flow regime no longer changes with increasing mesh

finenessdemonstrated by the flow regime remaining annular for meshes 2 through 4.

5.2 Validation andhermohydraulic performance

5.2.1 Validation of baseline CFD results with correlations

Experimental results with identical operating conditions (i.e., geometry, inlet
pressure and temperature, width, height, length, working fluid, heating, solid material, and
threewall heating) were not found wha surveying relevant literature. However, similar
cases are available for comparisdarirchian and Garimella[108]s ex per i ment s w
77 flow boiling showed churn/annular flow for microchannels with a similar hydraulic
diameter of 307 pumJones and Garimella [109) nvesti gated roughne:
saturated flow boiling in a 500 um x 500 um microchannel with DI water, wheveas
approximately 60 kW/f with a heat flux of 200 W/ck The flow regime and the heat
transfer coefficient values are similar to those in their experimenislae 5-4. These
values provide a useful reference, but the dissimilaritis®ime conditions suggests that
using correlations that encompass the current operating conditions would add additional

confidence.

To further ensure model fidelity, correlations for heat transfer coefficient and
pressure drops were used to quantitativeljdate the baseline simulations. This required

tuning of thea., values, which were set to 75 $or the present validation. Kim and
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Mudawar utilized 10,805 préryout data points with a wide range of parameterg.(
working fluids, hydraulic diameterand mass fluxggo develop correlations that predict
satuated flow boiling heat transfer performance in mini and microchannels with a mean
absolute errors (MAE) of 20.3%9d10. Their heat transfer correlation superposed the
contributions of both nucleate and convective boiling, where the contributions of nucleate
boiling decrease and the contributions from the convective boiling heat transfer increases

as the liquid annuk thins.

The total pressure gradiemtRcan be written as the summation of several different

contributing pressure gradients, as given in the following:

Yo YO YO YO (29)
with the terms corresponding to frictional, gravitational, and acd&larpressure drops
[11]]. Kim and Mudawarf11Z expanded on their earlier work regarding calculating
frictional pressure gradient for adiabatic and condensing flows by modifying their prior
correlations for saturated flow boiling.he authors modified the Lockhavtartinelli
parameter to include relevant terms for diabatic boiling flows in order to compensate for
pressure deviations resulting from flow bo
was utilized in the present worlyas found to have an overall MAE of 17.2% when
comparing across 2,378 data points from 16 sources for both single and multiple channel
configurations. The frictional pressure gradient can then be found as a function of the liquid

pressure gradient andwad-phase multiplied :

—a —=n
Q- C
—m, —n
Q- C

_— —: (30)
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The total frictional pressure drop can then be integrated along the microchannel length.

CA

w0 TT— Qd (31

Q

The gravitational pressure gradient plays a relatively small role in microscale systems, and
the geometryds horizont al orientation geom
on the total pressure drop. However, the acceleration predsapecan be significant in

cases where phase change occurs and therefore should not be ignored in scenarios where
boiling or condensation is present. The total acceleration pressure drop for a straight,

constant area microchannel can be calculated as

(p 0 “O ” | ” ” | ” (32)

where the void fractiot)can be found using a variety of correlatiphs1]. The frictional

pressure drop correlation being used in the present work défiaedbllows:

| P — — (33

Table 5-4 shows good agreement between ¢h€and hy values calculated from these

experimentallybased correlations and the numerical values.

Table 5-41 Pressure drop and twephase heat transfer coefficient values from
correlations and simulations for case 1 validation

G (kg/nth) PRm (Pa) P Reo (Pa) hiim (W/M2K) — hero (W/M2ZK)
1,000 18,542 19,320 46,814 49,510

5.2.2 Comparison with flow regime maps
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The flow regimes for the two mass fluxes were qualitatively compared with the
flow regime map of Harirchian and Garime]lel3, who presented a comprehensive flow
regime map with quantitative transition criteria for microchannel flow boiling. The
criterion mplemented a convective confinement which incorporates mass flux effects,
channel crossectional area, and fluid properties, in addition to fluid properties and
channel dimensions used in past studies. They defined the convective confinement number
asa function of the Bond numb&o and the Reynolds numbieg where they were defined

as:

6 é "Q” ” 6 J , (34)

YQ o oo T (35)

whereg is gravitatonal acceleration and the characteristic lengtedsthe cross sectional
channel area. The boiling number was also given as

oa njaoQ (36)

where the nondimensional heat flux was defined as the ratieebet] , the input heat

flux averaged over the heated perimeter, and the product of the maSsaihakthe latent

heat of vaporization. The flow regime map placed approximately 390 data points according
to the convective confinement numbBo{*/Re) and the nondimensional form of the heat
flux (BIAR, with two transition lines dividing the map into four primary flow regimes.
Inputting variables placed the operating regime for case huahr confined annular

flow.
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Figure 5.5: Liquid (blue) and vapor (white) regime visualization in baseline case
showing magnified side views along the centerline and frontal views normal to flow
direction of a) bubbly flow, b) churn flow, and c) confined annularflow phase
contours

Figure 5.5 shows the spatially evolving flow regimes in the baseline case
microchannel. The regime is briefly bubbly flow at the entraiégufe 5.5a), and the
bubbles are primarily generated closer to the finned walls and substrate. But it rapidly
evolves into churn and then confined annular flow, which combine to occupy the
significant majority of the microchanndtigure’5.5b shows the highly disturbed phases
characteristic of churn flow. Similar to bubbly flow, the effect of conduction along the fins
can be seen in that there is more vapor generation near these features. More than half of
the heated section t¢iie microchannel is confined annular flokigure5.5c), where the
vapor core and thin annulus occupy the entire microchannel cross section with sparse liquid
droplets entrained in the vapor core. This analysisdcalso be applied to the other case
geometries, albeit with less confidence due to the modified configurations. The flow

regime map predicted cases 1 and 2 to be churn/annular, case 3 to be confined slug flow at
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the outlet due to the increase in crgsstional area), and case 4 was predicted to be
confined slug before the jet and churn/annular after. The different flow regimes for each
case can be seen higure5.6. As predicted, cases 1 and 2 are primarily cfammular,

case 3 is confined slug, and case 4 is confined slug then annular, except for where the

auxiliary jet has collapsed the bubble.

0.3 (mm)

0.075 0.225

Figure 5.6: Void fractions volume renderings for each case aftequasi-steadystate,
showing flow regimes

Ong and Thome [114)roposed a flow pattern map based on the transition from
macro to microscale. They defined thyg@mary regimes based on calculations for the
transition qualities: isolated bubbly (IB), coalescing bubble (CB), and annular (A). The
more traditional classification regimes were grouped into these three more general regimes,
with IB containing bubble ahslugplug, and CB containing slug, churn, and siurmular.

For all cases, the map predicted annular flow at the outlet. But for cases 1, 2, and 4, the
outlet qualityx, = 0.053 far exceeded the CB/A transition quakitya = 0.021 whereas
the increasedarosssectional area at the case 3 CB/A transition outlet chargedto

0.048, so CB (specifically slug) flow is reasonable. As the flow regime maps and predicted
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hyp andop Rralues demonstrate reasonable agreement and lend credibility to the siraplation

additional studies can be undertaken with more confidence in their validity.

5.2.3 Impact on thermohydraulic performance

Previous studies have shown that there are typically evaptéeamperformance
benefits when implementing geometric changes to miamubls. As they are part of a
systemlevel flow loop, there are systelevel improvements, which will be discussed
somewhat, but the primary focus of this work remains on the microchannels themselves.
The thermal and hydraulic characterization on the engapolevel (i.e.hyp andg B are of
central importance to their performance, and these values can be $abétef5. Figure
5.7 graphs the transient and average pnesdtop after the flow has reached gestsiady
state. The transient performance results from the lack of upstream compressibility due to
the computational problem setup, but the differences in average pressure are immediately
obvious. All cases show mangilly to moderately improved heat transfer but with differing

pressure effects.

Table 5-571 Values ofhy and gp Pfor each case

Case hp ( k WAMT)  oRkPa)
1 49.5 19.3
2 51.1 25.3
3 61.5 8.21
4 54.8 14.9
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Figure 5.7: Time-moving averaged over 0.2 ms and total average pressure drop
during quasi-steady sate operation

Case 2sawa moderate increase in pressure drop while the thermal performance
was relatively unaffected. Howevaénlet restrictordhave been shown to improve stability
not by the same mechanisms of cases 3 and 4, but rather by alterintgthal iboiling
pressure curve (example of an internal boiling curve is showigure5.8). Microchannel
flow boiling system®ften see instabilities associated with the negative sloped portion of
the curve, anthe inclusion of IRs can eliminate this portion to the effect of higher pressure

drops and mitigated instabilities.

Cases 3 and 4 showed improvements in bothphase heat transfer coefficient
and net pressure drop. For case 3 (the expanding geontedrg)id the benefit of increased
surface area (12.5%), but this is not sufficient to explain the noticeable improvements in
surface temperature or tig. The change irgp Pis mostly a result of the acceleration
pressure drop decreasepR in the baseline accounts for 12.4 kPa or 64% of the total
pressure drop. Using equatid8) gives an updateg R value of 3.63 kPa for case 3 due

to thechanging crossection, andp?1 andg?3 can be subsequently calculated as 6.9
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kPa and 4.58 kPa, respectively. Case 46s pt
collapse, which decreased the outlet void fraction and consequentially theveldtgty
(seeFigureb.9) and acceleration pressure drop. The centerline velocities at a representative
time show cases 1 and 2 have similar profiles and magnitudes, with the most significant
and obvious exceptio being an elevated inlet speed for case 2. The inlet restricted
geometry also shows very low velocities right after the inlet which are the result of low
velocity vapor recirculation zones as discussed later. Cases 3 and 4 demonstrate significant
decrease in magnitude from ~30 m/s to ~6 m/s and ~15 m/s, respectively. The diverging
microchannel shows regular peaks and valleys in velocity correlating to the vapor and
liquid slugs, with a constant, slow rate of increase. The auxiliary jetting case, which is

showing the velocity speeds at a time during downstream bubble collapse, shows somewhat

constant velocities around after the secondary inlet due to the bubble collapse and mixing.

Internal Boiling Pressure Curve
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Figure 5.8: Internal b oiling pressure curve relating pressure drop to heating and
mass fluxi adapted from O'Neill and Mudawar [43]
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Figure 5.9: Centerline velocities for all case at representative time steps. Case 4 is
at a time step wherethe bubble is collapsing and increasing mixing downstream of
the jet

5.3 Bubble dynamics visualization

Numerical twephase modeling allows for analysis with fine spatial and temporal
resolution, giving the ability to visualize temperatures, lieuagor interfaces, and
pressure distributions at the microscale while miningzoosts. The following section
investigates the microscale bubble dynamics, particularly with regards to bubble behavior,
while providing visualization and quantitative analysis. Additionally, in microscale flows,
bubble dynamics are of particular inteyeas opposed to macroscale systems where
individual bubbles are commonly neglected. Because of both their confined growth due to
the channel walls and their comparable length scale relative to channel hydraulic diameter,
the bubble dynamics warrant additad investigation. Bubble behavior can yield insights

as to variance in performance between the various configurations.
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5.3.1 Case 2 (restricted inlet)

Examination of the restricted microchannels showed a somewhat different flow
regime and some bubble behaviesulting from the inlet constriction. Cases 1 and 2 can
both be defined as the same regime (i.e., annular) according to either flow regime map. But
the specific regimes would differ, where case 1 can be specified annular mist flow and case
2 wavy annularAdditionally, the inlet restriction creates a jetting effect, where the high
velocity saturated liquid penetrates into the diabatic sedtignre5.10a gives a top view
of the void fraction, where the flow rege can be seen to be primarily wavy annular.
Additionally, the entire channel is filled with vapor as showRigure5.10a, whereas the
baseline and other cases have spatially varying regime and different butdse s
progressing from bubbly to slug to misty annular. And where all three other cases have
bubbly flow and the characteristic small vapor bubbles near the inlet, two distinct vapor
bubblesi one smaller and one larger that eventually merge with the dieeans vapoi
have accumulated near the case 2 itegure5.10b). This is due to the two low velocity
zones | ocated to either side of the inlet
of the bubbleslong with it, and the wall heating combines with this to cause the vapor
bubbles to recirculate as illustratedfigure5.10c . The bott om vapor but
in multiple smaller recirculation zones, remsicent of natural convection cellBigure
5.10d). The two recirculating bubbles straddling the restricted inlet measure 0.47 mm and
1.71 mm. The strong jetting effect dissipates with the end of the larger tetirgiubble
zone, after which the velocity increases gradually due to vaporization and corresponding

acceleration effects.
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Figure 5.10: a) Top view of microchannel with IR illustrating vapor volumefraction
in black with 3x magnification area labeled section 1, b) section 1 view of void
fraction with 9x magnification area labeled section 2, c) velocity vector field at
middle of channel height for section 1 showing two large zones of recirculation, and
d) section 2 velocity vector field showing multiple small eddies near inlet

The formation of two large bubbles creates an unstable operating condition where
the jet will be pushed to one side or the other. The jet inevitably biases towards one
direction tocreate a stable operating condition. Asymmetrical behavior results from the
bubble formation in the form of a modest redirection of the inlet jet. This asymmetrical
flow pattern results in both temperature and flow changes in the microchannel. The low
velocity zone combined with the liquid jet causes moderately differentially cooled surfaces

as perFigure5.11.

0 0.25 0.5 (mm)
| —

Figure 5.11: Temperature contours showing differentialy cooled surface due to inlet
jetting asymmetry

5.3.2 Case 3 (diverging)
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The obvious changes in flow regime and velocity resulting from the channel
diameter increase have already been noted in earlier sections. A large quantity of literature
for experimentahnd computational characterization of slug flow exists, and although the
geometries differ, similar ideas can be used in the current discussion. Although much of
the diverging microchannel literature experimentally demonstrates heat transfer coefficient
improvements, the reasoning that posits this results from improved stigt8)iiyi5 does
not fully justify the difference. As these simulations are for single microchannels with no
upstream compressibility and a constant inlet velocity boundary condition, this is not a
satisfactory explanation for the present work, which still sees benefits in heaertransf

Examining the bubble dynamics can lend some insight into why this occurs.

The reasons forhy improvements are likely multifactorial, with plausible
explanations for contributing to this coming from the changing aspect ratio, the flow
regimes, surfazarea, and bubble shaperrari, et al. [L16humerically investigated slug
flow in square microchannels. They found that atlver values of the Capillary number

Ca, defined in equatior3({), the thickness of the liquid annulus decreased.

60 ATY J (37)
This suggested that the liquid annulus thickness and thermal boundary layer might partially
contribute to the difference in heat transfer performance. A critical Capillary n@aber
0.02was shown to change the cressctional profile, above which the vapor slugs exhibit
axisymmetric profiles and below which they becarme-axisymmetric as pdfigure5.12a
andFigureb.12b, respectivelyFigure5.12c demonstrates how results for the diverging

case showed that low velocities caused by the increasing microchannel depth affected a
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similar axisymmetric profile (with thebvious dissimilarity of rectangular versus square
cross sections). Ferrari et al. also found that the film thickness decreases in square channels
with nonraxisymmetric bubbles, where they become longer and secondary flows (draining
flows) remove liquid fom the center liquid film regions (denoted by the dashed lines)
towards the bubble rear. They further noted that this could result in liquid film dryout with

sufficient bubble length.

a)/ \ c)

—
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Figure 5.12: a) Non-axisymmetric bubble shape, b) axisymmetric bubble shape
adapted from[116], and c) noraxisymmetric bubble in diverging channel geometry

b)

Figure5.13c ompares <case 1 and 36s Il iquid fil
layer thickness. It is well known that the thickness of the liquid film plays a critical role in
heat transfer performance. The vapor slugs, as demonstrétiggiie5.13a, exhibited the
characteristic taper of neaxisymmetric slugs as discussed[iiq, with some dryout
appearing on the side walls in black. The foremost contrast between Ferrari et al. and the
case 3 geometry is the continuously changing aspect ratios, which begins nearly square but
evolves with increasing rectangularity. This difference in aspect ratitssthe diverging

microchannel eventually being more than twice deep than wide, results in-a non
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axisymmetric bubble shape that is constrained by two walls as opposed to four. The liquid

thin films at the top and bottom of the channel thus see lessrigiand virtually never

see dryout.

a) Flow direction sy

Figure 5.13: a) Tapering vapor slug with local dryout on the side centerline and b)
liquid film thickness for the visualized slug for case 3 and for the baseline case 1
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bubble at the middle and side of the microchannel as well as the film thickness for case 1

at the similar locations. The liquidirh thickness strongly influences the heat transfer.

Although there is brief film dryout at the side walls of the vapor slug (due to draining flows

and evaporation), the majority of the slug does not see more than a small quantity of local

dryout. The filmgradually decreases until the dryout, after which the rewetting rapidly

increases due to the slug ending. In slug flow, vapor slug passage somewhat resets the

boundary layef117], which promotes improved performance in subsequent dtimse

5.14 illustrates this phenomena for caseFRjure5.14a-c show zoomed iniews of the

isotherms grouping together after three representative vapor slugs, and their location can

be seen irFigure5.14d. Figure5.14e demonstrates the continuouswth and shrinking

of isotherms due to the liquid and vapor slugs passing. The film thickness decreases with
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decreasing velocity and evaporatidi6g, andths may furt her expl ain

oftentimes improves heat transfer in expanding microchannels.

Figure 5.14: Midline cross sectional views showing-&) zoomedin temperature
contours with black vapor slug outline, d) bubble visualization with side view of
channel, and e) side view of channel illustrating thermal boundary layer soft reset

Generally, twephase heat transfer coefficients can be attributed to the individual
contributions of convective anducl| eat e boiling. Thehgcorrel
superposed the effects of eafhl(, where the conwive boiling coefficient was
decidedly dominant compared to the nucleate boiling influence. Nucleate boiling
dominates during bubbly flows, and convective boiling does the same for annular flow
regimes as the convective boiling suppresses nucleate Ido#ing e f118eRgtire5.15
compares the void fraction contours between cdsesid 3 along the center plane,
nominally halfway downstream. The bottom void fractions illustrate distinguishing
features, where the liquid annulus is an approximate thickness for case 1, and the liquid
layer for case 3 varies, as discussed earlier. ignedlportion near the nose of the vapor
slug is considerably thicker (~50 microns compared to film dryout towards the rear), and
this allows for some nucleate boiling bubble formation. Bubble formation augments the

heat transfer in case 3 due to agitaton latent heat.
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