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With advances in micromachinempe aggregation of senso@dmore powerful
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dramatically smaller with faster processing speé&ts has resulteth greater localized
heat generatigmequiringmore reliable thermal managemsgstemdo enhance the
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(AM), such as selective laserelting (SLM) and engineering materials, such as-low
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for thermalcooling systemsTherefore, there has been an opportunity for adapthisgun
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improvements can be achieved through reducing thermal contract resistanult:
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withoutthe need for @arting surfaceresulting inmore intimate contact between the



metal and ceramiand a reduction in the interfacial thermal resistaAdecus was
placed on usinghore ubiquitous powder bed AM technologiesere it was determined
that the morphology of the prefabricated LM compatidgramicubes had to be
optimized to prevent collisiowith the apparatus gfowder bed based ANFurthermore,
to enhance the wettability of the ceramic tubdesnglaser fusionthe surfaces were
electroplated, resulting im 1.72X improvement in heaansfer compared to cold plates
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synergistically complement with cross platform tools such as magnetohydrodynamic
(MHD) to solve the corrosion problem in the use of low melting ¢igtatioy in
geometrically complex patterns as an active cooling system with no movingTjeets.
MHD pumping system was designed uskigA and CFD simulationt® approximate
Maxwell and NavietStokesequationswere thervalidated using experiments withoahel
heat exchangeo determine the tradeoff in performanegh conventional pumping
systemsThe MHD cooling prototype was shown to reach volumetric flow rates of up to
650mm’/secand generated flow pressure due to Lorentz forces of up to 28€sBng

in heat transfer improvement relative to pasgikaotypeof 1.054
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ChaptMort ilviat i on

1.1 Introduction

In this fastapproaching podligital era marked by significant advancements in
transistortechnology, electronic systems &e&coming lightermorecompactand
efficient For space avionics, this has been achieved through micromachinery,
aggregation of sensors, and more powerful microcontroller platfdinmns has also
resulted irmore complex electronic systems that have smaller volumemarghsed
thermal densitywhich requires moreffective thermal management solutions. The need
for high reliability in spacavionicsrequires very capable thermal management systems
but must cotend with limitations and costs in size and weight of the system needed to
dissipate the generated heBtereforecreative solutions are needed using advanced
manufacturing methods and uses@btic materials forfuture powerful rocketsLiquid
metalsasa class ofcoolant offer the advantage of high thermal conductivity and thermal
capacity to transport the heat from the source to the heatgldkionally, their high
electrical conductiviesallow themto be circulated byraMHD with no moving parts
making it a superior coolant choice fefiableactive cooling system. Thiissertation
presents a study of the use of LM as the coolant in an electronic thermal management
system and describes solutions to the many problems involved.

The primary proble with LMs, such as gallium alloyss theyarehighly
corrosive to all melsexcept tungsten and tantaluiro combat theorrosionissue LMs
mustbe encapsulated in a compatibegamic or polymeric container, which also needs
to bethermally conductivéo dissipate heaDOne candidate is the ceramic Boron Nitride

(BN), which is compatible with LM, machinable, and has a high thermal conductivity.
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Engineering thermoplastics werasalconsidered as the LM coolant containea in
weighted tradeff study, based on their structural and environmental performance, and
compatibility with the LM. Thermally conductive thermoplastissch as Ultenhave the
ability to withstand longerm expagure to elevated temperature andcategorized as
spacequalified materialdue totheir outgassing properties, but are thermally inefficient

Solid boron nitride and themally conductive thermoplastiese fragileandhave
wear resistance issugausingreliability concernsTo guarantee structural integritthe
ceramic or thermoplasticbes are embeddé@ua strong thermal structure such as a
metallicblock with the use of irsitu Additive Manufacturing (AM) techniques. Within
the subassemblies of the thermal structure, thexlsdghe requirement to transfer the
heat efficiently througlthe interfaces with the constramftmaterial compatibility.
Howeva, interfacial thermal resistance creates tiléeck for heat transfand negates
the thermal transfer efficiency of each stack component. Heat transfer associated with
interfaces in gasolid, liquid-solid and soliesolid interactions are not well stigdl, and
only a fewstudies have been conductedunderstand the basic mechanism of inherent
thermal boundary resistance.

Due to surface roughneasd tolerance staakp in an assembly, the actual
contact area is significantly less than the apparertacbareaf heat transfer systems
manufactured by conventional techniqud@$iereforea conductive filler (thermal grease,
pliant thermal gasket, or metallic thin foil)aftenused to decrease interface thermal
resistance, but these compliant matemadst often have very poor thermal conductivity.
Therefore, the superior thermal conductivity of individual elements that makes them

excellent candidates fortgybrid heat spreader is reduced by interfacial resistance in the



assembly, drastically impacgrthe overall passive thermal conductivity -situ AM
assembly, using pader bedbased melting such as Selective Laseiltivig (SLM), can
fabricate parts by printing metal on top of a plated LM compatible stryethreh then
produces a superior thermaterface.

However, there are technical challenges associated wituiAM processes.
The firstchallenge is related thefeasibility of inserting foreign parts such as a tube in
the metallic AMblock and the possible collision of the embedded pittt the powder
coater and roller during the powder Hemsed melting processes. The inserted part can
collide with the roller and halt theLM operation. A second issue is timelt pool depth
and flow while printing the next layers 8LM process on top dhe inserted pariThis
requires further investigation to understand the characteristitsedfprocessing
structurep r o p eelattorysiaip of the interface foie printed partAdditional challenges
involve aurvivability of the insert of the hprint assembly from radiation of the laser
beam the wettability ofthe multimaterialinterfaceduring laser fusiopas well as
convection of melt poolwhich hathe potential for destroying delicate featiod the
embedded part

Primarily, this dissertation addressthese challengdsr embedding LM
compatible parts usinig-situ AM by investigatingapproachefor embeddinghe parts
and enhancingterfacial contact. This involved the followinff) determining
appropriate morphologiesrfaserted partsompatible with the AM process and thermal
performance(2) enhancing thbonding of the major interfaces and seahmsugh
electroplating of embedded pattsreduce interfacial thermal resistan(3 determining

theintensity oflaserpenetration into thenixed interface layeaffecting formation of the



interface (4) determining théolerance stackip of mating part§or compatibility with
the AM processand(5) minimizing the coefficient of thermal expansid€TE)
mismatchfor the embedded patirough material selectioiherefore,this study
revealedhe potential ofn-situ AM to overcome limitationef traditionalmanufacturing
resulting inimprovement of thermatontactresistancet interface®f layered thermal
structures f a adwanfagerfor heattansf er applicationo.

Furthermoreto realize the full potential of using LM for heat dissipatithis
dissertationnvestigates usiniyIHD asthedriving force for adtze cooling This results
in thedevelopment o& prototypéhybrid heat exchang€HX), that can be optimized for
significartly higher power dissipatiothrough MHD modeling. This results in many
benefits:

1. Geometric optimization of the MHD pumgwhich impats the intensity of
induced magnetic field arappliedelectric field to LM , and consequently
affectsthe flow efficiency through Loremian force

2. No moving parts for thactivecooling system reswdin greater reliability,
sincethere is no wear caused by friction and movemepuaip
components

3. Minimal maintenancancluding functional checks, servicinggpairing,or
replacing of necessary devices, making the system highly suitable for long
misson space applications.

4. Short transient timeasthe driving and control system does not have
inductoror acapacitor as energy storing elements and converges quickly

to steady state.



5. Compatibility of applied cooling technology to space flight hardware

ThepresentedHD cooling solutionis based orappliedgoverningprinciplesin
electromagneticoupled withfluid dynamicsto develop theeoncept The concept ishen
transfornedto suitable moddior engineering simulatiarThe outcome of iterative
simulatiors resulted igeometrially optimizedmodek to overcomeoercivityand
demagnetizatiotossesand yet ompdible with corrosive LM Geometricallyoptimized
complexstructuresareamenabléo AM andfabricated byadapting AM techniques
Finally MHD cooling issynthesizedo performexperimental tedb realizebehavior of
flow regimeperMHD dimensionlesparametergxtractedrom experimenand draw
scientificconclusionsThese ar¢he significanceslistinguishing this new wayof thermal

management for avioniédeom previous endeavars

1.2 Brief Overview of Related Works

A wealth of research has been conducted in avionics cooling. However, limited
research exists on active coolingldyl realized through AM technologie€hapter 2 of
this dissertation is dedicated to literature revigwestigatingnoteworthyevidenceand
limitations in previoufforts to justifythis researchHowever it is worth tobriefly
mentionhighlightedworks related to avionics cooling by LM.

In this regard, atectic gallium alloys haveeen shown to improve thermal
conductivity ofheat transfestructures usingonductiveMHD pumping forcentral
processing ungt (CPUS9, butrapidly fail due to corrosiofDeng et gl2013. Tang et al
demonstrated how a LM bead could drive flow of anddiuid (salt water) by applying
square wave signal across it to create a pressure differential through the Lippman Effect

(Tang et al20149. A novel technique is developed to suspend the powder in LM
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composite fluid to enhance its magnetic propertiedfidD pumping Carle et al, 201)7

LM can be pumpeldy pipetting 40 ul into a reservoir and applying square wave signal
across it where the surface tension of the fluid is altered near the surfac&afitistan

drop due to the charge density and resgltifference in surface tension causes a

pressure drop inversely proportional to the size of2hknstandrop (YoungLaplace
equation)Zhu & Khoshmanesh, 20)16Jeff Didion at NASA GSFC had invented a

single phase thermal control system using "small interdigitated plates" to characterize the
operations of electrohydrodynamic technigft@slow management and heat transfer
enhancemer(Didion, 2001).

TheUMD Advanced manufacturing ladirected by professor Bruck have studied
rheology and melt flow for imold assembly of prenolded components in applicas
such as thermal managemeglaited to proposed heat exchange struciiel et al,
2012;Ananthananganan & Gupta &Bruck, 2010;Bejgerowski & Gupta & Bruck,

2009. To resolve some of these issues using LMs and AM processes, electrostatic and
vacuum powder removals have been investigated for powder based AM whiatotoes
work for closed cavitie@Rodriguez et gl2015;Lappo et al2003. Support optimization

for overhangs is also an active research for FDM which requires post processing to
remove support structur@sumar et al 2012. FDM has been used to deposit Gallium
Indium via syringes but challges have arisen due to oxidation, clogging of the nozzle,
and poor bonding between drops due to surface roughness were found to be issues
(Jacobyet al 2016. Based omprevious resear@son conductive polymers with nen
metallic fillers for tactile sens@it is possible to create a multifunctional interface by

encapsulating the LM with a conductive polymer that prevents corrosion while



conducting enough current for MHD and transporting ghdeat for thermal
performancéBarnett et al, 201 Robinsoretal, 2011;Bilger et al, 2017. Vader systems
has patented th&M deposition methodology through manipulatiorL through
magnetismbut oxidation and clogging of the nozzle are the challenges to face with
(Vader, 2017/Sukhotskiyet al, 201}. Metaldoped gallium oxide based FDM is
investigated at UTEP and bonding between drops arfigceuroughness are the

manufacturing challeng@&ubio, 2016.

1.30verview of ResearchM ethodology andGaps in theState of Knowledge

Thefollowing stepsdemonstratea coherenpanoply ofclarificationsin place to
argue andalescribe solutions to mampncerningproblems.

1. ProblemWith the application of microcontroller on spacecraft, electronics get
smaller and fastergsultingin greater localized heat generatjgherefore
efficient thermal managemesystemsre required for avionigsackaging
Solution:Increag the thermal efficiencyfahe thermal systems using LM
alloysas a class of coolantheir high electrical conductivigsallow
circulation byasimple, silent with short transient time electromagnetic pump.
However, LMs are corrosive to metalsdthey have to be contained in
thermallyconductive ceramics or polymdim heat transfer applidan with
consideration of wtting issue betweereramicand LM due to intermolecular
interactions caused by balance between adhesive and cohesive forces for LM.

2. ProblemSelection of solid BN cerammr thermally conductive polym&mM
compatible contaersarewise choice where corrosion resistance is more

important than wear resistance for heat transfewever, solid BN is &agile



diffusion bonded ceramiwith wear and teaissues and not strong enough to
withstand the applied mechanical stresgdternatively, thermally conductive
thermoplastics such &olyaherimide, PEI (C37H2406N2)n commonly
named (Ultehhas been used for space application because of its ability to
withstard longterm exposure to elevated temperatures and low outgassing
properties. However, thdyavethermal inefficacy, derating and wear and tear
issuesSolution:To increase structural integrity and dimensional stability of
thin wall LM compatible tubes,reapsulatehemin metallichousing

. Problem: Contact resistance in solid interfaces that are inherently rough and
actual contact area is significantly less than the apparent contact area is a
thermal bottleneckor cold plates fabricated by conventiom@nufacturing
techniquesSolution: There has been an opportunity for adaptingiin AM to
overcome limitations of traditional packaging techniqgtireécan produce a
superior bonat interfaces ofayeredthermal structures

. Problem:Complexity of insertion process in-situ AM and wettability of
ceramic and metal interfaces, solid BN will not fasenetallic powder in
powder beebased meltingnd heat generated from laser will damage the
inserted polymeric containe®olution:First, thematerial oftheinserted part
musthavea high melting pointo withstand the temperatuoé build chamber
and pior inserton, the morphology of the prefabricated LM compatible tubes
had to be optimized to prevent collisiavith roller or blade ofpowder bed
based AM proces®dditionally, the geometric gagiue to tolerancstack up

between the inserted part and thating channeshould be filled with powder



around the inserted part in powder bed based AM process, otherwise short
feeding issues mght occur.Furthermorean-situ placement of foreign part in
SLM block with different material properties is another challenge (CTE
mismatch between ceramic/polymetibesplaced inside the aluminum
channels Moreover deposition of metallic layefplating) on ceramic or
plastic part befaplacement irSLM AM processwill enhance the wettability
of the ceramic tubes during laser fusion, resultinglioraer of magnitude
improvement in heat transfer compared to cold plates packaged by
conventionabssemblyLM containers (tubes)an besilver orcopperhickel
plated prior taheinsertion process. (An electrolesskel process to get the
ceramic (polymericjubesconductive, and then electrolytic copper &indlly
nickel to protetpure cupper fnm corrosion).

5. Problem:Reliability issues of active cooling with moving parts amefiiciency
of active cooling with MHDpumpdue tounsatisfactorystructuredabricated
by conventional manufacturing techniquesulting demagnetization issue
retarding the flow rateSolution: The flow of a lowmelting point eutectic alloy
encapsulated in channels is dramatically different from polar liquids because of
thesurface tensioand conductivity, allowing for different pumping concepts
such as MHD tde used in new heat exchanger concepts based on liquid
metals.Moreover fabricate thggeometrially complexbut optimaland
compatiblestructurs of MHD pumpby AM techniqueost effectively

However, there arehallengeselated tamplementation of MHD pumps:



o Electromagnetic saturation can put a practical limit on the maximum
magnetic fieds achievable in ferromagnettectromagnét coreand
consequently increases the size of the electromagnetic pump. Selection of
appropriate ca material i.e. Hiperco50A qgowering byAC pulsed
might improve efficiency and saturation issue.

o0 The forces oL M are "cohesive" rather than "adhesivéiich issimilarto
water withceramic or plastic tutselnverted meniscus increases the
resistance to motion throughbes, meaning more pumping pressure (not
to mention the extra pressure from the substantially higher inertial force of
liquid metals). However, greater heat transiieitity of LM should offsé
the greater pumping power.

o The movement of an electrically condwetmaterial in a magnetic field
generates electric currents that induce forces on the medium known as
Lorentz force and the induced magnetic flux is shape dependent. The
shape dependedemagnetizindield opposes the magnetic field and
deteriorates permeability of induced coolant. Tdi@ication ofoptimal
couplingstructuesused in MHD pump isiot amenabléo conventional
manufacturing techniqguesherehas been an opportunity fSL.SAM to
overcomehesdimitationsto fabricate neatet shap€NNS) MHD
structurescost effectively

o0 Toblock the electromagnetic influence of magnetic field generated by
electromagnebn electronicsa Faraday cage is reqedl. The

electromagneticore shall be placed mshielded enclosure and magnetic
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fields would be blockedoy ferromagnetic layer such as shielding film
made from an amorphous cobalt alloy.

6. Problem: Multi-physics analysesnd experimental testiraf MHD cooling
systemis complex, computationallgxpensiveand timeconsumingSolution:
Optimal solution with pproximationrassisted multiple objective (AAMO)
approach

o Engineering simulation complements physical testing by reducing the total
effort and cost required for experimentation and data acquisition.
However, we arencountereavith computationally expensive and time
consumingnonlinearcomplex modelsMoreover we do not want to
simplify the model, sincaimplification will affect thevalidity of the
analysis.

o0 Recent developments in engineering optimization have led to swerogat
models to gain insights that might approximate the solution and converge
to optimal solution for MHD cooling system. Howeveptimization
requires using simulation software applications i.e. computational fluid
dynamics, electromagnetism to evaluatagtesand rigorous
mathematical effort of solving the optimization problénsufficientdata
for sensitivity analysis may be the primary challetm&nd global
optimizedset

7. Problem:At system levelthere isapossibility ofinsufficient information to
formulate an optimal MHD active cooling probldar spacecrafor there is no

consensus on the objective functioBslution:Develop system level model,
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andimplementa rigorous decisiomaking procesfor alternatives to gain
insight about highlighted attributésr higher reliabilityinstead of judgment
solely based on efficiency tfiermal management systerComparison of
cooling systems$or avionicsby viewing decision making as optimality
problem might be inappropriate, howewviersituations when there is
insufficient information tdormulate.Therefore, heessence of engineering
decision making to select from possible choices can be used timgjgimt
about assessing impacttae system level and selection of the mastable
alternative as optimal cooling system for the sysfEime.challenges at system
level model for HXsare
o0 The operating temperature for eutectic system shoutdieolled to
prevent solidificationf(eezing, subsequently cooling efficiency, and
reliability issues. A Programmable Logic Controller (PLC) might be used
for designing a temperature control simulation system with a field
programmable gate array (FPGi)control the temperature and
operations of heaters if needed. The temperature control siystieles
temperature sensors, FPGA, heatelestromagnet§M) drive. This effort
is out of the scope of this study and it is recomnadifior real application
of the concepin spacelike environment
0 To break down thermal management at system level of spacecraft into

subsystemsta n a leyazxenh s u bdseytsetrietmsntgner f or manc e

optipnarzemeters 6fyngd hletseyraacteinv eeloy as a
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spacecraft system | evel required rig

chall enging task.

1.4Coherent Critical Thinking and Organization of the Dissertation Chapters

The goals of this dissertation are as fokow

o To improve interfaceontactresistancend corrosion issuex LM
compatible HXthrough effective and novel insertion method for
fabrication realized by additively manufactured techniques.

o To improve efficiency of the MHD pump allowing significantly higher
power dissipation and realizing thehrough multi AM techniques that
permits use of what normally would be corrodivé.

o Highlighted attributes for selection afeliablethermalmanagement
systenmfor spacecraft avionics

The followingchapters in this dissertati@ne coherently organized investigate the

problens for accomplishing thesgoak (see Fig. 1.1)
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1. Recognize the problem and
8. Draw conclusions, define the gaps and challenges

communicate findings \ /
8 ==V 1.

7. Attributes of argued
prototypes, assessing 2. Literature review,

|
their impacts at 4 / s /_ previous works
spacecraft system
7.

=2 Critical thinking and 2.
! organization of
| dissertation /

6. Optimality of the ___\x_ Chﬂ'p ters 3. Overview of thermal
MHD cooling by 6. 3.~ management, compile
surrogate mode/ ) information and development of

- / convectional prototype
7
5. i N
4. Create a process for
5. Complement solving the solving the gaps by AM
gaps by MHD technologies

Figure 1.1: Organization of the chapters of the dissertation and critical thinking of
dissertation

Chapter 1 ighe motivation forthe subjectof this researcistudy, which is the bat
dissipationfor control of high thermal density problemanionics for spacecrafit is
discussed anthen tanslate to the objectives of this research stixyydefning its
limitations, determininghe perspectivéor approaching the problem, and identifying
what is needed to address the problem

Chapter 2 is a literature reviadwided into 4 sectionsimilartoAr i s tfaut | e 6 s
causesbut applied to engineeringheselected works for review are in accordawith
four areasof MHD heat exchanger as followd:) matrial selectionand compability for
in-situ AM, (2) manufacturabilityand formabilityusing insitu AM, (3) performance and
efficiencyof a prototype desigand(4) theobjectiveor final goalof achieving aeliable
concept for dhermalmanagemergystem that enhances performanciigh power

avionicsin spacecraft applications
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Chapter 3 presentmin depth assessmeuitthethermalinterfaceproblem to
definethegapsbetweea "the engineering challengesnd the "need for fundamental
characterization and knowledge"tbe science behinakctive thermal maagement
systemmanufactured and assembled by conventional techniques. In this ctiapterat
transfer in layered struates or stack up assemblies manufactured and assembled by
conventional metho(first prototype)with the emphasis on interfacial thermal resistance
and governing equations of heat transfiexprimary subjects.

Chapter 4demonstratehow in-situ AM technologies can overcome critical
limitations of traditional manufacturing processes to address the challenges defined in
previous chapter and how it cemprove heat transfer capability of hybrid ceramic/metal
heat exchanger.

Chapter 5 focuses on tifiendamentad of MHD and its application tavionics
cooling which isimplement through the use woiultiple AM technologiessuch as
DMLS, SLS, and FDM that enable us to fabricate reliable cooling system with no
movingparts RigorousCAD modelingof the canplex structures needed for MHD is
employed to achieveptimal structuresvherenonlinear electromagnetequationsare
approximatedria ANSY S Maxwell finite element model (FEM), computational fluid
dynamics (CFD) of MHD model vialSY SFluent, verification and validation of results
via empirical data are highlighted topics in this chapter.

Chapter &discusseshe optimality of the MHD coolingrad a meta modeli(e.,
surrogate modellepresentation tailored to tiMHD cooling systemEngineering
simulation complementhe physical testing for experimentation and data acquisition

presented in thpreviouschaptes. Howeverthese analyses agelite computationally
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expensiveand timeconsuminganalyses, sagoroussurrogate modellingomplanented
by simulation and physical testimgas determined to be the mastitable approacfor
this study

Chapter 7presentsan overview oftheattributes of active cooling for spacecraft
avionics for long missiondJp to this point, thelissertations rigorously involved with
avionics cooling technologiyom the problem solving perspectivad subsystems
development of smaller scope (e.g., comgrug, instruments, materials) without
providingsufficient evidence of incorporation into a mission context. While innovative
and exciting in and of itself, the impact of praatiMHD cooling technology needs to be
assessed at a system leveptoveits benefis.

Finally, chapter resenta summay of theoverall djectives of this dissertation
where insitu AM can be used to realize thermal managements systems emplbying
alloysto improve thermal condl of high-powered electronics. The chapter clodes
with emphasis othefive major areaof scientific and technical contributipas well as
the associatenhtellectual meritwhich resulted inwo journal papers submitted for
publicationand enableduture workto be identified that can broaden the scope of the

current contributions
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Chapter 2: Literature Re
2.1 Introduction
Thepractical introduction to recognize the problem of efficient thermal
management for avionics in the first chapter is limited smbclass of the plethora of
techniques that have emerged. The importantieenial managemeirt a wide range of
disciplines is reflected in the richness of the relevant literature. Most ideas that reform
and reshape our lives, such as cooling systaresot created from scratch, rather we
step into an environment that already exists, and we learn to interact with it (Sproul,
2000). Reviewing existing works in any discipline are nets cast to catch the ideas, to
rationalize, to explain, to master atodimprove it. We endeavor to make the mesh even
finer and finer by resolving existing gaps in pervious works (Heidegger et al, 1977).
These attempts can be traced back to Ari st
1993) on the four explanations@fn y i ash)imaterialcause 2) its formal cause or
essence, 3) its efficient caumed 4) final cause or end (Cross, 2001 & Shirley et al,
2007).Therefore, literature reviewg organized n f our sections accord
four causesransformed to engineering problexs:1) Applicable materialsind tailoring
material propertiefor thermal cooling (materiaelection. 2) In situ manufacturing and
in mold assembly, geometric omidality and thermal interface bonding (formal cause) 3)
MHD as driving force for active cooling (efficient caus@d 4)Thermal nanagenent

techniques for avionics packagiffqal cause)

2.2Material Selection
Engineering materials fall into three classifications as metallic (ferrous,
nonferrous, alloys etc.), ceramic (glasses, graphite, diamond etc.) and polymeric
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(thermoplastic, thermoset, elastomer etdditionally, ombination of different

materials cre& a composite material (reinforced plastic, matatrix, ceramiematrix,
sandwich structure etc.) (Flinn et al, 1990). Inside a composite, the types of materials
developing the composite preserve their particular unique qualities (Christensen, 2013).
An dloy as subcategory of metallic matemaade by combining two or more metallic
elements resulting in material properties that often differ from the constiiilayses,

2016) Liquid alloy orLM consists of alloys with very low melting points, which foam
eutectic that is liquid at room temperatUt@tectic alloyshave two or more materials

and have &utecticcomposition with single and sharp melting pgdis&M handbook,

Alloy phase diagram, 1992). A phase diagram determitiiegnicrostructuref alloy

system is seen iRig. 2.1(courtesy of www.tescience.com)

90 % B 100

microstructure fraction

(RS S i
miscibility gap

Figure 2.1: A phase diagram and microstructure diagram of an alloy system with limited
solubility of the components for a fictitious bipahemical mixture (with the two
components denoted by A and B) used to depict the eutectic composition, temperature,
and point.
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Another type of metal alloy relevant to this studfussible alloy thais easily
meltable at relatively low temperatures. Fusible alloys are commonly, but not necessarily,
eutecticalloys. Stability under heating and relatively high thermal conductivity reke
melted fusible alloys a vise choice as coolants, particularly withtheymally
conductiveconstituents such asdium or sodium(Jacoby, 2016)xamples of fusible
alloys are eutectiGalinstan(Gallium: 68.5% Indium: 21.5%Tin: 10%) Egaln
Gallium-Indium eutectic (Gallium75.5% Indium 24.5% by weight NaK (Sodium
potassium alloywhichis highly reactive with watgfike its constituent elements) and
may catch fire when exposed to diipowitz's alloy( 50% Bismuth, 26.7% Lead, 13.3%
Tin, and 10% @dmium by weight Field's metal(32.5% Bismuth, 51% Indium, 16.5%
Tin by weight) andRosé metal(50% Bismuth, 2628% Leal and 2225% Tin ).

Highlightedproperties ofGalinstanare as followings: 1). Thermal conductivity
16.5 W/m°K 2).2) Electrical Conductivity3.46>p 11S/m (room temperate) 3).

Surface Tensiors= 0.718 N/m (room temperature)Magnetic properties: None

magnett 5). Galinstandoes not wet glass and boron nitride ceramic; a layexidaton

is built and removable. 6). 2.1 times lighter than MercuryiNaéhtoxic, Galinstanis also
used as replacement for Mercury amtdhK because of its low toxicity). Solubility:
Insolubke in water and organic solvents andAility to withstand dramatic thermal
expansion nsmatch(Davis, 1998)Alloys containing gallium are corrosive to all metals
except tungsten and tantalum, which have a high resistance to corrosion, more so than
niobium, titanium and molybdenurs temperature of gallium alloy increases, it
becomes highly corrosive, additiolyalgallium alloy is highly reactive to aluminum

alloy including additive manufacturing aluminum alloy specifically at temperature above
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500°C (Revie, 2011).M is packed in polymeric container suchpatyethylene bottles

or ceramic container. To prevesurrosionhydrochloric acid (HCI) solutiors added to
top of LM (Holcomb et al, 2016). Alternatively, replace the empty volume of the bottle
containingLM with dry argongasto minimize oxidationat the surface of corrositevi

(http://www.chemistrylearner.coi@alinstanhtml). Lasanceand Simonsstudied

different approaches shavg industrial potential for the cooling of highower
electronics and concledthat LM is a new frontier in the thermal management of
computer systems with thermophysical propesigserior to thosef ordinary fluids
(Lasanceet al, 2005.

Reliability issues and the need to prevent corrosion caused by liquid metals
require the use of plastic and ceramic materidie choice to use engineering plastics is
based on the specific material properties required by the appli¢Rubin, 1990) The
thermoplastic engineering materi@seenFig. 2.2andextracted from

https://insights.globalspec.com
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Figure 2.2 Thermoplastic engineering materials as subclass of engineering plastics
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(PMMA or Acrylic) 12). PolyoxymethylendAcetal or POM) 13). PEJPolyetherimide)

(Olabisi, 2015). We selectedltemthat is a family of PEI productsr this study

because of its thermal conductivity.22W/m-°K) and manufacturability by FDM

processHeat resistanceolventresistanceflameresistance, outgassing properties for

space applicatiorhigh ultraviolet light resistance, high F&lame, smoke and toxicity)

rating, superior flexural strength and faticare highlighted attributes afltem. The
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glass transition temperatusedmelting temperaturef Ultemis 217°C and 330°C
respectivelyln regards of additive manufacturing @ikem following configuration is
recommended for FDM procesxtruder temperatur@30 °G print bed temperature:
110- 120°C print speed ol000mm/minAlso its amorphousdensityat 25°C is
1.27g/cn?. Plastics for long space missions encountered derating reliability issue
therefore this leads us to another subsebatlida¢ material as ceramics for long space
missions Crystallinity, orientation of the macromoleculegerational condition
influence hermal conductionf polymers(Rossinsky 2009.

Engineering ceramics are based primarily on pure borides, carbides, rtrides
oxides. Ceramics are used in avionics, electronic, computer and communication systems
due to wide range of mechanical and physical properties but they are brittle materials and
often contain flaws caused by processing and preparation. The thermattootydof
ceramic materials plays an important role in this study. Example of thermally conductive
ceramics used in engineering application are polycrystalline diamond (PCD) ceramics,
boron nitride , aluminum nitride, beryllium oxide, silicon nitrideicsih carbide, Macor,

Lava and Shapal which is a machinable composite ceramic made up of boron nitride and
aluminum nitride Syntheticdboron nitride comes in different grades such as Grade A,
AX05, HP, M & ZSBN Solid boron nitride hexagonal grade AXO%&lected for this

study because of followingroperties 1) High thermal conductivityminimal thermal
expansion, thermal shock stability. 2)dinert and do notvetto moltenliquid metal. 3)

It provides dielectric strength and high electrical resistivity with a low loss tangent and

dielectric constant. These characteristics make it an excellent choice for MHD application
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as LM container4) Ease of fabrication with subtractive manufacturingelto tight
tolerancegRichersoret al, 2018).

Another challengamong application of multi material structures, specially
thermal structuresis fusion of ceramic and metal interfaces to create superior bonding
especially in power bed based in situ Albcesses. Fundamentally, wetting of a metal
on ceramic is difficult due to the unusually large difference between their melting
temperature and surface tensions and is a bottleneck for makingcaedatic fused
structures. Like plastics, ceramics andsgl offer beneficial compatibility, corrosive
resistance advantages, making them a commonly @aiecturefor electronic
components. Ceramics can withstand high temperatures, and when plated with a specific
metal or alloy, gain strength and vital wettiyp for use in bonding interface of thermal
transport applicatiorCopperandsilver are some of the most commonly used rieta
for platingceramicsbecause of theithermal and wettability properties, and are
applied as a thin layer onto tleeramicsurface of thenterfaces. @nductive
pretreatment of ceramic and plastic is requite@dhe areas where elecplating will
occur. Graphitesilver, brass or coppgrowders are used for the initial treatment
and then the padan be submersed indltsolutions of dissolved metals for plating.

Additional highlighted attributes of plating are improving surface flatness,
resistame to crackingstudyingflow rate in electromagnetic application per
Hartmann wall effect, mhancing strength and durabilitioreover, nickel plating
with phosphorous contents has enhanced wettability of the content, as the
phosphorous contents increas#te surface morphology of the IRi deposit was

smoother and surface roughness ofNbecame trivia(Lin, Duh & Chiou, 200%. To
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achieve superior covalent bonds of aluminum particles on the CNT surface, two steps
experiment demonstrated (i) electropigtiof aluminum nanoparticles on multiwalled
carbon nanotubes and (ii) aluminum powder is spread again-ele@froplated CNTSs,
followed by hightemperature annealing to enhance wettability of the alum{@omet al,
2011). Electroplating is used to impreuthe wetting characteristics of silicbased
materials with copper electrolyte by various surface treatments to achieve uniform and
void free copper deposition in high aspect ratio. Due to its polar functional groups
causing better wettability, silicontride was later used as an insulating layer instead of
commonly used silicon oxide in the electroplating experim@itst et al, 2007%. In

level zero and level one of avionics packagigting on chip and metallization of
substrates have improved quakiyd durabilityof fabricated partéZandrini et al, 2017;
Ikegami et al, 2012; Watanabe et al, 20E&ichler and Lesniak went over the properties
of asyntheticssolid ceramic BN suchs high heat capacity, outstanding thermal
conductivity, excellent electrical insulating, and not being wehbgt molten metals and

LMs (Eichler, 2008).

2.3 Manufacturability and Formability

Mechanical issues influence the design of all elemargtectronics instrument
which is known as microsystems packagihgese issues of electrongsgemsinclude
materials selection, manufacturing and ofacturability, size and weighpower and
thermal management, mechanical/themechanical stress magemen{shock,
vibration, temperature cycling), reliability, maintainability and testabétpnomics and
cost analysig¢Jacobsen2000). This section focuses on literatures relatggoonetric

optimality, compatibility and manufacturabilityn summay what gives the components
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their forms for thermal function of electronics packaging thavipes a path for

dissipating heat generated during operation

2.3.1Thermal Contact Resistance

Thermal contact conductance is an important factaxionics largely because
microsysters packagingcontain a mecharat combination of two materials and
following factors influence contact conductancentact pressure, surface flatness and
roughnesssurface cleanlinessterstitial materials and plastic deformati@hao et al,

2016). Compliant, thin, interstices to fill the gap between two touching surfaces with
applied pressure reduces contact resistdfaghermore, filleradded to interstitial
materialscanenhance thermal properties, reduce coefficient of thermal expansion
Carbon fiber filleraused for polymerintersticesare produced from either

Polyacrylonitrile (PAN) or pitch (mainly pitch). The form of the Carbon fibers are either
shorti.e. 36 mm long or filament woven yarn-3@20k filaments and-12k used in

plastics). The aramid fibeesheatresistant and strorgyntheticdiller have two types:
Kevlar and Nomex and greatly increase impact strength at elevates stress rates, aramid
has also antiballistic and lubrication effects. Ceramic filler with high thermal conductivity
such as boron nitrid@gHu et al, 201yand diamondKidalov, 2009 have been used to
improve the themal conductivity of composites.

Researchers also studied the factors influencing the thermal conductivity of
graphenepolymer composites, such as amount of loading, guidance on the preparation of
composites, orientation of graphene, surface modification, and the inteBatandin,

2008 ; Geim, 2009Yavari et al201]). The potential advantage with the use of CNTs to

reduce weight and increase thermal conductivity and also layer delamination issues were
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addressed by research@oisala et al, 2006 ; Ramesh et al, 2010; Yang et al;20an
et al, 201). Thermalconductivity unequivocally increases with polygonal aluminum
oxide (AI203) filler with different ratios of composition of hybrid composite system
(Choi et al, 2013 Li et al 2017. Most failure mechanisms are accelerated by
temperature stresses due@dE mismatch chemical corrosiorelectromigrationoxide
breakdown(Pechtet al, 1998). Thermal stresses affect efficiencyhefrnal interface
materials (TIMs) in a variety of electronic applicatio@mh et al, used laser flas
method to characterize the leteym performance of-Bayer structures in pad form, an
adhesive and a gel under critical temperature and high humidity operating conditions and
revealed delaminatioand cracking of putty speciméxinh, 2009) Dongmei etl
conducted experimental investigation of the thermal contact resistance (TCR) between
nortconforming rough surfaces of copper and stainless steel revealing effect of thermal
conductivity on TCR, harmonic mean thermal conductivity of dissimilar contact
materials and experimental measarent of TCR between thin flm$he TCR ofoxygen
free coppersind the thermal conductivity exhibited an exponential relationship under low
pressure conditions and a polynomial relationship when the external pressure ranged
from 0.53 to 0.71 MPgDongmej 2020).

Phonons and electrons carry heat in material including dielectrics, and electron
movement in metals causing heat transport and dominates thermal conductivity. Heat
transport from one material to another is measthemigh interface thermal

conductance. For example, thermal conductance of tighyadrogen and diamond is
8.5—J. Due to different lattice parameters in these materials, phonons are not linked

across the interface, additionally bismuth is metallic, primary heat carriers are electron,
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and diamond is electrical insulator but has high thermal conductivity. Moreover, the
Debye temperature (temperature limit belohiet quantum effects may be observed) is
low for bismuth but has many phonons at low frequencies and high for diamond and
phonons carry heat higher frequencies than bismutBgstescu2003).Bahramiet al.
calculated theoretical contact conductancewvof tectangulasolid rough surfaceas a
function of applied pressufeetween .035 and .35 MP&pwever it cannot be used

when solidinterstitial materials such as compounds are apBatirami,2005).

2.3.2Attributes of AM Technologies

The disruptie AM technology is essential for futuristic manufacturing to increase
efficiency, conserve resources and time management for new product and the latest
industrial revolution, Industry 4.0, asserted its potential in an upcoming paradigm to open
up new oppdunities in design and pradtion (Brettelet al, 2014)Futuristic
manufacturinglue to revolutionary manufacturing systeines additive manufacturinig

advancing aseen inFig. 2.3extracted fronhttps://news.heidelbergusa.com

slaughterhouse, 1870

Degree of
From Industry 1.0 to Industry 4.0 complexity
+
First Second Fourth @
Industrial Industrial Industrial Industrial
Revolution Revolution Revolution Revolution
based on the introduction based on mass production based on the use of based on the use of
of mechanical production achieved by division of electronics and IT to cyber-physical systems
equipment driven by labor concept and the use further automate
water and steam power of electrical energy production
([ )
First programmable
First conveyor logic controller (PLC)
First mechanical loom, 1784 belt, Cincinnati Modicon 084, 1969 ®

vV eossssssvessssses v oossavas
1800 1900 2000 Time

Figure 2.3 Industrial revolutions and futuristic manufacturing system
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However, here are limitations for parts fabricated by AM technologies such as
comparable low strengtind near net shape linked to densagsociated quality, coupled
with a high cosbf the printing machine systefilaleem & Javaid, 2009Br uc ks gr o u |
have previosly developed for pressureless sintering processes for Functionally Graded
Materials (FGMs)Pines & Bruck, 2006and processingtructureproperty models can
be extended to design features for realizing the desired shape, surface finish, and
properties ér final machining of near net shape AM parts to employ a
microthermomechanical FEA technique they developed to predict the thermal stress, and
subsequent final shape and surface roughi8sshaba et al, 2007; Kruft et al, 2008
Joshua et al, 20)9abiication and evaluation of-B printed composite molds simplify
the production of hollow and trappé¢alol configurations, providing greater design
freedom withait the need for complex toolir{@be, 200). Integrating3D printing and
traditionalsubtractivenanufacturingn single machine create endless benefitsoth
(hybrid manufacturingy (Du et al, 2015 Comparison of inert and open atmospHhaser
metal deposition systems asseitteat inert systems eliminates oxidation but open
atmosphere system isome practical when metallurgy is acceptahbert is an air tight
system that isolates internal gas from room air, it does not rely on shield gas since the
entire chamber is argon, air lock to pass parts and tooling through and door system offers
direct a&cess and then chamber must be purged. Conversely, for open atmosphere laser
metal deposition incorporates shield gas nozzle in open air, laser cladding (2D coatings)
uses a similar shield gas method and shield gas to protect the mgl€pon] 201% A
research sponsored by Air Force tgmerated a fast thermal model that can be integrated

into optimization routines to minimize thermal distortion in DMLS including features
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such as 1). Simulate layby-layer additive process 2). Generic to any partasigg

STL files as model input. 3clude part orientation and suppormustures into the

thermal mode(Hao et al, 2016 InH a oréssarch, thermo mechanical model of powder
bedbased fusion as shownkig. 2.4 arguedémperature history of thresiper layers,
increased heat pacity due to latent heat through the built proceEsomposed into thee
thermal contraction process&ach thermal contraction is quasatic loading process

and total thermal stress is superposition of thermal strassesh thermal contraction

process.

B B B
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Figure 2.4 Thermal loading of three layers in powder bed based fusion of AM process

A wealth of researches also conducted on industrializing #&ditive and one
process manufacturingest practices in implementing a production unit for industrial
AM partsanddesigning forAM at the intersection of materialsiachine and process
(Jyrki et al, 2020; Busachi et al, 2017; Caue et al, 2dLAng et al, 20)50xidation is

another issueniadditive manufacturing and following common metallic powders
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compared in terms of corrosive issue: 1) Titani@rygen causes embrittlement of
Titanium. With more oxygen, the material gbtgtle and more ssceptible to crack
propagation, a failure thaausestructuraldamagegQian, 201%. Aluminum dloy
powdersshow sirface oxides quickly, which can create weld quality issihey, have
very low viscosity when molten by laser and difficult metal to work with eéwen
controlled atmospher@anfredietal, 2014. Corrosiorresistance of the AlSi10Mg and
gravity cast aluminunalloys are relatively similar. Howeveryéd to significant
differences between the microstructure and defect characteristics of AlISi10Mg, the
corrosion fatigue endurance was relatlpimproved compared to cast all¢4vi et al
2016. Inconel 718 is lgh temperature corrosion resistant alloys with excellent
mechanical strengtipreferred material foserospace engine componeritsis article
compared additive manufacturing and forging to realizeptbeesgsemperature effect on
corrosionof IN-718 Nibased suppalioys. Inward growth prevailed in the additive
manufactured IN718 while the forged INV18 grew oxide protrusions at the seda
(Jullet et al 2018.

Researchs alsodiscuss the modeling techniqaend physics related iV
processeKhairallah et al have modeled, validated against the experiment and
investigated the sensitivity of laser absorptivity for the Marangoni convectobreaoil
pressure in laser for powder bed based fusion of stainless steel for generated melt pool,
material sparking and denudation zone. The melt track is divided into three sections:
topological depression, transition and tail region revealing melthaitdm andduration

laser power ramp dowiSA Khairallahet al 2019.

30



Homogeneous laser  Laser ray tracing

deposition

Liquid

;‘lnl contact Solid  point contact +
(a) shadow

40 Constant surface tension ‘
Y, ¥ »

.

o 5Recm| + Marangoni
RESHTY f)

60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240

Figure 2.5 Modeling of AM laser bed based fusion process, incremental physics fidelity,
significantly alters the heat transfer (temperature range 4000°K to 293°K), melt pool
depth and flow. Model demonstrates 200 W laser moving to the right (scan speed 1.5 m/s)
for 10 microseconds showing Marangoni effect and recoil pressure for stainless steel
powder.

Autodesk Netfab smulationsoftwareis used to predict the netape part
fabricated by ratal additive manufacturing. This software is not advertised for low
corductivity plastics and polymerdjis software works based omiltiscale modeling
technique instead of time consuming moving heat sourchis software, deposited
material in cubic form defines théne-scale process parameter mo@RM) that
represents thphysics and resulting theraroechanical behavior for that material and
processing parameters set. There is no importation of a cad file for this step and if one i
imported, it is not used anywhere in the simulation. Importing a cad file is only possible
for the subsequent part scale simulation based ugoedhier PRM generation step.
New PRM isgenerated for a given rieial/procesgparameter input including

(1) Material ParametersK temperature dependent thermal conductjvity

tempeature dependent specific he@mperature dependent elastic modulus
temperature dependerdefficient of thermal expansiotemperature dependent

yield stressaanddensity
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(2) Process Parametelaser powerlaser scan spegelhser spot sizeorint layer

thicknessandhatch spacing and rotatiofihe small scal®RM model is mapped

onto imported STL file with corresponding parameter/material combination.

Regarding the physics bimd Netfabb softwarehts papemassertshe effect of
material and dwell time on in situ distortion measurements;gosess distortion and
residual stress. In conclusion, the addition of longer dwell times results on the consistent
accumulation of distortion with increasing layers, alsoefiraination of dwell time
during the laser deposition results in a decrease in distortion and much lower overall
distortion levels in the built. Distortion of Inconel is twice of6Al-4V for same heat
input and dwell time basesh post processing dafarik R. Denlingeret al, 201%. Using
natural convection yields the most accurate temperature history and using a physically
representative convection model applied to a continually evolving mesh surface captures
the change of part geometry due to the aoldiof material duringhte laser cladding
procesgGouge et al, 2005The residual stress measurements and in situ deflection
measurement show that the measurerbased convection model produces more
accurate stress measuremdatdorced and free coneton, additionally, ait-of-plate
distortion and resulting deflectioneasuredising postprocess measurement CMM
techniquesindthe results demonstrate that the distortion experienced during laser
cladding is more complex than that observedmduequivaént welding procesdeigel
et al, 2015%. Application ofheat to straighten a substrate or depositing additional material
to balance the bending moment about the neutral axis of the workw®eeargued
(Denlinger 2017). Heat transfer energy balancettgaverns transient thermal analysis is

used for thermal modeling. For mechanical modeling, the response to the thermal history
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is determined by performing a 3D quasatic incremental analysis. The results show that
the lower shielding flow rate of Argo decreases the deflection and residual stress in Ti
6Al-4V, however the amount of change degds on geometry and dwell tidichaleris

et al 2015. Goldak's model appliesnaassumed heat distributionwdglding researcghand
themodelis 60% of the laser diameter in the z directism onevould get about 0.060

mm depth for a 0.100 mm spot siZeor distortion simulations, it makes almost no effect
what the depth is, as long as there is depth. This applies an artificially high thermal
conductivity (typically 26x highest temperature value) at melting temperatures, to
approximate the Maragoni convection in the melt pool, which tendsden and deepen
the melt poalinFig. 2.6 Gol dak 6 s male pdwer digtriinyii@nralendeh t o
direction of the source's motionodel and @omputationally efficientline input (LI)

model of powder bed processes mgrein et al, 2016.

O O 0

= location

v location

Figure 2.6 Goldak's moving spot (left) compared to scaled Lined input (middle) and
scaled elongated elligs (right) power densities, unscaled peak values are less intense
than Gol dakodés model and not vi si

For overview and limitation of the softwarbetNetfabbsimulation tool is
investigated and it iprimarily useful for the prediction of distortion of common AM
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metalsincludingInconel 625 and 718, BAI-4V, AISi10Mg, and CoCr. This software as
of now cannot simulate low conductivity materials including plaslibe simulation tool
produces only qu#ative values for stress due to the nusitale method usexhdcannot
be used for accurate predictions of residual stidss modeling method only replicates
parallel scan strategies with an interlayer rotafidre modeling method does not take
into account the difference in processing parameters between hatches, contours, upskin,
downskin, etcThe model does not predict microstructarelanisotropic material
propertiesThe simulatiortool assumes constant density awegjlects gravityThe
simulatian tool has been validated for continuous laser systems. Pulsed laser and electron
beam systems have yet to be validaiating each iteration recoater tolerance varies,
further research requd. Support structure predictions are a beta feature withddnit
validation.The accuracy of this software is ~ %70 compare to validated nidgelto
the roughness of the approximations used, even the distortion will only match in trend.
Crack propagationamot be determined, and only qualitative stress resulishvdan be
used to determine areas of peak stnesght be helpfulvhere cracking may occur.

Another simulation software reviewed in this study is 3DSIM developed for metal
additive manufacturing acquired by Ansys. The backbone of this softwaeemakar
Pal et al research wodsserteé modeling technique by including the key aspects of a
successful AM simulation toolsefhe paper covers) gtimization of materials and
geometry and prediction of residual stregarping, mechanical properties, dysed loop
control including optical sensors, recording lapgHayer information such as
temperature, geometry, distortion, porosity whergharfly compensation for oubf-

spec thermal or microstctural defects can be achieved, ®diction of mechaical
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properties as a function of process parameters, materials and geathatay strategies
and optimized support structure placement, leading to lower residual stresses and less
postprocessing of the fabricated pditte melt pool, thermal contourgympressive

nonlinear longitudinal stress (MPa) are seehim 2.7(PalDeepankaket al, 2014.

Temperature I
in Kelvins

160

1400

Top Surface Domain in Y direction

] s 3 P X )

Top Surface Domain in X direction
Figure 2.7. Metal powder bed based laser process simulation showing In situ single bead

thermal contour {K) (top), b) Compressive longitudinstress (MPa) by balancing force
and momentum (bottom)

Geometrical standard elements and attribofexdditively manufactured parts
specify the design rules and appropriate AM process to meet the form, fit and
functionality requirements of the pg@uido,2015. Additionally, support structures are
designed to reduce deformation due to residual stress for AM processes. Geometric
attributes of support structures including wall thicknessiatedwall distancere
experimentally optiemirned Isdgead egn eist riindlr oa
manufacturer and/or user experience. In order to incorporate the effects of support

structures for overhangs in thermomechanical behavior of AM structure, a study of
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effective thermal conductivity for thermal resadistresses was undertak&n Calignano,
2014. Support structures enable the 3D printing of models with steep overhangs and
cantilevered sections also are used to attach the 3D print part to the print bed. Support
structures most often are required tbrfeate overhanging designs to assure integrity and
quality. Currently support structure design is done by rule of thumb and most 3D printing
software will automatically place support structures based on the parameters you set. The
common support structure a grid pattern underneath of the cantilevered sections with
optimized grid wall thickness and interwall parameters. The support is removed by EDM
or any postprocessing techniqy@aramita Dast al, 201%. At UMD, based on our

study of fabricated spanenby SLM processpresolidification powder necking/sagging
leads to sudden change in thermal conductivity and density of the powder bed.
Additionally, selfweight of the layers also casdbe upper layers of the part to bend and

sag and causing flaess and cracking issues seenHiy. 28.

Figure 2.8: AM Inconel 625, minimized support structure, specimen: heat sink with fins
(3mmx10mmx18mm). Design of experiment, (variables: height, thickness and angle of
fin), part encountered flatness and cramkpagation due to thermal stresses

36



In thisstudy, the goal was to investigate the effeanofimized support structure
to net or near net spa fabricated part while conserving material and redysosg
processingeffort. In addition, we havimvestigatel the thermally motivated total
shrinkage strain and predact saggindor a gven angle of the part relative to pried
densty, scan pattern, machirsettng, and material type. The post processing results

performed in 3DSIMExasim metal AM simulation toolkit is seenking. 29.

vonMises
-1.500e+09

1.11e49

7.4e+8

3.7e+8

2.000e+07

Figure 2.9 3DSIM AM simulation, Post processing Von Misses Stress "Pa" for
orientation 26 degree relative to print bed, voxel .4 mm relaxation factor .8

Paul et al also estimatecdetieffect of thermal deformation on pgeometric
dimensioning and tolerancif@®D&T) error viaa combined analytical,
thermomechanical and geometry basemtiel. During the generation of the layers in
metal AM process, the metal powder 1) melted by ther lasergy, 2) thebM cools and
solidifies and 3) finallythe solid metal cools to the ambieluring the first two stages,
shrinkage in the metal ume is the dominant phenomend@uring the third stage,
thermal stresses, due to nonuniform coqgloay® the part to distort and warp. Heat

transfer occurthrough conduction form the layers to the substrate. The substrate is
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preheated and maintained at that temperature Uintiealayers have been printed, after
completion of the fabrication procesise part and the substrate cedidown to the
ambient temperature. Moreover, GD&T features includliaimess, circularity,
cylindricity, circular runout and total runout argued for AM metallic parte dverall
deformed shapes ofcglindrical specimembtaned from thehermomechanical model

is shown inFig. 2.10

ke

Figure 2.1Q Post processing results of FEA AM model cylindrical pawbstrate show
vertical nodal displacement (mm) with a) 0° part orientation, b) 30° orientation, c) 45°
orientation. Substrate is bent in a ball shape with the outer edges pointing upward,
causing part to flex and deform in a bow like shape (material AISI 1015 steel).

Thefirst built up layersn contact with the substrate have upward deflection, as
the layers move away from the substrgte, upwarddefectionreducesndingwith a
concave downward deflection in the top layédditionally, since thanitial built up
layers areconstrainedo thesubstrate, they cannot shrink freelympared tapper
layers, which leads to an aed tapered shape of the cylindrigadrt(Paul et al, 2014
Metallization is one of the surface treatment processes used to alter the surface
an AM fabricated material or machined ceramia tmetal form either chemically or by
other processes that depend on the applied process, constituents, parameters, and

requirementgNaruskevicius et al, 2012; Fritz et al, 2012; Wang et al, 2006



Electroforming is a very fascinating technique in metalsmithing and in particular to a
ceramic module for power semiconductor integrated packd@sa, 2017. Zhaohui et

al filed two patents fopreparing a ceramic package substrate with a cgpptrd dam
encompassing electrodes and also performing thin film metallization on a surface of a
ceramic boardZhaohui, 2019 Chemical bonding, chemical reaction, and the interfacial
structure of metateramic interfaces are influenced by temperature, time, pressure and
alloying additions. Metal/ceramic interfaces wettability and work of adhesion can be
predicted qualitatively from bonding models based on the elements of metal and ceramic
and interfacibenergy minimization dominates the atomic structure of metal/ceramic

interfaceqHowe, 1993.

2.4 Performance andEfficiency of MHD

MHD is relatedo phenomena arising from the motion of electrically conducting
fluids (such as plasmas) in the presencel@étric and magnetic fieldglfvén, 1949. In
MHD, one must always be prepared to consider the complete electromagnetic field. The
current and magnetic fluxes must have complete paths which may extend outside the
region offluid-mechanical interest into locations wkasxact position may be crucial
(Richard Baker1997. Basic scaling parameters and typical simplificationsveiD are
as followings(Muller & Buhler, 200).

NO YOOE oo 0 0t 2P IQOQTYD
We e AW b e &l

n

V) :t_"

L 0a QOO ¢ a4 ®aid
O Owi 0 d&d @ wQw T e T 0

W QI WONIi wQi
O B0 OGO é‘séc’)’mi&)'Q"é ¢ £ 0'QANEBE Qo QA WD
0QQQO§ WE €0 n n o QO Q

l ” !YO

39



DA QOO £ ARERIQOMD , ©
0¢ QU QW Qi YQ 7Y
Where6 is magnetic field]Y is velocity,$ is kinematic viscosity, L is length
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scale,” is densityJ is current density—, ,, electrical conductivity—8E electric field

wfa , ©  is magnetic permeabilityn newtons per ampere squareé .

If magnetic Reynolds number is much less than tren induced magnetic field
is small compared to applied fiedd, dectric field can be expressed as gradigf a
potential, [ n . If ratio of Hartmann number over Reynolds number is greater than
.005 then corélow is generally laminafNavierStokesequation for incompressible

MHD flow (velocity u)with dimensionless parametessas followings:
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In MHD channel flow, lhe distinctive feature is axial current loops, which are
responsible for extra MHD pressure drop aM-shaped velocity profile anitlis ahard
problem for analytical studigsleil b. Morley, 200§. HIMAG software simulates M
shaped elocity structure formation at expansion and at beginning of parallel channels,
relaxation (diffusion) along field for MHD channels at high Ha anBiter core

behaves differently as shownmFig. 2.11:
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1Y
HIMAG 2D Eilly Developed Flow
Simulation at Ha = 1000, with
insvlated Rartmann walls and
perfectly conducting side walls.

Viscous and inertial effects
confined to thin layers

* Hartmann layer on all walls with a
perpendicular component of B, thickness Ha''!
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= Side (Shercliff) layers on walls parallel to B,
thickness scales like Ha''/? and magnitude Ha*ew

Figure 2.11: Developed velocity profile for MHD channel (HIMAG software)

Four behavias observed from simulation of incompressible MHD flow in
channel: 1) seamlines near the center proceeddnter channe?) dreamlines between
center and Hartmann wall proceed to side chaBngteamlines near Hartmann wall are
pulled back within side layer jet to the expansion wall and move vertically along it before
proceeding to side chann®l grange lehavior in the center chanres exhibitingcounter
rotating current celldDragos(1975) analytically demonstratéioe pressure gradient
versus Hartmann numbef MHD flow for the limiting cases witklectricallyinsulating
wall ¢ = 0 ad perfectly conduing walls (c to infinity and also foty  H, & Tt Itis
clearly seen that perfectly conducting walls result in significantly higher MHD pressure

lossesand insulating wall is the efficient choice
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Figure 2.12: MHD incompressible flow, pressure gradt K in a square duct as a
function of the Hartmann number Ha.

Electricd conductivity of wall material effects linear stability of MHD flow and it
is mainly determined by the effective Hartmann wall conductanceatddor Ha
greater than 300 and walbnductance ratio c in the range of 0.01 tMaximal
destabilzation of the flow occurs at Ha= 30/c (Arlt et al, 201& nonlinear mechanism
is observed for the situation @rhinarturbulent transition irmagnetohydrodynamic
duct, pipe, and channel flows witlomogeneous magnetic field agliéctrically
insulating walls, in particular via transient algebraic growth andkoi@vn of certain
perturbations@leg Zikanowet al, 2014)A numerical finite model fothomogeneous
decaying turbulence in conductiMHD flow with a uniform magnetic field asserted that
except for a short period of time when N = 50, the flow evolution is strongly influenced
by nonlinearity and cannot be adequately described by any afigtmeg theoretical
models. Further, the velocity components value depends on the strength of the magnetic

field and the stage of the decay leadindgReyndds stress anisotropy ellipsojBurattini
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et al, 2010. Localized velocity measurements on LM duath Lorentz force flow meter
(LFF) by implementig a permanent 1 cm cube magisetapable of distinguishing
obstacles in the flow and the resulting modified flow structures.

However, obtaining the full flow profile requires the solution of an inverse
problem and further investigation ieededHeinicke 2013. Pipe flow of LMentering
a region where walls are covered bijoav channel insertss investigated experimentally
under the influence of a stromgnstant magnetic field and demonstrated tloat f
channel insertmay reduce pressure drop by at least one order of magnitu@® but
effects at the entrance of insemay reduce the efficiency of the insulating insertgusy
some degreé@Mistrangelo & Brinkmann, 2020 A novel MHD micropump usingilicon
MEMS fabrication technology capable of actuatibglinstanwith Linear velocity of up
to 10 mm/s has bedabricatedusing strong permanent magnets, emh wideand 0.5
mm deep microchannelsghadet al, 2009)MHD pump in toroidal and rectangul
loops conduits fabricated with low temperatureficed ceramic tapes is demonstrated.
Electrodes printed on the ceramic substrate along the conduits walls and applied magnetic
field to mercury slugs, saline solution, and deionized water generates fonere and
results were in correlationith theoretical datéZhonget al, 2002 The numerical
simulations conducted with the explicit finite difference method to approximate steady
state, incompressibland fully developed laminar MHD flown micro fluidic system to
characterize a MHD pump revealed that the channel dimensions and the induced Lorentz
forces have significant influences on the flow velocity prqidanget al, 2004. Lemoff
et al demonstratedraicrofluidic MHD pumpwith a continuous (ngbulsatile) flow by

using an AC MHD propulsion system in which the Lorentz force is used to propel an
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electrolytic solution along a microchannel etched in silid@moff et al, 200R An
incompressible and fully developed lamih&irD flow is formulated and characterized
with different scar dimensions in duct chanreetdthen ty converting the Lorentz
forces which iross product oélectric current and magnetic flux into hydrostatic
pressure gradient in the moment equations, the gageaguations transformed into
Poisson equation which makibe analytic solution possib(elo, 2007.

Electromagnetic radiation (EMR) that takes the form ofgelpagating waves in
a vacuurmamong avionics can cause interference and malfunctioning afiesisuch as
command and data handlirfglectromagnetic shieldinig required through a conductive
or magnetic enclosure known as a Faraday cage to isioéatdectromagnetic fietd
propagated fromMHD.ffe ef fect of earthodés nmeetrnet ohydr
pulse (MHDEMP) in electrical transmission and distribution systérsudiedand
argued MHDEMP environment would have a marked effect on a power system by
inducing up to several hundreds of amperes of egd@surrent on power lines causing
saturaion which could result in excessive harmonic generation, vokagegs, and
voltage suppressiaifesche 1992. Rectangular MHD generator electric response is
investigated based on the Faradayods princi
improveits cyclic thermal efficiency. These results validate the measurement approach of
the MHD generator with segmented electrodes and can be scaled for larger MHD
(Ayeleso, 2018 Apertureson shieldedfaraday cageequired forventilation, optical
displays omechanical supportgortunately apertures with maximum dimensions that
are much smaller than a wavelength provide very little impedance to the flawehts

on a conducting surface. In additiorams exist wherevewb pieces of an enclosure
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come togetheandcausing a major breach in the shielding enclgsapplication of
overlapping seam, conductive gasket, increasing thickness of effective material i.e.
(aluminum 60601 or copper) and adequate fasteners can résoleakage issue

(Bogorad 2008. Functionally graded materials (FGMSs) provide a potential soiub
overcome the electromagnetic shielding problengtagient distribution of
conductive/magnetic additiyf&ugang 2006. Another concern is the heat geated

from MHD core and peripheral solenoids (ampeemas). A numerical simulation of
thermochemical nonequilibrium flow of the dipole and multipolar magnetic fields is
implemented, results show that the fivegnet system, whose central polar orientaiso

the same with the peripheral ones have stronger work capability and better shock control
and thermal protection performance. Moreover, compared with the dipole magnetic field,
the stagnation nenatalytic heat fluxes are decreased by a factor of 4a®34.0%
respectively(Kai et al 2017. In following section, the application of LM for active

cooling of avionics with emphasis on MHD will be discussed.

2.5Reliable Thermal Management forHigh Power Electronics

The invention of théransistor in 1947 and the subsequent of integrated circuits in
1958 sparked the unprecedented growth of information processing technology employing
silicon devices. Mo o r 0 spredicksswhat bhg nu@lerol on Mo o r
transistors on a chip dowdd every 18 months. While such an exponential trend cannot
continue indefinitely due to limitations governed by basic physics, such barriers have to
date been overcome, by innovations that have enabled miniaturized fast circuits. As
processors get fastehey also get hotter. Increasing thermal management demand driven

by increasing performance of avionics has led to the development of a number of
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innovative technologies in mesoscale and thermal management at electronics component

level (Krishnan,2007).

1970 1980 1990 2000 2010

Figure 2.13: Patrick Gelsinger, an Intel executive, predicted that unless something
changed, computer chips would become hotter than nuclear reactors within a few years.

Researchers are also exploring clever ways tothedteat oavionicspackaging
There hae been some previous research efforts using low melting point eutectic alloys to
justify the proposed research. An overall review on chip cooling using liquid metals or
their alloys as coolant is conducted with emphasis on thermalrpespef liquid metals
with low melting points and principles of several typical pumping methods such as
mechanical, electromagnetic or peristaltic or roller pumps. In latter pumping system, the
fluid contacts only the inside surface of the tubing theredgating concern for
incompatibility and contamination of viscous and skearsitive and aggressive LM
fluids, howeverefficiency is limited by liquid viscosity since the flow is pulsed,
particularly at low rotational speef/da & Liu, 2007). The two pincipal advantages
(superior thermophysical properties and ability to be pumped by MHD pump) of

developing single phase cooling systems based on liquid metals by implementing a
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closed loop gravity independent high performance pumping for cooling systaves
shown heat transfer coefficients on the order of36- and 8 KPa pumping pressure

(Miner & Ghoshal, 2004 Active cooling byLM under thermosyphon effect without
using external energy was demonstrated through driving LM by the buoyancy force
induced by the waste dissipated heat. Thisdmlien electronic cooling approach is
useful for future thermal management areas such as cooling LED lamp, power
distribution unit byextracting heat from a confined space to a much larger area and no air
flow occurs in the limited space, providing a diuse and watefree environment for the
normal operation of the electronic devices. The cooling performance of this method
becomes better with increase of the heat load. However, solidification in an extremel
low temperature environment of LM can cause reliability and risk concern. To address
the freezing issue of LM, thin wire heater can be implantedLiktar attached to the
tube wall to guarantee the flow of cooldbi& Liu, 2011 ; Ma K Q et al, 2000

Galinstan which is a eutectic alloy, has been shown to be an effective coolant
medium because of its low melting point, high boiling point, and its intrinsically high
thermal conductivity propertieEluid cooling using michrochannels have gained
significant attention owing their several advantages such as high heat transfer coefficient,
higher surface area, direct integration on the substrate but contact resistance is a
bottleneck(Lasance & Simons, 20D5A patent claims heat transfer chamber containing
double circulations of BM or a phase change material. First circulation coulpésd
source ¢lectronic componehto the heat transfer chamtaerd circulating the heated
substance through the heat transteamber for miing with the liquid coolant. Thea

sub rack with second circulation of coolant with lower density coupled to the heat

a7



transfer chamber and circulating the liquid coolant through the heat transfer chamber for
mixing with the heatedubstarme. This patent is abouatethod of cooling an electronic
component by way of a direct contacahexchanger and pumping systéDariavach &
Engelhardt, 2019 A cooling adapter capable of being mounted fweexisting power
modulethatcan be located whin the electronics chassiThecooling manifoldhasa
housing with an inlet plenunan outlet plenunanda plurality of channels disposed
between the inlet channel and the outlet channel for allowing the cooling fluid to move
efficiently (Yang & Eddins& Grimes, 2019.

Thermal management of solglate devices at micro level realized by micro heat
pipes provides a passive and efficient way of spreading heat away from a heat source.
Instead of alcohol or water, LM with superior thermal properties has been used in
microscde heat pipes fabricated by indium cold welding of micromachined silicon
structures, then evaluation asserted its performance to be superior compared to equivalent
waterfilled micro heat pipeg¢Dean et al, 2012 The thermal properties of ethyl
carbamatenodi fi ed Fi el dbés all oy nanoparticles a
differential scanning calorimetry (DSC). Results show that the ethyl carbamate modified
Fielddbs all oy nanofluid displays i mproved
stability promising in future applications for thermal management of electric vehicles,
electronics packaging and other energy transfer systems. In thisrstighg, or ethyl
carbamate modified Fieldds all oy nanopart:.
nanoemisification method asserted excellent dispersion stability and good thermal
stability in poly-alphaolefin (PAO) oil(Huang et al, 2019 Tang et abdemonstrated how

aLM bead could drive flow of an ionic fluid (salt water) by applying square wave signal
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across it to create a pressure differential through the Lippman Effecy et al, 2014

LM Galinstanhasbeen shown to improve thermal conductivity of thermal management
structures using Lorentz Force MHD pumping fopkrformance CPUs, buapidly fail

due to corrosion. In this resear@eng efal presented the optimization oL CPU

cooling product. The focus of this research was to optimize the critical parameters of the
electromagnetic pump and the radiator fin with the udevbtoolant. To optimize the

pump means to maximize the driving pressure while simultaneously decrégesing
resistance of the flow. The parameters of the electromagnetic pump were broken down

into threesubsectionsthe pump channel, the magnet and the electrode as séign in

2.14.
Pump channel
| f //] d
P /
Electrode a

Magnet

Figure 2.14: Schematic of electromagnetic pump, broken down into thutesestions:
the pump channel, the magnet and the electrode

The height of the channel of the electromagnetic pump affects the magnetic field,
and the effect of width of the channel is trivial. The driving pressure of electromagnetic
pump with rectangularross section is) — , where B and | are magnetic field
and electrical current respectivelyherefore, a widthb was chosen to be equivalent to
that of the pipe diameter as it offers the lowest resistance of flow. The height of the
channel wasigen an optimization variabléat could be obtained through experiment or

numercal simulatiorbut was not determined in the paper. However, it was noted that the
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smaller the height of the channel, the closer the magnets would be and cotigeque
increases the driving pressure, yet also increasing the flow resistance, and that these
factors must be balancedrtaximize the volumetric flowThe electrode parameters are
easily determined by the channel parameters and the connecting lead |&ngtine

should be large so to increase the contact area with the liquid metal
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Figure 2.15: Active cooling withLM showing cold pate temperature of LM cooling
product and PCCooleHP-1216V (copper/aluminum Heat pipe CPU Coaléhder
increasing heat 8w, LM cooler shows better efficiency for power dissipation over
600watts.

In the study of CPU cooling system with liquid methg tesuk showthatit
could compete with higlerformance CPU cooling devices in the current market.
However some of the clllenges faced by usingV as a coolant was the cosion and
alloy freeze issueeng et al, 2013 Recently, researchensvestigated the use &M as
the coolant for the thermal management system for lithium ioarlgiacks of electric
vehicles to kepthe temperature of each battery cell in a temperature ranged&20

and to maintain a uniform temperature distribution across the whole battery pack with a 5
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3 tolerance24 Li-ion battery cells, arranged in a 4 x 6 array with cooling channels
between each row, were used to compose the batterppattkemathematical analysis

of the system was simplified intoome-dimensionaproblem Each battery cell is a

uniform he&source, neglecting the heat dissipation from the top and bottom of the pack
and the focusing on the heat flux primarily in the direction across the cooling medium.
The temperature of a cell at a specific location further down the cooling channel was said
to be dependent solely on the therpitysical properties and volumetric flow rate of the
coolant. The liquid metal, having a much higher thermal conductivity, consequently had
much better cooling capabilities than water under the same cooling chanreehsldap
volumetric flow rate. The power usage of the psmised to drive the differecbolants

was also included in the mathematical analysis. An electromagnetic pump was used for
the liquid metal, and a mechanical pump was used for the water. Given énallyen

higher efficiency of electromagnetic pumps, it was calculated to achieve the same flow
conditions while consuming less than half of the power than the mechanical pump.
Thereforethe results of the mathematical analysis was thdtMheould dissipte more

heat and at a lower power consumption ratee FEM results showhe advantage afM

over water as a coolant for thermal management-afriLbattery packs. The difference

in performance between the two becomes even more apparent at higher digtbarg

and higher volumetric flohown inFig. 2.16.
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Figure 2.16: Temperature distribution in the computational domain Withcooling and
water-cooling, under discharge rate of 3C and inlet velocity of 0.1 m/s. (a) Contour
images of temperature, wateooling on the left andM cooling on the left

The kenefit of theLM was attributed to its higher convective material properties

over water. This allowkM to cool the system to the same module temperature at much

lower volumetric flow rates. Another benefit of having a higher surface tension, it

becomes more difficult fdcM to leak through small hole$he performance of LM

coolant vs water are demonstratedrigs. 2.7 and 2.B.
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emperature distribution under different discharge rate, with

coolant flow velocity of 0.1 m/s
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Figure 2.18: Average temperature of the four cells under different coolant
velocity, withdischarge rate of 3C.

However, when the number of cells in the y direction exceeds 12, the volumetric
flow rate ofLM needs to increase in order to continue to outperform water as a coolant
medium. Another disadvantage was the jacket material that casetieruconjunction
with LM as a widely used material is aluminum, but the combination will result in
corrosion. An alternative could be expensive and heavy, which would result in a much
heavier system since the densityL is already 6 times higher thamater(Xiao-Hu et
al, 2019. Scientists also exhibited different approach of using LM for thermal
management system.lAV droplet was integrated with a sodium hydde{NaOH)
coolant and was energized with a square wave signal across it, which cremfasea s
tension gradient that then drives the flow of the coolant from the lmaegher surface
tension aredn this study theynake the pump by simply pipetting 40 ul into a reservoir
and applying square wave signal across it, addition&llgOH soluton reacs with
Galinstandroplet and charge the surface, thereforeelectric potentiapplies across the
droplet using the NaOH solution as a conducting fluid. The charge distribution on the

surface becomes namiform due to the gradient in the potahfield, so there is more
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charge accumulated on one side of the surface than the Ttieemduces the Lippman
effect, where the surface tension of the fluid is altered near the surfaceGalthgtan

drop due to the charge density (higher on thietrside of the droplet than the left, so

there is more tension ther@he resulting difference in surface tension causes a pressure
drop, that is inversely proportional to the size of@ainstandrop (YoungLaplace
equation). Theoretically, one can do this with any liquid that can react with a metal ball
(e.g., Aluminum) Furthermore, the reaction consumes the metal to generate the charge to
induce the Lippman effect. As the radius drops, the A_gap increas¢iseapressure

drops inverselyThe problem of corrosion, practical design, leakage and maintenance
wereremainirg challenges in this studyhe temperature change of these cases with
respect to the microheater driving voltage can be sefigir2.19 (Zhu, Tang,

Khoshmanesh& Ghorbanj 2016.
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Figure 2.19: Hot spot temperature measured by thermistor when eneggike

microheater with different voltages ranging from 1 to 4.5 V.

Regardng novel HX concepts shallow bore ground heaxchange(10 time
shorter) consists of phase change material and water numerically modeled to evaluate its

performanceln this study, snulation indicated regulating the entering water temperature
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for more efficient operation than a conventional vertical heat exchanger under identical
condition through the effective use of phase change material. However, the simulation
was oer predicated once compared to experimental (@dang, Liu, Biswas & Warner,
2019.

The efficency of active cooling systems depends greatly upon michrochannels
crosssection and liquid media. It is well known that the performance of michrochannels
is largely dependent on its hydraulic diameter an well as fluid properties. Sharma et al
analyzed the performance of trapezoidal and rectangular microchannels and compared for
two differenct coolants, | iquid gallium an
following assumptions: Steady state flow, incopressible fluid, laminar flow, constant
properties of both fluids and solid and effects of viscous dissipation are negligible.
Applied governing equations are continuity, momentum and balance of e¥etype,

A-type and ectangulacross sections are seerfig. 220 (Sharma et al2013

(a) (b) (¢)

Figure 2.20: Different geometries used in analygia) V-type (b) Atype (c)rectangular
By Sharma et al

For water as coolant the performance of rectangular type is folbesuperior in
terms of both flow rate and pump power. For liugid gallium as a coolant, michrochannels

having Atype cross section i®findto be performing better followd by-W%pe then
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rectangulat type at same flow rate. However on comparison ofdigsisnp power the
rctangular type of geometry is found to be more suitd@deperature contour of FEM

model can be seen kig. 2.2.

®)

Figure 2.21: Temperatureontour for rectangular and ¥ype cross section of the pipe

NASA GSFC demonstrated a single phase thermal control system consists of

electrohydrodynamic (EHD) pump with heterocharge lagrsnposition of
electrostatic fields transport tubing, a thermhi/draulic test section, and a condenser
section charactered (1) mass flow rate versus applied voltage and applied current and
(2) pressure head developed by the pump as a function of applied voltage and current
(3)steady state and operational power requirem&htsEHD conduction pump provided
immediate recosry from dryout condition by simply increasing the applied voltage. The
EHD conduction pump operatedl&ikV presented pressure head on the order of
13,000Pawith 2.83Wof electric power at 2 0 & §ink temperature, providing thermal
control capacity foB5.8¢) 70 & of heat flux.This study is also performed to address the
feasibility of the EHD twephase loop for thermal contr@eong & Didion, 2007;
Didion, 200). J o n wldable oldresearctwas based on a heat pipe of radical design

replacing the capillary wick of a conventional heat pipe with an electrode structure,
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which provides a net liquid pumping force to ensure the heat pipe operation, which

utilizes polarization EHD force effectgé@spective of orientation with respect to gravity

(Jones, 1974 The highlighted attrtinbEliDlmeat of Jones
transfer enhancement in boiling and condensation by a nonuniform electric field, reliable
priming and startup, bubble ejawt from axial flow structure, low liquid friction factor

in comparison to that of a capillary wick, and direct voltage control of the pumping
mechani sm. Another research by Didionbs te
electrical field to move a liquitilm in the absence as well as in the presence of gravity

be rewetting the heater surface during liquid film flow boiling. Terrestrial results show a

62% increase in critical heat flux when #lectrohydrodynamic pump is moderately

activated and the miogravity results onboard the parabolic flights witnessed promising

results of electrohydrodynamdriven liquid film flow boiling onboard the International

Space StatiofDidion, 2007).

2.6 Conclusion

Based on previous reseaeshthere is clearly potential to develop reliable LM
based heat exchangers, if it is possible to create a multifunctional interface by
encapsulating the LM with @mpatible containghat prevents corrosion while
transporting enough heat for thermal parfanceln upcoming chapters, waevelop
these multifunctional interfaces basedAiv techniquesactivethermal management
system with no moving parts for avionjgackaging its optimality and mission context in

spacelike environment.

57



Chapterc3lahémmalr fResi st ance

Conventional Assembly Met hot

3.1Introduction

In this chapter, key subjects are conventional thermal management aspect of
avionics packaging, governiigws of interface contact resistance and development of
active cooling prototype assembled by conventional manufacturing techniques to be
compared wh prototypes fabricated by AM in future chaptdise term avionics is a

portmanteau of the words aviation and electroaius avionics packaging deals with

of

putting together electronics and associated assemblies in aerospace industry to meet the

general emironmental verification standards including corrosion, vacuum, thermal,
humidity, mechanical sho¢low frequency random vibrationadio frequeng noise
emissionandelectrostatic dischargeesponse toapid decaying of the pressure of
spacecraft during launchAvionics packaging comprisetectronicdevices ranging from
atransistor, measuring fodnillionths of a met¢rand embedded in a single silicone
crystal,to largedevices up tonultiple systems such axience instruments, solar array,
attitude control and communications, power control eleatsp command and data
handling electronics, star trackers égionics packagings a conglomeration of
different disciplines such as mechaniectrical software, metallurgy and aerospace
engineering to apply engineering principles to fufbim, fit and functionality
requirements of the desigRecht, 2017)According toMoore's lawthe observation that
the number of transistors in a dense integrated tidowibles about every two yeaas)

efficient thermal systerhecomes crucial for digsatingthe generated hetdr future
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applicatonThe trend of rapid advancement in
law is seen irFig. 3.1
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Figure 3.1 A plot of CPU transistor counts against dates of introductjoourtesy of

BCA research 2013

We will go over challengelsetween "engineering based on assumptions” and the

"need for fundamental characterization and knowledge" of active thermaberaent

systemmanufactured and assembled by conventional technifjoesatisfy this need we

initially focus on creatin@ctive cooling prototype wittsimple model structures”

manufactured by conventional manufacturing methodoldfegsvould permit 4D

thermal characterization of the interface to determine how it should be desighed

chapterandmature the design through evolutioy advanced techniques in subsequent

chaptersin present chapterpolth active and passive thermal mgeaent systems are
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investigatedvith emphasis on active cooling utilizing LM and pumping system with

moving parts.

3.2Levelsof Avionics Packaging

In general, avionics packaging has five levels and is sdéig.ii3.2(Pecht,
2017):

Levelzero- "Chip", protecting a bare semiconductor die from contamination and
damage.

Levelone- Component, such as semiconductorkaae design and thgackaging
of other discrete components.

Leveltwo - Etched wiring board (printed circuit board).

Level threg Circuit card asembly(CCA), one or more wiring boards and
associated components.

Level four- Module, assembliesclude CCAs, heat spreader, interstices card
locks and etcntegrated in an overall enclosure.

Level five- System, a arrayof modules combinednd linked together usually

via back plane or motherboard.
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First-level package
{single chip module)

2 First-level package
{multichip module)

Third-level package
{motherboard)

Figure 3.2 Levels ofavionics packagingCourtesy of Michael Pecht, 2017

In typical spacecraft avionics enclosuneat energy is transferrbg direct
contactconduction mechanism governieg Fouier's law0 "0 "YwhereD is the
local heat flux densityW-m' 2, "Gis the material'sonductivityW-m' *K'tand n"Yis
thetemperature gradieit-m' ! Radiation effectst{ansfer of energy with the help of
electromagnetic wavgsare negligible considering mounting location of avionics package
is not in direct cotact with solar systemnd are elecdbmagnetically shielded from
adjacent avionics causing radiatiéfinally, convection does not occur in vacuum since
convectiorworks by particles colliding and transferring enerfiyerefore, the heat is
transferred from power dissipating source to the boundary conthibis established by
setting the mounting plate temptne of enclosure at the qualification level per
requirement. For thermal analydise total thermal resistance of electronic @ayss is

generally broken down into (1) component level of junction to case resistance, (2)
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package level resistance of case to boundary that the heat flows from the surface of the
heatdissipating component to the boundary through avionics packaging centpon
including thermal vias in PWB, interstices mounted on heat sink, card locks, chassis
panels. For the component level, integratiohedtsink module devel zerosignificantly
reduces théransistofjunction to case resistance for electronics compbhet interface
resistance and conductivity interfacesigtherlevel ofavionics packagingemains a

thermal efficiency challenge in cooling paths to the cold plate or boundary.

3.3 Interface Contact Resistance

Conductionmechanism governdaly Fouriefs law shows thateat energy is
transferrecdby directcontact For 100% contact in solids

shown in Fig. 3.3 and tHellowing equation

&
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Figure 33: 1D Conduction in solid layers in series for assuming 100% contact
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Where, Q is heat flow in w, K is thermal conductiv—'rty—, A is surface area normal to the

flow of heatin & , Y"Ytemperature differencen °K, L is length paralleto the flow of

heat in mHowever,thermally conductive piece parts of avionics packaging such as heat
sinks, interface panels of enclosures and etdadrécatedoy techniques such &NC
machining.electric discharge machinifgDM), die castingsheet metaland so onOne

of the drawbacks of having assembly hierarchy manufactured by conventional
manufacturing is contact resistance in solid interfaces that are inherently rough and actual
contact area is significantly less than thpaapnt contact area lieu of careful

consideration of dimensions and tolerancesmrdision of fixturedesign. Therefore, in

real world, two surfaces in contact do not transfer heat perfectly as deign 34

"
>~

"
* Qeontact

»q! _,- ? o '

Figure 3.4: Thermal bottleneck creadea "contact" resistance to conducting heat across
the interface

Inherent contact resistance at interface depends on contact pressure, surface
finish, conductivity of materials, hardness, and elastic modUhes heat energy is
transferred by direatontact conduction mechanism governed by Fourier's law and total

contact resistance between two bloElg( 3.9 is as following:
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Where,Y is total contact resistance at interface between two btk thermal
conductivities a® @& W ,0 is assumed direct contact afieaverage gap at interface
(thickness ofnterstitia) andy is thermal conductivity ointerstitial

Application of low thermally conductiviaterstitial material such as foil or grease
used in interstices to reduce resistance still not optimal technique for heat transfer

applicationas shownn Fig. 3.5
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Figure 3.5: Application of thermal interface materials between two solids to fill the ai
gaps in order to improve the heat conduction

Bonded interfaces have lower thermal conductance (less than %5 of Aluminum
6061) and also have disadvantages such as thmeubanical stress imposed on contact
surface due to mismatch between coefficienthefmal expansion. Thermal
conductivity of various state of matters at room temperature and pressureirs Bigen

3.6.
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Figure 3.6. Range of thermal conductivity for various states of matter at normal
temperature and pressur@ourtesy of GE crops)

However, itwas observed that a dramatitangen the enhancement of

conductivity takes place with temperatuseeFig. 3.7.
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Figure 3.7: Temperature dependence of thermal conductivity for various selected solids
(courtesy of GE corp.)
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To further elaborate or relationshoptemperatur@andthermal conductivityit is
worth mentioning thaih metals, heat conductivity mainly duecovalent bonding of free
electronsaandthus thermal conductivity increases widmperature, often proportionally
to temperatureAdditionally, chemical bonds iquartzare also covalent, meaning
thatelectronsare shared between the atoamsithermal conductivity increases by
increasing temperature.

As discussed, another factorttdke into account is effect of applied load or torque
values on a compression thermal interface. The thermal resistance changes at various
standard assembly pressur@ghen the grease remains in sstiown in Fig.3.8 (courtesy

of Indium corp.).
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Figure 3.8: Performance of compressible thermal interface materials changes with
pressure

The influence of variations &furface finiston the thermal contact conductance

betweerdifferent metalligoints worth mentioning herébeterminationsvere done by
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expermentsor modeling the deformation at the interface for different values of surface
finish and contact pressure over the range of interface temperedasedering bth
elastic and plastic deformation. GE corporation has determined contact conductance vs

applied pressureneasured byltrasonic wave$or various metallic joints and the values

are seein Figs. 3.9 and 3.10
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Figure 3.9: Effect of surface finish on contact conductance of Aluminum and Magnesium
(courtesy of GEarps)
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Figure 3.1Q Effect of surface finish on contact conductance of 304 Stainless Steel and
Copper (courtesy of GE corps)

3.4 Categorizesof Thermal Management Systems
Thermal management is subcategorized into two categories: (1) passive

techniques (2) active technigues illustrated in Fig. 3.11.
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Thermal management

for avionics
| I
Passive Techniques Active Techniques
Conduction heat sink Forced convection liquid
Cold plate (pumpy
Phase change materials Thermo electronics
Thermal interfaces Jet impingement cooling
Immersion boiling Spray cooling
Heat pipes Microfabricated heat sink
Thermosyphons Liquid flow through
High K substrates modules
Closed cycle refrigerator

Figure 3.11 Categories of thermal management systems

Avionics cooling includes various styleslodat sinksthermoelectric coolers
forced air systems, heat pipes, and others. In cdsegreme low environmental
temperatures, cryogenics behavior of materials at very low temperatures should be
investigated and it might be necessary to heat the electronic components for qualification
criteria (vww.oshagov). Passive thermal cooling happens mainly through heat sink that
is ametalic part brought into contact with a hot surface of heat dissipating components
in avionics packaging to reduce thimperature through increasth@rmal masand
heat dissipation (primarily bgonductionandconvectionand to a lesser extent by
radiation. A heat sink usually consists of a metal streetwith flat surfacegwith
provision to mount interstitial material) to ensure good thermal contact with the

components to be cooled, and an array of fin like protrusions to increase the surface
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contact with the ai(for none vacuunand air cooledpplicaion). For space application,
circuit card assemblig laminated to the heat sink using silicone adheandchenical
film finish for heat sinks (chemical conversion coating primarily used to protect
aluminum from corrosionis required per specificatiorRecommended surface finish for
CNC machined heat sinks is-B2 micronsHeat sink transfers heat from an object at
relatively high temperature to a second object at a lower temperature with a much greater
heat capacity. Efficient function of a heat sink relies on rapid transfer of thermal energy
from the first object to the heat sink, and the heat sink to the secjmud. dthe high
thermal conductivity of the metal and geometrically optimized large surface area of heat
sink result in the rapid transfer of heat to cooler. Use of fluids and thermal interface
material ensures good transfer of thermal energy to the n&atsgh thermal
conductors such as silver, gold, copper, or aluminum alloy are among th&enosintly
used materials for heat sink within avionics packaging, however, copper heat sink due to
heavy weight and lower modulus of elasticity are not an @btiimoice for space
application and might fail in low frequency random response vibration test. Furthermore,
a clamping mechanism, stiffener, screws, or thermal adhesive hold the assembly and heat
transfer is a function of applied pressure. Heat sinlopmdnce related to material,
geometry and contact surfaces, however, efficiency of interfaces and contact resistance
remain an active area for research.

In active cooling systems, liguicboled cold plate (sandwiched structure
including embedded tubes or channels containing coolant in thick plate) as a heat transfer
interface between a heat source and any other boundary improves the cooling

performance. Té power dissipating part is cooled under the thick plate instead of being
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cooled in direct contact with the cooling fluid. The conduction plate improves the heat
transfer between the heat source and the cooling fluid by conjugate heat transfer optimal

manrer (seeFig. 3.12).

Figure 3.12 Exploded view of single phase microchannel liquid cooled cold plate.
Thermal Stack includes: branched out heat pipe, interface material, metal plate and
clamping mechanism

Theefficiencyof active cooling systems depergteatly upon micra&channels
crosssection and liquid media. It is well known that the performance of reicamnels
is largely dependent on its hydraulic diameter as well as fluid propéttesever,
contact resistance between embedded tubes and tbik drastically effects the
efficiency of the cold plate.

Another passive systemasoling with twephase systems, involves condensation
and evaporation through wicks by capillary action are far superior on terms of heat

transfer coefficient to singlphase systems. (sé&g. 3.13for comparison)
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Figure 3.13 Heat transfer coefficients depending on cooling technologies
Evaporative cooling also reduces mass flow rate and reduces temperature
gradient. Two phase technologies are widely used include 1). Microchannel flow boiling

2). Spray cooling 3) Jet impingemelnt.this regardheat pipauses condensation and
evaporation and of a twphasecoolantto transport heat from the hot to cold interfaces.
Usually heat pipe consists of hollowppi made out of thermally conductive metals such
as silver orcopperand a wick to return the working fluid from the evaporator to the
condenser. The pipe contains both saturated liquid gmat wd a working fluid (such as
water, methanolor ammona). The most common heat pipe for electronics are ammonia
heat pipes and wick, with water as the working fluid, methanol is used if the heat pipe
needs to operate below the freezing point of water. The advantage of heat pipes is their
great efficiency irtransferring heat. The thermal conductivity of heat pipes can be as
high as 100,000 W/m°K, in contrast to copper, which has a thermal conductivity of
around 400 W/m°KWojcik et al, 1991 Development of heat pipe is not the subject of
this study, howeveintegration of heat pipes into assemblies to fully dissipate critical

componentsbé waste heat and its | imitatd.
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Active cooling, on the other hand, referdat transfetechniqueghatrely on an
external device thatquires additional energy i.e. electricity for operatibnrough
active cooling technologies, the rate of fluid flow incredhasconsequentlyncreases
the rate of removing heat from hot to cold plate. In this chapter, we discuss two types of
active ooling solutions: (1jorced liquidby diaphragm pumpand(2) thermoelectric
Peltier cooler to simulate boundary condition for proposed proto#ypargue the
development of an active cooling prototype with diaphragm pump and assembled by
conventional minod and in future chapters 4 and 5 we compare its performance with
active cooling prototypes packaged bysitu AM and MHD.
3.5Developmentof Metal-Ceramic HX Using Conventional Assembly and Active
Cooling with Diaphragm Pump

The assembly ahetalceranic HX prototype includes the following
subassemblies and parts: (1) boundary condition (2) diaphragm pump (3) heat source (4)

cold plate including coolant (5) data acquisition unit and thermocolg¢eskig. 3.14

Figure 3.14 CAD model of active coolinprototype including Peltier cooler, diaphragm
pump, reservoir, sandwiched structure of conventionally assembled cold plate including
embedded copper or silver plates and ceramic tubes
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For cold boundary condition of the prototype, Peltier cooler with stéite heat
pumps with no moving parts is used. Heat is transported from top surface where the
prototype is screwed to bottom face or vice versa depending on direction of electric
current flow. It creates a heat flux between the junction of two different conductors of
electricity by applying an electric currehlhere are no moving parts, so a Peltier plate is
maintenance free. It has a relatively low efficiendgpwever the solidstatenature of the
Peltier plates outweighs their poor efficier{@ao et al, 201)7 The basic physics of a

thermoelectric cooler is seenhiy. 3.15

Copper Tab Alumina Plate

T

| At

Ty

Thermoelectric Leg Thermoelectric Leg
Doped N-Type - Doped P-Type

D.C. source

Figure 3.15 Basic physics of thermoelectric Peltier cooler with ssligte construction

Net cooling powepof Peltier cooleis related to thermoelectric cooling, Joule
heating and heat conduction, and performance graph of TE2CHom TE technology

used in this study is seenkig. 3.16
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Figure 3.16 Cooling performance graph of GR21 Peltiercooler from tetech.com

To control the tempature of the Peltier cooler i.e. 10 °C, a econly temperature
controller from TE technology (P/N: F&8-20) is used. Theontroller is connected to
the @mputer via RS232 serial cable for advanced progrizgas well as data graphing
and data logging

For pumping liquid in proposed prototypel&2 V. DC compact br ushl
current diaphragm pump lits cparno dhuacnidnlge thhieg hd rv
such Masgdc hematdica mhproapdPN NF3 0K PDEBsFhogwn i n

3..17

r'.:;—l—;_lﬁ___————— Adjusting bolt
ﬁ T Locknut
| ———— Spring

‘i|rf='| __— .27 Diaphragm
7

Y
[
oo

\u

Figure 3.17 Schematic of Diaphragm Pump, flow rate .3 L/min and maximum pressure
head 14.5 PSIG
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Surface mounted s&stors are used as heat source and screwed down to helical
coil inserts of metal block an##-40 screws torqued to 4.7 1DB. Figs. 3.18 and 3.19

show the structure, part number and specification of heat source used in this study.

New
Power Resistor
with
Exposed Ceramic
Heat Dissipating
Mounting

Surface.

Figure 3.18 CADDOCK,MP9100 Series Power Film Resistors

Model Resistance Power | Max. | ThermalResistance |y oo
No. Backaoe Min. Max. Rating | Voltage | Fjim (2 8ase © Tuax St
MP9100 | TO-247 Style | 0.050 | 100Q 100 Watts™ mﬁﬁ 1.50°C/Watt 175°C Ceramic mounting surface
Derating Curve
- * B R
® % Derating Using Case Temperature (Tg): oo et 1 22=020)
§ oo All power and associated overload ratings are derated (\ 0210=0010 [
based upon case temperature using the derating curve. ')\t) (5330 J
E 40 The case temperature is measured at the center of the N
N 5 2 5 - 0.815=0010
2 2 El ceramic mounting surface, with the part properly MP 9100 (20.70 = 0.26)
mounted and under electrical load. Without a heat sink,  0.110-0.030. 50.0
° p= g ==t when in free air at +25°C, the MP915 is rated for 1.25  279=075) 1%
eEETETE watts, the MP916, MP925, MP930 are rated for 2.25  — e
watts, and the MP9100 is rated for 3.5 watts. D (363=0.18)
A-MP915, MP916, MP925, MP930 Max. Temperature, Tutax = 150°C ?1.37& = 010;%
8- MP9100 Max. Temperature, Twax = 175°C i 42209
The thermal design should satisfy the_ following equation: _ - oaonoi0. > _aﬁ ‘35%/ 44’2051,0
Case Temperature (T;,) + [Thermal Resistance (Rg ) x power applied (Watts)] < T,,,, considering the full (10.16 = 0.26) 0095 = 0010
operating temperature range of the application. * (2412026

Mounting Note: Mount on a smooth, clean, and flat heat sink surface with a thermal interface material, such
as thermal grease. The entire exposed ceramic portion must be in thermal contact with the heat sink.

Figure 3.19 Derating curve and specification of mounting resistors (heat source)

The resistors are connected together in parallel fashion to make a thermal grid as
seen in following figure to generate required powewatts by applying appropriate

voltage and current from DC power supply.
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Figure 3.20 Resistors parallel grigoroviding total electrical resistivity required to
generate power to dissipate heat

Cold plate is playing a crucial role in transferring heat and following figure shows
the exploded view of cold plate. The cold plate has LM compatible ceramic/polymeric
tubes, gauge 20 copper or silver plate (.8mm thick) embedded by conventional assembly
method in 3piece metallic block (sandwiched and bolted structure). The reader is
referred to the next chapter, where, under the morphology of embedded tubes, we argued
the details and rational to select the shape and material of the tubes. We are going to
compare the conventional cold plate presented in this chapter with cold plate fabricated
by in-situ SLM introduced in next chapter with emphasis on thermal interfacsanse.
Therefore, materials and geometries for both cases are identical. Three pieces of metallic

block are fabricated by ANSLM out of aluminum alloy (EOS AISI10Mg).
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Figure 3.21 Exploded CAD model of cold plate including BN pipes, gauge 20 copper
plate (.8mm thick), encapsulated by conventional manufacturing of 3%lid¢e
aluminum alloy block (final envelope size is 100x185x18 cubic mm

Fig. 3.22shows the fabricated cold plate piece part includliigm tubes

fabricated by FDM technique.

Figure 3.22 Exploded view of conventionally assembled cold plate including FDMed
Ultemtube gauge 20 copper (top row) or silver (bottom rowjtbishelf plate fastened
with #4-40 screws torqued to 4.7 1D\B.
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Likewise, Fig. 3.23shows the fabricated coldgté piece parts including ceramic

BN tubes. Ceramic tubes are fabricated by CNC machining.

Figure 3.23 Exploded view of conventionally assembled cold plate including ceramic
tube gauge 20 silver (left) or copper (right) affe-shelf plate and #40 stainless steel
screws torqued to 4.7 INB to 3 pieceSLMaluminum metallic block.

Then, we add flexible tubes to close the flowing loop, so the LM coolant can
circulate through channetd the cold plates used in conjunction with a diaphragm pump,
thereby comprising a typical pumped liquid cooling lo@alinstans selected as coolant
for this study whichs a lowmelting point eutecticalium alloy (67%Ga, 20.5%lIn, and
12.5%Sn by volumedndhas a broad temperature range of liquid phaseread t s a't
ACc (12 AF). 1Its electrical conductivity
liquid to be pumped by more efficient electromagnetic pump and used for specific heat
conduction and/or dissipatiahscussed broadly in chapter 5. Howewal|ium alloys
are corrosive to all metals except tungsten and tantalum and have to be contained in
compatible container such as ceramic and polymeric contéaingr3.24shows viscosity

of Galinstandependency to temperature that decreases with incgei@snperature
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Figure 3.24 Galinstan viscosity vs temperature curve

A series 200@ariable ara flow meter(flowmetrics inc)is included in flow line
to measure the LM coolafiow rates, providing accuracies to +1% of flow rate.

Materials of constretion are available for the most corrosive process applicadiots

compatible withGalinstanLM.
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EDGE BUOYANCY FORCE

WEIGHT OF FLOAT

Figure 3.25 LM compatible Series 2000 variable area flow meter (flowmetrics inc) and
its schematic view showing subassemblies and piece parts

The variable area flow meter consists of a vertically mounted tapered borosilicate
glass tube, a metering float free to move within the tubelMafiow increases, the sum
of the buoyancy force and the fluid force on the float eventually exceeds the ofeight
float and the float rises. As the float rises in the tapered tube the annulagwaresnithe
float head and tube increases until the hydraulic forces acting on the float are in
equilibrium with the weight of the float. At this point the float asss a constant level,
changing only with the increase or decrease in flow Tdte.unit can be calibrated for

operting fluid, the calibration curve f@alinstans shown inFig. 3.26
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Frequency Volume Time Flow rate Flow rate Flow Rate K - Factor

Milimetee Hz cc Sec. ccm LPM GPM P/ Litter Actual Indicated
30 0.983 1 6.14 0.0098 6035.620
40 1.180 1 5.26 0.0114 6206.800
50 2.944 1 2.14 0.0280 6300.160
90 6.351 15 15.05 0.0598 6372.170
130 8978 15 10.70 0.0841 6404.307
140 9.982 15 9.64 0.0934 6415099
150 | 11.123 15 8.66 0.1039 6421679
160 | 13.237 15 7.28 0.1236 6424357
165 | 15.625 15 6.16 0.1461 6416.667
T
|
| i
. - e | ~
. | |
i | [
| | I S T (N I I U B B
8 10 12 14 15 18 0
Hz

Reted uncertainity : +/-0.5% K=(Hz X 60)/LPM

Figure 3.26 Calibration worksheet foGalinstan Dynamic viscosity=0024 Pa.s and
Density 6.44 g/cm3

During ourthermal test, flow meter is removed after measuring of the flow rate
because of pressure drop of the flow due to frictional shear forces caused by flow meter
and consequently it reduces the efficiency of thésypstem For flowmeters, the
manufacturer typically calcula¢he valueof pressure lostor a particular meteaind

operating fluid.
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Figure 3.27 Flow meter is connected in series to flow line to measure the flow rate and
removed for thermal testing

3.5.1 Computational Fluid Dynamics of Active Thermal Cooling Prototype

Ansys Fluent is used for CFD simulation. Preprocessing efforts include
tetrahedron mesh and assigning material properties and conservative 100% contact is
assumed at interface obolant container (ID 6.2mnand 3pieceSLM aluminum alloy

metallic block(100x185x1& & ). Prepossessing with adaptive mesh is seéign3.28
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Figure 3.28 Ansys Fluent, preprocessing tetrahedron adaptive mesh of control volume
and cold plate of etive cooling prototype by diaphragm pumping

Specfic boundary condition available in Ansys (fan boundary condition) is used
to split the tube as shown in post processing figure to simulate the characteristics curve of
the diaphragm pump. Characteristicswe of diaphragm pump is seenfig. 3.29

Flow curve NF 30 DCB _

035

0.30

025

020

0.15

Flow rate [Vmin]

010

0.05

0.00
-i00 -0 60 40 -20 00 20 40 &0 &0 100 120 140

Suction height [in. Hg] ._|_. Pressure [PSIG]

Figure 3.29 Characteristics curve of diaphragm pump, applied in CFD simulation for
forced correlationbased convection couplings. (P/N: NF30KPDCB DC compact
brushless direct current diaphragm pump extractedhfKNF Inc)

To defne the boundary condition identified at bottom surface of metallic block
touching the Peltier cooler fAexterior wall
at interface. The solution is the numerical solution to the active cooling problem that we
posed by defining the mesh and boundary conditions. The more accurate the mesh and

boundary conditions, the more accurate the "converged" solution. Steady state solution
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satisfies the following three conditions: (1) residual root mean square (RMS) ingccurac
values have reduced to an acceptable value (< .0001) (2) monitor points for velocities
have reached a steady converging solution (3) domain has imbalances of less than 1%.

The converging resulaeshown inFig. 3.30

0 100 200 300 400 500 600 700 800 900 1000
lterations

Figure 3.30 Ansys Fluentsteady state converging solution for monitored points for
parameters of interest i.e. velocity after several iterations

By solving the energy equati@mbedded ilnsys FLUENT solverwhich
resultstemperature contours cold plate the conjugate heat trafer is used to describe
heat transfer that involves variations of temperature within solid&endue to thermal
interaction between the solids and LM as sedfign3.31 In this simulationywe have a
fixed heat source (12x32.5=390 watts) and hetatkien away by the AM cold plate and
free convection. The heat transferred by free convection is negligible (less than 10%) and
most of heat dissipated to the cold boundary condition via conduEtgnr3.31shows

the thermal contour of control volume, dgillate and hybrid tubes.
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Figure 3.31 Ansys Fluent CFD post processing results of active cooling by diaphragm
pump and circulatingsalinstanLM coolant through cold plate to reservoir in closed
loop. Applied load is 390watts, B.C. is 10°C from Peltler and 25°C from natural
convection. (A) Temperature contour (°C) of control volume and AM cold plate
encompassing copper plated ceramic tubes, material of cold plate biStiis
Aluminum alloy (AISI10Mg_200), (B) Static pressure (Pascal) of diaphpagnp
applied to fluid, (C) path lines of velocity magnitude of LM (m/s) (D) temperature profile
of ceramic tubes and pump coupling (°C).

The following report shows that most of the heat is transferred vie conduction of

the heat block and active coolingntnbution is less than 5%ee Fig. 3.32.
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Figure 3.32 Ansys Fluent active cooling by diaphragm puipgst processing report

In this section, we used CFD to virtually test the CAD model of active cooling

prototype and get detailed information on its performance. Engineering simulation is

insightful,and it is a required step before performing actual costly test to validate the

final design. Even though suitable model for CFD simulation includes assumptions and

simplifications lacking all thorough parameters, it complements the thermal testing and

allows testing multiple iterations and scenarios fast and early in the desigrspiidues

CFD results are over predicting but look promising to build the prototype and perform

actual thermal test discussed in following section
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3.5.2Thermal Testing Setup and Data Acquisition Instruments

Thermal testing is the crucial part of qualgtion and characterization of active
cooling prototype. We use calibrated data acquisition system consissnsors
(thermocouples which produegtemperaturelependenvoltageas a result of the
thermoelectric effecand this voltage can be interpreted to meammperature)
actuators andignal conditioning hardwai®mega data acquisition DAQ modulea(P
Number: USBTC-AI), awindows 10 quad coreomputer runningaboratory virtual
instrumenengineering wrkbench(LabVIEW) DAQ softwareto process temperature
data and controlled room to monitor ambient temperature for natural conv&p@n
module wit 4 channels plugged totype tiermocouplgrobesand2 samples/second
per input samplingateis used and linked to LabVIEW environment for generating
temperature graphs sensed by thermocouples. The test stopped once the steady state is
reached and datacordedFig. 3.33shows the location of thermocouples amain
components of thermal cooling prototype using diaphragm pump with moving parts and

assembled by conventional manufacturing techniques.
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Figure 3.33 Active cooling with moving parendconventionally packaged cold plate (
3-piececold plate BN ceramic or FDMedJltem tubes, and gauge 20 copper or silver
plate). TCXs show location of thermocouples.

Thermocouple locations are seerFig. 3.33 The thermal test and thermocouple
readingsare repeated for all fabricated cold plates with conventional manufacturing
techniques. At each step, the data needs to be examined to see if it is reasonable, that
limits (temperatures, pressures, etc.,) of the test equipment are not exceeded ane to assur
that the next step is reasonable. When repeating a series test, the interval should be
adequate to allow the temperature to stabilize. Record the thermocouples reading
mounted at critical and identical locations for all specimens after reaching statady st
complete the data sheet and conclude the test. As mentioned earlier, fabricated prototype
with conventional assembly technique argued in this chapter will be compared with cold
plates fabricated by isitu AM technique discussed in next chapter. Radgcis used to
identify subsets of active cooling prototypes for the purpose of realizing common features

for clarification as seem Fig. 3.34

89



Core material ofinserted pipe (BN=ceramic boron nitride
(solid), U=Ultem(FDM))

Me tallic layer (.8mm) ( G20C= gauge 20 copper, G205=
gauge 20 silver, PS= plated silver, PC= plated copper, N=
none)

Packaging technique (IAM= insitu AM, C55= Conventional
sandwiched structure )

Figure 3.34 Polycode of cold plate types usedTable 3.1(block material for all cases
is AM aluminum Boy AlSi10Mg)

The followingtable ofthermocouples readirfigpom thermal testvill be
progressed to includ#ata for insitu AM cold plates and draw conclusion regarding their
performance in upcoming chaptemere, under ththermal testingf embedded tubdsy
in-situ AM techniquewediscussed and compared the thermal efficiency of the

prototypes.

Table3.1

Thermocoupldreadings ofCold Plate Made ofSLMAluminumAlloy with Different
InsertedTubesand Assembled bonventional Sandwiche8tructure

Run Thermocouple (TC) reading®C)

no. Cold plate type  TC1 (hot point) TC2 TC3 TC4
1 BN-G20GCSS 33.10 27.26 20.35 14.72
2 BN-G20SCSS 32.46 26.61 22.08 14.65
3 U-G20SCSS 37.33 29.30 24.06 13.33
4 U-G20GCSS 38.02 29.93 21.78 14.04

Note.Heat source: 72 watt§alinstan(coolant), Peltier cooler set to 10°C for B.C., forced convection
pumping pressure 2260 Pa, ambient temperature 25°C, steady state reaching time 120 min. BN = ceramic
boron nitride, U =Ultem; G20C = gauge 20 copper, G20S= gauge 20 silves,<C&nventbnal

sandwiched structure.
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3.6Conclusion

Essentially contact resistands one of the "disadvantages"” of using "stack up
assemblyin cooling system includingubassemblies packaged together to transfer heat
efficiently and continuouslfor avionics packagingn this chapter, we reviewed level of
avionics packaging with emphasis on challenges associated with thermal conductance at
interfaces of levels4andpover ned by Fourierods | aw. Furt
application of viscoelastic interface materigikh agshermal grease, pliant thermal
gasket, or metallic thin failand their thermal performances under applied load, surface
finish and contact conduantce for metallic interfaces. Moreover, study of passive and
active cooling techniques for avionics packaging including performance of their crucial
solid components i.e. heat sink, cold plate, two phase heat pipes revealed that contact
resistance createsbottleneck for heat carriers across the intesfand prevents efficient
thermal transport in lieu dhermalefficiency ofadjacentlementsn both categories
Then we developed the first active cooling
conventional caphragm pumping and LM coolant flowing through embedded tubed in
metallic blocks assembled by conventional
develop enhanced active cooling prototypes packaged &M technique and will
compare ta@onventiorl cooling prototype argued in this chapter to reveal their thermal
performances and important attributes to improve reliability of spacecraft avionics

packaging.
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Chapter 4: | mproving Interfac
Compati biyesiHXIs ABMmiwe d dhed EIl ect r c

Ceramic Tubes

4.1 Introduction

In previous chapter, we discussed about the heat transfer in layered structures or
stack up assemblies manufactured and packaged by conventional assembly method with
the emphasis on interfacial thermal resistance that creates a bottleneck for heat carriers
across the interface and how it prevents efficient thermal transport in lieu of efficiency of
HX elements. In present chapter, we will demonstrate how additive manufacturing
technologies can overcome critical limitations of traditional manufacturing ggeseo
improve heat transfer capability of hybrid heat sink structure and yet reduce secondary
operations of assembly that cause additional gaps between seams or on surfaces of
inserts. This would allow us to "engineer the interface" through fundamendtklimg,
in-situ manufacturing and characterization through experimental findings. Therefore,
improving efficiency and enhancing reliability of thermal management systems for
avionics by reducingontactresistance are the scientific and engineering dmurttans
from this studyMain research themes relevant to lthé& compatible HXs packaged by

in-situ AM technique with embedded electroplated ceramic tubes are assfollow

4.1.1Using LMs as A Class of Coolants for Thermal Control of HighPower
Avionics

Low viscous metallic alloys that are in liquid form within the operating
temperature range of electronics with high molecular thermal conductivity and low
Prandtl numbers is a classaafolants, which allow their use in power engineering

equipment at high temperatures and low pres&emgarniket al199. Compared to
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conventional coolant, first order thermal model of geometrically optimized minichannel
heat sinks suggests thaalinstanis a better coolant than water in such configurations,
reducing thermal resistance by about 4®¥6deset al, 2013 Tang et alemonstrated

how a LM bead could drive flow of an ionic fluid (salt water) by applying square wave
signal across it toreate a pressure differential through the Lippman effeantg et al,

2014). In active cooling by peristaltic or roller positive displacement pumping system
with LM, the fluid contacts only the inside surface of the tubing thereby negating concern
for incompatibility and contamination of viscous and skesarsitive and aggressive LM
fluids, however efficiency is limited by liquid viscosity since the flow is pulsed,
particularly at low rotational spee¢iga et al, 200). The two primary advantages of

LMs (superior thermal properties and ability to be pumped by magnetohydroadynami
pump due to its electrical conductivity) permit development of single phase cooling

systems. By implementing a closed loop gravity independent high performance pumping,
results hae shown heat transfer coefficients on the order 6+368- and 8 KPa pumping

pressurdMiner et al, 2004. To reduce temperature dependent viscosity of LM, thin wire
heater can be implanted into LM or attached to the tube wall to guarantee tloé flow

coolant bypassing freezing conditifid et al, 201). LM Galinstanhas been shown to

improve thermal conductivity of thermal management structures using Lorentz force

MHD pumping for hiperformance CPUs, but rapidly fail due to corrogibeng et al,

2013). Despite all of these advan¢édls such as gallium alloys are corrosive to all

metals except tungsten and tantalum and have to be encapsulated in compatible thermally
conductive ceramic i.e. ceramic or polymeric tubes in HX applicéEamnler etal,

2008. However, LM compatible tubes hawear resistance and outgassing issue, and to
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overcome thabrasion aneérosion weaknesses, wmbed ceramic or polymeric tubes in
strong thermal structure such as block of metallic cold plate that createdfareirte

thermal transport at interface of tube and metallic block.

4.1.2Creating Interfaces Between Ceramic and Metal

Limited research exists on basic mechanism of inherent thermal boundary
resistance andontactresistance has created a bottleneck for heat transfer due to short
path and high temperature differences, preventing efficient thermal transport.
Understanding the thermal resistance network, including contacts, is key to determine the
optimal design fomeeting the thermal management needs. In this regard, He et al used
representative volume element (RVE) to predict the thermal conductivity of pelymer
matrix composites accounting for tbentactresistance and witnessed the lowessitact
thermal resistage is achieved for cylindrical fillers due to the highest surtassmlume
ratio (He et al, 2016 Thermal contact conductance is an important factor in avionics,
largely because microsystems packaging contain a mechanical combination of two
materials andollowing factors influence contact conductance: contact pressure, surface
flatness and roughness, surface cleanliness, interstitial materials and plastic deformation
(Zhao et al, 2016 Dongmei et al conducted experimental investigation of the thermal
contact resistance between roonforming rough surfaces of copper and stainless steel
revealing effect of thermal conductivity of both solids on thermal resistance, harmonic
mean thermal conductivity of dissimilar contact materials and experimental meastirem
of thermal resistance between thin films. The thermal contact resistance of oxygen free
coppers and the thermal conductivity exhibited an exponential relationship under low

pressure conditions and a polynomial relationship when the external presga@ ra
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from 0.53 to 0.71 MPgDongmei et al, 2020 Additionally, materials typically used to

fill interstices (e.g. thermal grease) tend to have poor thermal conductivity. Therefore, the
greater thermal conductivity of the individual element that makes theellent

candidates for heat transfer applications, such as hybrid heat spreaders, is negated by the
interface resistance, which drastically influenced by manufacturing techniques used to

fabricate heat transfer structures.

4.1.3Manufacturing Metallic HX with Embedded Ceramics byAM

An in-situ AM process enables development of more efficient thermal structures
by eliminating secondary operations that cause additional gaps between seams or on
surfaces of inserts. 1situ manufacturing technologies havecefacilitated researchers to
develop geometrically complex heat exchangers so that theuheds laid into channels
within the HX structure and using AM to provide a better heat path from the fluid to the
structure surface. In this regard, Bruck &upta discussed the thermal challenges
associated with using thermally conductive filled polymers as a structural material for
more effectively managing heat in embedded actuators, realized usimggdnnjection
molding (Bruck et al, 200Q Through develpment of experimentalyalidated models
of the injection molding process and FEA modeling of the temperature fields generated
by the actuators, they were able to ensure both thermal and structural functionality to
demonstrate feasibility of creating mtunctional structures by embedding actuators in
thermally conductive filled polymers using thermold assembly process. Coronel et al
used robotic insertion of foreign object in FDM structures to fabricate 3D hybrid
electronics with embedded circuitripermal vias and wire routin@oronel et al, 2018

Thermal conductivity of the hybrid heat transfer structure is affected by injection molding
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process parameters especially with respect to temperature and pressure during the
molding process. Bruck et al have also studied the rheology and melt flownfardn
assembly of prenolded components in applications such as thermal managésneck
et d, 2010; Bruck et al, 20)2In-situ placement of foreign part BLM block with
different properties is challenging. Melt pool depth and flow while printingsttid

layer on top of the inserted part require further investigation to understand the

characteistics of "processingtructurepr opert yo of fabricated

4.1.4Highlighted Attributes of AM on Thermal Efficiency of HX

AM is capable of producing thermal structures in a wide range of materials,
however, every step of these processes has impalee atensity, near netshapeness,
imperfections and consequently thermal efficiency of the produced parts. For example,
thermal performance of the parts fabricated by selective laser melting (SLM) is affected
by reflective index of alloy materials, oxide layand surface roughness of printed layer.
McVey et al measured the light reflected from powder with the help of an integrating
sphere in order to realize that the distribution of the scattered light and the small
absorption in the integrating sphere cogittan affect the density and thermal properties
of sintered part@McVey, 2007. Martukanitz et al used a calorimetric scheme to measure
the energy absorbed by powders during the SLM process, however they did not account
for radiative and convective therhteansport of the melt pool, which effectively
increased the absorptivifiMartukanitz et al, 2004 Rubenchik et al used -Bitu
thermocouples attached to the bottom of a disk covered by thin layer of metallic powder
that was uniformly irradiated by ader light source to gain insight about thermal

behavior(Rubenchik et al, 20)5Yadroitsev et al obtained useful insight about the depth
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and width of the melt pool using a singtack experiment involving the spreading of a

layer of powder on a thin fi, thereby enabling the creation of several tracks at varying
laser power and speeds. After cutting the plate and etching/polishing theectes,

they were able to reveal information about the depth and width of the melt pool
(Yadroitsev et al2010. While the single tracking technique can ensure sufficient

melting locally for a given powder layer thickness, other processing parameters including
the overlap between adjacent scan lines and the scanning strategy affect the density and
residual stess of the part. In this regard, Ferentz et al simulated the SLM process as the
thermemechanical response of a nonlinear solid continuum by ignoring flow dynamics

in the melt pool and developing the SLM model in the context of a representative volume
elenment (RVE) using balance laws, boundary conditions and material métbzlge et

al, 2014. Likewise, the melt pool that flows under the influence of vaporization recoll

and surface temperature gradient drives Marangoni convection and mass transfer due to a
gradient of the surface tensiflre et al, 2012 The PlateatRaleigh instability in a long,
cylindrical melt bead can cause a pinchaffjof some sections of the pool from others in
AM SLM procesgGetling et al, 1998 Khairallah et al have modeled aexperimentally
validated the sensitivity of laser absorptivity for the Marangoni convection. The melt
track is divided into three sections: (1) topological depression, (2) transition region, and
(3) tail region, revealing the melt pool bottom and duradibtine ramp down of laser

power ramp and recoil pressure in the laser for powder bed based fusion of stainless steel
for the generated melt pool, material sparking and denudation zone. In the SLM process,
materiatlaser interaction is performed via ragdking, characterized by the length,

direction and separation (hatch spacing) model of melt pool, as well as flow and
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convection of the liquid in melt po®Khairallah et al, 2016 From these researches, we

have learned that fabrication of reliable thekrmanagement structure is feasible by

adapting and understanding advanced AM processes and the use of enhancements to the
printable materials. However, complexity of insertion process aanwbrevel bonding of

interfaces have not yet been further ideadfi

4.1.5A Strategy to Augment Wettability of Thermal Interfaces

Furthermorethe efficiency of active cooling systems depends greatly upon
wettability and surface tension of interfaces, and materials compatibility to assure fusion
to provide minimakontactthermal resistance via optimal bonding. In our work, we
found that silver or copper electroplating was required to fuse the metal to the ceramic
pipe in powder bed based AM process. Other
that used AM DMLS tehnique to fabricate a manifeldicrochannel HX as a compacted
single part unit to optimize the production procg&sramati etal, 2019. Shen et al
studied the improvement of mechanical propertighiok nanocrystalline layer of
electroformed copper deposited in neutral aqueouMMNBCI solution to promote a
convenient, controllable and reliable surfg8aen et al, 20)9Researchelaed to the
feasibility of near net shape AM products revealed that geometric limitations for inserts,
difficulty with powder removal in cavities and micro channelSiM parts, and
cultivated design features for inserted parts fabricated by FDM haveealldetermined
to be challenges in realizing advance thermal management hybrid AM stri{tunesr
et al 2012;Lappo et al2003. Zhaohui et al filed a patent fpreparing a ceramic
package substrate with a copjpdated dam encompassing electrodesaisd

performing thin film metallization on a surface of a ceramic board. Chemical bonding,
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chemical reaction, and the interfacial structure of metal/ceramic interfaces are influenced
by temperature, time, pressure and alloying additions. Metal/ceramitacgs
wettability and work of adhesion can be predicted qualitatively from bonding models
based on the elements of metal and ceramic. Additionally interfacial energy minimization
dominates the atomic structure of metal/ceramic interfa@bfess Zhaohuj 2019). Lament
et al have used an-situ AM direct laser writing strategy for creating 3D features to
overcome difficulties associated with facilitating the matcranicro interfaces required
for fluid delivery and effect of microchannel geometry in theisgalerformance of a
structure(Lamont et al2019.

In thischapter we demonstrate a novel approach to reducedhtactresistance
in a newly developed technique for embedding LM compatible structure AMINgLM
processes. We then discuss how heat from electronics can be transferred to a LM coolant,
circulating through geometrically complex internal channels of the cold plates used in
conjunction with a pump, thereby comprising a typical pumped liquid cooling Idbe
in-situ AM process enables muftiaterial structures to be fabricated by melting metal on
top of an insertetlbeto reduce theontactresistance that occurs with conventional
assembly processes. However, there are technical and scientific gbsléssociated
with this in-situ AM processes. The first challenge is related to the feasibility of inserting
LM compatible tube into 8LM powder bed, where the embedded part can potentially
collide with the powder coater and roller, thereby halting tbegss. Second, the melt
pool depth and flow while printing the first few layers on top of the inserted part requires
further investigation to understand the effect on the final fabricated structure. Finally,

survival of the delicate features of the emletigart when exposed to thermal stress
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associated with localized laser heating is a major challenge. Addressing these challenges
are the focus of this study, particularly through: (1) proper selection of AM technology
and relevant parameters i.e. lasembéatensity, hatch spacing, laser scan speed, layer
thickness, (2) bonding of the major thermal interface, and (3) appropriate design of the
geometry and selection of material for embedded part. It is through-its iAM

process of embedding thabein the HX structure that theontactresistance is reduced,

and in thischapterexperimental results showing this reduction is presented.

4.2 Manufacturability of Metal -Ceramic HXs

AdaptedSLM, FDM, CNC machining and electroplating are processes used for
manufacturing of hybrid HX. Wéabricated nine AM cold plate blocks including ceramic
and polymeric tubem two separatdterations. AM cold plates fabricated for first
iteration failed, however cold plates of second iteration including ceppdrsilver
plated ceramic tubeserefabricated successfully based apservationgrom thefirst

iteration. We elucidate both iterat®im this section.

4.2.1 Iteration #1 (Series,Parallel, and Branched Out FDM Polymeric Tube
Inserted inSLM M etallic Block of HX)

We haveselectedour shapegor exterior profile of tubdased oroverhang
constraint for topology optimization of sefipported structures BLM and FDM

processesas seen iffrig. 4.1
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Figure 4.1 Four candidatesubesconsideration to eliminate support structure for
overhang in AM procesand maximizing surface area normal to heat lo&degular
pentagon for exterior profile and circular cross sectfoninterior profile with minimum

wall thickness as 1 mm is idedlape selected for this study (far left).

The morphology othe LM compatible polymeric tube has three featufeks
optimal wall thickness of the tube as 1margompromise between the thinnesil
amenable for manufacturabilignd the need to minimizkaihness for heat transfer
Because of low thermal conductivity dftem, the tube should be as thin as possible for
optimal heat transfeand still sealedor flow of LM with high surface tensioand yet
amenable for FDM proces@) Interior crosssectian of the tibe that LM flows through
as circularAccording to Chezy equation with Manning's roughness coefficient in duct
flow and approximation of cross sectional area by hydraulic diameter, the interior cross
sectional shape of the tube should be circtdaminimize flow resistancéc) Exterior
profile of tubeinterfacing with metallic block in nexi-situ insertion stepWe embed the
fabricated tube insid8LM print bed, insertetlbeshould have maximum surface area
normal to heat source and still amenable fesiin SLM without collision with roller or
blade and yet elimination spport structure fasverhang to fabricate the channels
inside thermal block. These constraispecify the exterior profile of the cross section of
coolant container as irregular pentageahected from proposed candidates showrign

4.2

101



Figure 4.2 Cross section of LM compatible polymerigitem) tube with 1) irregular
pentagon for outer profile d)ircular interior profile ID=4 mm and min wall thickness
amenable for FDM is 1mm (iteration #1)

For longitudinal profiles of control volume, we have selected closed loop in
series, parallel and branched out shapes. Prior to insertion of the tube inSt#&ithe
structure (for details refer to fabrication steps of metahmic HX in iteratior2) and to
prevent damage of the polymeric tube encountering hot melting pool generated by laser
fusion inSLM process, we electroplated the fabricated tuitke .05mmthick copper

seen irFig. 4.3
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Figure4.3 A). Isometric view of CAD models (185mmx100mmx18mm), B).
Prefabricated channels for insertion 8LMprocess (ID 4mm), wall thickness 1mm,
material: Ultem, C). Post processing of fabricated channels (.05mm thick copper plating
and .012 mm nickel plating) D). Fabricatedsiu cold plate bySLMprocess ( EOS290
machine) material aluminum alloy AISI210Mg_200.

Experimental leakage test axglay picturesn Fig. 4.4haveshown that the laser
radiation ofSLM procesgpenetrated through the .05mm copper electtegléayer,
melted and damagddtem tubecausng leakage Therefore, the effostto fabricate AM
cold plates for fist iteration were unsuccessand ticker plating was used in later

iterations.
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B C
Figure 4.4 X-rays images normal to top surface of insitu DMLS cold plate ( model: Go
Terps 1) at partial locations labeled A, B and C taken by GE Phoenix Nanome|X
(140kV, 50UA beam power), showing the damaged copper/nickel plagsdpipe

inserted inSLMaluminumalloy process. Insitu AM part finished 3D printing but failed
and caused leakage due to inadequate thickness of plating of .05mm.

Development of cold plates for first iteration and realizing them through new AM
processes that permitted use of what nolgmabuld be corrosive LMs has enabled us to
demonstrate ksitu AM manufacturing potential. Howevdaser penetrated through
.05mm thick copper electroplating and damageditemtube. To understand LM flow
for cooling and heat transfer properties ™ compatible layered cold platbat includes
electroplated films, we performed thermal experiment through iteration #2. In particular,
we fabricated simple straight cémensionamultilayertubesinserted in AM proces®
specify the relationship beter the thickness of the plating interface and its laser fusion
with AM powder to optimize adhesiat interfaces and teduce interfacial defects that

can retard thermal performandeloreover, BN solid ceramiwasused as tube material,
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because of high eiting point,capable of withstandin§LM laser temperature,
compatibility with LM and high thermal caluctivity up to 130 W/m-°K. Furthermore,
we discussed the tradeoff between flow forces, viscosity affected by the wettability of

BN.

4.2.2 Iteration #2 (1D Straight Ceramic/Polymeric Tube Embedded in
Metallic AM HX)

4.2.2.1Fabrication of ceramic or polymeric LM compatible 1D tube
For CNC machining of ceramic BN tube, 2D detailed dramagprepared and
shown infollowing figure. Similarly, identicalSTEP file wagyenerated for FDM of

Ultem.

NOTE:

1. MATERIAL: SOLID BORON NITRIDE AXDS

2. 1/16-27NPT THREAD .25'DEPTH FOR BOTH ENDS
3. SURFACE FINISH: 32 MICRON.

4. DEFAULT TOLERANCE 005"

et 03 [matfdi] —
i

& [hal =

Figure 4.5 Simplified 1D profile of LM tube with irregular pentagon as outenfile
and circular inner profile feasible for CNC machining or FDM process of iteration #2

4.2.2.2 Electrodeposition of auter surface of tube

Electroplating before insertion will facilitate fusion of the silver or copper plated
ceramic with the meltedhetal powder by reducing defects associated with the surface
tension of the melt and the wettability of the cerankior solid grade AX05 hexagonal
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boron nitride ceramitube the plated layer is laser fused nicely wihM aluminum

alloy (EOS AISI10Mg_PR0) powder compared failed fusion between bare BN ceramic
andSLM aluminum alloy powder (sdeig. 4.6). Laser sinter process is characterized by
extremely rapid melting and-solidificationand has a certain anisotropy due to layered
built method. Themelt pool temperature in DMLS process for EOS AISI10Mg is 670°C
750°C, and melting point @lectraleposited copper (1085°C) or silver (961.8°C) are
lower thanthat ofBN (2973 °C) creating better amalgamation of meatatal rather than

ceramiemetal dumg SLM insertion step.

Figure 4.6 In-situ SLMprocess showing inserted bare solid BN ceramic tube in
aluminum alloy block, when scanning the layer on top of the ceramic, the powder was
unable to adhere causing the build to fail.

Similarly, forreliability issues and preventing melting of inserteldM tubein

SLM print bed (melting point ofJ)item 350°C), FDMtubeis copper or silveplated(see

Fig.4.7).
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Figure 4.7. Copper electroplated (.8mm thickness) ceramic BN tubes in electrolytic
solution during electrodeposition process, required surface of ceramic is metalized prior
to deposition process.

Thick layer of plating (i.e2 mm) is prone to voids and porosity due to limitation
of plating techniques that would affect thermal conductivity atqa layer. Conversely,
thin layer(i.e. .05 mm)of platingfusedduring SLM laser scanning would cause the build
to fail sincethe metallic powder could not adherehm electroplated layer, additionally
laser radiation can penetrate through the thin layer and melt low melting base material of
tube such ablltem.

Required thickness of plating is specified by the depth of melt pool, penetration of
laser while printinglie SLM layer on top of the inserted part and absorbed radiation
energy. Actual absorbed energy depends on the coupling of the laser and mixed layers
containing particle of inherently light aluminusilicon powders (witthigh melt fluidity
and relatively lav shrinkage) interfacing silver or copper electroplated layer. For

instance, a 60 W laser with a pulse width oh@0rosecond focused to a 0.3 mspot
size generates +#— . EOSSLM machine with 300 W laser powand focus down to

around 0.1 mmcan fully melt a number of metals including copper and silirer.

addition, arNd-Yag laser with a wavelength of one micron would couple-en&®on
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particle spread on silver or copper pldfmreover, the melt pool conditions can be
determined through trammt heat conduction equations as

Q wl o 1
Wherg is the thermal diffusivity andis the pulse thickness of the laser &d the

depth of laser penetratior-or example, thermal diffusivity ailver is 16.8-5—,

copper is 11.85 — and aluminums 9.7e-5 —. Therefore, a 20 microseconds pulse

width, on averagevould penetrat& 00 micronsof silver and aluminum mixturéar more
than required fo28 to48 microns particles to amalgamate with plated surface.
Furthermore, the intesity of penetration into the powder bed is governed byiBeer
Lambert Bouguer law that relates the attenuation of light to the properties of the material
through which the light is travelling.
6 -aw v

Whereo optical attenuation; is the molar attenuation coefficient or absorptivity of the
attenuating speciesyis optical path lengthpis the concentriin of the attenuating
speciesThemolarattenuation coefficienh Beeii Lamberi Bouguer equation depends
on thegeometry of the particles and the material. For metals, the decay is very fast, with
high molar absorptivity (30,00000,000), and laser ligim SLM processs absorbed at
more than the particle diameter. That is why tliesolution ofSLM machines is
typically around the diameter of the particles.

For this study, due to theansient heat conducti@nd intensity of penetration
equationsfailure caused by inadequate plating thickness realized from first iteration and

for comparing thermal performancein-situ cold plate to cold plate packaged
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conventionally, the thickness of plating selected to be equal to thickness of gauge 20
copper or silvesolid plates (.813 mm).

To gain insight about fusion of electroplated layer on top surface of ceramic tube
and AM powder, xray images were taken of areas of interest fesitun blocks. The x
ray picturesn Fig. 4.8show that copper electroplated BN pipe has fused nicely with
aluminum alloy powder during igitu AM process and finished ceranmeetal AM cold

plate successfully.

6
D1

D2

D3

D2

D1

B4
B5
B D

Figure4.8 X-ray images from GE Phoenix Nanome|X (140kV, 50UA beam power) of
ceramiemetal insitu AM cold plateThickness of Cu plating on top side of BN tubes is
.8mm and fused to aluminum alloy powde®S AISI10Mg_20Qd)y in-situ AM process.

(A) Cutoff end and-xay direction shown normal to cross section (Bay image from

direction shown in AAO0 including B1: Al SI
electroplating and AlISI210Mg powder, B3: Solid BN tube, B4:gap betwéeraind
channel due to .05 mm (.0020) t-my erance,
direction perpendicular to top surface (Dyxay I mage from directio

including D1: AISI10Mg section, D2: gap between tube and channel due to insertion
tolerance, D3: electroplated BN tube.
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For DoE (design of experiment) and understanding the heat trasfer properties of
plated and unplated LM compatible tubes, we have fabricated 16 samples and there are

describedn Figs. 4.9 and 4.10

Quantity of LM compatible tubes (plated vs nonplated)
Plating Snll\illi:ltizgon UQI;::' Thickness (dimension T in following figure)
Silver plate 2 2 .504" ( thickness of BN+ thickness of Ag plating )
Copper plate 2 2 .504" ( thickness of BN+ thickness of Cu plating )
No plating 2 2 504"
No plating 2 2 466"

Note: The length for all specimens is 185mm and the width of all specimens is 10.4mm, only height is
different [height is either 12.8 mm(.504") or [11.8mm/(.466")]

dimension TT b
D

B.252 [5.11—/

Figure4.9 LM compatible tubes (plated vs nonplusedyared for cold plate
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Figure4.10 Set of LM compatible tubes. The core material of the tubes is either CNC

machined solid BN ceramic (white), or FDMettem polymeric (black or gold color).

Electroplating of silver or copper applied for fusion purpodaegng in-situ SLMAM
process as next embedding step of fabricating cold plate.

4.2.2.3 Cultivation of CAD model of cold plate block for in-situ SLM
Firstly, link CAD model of tubes t&LM block model in NX modeling software,
offsetcross section of tubgermaximumtolerances o8LMpr ocess N. 0020 [ 50
and tube®xcept for top flat surfacéeast material conditioaf top surface will be
taking care of by added powder layelSbM processThen place andubtract (Boolean
operation) thesolid modelof tubesfrom cold plate block in NX modeling softwangdote
that cold plate is designed for 6U CubeSats and heat sources are mounted to right side of

the block, separated from left sittat is mounted to Peltier cooler.

4.2.3In-Situ SLM Operation to Insert Tubes

StartSLM process to print the metallic block and interrupt the process once the
cavity is printedTo do this stepgut thestereolithographySTL) file of the block from
top of the cavity for channels, to generaten separate piecemnd set up two separate

builds. Howeverparameters of EOS machine suctpas/eosprint will apply upskin and
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downskin exposures at the seam with the standard EOS_DiteexPasure. To avoid
the upskin and downskin exposure at the seam, one can set a start height and final (end)
height for the buildn setup interfacef EOS 290machine Change thé&-inal heightfor
the first half an dobepresenb €ap thebuidOnaenthefrstn 6t h a
build having cavities for channels is fabricateple the gate d5BLM machine to access
inside of the build chamber. Clean unsintered powder iris&ehannels of the metallic
block. Place thdubeinside the cawy sud that the flat face is toward the laser beam
After insertionthelarge plated surface of thebeis flush withthe partially printed block
andas sucht will not collide with roller of powder bed base AM process. SetStast
height/Final heighfor the second half and uncheck the boxes in the DMLSft&0S
machine unless a double expostseneededt the beginning layers of the second half
build. One can stop the build at a certain height (.020y.9¥0 increment heights for 15
5, 174 andmaragng Inconel steel ah.030 mm for AlSi1l0mg and Ti64

Resume th&LM process to finish the 3D. A rift line where the build was paused
would not significantly affect the mechanical properties of the payt4.11shows the

insertion steps.
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Figure4.11 Upper row (left to right) 1. Cultivation of CAD model iorsitu AM
showing embedded tubes gubtraction2. Finalized CAD model Rartially printed
block ready for insetiarLower row (left to right) 1lnserted tubes insidehannels of
SLM block 2. Fnishedin-situ AM cold plat€roller of AM SLMprocess is shown) 3.

Removedold plates fromprint bed by electrical discharged machining (EDM)

Six in-situ SLM cold platesverefabricated and during the thermal test, their
performanceso be compared toold platesassembledby conventional assembly

techniqualiscussed in previous chapt&éhe AM cold platesire seen iifrig. 4.12

Figure4.12 (left to right) Insitu SLM( EOS AISI10Mg_200) cold plaiecluding
1).Bareinsertedceramictubes The aluminum delaminated from the ceramic and failed
to finish 3D 2). Bare BN ceramiabes are glued and sprinkled aluminum powder on flat
surfaces prior to insertigrfailed to finish 308). Silver platedJlteminsertedtubes4).
Copper platedJlteminsertedtubes 5). Copper plated solid BN insertetdbes 6. Silver
plated solid BN insertetlibes (iterations 3 to 6,successfully finishe8LM).

113



4.3 AssemblyModel of In-situ AM Active Cooling Prototype

The assembly ah-situ AM HX prototype igdentical with HX prototype
packaged by conventional assembly technique and discussed in previous chapter with the
exception that isitu AM cold plate is swapped withBece cold plate. The prototype is

demonstrated ifrig. 4.13

Figure4.13 CAD model of active cooling prototype including 1)diaphragm pump, 2)

Peltier cooler, 3) LM reservoir, 4) isitu SLMcold plate with embedded copper plated

ceramic tubes 5) MP9100 Caddock resistor (12x) 6) Nylon coupling 7) Polypropylene
flex tube 8) #40 mounting hardware (4x)

4.4 Thermal Test and Experimental Data

We conducted tests to determihe thermal contact resistance fosedinterfaces
of AM cold plates fabricated e presentedechniqueand compared the resutts cold
plates packagedby conventional assembly method (sandwiched and bolted structure).
Materials and geometries in both casese identical. The transparent isometric view of

3D model ofin-situ AM cold plateexploded view oBD model ofconventional cold plate
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and fabricated and packaged cold plates ksituinand conventional techniquase shown

in Figs.4.14 and 4.15

Figure 4.14: CAD model of irsitu SLMcold plate including two copper plated (0.8 mm)
solid BN ceramic tubes (100 mm x 185 mm x 18 mm)

Figure4.15 Exploded CAD model of cold plate including BN pipes, gauge 20 copper
plate (0.8 mm thick), encapsulated by conventional manufacturing offileeeSLM
aluminum alloy block (final envelope size is 100 mm x 185 mm x 18 mm)
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Figure4.16 In-situ SLMcold plates including copperor silver-plated BN ceramic
pipes creating superior bonding by fusion of silver (or copper) with aluminum alloy AM
powder (left) compared to conventionally assembled cold plates (right) including three
pieceSLMaluminum alloy block, gauge 20 copper or silverthtshelf plate. Assembly
fastened with #410 SS screws torqued to 4.7ith Note: surface flatness 0.08 namd
surface roughnes$4 u inch at top surface (interface to heat source) and bottom surface
(interface to Peltier cooler) for all pieces (right)

Thermocouplesvired to data acquisition systeamnd placed at critical locations.
Thesetupis identicalfor all prototypes with different cold plates, and thermocouple

locationsand active cooling of prototype by diaphragm puamgseen ifrig. 4.17
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Figure4.17 Assembly of active cooling prototyaed location of thermocouples (TC#)
For each test, steady state temperatures of designated points were sensed by TCs and
recorded by data acquisition unit

In Table 4.1to determinghe heat transfer improvement of ihesitu AM cold
plates relatived conventionally assembled ordiscussed in chapter e ratic of
steady state temperature of hottest point, .€1) for both casesere determinednd
compared. Aseen inTable 4.1 silver-platedceramic BN inserted i8LM aluminum
block has the highest efficiendyansferring heat 1.72 timé®tter than conventionally
placed and bolted Biibe with silver platén a threepiece block. Similarly, irsitu SLM
aluminum alloy block witlcopperplated BN ceramic insershowedl.64times
improvement compado the threepiece cold plate packaged by conventideahnique

with identicalgeometryand material properties.

117



Table4.1

Results oThermalTest andType TThermocoupldReadings tdEvaluate thelThermal
Performance ofCold Plate Made ofSLMAluminumAlloy with DifferentinsertedTubes
andPackaged byn-Stu AM or Conventional Sandwiched Structure

ThermocoupldTC) readings Max heat transfer
improvement of AM
TC1 (°C) cold plate relative to
Run (hot TC3 TC4 conventional
no. Cold plate type point) TC2 (°C) (°C) (°C) assembled cold plate
1 BN-G20GCSS 33.10 27.26 20.35 14.72 164
BN-PGIAM 20.15 16.83 14.04 10.35 '
) BN-G20SCSS 32.46 26.61 22.08 14.65 172
BN-PSIAM 18.90 15.48 13.78 10.33 '
3 U-G20SCSS 37.33 29.30 24.06 13.33 1.40
U-PSIAM* 26.74 21.30 16.04  10.39 '
4 U-G20GCSS 38.02 29.93 21.78 14.04 133
U-PGIAM* 28.58 22.50 17.42 10.44 '
5 BN-N-IAM** 22.63 19.27 15.36 11.05 N/A

Note.Heat source: 72 watt§alinstan(coolant), Peltier cooler set to 10°C for B.C., forced convection
pumping pressure 2260 Pa, ambient temperature 25°C, steady state reaching time 120 min. BN = ceramic
boron nitride, U 2Ultem; G20C = gauge 20 copper, G20S= gauge 20 silver, PS = plated Bivemplated

copper, N = none; IAM = isitu AM, CSS = conventional sandwiched structure.

*Leaking due to possible microscopic damag&tém inserts noticed during the test but finist&id\.

**Part failed to finish 3D and did not meet the near net shape requirement of the 3D.

Additionally, to show validity and repeatability of the experiment, the steady state
testwasrepeated for different applied DC heat loads as 36, 54, 72 and &2 through
mounted resistors for igitu AM cold plates (seEig. 4.18 below). The testshowedthat
all controls worledas expectedrhus weconclude that the experiment wedas intended

and that resulta/ere due to the effect of the tested variable
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AM AlISi10Mg Cold Plate with ceramic BN or Ultem pipes
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Figure 4.18: Comparison of cold plates fabricated bysitu SLMtechnique. Silveplate
ceramic BN inserts had the best efficiency compared to otfsuiiAM specimens.

4.5 Conclusion

In conclusion, this study demonstriteow AM technologies havevercome
critical limitations of traditionamanufacturingand packagingrocesses to reduce
thermal contact resistance at interfacElyered thermal structures such as nietal
ceramic LM compatible cold plate. Chemical compatibility, thermal efficiency and
manufacturing feasibility are theallmarks offabricated prototypes by the-gitu AM
technique.

We usedGalinstanLM as coolant in active thermal prototypésw-melting-
pointLM alloys such a$salinstanhave great potential to increase thermal efficiency and
reduce the mass/size of active cooling systems for sgtavionics system due kigh

molecular thermal conductiviig bi | 1Tty to withstand dr amat.
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mi smat ch, ext r esmesltyawPcasdt nknzbgranda zwectic tat is
liquid atmost electronics operating temperatuiewever, the behavior of LM flow is
different from polar coolant such as water because of the surface temnstosjtybeing
affected by the wettabijitof boundary wallsandcorrosivenessTo take advantage of
thermophysical properties of LM asoolant and overcomies inherent incompatibility
with metallic structure, machinable ceramic BN was used as tube maieraitain LM
because of minimatettability andchemical compatibilityof solid BN with LM andits
high thermal conductivity

Selection of BN tube is a wise choice where corrosion resistance is more
important than wear resistance and solid BN is not amenable for application under
mechaical loads. Therefore, we needed to encapsulate BN tube in metallic block to
overcome its mechanical weaknesses for avionics structures encountering vibration and
mechanical stresses. Embedding tubes inside a metallic block creates thermal contact
resistace at interfaces that are inherently
studyhas enabled us to demonstratsiitn AM manufacturing potential to improve
contact resistancén particular, we studied the relationship between the transient heat
conduction and intensity of laser penetratiorthie SLM process to the convection of
SLM melt pool and heat transfer properties of interface layers including electrodeposited
films to optimize fusion at interfaces and to reduce interfacial defects thattaeh re
thermal performance.

By in-situ AM techniquewe synergistically complemented the interraptof the
SLM process with morphology of the insert to eliminiggecollision with the powder

spreading device the AM process.The geometrically optimizedhsert(tube has
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thermally enhancefiaturesn accordance teourier's lawincluding maximized surface
area normal to heat source, minimized thickness diuthe andanirregular pentagon
profile that facilitates insertion integrated channels of AM blo¢krough this
innovative insitu AM process. Development afjeometrically optimized tubey CNC
machining with minimal surface roughnedbwedusto minimize the Moody friction
factor of viscous LM flow

We observed the flawing key features from fabrication and thermal testing of
prototypes. Firstly, this studyvealed that inseng bare ceramimnto SLM process
failed to complete 3ecausehe powder was unable to adh&vehe ceramic
Additionally, silver- or copperplatedUltem tubes shoveddeformation and leakage
duringthermaltest due to thermal stress the insitu SLM process but finished 3D. A
silver-plated BNtubeinserted inSLM aluminumalloy block by in-situ AM technique
successfully printednd the cold plate hatie highest thermafficiency.According to
data fromthethermal experiment and under identical test condititbhreshybrid cold
plate fabricated by ksitu AM techniqueshowedup to 1.72 times heat transfer
improvement compared ttold plates manufactured by conventional packaging
methodology sandwiched by fasteners.

In the next chapter, we replace the pumping system of active cooling conventional

prototype with MHD to further improve the reliability of cooling system.
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AM

5.1Introduction

In previous chapter, we demonstrated how additive manufacturing technologies
could overcome thermal bottleneck of heat exchanger manufactured by conventional
techniquess a result oimproving contact resistance at thernmaerfaceand yet
resolving inheent chemical incompatibilitissuecausing corrosioof LM. In present
chapter, we replace the diaphragm pump of active cooling prototype by MHD pumping.
The pesenteatooling system using liquid metals and MHD cooling is simple, compact,
rugged, silentrad more reliable for spacecraft avionics due to no moving pahs.key
subjects argued in this chapter are fundamentals of MHD and its application
complemented by multi AM technologies such as DMEBEM, SLSand FDMalso
traditional manufacturing sucts £NC machining and electroplating tleaiabé us to
fabricate reliable MHD thermal management system operable in-Bpa@mvironment

to meet the power req@ments for spacecraft avioni@sg. 5.1).
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Family of AM

Hybrid Maufacturing Traditional

Profile Extrusion ‘

Turbomachinery

Kinetic (Centrifugal pump)

Figure 5.1 Technologies applied tevelopment of MHD thermal mareagent

5.2 Magnetization and Governing Laws in Electromagnetism

In classical electromagnetismagnetizatiorof magnetic materials is reliably
represented by two main valuesagnetic field strength H andagnetic flux eénsity B.

Other parameters such as permeability (B/H), lossedB/dt), polarization J§ ¢

* "0, magnetization{ 'O and magnetizing curve BgH) depends on these two

values Tumanskj 2011).
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Magnetic field strength H | porneability "
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Magnetic flux o . 0

Figure 5.2 Response of magnetic material represented by permeability under influence
of the magnetic field strength H, which is generated by the current | flowing in the coil.

This field gives rise to the magnetic fliégxandé  — This flux density is detected

electric voltage induced in the secondary coil with n tuths value of this voltage
depends on the time derivative of B.

Between the exciting magnetic field strength H and the response B, there is
relatively simple relationship intheqy AO A A "Q However, in practice, ik
relationship is more complex anmdinost typical magnetic matesathe relation between
magnetic field strength and the flux density is highly nonlinear. Therefore, generally it is
necessary to use the whole relation BBfknown as the magnetization curve (5ég

5.3,courtesy of cartech.com

Typical D.C Magnetization Curves - Hiperco Alloy 50A vs. Electrical Iron
24 | L 1 L I I 111 k P

]
o

-
=]

Induction, B, Kilogausses
® ™
|
|

| 11 | | 11 | | 11 1 | 11
0.1 10 2 4 6810 100 1000

Magnetizing Force (H, Oersteds)

Hiperco alloy 50A strip, .035" (.89 mm) thick, 1600° F
(871°Q), 2hr.dry H,.
Hiperco alloy 50A bar, 1875°F (1010° C), water quenched
plus 1600°F (871°C), 2 hr,dry H,.
Hiperco alloy 50A bar, 1600°F (871°C), 2 hr, dry H,.
Hiperco alloy 50A bar, 1533°F (820°C), 2 hr, dry H,.
Electrical Iron bar, 1550°F (843°C),4 hr,wet H, ,FC.

Figure 5.3 B-H curve, Hiperco50A and Irerinduced Field vs Applied Field
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Additionally sincedistribution of flux density is strongly depends on the shape of
thedesign artite, we cannot simply discuss the magnetic properties of the material.
Generally, the magnetization is non uniform in the whole body and wentan
determine the mean value. Moreover, because of non_uniformity of magnetit feeld,
widely accepted in andards that sinusoidal flux density is required in case of AC testing
and te result of the test is highly dependentlomfrequency of magnetization, in reality,
both magnetic field strength and magnetic flux density can beinoisoidal Finally,
evenwe ensure correct core shape and correct magnetizing waveform, the anisotropy of
materials cause problems in determination of the direction of magnetization and
permeabilitycan be only described in a form of complicatesomotation The

fundamentals of applied MHD are as following

5.21 Biot-Savart Law

Bioti Savart Law describes the magnetic field generated by a constant electric

current, i.e. calculation of magnetic strength from an arbitrary point distanced from a long

conductive wire arrying electrical currentO —

Figure 5.4 Magnetic field lines of a long conductive wire carrying electrical current
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Now, let us consider the magnetic field inside a long solenoid as shown, lbefow
long coil ( solenoid), at the center of tbail and distance x from center the magnetic

field is as following(Tumanskj 2011).

£0 0 0 o
L) 0 » 0
2L

— A
2a E/
"\JU“ :
I
, 4

Figure 5.5 Magnetic field inside a long solenoid with n turn and electrical current |

For multilayer solenoid with inner diametgar and outer diametegi :

B £ 0 A | i 0 ® R | i 0 ®
O —— VL wli U wl i X
w1 i i 0 i i 0
5.22A mp e rCaauital Law
Ampereds | aw hel ps c¢ al atedastnd aaosedlbopma gn e
conducting a current
0¢ O 0 )]
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Figure 5.6 The circuital law used to determine the magnetic field strength (H) in a
toroidal magnetic circle with n turns and electrical current |

523Faradayés Law of I nduction

It determines electromotive force (voltage) induced in closed circuit in magnetic

field B.

Q.
o . . QO o .
Meaning if a closed conducting loop is moving in the magnetic field, the voltage is

w

induced in this looffthis is how gaerator works). If a namovable loop placeth

varying magnetic field thenevobtain induced voltage (transformer principle). If the
conducting material is moving in magnetic field or is placed into-tiarging magnetic
field, the eddy currestare indued in this material material thickness is d and resistivity

of material is’ ).

QQ6

¢ Qo o

The eddy currents generate magnetic field that tends to epipeexternal magnetic
field and eldy current dissipates heatose source of ergy loss in magnetic material

(AC MHD electromagnet principle).
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1 CHANGING
FLUX

Figure5.7. Schematic of a DC generator (left), a transformer (middle) and eddy current
(right)

In order to determine the magnetic flux density from a voltage inducetuims
of acall, it is necessary to use integrating circBitr pure sinusoidal voltage

» O E Towe can determine the flux density:as

60

cu "Qé%A”O) pp

Figure 5.8 The principle of measuring of the flux density B magnetic circuit

5.24. Lorentz Force

If an electric particle g is moving with velocity v in the Electromagnetic field E
and B, then a force F ( Lorentz force) acts on this particle, given as

O Ao 6 PG
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If we consider only magnetic field B, tHigrce is called as magnetic force or Laplace

forceused in MHD cooling concept in this studgdits formula is as following:

Figure5.9:

O n' o

Fleming’s Right Hand Rule

Direction
= of force current

* .
Direction ‘g_ ‘
of fiald "

or O ’
Dirlection kw

of current

FIl emingds right hand

5.3Development of MHD Cooling Prototype

Any movement of an electrically conducting material in a magnetic field

roned e

showi

generates electric currents which in turn induce their own magnetic fields and also induce

forces on the medium known as LorentzffHannes Alfvén, 1942 The concept of

MHD defined in previous sentence that involves fluid circulation fits conceptually with

active thermal cooling that circulates a coolant to transfer heat from one heat source to

cold boundary. Moreover, space comipiatelectromagnetic field can travel through

vacuum at speed of light. Consequently, MHD active cooling system can be explored to

beat the heat at avionics packaging for space application. In this regard, the following

steps having put a suitable appro&xklivide assembly of MHD cooling system into

subsystem and components, analyze each subsystem to determine its performance and

optimize magnetidlow-thermal parameters of simple subsystem to be able to synthesize

iteratively as a whole and predict theincharacteristics of the subtle cooling system. In
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the context of breaking down MHD cooling key components for analysis, it simply has I).
A device t haMHDwpownepsdé caonod alnit) .6 A medi um t hat

transfer the energy from heatsoutce ol d boundary OMHD col d pl ¢

5.3.1MHD Pump Design

The MHD moving device (MHD pump) generates magnetic field througmetagtion
of magnetic materiglcore) that is reliably representBeH curve described in previous
section. MHD pump consist$ a magnetic core assembly and a LM compatible coupling
for mounting electrodes and passage of electrically conductive LM.

5.3.1.1Magnetic core assembly

Magnetic core assembbf MHD cooling prototype in this studyonsists of
copper windings, DC or AC powering systeamnd ferromagnetic Shaped core. Most of
ferromagnetic materials are polycrystalline and strong magnetic anisotropy of crystal is
caused by sptorbit-lattice interaction. It is important to eliminadaisotropy because it
generates losselslagnetic materials are classified as hard or soft based on coetatity
measure the ability of a magnetic material to resist demagnetizdaoth magnetic
materials such as permanent magnets have high coerewiiie soft magnetic materials
such as electrical stelehve low coercivityRemanences the residual magnetization that

remains when no magnetic field is applied to a magnetic material that was previously
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magnetized to saturatigeeeFig. 5.10. Note:for calculatinglosses in ferromagnetic

materialsP o y n t eaogi®used.v

25 25
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Pure Fe, C-Stools FeCoV
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Saturatiaon Magnetization J /T
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1
Soft Magnetic | Semi-hard I Hard Magnetic
Magnetic

Figure5.10 Coercivity, saturation magnetization, and remanence of various magnetic
materials (courtesy aiVeickhmann, 2009)

To increase the possible flux density range ictetenagnets, often ferromagnetic
materials with highest possible saturation polarization are used for thefpotbss
study, granulized Hiperco 50&n alloy of 49% Cobalt, and 2%Vanadium, balance Iron
is selected for core material that has the higmaginetic saturation of all seftagnetic
alloys

Fortheshape onsi derati on of the magnetic cor e
that the total magnetic flux passing through a closed surface is zero, meaning that
magnetic monopoles do not exist, therefaGshaped core is selected as optimal form of
magnetic core per implementation of Gauss?®d
magnetic field in the gap of-€haped core depends mainly on the ampares, the core
geometry plays an important ras the flux concentratofhe magnetic field can be
generated by electromagnets or magnets or permanent magnets, in thepeasaoént

magnet, the magnetfield, usually not exceeding 2B4T and about 2T in the case of
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electromagnet®y correct design it is possible to obtain up to 3T in the air gap of

electromagnet (Fiorillp 2004).

il

Figure5.11: Electromagnet as a source of magnetic field with icieffit flat tips

The magnetic field generated by permanent magnet source in the gap of figure

above is as following:
o ) §]
0 11 a 1
o —p =2 0o

>
I

a -

1] 1
P B -

O v

Where D is the diameter of the magnet pole and J_m is polarization and |_g is the air gap

length.

For— reaching zero, magnetic field is maxim{mn —, therefore to make D

larger than gap, tapering is used.

132



= (LET Tl py

LA

i_ .. —— - - -
— '
LD=01
- | % I__I_____i;—_
= W T
—pq -~ 20
.l"l. _,.,-"'_,_,_,-'-"
H = 115 frdjy, ’{: !
i A 1 I =i]
L — ,.r"r'-.ls-i'
) — = 1
il "Jl L
AN fidr
L] ‘3 '__- - _-: L =

pEE L]
|':

Figure5.12 Flat and tapered poles of magnet or electromagnet i.e. D=250mm,
(courtesy of Fausto Fiorillo, 2004)

In the case of taped pole, the magnetic field in the gap can be estimated as

0

e T
o Mo | P
Where r0=D/2, Similar effect cannot be obtained when electromagnet is used with

moderate current, but if the yoke is in saturation, the tapering will increase the magnetic

field even morgoer following equation

po

Figure5.13 Tapered pole of electromagnet. For given radius and gap width, the
maximum axial magnetic field is obtained with a taper angle of 54.74°, courtesy of
Fausto Fiorillo, 20040
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Therefore, the optimized electromagnet core for our study has the following(skape

Fig. 5.14)

[# .14 10,3638 [+ [B[c]

@1.378 1351
\

|SOMETRIC VIEW
FOR REFERENCE ONLY

Figure 5.14 Morphology of electromagnet-€haped core, 2D drawing for CNC
machining of hiperco50A core

One of the challenges for implementation of MHD pumps is saturation of
electromagnet, which puts a practical limit on the maximuagmetic fields achievable
in ferromagnetiecore electromagnets and increase the size of the electromagnetic pump.
Selection of hiperco50A is used to improve saturation issue. Additionally, for the location
of winding, the closer the winding to the gap kingher the magnetic field applied within
the gap. A pair of identical multilayer Helmholtz impregnated coil with 650 wirns
gauge 22 magnetic wire, with the appropriate gap and electrical insulator on core
structure wound to electromagnetic core. Tham@agnetic field between two coils by

mean of thickness of winding as r and length as L of the multilayer coil is as following:
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If r=L the magnetic field uniformity isighest and for x=0 and r=tthe magnetic field at

the geometric field at the geometrical ceritem number of turn and | applied currést

Figure5.15 From left to right:granulizedHi per co50A bl ock (50x3. 40 »
CNC machining, tooling for wding, C shape tapered hiperco50A magnetic core with
magnetic wounds (2x650 turns AWG 22)

Both AC and DC are used for powering of electromagnetic pordpterminghe
tradeoff in performancd?roperties oAC magnetic field depends ohe frequency of the
magnetizatiorand the presence of harmonieghe flux density waveform, for this
purposesignal generator witharmonicwaveformandsignal amplifierare used in this
study. Furthermore, we have fabricatet geometrically identical electromagnets with
different materials for &haped core ddyperco50Aandstainless steel 718oth
include impregnated coil with 650 turns of gauge 22 magnet wires (total 130Q topns)
and bottom windings are attached argllel manner to generate unidirectional magnetic

field per Faraday's left hand rulEhe electromagnets are seefrig. 5.16
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HIPERCO 5gA STAINLESS STE:

Figure5.16 MHD pump electromagnets with two magnetic materials fsh@ped core
( hiperco50A vs magnetstainless steel)

Furthermore, dr spacelight hardware, to block the electromagnetic influence of
magnetic field generated by electromagnet, a Faraday cage is refhigezbre shall be
placed in shielded enclosure andgnetic field does not go througire ferromagnetic
layer such as shielding film mattem an amorphous cobalt all¢ylills, 1993. The
effectiveness of shieldingf closed volume is described by shielding factor S as the
relationship between external and internal magnetic fields. Fdseawith length a,

magnetic permeability and wall thickness t the S factor(ieumanski, 2011

T 0
p 05 po

Additionally, gaskets at interfaces for hermetically sealing is used. However for
space application, during launch, decompression of sealed volume may have resulted in
pressure gradient forces and causing structural failure due to rapid change of dpacecraf
external pressurd@hereforesmall orifices or pressure control valve are needed to drop
the internal pressure and rigorous analysis of venting area is required to eliminate an over

pressure with respect to the spacecraft launching pressiveddey Be r noul | i 6 s

principle.
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5.3.1.2 Elliptic LM container and shapeanisotropy
Whenelectrically conductivéeM is magnetized, it creates its own magnetic field
and poles are induced at its ends. This demagnetizing T@ldspposite of induced
magnetizatiorand is shape dependent and can be expressed by demagnetization factor
0 0.
O O 00 P X
The demagnetization field is non uniform and difficult to calculate with one exception for

ellipsoid, the demagnetization factorais following:

14 p""?‘
U o | tQp Py

Where k is length/diameter ratio, for example $pherek=1 and thereforet = 1/3

_— T __.f /;/

o — — |'_|_|. |

A

o \H
—__ o \\

Figure5.17 Ferromagnetic material under magnetic field creates its own magnetic field
(the magnetized sample operates as a magnet due to polesdmatuits ends). This
demagnetizing field depends on the shape of the specimen; the sample is magnetized

nonuniformly in a uniform external field (a) with exception of optimal ellipsoid shape (b)

i . Sphere [N=33)

0 2 4 & 3 k=c/a

Figure5.18 Dependence of the demagnetizing factaligbsoid on its shape factor c/a
(length to diameter ratio)
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The demagnetizing field significantly deteriorates the apparent permeability of a

ferromagnetic sample.

‘ p (0

Also, both the magnetization curve and the hysteresis loop can be sigtyfiaHetted
by shape anisotropy (inanskj 2011).Other researchers hastudied the approximate
effective demagnetizing factor along applied magnetic fale@lliptic shape in 3D

(Prozorovet al, 2018)Demagnetization factas shown inFig. 5.19.

Shape Geometry Demagnetizing factor along applied field

Strip, elliptical | € % H| N 1=1+

ds

Hipsoid (exact)

-
I
ba =
o |o
an

0 (s4+ %)v’f(s +1) (H + %2;) (a + izz)

a

Figure 5.19 Demagnetizing factorlang applied field for elliptic shape (courtesy of
Prozorov et al)

To optimize the morphology of LM coupling per demagnetization criteahim
ellipsoid shapés selected with major diameter in flow direction to minor diameter in
magnetic field directin as eight and major diameter in electric field direction to minor

diameter in magnetic field direction as tv8ee Fig. 5.20.
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Figure 5.2Q major and minor diameters of LM container kyxlane

The following factors also influenced the desigreltiptic shape as 1) minimum
amenable wall thickness for fabrication of elliptic containesdlgctive laser sintering
(SLS) technique of nylon 6,6 as 1 mm. 2) the closer the magnetic poles the higher the
intensity of magnetic flux with consideration alve enough cross section for the flow to
eliminate choking and cloggiraf flow due to viscous layer.li$ ellipsoid shape has
major diameter of 40m along the flow direction, and minor diameters of 5 @hohfin
along the direction of magnetic fiedohd eéctric field respectivelyThe detailedviews of
LM container containing 90° inlet and outlet for liquid flow and holes for electrode wires

are seen iffrig. 5.21
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Figure 5.21 Isometric and projection views of ellipsoid LM container in MHD pumping,
including inlet and outlet for LM, provision for insertion of copper electrodes generating
electric field required for Lorenz force. Ellipsoid dimension is 40mmx10mmx5mm

The lines of applied exterhaagnetic field to LM inside elliptic coupling in xz

planeis seen inFig. 5.22.

Figure5.22 Magnetic curves, encompassed in ellipsoid container to reduce eddy current

The induced magnetic field to LM is also influenced by the material of elliptic
coupling and according to Hartmann wall effect, insulating walls are suitable for this
application. Elliptic coupling with Imm wall thickness is fabricated by AM SLS process

out of high performance Nylon 6,6 materighe electrical current flowing between
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electrode is directly proportional to the surface area contacting fluid and inversely
proportional with the distance between electrodes, therefore tungsten/copper plate is
soldered and inserted as shown below. Size of the inserted plate is ( 4.5mm

x50mmx.8mmseen inFig. 5.23

Figure5.23 Inserted tungsten plated copper electrodeSIHD pump
(4.8mmx50mmx.8mm)

A set of wired elliptic coupling with electrodes insidee assembled for both AC

and DC MHD pumpingSee Fig. 5.24
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Figure5.24 AM SLS Nylon 6,6 with wired electrodes elliptic coupling for AC and DC
powering

5.3.1.3 Electrical Resistivity between Electrodes

—

Figure 5.25 Electric current flows through cked loop of control volume of LM, with
major will take the path of least resistanttet isshortest distance between electrodes
and perpendicular to magnetic field

Both electrodes are in touch with LM encapsulated in closed loop of control
volume,theqasti on i s Ahow does electricity know
Electriccurrent will flow through ALLpaths including longest closed loop to reservoir
through conductive liquid metaHowever, the majority will take theathof least

resistage and will send the most energy through the egsatktdefined by shortest
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distance between electrod@erefore, theesistivity between the electrodes is

approximated aB 3b & maccording to following equation:

Y o3 ¢

whered is the shortest distance between electrodd ()

0 is the crosssectional area of electrodg=¥ ¢ p m & )

" is the electrical resistivity dfM (¢ p 1 nj

Moreover, b understand the effect of electrically conductive Hartmann walls on
mass fow rate of LM in MHD vs thermal conductivity of cooling system, the LM
compatible containers are copper and also silver platethese elliptic coupling will be
tested and evaluated in experimental tesfigs. 5.26 and 5.28hows nylon 6,6 elliptic

coupling parts with silver plated, copper plated with gold finish and bare SLS during and

after plating

Figure5.26 Copper electroplated with gold finish on SLS nylon 6,6 inside immersed in
electrolytesolution duringelectrodepositioprocess
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Figure 5.27 Fabricated elliptic coupling with AM SLS technology: (left to righjt)
El ect r odiverplatednybro6,6 .2El ect r of orming . 10 copper
nylon 6,6 and). Bare nylon 6,6. (lengthsf coupling are 520 and 5mm along flow,
electrode and magnetic flux directions respectively)

5. MHDCol d Pl ate

Gali wseaectricaly ¢8ndudtbidéri $S/etmper at ur e)
all owing the liquid talibe amped by dmod emd
contained in ceramic and pol Winepimast ubesub
embeddSeLdd li mmi num amalnouyf abcltoucrkesd by @MLS AM t
di scussettapueed 33gs atrtreecrorpdld toter avhHsDp oprutimp 6 n g .

and cold plhRhitgs =r28 seen in
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Figure5.28 Components (lef@ndassembly (rightpf cold plateincluding: AM
Aluminum alloy (AISI10Mg_200) 3 piece blottél size:185mmx100mmx18mm),
embedded LM compatible thermallfi@ént solidBN tubes (nternal diameter=
6.2mm)alsoheat sourcd 12x150hms parallel resistors) aediptic Nylon6,6 SLS
cowling with embedded electrodes -#@ stainless steel fasteners torqued to 4.71NB

5. CGAModeMHDCool i ng BrdotBotumpdeary Conditi on

After discussion about pieces parts and subassembly of active cooling by MHD,
now we can develop the tépvel assembly and our MHD active cooling prototyig.
5.29shows the MHD active cooling assembly, it ird#s surface mount resistors as heat
source mounted on hybrid cold plate containing BN hdads interconnected to MHD
pump via elliptic couplingGalinstancirculates through closed loop reservoir hook up to
heattubes by MHD pump. AM fabricated heat bkots mountedo the Peltier cold plate
and hardware torqued to appropriate values. Thermal testing will be performed in
thermaly controlledoperationatoom providing natural convectioset to 25°C constant

temperature.
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Figure5.29 MHD cooling system: 1) hiperco50A CNC machined, 2) elliptic coupling SLS
Nylon66 3) DMLS hybrid (AISI10Mg_200) heatsink with embedded BN ceramic heat tube 4)
gauge 22 AWG magnetic wire 5) tapered tip of core 6) Glass reservoir cont@alimgtary)
tungsten plated copper electrode 8)MP9100 Caddock resistor 9)Nylon tube fitting
10)Polypropylene tube 1Rgltier cold plate P/N TE CP121 12) MHD pump bracket 13) reservoir
holder 14) mounting hardware

5.5 Ansys Maxwell Simulations of MHD Cooling Prototype

Before fabrication of prototypand experimental testingve perform simulation
to providea riskfree way to testhe cooling ideaSimulation offergdhe quantitative and
gualitaive insight needed to prove that the concept worksaandntag®f one design
over another, however due to limitation of simulations, engineering testing and
experimental data needed for final analyses of data and drawing plausible conclusion.
MHD active cooling simulation approximated Maxwell equation combined MétVier
Stokes eqgationsas followings.

We use thdames Clerk Maxwell fundamental equations to all analyses of
magnetic and electric fieldsirst Ma x wel | equation is similar

(magnetic fieldH) generated by the current or bytbharge of an electric figld).)
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Uﬂdt)%bTGnW c¢p
Second Maxwel | equation is similar to F
rel ationship with <c¢har gebBeteominesralacgometiva ¢ f i el
force (voltage) induced in closed circuitriragnetic field B as following:
o a — oY ¢ C
T 0
Third Maxwell equation states that the total magnetic flux passingghra

closed surface is zero égnetic monopolesadnot exist)
0QYn Co
Thefar t h Maxwel | equation is Gaussb6s | aws

states that electric field is produced by electric charge and the flux of electric field

passing through closed surface depends on the chamtggreed in volume.

- 0Q"YR GT
Where q is electric charge in (C), permittivity of free space; is permeability of free
space, H magnetic field strength (A/m), E is electric field strength (V/m) and electric
current (A).Note that prmittivity is the measure of capacitance that is encountered when
forming an electric fieldn a particular medium (C/V mKeep in mind6  * "Qvector

magnetic potential is defined @s 1 0 and scalar magnetic potential is defined as

0 * N[ are useful for magnetostatics

These equations combined with Lorentz force are the fundamentals of classical

electromagnetics and are the basis of magnetic field computaliennduction equation
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i s Maxwell s equati on ciofielg. The thduationtefuatibn o w

can be derived as:

—a

o) - " p ., oy
TS Yo —no o8 'Yy Cvu

Where, B is magnetic field, is magnetic permeability, is electrical conductivity of
fluid and U is velocity field of fluidlAnsysMHD module solves induain equation once
mean value of external magnetic field in X¥irectiors and perpendicular electrical
current density as boundary condition are applied to the meshed control volume to
calculate the Lorentz force andeeity of LM as explained in following section.

MHD active cooling simulation categorized into three sectigrfer DC
excitation Maxwell magnetostatic and for sinusoidal AC current Ansys Maxwell eddy
current FEA solver is used that is an electragnetic tool suitable to analyze low
frequency phenomena, Il) for CFD simulation, aatdMHD module in Ansys Flug that
refers to interface between an applied electromagnetic flux and flowing of an electrically
conductive fluid is used, Ill) for thermal analysis, energy equation is turned on in Ansys
Fluent (or Ansys Icepak in case of CCASs) to generate temperaadieigt of cold plate
under applied thermal loaBreprocessing effort in Ansys Maxwell starts with linking
geometry from Siemens NX CAD package, defining regialaptivetetrahedron
meshing refinement to maximize accuracy of magnetic flux deri3éfmed rectangular

closed region is shown fg. 5.30
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Figure5.30 Ansys Maxwell preprocessing, defining rectangular open region that best
fits the MHD cooling prototype

Material properties includesssigning BH curve characterizing relationship
between the induced magnetic flux density (B) and the magmgforce (H) in C
shaped corelable 5.1shows the material properties of MHD cooling.

Table 5.1

Material Properties of MHDCooling

Chemical Melting el SEZ:TC Thermal | Dynamic Magnetic Electrical
Material name | formula/comp | temperatur m3) 9 - conductivif viscosity | permeability, |[conductivity
osition e (°C) J(kgC) y W/(m°C Pa-s (susceptibility) S/m
Galinstan (liquid]68% Ga, 22% | . .
metal, coolant) | and 10% Sn b md 6440 296 16.5 0.0024 diamagnetic(-4) | 3.46x10
49% Cobalt,
Hiperco50A (C- and
shaped core) | 29%Vanadium, 1427 8110 420 29 n/a 15000 2.5x10
balance Iron
Silver (electroles . . ’
. Si 961.8 10490 240 429 n/a diamagnetic (-2.6] 63x10
plating)
Copper
(electroless Cu 1085 8940 386 385 n/a diamagnetic (-1)| 59.8x10
plating)
Boron Nitride ( | BN Solid Grad .
o) AXO5 2973 1850 350 78(130) n/a nonmagnetic n/a
DMLS Aluminun] . R .
( heat sink block AISi10Mg_200 672 2670 900 173 n/a paramagnetic(2.2] 35x10
SLS Nylop (ellipt Polyamide 22 220 930 1600 0.25 n/a nonmagnetic n/a
coupling)
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The relaionship betweemangentic field (B) and magneing force (H) is seen in

Fig. 5.31
It &
I.
I Material Name M aterial Coordinate System Type:
I |Hiperc:050A |Eartesian ﬂ
|.
[ Properties of the k aterial
:. Mame Type Walue Units
i Fielative Permeability B-H Curve...
i Bulk Conductivity Simple 2433100 siemens/m
Magnetic: Coercivity Wector
¥ - Magnitude “Wector Mag 1] Oe
I - # Companent Unit Yectar 1
[ - Companent Unit Vectar o
i - Z Companent Unit Yectar 1]
i Composition Solid
I\ oung's Modulus Simple 206843000000 N/m™2
BH Curve m} *
E
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Coordinates Hiperco50A I
H [Og| B [kGauss] ~ 30.00
<1 15.8 ] =
5 |2 185 1 —
an 202 _20.00 —
s 2 ! ]
JE| o
OE 212 e ]
L 214 “ 1000
IED 217 ] al
| — LUCHHAHHRA R
1140 221 ]
2| 60 224 0.00 —
¢ lan 7 v 0.00 1000.00 oo 2000.00 3000.00
Figure 5.31 ANSYS Maxwell preprocessing, assigning Burve for Gshaped
hiperco50A

Preprocessing in Ansys Maxwelbncludes by applied electric loadsr{pere
turns) to copper windings two position to generate a series magnetic fid\ige that
electrical currenapplied to electrodes will be applied as boundary condition in Ansys

MHD fluent.
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Figure 5.32 Preprocessing in Ansys Maxwell, showing adaptive tetrahedron meshing
refinement applied to elements of the MHD pump to maximize accuracy of magnetic flux
density excitations (6 Amp50turns) to two cupper winding with AWG 22 magnetic
wire.
Maxwell solvesthe | ect r omagneti c field problem b
equations in a finite region with applied loads and applicable boundary condiimts.

processing results in Ansys Maxwell showrfFigs. 5.33 and 5.34
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