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subsystenthermal managemeatdressspeak load conditionwith steadystate desigs
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(PCM) based solutions have transitioned out of the research laboratory. This work explores
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develops design tool compatible modgliapproaches for applying these materials to
electronics packaging.
This thesis begins with a comprehensive PCM review, including over 700 candidate

materials across more than a dozen material classes, and follows with a thorough analysis

of transient veldle thermal systems. After identifying promising materials for each system
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protection,future material researaecommendations are made including improved data
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millisecondtemperature suppressicsomething improved cooling or package integration

alonewere unable to address.
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Chapter 11 Introduction

1.1.Motivation: Transient thermal managemerfor vehicle systems

Since the turn of the 2Century, he United States Armlyeenactivelydeveloping
the next generation ofuture ground vehiclesvith improved system efficiency and
capability[1-4]. Thesesystems will have a more complicated power electronics element
than current vehiclesyhetherfor managing the required dritein systenor for enabling
the use of advanced offensive and defensive payloadisthe same time the U.S.
Department oDefense (D) issued policies settingcreased energy efficiency and fuel
economy as immediate priorities for military vehicles as well, putting emphasis on the
strategic and operational i mp[8].cSystemflevet h e mi
andyses by both the OD and the U.S. Department of EnergyQPb) have recognized that
improving the management of vehicle heat is critical to achieving higher platform
efficiency[6,7]. Depending on operating conditions, typical vehicles reject approximately
6575% of the fuel s ener gyandradiatoraasdirecurterea at t h
combat vehicles about 115% of the useful energy is devoted to running the cooling
system[8,9]. In particular, the high power electronicsthese new vehiclesilvrequire
advanced compact thermal management capabilities as designers strive to achieve

maximum system power dens[tiQ].



While much work has gone into developing advanced cooling technology and
improving overallvehicle thermal efficiency, most of the solutions only address the
thermal requirement as a steagtgte load In reality, all of these thermal conditioazist
astransiens over somédinite timescale High power electronics can switch at microsecond
to millisecond regimesor be driven cotinuously for minutes. Engineomponent
temperatures can increase dgrisurges and drop during idb®nditions Underhood
temperaturesanbe highly dependent on vehicle spgespeciallyif primary coolinguses
intake air In addition, no matter whahe driving profile is for the vehicle, it will likely
undergo an ambieftb-operating temperature swing at least once if not several times every
day, andvehicle warmup can be a highly inefficient operating periobeking all of this
into account, theneed existgo properly desigriransient solutions for transiemehicle
systems.

Phase change Thermal Energy Storage (TES) has received much attention for non
vehicular applications to loadével, or thermally buffer, transient behavioihermal
buffering can allow cooling systems to be designed based on total energy, rather than peak
power, requirementsPut in other terms, they can be designed for the average, instead of
peak thermal load Thi s coul d change t hestate uherrale nt pr

over desi gn Gheaveral vehicleSizeg Weight and Power (SWaP) profile

1.2.Scope ofwork

This effortfocuseson exploring current gaps in mitigating thermal transients in
vehicle electronics and power systems. In particthies workis divided into threegeneral

sections:



1. Characterizingpotential applications for Phase Change Thermal Energy
Storage (PCTES) on vehicleseginning with a review of available
Phase Change MatesaPCMs) and finishing with a full analysis of
vehicle transient threnal systems In particular identifying current
limitations to the general design approach, material availability, and
research directions relatedRbase Change MatersdPCMs) available
to buffer transients in vehicle powsystems (Chapters ).

2. Examining approaches to modelira;md improvingheat transfer in
power electronic packages such as those used in vehicle systems,
focusing ordesignlevel aspects of transient heat transfer as a precursor
to incorporating nonlinear thermalcomponents in themodels
(Chapters %6).

3. Developing desigimodel compatible technique®r incorporating
PCMs as nonlinear elements in transient heat transfer modsslimg
case studies demonstratinge in power electronics packages and
cooling structurgsandquantifying the performance improvement from

PCM integration (Chapter 6).

Conclusions and recommendations for future work are includ&hapter 7 In
addition, arly steps toward fabrication and testing REM integrated packag and
mitigation of hysteresis are presentedAippendiceB andC. The full PCM property

database produced bye Chater 2material investigation is included Appendix D



Chapter 21 Review of thermalphasechangeand available materials

2.1.Thermal energy storage

When thermal conditions are relatively constant or only slowly chanigisgound
engineering approach to design the thermahagament system based on stesidye
requirements However, when a system haghermal or load profile with substantial
periodic or transient events, severe temperature excursions can result that will fall
significantly outside of acceptable design margifise simplest design approach for these
thermal conditions would hgrovide enough cooling capacity manage the peakdimal
condition as steadstate, i.e., as if the maximum load was constantly pres8oth a
conservative approaatanresult in significant overdesign depending on the fraction of
time that the condition is present, or the duty cycle of a periodic segslystemAlong
with this overdesign comes associasexk,cost, complexity, and reliability concetns

An alternative to overdesign is to developtreermal solution that maintains
acceptably lowsteadystatetemperature while providing sufficient thenal capacity to
minimize transient temperature risehe system would absorb the excess heat load for the
duration of the transient condition, and then reject the heat at a lower, more system
compatible rate Such Thermal Energy Storage systdrage beeproposed for numerous
industrial, commercial and energglated applications A specific form of TEStakes
advantage of a mat er i &lméximizé abdoadeneldgynlckke of p
single phase absorption, where temperaturerisesinat@n ce wi t h t he mat e
heat capacity, a Phase Chaldaterial hasan approximately isothermal phase front that
absorbs energy without sensible temperature Asilitionally, the latent heat of fusion of

many materials is much larger thansbte heat absorption oven aquivalent temperature



range Because of these fact@properly engineered PCM system could maximize energy
density while maintaining necessary temperatures for the duration of the transient thermal

condition.

2.2.Utilizing thermal phase change

Figure 2.1(a) shows an idealized, lumped masdepiction of temperature rise
accompanying energy absorption over a sljdid transition With a constant energy
input, a material will warm to the malg temperature, at which point it will begin to
transform from solid to liquid A material not experiencing phase chamgi continue to
heat linearlyfollowing the dashed line in the figurddditional heat added after reaching
the melting temperatar serves to drive the phase change process, and additional
temperature rise is arrested until full phase change has occurtes, he latent heat
absorption that occurs during this change acts as a thermal byfferiting temperature
rise until the naterial has fully melted After this point sensible warming witesumein

proportion t o -stdiespecifi@aheat capaeity.6s | i qui d
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Figure2.11 Solid-to-liquid phase change temperature profilés) Ideal, lumped mass profile, and
(b) nonideal profile showinghe effects of temperature gradients, broad phase transition, and

supercooling.

In reality, several noideal factors will affect the phase change profile, some of
which are shown ifrigure2.1(b). The entire PCM volume will not usually be isothermal,
and phase change will initiate at the hottest surface while other parts of the material
continue warming Thermal gradients will develop where heat is being moved across solid
and liquid material to reach the phase front, which will move away from thed@ae as

6



energy is absorbedThis will gradually increase the thermal pd¢imgththe heat source
and phase frordind slow the heat transfeAdditionally, some materials will not have a
sharp phase transition at the melting temperature, insteklithg over a temperature band
The impact of these changes is to blunt the sharp transitions at the melting temperature,
and add a positive slope (small temperature increase) to the phase transition portion of the
curve Finally, some materials expeniee a hysteresis between the melting and cooling
processes, primarily exhibited as supercooling in daitid phase change, where a liquid
can cool to temperatures below the nominal melting temperature before nucleation occurs
For energy storage appditions, supercooling imposes an additional cooling margin that
must be accommodated, decreasing system efficidnaythermal protection application
the supercooling concelis whether the system will be sufficiently cooled to guaranty
nucleation and ull solidification before the next thermal load is expected to occur
Otherwise there will be no latent absorptitiquid will heat sensiblyand temperatures
may increase significantly higher than the design limits.

It is worth noting that materials catso undergo a liquigtapor phase change and
that liquidvapor latent heat can be an order of magnitude larger than for theicaiid
case (~2,208J/kg versus 30kJ/kg for water) However, most TES applications restrict
themselves to the solid andjuid domains Handling the heated vapor pressures that
develop during liquidvapor transition can quickly overcomplicate system structural
design Designing to accommodate cicpressure changes and alltv vapor overheat
can quickly reduce the ovédiraystem thermal energy storage density to the point where

the liquidvapor transition loses its appdall].



2.3.Thermal phasechangematerialsand properties

One of thdifficulties in making use of phase change for TES or thermal buffering
is the fact thaPCMs have a generally fixadelting temperatute As such, there is no
generaked PCM solution, and tailored material selection is required for each specific
implementation This has led the scientific community to identify almost any material with
a meting transition as a potential PCM for various applicatiovith literally hundreds of
materials and material combinations being evaluated at any one point inTmeeend
result of this is a PCM dataset that has become fragmented acwite range of
proceedings, texts, and publicationsn f act , the I nterEnaagyi onal
Conservation through Energy Storage Implementing Agreewmking group reported
that the lack of a single source for information was hindering sciedéfielopmenf12].
In response, Zalba et al. compiled one of the more comprehensive material datasets up to
that time from data available in the scientific literature that included 173 PCMs and
referenced over 230 other repdit§]. The review, however, vgdimited by the fact that
research up to that time focused primarily on materials with melting temperatures below
10C°C, with only 28 of the materials melting at higher temperaturkeater reviews
expanded the material coverage, including those by ShitdaAgyenim [15] and
Haillot [16], primarily between 100C and 200C. Later, high temperature PCM studies
by Kenisarin 7], Nomura et al[18], and Gilet al [19] expanded the general material
review all the way up to over 1000. In the lower temperaturange, reviews by Cabeza
et al. 0], and Or¢ et al[21] compiled hundreds of materials from 2@0down to well

below freezing temperatures



While these reviews, especially those occurring since the 2004 Zalba review,
appear to be covering the field BCMs, there still exists the problem of material data
fragmentation, and resulting data error propagation, transcription error, and even reference
traceability Some primary material sources, primarily experimental results from meeting
and workshop proceéngs, have become unavailable, and much of the commercial data
retained in the literature is no longer relevaihe remainder of thishapterprovides a
consolidatedverview of material classes and selection criteria for PCMs, followed by a
more detaid examination of each class of materi&isll material tablesan be found in
Appendix D (Much of the information presented in the remaindeths chapter was

originally published in22].)

2.3.1. Material properties andselection criteria

Earlier PCM reviews, including those by Bentilll], Hale [23], Lorsch[24], and
Abhat [25], provide comprehensive overviews of the design of latent heat thermal energy
storage systems, including material selection, container or heat exchanger considerations,
and sample application€€ommon to those reviews the identification of criteria for the
selection of a particular PCMn order of importance, the material must have:

(a) phase changemperaturén thedesired operating temperature range

(b) a high latent heat of fusion to minimize the amount of material

(c) congruent melting so that the solid and liquid phases maintain

composition

(d) stable and repeatable phase change

Other material factors that may significantly impact design decisions are: toxicity,

corrosiveness, cost, percent expansion on melting, and theomductivity The first
9



three factors are fairly se#fxplanatory Material expansion can significantly affect
container design or long term reliability when not properly addresSedether or not
thermal conductivity is a primary concern dependseatgdeal on how the PCM is being
implemented and whether high charge/discharge rates are regMiosticommon PCMs
have very low thermal conductivity, and would generally be called thermal insul@atoss
directly limits the rate at which the PCM caosarb heat, and is usually overcome using
special heat exchangers, heat spreading structures, or high conductivity material additives
Models developed by Lu toreate PCM performance metrics gave thermal conductivity
the same weighting as latent heathey assumed the PCM was a bottleneck in the primary
heat removal patf26]. However, several later studies have shown that placing the PCM
outside the primary thermal path can allow a properly designed system to take advantage
of the PCMs latent heat iibut severely degrading overall heat remo2a|38].

For thepropermodeling ordesign of a PCM systemufficient knowledge of
material properties required At a minimum,a basic energy model requires knowing
a PCMO6s mel t iTadpand l&ahpeatofdusionroretransitiond(;). This
will permit state modeling of a system where the specifics of geometry and heat transfer
are unimportantFor a properhfformulated transient model or simulatjahespecific
heat €,), density ¢), andthermal conductivityln) of the material must also be known
Preferably, lhe latter three properties should be kndamboth solid and liquid states,
as some properties change significantly across a melting trangiially, large PCM
volumes willbe subject to buoyancy and convective forces upon melting and heating,
andknowing theliquid state viscosityvould be necessary for a high fidelity model

Almost all of these properties vary significantly with temperature, especially close to

10



the phaseltangetemperature where the material will often be usedknowledge of
propertytemperature dependence would complete the high fidelity material data set

Thi s I i st of Onecessaryao properties cC ome
unsurprisingly the af@mentioned material reviews only contain a portion of it, many

containing no more than temperature and latent higas places thactualburden on

each individual experimentalist to perform validation studies and property
measurments for each materiased The compiled datasédtereattemps to include

as much of the netemperature dependent material data as is available from the

referenced sources.

2.3.2. PCM categories

Figure2.2 provides a visual layout of theategorieghat will be usedo describe
the wide array of previously investigated PCM#his follows the approach of most prior
material reviews that classify materials by chemical type agosidt by Abhat P9,
primarily dividing them into organic and inorganic materials and their major subtypes
Solid-state materials, which undergophase transformation with significant latent heat
below the melting temperature, are broken out into a separate category because of their
primary difference in phase change moddl of these materials classes will be briefly
described along withny chssspecific material studieanda list of select materials with
property data in that classWhere possible, organimaterials listed here and ihe
Appendixinclude theCAS Registry Numbkto reduce ambiguity, because of the varied

and sometimes inosistent naming of organics in the literature.

1 CAS Registry Number is a Registered Trademark of the American Chemical Society
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Phase Change Materials

Organic Inorganic
— Paraffins / Waxes A — Salts
— Fatty Acids / Blends Hydrated Salts
— Sugars / Sugar Alcohols---E Pure Salts / blends
— Misc. Organic — Metallics

Carboxylic Acids ROHS Compliant

ClathrateHydrates ROHS NonrCompliant

— Solid-state Materials
— Pure Organics—---------':

— Organic salts----------------- i

— Organometallics------------------5

Figure2.2 1 PCM categoriesas used in thisocument primarily split into organic and inorganic

materials with dashed lines indicating areas of ovdréaween distinct sections.

2.3.3. Organic materials

2.3.3.1. Paraffins and paraffin waxes

Paraffins and waxes have been the most studied PCMs due to their availability over
a wide range of temperatures for commercial applications, moderate latent heat, chemical
compatibilty, low toxicity, and relatively low costPure paraffins (alkanes) are defined

by a chemical composition of the for@H2n-+2 (also calledh-alkanes) Both the melting
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temperature and latent heat content of the materials generally increase with ngcreasi
molecular weight A paraffin wax is a blend of-alkanes (typically ¥5wt%) and other
hydrocarbon molecules (typically25wt%). It should be noted that most paraffins are
found as blends, and the process of obtaining pure, single component akameake
their materialcost much higher than that of waxeadditionally, blending alkanes or
waxesdoes allowfor tailoring the material to a particular melting range while broadening
the phase transition widthA comprehensive study of pure alkanes phase change
materials was performed by Himraet al., covering a range fro@ to Cioowith a melting
range of aboutl83C to 118C, and can be found i29]. Tables2.1and2.2 give
thermophysicapropertiedor selectios of pure alkaneand waxes, respectivelfull lists

of both can be found iAppendix Din TablesD.1 andD.2.

Table2.11 Selected pure alkanes and properties

Tm Hs Hrv r kin,s Cp

Name n CAS # [°C] [kd/kd [Ilcnd] [kg/m?] [W/mK] [kJ/kgK] Ref
Pentadecane 15 62962-9 10 205210 157161 765768 (l) - -- 11,23,29
Octadecane 18 593453 27.528 243244 198211 814865 (s) 0.150.36 1.92.14 (s) 131523,

774780 () 23266() 2930
Octacosane 28 630024 61-61.6 252254 181-189 779803 - -- 11,23,29
Heptacontane 70 7719939 106 281 235 836 -- - 29
Hectane 100 6703986 115.25 285 241 846 -- -- 29

Table2.21 Selected paraffin waxes

Tm Hs Hf,v r kth,s Cp
Name [°C] [kd/kd [J/en] [kg/m¥] [WimK]  [kJ/kgK] Ref
Paraffin blend if=15-16) 8 147153 115119 751.6809.5 - -- 24
"Paraffin wax" 32321 251 208 830 0.514 (s), 3.26(s) 15
0.224 (1) 192 ()
"Medicinal paraffin" 40-44 146 121 830 0.5 (s), 2.2(s) 15
2.1 (l) 2.3(l)
"Commercial paraffin wax" 52.1 243.5 197.1 809.5s) 0.15 2.89(s) 15
771()
Beeswax 61.8 177 168 950 -- -- 23

In general, there are a number of pure and blended paraffinatént heat values
that exceed®00kJ/kg, but most blends do have muotver values The low density of

paraffinssignificantly reduces their volumetrlatent heavalues, meaning that more PCM
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volume would be required for a specific amount of energy absorptioaddition most
paraffins expand by 205% on melting, which can complicate container deskgnally,

while themal conductivity data is not available for many paraffins, the available material
data shows mogturematerials being beiv 0.25W/mK, which will significantly reduce

energy absorption and discharge rates.

2.3.3.2. Fatty acids and related materials

Fatty acidsare obtained from naturally occurring vegetable and animal oils, which
has increased attention in the materials as a potentially more sustainable PCM option
relative to petroleum based paraff{i3d]. They are characterized by the general formula
CH3(CH2)(-2COOH, and share many characteristics of organic paraffins including low
thermal conductivity and significant expansion on meltirichey typically have lower
latent heat values thgaraffins in similar melting ranges while having higher coBtsty
acids are generally netoxic, but they have showthe tendencyo be mildly corrosive to
their storage contain¢t4,32]. While fatty acids are a@red in some detail in most PCM
reviews,Rozanna et aperformed a specific review of fatty acid materials as sustainable
PCMs, covering low melting temperature applications of pure materiataigoreéd binary
mixtures[31]. These materials and their thermal properties are showabte2.3. As
with paraffins, blends of fatty acids provide shifted melting temperatures, et @ist of
significantly reduced latent e Additionally, derivative products of fatty acids, inclung
alcohols and esters with other compounds, have been investi§atee have higher latent
heats than their base acids, including recently reported fatty acid esters of cetyl and stearyl

alcohol[33,34], although they are still generally lower than fmymparable paraffins
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Thermal properties foiatty acids,blends and derivatives of fatty acids can be found in
TableD.3, TableD.4, andTableD.5 respectively

Table2.371 Properties of fatty acid materials

Tm Hs Htv r keh,s Cp

Name Formula CAS# [°C] [kJkg] [Jen¥] [kg/m®] [W/mK] [kJ/kgK] Ref
Caprylic acid CH3(CH,)s:COOH 124072 16-16.7 148.18 1454 981-1033s) 0.145  2.11(s) 31
- octanoic acid 149 153.9 862901(l) 0.149 1.95(])

Capric acid CHs(CH,)s:COOH 334485 31532 1527 153.3 1004s) 0.149  2.10(s) 31

- decanoic acid 162.83 163.5 8538861) 0.153  2.09(l)

Lauric acid CH3(CH,)10COOH  14307-7 41442 1774 1786 1007s) 0.139 1.762.14(s) 1325,
- dodecanoic acid 2116 213.1 8488701) 0.192 2.152.27() 31
Elaidic acid CgH17CoH16:COOH  11279-8 47 218 185.5(l) 851(l) -- - 23
Myristic acid CH3(CH,)1>COOH 544638 4958 186.6 184.% 99((s) - 1.592.8(s) 2325,
- tetradecanoic acid 2045 2025 844861) 2.162.7() 31
Pentadecanoic acid CH3(CH,);:COOH 100284-2 52.5 178 -- - - -- 14
Palmitic acid CHs(CH,)1#COOH 57103 5564 163  161.2 989(s) 0.103 2.062.2(s) 1323,
- hexadecanoic acid 211.8 209.5 84585Q1l) 0.172 1.7-2.48(l) 31,32
Stearic acid CH3(CH,)16COOH  57-11-4 5571 186.5 175.5 941-:965s) 0.097 2.07-2.83(s) 1325,
- octadecanoic acid 210 202.7 839848() 0.172 1.92.38() 3132

2.3.3.3. Sugars and sugar alcohols

The majority of sugars and sugar alcohols, e#led polyalcohols or polyols, have
higher melting temperatures than other organic materials, covering the majority of the 90
200°C melting range While sugars themselves only have moderate latent heat values,
several of the sugar alcohols, primarilyitol, erythritol, and mannitol, have much higher
values than other materials in the same melting temperature. radgtiled phase
transition behavior of polyalcohols was reported separately by Talja and B&oard
Kaizawa et al. B6]. They noted that some of the polyalcohols have volumetric latent heat
values as much as twice that of other organic materials, as shdwbla®.4, while still
possesing the nortoxic and norcorrosive properties of paraffin§hey do, however, still

exhibit the typical 1015% volume expansion on melting typical of organic materials.
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Table2.47 Sugar and sugar alcohoCRIs

Twm Hs Htv I's kih Cp
Name Formula  CAS# [°C] [kdkg [MI/m?]  [kg/mf]  [W/mK] [kJ/kgK]  Ref
Glycerol CsHgOs  56-81-5 17.9 198.7 250() 1260 ()) - - 23
Xylitol CsH120s 87-990 92.7794.5 232-263.3 353400 1520 -- -- 35,36,37
Sorbitol C6H1406 50-70-4 9597.7 110185 165278 1500 -- -- 35,36,37

Erythritol ~ CaH100s 149326 117118 315344 466509 1480 (s) 0.733(s) 1.383 (s) 3536,37
1300 (I)  0.326 (I) 2.765 (I)

Glucose C6H1206 50997 141 174 269 1544 -- -- 23
FructoseD C6H1206 57-48-7 144145 145 -- -- -- -- 16
Isomalt C12H24011 6451982-0 145 170 -- -- -- - 16
Maltitol Ci2H24011 585886 145152 173 -- -- -- - 16
Lactitol CioH24011 58586-4 146152 135149 -- -- -- -- 16
Xylose-D CsH100s 58866 147151 216280 330428 1530 - - 16
Xylose-L CsHi00s 609063 147151 213 326 1530 - - 16
d-Mannitol ~ CeH1406 69658 165168 294341 438518 14831520 - - 23,37,36
Galactitol CeH140s 608662 188189 351.8 517 1470 - - 37

Among sugar alcohols, erythritol has received the most attention as a TES material
due to its well positioned melting temperature and higentahea{37,38]. It has been
examined for applications including industrial power cogeneration angeak load
leveling[37], solar cookind39,40], and domestic hot water generat{d4]. In addition,
it was identified by the U.S. Department of Energy as a lea®@{yl candidatdor
vehicular power electronidhermal protectiof41]. However, materials in this class have
been shown to exhibit excessive levels of supercooling, where the material does not
resdidify until cooled well below its nominal melting temperatureChemical[42],
mechanica[43], and electrica]44] methods of mitigating supercooling have been studied
with some success Additionally, these organic materials have shown a tendency to
decompse at temperatures not too far in excess of their melting temperatures, which

creates some concern in long term operation for some applicg2ig4s].

2.3.3.4. Miscellaneous organic PCMsolid-liquid)

While the majority of organic PCM study has focused on the previously described

categories, it is unsurprising that there are numerous other organic materials that have been
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investigated for potential use BEMs Of thesegcertain subcategories are of interest due

to high latent heat values, melting temperatures of particular interest, or other unique
properties Table2.5 lists a series of carboxylic acid based materials with high volumetric
latent heat values at temperatures up t6@6But where containment and corrosion might

be an issueTable2.6 describes a series of clathrate hydrateslikeestructures that have
fairly high latent heat values at low temperatures by shifting upward the meltimgppoi

pure ice Finally, a wide variety of additional organic materials have been investigated for
TES including polymers, ketones, phenols, amines and othalde2.7 provides a list of
thosematerials with high latent heat valudd: & 200kJ/kg) The full compiled list of
miscellaneous organics and blends can be fouAgpendix DasTablesD.7-D.10.

Table2.51 Carboxylic acid based PCMs

Twm Hs Htv I's kin Cp
Name CAS # Formula [°C] [kJ/kg [MI/mF] [kg/m®] [W/mK] [kI/kgK] Ref
Formic acid 64-18-6 HCOOH 7.8 247 303 1226.7 -- -- 23
Acetic acid 64-19-7 CH3:COOH 16.7 187 196 () 1050 () 0.18 2.04 (s) 23
1.96 (I)
d-Lactic acid 1032641-7 CHsCHOHCOOH 26 184 230 1249 -- -- 23
betaChloroacetic acid 79-11-8 C2HsCIO2 56 147 -- -- -- -- 14
Chloroacetic acid 79-11-8 C2HsCIO2 56 130 205 1580 -- -- 23
Heptadecanoic acid 50612-7 C17H3402 60.6 189 -- -- -- -- 23
alphaChloroacetic aci 79-11-8 C2HsCIO2 61.2 130 -- -- -- -- 14
Glycolic acid 79141 HOCH2COOH 63 109 -- -- -- -- 23
Acrylic acid 79107 CH2=CHCOH 68 115 -- -- -- -- 14
Phenylacetic acid 10382-2 CsHsO2 76.7 102 -- -- -- -- 14
Glutaric acid 110941 (CH2)3(COOHY 975 156 223 1429 -- -- 23
Benzoic acid 65-85-0 CsHsCOOH 121.7 143 181 1266 -- -- 23
Sebacic acid 111-20-6 (HOOC)(CH)s(COOH) 130-:134 228 290 1270 -- -- 16
Maleic acid 110167 HOOGCH=CHCOOH 131-140 235 374 1590 -- -- 16
Malonic acid 141-82-2 HOOG(CHz)-COOH 132136 -- -- 1620 -- -- 16
transCinnamic acid  140-10-3 CoHsO2 133 153 191 1250 -- -- 16
Chrolobenzoic acid 11891-2 C7HsCIO2 140 164 253 1540 -- -- 16
Suberic acid 505486 (CH2)s(COOHY 141-:144 245 250 1020 -- -- 16
Adipic acid 124049 (CH2)4(COOH) 151-155 260 354 1360 -- -- 16
Salicylic acid 69-72-7 HOCsH4COOH 159 199 287 1443 -- -- 23
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Table2.61 Clathrate hydrate materials

Tm Hs
Name Formula CAS # [°C] [kI/kd Ref
Tetrabutylammonium benzoate-B2drate Bus;NCeHsCO,-32H,0 - 35 -- 24
Tetrahydrofuran clathrate hydrate C4HgO-17.2H0O 18879055 4.4 255 24
Tetrabutylammonium nitrate 32ydrate Bus;NNOs-32H,0 - 5.8 - 24
Trimethylamine semi clathrate hydrate (CH3)%N-10.25H0 1587597-5 5.9 239 24
Sulfur dioxide clathrate hydrate S0,-6.0HO - 7 247 24
Ethylene oxide clathrate hydrate C;H40-6.9H0 - 111 -- 24
Tetrabutylammonium bromide 3%/drate BusNBr-32H,0 - 11.712.5 193205 2446
Sulfur dioxide clathrate hydrate SO-6.1H,0 - 12.1 - 24
Tetrabutylammonium formate 3®drate Bus;NCHO,-32H,0 - 12.5 184 24
Tetrabutylammonium chloride 32ydrate BusNCI-32H20 37451686 14.7-15.7  200.7 24,46
Tetraisoamylammonium formate 4@drate i-AmyNCHO,-40H20 - 1520 -- 24
Tetrabutylammonium acetate-Bgdrate BusNCH;CO,-32H20 - 15.1 209 24
Di-tetrabutylammonium oxalate é4drate (BusN)2C,04-64H20 - 16.8 -- 24
Di-tetrabutylammonium hydrogen phosphaten§dirate  (BusN);HPO,-64H20 - 17.2 - 24
Tetrabutylammonium bicarbonate-Bgdrate Bus;NHCO;-32H20 - 17.8 - 24
Tetrabuylammonium fluoride 3zhydrate Bus;NF-32H20 2220657-1 24.928.3 223.1240.5 24,46
Tetraisoamylammonium chloride 38drate i-AmyNCI-38H20 - 29.8 -- 24
Tetrabutylammonium hydroxide d®drate Bu,;NOH-32H20 14774230-8 30.2 -- 24
Tetraisoamylammonium hydroxide 4§drate i-Amy;NOH-40H20 - 31 -- 24
Tetraisoamylammonium fluoride 4%ydrate i-Amy,NF-40H20 - 31.2 - 24

Table2.71 Miscellaneourganic PCM with Hi > 200 kJ/kg

T™m Hs Hrv r kth Cp
Name CAS # Formula [°C] [kJ/kd [MJI/m?] [kg/mf] [WImK] [k/kgK] Ref
Diethylene Glycol 111-46-6 (HOCHCH2)20 -10-(-7) 247 296 (l) 1200 (I) -- - 20
Triethylene glycol 112.27-6 CeH1404 -7 247 296 (I) 1200 (I) -- - 20
Tetrahydrofuran (THF) 109999 (CH2)40 5 280 272 970(s) -- - 21
Camphenilone 13211159 CoH140 39 205 - - - - 23
1-Bromodocosane 693866-5 Ca2HasBr 40 201 -- -- - - 23
Caprylone 818235 (CHs(CHz))2CO 40 259 -- -- - - 23
1-Cyclohexyloctadecane 444506-1 CaaHas 41 218 -- -- -- - 23
8-Heptadecanone 14476381 C17H340 42 201 -- -- - - 23
Cyanamide 42004-2 HNCNH 44 209 226 1080 (s -- -- 23
2-Heptadecanone 292251-2 C17H340 48 218 -- -- - - 23
3-Heptadecanone 8453429-2 C17H340 48 218 -- -- - - 23
Camphene 79-92-5 CioH16 50 238 201(l) 842() -- -- 23
9-Heptadecanone 540-08-9 C17H340 51 213 -- -- - - 23
Hypophosphoric acid 780360-3 HaP20s 55 213 -- -- -- - 23
Acetamide 60-35-5 CHsCONH; 81 241 280 1159 (s -- -- 23
999 ()
Ethyl Lithium 811-49-4 LiC2Hs 95 389 - - -- -- 23
High Density Polyethylen 9002884 100150 200233  -- -- - - 1316
Catechol 120809 CeHa(OH):2 104.3 207 283 1370 (s - -- 23
Acetanilide 103844 CsH9NO 115119 152222 1842691210 (s  -- - 1423
Succinic anhydride 108305 (CH2LCO)0 119 204 225 1104 (s - - 23
Trometamo(TAM) 77-86-1 H:NC(CHOH)s 132 285 385 1350 (s -- - 16
Urea 57-13-6 CO(NH)2 133135 1702582283461340 (s -- - 16
Hydroquinone 123319 CesH4(OH)2 172.4 258 351 1358(s -- - 23
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2.3.3.5. Solid-solid transition PCMs

While all of the aforementioned PCMs make use of the latent heat of fusion for
thermal energy storage, there are a number of materials that have distinghaséd with
significant heats of transformatioifhese soliesolid PCMs, also referred to as sosithte,
fiplasticcr yst al aoPCMaoad dvoid the engineer-ing
state containmenfThis has the additional benefit@duchg settling or phase segregation
problems for multiconstituent PCM blends or materials with additif@sperformance
enhancementMost of the investigated solistate PCMs are organic materials, piifya
consisting of polyalcohols, organometallics amdanic salts It is worth noting that this
series of materials does not necessarily include what is typically referred to asoform
shapestabilized PCMs, where a high melting point material is infused with a low melting
point PCM Numerous combinatits comprise thataterialset, and are not included in
this list except for form stabilized high density polyethylene (HDPE) which is incinded
Table2.8 as a compason

A comprehensive overview of the high melting temperature polyalcohols was
conducted by Benson et al., for the UD@partment of Energy, addressing six different
materials and their binary solutiop&7]. Those materials plus additional single canstnt
solid-solid organics are listed ifable 2.8. Properties of binary solid solutions of
pentaerythritol, pentaglycerine, and neopegtycol aresummarized ifFigure2.3, which
demonstrates the ability to tailor the material for any given application over a wide

temperature range
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Table2.81 Organic solidstate transition PCMs

Tt Ht Tm Hs Hiotal Hiotal,v

I's

,S
Name CAS# [°C] [kI/kd [°C] [kIkd [kIkg [MI/?] [kg/m?] [kI/kgK] Ref
Neopentane 463821  -133 35.9 -16.54  45.2 81.1 - - - 47
Neopentyl alcohol 75-84-3 -31 50.653.3 51-55 45.946.1 96.599.4 - - 2.79 4748
Neopentyl glycol 126307 4048 110.4131 125126 44.245.3 - 46.8 1060 - 2347,
48.0 48
Diaminopentaerythritol 36043160 68 184 - - - -- -- -- 23
Ammediol 115695 7880 223.9264 110112 2831.7 251.9295.7 -- - 1.79 2347,
48
Nitroisobutylglycol 77496 7980 190201 149153 2832 218233 - - - 2347
Tris(hydroxymethyl) 12611-4 8082 149 - - - - - - a7
Nitromethane
Pentaglycerine 77-850 81-89 139193 197-198 44.646 - 51.7 1160 1.71 2347,
56.1 1220 48
Monoaminopentaerythritc36043159 86 192 - - - - - - 23
Tris(hydroxymethyl) 2831905 124 205 - - - -- -- -- 23
acetic acid
Tris(hydroxymethyl) 77-86-1 131135 269.9285.3 166-172 2527.6 294.93129 - - 1.80 2347,
aminomethane 4849
Formstable HDPE 9002884 133 188 - - - - 960 - 47
Dimethylolpropionic acid 4767037 152155 287-289 194197 26.827 313.8316 - - - 2347
Pentaerythritol 115775 182188 269303.3 258260 36.837.2 325.8340.5 452.9 1390 - 2347,
473.3 48,49
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Figure 2.3 T pentaerthritol, pentaglycerine, and neopentyl glycbinary blend solid-solid

transition temperaturemnd latent heat values a function of the compositi@s reported by47).

Properties of a series of organometallic compounds called layered perqvskites

represented g8-CnH2n+1NH3)2M X4, where M is a metal atom, X is a halogen, andries
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from 10 to 16, havéeen characterized in several reports for &l, shown inTable2.9
(designated in the table agh@) [50-52]. Binary mixtures of a number of thes®terials
show behavior similar to the aforementioned polyalcohol blends, with the ability to adjust
transition temperature for aa&CisCo blend from 77100°C[53].

Table2.91 Layered perovskite solidolid PCMs

T Ht Hiv I's
Name CAS # [°C] [kJ/kd [MJ/rré] [kg/m?] Ref
CioMn 5867550-6 328 70.3 -- -- 50
C1oCu -- 33.836.9 62.6 -- -- 50
C12Cu 7116311-6 52.563.8 70.2,147.1 77.9,163.5 1111 50,51
C12Mn 75899751 54.1-:56.4 80.8 -- -- 50
C12Co 5610491-7 60.7-88.0 92.9 -- -- 50
C14Cu -- 69.279.5 164.0 194.5 1186 52
C15Cu -- 72.387.8 126.4 157.4 1245 52
C16Cu 63643594 72.896.0 79.8 -- -- 50
CisMn 5329099-6 73.1:91.0 104.5 -- -- 50
CioCo 5610489-3 77.7, 82 74.3 -- -- 50.53
CioZn -- 80.1-:162.8 100.9 -- -- 50
Ci2Zn 57947145 88.2156.0 120.2 -- -- 50
Ci16Co 56104951 93.4164.1 153.8 -- -- 50,53
CieZn 5794717-8 99.1-:160.5 137.5 -- -- 50

ai multiple latent heat values represent discrepancy in reported heat release data between sources.

Finally, Steinert, et al., measured sediolid transitioncharacteristics of a number
of dialkyl ammonium salts of the formz4XNH4, with X being a salt anion, which
exhibited solidsolid phase transitions fror2 to 190°C and transition enthalpies up to
186 kJ/kg, shown irTable2.10[54]. Many of the materials of these sets exhibit multiple,
discrete soliesolid transitions over the ranges shown, with the listed latent heat being the

sum over those trarins.
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Table2.107 Dialkyl ammonium salt soligtate PCM$ from [54]

Tt Ht

Name Formula [°C] [kI/kd
dioctylammonium iodide DCsl -2-62 58
dioctylammonium hydrogen sulfate DCsHSCQu 16-19¢¢ 30
dioctylammonium chloride DCsCl 21 132
dioctylammoniunperchlorate DCsClO4 23 108
dioctylammonium bromide DCsBr 30 78
dioctylammonium chlorate DCsCIOs 32 122
dioctylammonium nitrate DCsNO3 45 176
didecylammonium chloride DCaCl 48 119
dioctylammonium dihydrogen phosphate DCsHPOy 50-7¢7 -
didecylammonium chlorate DCi10ClO3 55.5 154
didecylammonium bromide DCioBr 57 100
didecylammonium nitrate DC10NOs 60 179
didodecylammonium chlorate DCi12ClO3 61.5 159
didodecylammonium perchlorate DC12ClO4 62 159
didodecylammonium iodide DCial 65 80
didodecylammonium chloride DC1Cl 65 123
didodecylammonium nitrate DCi12NOs 66 185
dioctadecylammonium hydrogen sulfate DCigHSOy 70-822 176
didodecylammonium bromide DCai2Br 73 113
didodecylammonium hydrogen sulfate DCi12HSOy 74100 66.5
didecylammoniundihydrogen phosphate DCi0H2PQy 81 153
dioctadecylammonium chlorate DC1¢ClOs 84-912 154
dioctadecylammonium perchlorate DCi1sClO4 88.1 185
didodecylammonium dihydrogen phosphate DCi2HPOQu 90 183
dioctadecylammonium chloride DCusCl 91.2 174
dioctadecylammonium iodide DCusl 93 116
dioctadecylammonium nitrate DCi1sNOs 935 186
dioctadecylammonium bromide DCasBr 98 135

a1 range in temperatures indicates multiple phase transitions over the Hrig¢otal over all transitions.

2.3.4. Inorganic materials

2.3.4.1. Hydratedand aqueous salts

The inorganic PCMs receiving the most attention in the literature are hydrated salts,
as they span a melting temperature range similar to paraffins and fatty Adigdrated
salt is a solution of salt and water that forms a stable crystal with chemical formula
MAH20, whereM is the salt molecule anurepresents the number of coordinate water
molecules in the crystalSalt hydrates do not melt in the traditionahse Instead, upon
heating a dehydration process occurs where the water molecules come out of the solid
solution with an associated latent heat absorptiOne drawback to this process is that

during dehydration the salt may assume another stable fahmawowern and excess
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water, and this new salt hydrate can settle out of solutidms can be an irreversible
process, reducing the effective latent heat of a PCM system ovebine [

Early uses of salt hydrates for solar and climate coapplications were covered
extensively by Lane56]. These materials generally have higher latent heats, densities,
and thermal conductivities than paraffins and fatty acids and are also relatively
inexpensivg14]. In addition to the segregation issue described abseigmificant
supercooling andontainer corrosion is also an issuh salt hydratesAdditional studies
have shown that common reatls like stainless steel are resistant to corrosion from salts
undergoing phase changbB7]. More recent studies of polymer materials for lower
temperaturesg8] and ceramics for higher temperatur&®][suggest that appropriate,
lighter weight materialsan be found for salt hydrate compatibiliths with the organic
materials, blends of hydrated sattermit tailoring melting temperature far particular
application, but usually at redwteffective latent heat A number of salt hydrates with
high latent heat values are listedTiable2.11 (with pure water included as a reference)

A full listing of salt hydates and salt hydrate blends are availabl&ppendix D as
TableD.14-D.15. Note that also included in this category are aqueous salt mixtures, where
the salt mainly serves to loweretHreezing temperature of the water, usually with an
associated reduction in latent heathese are quite commonly used in freezing and

refrigeration applications.
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Table2.117 Salt/water ad Salt Hydrate PCMandidatesH; > 200 kJ/kg oHs, > 300MJ/n?

T™ Hs He,v r ken Cp
Name [°C] [kJ/kd [MI/mF] [kg/n¥] [WImK] [kI/kgK] Ref
NaCl (22.4 wt%) +HO 212 222 246.0 1108 (s) - - 20
1165 (I)
KCI (19.5 wt%) +HO -10.7 283 3127 1105 (s) - - 20
1126 (I)
H0 0 333 305307 917 (s) 2224 (s) 2.042.09s) 1325
335 990-1000 ()  0.57:0.61 () 4.184.21() 2315
Lithium Chlorate Trihydrate 8.1 253 435.2 1720 (s) -- -- 13
(LiClO3-3H:0)
Potassium Fluoride Tetrahydrate 185 231- 336358 14391455 (s) 0.6080.672 (s) 1.41-1.84s) 25,60
(KF-4H,0) 246 14451447 (I) 0.4790.493 (I) 2.39-2.68(l)
Calcium Chloride Hexahydrate 27.45 161.15 272-346 1682.41802 (s) 1.088 (s) 1.4 (s) 1315,
(CaCl-6H,0) 30 192 14961620 (I)  0.530.56 (1) 2.2() 24,32
Lithium Nitrate Trihydrate 29.6 296 460 1550 (s) 0.8 (s) 1.8 (s) 2361
(LINO3-3H,0) 29.9 1430 (I) 0.56 (1) 2.8 ()
Sodium Sulfate Decahydrate, Glaub&edt 31 251.% 372 1485 (s) 0.544 (s) 1.93(s) 1325
(N&:S0y-10H,0) 324 254 14581460 () 23
Sodium Carbonate Decahydrate 32 246.5 355362 14401442 (s) - - 1323,
(Na,CO5-10H:,0) 36 251 32
Calcium Bromide Hexahydrate 34 1155 253303 2194 (s) - - 1314
(CaBp-6H,0) 138 1956 ()
Disodium Hydrogen Phosphate Dodecahyc 35 265 422427 1507.21522 (s) 0.514 (s) 1.69 (s) 131425,
(NaHPQOy-12H,0) 40 281 1442 (1) 0.476 (l) 1.94() 2324
Iron Chloride Hexahydrate (Fe@H,0) 37 226 - - - - 23
Sodium Thiosulfate Pentahydrate 45 2000 344376 17201730 (s) 375.756 (s) 1.46 (s) 2325
(N&S,05-5H,0) 51.3 2172 16601690 (I) 239() 2432
Magnesium Sulfate Heptahydrate 48.4 202 - - - 14
(MgSQy- 7H,0)
Sodium Acetate Trihydrate 58 226264 - - -- -- 13
(Na(CHCO0O0)-3H0) 58.4
Lithium Acetate Dihydrate 58 150377 - - -- -- 14,23
(Li(CHsCO0)-2H0) 70
Sodium Hydroxide Monohydrate 64.3 227.6272 385468 16901720 (s) - - 1323
(NaOH-H0)
Barium Hydroxide Octahydrate 78 265.7301 657 2070218 (s) 1.255 (s) 1.17 (s) 13,23
(Ba(OH)-8H,0) 1937 (I) 0.6530.678 ()
Ammonium Aluminum Sulfate Hexahydrate 95 269 - - - 13

((NH,)AI(SO,)-6H,0)

2.3.4.2. Fused/molten salts and blends

For high temperature applications, dadtsed PCMs provide the largest selection of
available materialabove 200°C Salt PCMs, also called fused or molten salts depending
on whether they are used primarily in the solid or liquid state, have been characterized with
melting temperatures spanning from around 100°C to in excess of 15808(e number
of these materials have been investigated for use as PCMs, including a large number of
combinations of salt blend&Jnfortunately, thermal property data in the PCM literature do
not extend beyond melting temperature and latent heat for the majority ofrtatgels,

making full evaluation difficult Salts generally have fairly high density and thermal
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conductivity, at least relative to other materials studied thus far, but corrosiveness is a
significant concern, and measured melting expansions for diffesdts vary between
1and30%[17]. Table2.12lists aset of high latent heat salts up to 600°e full list of

salts up to 1000°C plus the studied salt blends can be foddbiesD.16andD.17. Note

that latent heat tends to increase with melting temperature, meaning high temperature salts
canexceed heat storage density of other materyabstmuch as-3x.

Table2.127 SelectSalt PCMsup to 600°C withH; > 300 kJ/kg oHs, > 450MJ/m?

Tm Hs Htv I's kin Cp

Name [°C] [kIkd [MImF]  [kg/mf]  [W/mK] [kJ/kgK] Ref

Aluminum Chloride (AIC) 192-192.4 272280 664683 2440 -- -- 32

Lithium Nitrate (LiNGs) 250254 360373 857-888 2380 - - 1817,3262

Sodium Nitrate (NaNg) 306310 172199 388450 22572261 0.5(s) 1.1(s) 18

1.82 (l)

Potassium Nitrate (KN§) 330336 88266 186561 21092110 0.5(s) 0.935 (s) 1363
05() 1.22()

Sodium Peroxide (N®2) 360 314 - - -- -- 32

Lithium Hydroxide (LiOH) 462 875 1269 1450 - - 1862

Potassium Perchlorate (KCJD 527 1253 3158 2520 -- -- 32.62

2.3.4.3. Metals and alloys

A metallic PCM presents a significantly differeehgineering challenge for
designing thermal energy storage systemi®eir high densities and low specific latent heat
(kJ/kg) make them unsuitable flarge volume okveight sensitive applications. Because
of this, metals and alloys have only receivedsoty attention in the lower temperature
PCM review literature, primarily by Hal38], with Gasanaliev providing some data on
lower temperature Glaum-based metalg64], andKenisarin providing slightly more focus
for high temperaturgd7]. Only recently did a review by Ge, et al., address in detail how
low melting temperature metallic PCMs can be promising alternatives to traditional organic
and inorganic materials due to their unique propef@Bs While the high density creae
weight concerns, it does metrat their volumetric latent heat values cenmuch higher

than comparable materials, and the thermal conductivity of most metals is at least one or
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two orders of magnitude higher than most other PCMss can reduce the need for heat
spreaders, ease system design, and may be the ksingPCMsto address high speed
transients.

One significant concern for metallic PCMs is the relative toxicity or environmental
impact of the constituent metal$he majority of metallic PCMlactually studied for TES
or electronics protection were lead based, making themcammpliant with current
Restriction of Hazardous Substan¢BeHS) directives This impacts a large number of
high latent heat, lower melting temperature metals. Listédble2.13are PCM candidate
metals containing materials (typically lead or cadmium) that render them RoHS non
compliant Select RoHS compliant nads are listed ifable2.14. It is worth mentioning
that hundreds of low temperature solder formulations exist for both RoHS compliant and
norrcomplant categories, but very few have been characterized for thermal phase change
Further property measurement of low melting temperature alloys could significantly
expand the number of metallic PCM optiodsfull list of metallicmaterials can be found
in Appendix O in TablesD.18-D.19, which includes a list of 235 materials from the
Indium Corporation low temperature solder databasectivagntly lacksufficient material

data forimmediateuse in thermal applicatio§6].
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Table2.137 RoHS norcompliant metallic materials

Twm Hs Htv I's kin,s Cp,s
Formula (Name) [°C] [kdkg [MIM?]  [kg/m?]  [WImK]  [kd/kgK] Ref
Mercury -38.87 114 1544 () 13546 8.34 0.139 65,67
74Ga/22Sn/4ACd 20.2 75.2 449.9 5983 -- -- 64
93Ga/5Zn/2Cd 24.6 85.03 511.9 6020 -- -- 64
44.7Bi 22.6Pb 19.1In 8.3Sn 5.3Cd 47 36.8 337 9160 15 0.163 (s) 66
0.197 ()
Bi/Pb/Sn/Irt 57 29.5 267 9060 (s) 33.2(s) 0.323(s) 68
8220 () 106() 0.721 ()
47.5Bi 25.4Pb 12.6Sn 9.5Cd 5In 57-65 36 341 9470 15 0.159 (s) 66
0.188 ()
49Bi 21In 18Pb 12Sn 58 28.9 260 9010 10 0.167 (s) 23,66
(Cerrolow Eutectic) 0.201 (I
33Bi/16Cd/51In 61 25 201-251 804010040 -- - 23
50Bi 26.7Pb 13.3Sn 10Cd 70 32.645.8 287-439 94009580 1819 0.1460.167 (s)23,66,64
(Wood's metal) 0.1670.184 (1)
52Bi/26Pb/22In 70 29 234293 806910103 -- - 23
42.5Bi 37.7Pb 11.3Sn 8.5Cd 71-88 343 336.483 9810 - 0.146(s) 66
52Bi 30Pb 18Sn 96 34.7 333 9600 13 0.151 (s) 66
0.167 ()
55.5Bi 44.5Pb 124125 20.9 218 10440 4 0.126 (s) 23,66
0.155 ()
85Pb 10Sh 5Sn 245255 0.9 9 10360 - 0.15 (s) 66
ai specific formulation unknown
Table2.147 SelectRoHS Compliant metallic materialg to 600°C
Tm Hs Htv I's kin,s Cp,s
Formula (Name) [°C] [kJkd [MI/m] [kg/m?]  [WImK] [kJ/kgK] Ref
67Ga20.5In12.5Zn 10.7 67.2 415 6170 -- -- 64
78.55Ga21.45In 15.7 69.7 432 6197 -- -- 64
82Gal2sn6zZn 18.8 86.5 516 5961 - -- 64
86.5Gal3.5Sn 2055 81.9 482 5885 - -- 64
96.5Ga3.5Zn 25 88.5 526 5946 - -- 64
Gallium 29.830 80.3 469 5903 (s) 33.7(s) 0.34(s) 23656667
6093(l) 24 ()  0.397 (I)
66.3In 33.7Bi 72 25 200203 79908100 -- -- 23,66
60Sn 40Bi 138170 44.4 361 8120 30 0.18 (s) 66
0.213 ()
58Bi 42Sn 138.3 4438 384 8560 19 0.167 (s) 66
0.201 ()
Indium 156.7 28.47 208 7310 86 0.243 65,66,67
91Sn 9Zn 199 71.2 518 7270 61 0.239 (s) 66
0.272 ()
46.3Mg 53.7Zn 340 185 851 4600 -- -- 65,66,67
96Zn4Al 381 138 915 6630 -- -- 17,64
59Al-35M@-6Zn 443 310 738 2380 -- 1.63 (s) 17,64
1.46 (1)
60Mg-25Cu15Zn 452 254 711 2800 - -- 17
64.6Al-5.2Si28Cu-2.2Mg 507 374 1646 4400 - -- 17,64
66.92AF33.08Cu 548 372 1339 3600 - -- 17,64
87.76Ak12.24Si 557 498 1265 2540 -- -- 17,64
46.3Al-4.6Si49.1Cu 571 406 2257 5560 -- -- 17,64
88%Al-12%Si 576 560 1512 2700 160 1.038 (s) 17
1.741 (1)
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2.3.4.4. Comments on commercial materials in the literature

The majority of materials described in previous sections where sufficiently generic
in description such that the actual material soustesuld be unimportant However,
decads of PCM literature contaireports on properties and thermal performance of a large
number of commercial proprietary material&hile such reporting provides an overview
of the range of available materials, the eatif such information is tied directly to its age,
traceability, and verifiability This renders much of their continued inclusion in academic
literature of little wuse due frequent invalidation of traceability from
corporate/manufacturing changes, laclagersistent archival reference, or even current
unavailability of the products.

Three specific examples were encountered when compiling the materials in this
chapter that highlight these problemBirst, the paraffirolend R116 (SunTech P116 or
Wax, originally produced by the Sun Oil Company, later Sunoco, Inc.) has been heavily
citedin application studiesver the past 30 yearg4, 29, 69-71], in addition to many of
the aforementioned reviewsiowever, this mterialhas not been commercially produced
since 2006, and Sunoco has since sold off its specialty wax product line to another
companyNancy Wright and Jennifer Hall, HollyFrontier Corp., personal communication,
January 29, 2013 Second, no longer avable is the THseries of PCMs from TEAP
Energy (Perth, Australia) reported in many reviews but only by citing the corporate
website, which was bought by a completely unrelated PCM company sometime around
2009 (PCM Energy P, Ltd., Mumbai, Indialt appeas TEAP Energy réncorporated as
Phase Change Products Pty, Ltd., and has some similar products, but all prevsarge$H

references are misleading deautls Finally, Environmental Process Systems, Ltd. (EPS,
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Ltd.) still produces PCM solutions, butsibft-cited Eseries PCM line is no longer

advertised Its currentPCMs appear to be sourcekdm PCM Products, Ltdwhich does

provide an extensive material set, but even if theeles is just rebranded, the material

properties cannot be simply tracediose reported for EPS in previous revieMsterial

data from all three examples have propagated through material reviews as recenfly as 201
Because material data in archival reports should maintain traceability to the best

extent possible, e materials are only includedAppendix DasTables D.22 andD.23

for historical reference.

2.3.5. Material comparisons

The previous sections have described numerous options for phase change materials
from numerouglasses over a wide range of temperatures, but stop short of identifying any
particular option as being more or less advantageous forTueeprimary reason for this
is that the wide rang®f potential PCM applications makes it impossible to state
definitively whether a material will even be viable, yet alone optimal, for any particular
case That said, comments can be made about the materials in aggregate that may be useful
in guiding future selection decisiansThe following subsections compathe different

classedased on their availabteermal properties.

2.3.5.1. Melting Temperature

The property with the most influence on PCM selection for any particular
application is the melting or transition temperatiihile an application may be amenable
to a smalband for melting temperature, this value is generally fixed for any given material

Blending material provide som&unability to this propertybut most reviews have shown
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that doing so leads to a reduced latent heat (sometimes even below the weidht base
average) That said, there are numerous materials available over a wide range in
temperatures, where the previous sectiand the Appendixdescribe over 800 such
materials spanning about 1000°C.

Metallic materials are the only class that spans thedote of these temperatures
Numerous salt hydrates are available below 125°C, with pure salts providing a range of
options above 200°C, and organics almost completely span th20866 temperature
range Figure2.4 depicts the temperature span of syed PCMs according to category
in order of median material temperatumhile Figure 2.5 shows the distribution of
surveyed materials over the temperature spgparent in théwo figuresis theabundance
of materials in the suth00°C temperature range, including the variety of matelass
options available As previously mentioned, increased thermal analysis of metallic options
over the full temperature span could significantly increase the numbvehd¢ material

optionsfor PCM designers.
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2.3.5.2. Latent heat of fusion

Given several materials to choose from within an acceptable temperature band, the
latent heat of melting/solidification will usually serve as the next major selection.factor
Historically, the primary measure of fithess for any matéhas been its specific latent
heat valuelatent heat per unit mass.g.,kJ/kg) As ameasure of how much energy is
required for melting, a higher value generally translates into a lighter, smaller, less
expensive packaging solutioess PCM als@educes the size of the container and any
heat spreading solution used to increase heat transfer.

While specific latent heat has been the most common matiicisoften the only
one listed in material datasets, volumetric latent Hégt= Hr x 7, in MJ/m°) can be more
useful for certain applicetns. In addition it may resuln a significantly different material
evaluation For example metallics have been all but ignored for thermal energy storage
applications due to their low specific latent haatl high density Usein a high energy
mobile systemcould resultin a prohibitively heavy TES componentowever, because
of the high densitymost metals have a much higher volumetric latent heat than other
materials in the same temperature rantyea lower energyhigh powersystem or one
where compact forafiactor is important, a higher volumetric latent heat could reduce the
space required for PCM, with associated reductions in package/container and heat
spreading volume.

Both gecific and volumedtc latent heats of the materials listeddppendix D(for
which sufficient material property information is available) are showfigare 2.6 for
melting temperatures up to 250°Gimilarly, Figure 2.7 shows latent heatssaluesfor

materials up td000°C.
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It should be notetiow Figure2.6 highlights the inversion that can occur between
specific and volumetric latent healin Figure2.6(a), the paraffins are all near the top of
the specific latent heathart for the materials up to about 100°C, whetée metallic

materials are almost all near the bottorfihis relationship is nearly reversed in the
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volumetric latent heathart inFigure2.6(b). Paraffins drop down to tHewer-middle of
the latent heat range, while salt hydrates and metallics dominate that same ttempera
range In particular, a number of Gallium based metals belowC3®come dominant
energy density materials despite being near the bottom of the specific latent heat chart.
On the high temperature chartshigure?2.7, it is fairly clear that only salts and
metallics serve as PCMs over this rang#'hile salts appear dominant with respect to
specific latent heat, metallics become very contipetiwith respect to volumeOne final
point worth mentioning is the significant difference in material count between the specific
and volumetric graphs This highlights the need for more complete material property
measurement to bett@t out the PCMdataset It is suspected that there are a large number
of high volumetric latent heat materials that have yet to be catalpgspdcially with

respect to metallic materials.

2.3.5.3. Composite metrics

As discussed previously, latent heat is not the only maf@moglerty of interest to
PCM designers For some applications it is argued that latent heat may not even be the
primary design factor Lu [26] proposed PCM fitness metrics for an electronics thermal
protection device Based on anodel of onedimensional heat conduction through an
electronic device material stack, he determined the maximum thermal protection occurs
when the following two parametease maximized:
‘0 "0Q (@)
0 "OQ )
Whether Iy or I is more important will depend on how wide the operating

temperature margin will belf more energy will be absorbed through sensible heating
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above and below the phase change temperaturetiwédhdominate Otherwise, a design

with narrow temperature margin or large latent heat will Have the dominant factor

This situation is fien represented by the Stephan number, defined as the ratio of sensible

to latent heat for an application, 8 ‘Qc Y'Y "O. For most latent heat TES applications,
a low Stesituationis generally assumed to be the casés readily apparent thét, which

consists of volumetric latent heatls( = rHr) and thermal conductivity, will inherently

favor metallic PCMs and high conductivity salts over other organic and inorganic

materials Thi s

temperaturesemiconductor thermal protection.

materi al s

for general evaluationFigure2.8 shows the values di for the 100 materials contained

wa s

i n

evi dent recommebded tsrzinc @lsydol gk

Luds

dat aset

whi c

Unfortunately, the remainder of the

pul | sxedinakilaldem a pr

in Appendix Dwith sufficient thermophysical data foalculation.

[kd/m3 x W/mK]

r Hi k

Iy

Figure2.81 1, PCM figure of merias proposed by Lapplied to thelO0cataloged materials with

10°
A
108
A-A
A
107 AAAA X * * z
A - a * *
4 P **
L . T
LEEY LXSeC ¢
(5] (] * * b
0® o *0
o
105 . k& 'Y 'Y 73 ¢
oO-onm
104 — et et . . .
-100 0 100 200 300 400 500 600 700 800 900

osolid-solid PCMs
®mother organics

Transition Temperature [AC]

Osalt hydrates

@®sugars & sugar alcohols

<O paraffins and blends
#fused salts & blends

sufficient thermophysical properties fewaluation

37

Afatty acids & derivatives
A metallic PCMs



High thermal conductivity clearly gives metallics the advantage foltheetric,
significantly dominating the chart up to ~250°@t higher temperatures salts appear
dominant, except for AISi at 5765 primarily due to the lack of metals with sufficient
property data to include in the analysishisis unsurprising considering the model that Lu
used to produce.it The onedimensional model placed the PCM directlyvbetn the
electronic heat source and the heat sink and looked for a solution permitting the maximum
heat dissipation within device temperature limifBhis gives heat transport and energy
storage equal importance, producing the factors above where theamdlictivity
dominates.Shao [2] produced a nearly identicRICM figure of merit, with the primary
difference being the use of the liquid, rather than solid, thermal conductivity in the metric.

A similar but distinct analysis of PCMs was performedecenty by
Shambergef73]. He defined a PCM figure of merEOMq, such that a particulanaterial
will absorb heatg, from a constant temperature reservoir at apadportional to this figure
of merit Un | i k el: ahdu.6parametersFOMy is not based simply on material
parameterslt also incorporates terms specific to solid and liquid Stephan numbers of the
phase change probleriihis allows a single metric to evaluate material fitness for amulti
region phase changgplication but daes require additional effolor materialsevaluation

The definition ofFOMq for a meltingone dimensionaolid is:

" WEQ
005 —— )
er_f
where/ is the solution to the transcendental equation:
. SA SA [
_ — ; — (4)
experf Texpljl erfl]l
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In the case of a simple solidification, the liquid properties would be replaced by
solid properties in3). This is perhaps more accurate than the Lu metric, which is based
only on solid properties, becaugeetter reflects the material state through which heat
must be dwen when driving the phase changeg.,while melting the growing liquid film
will sit between the heat source and phase fndr@n the series arrangement is ugéuls,
it can be seen that use of the Shambeargerichas the promise of better applicability for
a particular application and perhaps better accuracy, mimuch less straight forward
than theLu metric, as slving for FOMq requires first defining temperature bounds, then
solving for/, and finally calctating FOM;.

Shamberger performed a sensitivity analysis on the parameters ROivig

presented aboveHe confirmedthat the primary factors governing the magnitude@iq
are 'Q and, in the limit of3 O A @, alsoincludes QOyf. Thus,both he Lu and

Shambergemetrics demonstratéhe necessity of a high thermal conductivity in addition
to a highvolumetriclatent heat The ability to get heat to the phase front is just as important
as the amount of heat that can be absorbEuls, low temprature metal alloys again
become dominant amongst the various material classes when heat transfer rate is important,
havingFOMq values approximately 10x higher than organics and salt hydrates in the same
temperature range.

It is possible that other configurations would lead to alternative arbitrary metrics
with differentresults, but there are two important takeaways from the Lu and Shamberger

compositemetrics: (1) real heat transfer situations demand material selectied bas
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more than a single material parameter, and (2) both thermal conductivity and volumetric,

rather than specific, latent heat dominate most practical, high rate heat transfer applications.

2.4.Thermal phase change aterials summary

The thermal management mmunity has identified hundreds of materials for
potential use in Thermal Energy Storagplications, where there is a need to manage a
mismatch between times or ratdsheat generation and dissipatiohaking advantage of
phase change can produce agieeered solution with much higher energy density, but
this requires a proper understanding of the available materials and their thermal properties
Consolidating the wide range of materials data from the PCM literature along with material
evaluation guidlines allows for identification of high performance material options from
across material classes and temperature rahlmgaddition, a number of conclusions can
be drawn from the state of PCM material information:

1. Although the primary two PCM parametemre typically melting
temperature and specific latent heat, those are far from sufficient for
material selection and modelinghe practice of many reviews in limiting
themselves to those properties is insufficient for material comparison

2. Focus on spefic, rather than volumetrjclatent heathas producedn
overestimation of thermal performance of paraffins, despite their low
density and thermal conductivities, and practically no investigation of
metallic PCMs This has resulted in many mediocre PCNteyns with
paraffins and other low temperature organiat excessive effort giverot

additives and structures for heat spreading enhancement.
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3. Few of the | isted materi al ,sandmanye oO6compl

materials show significant variatiomreported measured values for melting
temperature, latent heat, and other propertidhile this can be due to
accuracy or different measurement techniques between researchers,
numerous cases of transcription error (between reviews and primary
sources)were also identified This issue creates the need for individual
testing for any serious component or system design, adding to overall cost
and effort to produce PCM based systems.

. Further investigation into metallic and seidlid PCMs could significaty
increase the number of design options for thermal system devel@uehs
material types impose significantly different design requirements, with
metals reducing the need for complex heat spreading structures, and solid

solid PCMs eliminating the cortgxity of liquid containment.
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Chapter 31 Vehicle applications of phasechangematerials

Phase Change Materials have begplied to a number of applications in the
residential, commercial, industrial, and military sectadrkis has included residential and
facility climate control $6,74,75], enhancement of power generation and cogeneration
[16,76], electrical power grid demand side reductiaf?][ and electronic component
thermal protection11,26,78-80]. Vehicle applications have been addressed as well, but
the treatment has been far less comprehensive, typically addressing individual vehicle
components piecemeal orimdividual case studiesThis chapter will attempt to provide
a thorough description of the vehicle as a transient thermal system, including applications
for phase change mitigation and case studies where availbleh of the information

presented ithis chapter was origally published in 22].)

3.1.Thevehicular transientthermal environment

Civilian and military vehicle components are subjected to a wide rantperofal
conditions that either are imposed by the external operating environment or are the
byproduct of the waste heat from high power componédritese components must be able
to operate from sufreezing temperatures to peak temperatures that caadti freindreds

of degrees Celsius akownin Figure3.1 for a modern commercial vehid81].
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Combustion Chamber: < 500°C
*Pressure Sensors

Engine Compartment: < 150°C
* Power Train Control

* Motor Control

« Transmission Control

Exhaust System: < 800°C
*Exhaust Sensors

Wheel Mounted Components: < 300°C

Engine, Transmission: < 200°C Brake-by-Wire
*Engine-mounted ECUs «Steer-by-Wire
*Integrated TCUs

*Shift-by-Wire

Figure 3.1 T Temperatures seen by various electronics and sensors throughout a standard

commercial vehiclefrom [81] with permission© 2004 IEEE.

Additionally, for most cases these temperatures do not represent constant
conditions for the vehicleAs shown inFigure 3.2, over any given drive cycle a vehicle
can havepeak power draws much higher than the average value, with numerous, sudden
load changes occurring over the full drive cy@#,82]. Power surges exceeding 2x the
average power draw, but lasting only a few seconds, occur numerous times throughout the

USO06 drive cycle, and this variation is consistent over numerous drive profiles.
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Figure3.21 Standardirive cycle operating profilmformationincluding(a) average and maximum
vehicle speeds under standard driving cy@asd(b) hybrid vehiclespeed andxces®ngine power

for the highway portion of the US06 drive profilglaptedrom [82] and[41], respectively

This varying vehicle opation will cause ertain powercomponent temperatures
to increase dunig surges and drop during idle, amdjme compartment temperature
be highly dependent on vehicle speed if primary cooling is from intaké&part fromthe
driving profile, vehicleswill likely undergo an ambiertib-operating temperature swing at
least once if not several times every daylany components are designed for efficient
operation at the nominally steady operating temperatundthe vehicle warrup period
can be higly inefficient. In addition the practice of designing the transient vehicle thermal
system according to steady operation conditions will necessarily lead to an overdesigned
thermal system Designing the engine cooling system to dissipate the peak [stvemn
in Figure 3.2(b), rather than the average power, will result in larger heat exchangers,
pumps, radiators, and associated componesnilar statements can beade about
vehicle cold start and passenger compartment climate control.

Whatever the transient vehidlgermal conditionsmaking use of PCM based TES

to assist in théhermal management of any particular system requires identifying expected
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operating terperature ranges, component temperature limits, and any configuration
constraints From this information, preliminarfPCM selectioncould be based on
identifying a melting temperature range for thermal buffering, whether for thermal
protection or load lewmg, and then selecting a material within that range that maximizes
energy storage. The remainder of tbimpter willexamire vehiclethermalsystems or
components spanning low 00°C), mid (10e200°C), and high (200°C) operating
temperature ranged hermal conditions for each componeill be identified along with
examples from prior studies and any particular constraints the appligadidd impose

onaPCM.

3.1.1. Low temperature applications below 100°C

3.1.1.1. Cold start thermal improvement

The higher oilviscosity and decreased combustion efficiency present during
vehicle cold start makes it a prit@get for thermal improvemenin modern automobiles,
the first £5km will be driven undemefficienté ¢ o | d cemitions[B8g.6Many non
PCM studies hae demonstrated the thermal benefit of using Exhaust Heat Recovery
(EHR) to more quickly bring the engine up to efficient operating tempera@me study
by Hyundai Motor Corporation showed that a 2.5% fuel economy improvement could be
achieved by preh#éag both the coolant and gear box oil in a commercial vehicle, with
higher savings expected in heavy diesel and hybrid vehicle sysddmsAnother study
on cold temperature hybrid vehicle operation showe&oafi®el economy boost due to
EHR[85. In both cases, however, the cahrtwas not eliminatedput only decreased

in duration whilewaiting for theexhausto warm up the engine
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Attempting to eliminate the colstart penalty altogether, several groups have used
PCMs to maintain component math long after engine shut dowrsuch a PCM would
need a melting temperature just high enough to sufficiently warm the component, but low
enough to ensure PCM melting even in cooler operating conditionsddition, a lower
PCM temperature reducesivironmentalheat loss, potentially increasing the time it can
maintain component temperaturén a pair of studies by Gumus and Ugurlu, a lower
temperature PCM was used to retain heat and improve cold start emissions and efficiency
First, sodium sulfateetahydrateTu ~ 32°C) was used on a gasoline engine coolant loop
and kept engine temperature about 17°C above ambient after a 12 hour wait, and CO and
HC emissions were decreased during startup by about 64% and 15%, respefjvely [
the second studgodium phosphate dibasic dodecahydrate~36°C) was used to keep
a liquefied petroleum gas (LPG) engine warm between usage cycles and redisagthe
of a more polluting gasoline combustion stage for cold starte PCM kept the engine
above LPG evgoration temperature (30°C) for an additional 10 hours relative to the
standard system reducing cold start CO and HC emissioy 17% and 29%,
respectivel)y{87]. Addressing the issue of diesel fuel component solidification azsrd
temperatures as demd in B8], an unspecified PCM blendy ~ 70°C) was used with a
small thermoelectric heater to initiate reflow in a clogged diesel fuel 88r [n this case
the PCM was not explicitly designed to prevent fuel solidification, but it provided a long
duration thermal reservoir for the thermoelectric device to pump heat into the solidified
fuel. Finally, in a military heavy vehicle application, the oil pan and filter on a Br8y
M925 5ton truck was surrounded by a low temperature PCM (hexadetanrel8°C)

keeping the oil warm for over 12 hours after shutdowhis allowed faster cold starts,
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improved engine lubrication, anméducedcold-start cranking energsequiredfrom the

batteryby a factor ofabout 26x [90].

3.1.1.2. Subambient refrigeration

Modem society makes extensive userefrigerated shipping of perishable gopds
but onvehicle refrigeration tends to have reduced efficiency due to system size and weight
constraints It has been proposed in several studies to augmesplaceon-board Diesel
driven vapor compression refrigeration systems wghleambient TES systenmAs many
cases of warehouge-warehouse shipment have fairly predictable transport times, a PCM
based refrigeration system could permitvarehouse preharging, removingie need for
the vehicle to carry the weight of a vapor refrigeration compression syStarehouse
pre-charging could be done with a higher efficiency refrigeration system, and using off
peak electrical power could further reduce operating costs.

There hae been a number of analytical and experimental studies into PCM
refrigeration systemsin 2003, Simard and Lacroix performed an analytical analysis of
PCM refrigeration, including the effects of frost build on the heat exchang®@d]. Even
in nonrided conditions, they showed that using a very low temperature PluM {43°C)

a refrigerated truck could provide the equivalent of 3500W of cooling for 8 hours using
only 3% of the refrigerated compartment volume for thermal storage. In 2012, Oro
investigated the ability of a small amount of PCM ¢ -21 t0-18°C, again about 3% of
container volume) to keep a noefrigerated container below critical temperatures to
simulate a passive storage condition or active refrigeration power failure, nghowi
durations almost twice as long as without a PCHE].[ Taking PCM refrigeration further,

Liu, et al P3], and Sharma and Buddid4] both experimentally evaluated the ability of a
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PCM to maintain a refrigerated van below critical temperatures in the @&staa on

board refrigerator, suggesting use of the warehousehamging approachLiu developed

a proprietary lowtemperature PCMTiy ~-26.7°C), and showed they could keep frozen
goods below 18 for 10 hours, using a same weight of PCM as a cororaiton board
refrigerator with half of the energy cost due to-p#ak charging Shar mads wor
investigated a variety of parameters, such as total PCM mass, PCM placement, and air
circulation, and the PCMTf ~-15.2C) kept the refrigerated space bel®%C for 2-7

hours depending on configuratiofinally, an alternative approach was reported in 2010

by Ahmed et a] where rather than coupling to the refrigeration system, the group
investigated using a paraffltased PCM Tu ~ 7°C, just above the 4°C ompartment
temperature) to enhance the chilled compartment wall insul@®nCompared to a nen

PCM enhanced control trailer, the presence of the PCM reduced the daily peak heat transfer

rate by an average of 29%, and total daily heat transfer by 16%.

3.1.1.3. Passenger kimate control enhancement

A review of passenger thermal comfort in vehicles concluded that a dominant
complicating factor in providing adequate cooling is the transient nature of the passenger
compartment thermal/fluid conditions9q].  Commercial vehicles target cabin
temperatures of around 25°C regardless of external conditions, whilmilit&y systems
are specified by MILSTD-1472F to provide cold air to the cabin at a maximum of
29.5C [97]. These are steaestate requirementsnd do not pvide anyindication of
required time to achieve the target temperatimesit is worth noting thahe demand for
cool cabin air system can be greatest when the vehicle is least able to provide it, such as

when driving at low speeds or idlingg)].
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Addressing these transient conditions through direct thermal buffering of a
vehicleds cabin cooling system has receive
has mainly centered on residential and commercial climate cont#olgeneral air
conditionng (AC) system improvement review by Chua described PCM integration as a
novel improvement to cooling, but any efficiency improvement was highly dependent on
matching both thermal conductivity and phase change temperature to expected load
profile [99]. In addition, AtAbidi reviewed a number of approaches and configurations
for implementing such a system, with most focus given tpe#k cold storage to achieve
Afree coolingo during 108.eVhieeadivelystooradnergyor t i o1
would be unlikely in a powered f f vehicl e, t her mal bufferin
system could either provide sufficient cold air during idling periods or reduce the cooling
load during startip after short vehicleff periods PCM choice would neceasly differ
from facility applications, where iestorage has received most attention, asctild direct
air impingement could impact passenger comfort.

It is also worth mentioninghe significant amount of facility PCM research over
the past few decadegaminingdirect PCM integration with structural material to augment
insulating properties with additional thermal capacityhis has mainly focused on
wallboard materials, although other construction material demonstrations have shown
promising results[101,102. Material sets would vary significantly for vehicle
applications, but a similar design approach could prove worthwhile for a vehicle cabin, and
the reader is referred to a comprehensive review of the subject by Tyagi and BO&dhi [

There have been few successful demonstrations of passenger climate control

thermal buffering In one case, an airport passenger shuttle cooling system was modified
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with a PCM loaded booster tank(4]. PCM characteristics were not specified, but as a
surge buffer on theadiatod svaterglycol loop it would have required a temperature
between the nominal loop temperature and cabin temperature (indicatee22%C11
different tests) Previously, the shuttle had suffered from poor cabin cooling due to
frequent and prologed idling periods resulting in long temperature pull down times
During peak cooling system demand, the thermal storage unit was able to provide the
equivalent of about half of the required cooling capacity with faster cabin temperature pull
down This reduced AC energy consumption by 56% relative to available standard AC
systems while providing increased passenger comiidore recently, Delphi Automotive
demonstrated a At her mal storage evaporator
buffered airside heat exchanger for the vehicle caldi@g106. Using a small PCM
volume withTu ~ 7°C, the AC could be turned off and vent temperature maintained below
the 15°C comfort limit for 3442 seconds under high thermal loading conditions, and
extendedr BEMt bmbé&d coul d increasdkeciampany dur a
claimed that under certain drive cycles, the technology could reduce HVAC fuel usage by
50% while maintaining passenger comfd®7].

In addition to the cabin cooling requirement, cabiningatould draw 46kW from
the battery during the staup period This significantly decreases useful battery range and
lifetime and has a major impact on electric vehicle design, as described in a report on the
impact of using a PCM with an electric pasger car in cold climated(§. The study
concluded that battery energy draw over the drive cycle could be reduced by up to 21% by

loading the cabin with approximately 5 liters of parafflim € 56°C). It should be noted
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that precharging of the PCM dumg vehicle battery charging was necessary to guarantee

a preconditioned cabin.

3.1.1.4. Absorption air conditioning exhaust side buffering

As the AC system can draw from -12% of available engine power in small
commercial vehicles, with most of that energy baisgd to drive the compress@&g],
several studies have explored eliminating the electrical cooling load by driving the AC
system from reclaimed exhaust heat, primarily through absorption based thermal
cycles [109. A detailed analysis and design of vehicle exhaust driven absorption air
conditioning can be found in reports by Lambert and Jo8841(, and the system
concept is shown iRigure3.3.

Typical refrigeration loop cold and hot side temperatures at steady state can be
about 5°C and 60°C, respectivelyhey showed that the required air conditioning can be
provided via recovered exhaustat even at steady idle, completely eliminating the AC
load from the diesel enginén that design, as well as itf1], energy was recovered from
the exhaust by an oil heat exchange fluid with parallel PCM thermal storage in a shell and
tube heat exchaeg PCM temperature in both designs was chosen to be just below the
designed loop hedide temperature (~60°C) to keep the oil loop warm enough to decrease
startup time, but not necessarily enough to drive the cycle by itself in the absence of
sufficientexhaust heatHowever, sufficient energy was stored in the PCM to reduce the
initial cooling delay and loatevel the cooling system during variable driving conditions
Additionally, high performance absorption systems in-mehicular applications typally
require a higher temperature condensing side, perhaps fr@5°85 Future development

of PCMs for this application could include materials spanning this higher taregable
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higher efficiency systems on vehicles,parhapseven highetemperatuesto permit the

PCM to directly drive the adsorption cycle during low temperature exhaust conditions.
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Figure3.31 (a) Vehicle absorption air conditioning system drivereklgaustvaste heat recovery

with a PCM thermal buffeand (b) notional implementation layofitom [98], with permission.

3.1.1.5. Low temperature electronicsdtmal protection

Although less common in commercial vehicles, many military vehicles are
configured with numerous high power electronic components within the crew. cabin
recent power study of a M2A3 Bradley vehicle detailed several electrical loadissena
with total electrical power ranging from 4 to B®/ [112]. These loads included Command
and Control (C2) computers and displays, radio systems, navigation systems and others,
and the total equipment electric load far exceg@dhe designed personndieat load
(approximately 10050 W metabolic thermal load per crew memkEtd). Most of these
systems vent heat to the cabin after which it must then be rejected through an

overburdened, high thermal resistance AC systAdditionally, many electrom systems
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being loaded into military vehicles are derived from commercial components with lower
maximum temperature limits than militarized hardware, further increasing the cooling
challenge

A recent study modeled two improvements to such a situationGougar Mine
Protected Armored Vehicle (MPAY3hown in [L14], loaded with C2 equipmenFirst, a
cooling rail architecture was implemented, whereby each electronic system was provided
a heat exchanger to a separate liquid cooling loop to avoid passirthroegh the cabin
air. Second, a PCM was integrated with the heat sink to provide local thermal buffering
Models showed that, with the improved system, components never reached critical
temperature (85°C), and the use of the PCM extended operatingytioree hour in the
case of coolant failureln this system, the modeled PCM was acetamide embedded within
aluminum foam to enhance thermal heat spreadifidne acetamide had a melting

temperature just below the assumed electronics critical temperature.

Figure3.41 Cougar MPAVfrom [114] with permission© 2010 IEEE
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3.1.1.6. Battery thermal protection

The move toward more complex vehicle electrical architectures including Electric
and Hybrid Electric Vehicles (EVs and HEVs) has dniwee development of lighter
batteries with higher power and energy densitifese batteries make up one of the larger
cost elements in newer commercial vehicles, and their performance and lifetime are
strongly influenced by operating temperatut&4116. A summary of common vehicle
battery technologies, their typical operating temperature ranges and other relevant
parameters is given ihable3.1.

Table3.17 Common Vehicle Battery Chemistries and Performance D¢1dif117]

Op. Temp Limits Typical Energy Energy Density
Battery Type °C] Storage Efficiency [W-hr/kg]
Leadacid -57 40 72-78% ~25
Nickel Cadmium -4071 50 72-78% 45-80
Nickel Metal Hydride -107 40 ~90% ~80
Lithium lon -307 50 ~100% 90-190

The U.S Advanced Battery Consortium (USABC) has set standards for
commercial hybrid vehicle batteries to be able to operate over the ra+8§g ©fto 52°C,
with a future technology goal o#40°C to85°C [118119. For military applications,
additional implementation difficulty comes from the wider range of temperature, vibration
and shock imposed by the military environment, but a similar set of battery materials and
are being exploredlp0121]. While Li-lon technology is meeting the USABC néamm
goals, optimal battery performance requires operation over a much narrower temperature
range As reported in an overview of th&hevroletVolt Li-lon battery system, the
availablebatteryoutput power rolls dfvery quickly outside of a 2@0°C temperature
band, falling to 60% of rated power below 0°C and above ~5022. Additionally,
several battery pack thermal studies have shown that both absolute temperature and

temperature uniformityduring use can sigicantly impact battery pack operation and
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lifetime [123124]. Nonuniform heating can occur during rapid discharge creating highly
variable pack temperature distributions, and under certain conditions localized temperature
excursions can lead to thernmmrahaway in lithiumbased battery pack425126]. An in-

depth review of battery thermal management requirements and approaches covering these
and other concerns was compiled by Rao and Wh2ig,[and a series of necessary battery
thermal control systems havedn examined by Pesara?f]. Most recent commercial

HEVs, including the Honda Insight and Toyota Prius, have made use of conditioned cabin
air [129, while the recently released Chevrolet Volt RlagHybrid Electric Vehicle

(PHEV) has a lower temperatunetifreeze loop dedicated bmtterythermal contro[13(.

120%

100%—

80%

o \
-40°C -20°C 0°C 20°C 40°C 60°C 80°C
Figure3.5 - Percent of rated battery power available over the operating temperature range for the
General Motors Lithium lon Voltec battery systsimowing peak power available from-20°C.

From [127], with permission from SAE paper 2001-1373 Copyright © 2011 SAE International

Further use odistribution is not permitted.

Several investigators have explored using a PCM to augment the battery cooling
system The presence of a PCM, typically paraffin waxes embedded in a metal or carbon
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foam,has beeshown through both modeling and experimerdecrease peak temperature

rise and increase thermal uniformity under higte discharge condition&31,132. In
addition, it was suggested that the thermal capacity of the PCM could both reduce the need
for cooling system overdesign and enable higheehaftower output at elevated ambient
temperatures 133. The paraffin waxes chosen by the researchers had geltin
temperatures ranging from-45°C,which falls just below the 560°C upper temperature

limit for NiMH and Li-lon battery technologyBecausesignificant but predictable battery
heating occurs during the recharging cycle of PHEVs, especially for-chpigjing
systems 134, incorporating PCM based thermal protection in a vehicle battery pack could
play an important role enabling custortiermandedhigh-rate charging while maintaining

battery lifetime and reliability.

3.1.2. Medium temperature applications between 100 and 200°C

The medium temperature applications are generally related to thermal protection of
the under hooddrive components, including thengine cooling loop and higower

electronics.

3.1.2.1. Engine coolant loop thermal buffering

Most vehicle engines use an antifreeze coolant loop consisting of an ethylene or
propylene glycol and water mix that is pumped to a radiator for heat rejection toimainta
temperature between 8M0°C In some configurations the loop will also cool other
engine components (e.g., the transmission or-ges), while possibly providing some
cabin heating]35. This loop is generally pressurized to maintain the coolah&tiquid

phase with the antifreeze boiling temperature being just above 12062 complicated
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vehicle systems, especially EVs and HEVs, may have one or more additional liquid loops
at lower temperatures for cooling electrical componemscause higtrecooling loop
temperatures decrease the total radiator size for a given heat load, some future civilian and
military vehicle degins are targeting a single 2@05°C vehicle coolant loop for all
electrical and mechanical componentsl86]. Higher loop temperatures would further
decrease radiator size, but such high temperatures can cause performance issues in the
engine and reliability issues widlements such as the pump, seals, and ha8&s

Typically, cooling loop capacity is sized to account for surge and transient loads
Because those peak loads are present for only a fraction of total operating time, design
oversizing is reflected in the sgm pumps, radiators, heat sinks, and other associated
hardware Several studies have looked at shifting some or all of the transient load to a
PCM thermal buffer or heat accumulator, using a configuration similar to that shown in
Figure 3.6 [137,138. These studies demonstrated the ability to downsize thengooli
system capacity by about 1/3 while staying below maximum engine temperature limits
during power surgesModerate melting temperature materials were investigated, mainly
focusing on the polyalcohol erythritoly ~ 118°C), although in13§ it was mentioned
that a slightly lower melting temperature PCM would provide more margin for thermal
gradients to develop around the cooling systdiime melting temperatures of an alternate
PCM would have to be above the steady coolant temperaturel(88C for the primary
engine loop, lower temperatures for other loops), but below the loop boiling limit with
enough margin for any expected thermal gradiebetween the loop and critical

components.
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Figure3.6 - Engine cooling system with a heat accumulator incorporating a phase change material

to thermally buffer the coolant temperatufrem [137].

3.1.2.2. Vehicle power electronics thermal protection

Increasingly electrified vehicles require more power conversion electronics to
move energy to #various vehicle systems, including battery packs, traction motors, and
accessory payloads Core elements of these conversion electronic systems are
semiconductor (typically silicon) power transistor and diode array modules that are used
as the switchinglements, an example of which is showrFigure3.7 [139. While the
power conversion efficiency of these components can be hi§&%y, their high power
density still creates a challenging thermal management prableor high power
electronics, heat is removed through several packaging layers to a liquid cooled baseplate

connected to the vehicleds cooling | oop.
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Figure3.771 (a) Dual switch module, and (b) internal view of module showing transistor and diode

arrays bonded down to substrate and baseptate [139.

As meriioned in the previous sectiofuture vehicle designs are targeting a single,
high temperature (200°C) cooling loop for the engine and electronics, which does not
provide much margin for silicon devices with typical operatargperature limits of only
125150°C[81]. As a result, current commercial hybrid vehicles have had to use separate
liquid loops for electronicwith temperatures around-G@°C[140. While semiconductor
devices made from wideandgap materials, such as silicon carbide and gallium nitride,
are being developed with operating temperature limits as high as 400°C, other package
material limits keep opation of those devices under 2@J141]. In addition, while
showing significant progress, those semiconductor devices rematprobgiitive for
widespreaccommercialadoption and even military circuit demonstrations are still in the
prototypng phasg139147.

While both DoE and the U.&rmy have been making numerous efforts to reduce
overall package thermal resistandd(143-144, previous studies by the authods4]
and others 148149 havesuggestedhat the associated material reduction also tends to
reduce packge thermal capacity which can actually result in higher temperatures under

transient loading Incorporating a PCM into the electronics package to restore thermal
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capacity has been shown to significantly slow this temperature X26[15(0. In

addition, directly buffering the electronic device creates a shorter therthabghe PCM

than buffering the cooling loop, potentially allowing higher rate transients to be mitigated.
As before with coolant loop thermal buffering, the lower limit for acceptable PCM

melting temperature is set by the temperature of the cooling mediud the upper limit

by the limiting temperature of the electronic devidedditional margin must be allowed

on both the lower and upper temperature limits to account for the thermal gradient between

the PCM and coolant at steady state and betweerCieaRd device during the transient

Independent DOE and U.S. Army studies have identified erythritol as a candidate PCM for

a power electronics thermal buffer heat sink (TBHS) due to both its melting temperature

(Tm = 118C) just below the aforementioneslicon thermal limit and its relatively high

latent heaf41,151]. The DOE study also identified the PCM TBHS concept as a key

enabler for using silicon electrosion a 10%C cooling loop, while permitting 380%

reduction in electronics heat sink size and weight relative to -d#@dh baseline.

3.1.3. High temperature applications above D0°C

The high temperature applications all relate to thermally coupling to thedioee
exhaust for vehicle efficiency improvemenihe range of available temperatures, shown
for a passenger vehicle kigure3.8, provides a number of options fo€R! selection and

integration with the exhaust system.
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Figure 3.8 i1 Range of available exhaust temperatures igasolinefueled passenger vehicle

from [8].

3.1.3.1. High temperature exhaust energy storage for cold start improvement

While the cold start improvement efforts described in Se@&ibri.1mainly focus
on keeping components above ambient conditions in cold environments, the catalytic
converter is designed to run at much higher temperatures to burn off polluting compounds
from the exhaust streamConventional catalysts have ligbtf temperatures of about
350°C, below which conversion efficiency quickly degrades, but they often operate at
higher temperatures for peak performaricg’]. Even in warm environments, the catalytic
converter will cool quickly resulting in an undesirable csldrt condition on the next use
Studies estimate that @D% of certain pollutants emitted during a standard drive cycle
occur in the first two minutes while the catalytic converter comes upnjoet@ture 153.
Several advanced emissions controls techniques have been proposed, some of which have
included use of a higtemperature PCM to maintain converter temperature over an

extended oftime. Reports from Burch, et al., described the use of a high conductivity
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aluminum/silicon PCM materiall{y ~ 580°C) and a lower temperature proprietary PCM

(Tm ~ 350°C) jacketing the catalytic material on a conventional gasoline eidgind55.

They found thathe lower temperature PCM was more likely to melt completely and had
lower losses to ambient than the higher temperature system. It was able to keep converter
temperature over 300°C for 24 hours, reducing certain emissions 1§684 Because

the U.S. IPA has estimated that there is less than 24 hours-thwfbetween 98% of all
automobile trips, a thermally buffered catalytic converter could drastically improve overall
vehicle emissionslsg. Additionally, future emissions control trends are leadoward

lower temperature catalysts (potentially below 200°C) to reduce pollution from large diesel
vehicles with lower exhaust temperatur&s7, which could open the application to a

wider range PCM materials.

3.1.3.2. Exhaustenergy thermal buffering for waste hedectrical conversion

A large fraction of fuel energy goes directly out the vehicle exhaust due to
combustion process inefficiency, and there has been a lot of interest in reclaiming this
energy to improve overall vehicle efficiencgasoline engine edust peak temperatures
can vary from 500 900°C, while heavy duty vehicles (typically trucks with diesel engines)
might only have exhaust temperature peaks from®8B0D°C[158. Figure3.8 highlights
the fact thaexhaustemperature also varies significantly along the exhaust patimber
of investigators have explored converting that waste heat into electricity, which could
augment or even replace the vehicle alternator to help drive the increasing number of
vehicle electricaloads.

Little attention has been given to using a P@®Ermal buffer to augment electrical

conversion of recovered vehicle exhaust enetggwever, a recent DoE modeling effort
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examined waste heat recovdkyyHR) on four vehicle classes, from light cars to heavy
trucks, and found that the most limiting comalit was insufficient available waste heat
during cold starts and intermittent acceleration (city versus highway driviiB€]). [These
are the same conditions that made thermal buffering an important part of the absorption
cooling analysis mentioned in Sexti3.1.1.4 In fact, Fu, et al. recently performed a
detailed power and temperature mapping of vehicle exhaust as a function of engine speed
and load 160, commentng on the energy available for WHRThese maps show that
significant variation from the peak design point will occur in real vehicle operation, which
can significantly reduce any recovered power and increase the payback period of a WHR
system There havebeen case studies on fsitle thermal buffering for thermoelectric
(TE)[16]1] and mechanicdll62 conversion technologiefor other high temperature
applications (primarily concentrated solar power generatibimgy examined using a PCM
thermal buffer to miatain a stablehot sidetemperature, finding that sufficient energy
storage allowed for extended operation even after solar input had .cesséds likely
that there may be significant similarities between TES material sets and heat exchange
requiremats for vehicle WHR and high temperature, large scale power generation (and in
particular solar thermal generation), the reader is referred to a detailed review of the subject
by Medrano, et al., inl63. While source aspects for both TE and mechanicadgdion
technologies are the same, they have unigue aspects that affect PCM applicability in either
case.

Thermoelectric waste heat recovedsing athermoelectrigenerator (TEG) is @n
of the most often proposed vehitieatrecovery methodsaccomplished by attaching the

TEGto a portion of the exhaust pipe at the appropriate temperature for the mateel
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are attractiveoptionsbecause they are solgate and lightweight, potentially providing
higher reliability and lower mechanicabmplexity than other conversion option#\
thorough analysis of thermoelectric exhaust heat recovery including the impact of materials
and thermal interface conditions can be foundlBg], and an overview of recent design
techniques can be found i8,164]. A recent critique of TEG technolggdentified vehicle
waste heat recovery as one of the few power generation applications where thermoelectric
usage makes sense relative to more mature conversion technologies, primarily because
efficiency of mechanical alternativegynificantly decreases lower power leves [165.

A significant concern with TEnaterialss thattheir thermoelectric performance is
extremely temperatuidependentas shown irFigure3.9 [166]. The expected variation in
both exhaust heat and temperature means that both thédtE&letemperature and the
magnitude of any thermal gradients will see wide variation over a realistic drive profile
(such as that shown figure 3.2(b)). This reality means th@ EG would likely be off
optimum operaing inefficiently for the majority of its lifdime. A well designed thermal
buffermay be able tamaintain he material near the optimal performance temperatoe
the materials shown, this could fall almost anywhere within the exhaust temperature span,
but would likely center around the 4800°C temperature rangdén addition, because of
the thermal gradig expected down the length of the exhaust path, a-fRGK solution
might provide for a spatially tailored system with higher efficiencih any case,
decoupling the TE®ot sidefrom the exhaust pipe wall may expand the design space for

a TE WHR system
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Figure 3.9 1 (a) ptype and (b) ftype thermoelectric materials and temperature dependent

thermoelectrigperformancefrom [166].

Mechanical waste heat recovekysing mechanical thermodynamic cycles instead
of (or in addition to) TEGs for waste heat recoveag received much attention as well
showing potential totguel economy improvements near 20%67,168. These systems
are primarily Rankine based cycles, which are a mature technology that may better tolerate
a wider operating temperature span than TEGs, but they are typically used in steady
conditions and will béimited in temperature and performance by the chosen working fluid
BMW recently modeled and tested a stdaased Rankine WHR systeivax= 350°C),
focusing on the system complexities created by the highly transient exhaust heat exchanger
conditions andhe potential for resulting system inefficiency or even critical failti6S).
They focused on the need for a complex control system to adjust for high rate transients,
but it is possible that a PCM buffering the input could mitigate some of tooserns In
a recent historical review of Rankine & for WHR, Sprouse and Dep¢ik7( indicated
that organic fluids are generally chosen over water/steam for cycles with hot side

temperatures below 370°C, and there are a significant number of avdilabs below
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200°C[169. Thus, despite the fact that storing energy at higher temperature is a major
factor in achieving net efficiency improvent[171], the expected variation in exhaust
temperature and operating conditions could mandate selecting a lower working

temperature working fluid and open the application up to a wide range of potential PCMs.

3.2.Vehicle application summary and implicatiorfer PCM selection

The vehicle applications described in this chapter cover a wide range of
temperatures, summarized Trable 3.2. The applications are listed wittemperature
ranges, estimates for desired PCM melting temperature, and comments on the reason for
particular temperature selectioAs noted the particular melting temperature may depend
on whether the PCM is being used for thermal protection or temperatutrelc As an
example, for thermal protection of current battery systems, a buffer temperature of just
under 52°C may be appropriatéor optimal performance, however, it may be preferable
to attempt to control temperature within a smaller temperatungl, bperhaps from
20-40°C. Also, itis important to remember that for any particular design a thermal gradient
will exist between the PCM and the item being buffered, and PCM choice must allow for
somemarginbetween the target and melting temperatuFasally, all of these applications
share the fact that numerous thermechanical factors, beyond those described here, need
to be satisfied for successful implementatidimese include sufficient heat exchange and
heat spreading, maintaining PCM forogntainment, and container contact, and staying

within vehicle size and weight limits.
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Table3.217 Summary of vehicle PCM applications and temperategeirements

Temperatures Likely PCM
Application Range Limit Temperatres Comments
Cabin / Payload refrigeration < 0°C (froz.) -50i 5°C Tt either just below nominal air temperature if primary
<5°C (refr.) cooler, or just above if expected to act as an upper lir
buffer during thermal excursions.
Cold startbuffering, engine fluids <10°C 10-35°C Lower PCM temperature reduces loss to ambient anc
insulation requirements
Cabin air conditioning loop 25°C (com) 5-25°C Buffering AC cabin fan side of loop, target for PCM is
29.5°C (mil) slightly above nominalldiid being buffered: either
evaporator refrigerant temperature or vent discharge
temperature to ensure charging during normal operat
Cabin heating similar 40-70°C Should melt just below heat exchange temperature,

whether charging from electricehbin heater, engine
block, or exhaust gasses.

Vehicle battery pack, current 20-40°C -30to 52°C  30-40°C (buffer) PCM designed to add thermal inertia either within
(USABC) 50-55°C (protect.) optimum band to enhance performance, or just below
limiting temperature for thermal protection.

Vehicle battery pack, future est 2040°C  -40to 85°C  30-40°C (buffer) Assumes newer batteries have the same optimal
(USABC) 65-80°C (protect) operating point, but higher limiting temperature.
Absorption AC loop fromexhaust 60-100°C 55-65°C (current) Current designs based on conventional AC temps. H
85-95°C (high perf.) perf numbers estimated for improved absorption loof
Cabin Electronics 65-85°C 60-80°C Commercial electronics derate after ~85°C, militarize
electronics using COTS impose similar limits.
Cooling loopi Lower temperature 60-80°C 65-85°C Tt must be greater than nominal loop temperature, bt
< 125°C below coolant limit, PR\&et poinf or componenlimit.
Higher temperature 100-120°C 110120°C Higher temperature loop similar provides less margin
component temperature rise.
Silicon power electronics 125150°C 110120°C Most silicon electronics will operate above 125°C, bu
are o6derated6 or run at
High temp power electronics 175200°C 150-175°C Wide-bandgap electronics can rahfotter than thisbut
other packaging restrictions limippertemperature
Exhaust heat recovery, mechanical 200°C (org) 180-200°C Available exhaustemperature varies from the engine
350°C (HO) 300-350°C the tailpipe. PCM temperature based on working fluic
temperature limit.
Exhaust heat recovery, thermoelectric 200-800°C 400-500°C PCM temp based on TAGS and PbTe based material
Higher temperature TE would increasermal potential.
Cold start buffering, catalytic converte 320-560°C >300°C Temperature should be abosatalystlight-off

temperatureL ow-temp catalysts could allow low@.

3.3.Recommendation®or vehicular PCM use

Developing future vehicles that are both more energy dense and more efficient will
require replacinghe traditional thermal systemoverdesign withintelligent transient,
thermal management methodghe use of thermal buffering can overcome the temporal
mismatch between thermal supply and demand commonly found in vehicle systems, with
respect to both cooling supply and power generatiexamination of past research into
vehicle systems has identified a number of applications with either a tramssemdtch or
a thermal protection requirement that could benefit from phase change Th&se

applications cover the entire range of temperatures present on the vehicle, from near
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freezing up to 800°C A consequence of using a PCM thermal buffer is thahigue

material must be used for each system that has a different temperature requirzamieigt

surveyed over00 materials from over a dozen material clags€hapter 2we can now

attempt tomatch the most promising PCMs to vehicle applications according to likely

performance based on material propertieable3.3 lists the applications described in this

chapter, and provides suggestions on materials which may be worth investigating for future

use It is worth noting that this is limited to materials with known properties, and other

materials, especially metallics aasdlid-state PCMs, may provide a number of alternative

options if the material databases are expanded.

Table3.31 Vehicle applications and suggested candidate PGMted by temperature

— . Material Tm
Application Material of Interest Class C]
NaCl or KCI +H20 aqueous salt(-21)(-10)
Subambient refrigeration Mono/di/tri-ethyleneGlycol organic (-13)(-7)
Tetrohydrofuran organic 5
Cold start buffering, engine fluic Gallium-Zinc blends metallic 10-30
CabinAC loop, upper limit buffe! Potassium Fluoride Tetrahydra Salt hydrate  18.5
Vehiclebatterypack, optimal . . .
temperature Lithium Nitrate Trihydrate salt hydrate  29-30
Vehicle battery pack, thermal Current, T <52°C Indalloy 117(nonROHS) metallic 47
protection Future, T <85°C Barium Hydroxide Octahydrate salt hydrate 78
Absorption AC loop, exhaust Current, T ~ 60°C Sodium Hydroxide Monohydrat salt hydrate 64
buffering Future, T > 85°C Xylitol sugar alcohol 93-95
Cabin heating Ir_1da||oy 117_(n0FROHS) metallic 47
Sodium Hydroxide Monohydrat salt hydrate 64
Cabin electronics thermal Cerrobend Eutectic (neROHS) metallic 70
protection Barium Hydroxide Octahydrate salt hydrate 78
Cooling loop, upper limit Low Temp Barium Hydro>.<ide Octahydrate salt hydrate 78
buffering ! Xylitol sugar alcohol 93-95
High Temp Erythritol sugar alcohol 117-118
. Silicon Erythritol sugar alcohol 117-118
Power _electronlcs thermal XViose sugar 147151
protection High Temp. Y . g
d-Mannitol sugaralcohol 168168
Cold start buffering, catalytic ~ Current, > 350°C KI_Cit lhTumgﬁ;ij:o:zgl sal;;ltend 222
converter — -
Future, > 200°C Lithium Nitrate salt 250254
Galactitol sugar alcohol 188189
Mechanical Aluminum Chloride fused salt 192
Engine exhaust heat recovery, 91Sn,9ZA metallic 199
source buffer Lithium Hydroxide salt 462
Thermoelectric PotassiunPerchlorate salt 527
88Al,12Si metallic 576
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Thereis, of course,more to successful design than selectindjkely storage
material The steady andransienthermalconditiors for the vehiclecomponent must be
fully understood and this information is often unavailable or of poor qualijot only
average and peaknperatures, but also transient duration and frequeleeysto be
knownto set the dsired total energy storagequirement and PCM volumed-inally, an
often ignored but perhagse one of the most critical PCM system consideratistew
operationwill be affected after thBCM storage has been exhaustéd summary, more
comprehensive vehicle and component level modeling will be required to understand the
large number of internal and external thermal and material parameters in order to

successfully imgment any PChbased system.
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Chapter 41 Power semiconductordevicesand thermal packaging

The remainder of this report will focus on one particular PCM application described
in Chapter 3thermal protection of power electrorsiemiconductodevices These devices
have numerous uses both on andlodfvehicle,and they create one of the primary thermal
challenges in electram component design This chapter will provide an overview of
power devices and electronic packaging, along with a description of two experimental
evaluations of electronics thermal improvemei@pecifics on transient thermal aspects of
electronic compoents and packaging, including applications of thermal buffering with
PCMs, will be described in following chapte®4uch of the experimental work presented

in this chapter were originally published ttd] and [L72.

4.1.Heat generationn power semiconductor devices

The silicon transistor has become the standard switch component used in the
majority of analog and digital electronics circuitss briefly mentionedn Chapter 3for
a number of electrical and mechanical reasons devices are being developed using wide
bandgap materials, including silicon carbide and galliunmdeitr While these materials
might provide for higher temperature and higher speed operation, the general thermal
behavior of the devices is similar

A representativepower transistor crosectionis shown inFigure4.1. Although
specific configurations vary, moigh power transistors have several features in common
that affect their thermal profile First, mosttransistor designs have a higher resistanc
region, commonly called the transisfonction near the top of the devicéleat generated
in this region generally must be conducted through the device to the backside contact,

where the device is mounted to the circuit board or component packaga this point
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heat is removed by conduction or convection according to system d#&gitinrespect to
Figure4.1(a)the transisto(a Vertical Diffusion MetalOxide-Semiconductor, or VDMOS,
transistor), the ateelectrodevhen charged induces the formatioraafarrowconductive
path, or channel, between thé Wells and the Nregion, allowing current to flow from
source todrain. Note that the schematic is not toak The N region isthe device
substrate, whiclactually much thicker than all of the layers aboveTihe substrate may
vary from 200500 um, while the remaining layers may only total @0 um, depending on

electrical requirements

O Gate Q Gate
?Sou;ﬁ
% :':6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:6:
- N* N* p*

N

A 2

Channel 7 (BDrain Drain BRD
(a) (b)

Figure 4.1 1 (a) Crosssection of arepresentative power transistor device structufie) The
electricalresistive components along tee v i corgluctive pathNote that the figures are not to
scale, ashte N region at the Drain can be-1@0x thicker than the other layerBigures adapted

from [173174), with permission under Creative Commons licenseBYCSA 3.0.

Figure 4.1(b) shows the primary components of electrical resistance along the
current path through the devic&he poweris dissipatedn each componentia Joule
heating can be calculated using

0O Qo oY (6)
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Wherei(t) is the electrical current through the transistoadsnctionof time, andR is the
electrical resistanceThus, most of the device heat generation occurs in the upper layers
of the device, referred to astbevicgunction where the higher resistance portions of the
current path are located:his oftenpermits the assumption to be made that all of the heat

generation occurs at the top surface of the device, simplifying device heat transfer models

4.2.Power semiconductopackagethermal transport

Figure4.2(a) shows a typical higherformance power electronic device module,
incorporating a number of semiconductore dassembled intca particular circuit
configuration Figure 4.2(b) shows a crossectional sketch of the multiple layers in a
typical power module stack The layers within this package provide electrical
interconnection between multiple circuit elements as well as mechanical support for
reliable device operatiorWith respect to the thermal aspects of the package, most power
modules are designed withe primary helaremoval path through heat sink at the base
The top of the device is typically kept free for wirebonding or other electrical contact,
although there have been a few investigations of using the top side for heat removal as
well [175. All elements betwen the semiconductor junction and the final heat removal
mechanismwhether an air cooled heat sink, liquid cold or chill plate, or other structure)
comprise what is referred to as tihermal stack Each piece of that stack contributes to

the totalthermal impedance of heat flow from the device.
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Figure4.27 (a) Representative muitihip power electronic module (Eupec BSM200GD60DLC)
(b) Power module packaging layer stadkt shownin (a)is the electrically (and usually thermally)

insulating encapsulant, potting compound, or gel used to fill the remainder of the module package.

Heat flow throughand temperature ia linear materials described by the one
dimensional heat equatioshown in (7), which relates the energy accumulatiand

generatiorat any pointx, to the net rate of heat leaving that point:

o e 0
wherer, ¢, andk are material density, specific heat and thermal conductivity, respectively
and g(x) is the heat generation profile in the materidls mentioned eatrlier,f@n in
electronic device operation heat generatiorapproximated as a heat flux boundary
condition at the top of the deviceliminatingg(x). The resulting linear potential energy
flow equation is common to numerous disciplines, and results in direct proportions between
flow and either spatial or temporpbtential gradient It is often convenient to define
thermal proportionality constaniis analogoudumped electrical terms of resistance and
capacitance This approach to thermal modeling can be traced back well over half a

century[176177]. The analogy between domains is showiiatle4.1.
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Table4.17 Linear thermal equations and electrical circuit equivtalen
Equivalent

Electrical Standard
Thermal : Thermal o
. Equivalent . . Circuit
Equation X Proportionality
Equation Symbol
Constant
., Qo , — P . &
QY QU . v,
1 ot @ oq, ° Tee ke

Using this analogyit is possible to show that each layerFigure 4.2(b) is a
component contributing to the total thermal resistaRgg and thermal capacitand@y,
of the packge. Because the relative speed and duration of the electrical functions of these
devices are often much faster than the thermal response of the package, often only the
steadystateaspects of the device are examin@dditionally, in packages with mangrge
semiconductor devices adlmensional approximation of heat flow can be usddhe
combination of these assumptions permit the package to be modeled as a 1D thermal
resistance chain, as shown kigure 4.3. The layers generally considered part of the
module package, indicated by the dashed box, are traditionally manufactured separately
from the heat sink components€Each of thesediscrete layes contributes to thermal
resistance according to its thickness and thermal conducti&idgitionally, it should be
noted that there can be some finite contact resistance between each layer, although that
component is sometimes lumped into effective stasce of the surrounding layers
Minimizing steadystate temperature risanthen be reduakto minimizing the sum of the

thermal resistanceomponent$n the stack.
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Figure4.3 7 Power electronics thermal stadkpictingmultiple thermal resistance components
(layers notto scale) Dashed box indicates primary thermal module laygssally manufactured

independently from cooling components or heat sinks.

4.3.Improving powermodulesteadystatethermal resistance

Figure4.4 showsthe junction temperate rise in a power packagath a range of
package thermal resistivitiesegistancenormalized to device area)With respect to
improving steadystate thermal performance, it does not matter which resistances are
reducel in the total device stackThe junction temperature will simply be a product of
heat flux and total thermal resistan@ resistivity for a 1D, constant area condition)
which is given by8) and(9). Thus, it is sensible for improvement to focus on whichever
components of resistanpeesent the largest thermal resistaacd the best possibility for

reduction in that factor.
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Figure4.4i Simpleperformance curves showing device temperature rigefthagesvith a range
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The first terms in(8) and(9) represent the conductive pion of the thermal stack,
consisting primarily of the power module itselmproving theconductiveportiors of the
thermal stack involve either increasilayer thermal conductivity by choosing different
materials or thinning the layers to reduce totglistance (For packages that do not fit the
1-dimensional model well, improvements also can be made by increasing heat spreading
between layers.)fhe second terms represettie total heat sink thermal resistance
includingany solid conduction that iohexplicitly included in the first terey(such as heat
spreading in finsand fluid convection at the heat removal surfaekeat sink resistance

cangenerallybe improved bynodifying thecooling mechanism to increase the convection
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coefficient, h, or increasing thesurface areaAs. As detailed alculatons ofheat sink
resistance can become quite complicdiedause its highly dependent on geometries,
fluids, and cooling mechanisronedimensional analysis often makes use of an effective
convectioncoefficient,het. As describedy OO0 Ke e f ein @48, tiBsasrdefined n
as the convection coefficient that would produce the same effective heat removal rate on a
flat surface with area equal to the conductive portion of the thermal stdekefective
convection coefficient is related to the actual, average heat transfer coeffieszrthe
wetted surfacey

Q QD D (20)
where AE is thearea enhancemerdtio of wetted surface area to cr@estional areand
h is asurface area utilizatioefficiency term, similar to fin efficiency for an extended
surface For practical forced cooling mechanisms, the valuddgcan vary from as low
as 100W/m?K, representing moderate airflow over a finned heat sink, toentioan
500,000W/m?K, representing some of the higher reported rates for forced liquid
impingement cooling179.

The thermal resistivities of low performance heat sinks or cold plates can vary quite
widely, from about 0.5 5 cn?K/W (again, defined as jurion temperature rise per unit
heat flux at the die)At the same timeageviews of commercial grade and advanced power
modules shows that junctidn-case thermal resistivitiesan be on the order of
0.1-0.3cn?K/W [180181]. Thus, the dominant factor fonérmal improvement has for
quite some time been to improve the heat sinking mechanism for the modtuteerous

studies have been performed over several decades to address this problem, one of the most

77



prominent being the seminal work of Tuckermand aPease demonstrating that
microchannel cooling can be a viable hgérformance cooling optigii87.

Unfortunately, the large flow restriction and resulting pressure drop that these
channels impose has made practical system implementation difficult, andratune
nonuniformity over the cooled regions can degradefopmance and reduce
reliability [183184]. Esimated limits for maintaining reasonably sized pumps and
ancillary components show a need for-@#tkPa (~5psi) pressure drops over the cooling
device[185. Modified microchannel designs, including branchit§g and manifolded
structure§187,188, have been shown to mitigate some of these problems, and
optimization can find acceptable design poirfts89,19(0. The net result shows that
microchannel coolers ofYarious designs have demonstratesv Ithermal resistivity
(< 0.1cnPK/W) and high singlehaseheatremoval characteristics (00W/cn?) [191].

Such lowthermalresistivities from using microchannel cooling shift the focus back
to the module portion of thetack for overalthermal improvement, as further efforts to
increase onvective performance approach 6 di mi ni shi ng returns.
excessive system cosiThe packaging layers, however, have already been optimized to
satisfy multiple competingonstraints, including high thermal conductivity, low thermal
expansion mismatch to the semiconductor device, mechanical strength, and electrical
conductance An alternative to making further adjustments to those layers is to integrate
the heat sink funain into layers closer to the devic&his would have the dual benefit of
reducing thermal resistance, and relaxing design constraints on the layers no longer in the
thermal path In addition, by bringing microchannel coolers closer to the heat source, i

may be possible to relax the fluidic design constraints, permitting a somewhat lower
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convection coefficient while still producing a net reductiototal thermal resistanc&he
microchannels may be larger diameter, or pumped at lower flowrates,tmgigame of

the high pressure drop probletmsiting adoption ofmicrochannel systems.

4.4.Substrate integrated cooling fabrication and evaluation

A number of options are available for integrating module cooling closer to the
semiconductor device, from titgr integration withthe baseplate all the way to bringing
the coolant directly intalevicecontact While the latter case would provide the lowest
potential thermal resistance by completely eliminating any additional mdremalthe
thermal stack, itlao removes any isolation between the electrical components and the
coolant Vehicle coolants (such as watarethylene glycol based antifreezes) are generally
conductive, creating a potentialectricalshorting path Dielectric coolants (which are
primarily fluorocarbonsor refrigeranty that could avoid the conductance problem have
generallyworse cooling performance, and have been shown to reduce convection under
similar conditions by 50% or mord92. As such, an integration point that preserves
electricalisolation and enables usearbitrarycoolants is desired

For the standard power module stack describddgare4.3, the device substrate
is the aluminum itride (AIN) directbondcopper (DBC) layer As AIN is a high thermal
conductivity dielectric material, the DBC is the closest layer to the device that would still
provide electrical isolatigrsupposedly on the order of ¥0um [193. Integrating the heat
sink function into the ceramic substrate would provide a significantly reduced thermal
stack, as shown ifigure 4.5. While there still might beadditional package layers or
components around those shown, they wbeldemoved fronthe thermal stack and would

havelessinfluence on device thermal performance.
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Figure 4.5 1 Modified packaging and thermal stagkith a number of layers and interfaces

eliminated by moving the fluidic cooling into the ceramic substrate.

4.4.1. Ceramic substrate integrated cooling fabrication approaches

Aluminum nitride ceramics have numerous qualities that make them advantageous
as sengonductor substratesin addition to the aforementioned voltage hoffl the
material 6s coefficient of thermal expansi ot
devicesand it has a high thermal conductivity94]. These properties are summadzn

Table4.2.

Table4.2i Properties of Silicon, Silicon Carbide, and Aluminum Nitride4]
Thermal Expansion Coefficient Thermal Conductivity

Material [ppm/K] [W/mK]
Silicon 2.5 135
Silicon Carbide 4.6 280
AIN (ceramic} 4.2 170- 200

Unfortunately along with the usefploperties of AIN, it is also a brittle material
that is very chemically inertThis restricts the use of standard micromachining operations
for definingdeep microchannelsA standard packaging substrate is #adks (625um)
thick. A few cases are presented in the literature where deep plasma etching has been
successful in AIN, the most notable of which is foundl®q, where the researchers were
able to etch 5¢im deep using a chlorifgased plasma and a thicickel etch mask

Unfortunately, limitations to depth currently magkehing unsuitabléor large scale power
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electronic substratesTwo alternative techniques are evaluated in the following sections:

diamond sawcut microchannels, and stereolithographically fabricatdastates

4.4.2. Diamond sawcut ceramic microchannels

A relatively straightforward, high speed fabrication technique was used to fabricate
a series of aluminum nitride microchannel substrafe®isco DAD320 diamond bladed
wafer dicing sawvas used to make partdle pt h ¢ xfie Ah Na.sThebteolt r at e
has a precision stagaccuracy: 3um lateral/lJum vertical)with semtautomatic multiple
cut capabilities, allowing the specification of cut position, number of cuts, and pitch with
micronlevel accuracy Both 150um and 25Qum blades were used successfully to cut
straight channels up to 3@®n deep into the 62fm thick ceramic substrateThinner
bl ades were found t o 0 wa attkniptingtmute assmalcut ap e a

pitch. An example oftie sawcut AIN microchannel substrates is showrFigure4.6.

AY
A
AY
AY
AY

Figure4.6 7 Sawcut aluminum nitride ceramic substrafehe channels shown were cut 300
deep with a 25@um blade and a 37sm pitch (SEM image courtesy of Brian.®@organ, Army

Research LaboratorAdelphi, MD.)
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One concern when fabricating sawt channels was the dansional accuracy that
could be achievedCutting procedure involved zeroing the blade on the AIN top surface,
then offsetting by the desired cut depth, typically féDor ~1/2 the substrate thickness
The zeroing process was the most limiting aspestih@ AIN substrates were not
sufficiently planar t-stage acéumacysducl aseaegef of t
test cuts were performed to examine cutting repeatabi)éyng a WYKO NT1100 Optical
Profilometer, it was found that the target depbuld be achieved to within-£Oum across
a linch (~25.4mm) piece Also, cut width depended solely on the blade width, and
appeared insensitive to blade translation or rotation sp#fde there was some chipping
on the top surface, using a relaliy new blade produced neagrtical sidewalls with
squared channel bottoms, as Eigure4.6 SEM inset shows.

A primarydrawback to thesawcut microchannelss thatthe channels must go all
the way across the substrafiéhus, it is only amenable for straight microchannels, open to
the edge of the substrate, and not the more complicated chatruliresmentioned
earlier such as branching or manifolded dtrces

Test substrates fabricated in this way were metalized prior to channel cuating
3-metal layer stack (50m Ti, 50nm Pt, Jum Au) was deposited by a CHA electrbaam
evaporator systemNext, the microchannels were cut into the backside of ubdrate,
channels centered undbe die attach locatiorfinally, a second, flat piece of AIN ceramic
was attached to cap the channels, and the two pieces were sealed together with Kapton tape
and Loctite E20HP epoxy

Heat sources for thermal testingnsisted of & mm o6 mec hani €Crzd gr ad

pin diode The diode andopper tabs were solderedthe metalized substrate, and the top
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of the die vas connected using a pair of il (250 um) aluminum wire bonds A

photograph of a packaged AIN microcdme| substrate is shown kigure4.7.

Figure4.71 Representativegrkaged and sealédN substrate with SiC diodeeat source.

4.4.3. Stereolithographically definedceramic microchannels

The previously described methods of fabricating AIN structures all suffer from the
extra complications of enclosing channels, sealing edges, and making fluid connections
Developing a singtpiece AIN microcooler with simplified fluidic connections and
arbitrary geometries would overcome these difficulti8® printing has recently seen a
surge in popularity since it was.Sipdethateer ed
time therehave been a number of new 3D printing techniques and materials, but most of
the focus has been on plastics and meti&lere recently, work has been progressing on
stereolithographygne ofthe original 3D printing techniquewith ceramic materialslt is
used to cr eat e ceramiepart)whicheanthehbe pracessad mte tthe final

ceramic piece.
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Technology Assessment and Transfer, INCA&T, Millersville, MD, USA)
developed a ceramic stereolithography process capable of producinqraréduminum
nitride (in addition to other ceramics) With some limitations, the flexibility of
stereolithograpie fabrication enables creatiomf monolithic structures with complex
features having dimensions down to about @80 As mentioned beforehe process
i nvol ves t he definition of t he ceramic
stereolithography mache&using a proprietary photosensitive ceramic redihe system
takes information from a 3D CAD file, translates the part information into imacode,
and then builds the part layby-layer, successively laser curing the resifihe AIN
material is built at a layer thickness of abouy®a Uncured resin is drawn from the part,
and then it is fired in a high temperature furnace to achiewdebiburnoff, ceramic
sintering, and densificationThe process iable to produce stereolithographic parts with
thermal conductivityon the same order as commercial AIN substrates, typically
160-190W/mK.

Due to limitations in part yield when producing complex microchannels (both resin
removal and the firing process would cause splitind warping omverly complex green
parts), the substrates produced for this study were designed to be straight mietschan
only. Fluid entrance and exit ports were able to be placed on the substrate face to ease fluid
coupling relative to the edgmupledsaw-cut substrates described in the previsestion
A representative sketch @ singledie substrate is shown iRigure 4.8. Following
substrate fabrication, the devices were metalized and instrumesteééscribed in

Section4.4.2 and a fully assembled substrate is showriguire4.9.
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Figure4.81 3D sketchof microchannel substrate used as the fabricatiput file.

Figure4.91 Fully assembled stereolithographically fabricated Alldrochannel substrate.
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4.4.4. Experimental Evaluation

This study measured the thermal performance of the two types of microchannel
substrates described in the previousse#ac t i ons t o ascertain the t
a power device packaging optioifhetest procedure used active devices as heat sources
while measuring power and temperature for a range of flow conditwatfs particular

focus up to the 3kPa (5psi) range of interest for vehicle electronics coaling

4.4.4.1. Experimental Setup

Figure4.10 shows the configuration of the test set used to evaluate the substrates
The system measwgelectrical energy into the SiC diode, heat removed by the fluid, fluid
inlet and outlet tempatures, and device temperatude addition, thesetuphas closed

loop fluidic control and electrical control of the power input for heat generation.

»

manual flow
valve controller

nitrogen
input

A

\ 4
\ 4

0) =

\

thermal
s I camera | i !

pressure
regulator

b) (c /‘d i > : -
(b) (c) (d) |microchannel oscilloscope (1)
pressure sample
_ transducer (e «
pressurized (9) power supply ()
water TCoutlet .
reservoir ambient

(fy Pressure tank

Figure4.107 Diagram of experimental setup for characterization of microchannel substrates.

The fluid control system consists of a pressurized tank (a) filled wibim
temperature (2@5°C) demineralized watehat has been pressurized from0Bb60kPa
(30-50 psig) by the house nitrogen lin€he water flow is controlled by an Alicat Scientific

LC Series flow controllerd) with a range of 200mL/min (x2%), whit also reads inlet
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fluid temperature and upstream line pressukananual needle valvp) before the flow
controller allows coarse adjustment of the line pressure drop to facilitate stable flow
control Fluid pressure at the microcooler entrance is lgagh Omega PX181b pressure
transducerd), with afull scale range of 1psia (+/1%FS) The flow passes through the
microchannel substrate)(andexits immediately t@anambient pressureeservoir(f). A

type-K thermocouplecalibrated between-000°C to 0.2°CG embedded irthe exit tube
measures the exit temperature of the cooling wajer (

It should be noted that the system was initially designed for low flowrate
measurements, and only has closed loop flow control up ton2@@in. Beyond this
rane, Aopen | o wgsperfdrmed usingtlte meedleovdfla Prior to thermal
testing, flow through each substrates measured using a timer and graduated cylinder,
and the associated pressure (as read from the PX181b transuwees recordd for that
particular flow rate Several measurementgere made to average out measurement
variationsand estimate measurement erand this datavas used tgredictthe flow rate
during thermal testing from the recedtbressure reading.

An American Réance 1.2kW power supply(h) (60V, 20A limits) in current
controlled mode applies a forward biastte tiode bonded to the devideelivered power
is measured by a Tektronix TDS5104 Digital Oscilloscdpe Diode average surface
temperature is meased by a FLIR Systems Thermacam SC500 infrared (IR) caera (

It should also be noted that the SIC diodes used in the expermmeené O mec hani c
gualityé di odes, not fit for wusdhepwerer el i ab
however readily availab® and served as excellent heat sources for the expe@sémty

mimic an actual die stack and havkigh voltage drogmaking for easier powesupply
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matching. Howeverjt was noticed thadomedevicenonuniformity gave rise to hot sso

that were observed to sometimes exceed the average device temperature by more than 10
20°C.  All measurements except the IR camera reading® directly captured by a
Labview program on a local computer. Logs of IR camera measurements of die
temperatee were subsequently merged with the acquired sensor and controfodata

analysis

4.4.4.2. Test sample preparation

Several substrates of each type were fabricated using the techniques described in
Sections4.4.2and4.4.3 For thesawcutchannels, there were significant yield issues due
to the thin, brittlesubstrates beingeakenedby the diamond saw and splitting during
demounting and subsequent assemifig such, onlywo substrates were fully testable
The dimensions of these substrai@sEN2 and ALN4) are shown inTable4.3. For the
stereolithographi¢STL) substrates, a number of dimensional variations were designed for
fabrication by TA&T with channel depths ranging fror8 inm and channel widths from
100 to 40Qum. However, yield problemagainlimited the testable units to a set of four
substrates, dimensions shownTiable4.4. Primary yield issues included the ability t
remove uncured resin, structural integrity of high aspect ratio features, and part splitting
during firing.  Surviving parts were primarily those with deeper channels an#tethi
channel walls.

Table4.37 AIN sawcut nicrochannekoolerdimensions

Sample Channel Blade Width Pitch Depth Length
# Count [um] [um] [um] [cm]
ALN2 10 250 470 300 2.54
ALN4 14 150 335 300 2.54
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Table4.47 AIN stereolithographic larochannekoolerdimensions
parameter units TAT1 TAT2 TAT3 TAT4
Substrate Length [Mmm] 273 273 273 27.3
Substrate Width [mm] 115 11.8 117 12.0

Channel length [mm] 18.1 177 179 17.6
Channel widtt? [um] 200 200 200 200
Channel pitch [um] 500 500 500 500
Channel deptR [mm] 2 2 2 3
Number of channels 12 13 13 13

! Measured between inside edges of inlet and outlet opening
2 Design dmensions not measured

For thesawcut channels, fluid coupling was achieved using a sleeve gasket and
mounting block as shown iRigure4.11. Earlier attempts to use edge sealing or epoxy
block encapsuteon led to part breakage of leaking after several thermal cyChesfixture
shown uses a tapered silicone sleeve gasket (Cotronics Duraseal 1553) which makes a snug
fit in the mounting block cavitylnserting the test piece in the gasket slot andaitaching
the lid compresses the gasket against the block making a-tighteseal (tested up to
200kPa or~30psi). The block and lid were fabricated from ABS plastic on a Stratasys

FDM Titan rapid prototyping system, and sealed with a thin layleoctite E20HPepoxy.

(=)

Silicone A
Gasket ¢

Mourting Block \

(h) - — _ Assembled

Figure 4.11 1 Mounting block for AIN sawcut microchannel cooler&) pre and (b) post

assembly.
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Mounting the STL substrates was less cumbersome due to the face coupling
entrance and exit holesA flat butyl rubber gasket was clamped betwdke fluid
inlet/outlet (the exposed channels seenHFigure 4.9) and the aluminum fluid header,
providing leakfree sealing in excess of 2kPa (~30psi).

Prior to evaluation, all test pieces were coated with a thin layer of boron nitride
spray (Rescor 11Dy Cotronics Corporatigrto increage uniformity of surface emissivity
for infrared thermographyAs discussed inlof], the boron nitride spray served a function
similar to a matte blackpray paintproviding an uniform emissivity of aboQt95 while

remaining easy to remove with acetamelcohol based solvents.

4.4.4.3. Test procedures

After ensuring leakree mounting of the test piecesther a flowrate was set by
the Alicat controller (for flow rates below 200 mL/min), or the needle valve was adjusted
to achieve a steady pressure drop adizsslevice under tesAfter flow rate stabilization,
a forward currentvas passed though the doand gradually increased in approximately
1 A increments. At each current level the diddp surfaceaverage temperature was
allowed to stabilize and datvere recordedith the IR camera Testing waderminated
when die temperature approached 100°C to avoid the possibditpolantbeing driven
to boiling. Flowrate or pressure was then increased and the test was repeated for all flow
setting anddevices Tests were generally ended at a total pressure drop kP& {or
10psi). Fol | owi ng dat a coll ection, t he sampl
characteristics were analyzed to quantify thermal resistance according to:

vy T (11
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where Dl4avg iS the increase in average diode temperature due to the apphedl,and
Oruid IS the amount of heat absorbed by the flemlculated via calorimetry using:

N 0 "w"Y " WY 12
whereQ is the volumetric flow ratelin outis the fluid temperature at the inlet and outlet of
the test piece, and cp are the density and specific heat of water evaluated at the
temperaturdlin,out Using the values found ir197. This method of evaluating heat flow
was chosen over simply using device power in order to get a more accurate value of the
cooling performance of the device thermal statkeatlossto the environmenivould
create an over prediction of cooling perfamee if device power was used, and it is
expected that this neideal factor would not be negligibleExpectedheat loss paths
includeconduction to the mounting fixture and fluidic connections and free convection of
all heated surfaces to the surroundiaig. In addition while likely only a small
contribution a silicon carbide diode will emit light in proportion to the power applied, and
that photon generation represents another method of energyToss, since the heat
moving through théhermal sackwas simply thaabsorbed by the fluidising that anthe
endpoint temperatures as described () permitted calculation of thermal stack

resistance

4.4.4.4. Experimental esultsi microchannel fluidic behavior

As mentioned in Sectiod.4.4.2 a total of six AIN microchannel substrates were
able to be testedOnly flow behavior of all six were evaluated, howewdue to diode
delamination at the die attach base metal between éestsSIAT3could not be tested for
thermal performanceAs shown inFigure4.12, thedevices alshowthe expecte@"-order

polynomial dependencketween pressure arlbwrate with linear dependence at low
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flowrates due to channel flow, and quadratic dependence appearing for larger flowrates as
othersecd | ed O mi nor | os s ¢Athbugtb rotgshown in the figudemi nat e
preserve clarityeach pressuriowrate datasetad a2"%-order, zerointerceptpolynomial

least squares flietweerf9.299.9%%.)
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Figure4.127 Flowrate comparisons of the tessaivcutandSTL microchannekubstrates Note
the different horizontal scales used for the two microchannel typethegshave significant
differences in crossectional area Horizontal and vertical error bars are included indicating
+/- 3-sigma measurement variatidsut are only significantlyisible for high flowrate data points

with manual flow measurement.

The sawcut channels have a much smaller cresstional flow area thamé STL
channels, presenting a much higher flow restriction as evidenced by the quick pressure rise
for ALN2 and ALN4 inFigure4.12. In fact, they did not require flow testing outside the
Alicat flow controller limit Alternatively, the much deeper (several millimeters versus

~300um) STL channelshowed a much lowerd resistanceexceeding the Alicat flow
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limit and requiring the use of manual flow measurement, as evidenced by the much wider
error bars beyond 20@L/min.

Additionally, we can lookat the flow characteristicof the channels and compare
them toexpectedideal channel flow According to elementary laminar channel flow
theory, the proportionality constant betwe@mnessure dropacross a channel and flow
through it is called the friction factof, (In this document we refer only to the Darcy
friction fador, not the Fanning friction factor, the latter differing only by being 4x smaller
than the former.¥ is not a constant, as it decreases with increasing flowrate, and is defined
as:

Q 6jYQ (13)
whereC is thePoiseuilleNumber, a constant in fully developed flo® has a value of 64
for pipes with circular cross section, and the number varies with-seati®nal aspect ratio
for rectangular channels, with a value of 96 for the limiting condition of infinite parallel
plates(AR=W/L A 0). C for redangular channelsan be reasonably approximated using
the polynomial fit in(14) from Shah and Londof19§, andTable4.5 lists thePoiseuille
Numbers for the channels tested in this study.

0 W@ pdUL WA PBT XY pE MY mouLv PTY 1R L XY (14

Table4.57 SubstratedealizedPoiseuilleNumbers

# AR C=fRe
ALN2 0.833 57.3
ALN4 0.500 62.2
TAT1 0.075 87.2
TAT2 0.075 87.2
TAT3 0.075 87.2
TAT4 0.050 89.9
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Channel behavior can be compared with these ideal values by calculating the
Reynolds number and the appareittion factor from measured flow conditions using the

following formulas

!Y EQ 0 'O 16 (15)

0 T0 6 (16)
GO 31

5 076 (17)

Q is the channel volumetric flowrat®&p is the pressure drom and r are the fluid
kinematic viscosity and densitipH, Ac, andP are the channel hydraulic diameter, cross
sectional area, and perimeter, &rid the channel lengthiThemeasured Re productising
(15-(17) is shown inFigure 4.13 along with the calculated values frohable 4.5. In
addition, the normalized Poiseuille Numbe€r,, which is the measurdeRe normalized

by the calculated values, is showrFigure4.14
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Figure4.137 MeasuredPoiseuillenumber(C) for thetestedflow conditions If fully developed
channel flow dominated the pressure dcbpracteristicSCwould be constant over the full laminar

flow regime Constant value lineisom Table4.5 are shown for the different channels

o ALN2
3 o ALNa
A TAT1
Tx TAT2
Fo TAT3 +
To TAT4 +

TN

N
o

N

%
-
i
by
e
+
3

Normalized Poiseuille Number, C*
Q =

(6)] (6)]

: L

0 100 200 300 400 500 600
Reynolds Number

Figure4.147 Normalized Poiseuille numbet* , or measuretiRe productlividedby calculated

f-Re for fully developed flow. Horizontal line for ideal case wh€re= 1 is shown.
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Readily apparerfrom those two Figuress the fact that significant deviation from
the fully developed, calculated value of i€ evident forTAT1 and TAT4, which start
aroundthe right level but show increasing significantly increasing friction factors, and
ALN2, which has a relatively constaRbiseuillenumber but at a value about 50% higher
than it should belt was recently shown that in much of the literature, a common cause of
deviation from the expected value tikely comedrom the influence oéntrance effects
dominating microchannel flows, and significant fractions of the microchannel being in the
developing flow conditiof199. In fact, several recent studies have suggested the use of
an apparent friction factorterm that accounts for the additional pressure drop due to
hydrodynamically developing flow to improve predictions of microchannel flow
behavior [199200. Developing flow length can be estimated for laminar pipe flow as:

©w 2K0jcmn (18)

Along this entrance region, additional pressure drop is occudtiegto increased
shear stress at the channel entry poliitese losses accumulate until the flow has become
fully developed Figure 4.15 shows the relative developing flow length/(¥) in each
channel It can be seen that testing the TAT microchannel substrates out to much higher
flowrates saw developing flow lerwt in excess of 38 of the total channéength This
could explain the significant deviation from the laminar fulgvelopediow models for

most of the tested structures.

96



50% -
. i —§—
5 i ——
x [ ¢ ALN2
£ 40% T o ALNg
e I -
Q [ A TAT1 i
(@)] L
g_ 30% T X TAT2 A £3
2 - © TAT3 vy
> F ® 2]
% 20% I O TAT4
b T a8
E : dﬂ#‘w
e @9
5 10% + ot ]
c [ ®$ ®
(2]
i P{‘m’
0%
0 100 200 300 400 500 600

Reynolds Number

Figure4.157 Relative developing flow length in each of the tested roizaonel substrates he
ALN substrates were only tested to flowrates that drove the develidpmiengthsto about 25%
of the channel length, the TAT devices were tested to much higher flowrates, driving the developing

flow lengtrsin excess of 5% of the channel length.

The additionallossesin the developing flow regiosan be accounted favith a

modified Darcy Weisbach equation that usegdctorsfor minor lossesn pipe systems:

Yr] Q()— V) E

E (19
0
whereKp is the total loss term associated wigdrodynamicallydeveloping flow Miller
and Har{207]] calculated the values &b, which likeC are primarily dependent on channel
aspect ratio. The followingquation predicts their results to within 1%:

O THULYPB X XBY T ¢ eIY BX @Y pymo@Y (20

Rearranging the friction terms in the above equatiore can define aapparent

friction factor, &pp, that accouts for both the friction factoldeveloping lossesnd head
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loss at both the entrance and ex{{All tested microchannels experience a significant
contraction/expansion heading in/out of the channeélésp, an associated apparent

Poiseuille numbeiCapp, can be defined:

0 Q —BU (1)
BO 0O 0 O, U pj ¢ho 0 (22)
5 "QYQ S Ye-BO (23

With these definitionswe can reexamine thehannel datdo see if taking into
account the hydrodynamically developing flow is sufficiertbétter predicthe measured
microchannel flow behavior Figure 4.16 shows theCaps*, which is the measured

Poiseuille Number divided by the calculated valueQgy as given in23).
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Figure4.167 Relative apparent Poiseuille Number which adds in the effects of entrance, exit, and

developing flow lossesSignificant deviation is still noticeable for some channels
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From the figureit is apparent that ALN2, TAT1 and TAT4 have flow behavior that
is still poorly predicted by the simple flow models used hé/kile their relative Poiseuille
Numbers get closer to one by taking the additional losses into account, especially at the
higherReynolds Numbers, it is clear that there must be additional losses present in the real
structures Both TAT1 and 4 are fairly well predicted at low flow rates, indicating that the
problem may be with additional secearter losses, such as channel pdafects ALN2,
however, showed continued high pressure drop for all flowrdtefact, it could be noted
that applying the additional losses to the model actually decreased the predictive accuracy
for ALN4, which had been right on tHé*=1 line, but Gp* was now pushed 120%

below one at higher flowrates.

4.4.4.5. Experimental results thermal behavior

Prior to examining the substratesodd cool
performed in an attempt to quantify the amount of heat loss to the ambigescaded in
Section4.4.4.3 The energy balance was calculated by comparing the applied electrical
power, using §), to the heat absorbed by the cooling fluid, usit®),(and is shown in

Figure4.17.
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Figure4.171 Energy balance comparing the applied electrical power to the measured increase in
fluid heatover (a) 120W range and (b)chbbseup of 40W power range Dashed and solid lines
showthe ideal 100% absorption values and 28% deviations The black trend line shows the

average absorption over all the data to be about ®%6r bars shown ari@sigma deviations.
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Absorbed heat is plotted against applied electrical power, and an ideal system
would have all data points on a line with unit slogigown with a dashed line in the Figure
The majority of the data falls below this line, but withinQ&®2error band about the ideal
case Some data actually falls above the 100% absorption line, which is a physical
impossibilityunless the system had an additional heat souitef those cases, however,
have much larger error bars that cross back theerl00% line For the most part, data
with such large experimental error occurred for cases of high flow rate and low power,
such that the temperature rise due to absorption is not much higher than the thermocouple
measurement noise The average systeross, which is actually a combination of
experimental error and system heat loss, is around 9%, as shown by the solid black line on
the energy balance.

Finally, the primary metric being evaluated for these microchannel coolers is the
thermal resistance atariousflowrates, shown irFigure4.18. The secondary axis is the
thermal resistivity, normalized to the heat source esessional area of 16minThe tested
substates show the expected power law dependence on flowrate as the thermal resistance
drops quickly before about 200L/min, and then levels off to near steady valuasthis
point the fluid resistance has reached a minimum and the remaining thermahcesista

primarily due to the substrateds solid co
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Figure4.18 17 Thermal resistancand resistivityof the tested substrate integrated microchannel
coolers (a) Full flowrate range up to about 1000 mL/min, and (b) a closer view up to 200 mL/min
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The lowest thermal resistance over the tested range was shown by TAEh, whi
also had the highest flow restriction among the Stereolithographic subhsiratesnakes
sense when compared based on total flowrate, as TAT1 has one less channel than the other
two TAT test pieces Thus for a given flowrate the channel velocity wbalkctually be
about ~8% higher than in TAT2. The ALN microchannel substrates showed similar
thermal behavior to the TAT microchannels, but the higher pressure drops prevented them
from achieving the same flowrate&s expected, the much taller microchatsin the TAT
substrates enabled significantly improved thermal performance without the high pressure
drop penalty, although all tested devices were able to reach thermal resistivity values below

0.2 cntK/W

4.5.Summary substrate integrated cooling

The goal ofthis substrate microcooler evaluation was to validate the ability to
demonstrate low package thermal resistance to improva&eahdystatecooling of power
electronic devices Both substrate approaches, the saw channels fabricated from
finished AIN substrates and the Stereolithographic channels defined prior to ceramic
fabrication, required only relatively standard electronic packaging approaches for die
attach and assemblyThe potential improvements from using these or sinsildostrates
are signiicant when one considers the fact that the thermal resistivity values achieved here
are typical for advanced module thermal staekboutthe heat sink Additionally, the
microchannel dimensions used in these substrates are not exceedingly smallTthe TA
substrate dimensions would be corssd milli-channels by some), showing that utirse
microchannels are not absolutely necessary to achieve net reductions in thermal resistance.

These substrates encompass the total thermal path, heat sink inehaiddmonstrate the
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immense advantages and packaging simplifications to be gained from bypassing a
significant portion of the @wer electronics thermal stack and bringing the cooling fluid
closer to the heat source in an integrated packiagerovementsn the AIN microchannel
substrate manufacturing methods, and scaling to larger substrates fechiputiodules
should improve viability of the approach by reducing cost, part count, and integration

complexity.
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Chapter 51 Transient heat transfer in power electronic

The previous chapter described mggrhes and efforts to improvwke thermal
performance of power electronic packadyy reducing the net thermal resistance of the
multiple layers and convective cooling schenmiéis is often adequate for systems with
steady or slowlichanging heat profilesin practice, ad especially in cases of intetdsr
ThermalBuffering or ThermaEnergy Storagea steadystate approach to thermal design
is inadequate to capture thgstan 6 ®oling requirementsin this chapter, we examine
transient heat flowapplied to multi-layer electronic packages, and evaluate the
effectiveness othe aforementionedteadystate improvement approach&s nonsteady
state heat transfe6pecifically, we develop transient thermal circuit modelgientify the
limits of steadystatepackage improvement amansient thermal responsand lay the
groundworKaterchapters addressimgckage improvements using phase change materials

to bettetmanagdrarsient loads.

5.1.High rate transientheat transferi impact on power electronics

The types of packaging improvements described previously have led to the
development of advanced cooling structures and packaging schemes for power etectronic
modules. Such imprements have involved enhancing convective performa@, [
using high thermal conductivity material0p], and reducing the number of layers in the
package thenal stack 14414€. These improvementsgnificanly decreasehermal
resistance between the cooling medium e semiconductor devieallowing for system
operationat increased power and functional densitiiowever, as we focused on in
Chapter 1and Chapter 3 vehicle electronics are not static thermal systenihiey

experience thermal transierttsat spanfrom milliseconds to hours At the same time,
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numerous manufacturing artdchnologyresearch communities have been incredging
investigatingthe use opulsed power electronic systems for a variety of performance and
capability improvementR203204]. The U.S.Army hasalso been investing in pulsed
power electronics for a numbef offensive and defensive applicatior205206. Thus,
there exists a need to understand how electronic packages perform under transient
conditions to optimize their development for these applications.

As with vehicle transients, the specific definitionpoisedvariesgreatly from one
application to the nextThey generally feature repeated, larget foower draws at low
duty cycles A hypothetical pulsed power profile is shownHigure5.1. There are two
distinct phases to the thermal conditions resulting from the pulsed operé&iish, the
peak temperature rise is a function of the driving pulse and the package thermal impedance
Second, the generallyslowere at r ej ecti on phase during t he
is entirely driven by the cooling mechani st

in time to prepare the system for the next pulse.
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Figure5.17 Hypothetical low duty cycle pulsed thermal profiléh a rapid temperature rise due

to a sudden heat | oad, followed by a gradual C
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These pulsed systems create extreme version dhe samehermaloverdesign
problempreviously describetbr other transiset systems The high stress, low duty cycle
thermal profile imposes the challenge of rejectimglarge, near instantaneous heat loads
while at the same time meeting cooling system size and weight gdedow duty cycle
implies that the average power draw for these pulsed systems is much lower than the peak,
and peak cooling system designill necessarilyinvolve excessive overdesign from an
energy perspective.

Electronic packages have typically beenelepedand improved only considering
steady applicationsin addition tothe overdesign issu@owever, there is a more critical
concern thathte packagesould actually have degraded performance for systems with fast
transients As described in a studyy Meysenc 148, most of the previously described
package thermal improvement efforts have decreased local thermal capaligrater(g
with the desired reduion in thermal resistanc&y). The effect of this can be estimated
by looking atRw, Cin and the thermal time constantusing the following onelimensional

lumped element relationships:
Y 5. 8 "hO b4 (24)
toys & ey @ (25
As can be seen froif25), while reducing the thermal stack via layer thinning or
elimination reduceR linearly, it also decreas&, linearly andthereforet quadratically
Meysencods analbyesciasusseh oawedle vtihcaetés t her mal
junction temperature rise, reducing material (and capacitance) can make the devices more
sensitive to a wider range of transient conditioi¢hereas a package with a higher time

constant would damp otihe thermal response aboaecertain frequency or pulse rate
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packages with smaller time constants would exhibit increased temperature swings from

higher frequencies such #®seemployed in pulsed system¥his is shown graphically

in Figure5.2.
Power §
(W)
Average
losses 1st harmonic of
the losses
! -
Losses frequency (Hz)
20 log |Z| A :

(dB) high thermal inertia cooling

Efficient cooling - low thermal inertia

.
Losses frequency (Hz)

Figure5.2 1 Frequency domain losses profile for high and low thermal inertia electrontos

high thermal inerti@ooling shows a responedl off at lower frequencies due to a larger RC time
constant, while the low thermal inertia component shows a full response out to much higher
frequencies The crossover point between the two response swshiews the frequency above
which the 6ef f icounterintditibelyhmwe cakanggrethermal Fesponse than the

6i nef fi ci aaptedromdla& Wwith geenjssion, © 2005 IEEE.

While a review of power electronics literature has not shown many extensive
transient thermal package comparisons, there have been a few studies that hawe shown
thermal performance inversiams Meysenc suggestedseveralstudies focused on the
impact of the baseplate or heat spreader in a power electronics patkagand Pulko
showed that despite a pure copper baseplate having higher thermal conductivity and
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therefore lower steady state thermesistancea coppemmolybdenum substrate had a
higher density and specific heat resulting in lower temperature rise for pulses up to about
18 ms long[207]. Similarly, Asimakopoulosand Thiringer showed that in standard power
modules with baseplate thicknesses ranging from50bn, the thickest baseplates
resulted in the lowest temperature rise for pulses upstr 7ong due to the higher heat
capacity near the heat souf@®8g. In separate studies by Wang, et2dl9, and Cao, et
al.[21(0, standard modutewith and without separate heat spreaders were compared. In
both cases, the modules withat spreaders (and thus somewhat higher thermal resistance)
had lower temperature rise for the first-.5Second of transient heating. Finally, in a study

of autonotive inverter designs Buttay, et al., compared modules built for anck two

sided cooling. The twsided design had much lower steady state thermal resistance,
however for up to about the first Gsg&cond of transient heating the singided module
showved slightly less heating, likely due to additional static thermal mass present on the
uncooled sid¢211].

Thus we can see that there existsneed tooptimize bothpackage thermal
resistance and capacitancén fact Cao and Krusius analyzed several habsorption
techniques forpulsed deviceslooking for conditionsthat maximize the supportable
repetitionrate (or maximizes the duty cycl®12. They demonstrated that an optimized
transient thermal solution must address both the need to absorb hedtide peak
temperature$Cin) and the need for maximum heat remofih) to minimize the time to
return to ssteadystatecondition Meeting this requirement would alsaghieveminimum

package ovéread while meeting device thermal requirements.
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5.2.Transientheat transferi thermal circuit approximations

Referring back to Sectiof.2, and in particular®), transient heat conduction in
semiconductor devices a (generally)inear potential energy floygroblem Unlike the
case described in thaection, howeverwe cannot eliminate the transtetermsand
simplify the thermal problem into a simple resistor stdd&atcapacity must be taken into
account, anadseparat@nalytical solution must be derived froif) for eachuniquepower
packageand heating scheméNhile a number of thesanalyticalsolutions do exist, and
some can be applied to arbitrary package and thermal condi2ib8s implementation
quickly get excessivelyaborious

An alternative to xactly solving the heat transfer equation is to develop
approximate solutiaby taking advantage of thermal circuit analogglso introduced
in Sectio4.2 Some work is required before those equivalents can be directly applied to
a power package moddiowever The thermal resistance and capacitance equivalents
presented inable4.1 are only simple nodatquations, valid for isolated homogenous,
steady heat flow in the case of resistance, or steady heat flow into a fixed, isolated, and
homogenous thermakservoir in the case of thermal capacitané®plementation for
distributed systemseither requires developing more complex expressions, omore
preferably taking advantage of one of the various methods of discretizing spatial domains
This shiftssomeof the solution complexity to the interconnection between domains.

Two of the more populadiscretization methods for potential flow equati@me
the Finite Difference Method (FDM) and the Finite Element Method (FBd)}h methods
involve dividing the poblem into smaller subdomains in which approximate (usually

lineaiized) local solutions to the relevant partial differential equations can be found
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Spatially recombining theses local solutions can provide reasonably accurate
approximations to theotal solution while avoiding theypical analytical intractabilityof

complex systems

5.2.1. Thermal circuit analysisi enabling electrothermalcodesign

It is worth commenting on another advantage of choosing then#hesircuit
approach to modeglectronicsheat trasfer. The impressive increase in computing
performance over the past few decades coupled witst¢laely puskoward smaller form
factor systemshas led to challenging thermal problems for electronic product designers
Even with smart power managemesitategies, both mobile and high performance
processors produce enough heat to make chip temperature a significant operation and
reliability concernf214]. Solving these challenges has pushed standard design approaches,
where electrical and thermal compotseare independently implemented, to their practical
limit. Thus, for some years there has bedn\ae towardelectrethermal codesignyhere
the separate domains are considered in parallel during the design prbossscdesign
improves the abilityto make thermallnformed circuit design choices, rather than
discovering thermal problems late in the design cjZl®. Making the thermal challenge
part of the initial circuit desigronstraintscould lead to improvements icomponent
desi gn ojwesrt aawsa réep dedtmgigniticanhigpdovemanss in low power,
high performance computirjg16217.

While there arenumeroussimulation options\ailable for thermal designerthere
is a limited degree to which many of thean integratevith electonics design toal The
thermal equivalent circuit approach, howeveturallylends itself to electrthermal ce
designbecausé recasts the thermal problanto the electrical domain enabling usetoe
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same tod. Circuit modeling software (e.g.P3CE) is already integral to electrical design
andis madeto solve steadgndtransient problems of widely varying complexit@ircuit
simulationpermitselectrical and thermalo-simulation as shown schematically Figure
5.3, rather than using separate prograonsdecoupled iteration Finally, moving the
thermal problem into thelectricald e s i gtooksatvlls help reduce any reluctance

toward the eventual agtion of electrethermal cedesign as standard practi@L§.

)

[

Figure5.31 Circuit schematic of a representative electrothermal codesapiem, where a four
device fultbridge converter connects the electrical and thed@B8T models through virtual

temperature nodefrom [219 with permission, C1996IEEE.

5.2.2. Finite elementthermal circuits

The two numerical method previously describedFDM and FEM, can be
differentiated by their approach to obtaining the approximate equatppiedover the
discretized problem domairFDM is the more straightforward of the twtn the relevant

heat transfer partial differential equation (PDE), algebddference approximations are
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substituted for derivative termsThus, ignoring the heat generation terms for nofy, (

becomes:

” %g EQ "Y o0 YO Y 0O (26)

whereh is the chosen spatial discretizaticendi represerdg a particular node within the
discretized domain Boundary conditions are applied to the discretized model by
substituting either fixed temperature values or fixed fenms at boundary nodedt is
worth noting that because such flux terms need to be specified across two nodes in the
model, there is an inherent transient error in the boundary node temperature built into the
model that is directly proportional tb and the applied power Thus, this error is
exacerbated when high magnitude, short pulses are mda@ei@dd

Alternatively, FEM uses a variational approximation of the full heat equation to
develop a discretized mod@21]. Although not described here in comigaletail, this
technique incorporates the natural boundary conditions completely in the variational
equation This avoids the error described above with FDM and enables improved boundary
accuracy with similar discretizatidevelsfor large, fast thermadtansient§220. As such
high rate transients are expected to occur in power electronic systems of interest, the FEM
representation is the primaapproach utilized ihis study

Assembly of the discretizeelementary circuit elements frofrable 4.1 create a
networkthatrepresergthetotal thermal structureIn one dimension with a heat input on
one end and a fixed temperature on the other, FDM res@atSaner network with thermal
resistors between nodes and a thercagicitorconnecting each node termal ground,
as shown irFigure5.4(a). Hsu and VuQuochave translated thénite elementmethod to

the equivalent circuit domai222 where he primary differencen one dimension cabe
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seen inFigure5.4(b). There,the FEM distributes element mass olieth element nodes
and incorporates a mutual capacitance tasngan additional capacitor parallel to the
resistor It turnsout thatdetermination of the appropriate value for this mutual capacitor
term is nortrivial, and can have a significant effeon transient solution accuracy and

stability, and it will be examined in detail in the followisgctions.

R1 R1

LWT}W—TM3 ........ _WM_Tn T0 | Tl 12 n
R R | R R = | S
Cc2 Cc2

PITTE? —=C =—=2C —-—C = Tin PWng =Cl == 2c1 =2C1 = Tin

(@) (b)

Figure5.4 1 Discretizedone dimensionahermal networks using (a) tfimite differencemethod
and (b) thdinite elementmethodwith temperature and heat flux boundary conditiataptedrom

[22Q with permission, C19991EEE.

5.2.3. FEM thermal circuit derivation and m assmatrix considerations

Using the finite element nethod for transient/dynamic simulationisvolves
choosinga mass approximation that can significantly impact sb&ution accuracy
Relevanttothish apt er 6 s di s-therrmascedesign, this cheide eauld likely
be hidden fromor at least nowbvious tothe circuit designer/simator, running the risk
that impacts of those design choices would be obscured or misunder&fmtifrom the
thermal circuit framework, numerous studies have shown thaphgsical oscillations
and instabilities can appear in simulations that are palbscretized relative to the time
stepping scheme being ug@23. Depending on the devices under investigation, this

effect could unacceptably complicate couptkmmain simulations.
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The complete derivation of tHimite elementthermalcircuit can befound in[219,

and will only be summarized herén brief, thefinite lementmethod relates heat flow

and temperature through a sediscrete version of the hieaquation:

-Y #Y 0

(27)

whereT is the nodal temperature vector anfits time rate of change& is the thermal

conductivity matrix,M is the thermal mass matrix, afdis the heat input vectothe

thermalforcing function) For a Xdimensional, Znode, linear thermal finite elemeit?

andMe are:
A N O . A a
o b a

(28)

where the individual matrix elemeritg andm; are the coupling factors derived from the

chosen approximation method and nodal basis functibims standard Galerkin projection

and linear, idimensionafinite element basis functions produce the following conductivity

and mass matrices:

0 ¢
Po Py @0

© O

p
C

where k,r, andcoar e the el ement s

t her mal

(29)

(30

conduct

capacity, and®, A® and V¢ (= A®°) are the elemeét length,crosssectional area, and

volume Ruw and Cin represent the elemdnt total thermal resistance and thermal

capacitance, respectivelyThese individuaklementmatrices are then assembled into a

global matrix based on how the elements are connect anddiaédegrees dfeedom are

solved numerically.
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The mass matrix given irBQ) is often referred to as thmnsistent masmatrix
(denoted with the subscri@), referring to the fact that its derivationcisnsistentvith, or
derived throughthe same process used for the stiffness matfespite then a me 6 s
connotation, consistent does not necessarily imply any meaning of correctness relative to
other mass nmax formulations.

A commonly used alternative approximation involvaass lumpingwhere all
thermal mass is assumed to be concentrated at element riduiesmimics the simple
springmass system in the finite element description of the equations cdrmethere
there actually is no mass distributed between the nottethis case, the-Bode linear
lumped masmatrix becomes:

P Tt

npc

%) (31)

0 m
¢ mp G

p
Tt

With the primary element matrices identifiele FEM formulation can be used to
turn a thermal model into a circuit modéligure5.5 shows the equivalenti2ode element
thermal circuit as derived by Hsu andi-Quoc thatis equivalent tak® and M®. It is

composed ofwo shunt capacitor<g) and a parallel capacito€f) and resistorRy) pair.

R
Node 1 _,«-».Mph Node 2

=1
L7l

Figure5.51 Finite elemenequivalent thermal circyiidapted from422 with permission© 19%

O

IEEE.
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The values of these components as derived from the conductancerasistent

mass matrices are:

6 & & E(:’) h
C
5 4 -6 (32
p
Y %) Y

By inspection it can be seen tHai =0 for the lumped mass approximatio{irhereby
eliminating the parallel capacitor altogetheThese elements can be combined into a
network of 1D finite elements to represarthermaktack, asvasshown inFigure5.4(b).

In that figurea power generation badary condition is represented by a current source, a
fixed temperature boundary condition isnegented by the voltage soa, and where two

elements are connected their thermal masses have been summed at connecting node.

5.2.4. Impacts of mass matrix selectio

Both lumped and consistemtassmatrix forms are mass conservative, as the sum
across any row or colunin (30) or (31) equals ¥and both nodal contributions sum to 1
The primary differences between the two are thed@ifjonal terms Just as the off
diagonal terms in a conductivity (or stiffness) matrix repreststic coupling between
nodes, the offliagonal terms in the thermal mass matrix effect an inertial coupling that
occurs independent from the elastic terrigith zero inertial coupling the lumped mass
matrix becomes diagonal and scalar, significantijuoing the computational cost of

matrix inversion and other operatigr&24].

117



Discussions of the appropriateness of mass lumping choice for different modeling
cases dates back decades, and was an especially important consideration when
computational remurces were much more limitedA diagonal, lumped mass matrix
significantly reduces storage and memory requirements, and matrix operikte
inversion become almost trivialHowever, the accuracy impact of mass lumping relies
upon many other factoragluding the type of analysis being performé&dhe steadystate
solution is unaffected, and with sufficient mesh refinement both lumped and consistent
approaches will converge toward the same solutidhat said, an analysis by Harari
concluded that theonsistent mass approach retaiffsa2der accuracy in local truncation
error, while the lumped mass approaam degradé 1% order accuracj225. In modal
analysis it was shown that the consistent mass will teadeipredicresonant frequencies
(acing as an upper bound for the approximatiwhjle the lumped approaanderpredicts
them, again with both convergirag sufficient mesh refinementThis made consistent
mass preferable for designers looking to maintain an upper bound on primary resonant
modegq22§].

Those factors may suggest consistent mass matrix superiority, however, an
unfortunate side effect of the consistent mass matrix for transient simulations are
oscillations or ripples in the solution, especially for undermeshed structinresreview
of numerical hydrocodes, Bensdescribeghe lumped mass approximation being used
exclusively, not just because of the compu
a n s we ringpolsivélaads Impulses generate stronger oscillations whenrtodes are
inertially coupled, and nodes downstream of the travelling shockwave are spuriously

driven in the direction opposite that which is physically obsef28d. It should be noted
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that Abetter o i s thedownstrean nbdetayingivethindhe systerm ct i o
permissible bounds, rather than commenting on the accuracy of the driven node.

These ripple®r oscillationscan be obviously erroneous and nonphysicéhey
often violate theDiscrete Maximum Rinciple (DMP) where nodal valuesare driven
outside thehysically possibleninimums and maximumsThe specific numerical reasons
for the DMP violationsappearing irconsistent mass matrices is described by Rank, but
can be summarized as above by being relatatettial coupling betwer nodegd229.

Because of thebvious physicakrror of DMP violating results, much effort has
gone into characterizingnd avoidinghese oscillations In fact, it has become standard
practice to set both upper and lower tistep bounds when mass lumpisghot used to
reducespurious oscillations in the solution, or at least prevent their appedeitfe
While effective,several analyses have disparaged that apprasentificially disturbing
the solution, with the critical possibility of smoothing aetl disturbances or losing
important model informatian In fact, apaper by Greshapecifically focuss on the
i mportance of Ainot suppressing the wiggl es
where the model is undermeshed and needs refinemerdytéiaially suppressing them
can | ead to O60smoof2B30EyséenterabhgepuBhréesngds
necessarily increase accura®espite his risk, however, because the lumped mass matrix
eliminates any trace of these oscillations, it tends to be more popular for transient
simulations

Alternative forms of the mass matrix have been suggested, most commonly being
a linear combination of theonsistent and lumped forms:

A RN (33)
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resulting in a general form of the mass matrix:

- A o - = (34)

Using this notation, for 1l @ the coupled mass matrix reverts to the lumped
or consistent matrices, respectivelfk common approximation uses pj ¢, obtaining
an averaged mass matri x t ha[R24.fThis valuenwag e s
also independently derived by Bidiat [23( using an inverse method to find the FE
formulation with minimum discretization errorOthershave suggested 3/R31] and
3/4[232, concluding that the consistent mass matrix should get more weight to achieve
higher accuracy at lower frequencies in modal analysis.

The general form of the mass matrix only modifies the FE thermal circuit by

modifying Cy:

6 (39

Again, this shows that Tt corresponds to the the lumped mass approximation with no
parallel capacitor, and p corresponds to the consistent mass matffilius, any mass
conservative choice gf that is less than 1 will diminish the role of the parallel capacitor,
reducing inertial feedback in the element circuit.

An important point to note with the FEM thermal circuit is that except for the
degenerate lumped element case, the coupling capaditalways have a negative value
Ammoushad reflected that while FEM provided superior transient response over FDM, it
was finconveniend that the negative capacitanc&orrespond to no physical
meaning [220. The shunt capacitors to thermal ground can by physically explained as

representing the material 6s ther mal mas s
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ground state A positive valued patkel capacitor would act to slow the creation of a
thermal gradient between element nod¥gith a negative value, however, the element
actually accelerates the creation of a thermal gradient, working against the inertia of the
shunt capacitors Negativeimpedances have been studied extensively by the circuit
community, and it is recognized that they can induce instabilities, oscillations, and other
problematic circuit behavid233.

This serves to explain why a FE thermal circuit that contains R@lglenments,
and hence should have a purely monotonic and dissipative free response, could show non
physical oscillation Normally a secondary, phasaifted energy storage element, as you
would find by introducig an inductor into the circuit, is required tcstin oscillations
With a negative capacitance, the frequency domain impedance of the capacitor can be
expressed as:

&1 PiQ 6 ¢ 6 (36)

Thus, with a positive complex component the element will behave somewhat like
an inductor whose impedance diminisivestead of increasesith increasing frequency
It will have the ability to induce nemonotonic temperature changes in the thernnalitj
especially for very higiiate transients where the parallel capacitor can act as a virtual short
between nodesAll of this coincides well with observation that inertial couplinghin
thefinteel e ment mass matri x ¢ auaherdeviat®rsidderheddt | ons

undesirablen most cases.

5.2.5. Finite element thermalcircuit 1 analytical form

We can derive an analytical expression for the thermal circuit to gain further insight
into its behavior Because these elements typically appeardinienional cascades, it is
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convenient to use a network twport representation for the circuit The twoport
transmission equation approach was applied to heat transfer profdelosgafter it was
derived for electrical transmission lia@plicationd176. This approach permits the use
of transmission matrices for the linear arrays that will be created bydhmehsion heat
equation. This two-port representatiois shown schematically irigure 5.6, where the

previously described thermal circuit is shoasia symmetripi network

1 1 1

LW : :
o P +0 o z 0

I | ' L

: b : : :

I ¢ - mmm) |V Y |

B (SR N I : :
o~ —0 o—1 o

L e ] e e e e e e e - = ]

Figure5.61 FE equivalent thermal circuds a symmetripi two-port network

In the Figure,Y is the complex admittance of the shunt elements Zi&l the
complex impedance of the series elementke advantage aoforking with 1D network
cascades is that they can be represented conveniently with transmission matrices in the
s-domain, which for a pnetwork has the following form as derived by Mowg2g4:

0 0 P WK ®
450 0 6 06 p oo (37)
For a symmetric networkys = Y2 =Y, and this simplifies to:

P WW )

4 P99 . (39)
CW WW P WW

For the FE thermal circuit, the shunt admittance is simply the admittance of a
capacitor, or:
O ® w i0 i0 j¢ (39
The series impedance is the parallel impedance of the ressgiacitor

combination For the general coupled mass formulation this becomes:

122



Y QY
p i_"Y0 @ YO

G Y sP, (40)
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Combining 88), (39), and @0) yields the transmission matrix for the 1D finite

element thermal circuit with the parameterized coupled mass formulation:

.9 o _iY o oY o
S e Y O Y o
T oo 0 9= Y ¢ =N L @
o O 10 pg O ¢_1YO @ o _1Y o ,
ug ¢ _i¥o o _Y6 U
with the consistent( p) andlumped(_ ) forms being:
@ ci'Y o QoY 0]
) ] @ ('Y 6 @ iy 0 r
oW pciYd @ G g (42
uc @ Y 6 @ iYO U
TIPS y

6 p iIYO jt p iY O jcC
Using this form, transient heat and temperature input/output relationships can be
determined using standatethniques, and the overall transmission matrix for a cascade of
elements can be found through simple matrix multiplication of the individual ABCD
matrices For the special case of a seriesnadlentical elements (such as would exist by
dividing a singledomain into 3dimensional mesh of elements), Mowery also derived a

compact form of th@-element transmission matrix as:

13 \ 6 ,O"i‘ \ 6 Ty N »

oY ® o Y ® I/I_37 Y )
4 oy v 6 . i 44
L) 0 . . o, o o 0O, T 44

— Y Y W —Y .

u ny cny v
YKdhAs 60 6§ wK & Ojcny (49
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WhereTn(X) andUn(x) are Chebyshev polynomials of the first and second kind,
respectively For a symmetric pnetwork, Y p, & O, and® 6. This greatly
simplifies the chain transmission matrix to:

4 0\;( "o O':( 5 9
A, B, andC are the individual elements ofl), (42), or 43) as appropriateThese

allow usto produce a single transmission matrix for aAp thermal circuit chain We

can now use these expsems to examine both the time and frequesmyain behavior of

these circuits and examine the impact of mass matrix selection

5.2.6. Proof modelto examinethermal circuit oscillations

To illustrate the impact of mass matrix choice, we will adopt the test case used by
Madoliat and Ghasemi in examining spurious mass matrix related oscillatiohsiter
elementg235. By using solutions that are fully analydian time for both the true solution
and thefinite element approximation, the presence of oscillations in the absence of any
particular time integration strategy can be examir@gure5.7 shows the problem domain

to be examined: a fully insulated bar with a steady heat input at the left end.

2 EEX

| 7
e = e 7
7 7777777

Figure5.71 Onedimensionainsulated bawith uniformheatflux and constant material properties

Theheated domain has been discratimto two elements at the points shown.
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A closed form expression for temperaturgthroughout the bar can be obtained by

solvingthe transient, -limensional heat equation:

T "Yao  p? YD

‘ — ‘ (47)
Tw | T o
with the appropriate initial and boundary conditions as indicated in the figure.
Yofmm T
Ty =5 © i
o ) (48)
T Y
—. 0o T
T w

whereq" is the uniform input heat flux, is the total bar lengttg ( Q" § is the material
thermal diffusivity, and andx are the independent time and position parametersxwith
corresponding to the left end of the bar with heat input.

Using a double Laplace transformation technique to derive the transient and spatial
temperature profile, we can first apply the Laplace transform to the time doafain

leading to:

Yoo Rivei v (49

where for compactness the subscriptandt are used to indicate differentiation with
respect to space or time, and the overbar denotes the transformed fumbtolast term
is eliminated by the initial condition, and the transformed boundary corslitecome:
Y T n j Qi
(50)
"Y Oh L1

Taking the second Laplace Transformation in the spatial doradinn gives us:
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n “Ynh nYymi Y |—"Yr‘]h' T (51

Substituting thex= 0 boundarycondition and rearranging:

y 7Y h 1 j Qi
i | h ijr||J l 52

Applying the inverse Laplace transform to return to the spatial domain is

straightforward using transform lookup tables:

' T
D—,aT—OEI E-o (53

. Lo
“Yah YT Al OBw
|
Now, taking the spatial derivative so that we may make use aftheboundary
condition to find'YTdi :

el | 0.
Al OE|-—U (54)
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§ T
Y1 AT OB (55)

D‘I =

Substituting $5) into (63) and rearranging provides thedemain form of the
temperature profile, which can also be used to obtain the exact frequency domain response

of the system:

Yo —— (56

Performing the second inversion is less straightforward than the first, but is readily
achievable using complex integr §8.dme and C
inverse Laplace Transform ®fafi can be expressed as a contour integral in the complex

domain:
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. nae AT OB & g

"Yofo ————————Q Q4 (57)
Q WO E 1OE |

whereC is a closed contour of infinite extent surrounding all poles of the function being
integrated This permits use of the residue theorem, where the value of the integrated
function is equal to the sum of the residues evaluated at the poles of the fufisoa
that we have left out thaultiplying factor,¢* ;@hich simply cancels between the contour
integral and the residue function.)

The complex function has a second order, single valued patddtom the full

denominator term, and an infinite number of simple pdlem the sinh term where

QG| € “ord | € J0 . Firstcalculatingthe residues associated with the

second order pol@ndmaking use of the simplificatios 0 @)W andé 0] U :

R ©) Al GHa
2A0 AT 58
OEB_Q(' a0 E 16 B 8
— Y4 68 =
| Ep NP A TA F sa 2% B (59
o0 .- 64 647 Y
- oVie =GR A
Il E+-p — —f4 E p OG— E p — — E (60)
. .Qp 0 o .
i P — = 54 0a E 61
Fdug P o ¢ 0% 0« (62)

Noting that only the lineaz terms will remain after differentiation aa@plyingthe limit:

2A0 (62

o3|

Similarly, for the simple poles &t a :
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YQi lEilad O ——— (63
° GnaoO E 16 Ha
AL LR
o i OE 168G (64)

Applying LO6Hopital s rule to the indeter mi

e o AT GHY U cAT OB
Y Qi |l E—m———"r-—""Q ——————— —F 0 (65)
° ac 6AT GRa 6a AT GBEG

Substituting forz,, factoring out the complex elements, and noting thangds{ (-1)":

Al OE & 16
Yai e o 7 (69
0eT6 Al BE ¢ IO
0 N s
f——ép ATo“mQ 7 (67)
Finally, summing over all residuals gives the transient temperature profile:
g vk 6 0o 6 .
vofp EL 5 22 X P Rioma 7 (69)
Q 0O ¢ O €

Back-substituting foru andC, and aftersimplifying and collecting terms, we obtain the

final form of the temperature profile:

M0

. N 0 w w p C A'I'K’)“II),Q -
o o ¢ £

(69)

We can nordimensionalize the temperature profile by normalizifg,t) by

i 0j ‘Qand making the substitutions G0 and™O¢ | PO , resulting in:

Al O
1 Po< O,
o) S

—1 FO¢ "O¢ < ) (70)

Note that this form differs fromhatMadoliat [230,235 obtained using separation

of variables and Fourier series methods to solve the heat equdiimugh the two forms

128



are equivalentWe can obtain the alternate form by noting that the polynomial ter@®)in (

is the closed formfahe Fourier cosine series:

& AT O T
UV O

€

Substituting this into9) and combininghe summations provides the form fr¢#85:

JA

. @ O . .
"Yafo rL—Q%O— i ATO“® p Q T j¢& (72)
which can be nowlimensionalized as:
—1 HO¢ "O¢ i ATO“1p Q jé (73

While (72) and {3) may appear more compact, we have chosen to use the
expressions in69) for this work Keeping the spatial polynomial out of the summation
has a considerable impact on the series convergencéfatand {3) can require several
thousand terms to converge to the same resul{@@pand(70) can obtain with ten terms
or less.

The finite element gproximations for each node shown kigure 5.7 can be
obtained using the appropriate impedance relationships thihtransmission line
equationsin (41) and @6) (see, for examp]¢237])). They can then be norma#id as

before, producing the following time domain expressions:

— &1 &1 — -Q -0
— &1 &I — —Q (74)
— &1 &1 — -0 o)

129



Using (70) and {4), we can now compare the transient thermal solutions for the
insulated bar All equations ag fully analytical with time, ag74) represents spatial
discretization only, so any oscillations will have no dependem time stepping scheme
as has been previously asserteffigure 5.8 shows left, midpoint, and right initial
normalized temperature profiles for the bar, usingatimades (two elements) for the finite
element approximations Three values for, representing the lumped, averaged, and

consistent mass matrices, are compared with the analytical profile.

05 + 0.1+ Node 2 0.075 + Node 3
04 + 0.075 +
I 1

0.3 0.05 - Analytical //,{
9 q Ve s
0.2 0.025 5 4/

= 0 |

= 1/ A/
0.1+ = 1 0 N7

Analytical 5
o +—F——+——+——1 -0.025
0 0.05 0.1 0.15 0.2 0 0.1 0.15 0.2

Fo Fo

Figure5.8 1 Normalized tweelement approximate temperature profilegath nodgalong with
the analyttal temperature solution i@@). Note that while the left node is positive and monotonic

for all values of/, the other two nodes show increasing oscillatory behaviar $00.

As shown in the figure, after the initial transient the solution settlesiiotmstant,
linear temperature rise proportional to time, or Rost obvious from the profiles is the
oscillation induced by the inertial o u p | i n g 0.5 and 1tappeoxineations for nodes
2 and 3, initially driving them away from the actual solutiwhereas the node 1 solutions
appeat o track the actual sol uti oD Ibtertsouer t ha
t hat =1 dase acuallgoestrackthe steady solution much better in all cases, when

fixed discretization error is taken into accaunthe tweelement approximations lag
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behind the analytical solution by a fixed amount resulting directly from the low level of
discretization The seconderm in each equation fro(74) should be a constant equal to
the dtpolynomial expression froni70), however the difference between the ideal and
approximate values has a fixed error of 1/48 for two elements.

Looking at the degree of error from the analytical solution shoviguare5.9, it
becomes more apparent that the inertial coupling drives the solution toward the steady
solution faster than the lumped caskhis is at the cost ahitial non-physicality of the
solution, as the negative capacitor actually pulls energy from the downstream nodes

pushing their values into the negative region in violation of the discrete maximum

principle.
0(.)551; ! o . 0.025 NP)d s / ?-03 Node 3 /

=}
o
o
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Figure5.91 Error in temperature prediction at each netlewing that each converges to a fixed

error equal to the discretization error tefNote that in all cases the= 1 case converges the fastest

despite the DMP violation.

Thus, for a idimensional element chain, it appears that using a consistent mass
matrix provides a more accurate solution at the heat input boundary node for any length
transient or pulse Any solution other than lumped mass, however, will produce

oscillaions to some degree at layers farther down the chain, decreasing accuracy at those
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points, especially for short transieniBhese two competing factocsuldbe tradeebff by
choosing a coupled form of the mass matrix with _ p. The impact of these mars
will obviously diminish with increased mesh refinement, but will necessarily allvays

presento some degreso long ag > 1.

5.2.7. Comments on FEM thermal circuit oscillations

Relative to an actual thermal circuit computation, it is worth noting thaethe
oscillations exist independent of any particular time stepping schdim&ppears that
previous efforts to define a &é&minimum tin
instabilities would occur were simply using the averaging qualities of time atigto
hide the oscillations, performing what other authors have described as arbitrary distortion
and smoothing of the solution to gain the appearance of well modeled system.

This is a significant concern for electtttermal cedesign using SPICE or
eguvalent circuit simulation toolsMost of these tools make use of sophisticated adaptive
time-stepping technigues often not completely controllable or always even known by the
user There is often a significant mismatch between relative timescaldisef@lectrical
and thermal componentsn seeking a converged solution to both electrical and thermal
systems, the simulation tool would often necessarily selectsiaps fasmaller tharthe
6suggested mini mumd val uentbhidetheobci#atiansine r ma | 1
addition, some device manufacturers do have existing electrothermal device models,
whether implemented in actual design fitassimply circuit descriptiongn application
notes Because these thermal models are codedtialevice description, there is the
distinct possibility that the designer will be unaware of the levéh@fmal circuit mesh

refinement usedThe likely result of all of this is that the thermal model will very often be
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unavoidablyundermebked relatie to thesimulatortime stepsize. The inaccuracies
examined in this report cannot be avoided in such cases, making it necessary for the
implications of those design choices to be well understood by the simulation community

As such, it is recommendedath a | | t her mald ediér d wnittos dcéehva rcae
based on finite differences or lumpethss finiteelements sacrificing the increased
simulation accuracy t@avoid DMP violation when the user is unable to make any
adaptations Alternatively, thefinite elementapproximation could be used so long as
temperature calculations are only made on
occurs at 6downst r ea mdmulationd o dake advadntagesof theo u | d
improved transient and boundargndition fidelity of FEM models.

As mentioned previously, the hydrocode community settled on a lumped mass
approximation as the default because the sudden impacts present in many of their models
almost exclusively involved time constants much smaller teaommendedime steps
The oscillations, however, do serve a useful purp8sa minimum, they serve as a useful
indicator for localized mesh refinement, possibly within an automated refinement
framework such that things would still be transparerth&éouser or designerA simple
impulse response test would indicate the presence of any DMP violation, and this could
feedback into an increase in local mesh density until convergence is achétledespect
to thermal circuit simulations, there is walin the consistent mass matrix settling to the
60trued solution faster t ha-mesporsesituatiomguerd s ol
as digital switching What is left to be seen is how these DMP violasitgationswould
affect nonlinear thermapplications, where it may be necessary to eliminate the inertial

coupling altogether to enable solution convergence.
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5.2.8. Comments on multrdimensional FEM thermal circuit simulation

The previous sections deal almost exclusively with-dingensional thermal
circuits and, accordingly, structures that camdpresentednedimensionally.Obviously
the finite element method is applicable to more than one dimen&emardingly,Hsu and
Vu Quoc did derive more complex thermal circuits along with #i2 dasesjncluding
both higher order and higher dimens[@27. Both improvements increase the ability to
simulate more complicated structures with higher fideliyn example of this is a-P
linear rectangular eleent shown inFigure 5.10, and additional models for-Id cubic
Hermitian, 2D linear triangular, and-B linear tetrahedral and cubic elements can be

found in 222.

6 -"®0 6 —"0o
6 —od

Y — Y

v

Figure5.107 2-D rectangular finite element equivalent thermal circadtapted fromJ22 with

permission, © 1996 IEEE.

It is worth noting thatvhile the capability is there, there is a practicality limit to
using a thermal circuit approach to simulate complex systems. Theapaoheantage of
using a circuit simulator is that it enabtég use of the same tookseing used tsimulate
complex electrical circuits, potentially leading to coupled electrothermal design. These

tools, however, are not built for high fidelity finitteenent simulation. Standauserside
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items for such a processvolve geometry definition, methods for controlling element
refinement, and tools for reporting useful simulation results. Currently, all of those things
are done in a vheae hmarnruian g @ rtolces stse ddksni que |
Even the mesh refinement technique used in the convergence study was a special
undocumentedeature of the one tool usexhd still involved asignificant amount of

manual editing for every change.

In addition tothis, separatefrom the user interfageools designed for large,
multidimensional structures with high node counts are built with specific numerical
routines for efficient processing of the resulting element matrices. speaificity is
lacking in any circuit simulator tool used for thermal analysis, a fact that will become more
and more apparent as simulation size and complexity grows. There is no fundamental
reason to think that a circuit simulator could not handle a large complex rnotai,some
point the question arises about whettier correct tool is being used for the task at hand.

That said, there are several approaches that could make higher complexity
component simulation more amenable to the thermal circuit approach. ksst all
circuit tools havesome form ofcircuit abstraction, whereby complex circuits can be
encapsulated within a representative symbol and the user only interacts with input/output
circuit elements As the user never sees the spedifiernaldetailsit would be entirely
possible for more complex circuite be definedwhether 4, 2-, or 3dimensionaland
representing complex heat spreaders, heat sinks, or packdmescould thenbe saved
in abstractedorm. Similarly, there may be cases wherec@nbination of different
dimensions might be appropriate for approximating a more complex structure, e.g., by

using a 2D or 3D element to link multiple -D regions. The compositethermal circuit
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would retain full simulation complexity, butwhen abstraeid uservisible complexity
would be minimized.

What is likely a more practical use of thermal circuits will be to implement compact
or reducedversions of more useful structuresA manual approach to this involves
attempting to extract dominant resistasmi@nd time constants from the structure or a
portion thereof, and thamsingthose values in a simpler thermal circuitlternatively, n
afollow-up to the orginal FEM thermal circuit worlHsu and VuQuoc proposed several
modelorderreduction techniguethat focused on synthesis methods to balance reduced
degrees of freedom with simulation accurf2¥d. Methods investigated included
superposition, mode syntis, substructuring, and Ritz vector methodse core idea
behind these methods is that after defining impomadesfor external access, a reduced
internal coordinate space atie corresponding connectivity matrices are determined that
sufficiently replicate external node behaviorThen that reduced model can be re
implemented as a simpler thermal circuit and simulations can be run as normal. Whatever
the specific method, model order reduction appears to be the most pragficadch to
introducingcomplex structures into the thermal circuit domain and should provide a path

forward for complex simulation of thermal and electronic systems.

5.3.Transient tiermal circuit evaluation of power packages

As mentioned at the beginning of this chapter, powergpekare being developed
that improve thermal resistance astdadystatethermal performance, but these packages
are being used in nesteady applicationsHigh-rate transients and pulses produce thermal
conditions that will require knowledge of the pacg e 6 s f ul | t her mal

the static resistance, to fully understamb such, we now use the thermal circuit models
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examined previously to explore the transient response of a series of hypothetical power
packages with varying degrees of éonglintegration The impact of improved convection
mechanisms and reduced packaging material upon power device temperature will be
guantified for varying pulse ratesWe will attempt to validate the hypothesis that the
steadystate improvements magctually degrade thermal performance for higleed
transients or pulsegAn early version of the following package analysis was first presented

in [147).

5.3.1. Modeling approach

5.3.1.1. Power packages modeled
Five power electronic package stacks are examihatinclude a progression of
improvements typically proposed for steestgite thermal application3 he five packages,

referred to hereafter as CadeS, are showin Figure5.11.

CASE 1 CASE 2 CASE 3 CASE 4 CASE 5
Base package Integrated oppe Integrated Substratdantegratec Direct die
heat sink baseplate cooling cooling

Figure5.111 Power @mckage configurationssed to examine transient behavi©ases 2 through

5 represent increasing levels of cooling integration into the package thermghsiisitkscale)

Casel is the basidigh-power electronics package consisting of a semiconductor
device mounted on an AIN ii2ctbondcopper (IBC) board and a copper baseplate
affixed to an aluminum heat sink or cold plate using a thermal interface material (flM)
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Case2, the package seéstance is reduced by rigidly affixing the heat sink or cold plate to

the copper baseplateliminating the TIM and separate basepl#teCase3, the convective
mechanism is integrated into the baseplate and directly cools the back of the DBC substrate
In Cased, the cooling is integrated directly into the ceramic subs{sateilar to that
described irChapter 4. Finally, in Caseb, the coolant is applied @ictly to the backside

of the device al so <cal | ed . doPadkage materghropdrtiesusedofbri n g o6

simulation are listeth Table5.1.

Table5.11 Power @ckage thermahaterialproperties

kin r Co
[W/mK] [kg/m?] [J/kgK]
Silicon 135 2330 704
Copper 400 8933 385
AIN ceramic 180 3330 736
Aluminum 200 2700 880
AuSnsolder 57 19720 129
T.I.M. (Dow CorningTC5022) 4 3230 1100

Using @4) the resistance and capacitive therec@hponent®f each layer can be
calculated along with the associated thermal time constant for a unit devicelaesse
thicknesses and associatedrma values are shown ihable5.2. It should be noted that
each Case uses the same device layer thicknesses except for Case 4, where it is assumed
that about a hatthickness of AIN (~30@um) remains througkwhich heat must condugct
as was seen with tleawcut substrateslescribed in Sectiofh.4. Also, despite being part
of the same material, thaevice junction is called out as a discrete layer (with the same
silicon properties) to permit improved boundary condition fidedityl provide increased
resolution near the highest heat flux region in the modeh at | uthickness &an 0 s

chosen as 10@m to represent a degpnction high power device.
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Table5.21 Package layer thermal characteristics

I R Cin0 RC

[mm] [cm?K/W] [J/ceK] [mg
junction 0.100 0.007 0.016 0.122
die 0.400 0.030 0.066 1.94
die attach 0.050 0.009 0.013 0.112
DBC, Cu 0.300 0.008 0.103 0.774
DBC, AIN 0.625 0.035 0.153 5.32
sub. attach 0.100 0.018 0.025 0.446
Baseplate 3 0.075 1.032 77.4
T.I.M. 0.050 0.125 0.018 2.22
Al Sink 5 0.250 1.188 297

Table 5.3 gives the accumulated thermal resistivity, capacity, kEyer time
constant for each packagealculated using24) and (25) for a unit cross sectional area
From that data it can be seen that while dbeling integrationhasthe desired effect of
significantly reducing thermal resistivity, they also significantly reduce package thermal

capacity and thermal time constant.

Table5.37 Thermal Characteristics felach model Case

R Cu" S(RCi

Case # of layers [CMPK/W] [3/en?K] [(ms])

1 10 0.563 2.717 386.1
2 9 0.188 1.511 86.9
3 6 0.096 0.454 9.1
4 5 0.070 0.271 4.2
5 2 0.037 0.082 2.1

It should be noted that the RC values give able5.3 are only rougHumped
element estimatesilt is only appropriate to consider tiill RC values when the entire
package can b&essumed to heat and cool uniformly as a single roasslly forextremely
slow temperature changéd/e expect in this study the majority of transient and convection
conditionsto operate outside that rang8till, the values are instructifer demonstrating
the significant change ithermal capacity that accompasijgackage size reducticand
thermal resistance improvemerAn improved measure of package heating time will be
discussed irthe following sectiorto better characterize thermal response and transient

convective coupling.
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5.3.1.2. ThermalElmoredelay forpackageransient response

While the layer time constanio provide a useful measure of how quickly
individual layeswill heat up, they do not themselves provide much information about how
heat will move through the packag€ontinuing with the circuit analogyeat moves
through the package like an electrical signal through an RC netwwodommon metric
used in circuit design for the tinnequired fora signal to propagate between nodes is called
theElmoredelay, To. The ElImoralelay is sometimes also aadl the EImore time constant,
as it estimates the single pole response of the cirtiughould bemore accurate than a
simple summation of the RC products, as they daoobuntor any interaction between
layers.

First defined in 1948 by ElImof@39, the ElImore delay is the timequiredfor a
circuit output to reach 50% of imaximum outpyta point which coincide® the peak of
the impulse respong# the circuit Mathematically he definedlp asthe dominant pole,
or first moment, of the tranesf function betweethe circuitinput and output nodemaking
it equivalent to the mean of the output signal Laplacedomain notationthe normalized

transfer function can be expressed in rational polynomial form as:

Qi Oi Wi @ i E i p
l ” A 5 ’ E=4 5
Oonm wi W i E wi p (75)
a ai ai E

The first and second moments 5}, m andmg, found using & aylor expansion
of the rational polynomialyere used by EImore tapproximate the delay and rise time of
the circuit response Following the procedure in2Bg if H(s) is known explicitly, he

showed the first momentny, laterdefined as the Elmore delay, is equal to

140



Yoa W W (76)
For completenesgImoresimilarly estimatel theoutput rise timasthe square root

of thesecondcentralmomentof the responsexpressed as:

~ ~

Y ocd d O O O O (77)

Thesedefinitions makethe assumption of a perfect Gaussian impulse response to
the input, which EImore nes becomes more valgith more stages between input and
output. Gupta, et al. proved that while mastitput signals will have enough skew to
invalidate the Gaussian assumption, the nature of RC trees make it such thatdiee Elm
delay isguaranteedo be a closeipperboundon dday in those casg239. Numerous
other delay estimates, modifications of, or improvements upon the EImore delay have been
suggested, but it still remains a very popular delay estimate for practical circuit behavior
estimation due to itsumericalsimplicity. We apply it here to the package thermal circuit
to examine transient thermal response across the package

Beginning with Casé, the simplest ayer case representing direct die cooling,
we can examine the analytical EImatelay solution. Formingthe full 2stage transfer

matrix from(41):

0 6 0 o 0 0
T 6 o6 o 6 © (78
The open circuit gain can lgalculated as:

. P
(i 3

(79)

@ _iYO @ _1i¥o
@ o _iY0O @ o _iYo oi'’YO 0 ¢_iYO pg

Normalizing the transfer function and rearranging as P& (
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(i _Y6'Y6To@ i Y6 Y& T p (80)

i o) o_ wg—'Yé'YéTocpi(p'Yé _ o0Y0 Y6 Tp p

From which it can be seen that

P S S S 10 S S A
¢ ¢ (81)
'Yé € 'Y L4
C Y c O

This procedure can be repeated with Casds Hutjust looking at theCase4

5-layer result:

Y YOC Yy YCO Y Y YCO
Y Y Y Ycé 82)
Y Y Y Y Yco

it is suggestive that there is a straightforward repeating pattern fimiteeslement based
Elmoredelaythat may be obtained by inspection

It is worth noting that th@p estimates aboveetainno dependence on the mass
matrix coupling factor/. This agrees with the statements by Shi that only parallel (shunt)
capacitances contribute to the Elmore delay, series capacitanceqd2éthofThe Elmore
delay is the first mode of the circuit functiandcomprises the dominant, lowest frequency
component of the circuit response. At low frequency a capacitor appears to be an infinite
impedance component, making the mass coupling compamegrdrallel with a finite
resistancarelevant to dominant pelcharacteristicsThus the Elmore delay is insensitive

to the choice of mass matrix used in the rdtement thermal circuit model.
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The high order polynomial complexity of deriving analytical forms for larger
circuits has led to the development ofaithmic approaches that are now commonly used
in circuit development. &binstein, et al[241] showed that avhen the circuit consists of
simple RC tree networksas showrfor our onedimensionalthermal circuit analogyn
Figure5.4(a), an approximation fofp canbe constructedrom repeatecsummation over
the circuit elements.The Elmore delay between the input node angnodei in anRC

treesimplifies to:

“Yh Y 6 (83

whereN is the total number of RC circuit stagasdR« is thesum of the resistors
between the input node and ndde common with the path between the inpotl

nodei. In ourlinear circuitwith no branching path&« can be defined as

h
Y Y (84)

For this analysis, we are always looking at theagiddetween the junction and
coolant nodes in the thermal circuit, making the node of intdaresyaysequal to the

number ofpackagdayers,n, so that in all casdsOn. This simplifies(83) and 84) into:

“Yh YO (85

Thisform produces aelay estimatéhat can be computadsing the values dayer
R andC from Table5.3. However, this estimate differs from that obtained usifiy 4nd
(76) asshown by thislp estimate for the twand fivelayer cass:

Y Y® Y Y 8 (86)
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“Yi YO Y YO Y Y YO
Y Y Y YO Y Y Y Y YO

Trial and error shows that increasing the number of circuit elementdarseatch
layer (i.e, applyingmesh refinement) gradually converges the numerical results to that
obtained fron(76). The results fron{76) itself, on the other handye independent of any
additional meshefinement.It is worth notingthatthis is likely due tahe two formseing
based omifferent circuit topologies. Theansfer function form is based dre full finite
element description of the heat transfer problem, while the Rubinstein forread ba a
simple first ordeffinite differenceapproximationthat lumps each layen an unrealistic
fashion with resisances arbitrarily assigned to tmede precededby the full layer

capacitancasin Figure5.12:

Tln Tl T2 T3 Tn
o AMATAMAM T AAMAA e AMW—o
R: R> R3 Rn
Pin —C, =/—=0GC, — C; = C,

Figure5.12 7 Cauertype finite difference thermal circuit used in tReibensteirElmore clay

approximatiorwhere layer masses and resistances are lumped at and before a single node.

We carfind a closed form expression for this convergenceshging eachRCpair
(or packagaiayerd into h refinedelements per layerThe refined elements have values

R«/h, C«/h as shown irFigure5.13.
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Figure 5.13 1 Finite difference thermal circuit refinement for converged Elmore delay

approximation.

This expandghe circuit to a total ofih elements, an(B5) can be expressed:as

. Y51 X671 06
Y O.,Q O.Q (87)

where theR and C indices use the Iverson notation for tteiling function A slightly
simpler form of this equation can be found by expanding the layer refinemenhienmal,

noting thatSYs v gh andSos v gh termswithin eachlayerare equato 'Y and6d . With

some algebraic manipulatiohis simplifiesto the original summation bases producing
“Yi i YO —— YO (89

From (88) we e that the first term in the convergiBtmore delay is simply the
h=1 undiscetized delay from (85), Tpon1, reduced by a fraction of the sum of the

individual layer time constantsresented iTable5.3. As™Q© Ho, (88) reducedo:

Yk io ElY; YO

P
- Yo 89
. (89)

Yi  “Ypr -Bt (90)
The converged form in§9) produces results identical to that obtained Wnb).

The difference betweegircuit modelsturns out to be the endpointassand resistance
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distributions At first glance, thdinite element approach applies some thermal capacity to
the input node, and no resistance follows the output node. As Ettalaeis based on
step voltageesponse, neither input capacitance nor output resistance can have any impact
on the result and are ignoredt i3 not untilh approaches infinity that these endpoint
differences become insignificant and tlest order response of both circuits becomes
identical

It is possible to usalternative form®f thefinite difference topology or thénite
element circuit topology irconjunctionwith (83) to produce an Imore delay estimate.
SeeFigure 5.14, where (a) shows eentral finitedifferencediscretization scheme and
values, whereby the thermal mass is centered and laystares is distributed on either
side, and (b) which shows the previously descrithethped massfinite element

discretizatiorthat centralizes the resistance and distributes the masses.
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Figure5.147 (a) Finite difference and (b) finite elemeahermal circuit topologies/ith matched

algorithmicand transfer function methdmoredelay.
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Mapping the values from eith&igure5.14(a) or (b) to the Rubenstein algorithm
produces the same result @®) without the need for angdditionalmesh refinement.
Thus, between the transfer function method and converged Rubensteithalgawrith
different topologies, we have confirmed ti@®) can be used h just thepackage layer
properties to produce the best ElImore delay value with least computational effort. The
Elmore delay fothe fivepackageCases argiven inTable5.4 along with theirSRCdelay
estimates for comparison.

Table5.41 Package delay characteristics

Case # of package S(RC) To
layers [ms] [ms]
1 10 386.1 710.3
2 9 86.9 218.2
3 6 9.04 27.5
4 5 418 11.7
5 2 2.07 1.52

5.3.1.3. Boundary condition definition

In these models, it is assumed that the packages experience pulsed heating in the
volume of the junction layer of the device, and have convective cooling at the lowest, or
basepackagdayer. A finite elementhermal circuit representati@nowing possile heat
generation and boundary conditions is showRigure5.15[222. A heat flux boundary
condition is represented as a current source between thermal ground and the boundary
node Volumetric power generation over an element is representeddaurrent surces
dividing the power evenly @r both nodes for that elemenThus, where two heated
elements connect the heat generation source has twice the magnitude, reflecting
contributions from both elementsLinear convection is represented as a resistamce t
thermal ground, and fixed temperatures by voltage sources to gréundhown, if the

ambient temperature for a convection boundary is not zero, a voltage source is used with
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the convection resistor to create this effétdwever, in the followingimuations we were

only concerned with relative temperature changes and allowed ambient temperature to

") (N oS W
R R?
.._W_
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n
lc;‘ Izc'd Izc“ I_zod ot IO“

Figure 5.15 1 Representative 1D thermal circuit chain showing heatgion and boundary

equal zero.

Ie

I

il
L

conditions, from [222 with permission© 1999 IEEE.

We used thesameequivalent flat plate convectiotechniqueas described in
Sectiord.3to deive values for the applied convective coeiiint hetr, Spanning from Q0
to 500,000//m?K, andwith a nominalambient temperature of zeas mentione@bove
The value of the convective resistor is determined from:

ne Q Y Y (91

Ye Y'Y Re prQ (92

5.3.1.4. Simulation procedure

LTspice XVII, a SPICE simulatororiginally by Linear Technology Corporation
(now Analog Devices|j242], was used to numerically simulate the thermal circuit models
studied here An example schematic for the C&€&EM thermal circuit model is shown
in Figure5.16. The other Cases are modeled similarly, with more or fewer elements
according to the configurations showrFigure5.11. Also, note that in the representative
figure only a single element is used for each layEnis particularly undermeshed case

would suffer significant DMP violation, with nodes not connected to forcing sources likely
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being drivensubstantiallynegative during initial pulses or step changebsing an
undocumented feature in the $§gice program formaking multiple bus connectiont
simulate repeated circuit elents [243, we performed mesh refinement on the thermal
circuit by increasing the numbef elements for each layer until the DMP violation became
negligible, defined as less than10® °C temperature swing on a step respondéis

convergence check is described in the followsaction.

1 B1

b !

{P_input} 1=1(11)
{R_junc} {R_die} {R_dieatt} {R_DBC_Cu} {R_DBC_AIN}
Top- ) " ) :
m E{Z_dle} {C2_dieattach} 2_DBC_Cr.| B{_AIN}
{R_conv}
e c17 |c22 lco c23 c24 |e2s etz
1, i Td C1_DBC_C >
{C1_junc} WTM (Cl_die} (c1]diey {C1 d'eaggfhg,ea achy {C1. T;c o T u clamny (1A
N

Figure5.161 Case4 SPICE thermal circuit representati@ach package layer is represertiede
asonly asinglefinite elementfor clarity. Heat generation is imposed on tiwes of theynction
layer element and a convection lbmdary condition to thermal ground is imposed after the base

layer.

Four numerical tests were performed on plagkageCases to evaluate trsient
thermalbehavior First,stepresponse simulations were run while sweeping the convection
coefficient over the range o0 to 500,000 W/rK to determine steadstate package
behaviorand dominate transient response characterist8scond a single unit square
pulse was applied to each Caseeeping both convection coefficient and pulse v(fiom

50pus to 10sec)to quantify the ability of improved convection to reduce peak junction
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temperature Third, afrequency domain small signal analysis was run for each case and
convective rate to examine thpplicabilityof claims made by Meysenegarding package
inertia  Finally, transient analyses were run with unit powtsp andpulse trains to
examine the same behavior in the time doma&runit heat fluxwasappliedthroughout

the studysincethe model idinear and the resultant thermalpedance valueshould be
representative oveall power levels All resistances and impedancese presented

normalized tahis unit power.

5.3.1.5. Using DMPto verify packagenesh convergence

Becauseonly using a single element for each layeoud be significantunder
meshing in the presence of higheed transients (an ideal step response haeirgyise
time), a convergence analysigs first performean the 5 CasesWith the model initial
temperature set to zero, a unit step power input was applied to each heabopand
each interlayer nodaémperature was checked until the model reached steady Aste
was shown in Sectiorb.2.6 the step response will induce negative temperatures
downstream from the input nodes as the temperatures start td msenagnitude of these
negative temperatures, which represent vioteiof the Discrete Maximum Principle due
to the chosen spatial discretization, were tracked and compared amedie was
increasingly refinedMesh refinement was performed by increasing the numtede ofent
divisions,n, equallyin each package layer

Figure5.17 shows the DMP magnitude for Case 1nas increased from 1 to 20
elements per layerAs can be seen, the order of magnitude of the el@oreases very
quickly in all layers, and the interlayer node with the largest amount of error was always

the node closest to the heat inpEbr all Cases this is the node at the backside of the die.
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Figure5.171 Case 1 negative oscillation magnitude for the different layers with increasing mesh
refinement n indicates the number of elements per package.ldyer clarity of the graph, only

the top and bottom sets of nodeslaizled.

Figure5.18 showsthe maximum DMP violation present in each Case for each value
of n. Note that the error magnitusl@re nearly identicahnd Cases -4 are almost
completely overlappedThis occurs because in all Cases the largest magnitude occurs in
the diebackside node, artie material configuratiomdjacent to the junctiostays largely
unchanged except for the Case 5, where that node coincides witbniective surface

node.
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Figure 5.18 i Maximum DMP oscillation magnitude for all five Cases with increasing mesh

refinement Note that all fve casesire present andrgely overlapon the graph

Because the DMP violatictzannotbe used to evaluate mesh convergence in driven
nodessuch as the junctidayernodes igheseCases, a separate convergence examination
was performed on the heat input nadeigure5.19 shows the discrepancy in the maximum
junction temperature for each discretization level normalized tom th20 temperature
values for the earlfime stepgup to 0.1seconds) Note that only the first few levels of
can be distinguished as having a significantly higher level of error than the more refined

cases.
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Figure5.191 Case lerror accumulationnjaximumdevicetemperatureelative discrepangywith
time for different values af. Note thatn = 1 to 20 are plotted in the grapRor clarity only the

curves that can be distinguished from the bulk of the data atedabe

From both the DMP and maximum junction temperature convergence data, it is
obvious that the model performs as would be expectediafta elementmodel. Error
decreases quickly with increasing mesh density, with gradual diminished returns at higher
levels, and it does not appear that this convergence study reached the levels of overmesh
that can introduce excessive numerical erfuditionally, DMP violation appear® be a
useful convergence metric, showing similar levels of error reductionveeled mesh
density. For the remainder of this analysis, the mesh density met® will be used as

it is sufficiently into the regime showingsensitivityto further meshing.
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5.3.2. Transient model results

5.3.2.1. Packagestepresponse

Figure 5.20 shows thesteadystatepackage responses as extracted from the unit
step junction profiles Flux normalized temperature rise showsttbngdependence on
convective rate, as egpted The Rn valuestrend toward the package values that were
shown inTable 5.3 as the convection component diminishas expected fron(9),
although as amplified by the logarithmic scaling Cases 4 and 5 still appear to have

significant relative convective resistance

10
Casel
Case?
Case3
Case4
Caseb
S
e
S,
QEE __________
01 —m—rr—rt—r—t—
0 100 200 300 400 500

h [KW/m?2K]
Figure 5.20 i Steadystate resistivity of the modeled packages as functions of the backside

convectionThe dashed lines represent the calculated values for each cadablah 3, towards

which each approaches as the convective resistances go to zero.

In Figure5.21, the packagedominant time constant sdimatedusing a simple

single exponential model for temperature rise

Yo Y p Q (93
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T aagp Yory (94)

For a system that is not truly lumped, this model will produsereconstanwalue
for . The values shown in the figure are the avemgemctedime constant values when
the temperature has reached 99% ofthadystatevalue For reference, the packatjme
constanestimate$rom Table5.4 arealso plotted irFigure5.21. Elmoredelayas expected
is an upper boungevhile SRC appears be a lower bound to thgaA b ef fecti ve t
constant forall casesxcept for Case 5 which may simply not have saturated within the
simulated range Despite there being such a wide range in predicted ¢donetantsthis
doessupportthe noton thatthose time estimates caserve as an approximat®to the

package time constant for large convection rates and long heating times.

10 Case 1l
Case 2
Case 3

Case 4

h [kKW/m?2K]

Figure 5.21 1 Extracted dminant time constant of the modelpdckages as functions of the
backside convection The dashed lineand shaded regiongpresentiime constant estimates

bounded by the Elmore delaliff) andthesumof RC constantsRCG#) for each package Case.

Finally, comparing the converged thermactuit delay estimates for each package,

anopen circuit(convection coefficient = 0) unit step response was simulated for each case
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The6 50 % out put, Tg, isrcaculated asdhe kinaeyfad the unloaded output to
reach 50% oTmaxin response ta step input.These values are shownTiable5.5. Again,

as expected from Gupta, et alp provides a guaranteed overestimate of the actual rise
time[239, in this case by a consistent-36%.

Table5.51 Simulated package delay comparison
S(RC) To Tso%

Case # of layers [ms] [ms] [ms] SRC/Ts0 To/Ts0
1 10 386.1 710.3 546.8 0.71 1.30
2 9 86.9 185.5 137.0 0.64 1.36
3 6 9.04 27.5 20.5 0.44 1.34
4 5 4.18 11.7 8.58 0.49 1.36
5 2 2.07 1.52 1.17 1.79 1.31

5.3.2.2. Convection influence on pulsed temperature rise

The Case 1 results from simulating a unit pulse applied to the package with varying

convection and pulse width are showrFigure5.22. As expected, for long pulsemes

the peak temperature rise is highly dependent on the convective residtioveever, as

the pulsetime decreasethe device junction becomes thermally alggled from the heat

sink. As shown in thd-igure5.22 inset, despite greater tharthree ordersof-magnitude
change in convectiomate the variation in junction teperature risestarts to become
negligible for pulsesmaller than the EImordelay, To. The inset show$p, the lumped
package RC constgrandthe actual simulated package delay tif, Smilar graphs
focusing on the shorter pulse region are showrtte remaining cases Figure 5.23,

showing similar lack o¥ariation with effective convection rater short pulse times
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Figure5.221 Peak junction temperature rise under single pulse excitatidbafes 1 with varying

convection rates and pulse widthThe insetmagnifiesthe range up to.25 second showing a

lack of differentiation between junction heating at small pulse wijelthls package time constant

(SRO), Elmore delay(Tp), and simulated pulse delais§) noted
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Figure5.2371 Peak junction temperature rise under single pulse excitatiqmafitageCases 5

with varying convection rate and pulsédths with package time constar6RC), Elmoredelay

(To), and simulated pulse delais€) noted.

When considering heat propagatiorrailigh the packagehe insensitivity to

convection rate isinsurprisingor short pulses There is a finite amount of time required

for heat to reach the cooldzhcksidesurfaceand createa thermal gradienacrossthe

convecive thermalresistance Prior to this timeonvection can haveo influence on the

temperature profile upstreamegardless of magnitudéooking atFigure5.22 andFigure

5.23, it appears that both the lumpR& andTp values provide some estimate of the time

it takes for the package to exhibit thermal sensitivity to backside conveatdrboth are

similar in magnitude to the simulated delay time,
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From a physical standpoint, it make setis® EImoredelaywould correlate with
convective insensitivity as is specifically designed to approximate the time for heat to
reach the output of the thermal circuit, or for heat to get from the junction to the convection
surface However because Elmordelay isan estimate afime for an ideal step response
to reachb0% of thetarget valuea not-insignificant gradient will have developed between
the onset of significant output rise amg causing some measurable convective impact.
From the figures we can see that this is consistently the case. ConfR€GrandTp as
delay estimates]p is more consistent in its relative locationTe and the convective
divergence. RC generally lies farther into the insensitive region for Casds ldut is

actually larger thaifp andTso for Case 5.

We can gain another view diis relationship by normalizingulsetime by the
Elmore delay and then examininghe relative temperaturedifference between the
maximum and minimuntonvection rateemperature curves Figure 5.24 shows tis
relative temperature difference for all five CaaadTable5.6 provides specific valuesf

the relative temperature chgaat fractionalt,/Tp valuesfrom 1/4to 1.
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Figure 5.24 i Relative difference intemperaturerise seen by package caseger simulated
convection ranggfrom 100W/m?K to 500,000W/m?K) as afunction of the Elmoredelay

normalized pulse time

Table5.6 1 Relative temperaturehanggrom a 3000xherrincrease

Case Tol/ 4 To/ 3 Tp/ 2 To
1 0.008% 0.064% 0.59% 6.8%
2 0.064% 0.36% 2.23% 15.6%
3 0.02%9% 0.19% 1.33% 11.%%
4 0.027% 0.16% 1.1246 9.7%
5 0.02% 0.020% 0.25% 3.8%

Figure 5.24 confirms that the temperature differencé®m large convective
improvementre all very low for values beloWs, showing less thaR0% for all package
Cases In particular belowlp/3 atemperatureeductionof less than 0% is seeracross
all casa despitea 5000xincrease in applied convection coefficieahd the discrepancy
grows significantly above this poinfThis characteristic hasignificantimplications for
pulsed package degiers, indicating that for all of the package Cases analyzed, none of

the designs will be able to ugaprovedconvection to rduce temperature rider sub
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millisecondtransients We can conclude, however, tiatcan always serve as a consistent
overesimate of the convective insensitivity time, making it a useful pulsed package

analysis metric that can be determined simply from layer geometry and material properties.

5.3.2.3. Freguency domain junction response

Recalling the suggestiolry Meysenc, et athata low thermal inertia package will
respond to sudden transients with increased temperature swingowe@xaminethe
frequency domain response of $bhethermakircuits Based on the behavior that was
shown inFigure5.2, we would expedb see a difference switching frequencyor which
the packagelegin to show reduced relative temperature respamskthis difference may
causesignificantthermal performance disepancy As Meysencods exampl e
only on the lumped semiconductor die responsgillitusefulhereto examine thémpact
of the entire packageAs theroll off behavior is closely related to the resistive dissipation
andcapacitivestorage withn the packageye expectconvection ratéo significantly alter
theroll off behavior for lower frequencies, but based on the previous section should have
diminished impacat higher frequenciegequivalent to shorter pulse times)

Eachof the packag€ass was simulated with a unit magnitudeaall signal AC
power input and varying convection rate The thermal input impedanceugction
temperature rise normalized to input poer the Cases are shown Figure5.25, with
eachsulfigure showinga different convection rateFrom these graphs it can be seen that
the behavior described by Meysenc indeed does occur for integrated power electronic

packages.
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Figure 5257 Frequency dependeninall signal thermal esistance for each Case owaried

convection rates Packages with smaller thermal time constants see thermal response roll off at

higherfrequenciescreating regions where lower thermal resistgamkagesieat up more.
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Each plotin Figure5.25 shows the expectetemperatureoll off that occurs as the
fixed-power cycledncrease ifrequencyandthe thermal circuit@ct asmulti-pole low
pass filtes. Just as Meysenc describede frequency after which the dominant pole, or
RC constant, pulls the temperature response down occurs sooner in higher thermal inertia
packages This is seen st notably for lowconvection rates.For het < 1000W/m?K,
there appears to bitle transientbenefit to using the advanced integrated packades
hett increases, thesteadystatet e mper atur e ri se begins to
thermal resistance introduces separation betwee@abkes A switching frequency range
existsfor all convection rates whelimproved packages have wotsermalperformance
than even the base Case 1 packdgereased convection doskift thatfrequency range
higher as well adegin to diminish the magnitude of this effeahd & high enough
frequendes this separation approaches ze®o short enough pulsdsminishboth benefit
of convective improvemennd package improvement as well.

Note that the SPICE standard AC analysis uses a constant amplitude assumption.
Under a constant pulse energy amsption, the frequency dependent profiles would look
much different. This may of interest in future analyses, but would require a custom

algorithm.

5.3.2.4. Time domain junction response

While thefrequencydomain data is suggestive of the package impedance iowgersi
the change in thermal performance can be more clearly seen in time diomaliztions
Looking again at thetep response (equivalentdingle pulse peak temperature yipkots
in Section5.3.2.2 but this time superimposing the different Cases for specific convection

rates, a timalomain equivalent dfigure5.25is constructeénd shown irFigure5.26.
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Figure5.267 Time doman step responsemperature rise for each Case over varied convection

rates Packages with smaller thermal time constaats np fasteresulting in higher temperatures

at shortpulsegimes, with the crossover point being temperature dependent
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It is fairly clear from these results that the low thermal inertia in higibgraed
packages causes high eathansient temperatures in all but the highest convection
conditions. For low convection ratdsd{ < 1000W/m?K) the slow temperature rise keeps
the hgh-Rn packagest much lower temperatures than thedBwCases.As he increases
and reduces the thermal resistance contribution to the thermal time constant, visible in the
figure forhest > 1000W/m?K, crossover points can be seen that shift to shorter pulse times
with higherhes. Thus, asn the frequency domain, théme domain plots suggest that
highly integrated packages will heat up more thanilgegrated packages foulse times
significantly longer than the package time constants or EImore delays until the convective
contribution to thermal time constant hsagficiently diminished

As step response does not convey cool down, or thermal reset, timesave
examine a pulse train to show the overlap in the information provided by the AC and time
domain step responsed/hile there are an infinite number of pulse configurations that can
be examinedye can look at the graphshigure5.25andFigure5.26 for useful examples.

In particular,between10,000and 100,000V/m?K, the simulationsshow clear casesof
inversion in thermal performandetween0.1 and 1MHz. Figure5.27, Figure5.28, and
Figure5.29 show 1 W/cn? unit pulse trais with a 1 second periodnd 10% duty cycle
(100ms ontime), shownfor both the initial pulses and aftararmup transients have

saturatedaround 30Gsec)
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Figure5.277 Time domairpulsedemperature profiles for Cases 1, 3, andth her = 10 kW/m?K
subjected to a unit heat pulse trafrt00ms pulsewidth and1 second period. (a) shows théial
pulses where Caseand Cas@& are both warming slightly(b) shows the temperatures for pulses

after the warmup has satura{@@® sec)
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The three figureabovedemonstrate the transient package thermal respanger
varying loading conditions, as well as divergence from expected sstaigyresponse.
The lowest value ofieir (10kW/m?) highlights the inverted thermal performance due to
thermal inertiagquiteclearly. The larger time @nstants in Cases 1 and 3 cause them to heat
up more slowly than Case 5, which responds very quickly to the heat dade of the
packageseachsteadystatetemperaturgTsg within the 100mspulse durationbut Cases
reachs about 70% ofTss due to its fast responsehile Case 1 only reaches 10% of its
much highefTss (seeFigure5.20). Note that Cas® also cools off much fastemhereas
the others do natturn to the initial state betwedme early pulses Thus, in addition to
higher peak temperature€ases has a much larger temperature swing as witlis
discrepancy decreases but gidrsists after warmup, as showrFigure5.27(b) where the
Casel has warmed up to about the same level as &asat both remain far below the
Caseb peak As temperature cycling is responsible forréanumber of thermal failure
modegq 244, this could introduce significant package reliability concerns even if the
maximum temperature is within component survival limits.

Tablesb.7-5.9 list the absolute and relatiygeak temperatureesponss for the
initial andwarmedup pulses for all five packages andthree tested values bf+. The data
shown guantifies theconvectiondependentthermal performance inversion between
packages.For het = 10kW/n?K, Caseb heating up 4.6x morthan Casd in theinitial
pulse. Even after allowing for pulse train warap, Casé still sees a 2.6x high@maxand
a 4.75x widerDr than Casd. Ashesis increased, this effect diminishes and eventually
reverses For hert = 50kW/n?K the Casé peak is only 260% dove Casd, and then at

100kW/m?K it reverses to where CaSeis 15% less than Cage Cases -2 generally
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bridge the Casg& to Casé& span until the highdme condition pushes the worst

performance up to higher thermal inertia packages (Case 3 having the largest response)

Table5.7 7 Normalized temperature rise from unit pulsn at hes = 10 KW/m?K

Steadystate Pulse 1 Pulse 3(steadystate)

Tvax= . v " " .
Case Tss DT Y = Y Tmax DT Y = Y ‘,YY
# C] ccy Y YR ecy e Y YR VY
1 1.563 0.157 0.10 1 0.276 0.153 0.18 1 1
2 1.18 0.158 0.13 1.01 0.233 0.13 0.20 0.85 1.00
3 1.0% 0.245 0.22 1.57 0.272 0.2® 0.25 0.99 1.56
4 1.070 0.344 0.32 2.20 0.353 0.341 0.33 1.28 2.23
5 1.037 0.727 0.70 4.64 0.727 0.727 0.70 2.64 4.75

Table5.8 7 Normalized temperature rise from unit pulse traiheat 50 KW/m?K

Steadystate Pulse 1 Pulse 3(steadystate)

Tvax= . . " v .
Case Tss DT Y = Y Twmax DT Y = Y ‘}fY
# [OC] [oC] Y Y h [oC] [oC] Y Y h Y Y
1 0.763 0.157 0.21 1 0.196 0.153 0.26 1 1
2 0.388 0.157 0.40 1.00 0.162 0.155 0.42 0.83 1.01
3 0.296 0.199 0.67 1.27 0.199 0.199 0.67 1.02 1.30
4 0.270 0.223 0.83 1.42 0.223 0.223 0.83 1.14 1.46
5 0.237 0.233 0.98 1.49 0.233 0.233 0.98 1.19 1.52

Table5.97 Normalized temperature rise from unit pulse traih.at 100kW/m?K

Steadystate Pulse 1 Pulse 3(steadystate)

Tvax= . " " " o,
Case Tss DT 'Y = Y Tmax DT 'Y = Y \}f Y

# [OC] [oC] Y Y h [oC] [oC] Y Y h y Y

1 0.663 0.157 0.24 1 0.186 0.153 0.28 1 1
2 0.288 0.156 0.54 1.00 0.157 0.156 0.54 0.84 1.01
3 0.196 0.167 0.85 1.06 0.167 0.167 0.85 0.90 1.09
4 0.170 0.160 0.94 1.02 0.160 0.160 0.94 0.86 1.05
5 0.137 0.133 0.97 0.85 0.133 0.133 0.97 0.72 0.87

It is obvious thatheseexamplswereselected to emphasize the primary pdiotth
the frequency domaiand time domaianaly®s suggeshatthesehermal conditiongboth
pulse rate and convectiowpuld produce aesponse corresponding to the inverted thermal
response regions iRigure5.25e-g). That variessignificantlywith both convection and
pulse width/rate.To emphasize thispf the same gckages and external conditidrigure

5.30shows the responsead ms pulsevhere he responsshifts out to the far right dhe
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frequency response curveshere thegpeakresponses look identical both with each other

and with changing convection rate, which recalls #alier convective insensitivity

discussion.
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Figure5.30 17 Time domain Ims pulsed temperature profiles for Cases 1, 3, aatrbutiple

convection rates, showing identical fast pulse packag&response and convective insensitivity.
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5.3.3.

Transient model conclusions

When first asked whether the thermal improvements madstéady orslow-

changing thermal systems could alsmefittransient electronic systems, the answer was

simply that we did not ksw. Anecdotally, discussion that pulspower engineers were

still seeingdevicethermal failue after buying better packagdsat sinks andcooling

systemsinspired the hypothesis that transient heat propagatiast be sufficiently

differentto negatehe expected performance improvement

The overall takeaway from this transient thermal circuit modeling effort of power

electroncs packaging is the following:

(1) There are transient pulse conditions that will shitike to no improvement from

(2)

(3)

betterconvection. A fast enough pulse, relative to the time it takes heat to move
through the package, will be completely insensitive to any amount of improved
cooling. A lower thermal inertia package will increase this upper limit on pulse
speed, but enougmmergy in the high frequency components of the pulse could still
be insensitive to cooling.

For any pulsed system, simply buying a lower thermal resistance package may not
provide measurable thermal improvemeint.fact, it is entirely possible that the
thermal performance will worsen due to the corresponding decrease in thermal
inertia.

For very low duty cycle pulsing where the package always appears to be in the
0i nitiwdd watramg e, under | ow convection
beneficial tochoose a highly integrated package. Thermal capacity will far

dominate the thermaésigance impact on thermal performance.
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What thesehreepoints indicate is thagxact transient thermal conditions must be
known in order to design a succesdfansiem thermal solution. As mentioned before
regardingunderstanding how tsuccessfullyapply ptase change materials to vehicle
componentsdesigning a steaestate thermal solution for a transient system will, in the
best case, lead to a thermatlyerdesigned solution with corresponding size, weight and
power (SWaP) penalty. Atthe worst case, however, it may not be a solutiomeztiating
in asystem reaching higher temperatures and seeing larger temperature swaugktion
to understading this need, the finite element based thermal circuit models appliethhere
the transient modeling approach, and the package delay estimates all produced using
standard electrical circuit modeling tools demonstrate that the capability exists for
electical circuit and package designers to incorporate transient thermal behavior into their
designs.

Despite all of these transient design conceanyw themal resistance is still
necessary in many cases, especi@ihsystems that are not designedhadtearly known
transients, or fosystens thatareused in generally steagypnditions but requires surge or
pulse survivability. Since this transient analysis has shown that the lack of thermal inertia
near the junction of the device appears to be thegpyirproblem affecting thermal
response, the new questisrhow toincreasgpackagehermal capacity without excessive
thermal resistance penalty. For this, in the next chapter we examine one potential solution
that involves integrating phase change makerinto the electronics package, thereby

adding in an engineered nonlinear thermal capacity that can try to satisfy both demands.
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Chapter 61 Electronicsintegrated phase change materials

Previous chapters have addressed traditional approaches to electroniage packa
improvement, the effect that transient thermal loading can have on those improved
packages, and the availability of phase change materials for reducing transient excursions
through nonlinear thermal absorptiorhis chapter focuses dime challengeof integrating
PCMs with high performance electronics packaging to regain thermal capacity while
maintaining low thermal resistangeand in particular design compatiblaodeling
techniques for accomplishing this integration.

When describing approaches foride power electronics thermal protection in
Section3.1.2.2 it was recognized thélhere have been a number of attempts to incorporate
PCMs into electronics pkages in order to engineer additional thermal capacity back into
the low thermal resistance structure. Heat spreading structures of some sort are generally
required to overcome the high thermal charging resistance of most low thermal
conductivity PCMs. Tese have typically involved either partially or fully filling a heat
sink or similar structure with PCM and then connecting the structure to the electronics
package in a standard fashion. Some of these methods have inehadg$ulation of
PCM in a hongcomb cell R45, loading a finnecheat sink]24€], or filling the interior
volume of afoam[247]. Finally, it is worth noting that despite these studies focusing on
smaller electronic systems, they mainly dealt wétlativelyslow transients anlkbng time
constants (minutes to hours) for the thermal cydibere have been a few cases with the
PCM placed close to the semiconductor junchias been shown to be able to redoeak
temperature ashorttime scales, in particulanodeling efforts by Garrum andEvans

[150248, and more recently experimental efforts by Green, et al. on silicon CPU test
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chips[249, and very recentlyother experimental work at ARL evaluatiniget use of
metallic phase change materials as electronics encapsulation nj2tei25b1].

As in the previous chaptewe recognizehat successfully incorporating PCMs into
electronics, and specifically close enough to the electronics to provide fast transien
suppression, will require addressing the mddtmain design challengd hus this chapter
focuses on extending the transient modeling to include a latent heat &fieatomplexity
of phase change requires some simplifying approaches in order tee enaj@neral
modeling capability to be incorporated into muatimain electrothermal modelingiVe
begin with a description of thphase change modeling challenged analytical and
numerical approaches to modeling melting and solidification. We then geomad
evaluate a particular form of phase chasg@othingnodel to facilitate incorporation into
finite element and coupled domain solveFRnally, weexamine a few case studigsing
this modelby showing the potential impact of phase change theroféting within the
electronics package (Much of the smoothing model and finite element substrate

simulation work was first presented it5[1,252).

6.1.Heat transfer- solid-liquid phase change models

While numerical solution ofthe transient heat diffusion equation redatively
straight forwardthe introduction of phase change makes the problem inherentlinean
due to the latent absorption and release of eradriipe typically norstationary phase front
Additionally, while thermal modelingnivolves agenerallyuncomplicated single degree of
freedom modeling domaiphase changatroduces the needtor ack t he mat er i
or state fraction. This extra giee of freedom can make it difficult to apply concepts

similar to the previously described thermal circuit analogues, and detailed phase change

175



models can quickly render design problems intractalble onedimensional system with

only two phases, andsingle interface between phases, this mathematical model is called

the Classical Stefan Problem |t is one of the simpler m
boundary problemso of partial differential

solutionsfor simple case253.

6.1.1. The classical Stefan problem

The Classical Stefan Problgsummarizedor one dimensiotelow inFigure6.1)
consists of théheat diffusion guation appliedseparatelyto the solid and liquidphase
regiors of a single material of lengthwith a special interface condition, known as the
Stefan Conditionimposingan energy balance at the seliguid interface. That interface
isassumedtobes ot her mal at the mat er rewolidtls Amel t i n
fixed temperature (Diridet type) boundary condition is imposed on one side of the domain
(x=0), and an insulated boundary condition (Neumann type, natural) is imposed on the
otherside (x =1). Initially the material is all a single phase either at (for a sipgkese
Stefan problem) or below (for a twahase Stefan problem) the melting temperature. This
figure showsan example of melting whetlkee phase fromosition X(t), chargeswith time
as the liquid region grows in thickness from the heated didee thatas, are the thermal
diffusivities of the medium in the solid and liquid regions, B the latent heat of fusion

of the material.
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Figure6.117 Schematic illustration of the ommensional Stefan problemvhereX(t) represents

the position of the phase interface with tinrdedapted fom [253.

While the actual transient phase change behavior will be heavily dependent on
initial conditions and material parameters, the trend shown in the figure above is typical
for a single phase front systenSimilar analyses can be pened for other boundary
conditions, such as periodic heating and cooling, but analytical complexity quickly
increases. As an examplagure6.2 shows the multiplgphase fronts that could develop
from such a periodic heating condition. Each phase front requires the creation and
imposition of a separate energy balance condition and solution function. Trying to
accommodate any other physical realities, including nahtéhermal property change,
density change, finite width interfaces, supercooling, multiple dimensions, etc., quickly
becomes analytically intractable, requiring the use of approximation and numerical

solution techniques for useful solutions.
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0

Figure6.21 Multiple phase front propagation in a one dimensional medium undergoing periodic

heating and cooling cyclesAdapted from253.

6.1.2. Numerical phase change modeling

There has been much work over the past several decades developing analytical
approximations and numerical techniquestha accurate prediction of thermal behavior
and phase change arbitrary domains, covered in a comprehensive review by Hu and
Argyropoulos[254]. As always with numerical soliains, however, there existstrade
off between solution accuracy and complexityapproach.

Being a spatially defined problem requiring discretization for numerical solution,
numerical phase change models can be categorized based on how the discretization handles
the moving boundary conditiomMoving gridor adaptive gridnethods tiempt to maintain
a set of grid points along the phase change boundary. As the boundary progresses through
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the medium the grid is adjusted keep a node othe phase front. Usually thermal
diffusion within the separate domains is solved independentlyaaStefaror similar
condition is applied to the boundary to both maintain energy balance and determine a local
boundary velocity. Whéer using a finite differencdinite element or othersolution
scheme, sufficient grid movement might require cogator destruction of nodes or
periodic remeshingf the entire domain at each time step. In addition, the explicit tracking

of the boundary (similar to the tracking used in the analytical techniques) means that only
simple phase front situations are piealt Initial conditions for the front may need to be
arbitrarily set and tracking multiple fronts, having fronts merge or disappear, or creating
new fronts all become extremely cumbersome tfak§. Also, multidimensional grid
manipulations can be ndrivial and may require griori knowledge of front behavior. A
benefit of these methods is their ability to very precisely track the propagation and shape
of a phase front, and they are often used to model dendrite and other microstructure
evolution in sddification [256§].

Alternatively, the fixed grid phase change modeling methods make no attempt to
directly track the location of the moving phase boundary within the nodal solution set.
Instead, the entire phase change domain is solved using a singlef inerheat diffusion
equation. Depending on the particular fixed grid method chosen, the phase change is either
incorporated as a temperature dependent heat capacity or as a moving heat source (or sink)
within the model. The actual location of the ph&smt is usually inferred from the
temperature solution, which limits location precisioratointerpolation ovethe chosen
grid spacing. Sometimes additional phase tracking methods are used to determine a refined

phase front position, and this knowledgay or may not be used to adjust the temperature
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solution between iterations. A distinct advantage of these methods is that, because the
front-tracking is not handled explicitly, difficulties with multiple dimensions and phase
fronts are significantlyeduced 257-259.

The most prevalent of the fixed grid m
effect as a nonlinear temperatutependent enthalpy jump equal to the latent heat of
fusion, Hs, at the melting temperature. By defining this explicit anekitible enthalpy
temperature relationship, one of two approaches can be taken to solving the system as a
single domain.

First, theenthalpy methodolution approach directly uses this material enthalpy
jump and recastthe heat diffusion gquation with enthalpy asthe primary variable.
Alternatively, theapparent heat capacity (AHC) methsdlves the standard thermal
problem by differentiating the material enthalpy model with respect to temperature and
producing what appears as a temperature depenel@ntdpacity. Numerical solution with
norrconstant material properties is a wedifined process, making this method more
compatible with standard heat diffusion equation solverseasir to implemenh many
existing solver codes. Solutions usitigs method were first reported in reports by
Hashemi and Sliepcevid26( and Bonacinaet al. p61] for fixed grid finite difference
and finite element methods, and a detaiadew ofthevariousfixed grid methodsan be
found in R62. Figure 6.3 shows representative material enthalpy and apparent heat

capacity profiles for a phase change material with an abrupt phase transition.
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Figure6.31 Enthalpy and apparent heat capacity profiles for an abrupt phase transition.

As shown in the figure, the enthal py met
heat is incorporated as a step discontinuity in the enthalpy proftie atelt temperature.
The apparent heat capacity is the slope of the enthalpy curve, and the isothermal phase
change temperature makes this a delta function having zero width and infinite height. This

is a numerically incompatible singularity at the phiaaasition given by:

"o oOh AEl'D Y
6 Y 6 Y O] Y "Yh E£I"® Y (95)
" oh Al Y

To correct for this singularity, the ACM approximates the jump by spreading the
transition over a smalinushy zone Various profiles can be chosen for this transition,

including a linear enthpy resulting in thestepped, otop-hat, profile shown inFigure6.4.
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Figure6.41 Enthalpy and apparent heat capacity profiles for enipphasehangeapproximation.
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This heat capacity profile can be implemented algebraically even though there are

discontinuitiesaround the mushy zone:

6 h ElD Y
6 6 O . . . . .
) Y 6 Y v,\p A9 YY Y Y YY (96
. q Y s
6 h ElD Y

This linear enthalpy approximation removes the singularity but the discontinuities
in the stepped heatapacity can still result in convergence difficulties. Alternative
approximations have been developed that provide a smoother transition, and Civan and
Sliepcevichshowed that sing some form ofsmoothing function can reducéhe errorin
AHC compared tahe linear function263.

While this approximationdoes reduce thenumerical instability ad ease
implementation, the AHC method itself does introduce certain other errors. The most
egregious of these errors is the obvious spreading of the phase change over the mushy zone.
While somemetals and other multonstituent materials do exhibit aable phase change
temperature range, most other materials have an actual isothermal melting temperature,
and implementation of an arbitrary width mushy zone is a physical discrepancy. Also, the
apparent capacity method is generally considered less ritarsthe enthalpy method
despite being easier to implement in existing codes. In models with large temperature
gradients around the phase front, too narrtr
time step can allow the local nodal temperature tgjoner the arbitrarily defined phase
change region. This would allow the mode
location. Finally, more complex but smooth forms of the heat capacity curve avoid sharp
or step discontinuities, but they may intooe other noiphysical artifacts to the heating

profile, some of which are discussed below.
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6.1.3. Mushy zone smoothing functions

Mentioned in the previous section, numerical implementation of both the AHC and
enthalpy methods benefit from some sort of smootapoximation applied to the sharp,
or stepped, phase change profiles. The lineafilprdescribed by 96) improves the
enthalpy method, but leaves stapcontinuities in the AHC method. Other smoothing
functions forCuz(T) have been attempted that remove these discontinuities, with mixed
success.Figure6.5 shows g&amples of two forms of smoothing functions that have been
used, including normal and homographic functions, each of which will be discussed in

detail below.

homographic
distribution
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o
t

normaldistribution

nit

=
!

o
&)
:

Normalized function magnitude

Figure 6.5 1T Comparisonsof smoothing functions applied to the phase change mushy zone

approximationincluding the unit normal distribution and the homographic distribution.

The smoothing function used by Civan and separately byidddime, et al.J64)]

was a unit normal distrition of the form:

QY TN Q (97)
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where® is an arbitrary tuning parameter prescribing the normal distribution width

according to:

I piVc, (99)

wheres is the standard deviation of the normal distribution. Thus, setting a value for
affects both the sharpness and spread of the smoothing function. One problem with using
a normal distribution is that this function only reaches zero value at positiveegative
infinity, meaning that any finite integration or temperature step will lose some fraction of
the latent heat. Implementation must involve either distributing some of this phase change
energy outside of the mushy zone, or truncatingit. Thigcansul t i n O0ener gy
the model, leading to either simulation raomvergence or nephysical results.

Civan proposed using a secondary equation to make an alternate tuning parameter
directly tied to this no#deal effect:

Ao&Y p _ (99

Because the error functioA, O is the area under the normal distribution in the
interval Fx,X], / becomes an alternative tuning parameter equtlidaelative enthalpy
error (i.e., the fraction of latent energy outside the mushy zone boundary). Minimizing
toreduce error stillhasthesidef f ect of i ncreasing the heigh
thereby working against the original intesit using a smoothing function, and it also
compresses theistributionfunction to a range narrower than the prescrimedhy zone
width (MZW) of 20T.

A common measure of function width for normal distributions is the Full Width at
Half Maximum (FWHM) whit gives a measure of the sharpness of the distribution,

directly proportional to the distribution
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&7 (- ¢ cldQ ¢ I lgijf (100
Or, in terms of the tuning parametér,
&7 (- MMEXSXAOA _ W tx sYAOEA (109
Thus we can see that using Civanods tun
functiondés FWHM wi |l be directly proportio

desired relative enthalpy error. Muhieddine chose a similar apprtout decided to fix
toavalue opj W¢3"Y, whichis equivalenttosetting p A Opfig A O @iMig ,

or approximately 0.317, independent of MZW, and fixes the FWHM#WI E, or about
0.832. Thus, between the large value/fand the large FWHM, much of thetent energy
that should be captured by the smoothing function is lost by theeMilid i ne 6 s mo d e
Finally, while Civan limited his analysis to equal sdiguid properties, Muteddine
superimposed this smoothing function on a linear approximatioretgehsible heating
producing the following mushy zone capacity function:

6 6 0 O

o .,Y "Y .,Y ,,C)- o e 'Q ] 10
6 c Y j 3" (102

Figure6.6(a) shows the normal distribution approximation for several valugs of
including the 0.317 value used by Muhieddine, compared to the standard uhéttop
profil e. T h e on with deicreasimg @s seadilyoapppreneirs teeifigure, as
is the overly broad profile used by Muhieddine, whtre amount oflatent energy
distributed within thenushy zone is onl}A OpjE/¢ , or 68.3% ofthe total. This energy
error is quantified inFigure 6.6(b), which shows the percentage of latent energy that
actually stays within the prescribed mushy zone for different choices in MZW, along with

the correspondingicrease in function compression as measured by the Full Width at Half
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Max (FWHM) value for the distribution. Because these factors are inherently coupled,
choosing a normal distribution smoothing function must necessarily either increase the

degree of ndimearity (function compression) or model energy error.
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Figure6.6 1 Normalized smoothing functiorisased on a normadlistributionasused in 263 and

[264. (a) demonstratebe amount of error permitted at the mushy zone bouratadependd

on a; shown for a mushy zone widdi 1°C, and (b) quantifies the amount of the function inside

the prescribed mushy zone, showing the inverse relationship between the included fraction and the

sharpness of the distribution as represented by its FWHM.

An alternative smoothing formulation was proposed by Yao and Gt jwho

represented the entire apparent capacity function with a homographic function:

0 Y 0 —ﬁ, for H Y Hb (103

In assuming constant density and specific heat for solid and liquid phases, the
homographic form provides a continuous single heat capacity function for all temperatures.
It avoids using an explicitly defined MZW, instead using the unitless tuning panafnet
to control the function shape. As with the normal distribution, this function spreads the

latent heat over an infinite width aridnust also be tuned to control function compression.
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Additionally, applying this function to a model with unequal sdiligiid properties may
involve defining a step or mushy zone, in which case as with the normal distribution some
of the energy would fall outside the desired zone and create errors in total model energy.
As before, this function is shown kgure6.7(a) for various values of and is compared

with unit tophat profile. The sharpness of this profile is evident in the figure, and increases

quickly with decreasingh, where the peak value is equal pp¢—, and "Ow "O0

¢— VI p , as shown ifFigure6.7(b).

5 N 1 1
=
o 3091 - 0.9
2 = Q
£ 41 h=05 5081 FwHu—ST 0.8
g £0.7- L 0.7 %
c o) i
S 31 T 0.6 L 0.6 =
5 z S
=] ‘s 0.5 1 oar=2 T 0.5 g
T 2 - % 04 04 %
8 /=03 c 2AT=1 2
T % 0.3 - L 0.3 E
g 1 #1X\0.05 5 2AT=0.5 S
b i | < 0.2 1 = - 0.2
z N 5 ° 25
3 | < 0.1 0.1
0 : i 24T=0.1
t T T 0 T T T 0
-1 -0.5 TTOA'c 0.5 1 0 0.25 0.5 0.75 1
(@) -Tw [/C] (b) tuning parameter

Figure6.7 i Homographic smoothing functions usedYgo andChait, compared to the unit step

profile.

6.2.Proposed plynomial smoothing functiors

The previously discussed smoothing functions require arbitrary tuning parameters
to approximately match the MZ boundary coratis and avoid accumulated model energy
errors, and the resulting profiles show increased constriction and decoupling from the
desired smoothing widthHere we propose a polynomial smoothing function that will

exactly match the desired mushy zone boundanditions without any additional tuning
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parameters In addition, the fully defined polynomial function will have a clearly
prescribed relationship between the desired musne awidth, the peak magnitude,
effective width of the apparent capacity praoféaed physical/material properties

We define’'Q— to be the polynomial representation of the enthalpy jump spread
over the mushy zone using the local temperature coordiratéY “Y. Thusd6 —
"@e— represents the apparent capacity function inntlushy zone. Table 6.1 lists the
desired boundary conditions f@— at the limits of the mushy zone. Bdtlandf are
specified such thahe value and slope dahe enthalpy curve at the solid and liquid state
boundaries match the appropriate pdrase change value$n addition,"@eae, the slope
of the apparent capacity function, is specified to match any change with temperature at the
solid and liquid zones lmdaries. For constant solid and liquid state properties (as are
used in this study)@eaY"Y is set to zero as shown Trable6.1.

Table6.11 f (g) boundary conditions;onstansingle phas@roperties

T Y ¥y Y ¥y

q 'Y vy

f(q) 6 Y YV O 8"Y &YV
) ) )
f'(q) Q6 QY T QY T

A polynomial of orderP(i) will accommodate+1 boundary conditions. As such,
1%t 39 and %" polynomial order enthalpy models will be examined to identify the impact
of maintaining continuity and differentiability in the enthalpy and apparent capacity
profiles. The P(1) modeliwonly use of the first pair of boundary conditions and produce
a continuous enthalpy profile but a distiouous toghat style heat capacity profile. The
P(3) model will incorporate thslopeboundary condition, making the enthalpy profile
smoothly diferentiable and the heat capacity profile continuous ¥tY Finally, the P(5)

model will satisfy all conditions specified Table6.1 and produces an apparenpaaity
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curve that is both continuous and smoothly differentiable at the mushy zone transition.

Solving for the coefficients of*1 39, and §' order mushy zone polynomials, defined as:
0— n —hxEAQA"Y Y (109

The resulting enthalpy function coefficients are showhahle6.2:

Table6.21 Enthalpy function polynomial coefficient solution

1st order 3 order 5t order
O 0y O . "Og 06y O . Oy © .
po  — 2 Iyy gy — ¥y 8y — — 8y & Y'Y 8%
4 4 4 T < PO
w0800 9% oo P 5o,
<Y C 1YY C p Y C
Pn2 -- 6d 6i g 60( Oj
'y T8
. _ (¢} L0
P Y WY
(o 6(‘1
Pna - - _
p oy
o 0
Pns - - —TQ
p Y

For completeness, the polynomial coefficients of an equivalent apparent heat

capacity smoothing function are listedTiable6.3, given by:

@ Qpn (109
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Table6.317 Apparent capacity function polynomial coefficient solution

1st order 3 order 5% order
R 9% &0 P Wy 6o,
Y ¢ AR PYY ¢
oo B 6y O o 6y 6
yy T Yy
o0 p VO
an2 - — =
Y'Y U yvY
6; 04
an3 =
10204
VG
an4 p—v—Q
p oY

6.2.1. Comments on polynomial model profiles

Profiles of the polynomial smoothing functions normalized@r p,6 0
M, andg¢34  p are shown irrigure6.8(a). As expected, the P(3) and P(5) profiles exactly
satisfy continuity at the MZ boundaries, while the P(1) model shows the expecteat top
jump discontnuities. The inset graphic shows the slopatching of the P(5) model. The
result of the slopenatching is an increased profile constriction, but to a far lesser degree
than was shown in most of the normal or homographic profiles. Also, as sh&iguia
6.8(b), the profile shapes are directly coupled to the prescribed value of MZW, which is
the only arbitrary parameter in this approximatidtrevious studies hawhown that too
steep of an enthalpy slofeorresponding to too large of an apparent capacity peak value)
in the mushy zonéncreases the severity of the nonlinearity and likelihood of solution
oscillation R54,266]. The maximunvalues of the polynomial functions occurring at the
melting temperatureg(= 0) are shown imable 6.4 along with the approximate relative
magni tude compared to the P(1l) case. I

beingmuch less than the quanti®j ¥"Y(an acceptable assumption for most stitidid
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phase change materials afichoices), the P(3) model has a peak 50% higher than P(1) ,
and the P(5) peak 87.5% higher. Also shownFigure 6.8(b) is the simple linear

relation$ip betweereffectiveprofile width (FWHM) and the prescribed MZW
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Figure6.87 3 and %' order normalized polynomial smoothing functions compared to the standard
top-hat profile. (a) shows that the profile remains perfectly constrained to the prescribed mushy
zone with the inset highlighting th& Brder function slope continuity at the mushy zone edge. (b)

shows the magnitude of the function peak an FWHM relative to presdviBeéd

Table6.41 Peak values and function widths of polynomial solutions

Relative &7 ( -
P() Cwmz(0) magnitude FWHM .
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The polynomial smoothing functions provide several potential benefits to the
modeler that facilitate inclusion in existing modeling tools. These include the simple,
closed form implementation, avoidance of any complicated mathematical functions that

mightnot be available in a given toolset, and reduction to a single arbitrary parameter. The
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form confines the full width of the latent heat profile to the integrated domain, eliminating
any concern of O0energy | eakag ebfthisforntath e mo d
will introduce other errors or complications unique to the smoothing profile, but the next

section validates the smoothing functions against a closed form phase change solution.

6.2.2. Model Validation

In order to evaluate these phase chapggoximations, the polynomial models are
compared with the analytical solution to the -alensional Neumann melting model. As
described in detail by Hu and Argyropoul@$4] the onedimensional melting of a semi
infinite slab was first solved analytically by Stefan and later extended to a more general
case by Neumann. In the Neumann model an initially solid volume at arhitvlty
temperaturdc < Twm is placel in contact with a fixetiottemperature reservoir &g > Tw
that will drive the model into meltingThe model then tracks both the location of the melt
front, X(t), and the temperature throughout the voluii(&,t) with time. This model is

depicted inFigure6.9.

1
1
1
1

/,

| X

Figure6.917 One dmensional Neumann melting modehere a infinitely longslab initially solid

atuniformtemperaturdc is brought into cotact with a hot reservoir & > Tr.
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The solution to the Neumann model is given by:

Mo c_| © (106
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where as) is the material thermal diffusivitgqual to k/rc)s; and the parametet is

obtained by solving the transcendental equation:

©"Y Y Oy Y | .. (108
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A representative solution for the Neumann problem is shovagure6.10 using
a normalized temperature variable given by:
YUY Y)Y Y (109
This solution uses the materials properties of erythritol {sdde 2.4, also summarized
below inTable6.5) assumindgiv to be exactly 118°C, and sets the boundarylitimms to
+/- 10°C such thafc andTH are 108C and 128°C, respectivelyrigure6.10(a) shows the
location of the moving phase fronX(t), and (b) showsthe normalized temperature

distribution throughout the solid as it slowly heats.
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Figure6.101 Representative analytical solution to the Neumann problawing (a) the location
of the melting front with time, measured from the liquid edge, and (b) the domain temperature

spatial profile for several time steps

Table6.51 Erythritol material properties summary

property Unit solid liquid
kin W/mK 0.733 0.326
Cp kJ/kgK 1.383 2.765
r kg/m? 1480 1300
Tm °C 118
Hi kJ/kg 339.8

As per[263, for easier analysis theandt dependent solution can first be recast in
terms of a single independent Boltzmann variaglend then mappedom an infinite to

a unit spatial domairz, according to:
O qno, & p ASDGa (110
whereb is an artificial scaling constant, here set @ . With that domain and scaling

constant, the location of the melting front becomes a fixed point in z equal to:
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A representative normalized temperature profile from the solution to the ideal

Neumann problem solution on the unit domain is showfigare6.11.
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Figure6.117 Representative normalized solution to the Neumann melting problem.

6.2.3. Numerical comparison with the Neumann model

The polynomial smoothing function approximations are compared to results from
the analytical Neumann solution by incorporating them into the material definition of a
finite element model. For the purposes of this study, all numerical simulation was
perfomed using the Heat Equation solver in the epeuarce finite elemerElmer[267],
which models phase change using the Apparent Capacity Method (ACM) described
previously. EImerimplements ACM by calculating the local heat capacity in transient

simulations from a prescribed material enthalpy profile using:

g 1 PO
w Yo s
Tiyo

(112
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The Heat Equation solver accepts temperature dependent materialiesagesfined using
either analytical functions or tabular data. As before, the base material properties used are
those of erythritol as pérable6.5

The finite elenent domain is constructed using esienensional thermal elements
with boundary conditions mataig the Neumann model definitiongi, the domain is
initially solid at a temperaturé_ < T, and att =0 one end is raised to a temperature
Th > Tm. Becausave cannot numerically model an infinite region, the domain is instead
set to a length of in. This is a much longer distance than any significant heat will reach
within the simulation time in this exercise. For the range of parameters tested in these
simulations, shown inTable 6.6, the analytical Neumann solution only produced a
maximum melt front progression of about 68 over a 100,008ec simulation time.

Table6.6 1 Neumann problem simulation parameters

property unit Range
Th, TL °C 100, 150
MZW (2DT) °C 0.5,1.0,1.5,2.0
Elementcount,h - 100, 1000, 5000
Time step sizedt sec 500
Total timestepsNt - 200

Although several of the previously mentioned modeling reviews have shown that
some of the weakness of the apparent heat capacity scheme can be overcome using adaptive
time stepping or mesh refinematitions, we will be using botfixed grid andtime steg
to simplify the comparison. The fixed grid is not completely uniform, however. The half
of the domain in contact with the heated boundary set has a mesh density 100x higher than

the farside half, focusing the mesh refinement where it willehéive most effect and
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reducing computational overhead. Findlgure6.12shows an adjusted versionrafure

6.8(a) with the actual numerical values used in the simulation.
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Figure6.127 Polynomial fiteffective capacity profile for erythritelith MZW = 1°C. (b) presents
the same information on a logarithnscaleto emphasizesolid and liquid specific heats and
highlightthe two order of magnitude difference between sensible and latent portions of the profile

Inset on (aphows the slopenatching achieved by thé"®rder smoothing function.
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Figure6.1371 Polynomial fit enthalpy profiles for erythritowith MZW = 1°C. Inset emphasizes

the slope and curvature matching achieved by thend 5" order functions, respectively.
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6.2.4. General Model Results

Representative results for the polynomial models are showdgure 6.14(af),
which displays the time dependent melting front locatisra dunction of mesh density
(a-c) and mushzone width (df). The melt front profiles show similar behavior for all
three poynomial orders As expected in any numerical model, the accuracy shows a high
degree of dependence on the mesh density, but even whB0O0 there is still some degree
of steadystateerror that increases with time, more noticeably so in the P(1) maAdss,
the nature of the Neumann problem introduces increased error in most solutier® at t
because of the fixed temperature boundary conditibms condition produces a nearly
infinite initial melt front propagation velocity, but this initial erdiminishes with time in

all models No special effort was taken to compensate for this erritreise tests
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Figure6.141 Numerical approximations of melting front positioompared to analytical profile

(a,b,c) show position as a function of mushy zone width (MZW) with fixed element count of 100,
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and (d,e,f) show position as a function of element cdynwith fixed MZW = 0.5°C.
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For the undermeshed ca$e=(100) an oscillating or staircase melting front profile
is clearly evident, the severity of which decreases with increasing mushy zone width. This
follows the explanation of Gong and Mujumdar where the oscillating melting front
propagation is related tihe height of the mushy zone function and the corresponding
degree of nonlinearity in the apparent capacity prp#iGg. Figure6.15shows the entire
normalized numerical thermal profile for several early time steps, again for the linear
model this time with sufficient mesh density to avoid oscillation (h = 1000). Ewbn wi
error in temperature prediction around the melting front, within a short amount of time the
majority of the model has settled close to the analytical solution. This suggests that when
measuring total error in the thermal profile at each time stemlaimenant factor will be
the error about the melt front. Additionally, the fact that the solutions do eventually
converge to the analytical profiEonfirmsthat the polynomial approximation does not

introduce any fundamental errors into to the solution.

1
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Figure 6.15 i Normalized P(3) model temperature plotted against normaliZgédltzmann
coadinate at different time stepgith medium mesh refinemerth € 1000) andMZW=2°C. The

initial melting front errograduallyappoaches thanalytical solution with increasing time
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6.2.5. Polynomial order error comparisons

The relative accuracies of the different polynomial models were compared by
examining both melt front profile error and thermal profile error for parameters
polynomial order, mesh density and mushy zone width. Melting front error was determined

by calculating the Root Mean Square Error (RMSE) according to:

YO YO 0O o (113

where X;*" is the difference between calculated front locatiortiae stepi and the
analytical Neumann solutioX(t), andN: is the total number dfime steps Similarly,

thermal profile error at eadhme step is calculated as:

YOUYR 0 Y (114

Where T;*" is the difference between calculated temperature at each jnaag the
analytical Neumann solution fdi(x;,ti) attime stepi, andN is the total number of nodes
in that model. Finally, total temperature profile error for a particular model is determined

according to:

YO YO 00 Y (119

The total error for both melting fromind temperature profiles are shownFigure 6.16
andFigure6.17 respective}l. For both measures, the level of mesh density can be seen as
having the primary impact on solution accuracy, much as was discussdedguith6.14.
The importance of mushy zone width is evident primarily at the minimum simulated value
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of 0.1°C, where almost an order of magnitude increase in solution error occurs for the
medium and highmesh density cases. This small MZW increases both the degree of
approximation nonlinearity as well as the likelihood of elements skipping over the melting

transition during the earligime stepsvith high melt front velocity.
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Figure6.161 Melting front location prediction RMSE att500s. P(3) and P(55howgenerally
reducedRMSE for most values oMZW. The sole exception is that fé%(5) where the error

increases fovalues below 1C, likelyduetat he i ncreased profile O6sharp
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Figure6.177 Thermal profileRMSE at t= 500s. The third order functions appear to result in the

lowest consistent error across the MZW span, excepting the minimum &4

From the figures, it also appears that the polynomial order does have a slight impact
on solution accuracyFor the melting front error in Figure 11, the P(3) model shows the
lowest total error for each level of mesh density at MZW = 0.3°(5) ehibits similar or
lower error tha P(3) for most larger MZW values, but shows increasing error below
MZW = 1°C. Itis assumed that this increase is due to the slightly high profile constriction
in P(5) versus P(3)Both models show lower error than tireear model P(1), excepting
the high error cases noted previousBimilar results can be seen for the total temperature
error in Figure 12, except for the fact that the highly meshed P(5) case has notably more
error than P(1) and P(3), and is even wdhsn the moderately meshed P(5) for higher
MZW values It is possiblethat this is a case of the model actually being overmeshed for

the problem antime stepused.
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6.2.6. Model Conclusions

We have examined several methods of approximating the phase chanegsproc
using the apparent heat capacity method. While previous studies suggested the importance
of a smoothing function to reduce sharp discontinuities in the common linear-loattop
profile, previously proposed approximations suffer from several defigenckirst, the
functions used spread the total latent energy over an infinitely wide region, mandating the
use of arbitrary tuning parameters to reduce truncation error at the mushy zone boundary.
Second, the functions were actually decoupled from teiesdbmushy zone width inherent
in the approximation, instead being strongly dependent on the tuning parameters.
Reducing the truncation error would both decrease function width and increase peak height
of the function, increasing the degree of nonlingamposed by the model.

The proposed polynomial models prove to be superior smoothing funttyon
avoiding the previously mentioned shortcomings. By definition the closed form models
exactly match the desired conditions at the mushy zone boundarfespuitincation error
that could develop into accumulated energy loss. Also, this is accomplished without
artificially compressing or sharpening the smoothing profile. The polynomial functions
have fixed relationships between the profile peak valuetibmwidth and the prescribed
mushy zone width, and the function widths can be much closer to the mushy zone width
because there is no need to be concerned with truncation error.

In comparing both the melting front and temperature profile results of gsionda
using the 1st, 3rd and 5th order polynomials to reproduce thdior@msional Neumann
solution, it was found that both of the higher order polynomials did produce slightly lower

error results than the linear model for most cases. In fact, thed@dmodel was found
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to be more accurate than the 5th order model, suggesting that the smoothness of the
capacity profile at the mushy zone boundary is less of a concern than the continuity of the
profile. It is suspected that the slightly sharper fungtiafile of the higher order profile

may have increased the total modeling error. Otherwise, the models produced results as
expected for the apparent capacity method, showing melt front oscillation for undermeshed
conditions and small accumulated erroveleping over long simulation times. Future
developments on this topic may expand the error investigation to include other solution
methods including finite difference and finite volume schemes, as well asuadhree
dimensional domains. While any epthing function profile may be applied to those cases,

it is possible that they may vary in the degree of sensitivity to choice in mushy zone profile.

6.3.Substrateintegrated phase changeooling

The electronics PCM integration approaches mentioned atafieofthis chapter
were generally nointegrated heatsinks resulting in slow transient performance. As a first
case study using the phase change smoothing functions we now examine an integrated
PCM package design that leverages both previous work sgohsgthe U.S Department
of Energy (briefly mentioned in Sectior8.1.2 and our previous substrate integrated
coolingwork described itChapter 4 This DOE design incorporategparallel (also called
hybrid) PCM/coolantconfiguration thats hoped taeduce the degree to which the PCM

impedes heat removi7,28,79].

6.3.1. DOE / University of Tennessee Thermal Buffer Heat Sink Concept
The DOE design was initiallyrpsentedn 2007 as part of the FreedomGhater

U.S.DRIVE) program, wherghe U.S Department of Energy in conjunction with the
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University of Tennessee reported on options for improthegower electronics heat sink

in a commecial hybrid electric vkicle[41,269. The study investigated feasibility,
performanceand cost ofisinga PCM heat sink talesign the cooling systefar average
instead of peakthermalload conditions The phase change heat sink would act as a
transientuffer for the coolant systertgading to theppropriately termedhermal Buffer
Heat Sink(TBHS). The study identified several likely candidate PCMs as well as two
optimal configuratonsfor compact and efficienEBHS implementationshown inFigure
6.18. The two designshownput the PCM in a parallelonfiguration with the coolant,
with Figure6.18(a) relying on fin conduction to bypass the PCM, and (b) placing the PCM
and coolant at equal distance from the heat sourtgure 6.18(b) was described as the
preferreddesign from acompactness and thermaérformance standpoinbut (a) was
selectedis a more practical design based on perceived difficulties in fabrication and sealing

of the separate components.

@) (b)

—— Coolant
L) PCM

S Heat source

L e

L4 lla

Figure6.181 Department of Energy developed TBHS concepigoring compact integration of
cooling and thermal energy storageCM and coolant regions in series (a) and in parallel (b)

arrangemenisadapted fronj41].

Comparing the two designs, it should be noted Higtire 6.18(a) alows for a

potentially larger amount of both cooling and PCM due to the double layer configuration.
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Figure 6.18(b), on the other hand, creates a direct spatial afadetween cooling and

PCM within a single layer. @ditionally, dlowing for the potential sealing difficulties
between channels, this compact, sidgher design moves the coolant closer to the heat
source and removes the PCM from the primary cooleat removal path. As mentioned

in Section2.3.1, PCM configurations at both small and large scale can benefit from a
configuration where the PCM provides additibtteermal capacity outside the primary

heat removal path to avoid degrading overall component thermal resistance. Both before
and after phase change the typically high thermal resistance PCM provides little useful
system benefit, although some PCMs mayease sensible thermal capacity relative to the
regular package. A caveat to using this parallel arrangement, however, is that it increases
the complexity in making effective use of the thermal storage, as there is no boundary
condition maintained therrhgradient driving heat into the PCM. Instead thermal charging

is driven by a transient gradient that decreases with time, and additional engineering will
be required to make full use of the material. This arrangement can add to challenges with
heat sprading and nonuniformity as the edeamensional simplicity is lost.

Despite these drawbacks, this parallel arrangement will be explored as a method of
an electronics integrated PCM arrangement by combining substrate integrated cooling with
a phase change mesial thermal buffer. The followingections explore design of and
material selection for these TBHS structure and then follow that with numerical thermal
simulation to predict TBHS performance under transient loads. We will then use these
results to asess the degree to which a TBHS structure can mitigate some of the transient

packaging issues identified @hapter 30 suppress transient temperature rise.
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6.3.2. Substrate Integrated Thermal Buffer Heat Sink

The substrate integrated cooling approadnes) Chapter 4were successful in
demonstrating the feasibility of bringjrcoolant to the package layer immediately adjacent
to the power device. Several methods of ceramic microfabrication were used to make large
microchannels, attempting to show that a net improvement in thermal resistance could be
achieved without the nedd use exceedingly small, highly restrictive channels. In order
to affect thermal transients within the electronics package, we will explore the ability to
similarly incorporate both cooling channels and phase change materials in the same
electronics sulimate. This will produce a substrate integrated form ofTiBEIS. It is
hypothesized that this integrated structure will provide acceptable package thermal
resistance while allowing the designer to traffecooling and thermal absorption capacity
for improved transient survivabilityHere we will explore material selectiaanddesign of
these TBHS structures. Later sections will use numerical simulation to predict thermal
performance under transient loads

The substrate integrated cooling work thatpth microchannels in the underside
of power electronics package substmteads to a straightforwargubstrate integrated
TBHS design Figure6.19 shows onelesignconcept The power device is attached to the
package substrate usiagnetallized solder or die attach. The substnaisa set of partial
depth channels in the backside. This substrate is then capped with another package layer,
either another substrade a conventionally machingrt, whichcontains a fluid manifold.
Interleaved openings in the manifaldow fluid to be routed to the cooling channels while
isolating the PCM channels. IndividldCM and coolinghannel dimensions can then be

adjustel as necessary for the design.
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Figure6.197 Schematic of a substrate integrated thermal buffer heatwdihlsingle layer PCM

coolant arrangement over a fluid delivery manifold.

This design allows a particular amount of design freedom. As Sek8on

described, muchkvork has occurred in improving microchannel cooling to levetag

high convection rates of narrow channels while minimizing resultant pressure drop

penalties. Thepopular solution to this problem is to make use of a manifolded

microchannel structure &l uses larger, lowestriction channels to deliver fluid to short,

narrow microchannels at reduced penalty. The cost of this approach is design and

fabrication complexity. This TBHS desigian use that samapproach to maintain high

convective rates.t blso shares the benefit that the material used for the manifolding layer

can be chosen independent

of

t

he

designos

is not required to conduct heat. It can be a low cost, conventionally machined material,

ard the only requirements are adequate sealing to the substrate.

6.3.3. TBHS model configuration and computational domain

A side view and unit cell of the substrat¢egrated TBHS is shown Figure6.20

with relevant geometric and model parameters labeled. Because the structure is primarily

two-dimensional with a repeating microchannel -suitt structure, the computational
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domain can be limited to a 2D region with symmetrydmbary conditions on either side,

as shown.

Computational domain

w

Figure6.201 Substrate integrated TBHS computational domaih unit cell expanded and labeled

showing critical regions, boundaries, and relevant geometrical and material parameters.

The full set of modeling assumptions implied by this domain are as follows:

1 Chanrel length is much greater than the lateral unit cell dimensions
justifying a 2D model.

1 Heat fromtheattached die is sufficiently uniform that the die can be
approximated by a fixed, constant, external thermal resistance and
the load can be modeled by anstant heat flux applied to the top
surface of the TBHS unit cell.

1 The bottom surface of PCM and fin is insulated, based on the

manifold assembly and material options described previously.
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1 PCM volume change with temperature and phase change can be
ignoredin the 2D model plane, and change in thermal absorption
will be accommodated in the model by volumetric property change,
and there is no voiding.

1 PCM volume is sufficiently small to ignore liquid phase convection.

1 Coolant contribution can be approximatey uniform convection

boundary condition over the wetted surface.

Following from the previous smoothing function development, this computational
domain is modeled as a single tdimensional thermal region subject to heat diffusion
with nortlinear, temperaire dependent material properties. As before, finite element
simulation was performed using the heat equation solVelmer. A constant convection
boundary condition on the wetted surfaces emulates the effect of the coolant and avoids
need for a liqud domain thermofluid or CFD solver. Phase change was modeled with a
P(3) smoothing function and appropriate PCM material properties. (Preliminary models
showed significant convergence differences in the P(1) functions, but little difference
between P(3and P(5), so P(3) was selected.) An automatic 2D mesh refinement algorithm
based on the RGB subdivision schg@é( was employed througBlmerto obtain mesh
independent simulation results. Example initial and final meshes for a transient simulation
with partial PCM melting near the fin surface are showRigure6.21. It is clear that the
largest thermal gradient occurs near the PCM phase front that slowly rfnoreshe

substrate and fin boundary into the PCM volume.
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Figure6.217 Representative finite element meshes used in the TBHS stooleing (a) the initial

mesh and (b) the mesh after automegfmement according to the local thermal gradient.

6.3.4. Model Analysis

Analysis of thermal results includes estimation of thermal performance of each
simulated TBHS configuration over the examined parameter space, estimated using the

steadystate and transieparameters defined in the followisgctions.

6.3.4.1. Steadystate analysis metrics

The main function of the TBHS is to remove heat, making thermal performance
during normal operation under nomelting conditions of prime importance. Putting a low
thermal resigtnce material into the heat sink will invariably increase overall thermal
resistance. A nceaniform temperature profile is expected on the top heated surface from
the uneven coolant distribution over the 2D unit cell. For the purpose of this studyltherma
resistivity is defined as the temperature rise per unit heat flux using the maximum surface

temperature as:
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whereTy is the coolant temperature (also always equal to the initial model temperature for
transient simulations)TmaxiS expected to be located on the heated surface farthest from
the coolant. However, due to nonlinear PCM heat absorption it is possibikishadint
may not stay at the same location throughout a transient simul&igmowever, always
uses the maximum temperature even if its location changes.

The thermal resistance of the TBHS will be a combination of conductive resistance
in the solidand convective resistance in the applied coolaRecognizing that the
convective resistance may dominate for low convection rate cases, a solid thermal
resistivity is estimated (ignoring fin effectiveness) by subtracting out the normalized
resistive cormibution of the convective term:

W

Yer YO Y Ye 00 O (117

As the unit cell design iRigure6.20is essentiallya single oneside wetted fin, fin
efficiency can be calculated as the ratio of the amount of heat removed to the amount that
would be removed from a fin uniformly heated to the base temperature (i.e., an infinitely
conductive fin). We can estimate fin ieféncy, /, using the nodal temperature values
from the FEM numerical results in the equation:

QYw YQw B Y "Y Ya

(118
DY Y Y YO

wherelL is the fin length as indicated Figure6.20, |; igothe length between nodeand
i+1, Ti is the nodal temperatur@y is the temperature at the base of the fin, langlthe

fluid convection rate (assumed constant over the entire wetted perimeter). Note that in heat
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sink design a large temperature gradient along the fin results in a low fin efficiency,
typically indicating a longer fin than is necessary. Alternagivelvery high fin efficiency

suggests that lengthening the fins would significantly improve heat removal.

6.3.4.2. Transient analysis metrics

Dominant thermal time constariih, and effective thermal capacitance of each
TBHS configurationcan beextracted from hear (no phase change) step response
simulations by applying a least squares best fit to a single pole heating profile using the

transient maximum surface temperature and ststatg thermal resistivity:
YO Y N p Q (119
Noticing again that the simplRBC time constant model lumps convective and
conductive resistances together, and that convection can dominate calculatipmef
can again calculate a 6solid contritbuti on
comparison. As there is no capacitive component to the convection, solid thermal time
constant is simply:

tOYES Yy YR 8%t Yp 8 (120

¢

T s T YiY (121
After extracting G, effective thermal capacity of the substratn again be

calculated assuming a single dominant thermal time constant:

ge T e (122

noting that the same capacitance valusbisined whether using total or solid contribution

values for the resistance and time constant.

214



For melting models, becau$e< Twu there will be a finite time until melting begins
that is a function of the applied heat flux and the thermal time condtdrd 8BHS. The
minimum heat flux to initiate melting is estimated as:

. YooY
f Y (123

Using this melting threshold heat flux value and the dominant single pole time

constant model, nedimensional time to melting f@any configuration at a given heat flux

can be estimated using:

0 A .+ Ngn
| — 1 I 12
f he N ngn p (129

Comparing this model to extracted data from the simulations can provide a

guantitative evaluation of the fitnesstbé single time constant model for the substrates.

6.3.5. Silicon-erythritol TBHS simulation

Two independent material evaluations were performed in expectation of planned
prototyping efforts. First, in anticipation of a complex manifold microchannel geometry
for medium temperature power electronics as per the original DOE TBHS study, a
combination of silicon substrate and erythritol PCM was simulated with parameterized
geometry and thermal boundary conditions. Hiatulationstudy was initially described
in [151,257 and focused on high temperature vehicle cooling loop surge tapabere
To = 100°C anch was varied between 10, and 5&W/m?K to represent a range of single
or two-phase microchannel flows.

Material and geometric parameters for the domain are specifiédbie 6.7 and

Table 6.8 respectively, and cover the range of a prototypical singier, silicon TBHS
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implementabn. Thermal boundary conditions for the melting simulation were determined
later after step response models estimated melting onset parameters.

Table6.71 Silicon TBHS simulation material properties

property unit silicon erythritol
k W/mK 135 0.733 ¢),0.326 ()
Cp kJ/kgK 0.704 1.383 6), 2.765 ()
r kg/m? 2330 1480 6), 1300 ()
Hs kJ/kg -- 339.8
Tm °C -- 118

Table6.81 Silicon TBHS simulatiodimensions and parameter ranges

paramegr value/range [um]
D 400
d 100
L 300
W 125, 250, 500
Wi 62.5, 125, 250
We 62.5, 125, 250
w Swi

6.3.5.1. Steadystate thermal results

Figure 6.22 shows a representative steaslgite TBHS heating profile below the
melting temperatwrindicating a thermal resistivity of about 0.18%K/W. The peak
temperature is located in the top leftrner of the unit cell, farthest from the coolant and

partially O0shiel dedo6 f thermalcantuetivigPOMduct i ve f
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Figure6.221 Representative steadyate, normelting heating profile in a silicon TBH&ubject to

a 50W/cn? heat load with 5&W/m?K cooling atTo = 100°C. Location of hottest spot indicated.

Using the geometric and material capfiations fromTable 6.7 and Table 6.8,
substrate thermal resistivity was calculated by applying a unit uniform heat Mc(i?)
to the top surface. The thermal resistivities of the different geometries and convection rates
areshown inFigure6.23. These values are compared with the thermal resistivities of non
PCM microchannel substrates with the same range of cooling channel geometries (

It should be noted that the microchannel unit cells have half the fin width of an equivalent
TBHS, as their symmetry line is the center vertical linEigure6.20.

Across the board we see the expected result of substituting erythritol into the
substrate. The convection rate is the primary determinant of substrate resistivity for both
PCM and norPCM substrates. However, compared to the lowest resistaatztonly
microchannel substrate, thermal resistivity is increased by a factor of about 2.4 to 8.6x, and

the degree of impact is positively correlated to added PCM volume. Witanelting,
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the addition of a PCM has not only cut the total cooling sarfaaghly in half, it is akin
to inserting an insulatingmaterial into every other microchannel cavitya standard
microchannel heat sink. This would also look kkeicrochannel heat sink wigéxtremely
wide and poorly conductingins, and the signiiant thermal resistivity increase is

unsurprising.
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Figure6.231 Steadystate thermal resistivity results for silicon TBE&dequivalenimicrochannel

heat sink for varying geometries ar@bnvectiverates.

The PCM impact on thermal resistivity can be seen more clearly by normalizing
the dataFigure6.23 and subtracting out the convective resistance componeet ¢kl 7).

The results of this are shownfingure6.24, where all of the dml thermal resistivity data
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has collapsed down to a single band. It is worth noting that therssigtivity estimate

does not correct for heat spreading variation between different configurations. It assumes
a one dimensional thermal resistance itisted over the wetted area having uniform
influence on the location of maximum temperature rise. In actuality the low thermal
conductivity PCM insulates the hot spot from the majority of the wetted fin, causing an
overestimation of the amount of thernrakistance to subtract froRn0. This could
explain how the lowest amount of PCM appears to have no, or even a slight negative
resistance impact ifigure 6.24 for some configurations. Regardless of this anomaly,
however, this view of the thermal resistance profile does show the significant thermal

penalty paid by the addition of PCM to the structure.
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Figure 6.24 1 Silicon TBHS normalized thermal resistivishowing PCM volume the primary

impact on degrading steadyate thermal performance.
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The microchannel cooler fin effects can be examined in more detail to gain some
insight in to thermal efficiency of thdesign. The equivalent fin efficiency of the different
designs as calculated usingl8) is shown inFigure 6.25, again compared with the
equivalent nePCM microchannels. It is generally considered good practice to maintain a
fin efficiency above 90%, as lower values indicate that the fins are longer than necessary
as additional lertty provides diminishing incremental heat remd2all]. Values too high
indicate that the fins might be too short and heat removal is being impaired. The figure
shows all fin, PCM, and cooling channel widths, but the fin efficiency is almost completely
governed by fin width (used then as the primary display variable). Thus, except for the
thinnest fins with the highest convection

used in the analysis, and overall performance would improve with longae#gtHins.

100% +
< 90% T
> L
o
c
o 80% +
o
= L
[
c 70% T+
=
I Silicon / Erythritol
60% +
—8—h =1k —€—h =10k —&—h =50k
i closed- TBHS open no pcm microchannel
50% : ; : ; ' f ' f ' f '
0 0.05 0.1 0.15 0.2 0.25 0.3

fin width, wg,, [mm]
Figure6.2571 Fin efficiency estimates for all silicon TBH#d standard microchanr(@on-PCM)
heat sinkconfigurationsshowing that the short, substrdléckness channels are shorter thagald

for all but the highest convective rates.
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Additionally, there is clearly an increase in fin efficiency for the PiG&tled
channels, again related to the previous observation that the-I@&Md channels
effectively create doubly wide fins with an inatihg core. The reduced area for heat
removal per fin increases the fin temperature and the resulting fin efficiency. While not
overly surprising, the fin efficiency results do agree with the substrate integrated cooling
results discussed in Sectidnrl. The wafeithickness severely limits the fin length, and the

amount of heat removal, for all but the highest convection rates.

6.3.5.2. Stepresponsé linear transientimodels

Again a unit heat input was applied to the substrates to examine the linear step
response below the melting temperature. Fitting the resulting step response cii@s to (
a dominant time constartt,, was extracted for all configurations as showRigure6.26.
Similar to the thermal resistivity graphis immediately clear that the addition of the PCM
creates a much higher thermal time constant relative to the equivaldR€CMo
microchannel substrates. Even without phase change, the PCM substrates respond from 1
8.6x slower, almost in direct propmam to the PCM fraction. Recalling that the average
thermal time constant can be estimated as 'Y 0 , the increaseBn shown inFigure
6.23 leaves a factoof only about 12x effective increase i€w. This is in line with the

increaseap pembeingabout doubley si.
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Figure6.26 1 Extracted thermal time constants for each silicon TBHS configuration at varying
convective ratecomparing the PCM substrates to-GM microchannel substrates. PCM

substrate groupings lwy, are indicated by the dashed ovals.

As the thermal time corestits again appear dominated by the convective thermal

resistance, we can again look at the solid contribution of the thermal time constants
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according to 121). While not collapsing the data to a single band as it did with thermal
resistanceligure6.27 does emphasize how the addition of PCM to the substrates generally
increases thehermal time constant in proportion to PCM volume, although there is
significant variation of that impact at different convection rates. This even includes a few
configurations showing lower solid thermal time constants than the microchannel cases for
the highest convection rate. As this variation was not seen in the thermal resistance data
we can assume that it is related to variation in the effective thermal capacity of each
configuration. As such we see that the PCM addition increfasdsy a facor of 0.98.5x

for h =1 kw/m2K, but by only about 0-8&.6x forh = 50 kW/m?K.

e Silicon / Erythritol w,=500um
—-—h=1k

10 +  —e—h=10k
—A—h =50k
closed- TBHS

(o]
;

open- no pcm pchannel &8

solid thermal time constant,t,, [msec]

0 0.25 0.5 0.75 1
unit cell width [mm]

Figure 6.27 i Estimated solid contribution to silicon TBHS thermal time constanteach
configuration at varying convective rates and comparing the PCM substrates-RGMo

microchannel substrates. PCM substrate groupings bye indicated by the dashed ovals.
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Calculated values of effective thermal capacity are showigure6.28, and they
elucidate some of the aforementioned anomalous time constant vddigese 6.28(a)
shows the extracted thermal capacitance for all configurations and convection rates
including the nePCM microchannel substrates. It is evident from this figure that the
addition of a PCM to the substrate provides little to no increasenasome cases actually
a decrease, in effective thermal capacity. (Case to case comparisons range frarfixa 0.5
change, but relative to timicrochannesubstrate with highe€n, the TBHS capacitances
are only 0.30.9x) These counterintuitive vais can be explained by a combination of
two-dimensional heat spreading and disparate material properties. The thermal
conductivities of thesubstrate and PCMiffer by two orders of magnitude, limiting the
ability of heat to spread into the PCM and uélithe full capacitive volumeWhile the
specific heat capacity of solid erythritol is almost twice that of silicon, the volumetric heat
capacities £ x ¢p) only differ by 25%. Replacing substrate volume by PCM volume (per
unit heated surface area) has less of a linear heat capacity impact than might otherwise be
expected. As emphasized Bigure6.28(b), which shows only the high convection case,
increased fin materiail§) and decreased convection volumeg) (have significantly more
impact onCi than additional PCM volume, as they both increase substrate material per
unit area. (While this is highlighted in (b) for the higlcase, the same groupings/trends
exist in the low and medium case).

More interesting, however, we seeHRigure6.28(a), and highlighted specifically
by the same data with group overlayd-igure6.29, is that there is actually a convection
rate inversion on the effect of atldnal PCM volume on effective capacitance. Whereas

the low convection case still shows that increasing PCM volume slightly increases effective
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capacitance per unit area, doing so with the medium and high convection rates actually
decreases net capacity the PCM insulates more of the solid fin material from the heat
path. This shows how the effective thermal capacity is more affected by relative thermal

impedance paths in the structure than by material addition.
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Figure 6.29 1 Effective thermal capacitance emphasizing convective dependence of PCM impact

for each configuration.

Even without phase change heat absorption, a higher thermal time constant can
slow temperature response resulting in PCM substrates having less temperature rise for
short transient conditions despite higher steady temperatéigsire 6.30 provides an
aggregate comparison of these thermal substrate figures of merit for all configurations. (a)
emphasizes what was mentioned above, namely that there is little net thapaeityc
benefit from additional PCM, while thermal resistivity can increase by a factor of up to
8.6x. This resistance increase is then the driving component of the increased thermal time
constant, as shown in (b), which is up to 8.5x higher thal@d ases. Not surprisingly,
the highesCi» and#m cases for both microchannels and TBHS occur as indicatedwyhen
IS maximum andrc iIs minimum, producing the configuration with maximum substrate

material per unit area.
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Figure6.301 Linear silicon TBHS figure of merit comparisoagaluating the impact on thermal
resistance, time constant, and effective capacitance for each configuratiohightiighis the case
with maximum capacitance and time constant, where fin wigdhi§ maximum and convective

area {\) is minimized for all PCM widthsn).
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Table 6.9 provides a view of the linear thermal behavior changes created by the
substrate integrated PCM. Recalling the initial problem identified in the electronic
packages: decreased thermal restawnhile itself desired, resulted in decreased thermal
capacity and time constants. Tlagglition of a PCM woulddeallyincrease thermal time
constant through increased capacity by trading off some, but not too, tinecmal
resistance. The table showmat without phase change, this was generally not the case.
Additional thermal resistance was substantial, no less than about 1.55x for solid resistance
or 2.35x for total resistance. This did produce a general thermal time constant increase,
but by repacing substrate material with low conductivity PCM, effective thermal
capacitance was actually diminished. In a few cases, it actually diminished sufficiently to
decrease thermal time constant, as seen by the minimum values is the Table. However, in
no case did PCM addition create a net increase in unit cell capacitance over the best
microchannel substrate. Absent any phase change benefit the resisteecehermal
time constant increase runs counter to the original design intent.

Table6.91 Silicon TBHS linear thermal performance ratios

Rih / Reh,mgmin tih | tth,mgmax
h total (Rth) solid (Rth,s) total (fth) solid (fth,s) Cin/ Cth,mcmax
[kW/m?K] min  max min  max min  max min  max min  max
1 2.66 8.64 155 9.76 0.84 3.82 091 851 0.55 0.88
10 257 8.48 156 9.77 0.75 3.27 0.85 6.79 0.48 0.80
50 2.34 8.15 159 9.82 063 2.86 070 5.39 040 0.73

6.3.5.3. Phase change thermal suppression results

Melting simulations were performed for each configuradod convection rate at
different heat flux levels. These levels were determined by calculating the minimum

melting heat flux for each configuration from the steatite thermal resistivity values

230



using ((23. The resulting values af are shown irFigure 6.31, which like thermal
resistance are primarily influenced by convection rate and PCM content. These heat flux
values represent the minimum heat flux for the substrate to Teaemd even ahat heat

flux there will be a lengthy time delay before melting. That delay may impact the shortest
transient time that can be buffered by the heat sink since nonlinear heat absorption cannot
occur any earlier, making it an important design factor féurectional TBHS. Low,
medium, and high heat flux values for the melting simulations were selected such that they
exceeded the calculatéd values for each convection rate by aboutx3 as shown in

Table 6.10. That resulted in a 5 parameter, three level simulation space (geometry,
convection rate, and power) involving 243 configurations. Transient step response curves
were generated for these configurations/a as for the equivalent microchannel models,
involving an additional 81 configurations for simulation. Finally, each simulation was run
for a total of 60 time steps, and the length of each time step (also shoaln@6.10) was
chosen such that the total simulation time would allow all linear response comparison

models to reach steadyate.

Table6.107 TBHS meltingmodel heat fluxes and time steps

h maxr q" o ttot
[kW/m?K] [Wicm?] [Wicm?] [ms] [ms]
1 2.6 10, 20, 30 7.5 450
10 25.0 100, 200, 300 1.875 1125
50 106.1 300, 600, 900 0.625 37.5
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Figure6.317 Extracted threshold melting heat flux values for each silicon TBHS configuition

varying convective rates.

Step response melting simulations were run for each configuration, with simulation
numerical convergence primarily handled through the autoradaptive mesh refinement

where each time step was required to achieve a relative local element flux error of less than
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