CYLINDRICAL THERMAL CONTACT CONDUCTANCE

A Thesis

by
GEORGE HAROLD AYERS

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

August 2003

Major Subject: Mechanical Engineerin



CYLINDRICAL THERMAL CONTACT CONDUCTANCE

A Thesis

by
GEORGE HAROLD AYERS

Submitted to Texas A&M University
in partial fulfillment of the requirements
for the degree of

MASTER OF SCIENCE

Approved as to Style and Content by:

L. S. Fletcher N. K. Anand
(Chair of Committee) (Member)
J. A. Caton Y. A. Hassan
(Member) (Member)
D. L. O'Neal

(Head of Department)

August 2003

Major Subject: Mechanical Engineering



ABSTRACT

Cylindrical Thermal Contact Conductance. (August 2003)
George Harold Ayers, B.S., Arizona State University;
M.S., Arizona State University

Chair of Advisory Committee: Dr. L. S. Fletcher

Thermalcontactconductances highly importantin a wide variety of applications,
from thecoolingof electronicchipsto thethermalmanagemenf spacecraft. The demand
for increaseckfficiency meanghatcomponentseedto withstandhighertemperaturesind
heattransferrates. Many situationscall for conta¢ heattransfer through nominally
cylindrical interfaces yet relatively few studiesof contactconductancehroughcylindrical
interfaceshave beenundertaken. This study presentsa review of the experimentaland
theoretical investigationsof the heat transfer characteristicsof composite cylinders,
presentinglataavailablein openliteraturein comparisorwith relevantcorrelations.

The preseninvestigationpresentsa study of the thermal contactconductanceof
cylindrical interfaces. The experimental investigation of sixteen different material
combinationsoffers an opportunity to develop predictive correlations of the contact
conductancen conjunctionwith ananalysisof theinterfacepressureasa functionof the
thermalstateof theindividual cylindrical shells. Experimentalresultsof the presenstudy

arecomparedvith previouslypublishecconductancelataandconductancenodels.
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CHAPTER |
INTRODUCTION

The conductionof heatthroughhomogeneousisotropic materialshas beenwell
understoodincethe time of Fourier (1822). The conductionof heatacrossinterfaces
formedby contactingsurfacedss less understood gspeciallysincethis phenomenorhas
receivedittle attentionuntil theinvestigation®f Holm (1929)andRoess(1948). In many
circumstancetherateof heatransferthroughcontactingcomponentsnustbe knownand
controlledto facilitate reliability andto prolongcomponentife.

Thermal contact conductances highly importantin such applicationsas heat
rejectionfrom electroniccomponentscooling gas turbine blades,enhancemenbf heat
transferthrough duplex and shrink-fit finned tubes,and thermal managemenof space-
borne systems. In many cases,the demandfor increasedefficiency means that
componentsieedto withstandhighertemperaturesind heattransferrates. Gas turbines
operate more efficiently at higher gas temperatures,so effective control of blade
temperaturesvithout the costsincurredby actively cooling the bladesis very important.
Nuclearpowergeneratoreperatemoreefficiently at higherheatrates,so enhancingthe
rateof heattransferacrossthe junction of the fuel andsheathingllows thesehigherheat
ratesto be sustainedvithout therisk of melting or crackingthefuel. Integratedcircuits,
which arebecomingmoreand moredenselypacked, havehigherpowerrequirementand
rely on contactconductionto transferwaste heatfrom internal componentdo external
surfaceswvhereit canbe dissipated. While spacecraftely uponradiationheattransferto

rejectexcessheat, conductionheattransferis the primary meansof moving heatto the

Thisthesisfollowsthestyleandformatof the Transactionsof the ASME: Journal of Heat
Transfer.



thermalradiation systemsto maintain appropriatetemperaturdevels for componentand
personnemodules.Modern artillery and cannonbarrels, madeof shrink-fit composite
cylinders, must withstand the transient pressuresand high temperaturesof firing and
conductwaste heatthroughthe cylindrical shellsto the ambientair quickly enoughto
maintain strengthand componentlife (Throop, et al. (1982),Underwood,et al. (1988),
Endersbyegtal. (1996)).

THERMAL CONTACT CONDUCTANCE

Surfaceghatappeato be smoothareactually composedf microscopicaspeities
anddepressionshatdeviatefrom an apparentlysmoothsurface(Figure1.l). Generally,
the microscopicdeviationsare termed roughnessand the macroscopicdeviations are
termedwaviness. When two surfacesarein contactwith eachother, the actual areaof
contactis muchsmallerthanthe apparentareaof contact. Theseareasof actual contact
occurwhere the asperitiesof one surfacearein contactwith the asperitiesof the other
surface.Thenumberof thesecontactspds is furtherreducedvhensurfacewavinessand
errorsin form aretakenonto account. Typically, thereis somematerial or fluid in the
interstitial spacesbetweenthe contacting surfaces,and heatis transferredthrough this

interstitial material. If thereare no interstitial materialsor fluids, then most of the heat

HEAT FLOW

Figure 1.1 — Constriction of heat flow through an interface formed by two
materials.



transferredacrossthe interfaceformed by the two surfacesis transferredhroughthese
small contactspots. Theamountof actualcontactareais alsodependenbn the physical
propertieof thecontactingmaterials. If oneof the materialsis softerthanthe other,then
theasperitieof thehardematerialarelikely to penetratehe surfaceof the softermaterial
andincreasdhecontactarea. At higherpressuresgnewouldexpectthat the penetrationof
theseasperitiesvould increase. In the caseof materialsof nearlythe samehardnessthe
asperitieswould deform, and one might expectthat the amountof deformationwould
increasewith pressure. Interfaceswith a higher meanthemal conductivity would be
expectedo havea lower resistancdo heattransferthan thoseinterfacesthat have lower
mearthermalconductivities.

This limited contact areaconstrictsthe flow of heatto a few channelsat the
interfacebetweenthe materials,makingthe temperaturedistribution in the vicinity of the

interfacecomplexandthree-dimensional.An approximationto this complex temperature

A
aa
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-
! \ Tl
~ ,
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POSTION

Figure 1.2 — Effect of constriction resistance on one-dimensional temperature
distribution for flat interfaces.
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Figure 1.3 — Heat transfer paths at an interface: A) conduction through interstitial
material, B) conduction at contact spot, C) radiation acrossinterstitial space.

distributionis to assumea temperaturediscontinuity at the interface,with the associated
temperatur@ropdeterminedy the temperaturalistributionon eitherside of theinterface
(Figure1.2). Thistemperatureliscontinuityis proportionalto the heatflux throughthe
interface, with the proportionality constantcalled the thermal contact conductance h,,
definedin termsof thetemperaturelrop aciosstheinterfaceandthe heatflux throughthe
interface. The phenomenorns further complicated when the surfacesthat form the
interfacearenotconformingflat, or smooth.

Heatis transferredacrossinterfacesformedby contactingsurfacesthrough some
combinationof threepaths(Figure 1.3): conductionthroughcontactingspots,conduction
acrossthe interstitial spacethroughinterstitial material (if any), and radiation acrossthe
interstitial spacegprovidedthatthe interstitial materialis not opaqueto thermalradiation).
Convectionwithin the interstitial fluid is not generallytakeninto account,asthethickness
of theinterstitial spaces on the orderof roughnessanddoesnot lenditself to bulk fluid
motion. Thus,we expresshe heattransferratethroughthejoint as the sum of the heat

transferredhroughthecontactspotsandtheheatransferredhroughtheinterstitialgap:

qj :qc +qgap+qrad (11)



Theradiative heatflux acrosstheinterfacemay be neglectedif the interstitial materialis
opaqueto infrared radiation or if the interface temperaturelevel is less than 300 °C
(Madhusudanal 996). Thisis justified sinceevenmoderatdemperaturelifferencesat that
temperaturdevel yield radiativeheatratesthataremuchsmallerthanthe total heattransfer
throughthejoint.

Neglectingthecontributionof thermalradiation,the heattransferratesin Equation
1.1 canbe linked to the temperaturedifference betweenthe two surfacesby meansof

proportionalitycorstants or conductances:

— q _ qgap
, h=—— h_= (12)
A AT P A, AT

app™— "] app™ ']

Thus thetotal heatiransferacrosghejunction (Equation(1.1)) canbeexpresseds:
Q; = hy A, AT, = (h +hy ) A AT, (13)

Thesecondutancesreoften nondimensionalizeavith the harmonicmeanroughnessthe
effective conductivity of thejoint, and the averageslope of the asperitiesof the rougher
surface.

An appropriatepredictive model of the thermal contactconductanceshould take
into accountthe geometryof the interface. Thus,in addition to the thermophysical
propertiesof the materials that define the interface, geometric parametersmust be
considered. Theseinclude microscopicscaleparameterdike roughnesswaviness,and
asperityshapgin theform of the asperityslope),and macroscopigarametersuchasthe
radiusof curvatureatthemacroscopicontactspots.

Additionally, the modelshouldtakeinto accountthe effectsof the mechanicaland
thermalstateattheinterfae (Fletcher,1971). Theconductancehouldapproachaninfinite

valeaspressurencreaseso infinity andapproactazerovalueasthe pressuredecreaseto



zero. Theconductancshouldincreaseasthemeanjunction temperatureises,andas heat

transferateincreases.

CYLINDRICAL JOINTS

While studiesdealingwith thermalcontactconductanceébetweenflat surfacesare
common,studiesdealingwith cylindrical contactsarelimited, andthosedealprimarily with
specificapplications.Cylindrical contads occurin suchdiverseapplicationsas composite
cylindrical tanks,spacestructurespowertransmissiotines, electronicdevices,nuclearfuel
elementsair conditioningsystemsandpipelines. As a consequenceonductionthrough
cylindrical contactsis an importantphenomenono understand. While there are more
studiedevotedo thermalconductionthroughcylindrical contactghantherewere a decade
ago,this phenomenoirs still ratherunderrepresentedh the literaturewhenoneconsiders
thatcylindrical contactsarerelativelycommon. In reviewsof contactconductancditerature
(Fletcher(1988)andMadhusudanandFletcher(1985)),approximately5% of the contact
conductancearticlesdealwith cylindrical contacts.

Figure 1.4 illustratesthefour different compositecylinder combinationsof thick
andthin shellgeometrieghatcanform a cylindrical interface. Fromastrengthof materials
point of view, a thin shellis definedas one whosethicknessis lessthan one tenththe
nominal radius (Shigley, 1972). Thin cylindrical shells are commonly found in such
placesas the cladding of superconductingvires, tension-woundfinned tubes,and large
diametemipes. Thick cylindrical shells(including solid compositecylinders) mayoccurin
suchapplicationsasnuclearfuel rodsandcompositepipes.

Cylindrical jointsbehavedifferently thanflat joints. For heattransferthroughflat
contacts pressurgalthoughdependenbn interface heatflux, interfacetemperaturdevel,
heatflow direction,interstitial fluid, surfacecondition,andthe thermophysicapropertiesof

thematerialshatcomposehejoint) canbe monitoredand controlledindependentlyof the
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Figure 1.4 — Four different types of composite cylinders with inner-outer shell

thicknesscombinationsof: A) thick-thick, B) thin-thin, C) thick-thin, and D) thin-
thick.

heatflux throughtheinterface andresultsareoftenpresenteth termsof conductancesa
functionof interfacepressure. For cylindrical contacts(in additionto the aforementioned
factorsthatinfluenceinterface pressurefor flat surfaces)he interface pressureis also
dependenontheinitial degreeof fit, the differential expansiorof the cylindersdueto the
temperaturalifferenceattheinterface andthetemperaturelistributionwithin the individual
cylindrical shells.

The interface pressurefemperaturedistribution throughoutthe cylindrical shells,
andthethermalcontactconductane areinterdependent theyall dependon theinterface
heafflux. Thereforethe heatflux is far moreinfluential for cylindrical contactsthanit is
for flat contacts. Of the possibleexperimentatestparametersonly the heatflux through
thejoint may be independentlycontrolled. As a consequencethe experimentalthermal

contactconductanceaesultsfor cylindrical contactsare often presentedas a function of



interface heatflux, a function of calculated interface pressure,or a function of the
temperaturealifferenceacrossoneof thecylindrical shells.

In addition to surfaceirregularitiessuch as wavinessand roughnessconduction
through cylindrical contacts involves other parameterssuch as out-of-roundness.
Furthermore placementof instrumatation for studiesinvolving cylindrical contactsis
moredifficult thanit is for flat contacts. It is probablethattheseadditional complexities
discouragénvestigationsnto thermalcontactconductancef cylindrical contacts.

Additional parametes needto be consideredn modeling as well.  Since the
pressureat the interfaceis not independentof the temperaturedistribution within the
cylindrical shells, initial clearance/interferenceust be takeninto account. Ratherthan
dependingon an assumption of isotropic roughnessand waviness, the axial and
circumferentialroughnessandwavinessshouldbe measuredind geometricallyaveraged.
Large-scaleerrorsin form (cylindricity and roundness)should be accountedfor when
calculatingtheinfluenceof themacroscopicontactspots.

Nevertheless;onductionthroughcylindrical contactss increasinglyimportant,and
additional studiesare warranted. The presentstudy provides an overall review of the
analytical and experimentalstudies of the therma contact conductanceof composite
cylinders and associatedconfigurations, and provides a comparison of existing
experimentaldata and correlations, insofar as possible. Tabulations of previously
publishedcorrelations,and figures demonstratingthe range of available datain these

categoriesrealsopresented.

OBJECTIVE
Theobjectivesof thisinvestigationinclude

» areviewof currentiteratureandmodelsfor cylindrical contactconductance,



thedevelopmenbf empiricalcorrelationsof the cylindrical contactconductance
asfunctionsof interfaceheatflux andinterfacepressure,

an experimentalmeasuremenof the thermal contact conductancebetween
severakelectegairsof cylindrical shells,

an analysisof the coupling betweenthe stress and thermal statesof the
cylindrical shells,in orderto ascertairthe pressureat the interfacebetweenthe
contactingeylindrical shells,and

a comparisorof the empirical correlationsobtainedin the presentstudy with

previouslypublishedandpresenexperimenthdata.
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CHAPTER Il
LITERATURE REVIEW

Before making predictionsof the thermal contactconductanceat interfaces,it is
necessaryo havean adequateunderstandingf the mechanicaland thermal phenomena
affectingthethermalcontactconductance This chapterreviewssomeof the investigations
of the thermal contactconductanceof cylindrical interfaces,examining both theoretical
modelsthat illuminate the relevant phenomenaand experimental studies that provide
resultsfor comparison. Cylindrical contactstudies are divided into two groups. Some
studiesaremoretheoreticalin nature,dealingprimarily with fundamentalissues,and are
broadlyclassifiedasGeneralylindrical Studies. Othersareexperimentallypasedandare
classifiedasApplied Cylindrical Studies. A brief review of GeneralContactConductance
Studies(chiefly papersthat deal with contact conductancetheory for rough surfaces)
follows. Papersin this sectiondefine parametersof interestand provide a basis of
comparisorof experimentakesults andtheories. Correlationsof interestarepresentedn
tabularform for eachsection,andexperimentatlataarecomparedo eachother.

Thermalrectification,a phenomenomssociatedvith contactconductancebetween
dissimilar materialssuchasthe different metalsusedin this study, has beenstudiedby
manyinvestigatorswith relativelyfew publicationsconcerningpredictivemodels. Further,
this presenstudydoesnot lenditself to the recognitionof thermalrectification, sinceit is
highly unlikely thatidenticalmechanicandthermalconditionsatthe interfacewould exist
for differentmaterialcombinations. Therefore thermalrectificationwill not be considered
asit is outsidethescopeof this study.

Madhusudanagt al. (1990) reviewal studiesof theoretical and experimental

investigationsof heat transferin compoundcylinders, categorizing these studies as
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application oriented (and appropriateto specific materialsand tubing) or fundamental
(utilizing idealizedsurfacesandgeometres). Theyfoundthattherearesignificantholesin
thestateof knowledgeof heatiransferthroughcylindrical contactsandthatonly a modest
effort hasbeenmadeto fill thesegaps. They concludethat thereare severalimportant
shortcomingsin the literature: contact resistanceis measuredindirectly from total
resistancendcomputedmaterialresistancesgontactresistancas assumedo be constant
(neglectingthe effectsof differential expansion)fundamentalstudiesconsideridealized
surfaceghatbearlittle resemblancéo engineeringsurfacesandthat applicationoriented
studiesgenerallyreferto specific conditionsand materials. Furthermore they recognize
thatthereis adearthof datathatcanbe usedto confirmtheoreticaimodels.

Hrnjak andSheffield(1990) produceda similar review of plate-fin heatexchanger
studies. Theinvestigationgeviewedwereconcernedvith thejunctionsformedbetweenthe
tubesandthefins. Theyidentify thermalcontactconductancéetweenthe fin andthe tube
asa neglectedohenomenonasfar as mostheatexchangerstudiesare concerned. They
concludedthatonly a limited amountof experimentaldatais generallyavailable,and that

manyparametergmportantto currentcontactconductance¢heoriesarenotreported.

GENERAL CYLINDRICAL STUDIES

Generaktudiesof thermalcontactconductancéhroughcylindrical contactsconsist
of investigationglealingwith compositecylindersandcylindrical shells. For themostpart,
the heatflow through compositecylindersis assumedo be axisymmetricand radial.
While someof thesestudiesarefor specific materialsandapplicationsit is fairly easyto
extendheirresultsto moregenerakases.

Brutto, et al. (1959) conducteda study of compoundtubesin a vacwm
environment. Their study was motivatedby the problem of extracting heatfrom clad

cylindrical nuclearfuel elementsat interfaceheatfluxes between3.0E5and9.0E5 W/m2,
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The experimentathermalcontactconductanceesultsare presentedas a function of the
temperatureof the water surroundingthe fuel elementsand cannotbe comparedto other
publishedesultsof theories.Theyfound thatthe claddingprocesqi.e. how the cladding
is bondedo thefuel) hada significanteffect on the thermalbehaior of theinterface,due
to the existenceof metallurgicalbonding, plastic deformationof tube layers, and contact
pressuredue to residualelastic strain. The authorssuggestsurfaceroughnessat the
interfaceas a contributingfactorto the contactresistance. They alsorecommendhatthe
methodof joining the claddingto the fuel be takeninto accountwhen making studiesin

thisfield, suggestindurtherthata metallicbondbetweerthefuel andthe claddingmaterial
is superiorto amechanicabond

Cohen,etal. (1960) studiedthe conductancéetweencylindrical uranium-dioxide
pelletsandthin stainlesssteelcladding. They performedin-pile experimentsmeasuring
thecenterlinetemperaturef thefuel pelletfrom 100°Cto nearly1200°C. Theyobtained
experimentathermalcontactconductancelataasafunctionof contactpressurewhich was
calculatedfrom the relative thermal expansionof the pellet and the cladding. They
identified operatingfactorsthat influence the interface pressure(induding fuel cracking,
initial clearanceandassemblynethod). Amongtheinterestingphenomenowbservedvas
thevariationof thermalcontactconductancevith theeachstartupandas a functionof time
duringtheoperatingcycle. Thelackof surfacemetology andthe poor repeatabilitymake
thepresentedataof limited usefor thepurposef thecurrentstudy.

Williams andMadhusudané1970)identified somebasicproblemsassociatedvith
studiesof conductancen cylindrical contacts,and presentedhe experimentalresultsof
two geometries— partial cylindrical contacts (included angle less than 20°) and full
cylindrical contacts. Theexperimentathermalcontactconductancelatawereobtainedover
arangebetweenl.0E5and 5.0E5W/m?2 with both air and vacuumas interstitial fluids.

Someof the problemsthey encounterednclude difficulty in obtainingtruly cylindrical
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contactsandfacilitation of a uniform heatflux throughtheinterface. They reportedthat
partialcylindrical contactsbehavevery similarly to flat contacts so muchso thatthey may
be simplified as such for many cases. Full cylindrical contactswere found to be very
susceptiblgo small out-of-roundnessleviationsin the interfacialarea. They recommend
interferencdits to enhane the conductionthroughthe joint — in fact they statein their
conclusionsthat the thermal resistancethrough such interfaceswas too small to be
accuratelydeterminedn their study. Thereis insufficient surfacemetrologyandcylinder
geometryto deerminetheinterfacepressurer to usecurrentcontactconductancenodels.
Novikov, et al. (1972) conducteda study of the heattransferbetweencoaxial
cylindrical casingsin vacuum,anddeterminedhatthe contactpressures stronglyrelated
to theraio of thermalexpansiorcoefficients,theinitial stressstateof the compositetube,
and the thermal load. One of their conclusionsis that when the thermal expansion
coefficient of the outer casingis greaterthan that of the inner cylinder, the interface
pressurewill decreaseand that contactresistancewill increasewith increasing,radially
outwardthermalload. Their modeltakesinto accountthe thermophysicakndmechanical
propertiesof the cylindrical casings,but neglectssurfaceconditions and imperfections.
Theexperimentatlatausedfor theirmodeldevelopments notavailablefor comparison.
Tam (1976) and Hsu and Tam (1979) conductedexperimentswith composite
cylindersin air, varying the heatflux andsurfaceroughnesof oneside of the interface.
They identified phenomenathat might explain the difference in the thermal contact
conductancéehaviorof materialsin cylindrical contactsandflat contacts. Predictionsof
contactconductancecalculatedby modified flat contactmodels(deiived from Ross and
Stoute(1962),andShlykovand Ganin (1964)) aremuchlower thanthe experimentadata
of HsuandTam(1979). They proposeas a possibleexplanationthe lateral expansiorof
flat contactswhich wouldreducethe thermallyinducedstrainat the interfaceandincrease

theassociatednicro-contactarea. Theslopesof the asperitiesnay alsobe affectedby the
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lateralexpansionwhich would, in turn affect the actualcontactareaand thus the contact
conductance. They also identify the effects of surfacewaviness,interfacial heatflux,
oxidation,andradiusof curvatureasimportantparametershatshouldbe accountedor in
futurecorrelations.

MadhusudanandFletcher(1981) presentesultsof thermal contactconductance
testsfor cylindrical interfaceheatfluxes between8.0E3W/m2 and 4.2E4W/m2. They
reportthatjointswith aninterferencdit exhibit negligiblethermalcontactresistancédueto
thenegligibletemperaturaiscontinuityattheinterface). They alsoreportthattheincrease
of thejoint conductancén air comparedo theincreasen vacuumwasof thesameorder of
magnitudeastheratio of the thermalconductivity of air to theamountof initial clearance.
Theyfurtherasserthattheprimaryfactorsof importancefor predictingthe thermalcontact
conductancere the initial fit, the differential expansiondue to the temperaturegradient
within the cylindrical shells, and the differential expansiondue to the temperature
differenceacrosgheinterface. Theysuggesthat, asa resultof the couplingbetweenthe
contactresistanceinterface pressureand interfacetemperaturedifference, predictionsof
thecontactconductancenustbesolvediteratively. Theydo notprovidecompletegeometry
data(only theinterfaceradiusis given)thermaldata(temperaturearenotgiven),or surface
metrology.

WangandNowak(1982)conducteda theoreticalanalysisof the interfacebetween
duplextubeswherethereis a sectoratthe interfacewherethe tubesarenot in contactwith
eachother. Bothisothermalndisoflux boundaryconditionsat the interfacewere studied
throughtheuseof anelectricalanalogankanda computermodelof a representativesector
of theduplextube. Resultan theform of a predictivemodelfor the contactresistanceare
presentedbutno thermalcontactconductancelatais givenin theirstudy.

Srinivasanand France(1985) analytically studied heat transferin prestressed

duplextubes. Their study, promptedoby the erratic performancean the steamgereratorof
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an experimentalnuclear reactor, suggestedhat the multiple operatingconditions were
explainedby the time relaxationof the initial prestress. Analytical modelsshowedthat
sufficiently low prestresseat the interfaceof the duplextube would leadto non-unique
solutions. One suggestedonsequencef low prestressis the propagationof a non-
contactregionthroughthetube,leadingto widespreadseparatiorof the layersof the tube.
An increasan thetemperaturethroughouthe tubeandanincreasen the heatflux in the
contactingregionsarealsoexpectedas a consequencef this separation. However, the
resultsof the study cannotbe comparedwith otherpublishedstudiessincetheresultsare
presenteth arbitraryunits.

Barber(198a, 1986b)also studiedthe non-uniquenessf analytic solutionsfor
thetemperaturalistributionin prestresseduplextubesstudiesby Srinivasanand France
(1985). Specifically, he examinedthe influence of the phenomenonon the axial
temperaturevariaion in the duplextubes,andthe stability of the temperaturedistribution
solutions. He foundthattherearealwaysan odd numberof solutions,alternatingbetween
stableand unstable,and that the phenomenons sensitiveto a numberof conditions,
includingtheinitial stressstateof thecompositetube, thetemperaturdevel at the interface,
andthethermophysicapropertieof thetubematerials.

Madhusudang1983, 1986, 1999) presentsa predictive model for the thermal
contact conductancethrough a cylindrical joint basedon material properties, cylinder
geometry surfacefinish, andinitial degreeof fit. He illustratesthe influence of thermal
load, material combination, and interstitial fluid on interface pressure and contact
conductanceln gereral,themodelpredictsthatcontactpressurencreasesvith heatload.
Oneinterestingresultof his modelis thata material combinationwith a lower effective
conductivity(definedastheharmonicmearnof thetwo materialthermalconductivities)may
resultin a higher contactconductanceghan a material combinationof a higher effective

conductivity,dependingn the direction of the heatflow. He concludegMadhusudana,
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1986)thatthereis a strongrelationbetweerthe contactpressureand materialcombination,
andbetweenconductanceindthe propertiesof the interstitial medium (especiallyat low
thermalloads). He alsostateghatthereis aweakrelationbetweernthecontactpressureand
the propertiesof the interstitial medium. However, there ae no comparisonswith

experimentatiata.

LemczykandYovanovich(1987) offer a methodfor predictingthe conductancef
cylindrical contactsbasedon advancedmodels for conductanceof flat contactsthat
considerscontact pressuremicrohardnessand surface roughness. The procedureis
iterativein nature andresultsarepresenteth theform of thermalcontactconductancesa
functionof anestimatedcontactpressure. Good agreements found with the dataof Hsu
and Tam (1976), although some surface properties (which were not provided) were
estimated.Comparisongaremadewith modifiedflat contactmodelsof ShlykovandGanin
(1964),Veziroglu (1967),andRossand Stoute(1962),demonstratinghat the methodis
moreeffectivefor predictingthe contad¢ conductanceéhanthe otherthreemodels. This is
chiefly aresultof theconformingsurfacemodelusedapparentlyfrom Yovanovich(1981).
Theyrecommendhat, in future models,the difference betweenaxial and circumferential
roughnesde takeninto account. Theirmethodassumesa plane-stresgondition within
the compositecylinder, and is developedfor caseswhere thereis an interferencefit.
Neitherof theseconditionsapplyto thefacility usedin thepresenstudy.

Danesand Simon (1990) useda modification of the transientmethodused by
BourougaandBardon(1992)to determinethetransientthermalcontactresistancéetween
two cylinders. Theyusedseveralsamplegconstructedf aninner stainlesssteelcylinder
and an outer tin cylinder) ard determinedan exponential correlation dependenton
temperature. They report a reductionin the measurementerror of 50%. However,
BourougaandBardon(1992)cite an experimentaluncertaintythatis of the sameorder of

magnitudeastheirmeasurementlinsufficientsurfacemetrologyinformationis providedto
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use currentconductancenodelsand not enoughgeometricinformation is provided to
determinghevariationof interfacepressureavith experimentatonditions.

MadhusudanandLitvak (1990) conductedan experimentalstudy of conduction
througha compositecylinder, focusingon the design,construction,and validation of an
experimentaltest facility. The test facility consistedof a composite cylindrical shell
(stainlessteelB03andaluminum2011)which washeatedon theinterior by hot fluid and
cooledon the exteriorby coolfluid. Theypresentthe thermal contactconductanceas a
functionof temperaturealifferenceacrosgheinterior cylinder, althoughthey alsogive heat
rates(andthroughcalalation,interfacialheatfluxes). Thereis no mentionof the clearance
betweenthe cylindrical shells or the surfacecharacteristic§roughnessand waviness).
They call attentionto the effect of the interstitial fluid and emphasizethat the interface
pressureanonly beestimatedandshouldnot be usedto presentata. Theyrecommend
thattheoreticaimodelsberefinedto takeinto accountargescalarregularities(suchas out-
of-roundnesandwavinessattheinterface.

Artyukhin, et al. (1991) corstructeda computationalalgorithm to determinethe
thermalcontactresistancdetweennuclearfuel pelletsandcladdingby solving the inverse
heatransfemproblem,with theaimof usingthe modelfor non-steadyexperimentaktudies
insidereactors.Thdr resultssuggesthe optimal placemenif temperaturesensorswithin
thefuel elementandthemeanghatmaybeusedto analyzeandprocesshe datafrom non-
steadythermalexperiments.

Table 2.1 comparesorrelationsthat are more fundamentalin natue, and have
generalpplicability. Thesecorrelationsdorrowheavilyfrom flat contactmodels,and have
(for the mostpart) the familiar hardnessand roughnesgerms. Newermodelsfor heat
transferthroughflat contactsmay be modified to betteraccountfor out-of-roundnessnd

longitudinalwaviness.
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Table 2.1 — General Cylindrical ConductanceCorrelations

Correlation Comments/Conditions

Novikov, et al. (1972) Semi-theoretical model for

3,2 i [ thin shells, power law
R = (PP [ [3 v ] o [3(-v2)] : correlations for resistance &
° Qar E E, 5" E 5,(1,3) 12 H a function of instantaneous

interface pressure,

Pc < yield stress dependence on
thermophysical properties.
Wang and Nowak (1982) Theoretical model for duple:
D D %ﬁ E E tubes with spot contacts an
. an arbitrary heat flut(),
Slz%; K, a H Dslnk ‘Pa)E E constant fluid temperatures,
O\ =M (3 k.¢, O C and steady, 2-D temperatur
T ] 1@ H [ distribution.
2k H E
R.=
ne, O 0 [3s [
11¢ 5} H _1%5' (k )%
in(k, @
DI-_ F kn(pa D 2 |I
% ) nzlﬁ ( )%gk +1ﬁ K, ®, %
where
Flk,,)= If )codk,, @)d
Madhusudana (1986) General theoretical
cylindrical model derived
h —% .13tan® ?H +ﬂ from flat conductance mode
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CYLINDRICAL CONTACT APPLICATION STUDIES

A majority of the application studiesdeal with heatexchangersjncluding the
installation of fins or extendedsurfaces. Thermal contact resistanceaccountsfor a
significant portion of the thermal resistancein plate finned heatexchangers. Typical
finned-tubeconfigurationsareshownin Figure2.1. From a geometricviewpoint, tension
wound,footedfins havea dualnature. At thefoot, theymight beexpectedo behaveasthin
cylindrical shells. At thepointwherethefin risesfrom thefoot, they might be expectedo
behaveasthickcylindrical shells. Therefore,analysisof the heattransferthroughthefin-
tubeinterfacerequirescarefulconsideratiorof thegeometry.

The effectsof the thermal resistanceof the fin-tube bond are of considerable
interest. Kim (1978)identified a majordeficieng in the stateof the art— specificallythe
lack of theoreticalor empirical predictiontechniquedor the thermalcontactresistanceof

all typesof finned tubes. The memodescribeghe objectivesof a proposedstudy: to

C D

Figure 2.1 — Typical heat exchangerfin types: A) edge-wound‘l’ fins, B) edge-
wound ‘foot’ fins, C) extruded ‘muff’ fins, and D) plate fins.
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investigatetheeffectsof materal propertiesfin-tubegeometry andsurfacecoatingwith the
result of a correlation of joint conductanceas a function of fin-tube geometry and
mechanicaproperties.

Dart (1959) describech methodof measuringhe effect of fin bond on the heat
transferthrough the fin-tube contact and conducteda seriesof experimentaltests to
demonstratehe utility of the method. The methoddescribedn this seminalwork was
refinedby Eckels(1974 1977) and later by Abuebid (1984),and others. The method,
which usesgeometricparameterso predictthe heattransferthroughthe bond, doesnot
considettheeffectof thermophysicaproperties.

GardnerandCarnavog1960)presente@d modelfor the thermalcontactresistance
of the bond betweenvarioustypes of fins on tubing, basedon finned-tube geometry,
materialpropertiesandfluid temperatures.They observedhattheinterfacepressurgdue
to elastic stressesin the tube and the fins) can be calculatedwith the method of
Timoshenkcand Goodier (1951). Experimentaldatainclude information from testson
tensionwound fins and “muff-type” fins, but lack surfacemetrology and sufficient
informationregardingheinterfacegeometryfor broaderapplication. Theyalsoproposed
correlationsto predictthe gapresistancg“bond resistance”)as a function of operating
conditions,material propertiesandfabricationprocesses.They concludethatthe “bond-
resistance”of interferencefit finned-tubesis negligible for air-cooled heat transfer
equipment,but may be significant at extreme temperaturelevel conditions. They also
observeahattheconcentricityof the tubewall andthe muff-fin basehaslittle effecton the
contactresistance- provided that the gap resistanceis less than one fifth the overall
resistanceandthatthe error introducedis lessthanthreepercent. Theyalsoobservethat
longitudinalvariationof theinterfacialdiameterdiasa moredramaticeffect on thethermal

contactresistance.
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YoungandBriggs (1965) and Kulkarni and Young (1966) recognizedhatcontact
resistancecan be a significant part of the overall thermalresistancan finned-tube heat
exchangersTheyproducediesignchartspredictingthecontactresistances a function of
airandfluid temperatur@peratingconditionsand classifiedthemaccordingto fin number
anddiameter. Thesechartsassumeaniinitial contactpressureandfabricationtemperature,
and were constructedfrom datafor aluminum muff-type fins on steel tubes. Bond
resistancéincluding contactresistancejs presenteasafunctionof the temperatureof the
insidetube,which maynotbeuniformthroughthe thicknessor alongthe axis of thetube.
Further,for differenttypesof tubingor fin material,thesechartsmay not be accurateand
theydo notapplyto differenttypesof fin geometriesuchastensionwoundfins. Further,
no surface metrology information is given, and the data lack sufficient geometric
informationto calculatethevariationof interfacepressurevith the temperaturalistribution.
Insufficientinformationis presento fit thedatainto currentpredictive contactconductance
models.

Smith,etal. (1966)utilized a singletubetestrig to characterizehe performanceof
steelandaluminumtubeswith aluminumtension-woundindfootedfins. Both steadyand
cyclic operationtestsat tubetemperaturebetween330 °Cand 375 °C. They found that
therewasanincreasen thermalresistancewith tube wall temperatureand that thin fins
deformwith temperaturéchanginghepressuralistribuion of theinterface).

Eckels(1974,1977)designeda testfacility thatuseda large numberof tube-fin
interfacesin a tubecoil to determinethe averagecontactconductancebetweentubesand
plate fins. The uncertainty of the thermal contact conducance values given by this
techniquewvasestimatedo beon the orderof 20%. Sheffield,etal. (1985b),Sheffield, et
al. (1987),Sheffield, et al. (1989),and Sauerand Sheffield(1987) usedthis techniquein
the studiesreviewed here. In a secondstudy, Eckels (1977) utilized the previously

designedestfacility to obtain experimentalvalues of the thermal contact conductance
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throughadry, mechanicallyexpandedglate-finnedtube,and produceda correlationthatis
dependenbn geometryalone. He found thatthevaluesof temperaturemnassflow rate,and
thefin resistanceverethe most significant sourcesof error in his relation, and that the
errorin theresultsincreasesvith heatflux (approximatelyl5% at5.676E3W/m2K, and
30%at1.13E4W/m2K).

Kuntysh,etal. (1983)studiedthethermalcontactresistancef L-footedfins. They
usedtwo different tube boundaryconditionsin their investigation— constanttube wall
temperatureanda varying tubetemperature. They provide two powerlaw correlations of
contactresistancasafunctionof interfaceheatflux. Their correlationdoesnot takeinto
accountthe common thermophysical propertiesand surface characteristicsthat are
consideredn morerecentthermalcontactconductanceheories,nor are theseparameters
presentecth theirstudy. Withouttheseparametergheirdata(thermalcontactresistanceas
afunctionof heatflux) is difficult to usein any subsequenmodeling without assuming
too muchinformation. Further,their correlationdoesnot explicitly haveany dependence
ontheboundaryconditionsin testsusedto generatéheempiricaldata.

Stafford (1983) and Sheffield, et al. (1989) usedscanningelectronmicroscopyto
studythe effectsof expansiorandothergeometricparametergsuch aswaviness)on the
characteristicef tube-fininterfacesurfaces.They determinedhattubesurfaceroughness
decreasewith decreasindgin number(fins per unit length),andincreasesvith increasing
tubeexpansion.

ChristenserandFernande$1983 studiedthe contactand fouling resistances
pneumaticallyexpandedinnedtubeheatexchangers;onstructeaf copperfins on copper,
copper-nickel,or stainlesssteeltubes. They presentedrder of magnituderesultsthat
suggesthatthe contactregstanceis greaterthanthe fouling resistance. However, they
reportanuncertaintyin thecontactresistanceesultsthatis of thesameorderasthe contact

resistance.Theirthermalcontactresistancelataarenot presentedsafunctionof interface
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temperature pressure,or heatflux. Further, they do not mention the influence of
thermophysicapropertieor surfaceconditionson thethermalcontactresistance.

Matal, et al. (1994) studiedduplextubesfor usein aliquid sodiumheatedsteam
generatocomponenbdf anuclearpowerplant. Thetwo tubesstudiedhaveeithera setof
groovegutinto the outertubeat theinterface,or a setof threelandson theinnertubeat
theinterface to facilitate leakchecking. Thermalcontactresistancés givenasafunction of
thetemperaturelifferencebetweertheliquid sodiuminsidethetubesandthesteamoutside
thetubes,andcannotbecomparedo otherpublishedresults. Otherresultsaregiven asa
functionof time. Many parameters&renot reported,including surfacefinish, conductivity
of thetubematerial, and interface heatflux. Further,in contrastto their figure relating
thermalcontactresistancdo temperaturalifference,they claim to have “perfect” contact
betweerthetwotubelayers.

Abuebid(1984)and Sheffield, et al. (1985a)usedthe methodof Eckels(1974)to
determinghecontactconductancef plate-finnedmechanicallyexpandedubes. Although
Sheffield,etal. (1985a)identify manyparametershatarecommonlyacceptedas beingof
importancen thermalcontactconductancenodels,their correlationhasno dependencen
material properties,exhibits no influence of contactpressureor heatflux, and neglects
surfaceroughnessandout-of-roundness.The correlationis essentiallya leastsquaredit
throughdatafor a specificgeometry.

Ernest, et al. (1986), Sheffield, et al. (1987), Wood, et al. (1987a), Wood, et
al. (1987hb), Sheffield, et al. (1989), and Sauer and Sheffield (1987) conducted
experimentaktudiesinvestigatingthe thermalcontactresistanceof plate-finnedtube coils
in avacuum. In theirapparatusthe platefins of severaltubeswere joinedto form tube
sheets.Theapparatusirculatedcoldwaterthroughtheouterbanksof tubesandhot water
through a center bank of tubesin the coil. They assumedhat the tube conduction

resistanceand contactresistancerethe samefor both the hot tubesand the cold tubes.
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However, sincethe contactresistancas dependenbn the differential expansionof the
contactingmaterials,it is indirectly dependenbn thetemperature.

Ernest,etal. (1986) investigatedthe quality of the mechanicalbond betweenthe
fins andthetube— determiningthata pull-out testis anappropriateneasur®f the strength
of the bond,and thus the quality of the contact. The actual contact area, however, is
dependentpon surfacecharacteristicandfabricationprocessthereforesuch a pull test
maynotbeappropriatdor all configurations. Sheffield, et al. (1987) describea technique
developedo testplatefin tube heatexchangerandto investigatethe effectsof varying
geometryandmanufacturingnethod.

Wood, et al. (1987a), (1987b) conductedexperimentalstudiesinvestigating the
thermalcontactresistanceof plate-finnedtube coils, and the effectsof varioustube coll
parameter®n the thermalcontactresistancaisingthe sameapparatusf Sheffield, et al.
(1985b). Theresultsseento imply thatthereis no dependencef the contactconductance
on temperature,and roughly half of the results presentedare within 20% of their
experimentalcorrelation. In their secondstudy, Wood, et al. (1987b) conducted32
experimentsvhich examinedthe effectsof the numberof fins per inch, tube passesfin
conduction shape factor, fin-tube interference, and fin thickness on the contact
conductance Theyconcludedhatthermalcontactconductanceéncreasesvith interference,
butdecreasewith tubediameter. Suchconclusionsareappropriatesinceinterferencefits
increasethe contactareaard increasedtube diametergenerally involves more out-of-
roundnessandanon-uniformpressuralistribution.

Sheffield,etal. (1989),andSauerand Sheffield(1987) conductedan experimental
studyinvestigatingthe thermalcontactresistanceof plate-finred tube coils in a vacuum.
Theapparatusvassimilar to thatof Sheffield,etal. (1985a). Theyagainassumedhatthe

tubeconductionresistanceand contactresistancarethe samefor both the hot tubesand



25

the cold tubes. The correlation presentedn this paperextendsthe rangeof the one
presenteth Sheffield,etal.(1985a).

Nho andYovanovich(1989a),(1989b)experimentallystudiedtheeffectsof surface
conditionon the thermalcontactconductancef plate-finnedtube heatexchangers.The
methodusedwas similar to that used by Sheffield, et al. (1989), exceptthat the fins
appearedo beinstrumentedvith morethermocoupleshanin the study of Sheffield,etal.
(1989). In additionto thesamefin andtube parametergenerallyprovidedin this type of
study,surfaceconditioninformationincluding hardness;oughnessand asperityslopefor
boththe tubeandfin surfacesvasprovided. The hardnessandconductivity of the oxide
layerfound on the contactingsurfacesvasalsogiven, althoughno newcorrelationwhich
usesthis informationwasprovided. Theyalsoexaminedthe contactbetweenthefin and
thetubeandfoundthattheapparentontactareavarieswith theamounf expansiorof the
tubeinto thefin, causinghefoot of thefin to eithercurl, buckle, or displacethe heelof the
adjacenfin foot. Eachof thesefactorsaffectsthe contactarea,andthusthe conductance.
Theaverageatonductancéor eachof the finned-tubeunits comparesvell with the model
of Sheffield,etal. (1989), beingwithin theuncertaintyof the modelfor mostof thefinned
tubeunits.

Egorov,etal. (1989)studiedcontactheatiransferesistancen finned-duplextubes,
which were manufacturedy eitherdrawingor pressing. They presentesultsof contad¢
conductances a functionof interfacial heatflux. Theyobservedthe effectsof unstable
contactbetweerthetubelayers,which wasinvestigatedn greaterdetail by Srinivasanand
France(1985), and Barber (1986a, (986b). No surfacemetrology is provded, scant
thermophysicalpropertydata(of interestdue to the type of steelused)is given, and
insufficient geometricinformation is given to calculatethe variation of pressurewith

temperature.
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Huang(1994)useda finite elementtechniqueto modelthe flow of heatbetween
tubesconnectedy a platefin to determinethe conductionresistanceassociatedvith the
geometry. Thismethodcanbeusedin conjunctionwith experimentadatafor plate-finned
tubeheatexchangert determingheresistancelueto contactbetweenthe tubesandfins.
Previously,electricalanalogtechniquesvere usedto determinethe effect of the fin-tube
geometryon the conductionresistance. The resultsof the methodwere comparedwith
experimentatlataof Sheffield,etal. (1989). For seventeerof thethirty-two datasetsised
for comparison, Huang (1994) found that the average absolute error caused by
measurementvas 78%, and the averageabsoluteerror causedby the one-dimensional
modelwas68%. Furtherhis calculationdor thesameseventeematasetsshowthatwhile
theone-dimensionainodelusedin theexperimentaktudyresultsin a contactresistanceof
approximately20% of thetotal resistancea two-dimensionalmodelresultsin a thermal
contact resistanceof approxmately 11% of the total resistance,which indicates that
analysedasedn previousexperimentastudieshaveoverestimatedhefractionof thetotal
thermalresistancelueto contactresistancdy about9%. Huang(1994)concludeghathis
analysiswould improve the experimentalresults becauseit does not assumea one-
dimensionalconductionbetweenhot and cold tubes, and is able to avoid the error
associateavith thatassumption.

Table 2.2 compareghe availablecorrelationsfor conductancehroughcylindrical
contactfoundin finnedtubesandtubecollars. Much of this work is empirical,andthus
applicableonly to specificgeometriesand materialcombinations. Of particularinterestis
theabsencef hardnessindsurfacecharacteristicsuchasroughnessor wavinesstermsin

thecorrelations. All correlationsaredimensional.
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Table 2.2 — Correlations for Conductancethrough Cylindrical Contactsin Finned
Tubesand Tube Sheets

Correlation Comments/Conditions
Gardner and Carnavos (1960) For interference fit finned-
C tubes, pressure based on
%af - at)(Th - To) ~HPq E elastic theory. Parametgrs
andp defined in paper.
R. = pD_D J o J o T _TC Constant fluid temperatures,
@(fﬁ R +R %at% R +R h a) fin base and tube wall are
H g g L] E concentric and smooth, effec

of fluid pressure is negligible
P <0.43(t/d - §-5 P g1

Kuntysh, et al. (1983) Empirical curve fit, Air-Air
0304 heat transfer, co-axial circula
a) R =0552q, find, interface heat flux
111E between 2.5E4 and 7.0E4
b) R,=0.004185]"" WIm2.

a) Constant tube wall
temperature, between 350 al
365 K

b) Varying tube wall
temperature, approximately
linear from 345 K to 510 K

Eckels (1977) Semi-theoretical, apropos to
specific geometry and

GDt pi [ material combination, no
h,=2.55%10 5‘? " —lH E temperature or material
0

property dependence.

.642:

Sheffield, et al. (1985b) Mechanically expanded tube
and tube collars, minor

(], [ipo3 4 [3867 )
23 L +5.20%10 dependence on material
hc =2.81510 %% L % properties, no influence of
0 contact pressure or heat loa

apropos to a specific
geometry and material
combination, no temperature
dependence,

6.73%< error< 18.35% ;
do=0.009525m ; & N< 20;
0.001196 nx L < 0.004219 m ;
0.000165 n | £ 0.000279 m
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Table 2.2(continued)

Correlation Comments/Conditions
Wood, et al. (1987a) Mechanically expanded,
plate-finned tubes - copper
. .75 . .
fpid AL2S tubes and aluminum fins,
h,=5.67826xp_6.092+ 2.88 % (t fpi) mechanically expanded tube
E do apropos to a specific
geometry and material
0.00635 nx dy < 0.015875 m; combination, no temperature
6<fpi<18;. dependence, nearly one half
000114 < t < .000231 m ; of the coils tested fell within
0.000076 nx | < 0.000191 m 20% of this correlation.
Sheffield, et al. (1989) Mechanically expanded,
plate-finned tubes, minor
.75 .
fpid AL25 dependence on material
h, =5.67826ex - .828+2.88 | % (t fpi) properties,
[0}

No influence of contact
pressure or heat load — leas:
squares fit for data apropos
a specific geometry and
material combination,

0.009525 nx 0o < 0.015875 m ;

6<fpi<18;

0.000102 nx t< 0.000231 m ;

0.000076 nx | £ 0.000191 m
No temperature dependence
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GENERAL CONTACT CONDUCTANCE STUDIES

Hertz (1881) madean analytical study of smoothcontactingspheres. Hertzian
contacttheory assumeshat eachcontacting sphereis smooth. While this makesthe
mathematicgnoretractableyeal surfaceqwhich arenot perfectly smooth)do not fall into
this category. However,Hertziancontactcanbeusedasalimiting caseandareat the base
of many contact conductancemodels for non-conformingsurfaces. Using Hertzian
analysisfor the contactbetweensphereand a plane(Timoshenkoand Goodier, 1951),
expressiongor thecontactareaand pressurenecessaryo deformthe sphereto form this
areacanbeobtained. The Hertzianelasticmodulususedin studiesof the deformationof
spheress defined

Og, g O

E':é_—vf+1_\)§% (2.2)

Shlykov and Ganin (1964) semi-empirical model of contact conductancefor

nominally flat, roughmetals,assumeshatmicrocontactradiusis constantand unaffected
by roughnes®r contactpressure.Themodelfurtherassumeshatthe contacthardnesss
threetimestheultimatetensilestrength.

Veziroglu (1967) correlateda significantamountof experimentaldata, identifying
termsfor effectiveinterstitial gapthickness,gap conductancebut finding his effective gap
thicknessto be relatively insensitiveto surfacefinish. Asperity slope and waviness
parametersverenotuseddueto lackof data. The correlationis difficult to implementdue
to its iterativenature.

Clausingand Chao (1964) considerednon-flat surfaces, specifically relatively
smoothspheresn contact. Assumingan elasticmacrocontactleformation,they madeuse
of theHertziancontactmodelto determinethe macrocontacsizeand pressurdlistribution

andcontactradius. The ratio of specimensizeto the macrocontacradiuswas usedto
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determinethe macpscopicconstrictionresistance. Assumingthat the microcontactradii
were constantand equalto the roughnessthey developeda modelfor the microscopic
constriction resistance. They defined a dimensionlessgroup, termed the Elastic
Conformity Modulus,representingheratio of the elasticdeformationof the macrocontact

to theflatnesgeviation(approximatelyhalf theradiusof curvature):

_aP b f
z=§¥%pg (22)

The Elastic Conformity Modulus providesa measureof the conformity of the mating
surfacesinderloadandplaysalargerolein theirmacroscopiconstrictionmodel.
Greenwood(1967) defines a plasticity index indicating the mode of the

microcontactdeformation

o EG e

For valuesof theindexgreaterthanl, themicro-deformations plastic, for valueslessthan
0.7,themicro-deformations elastic.

Cooperetal. (1969) studiedthe contactconductancef rough,conformingmetals
experiencinglight to moderatepressure. The model presumeshat the microcontacts
deformplastically.

Mikic (1970) developedmodelsfor the macroscopicand microscopic contact
conductancéhattook into accounton-uniformpressurelistributions,but did not specify
how the distributionswere deermined. The microscopic conductancemodel usesthe
plasticdeformatiormodelof Cooperetal. (1969).

Thomasand Sayles(1974) studiedthe relative effectsof wavinessand roughness
on thermalcontactconductance.They observethatthe total roughnessof a specimenis

relatedto its size. Definingadimensionlessvavinessaumber,
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(2.4)

ThomasandSayleq1974)identify thevicinity of & =0.7 to be the pointwhereroughness
andwavinesshave equalinfluenceover the contactconductanceandthatthe influence of
wavinesscanbeneglectedor valuesgreaterthanunity.

Yovanovich (1981) refined the model of Cooper, et al. (1969) for plastic
deformationof microscopiccontactson conformingsurfaces.

Lambert (1995) and Lambert and Fletcher (1997) developeda model for the
thermal contactconductanceof sphericalrough metalsthatis valid in regionsremoved
from thelimiting casef rough/flat, smooth/sphericasurfaces. It is, however,a singe
macrocontactmodel, and requiresloading on the macrocontactas well as the surface
geometryof thecontact. In multiple macrocontacsituations,suchasthoseencounteredn
largeareacontactsit is difficult to estimatenumberof macrocontactmuchlesstheloading
on eachmacrocontact.

Table 2.3 lists the dimensional and non-dimensional contact conductance

correlationgeviewedin this section.

COMPARISON OF PUBLISHED RESULTS

Figure 2.2 showsa comparisorbetweenthe conductancedataof Hsu and Tam
(1976) as a function of apparentcontactpressureand the modelsof Ross and Stoute
(1962), Shlykov and Ganin (1964), Veziroglu, (1967), and Lemczyk and Yovanovich
(1987). Clearly,themodelof Lemczk andYovanovich(usingthe effective hardnessjits
the datawell, while othermodelsunder-predicthe datato varying degreegbetween20%
for RossandStoute(1962)and60%for Veziroglu(1967)). For flat andnearflat contacts,

pressureis often chasen as an independentexperimentalparameter. In the case of
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Correlation

Comments/Conditions

Ross and Stout@ 962)
h - kePc

¢ 2 2
0.05H J%

Modified flat contact model, som:
dependence on thermo-mechanic
properties.

Shlykov and Ganin (1964)
ksPc kgo
+
d,(345MPa) 0, +0,

h,=4.2x10"

Modified flat contact model,
some dependence on thermo-
mechanical properties.

Clausing and Chao (1964)

h,b _2 a/b _2 1.285¢*
k (s ./b) my(1285x%)
ho o2L/na,, 1

L — L/T[aiz_,Hz LIJ(1285)(},3) b|_
1.285x%  ay(as/bs)

RC
Res GH

Spherical smooth surfaces

elastic macroscopic deformation
plastic microscopic deformation

_L [T? b,
E, 3+9,
"4
a ., =(0.75L p/E)
0<C, <1, is elasto-plastic

deformation correction factor,
1=plastic deformation

Veziroglu (1967)

N, = ni
1

n*tarrit

TR =¥
HC N%LIE

Modified flat contact model,
some dependence on thermo-
mechanical properties.

B'=0335C")"""" "
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Correlation

Comments/Conditions

Cooper, et al. (1969)
h |:| P |j.98

kﬁ = 1.4%%

3.6E-4< P/H, < 1E-2
1.0pum <0< 8.0um
0.08<s m<0.16

Nominally flat, rough surfaces.

Mikic (1970)
For axisymmetric pressure distribution P(r):

Opr9e8s Oy O

h.sO _ r
—kf?— Z'QO%EHJH d%:%

0

E r998s [J 00 gl
1l LDP ' J I d M er 0
hp Hedb ] ‘@”bﬁ%{ U
T ~ ) 2
D n= n n D
O O
] ]

For unidirectional pressure distribution P(x):

Applicable for spherical and
cylindrical contacts, respectively

P(r) and P(x) undefined
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Correlation

Comments/Conditions

Yovanovich (1981)

k mDP

h, 1255 %4—% Y+0([3/\

Nominally flat, rough surfaces,

Modification of Cooper, et al.
(1969)

[3 % P/C %
C,/C, +1
1x10° < PdHe < 1x102
2.34<Ylo<4.26
0.14pum <0< 14pum
9.33um < o/m < 40um
0.015s m<0.35
0.001<sAglo <15
1<B=2
0. 04um <Ng< 0. 19pm
1x104 < kgoks < 2x102

Lambert (1995)
hz = *—1*
R.st R,

(0
R’ U %_lvpo% OHZE

- 615(|_* )0.484
kLt
\ chrE' %

— 1.44(L*)0.954

R R Rk

Rough, spherical contacts
* 2L
L

~ oE' J2po

1E-2< L <1E10

19.3 GP& E < 386 GPa
0.8556 MP& Hc < 2567 MPa
0.1pm<o<10um

0.0316s m< 0.316
1E-2m<p< 1E6
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Figure 2.2 — Comparison between experimental data of Hsu and Tam (1976) for
AL -2011 shell inside SS-304shell (0, = 5.100 pm) and the models of Ross and
Stoute (1962), Shlykov and Ganin (1964), Veziroglu (1967), Madhusudana (1986),
Lemczyk and Yovanovich (1987),and Yovanovich (1981).
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cylindrical contact conductancephenomenongcontact pressureis not easily measured,
muchlessindependentlygontrolled.

Publishedexperimentadataare shownin Figure 2.3 to demonstratehe rangeof
availableinformationas a functionof interfaceheatflux. While heatflux is of relatively
little influencefor flat andnearflat contacts,t appearsto be very influential in cylindrical
contactconductanc@henomenonTheconductance-interfadeeatflux datafall in families,
which canbenondimensionalized.

Figure 2.4 presentsdimensionlesghermal contactconductane as a function of
dimensionlesiterfaceheatflux. Heatflow is assumedo be radially outwardthroughan
interface formed by two thick cylindrical shells. The terms selectedto form the

dimensionles$ieatflux werechoserto form meaningfulgroupings

e
ac E%

R

The dimensionlessonductanceds the familiar dimensionlesserm usedin flat

Q

3

(2.5)

contact studies, where contact conductancels nondimensionalizedy the ratio of the
effectiveroughnesso theproductof the effectiveconductivityandasperityslope. Thefirst
termin the dimensionlessheatflux is a non-dimentionalizationof the heatflux with
effective (geometricmean)thermal expansion effective surfaceroughnessand effective
conductivity. Thesecoml termwaschosento accountfor the effectsof effective hardness
andelasticity,increasinghardnesill diminish the conductancewhile increasectlasticity
is expectedo increasat. Theratio of thethermalexpansionsvaschosento accountfor
theeffectof thedifferentialthermalexpansiorof thetwo shells. If theinnershellexpands

faster than the outer shell, then the interface pressurewill increase,and so will the
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® Al2011-SS304, 4.836n Al
inside 1.65um SS, air,
Hsu and Tam (1979)

H Al2011-SS304, 0.94m Al
inside 1.65um SS, air,
Hsu and Tam (1979)

& SS-SS, 11#n clearance, air,
Madhusudana and Fletcher (1981)

A Armco Iron-Armco lron,
21um clearance, air,
Madhusudana and Fletcher (1981)

SS-SS, 214n clearance, air,
Williams and Madhusudana (197Q)

SS-SS, 13#n clearance, Vacuum,
Madhusudana and Fletcher (1981

Armco Iron-Armco Iron,
21um clearance, Vacuum,
Madhusudana and Fletcher (1981

SS-SS, 214n clearance, Vacuum
Williams and Madhusudana (197Q)
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Figure 2.3 — Experimental thermal contactconductancedata for cylindrical contactsas

a function of interface heat flux.
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® Al2011-SS304, 4.826 Al
inside 1.6pm SS, air,
Hsu and Tam (1979)

W Al2011-SS304, 0.4 Al
inside 1.6pm SS, air,
Hsu and Tam (1979)

& SS-SS, 138n clearance, air,
Madhusudana and Fletcher (1981)

A  Armco Iron-Armco Iron,
23um clearance, air,
Madhusudana and Fletcher (1981)

SS-SS, 214 clearance, air,
Williams and Madhusudana (197(

SS-SS, 13&n clearance, Vacuum,
Madhusudana and Fletcher (198:

Armco Iron-Armco Iron,
23um clearance, Vacuum,
Madhusudana and Fletcher (198:

SS-SS, 21 clearance, Vacuum,
Williams and Madhusudana (197(
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Figure 2.4 — Dimensionlessthermal contact conductancedata for cylindrical contacts

asa function of dimensionlessnterface heatflux.
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conductance.Thefourth termis includedto representhe effectsof an interstitial gas.
Conductancés expectedo behigherwhenthereis aninterstitial gas. Thewhole number
exponentsof the third and fourth terms were selectedto align the data. Since the
calculationof theinterfacepressuress beyondthescopeof this study, no attemptis made
to accountor theirinfluence. As predictedby Madhusudanél986) theeffect of interface
fluid on theconductancés smallerthanthatof therelative expansiorof the cylindersthat
maketheinterface. A powerlaw fit throughthe experimentaldataservesas a point of

departurdor furtheranalyticalstudies:

(2.6)

* )0.544ZA

h'=9.9122(q

Thiscorrelationhasa Pearson’s valueof 9.907E-1ndicatingafairly goodfit.

Figure2.5 comparegsherelativefit of various plate-finnedtube correlationswith
experimentaldata. Experimentaldatafrom the studiesof Dart (1959), Eckels (1977),
Sheffield,etal. (1987),andNho andYovanovich(1989a,1989b)were comparedwith the
valuespredictedby thecorrelationsof Eckels(1977),Sheffield,etal. (1985b),Wood, et al.
(1987a,1987b),and Sheffield, et al. (1989) at the sameconditions. The horizontal axis
indicatesthe measured¢onductancevalue and the vertical axis indicatesthe conductance
value predicted by the correlations. The datapoints in the figure are placed at the
intersectionof the experimentalvalue and the predicted value for a specific set of
conditions. A solidline at45°to thehorizontalindicateswherethedatapointswould fall if
the experimentaresultswere exactly predictedby a correlation. Straightlines parallel to
the45° solid line area least-squarefit throughthe all of the datapoints for eachof the
four correlations,and indicate the averageover prediction or under prediction of the
correspondingcorrelation. Lines that are above the solid line indicate that the

correspondingorrelationsover-predictheexperimenthdata,while linesthatarebelow the
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Figure 2.5 — Comparison of correlation predicted values of contact conductancewith
measuredvaluesfor plate-finned tubes from studies of Dart (1959), Eckels (1977),
Sheffield, et al. (1987),and Nho and Yovanovich (1989a,1989b).
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solid line indicatethatthe correspondingorrelationsunder-predicthe experimentabata.
The patternsmadeby the dataon this figure are also of interest. While the dataare
scatteredver the entile domainof the plot, a careful analysisof the dataindicatesthat
conductancealuesfor finnedtubesaregenerallylow.

Examinationof Figure 2.5 shows that the correlation of Eckels(1977) under-
predictghedataby approxinately 52%. The patternformedby the datapointsis a wide
bandacrosghecentemartof thefigure. Thecorrelationof Sheffield,etal. (1985b)over-
predictgheexperimentalaluesby approximately700%. The correlationdoesnot havea
goodcorrelaton with the publishedexperimentadata(as exhibitedby the wide scatterof
correspondinglatapoints). Further,the valuespredictedby this correlationspanmore
thantwo ordersof magnitude while the experimentadataspansslightly more thanone.
Someof thedatapointsfor this correlationlie nearthebottomof thefigure, while otherslie
nearthetop. Thiswide rangeof predictedvaluesmay be a resultof thelargeexponenof
the fin thickness—tubaliameterratio. The correlation of Wood, et al. (1987a)under-
predictsthe databy approximatelyl 7%,andthe associateddatapoints exhibit a banded
patternacrossthe lower part of the figure. The correlationby Sheffield, et al. (1989)
under-predictghe databy an averageof approximately55%. The datapoints associated
with the correlationexhibit a bandedpatternacrossthe middle part of the figure. The
proposedcorrelationsof Wood, et al. (1987a)and Sheffield, et al. (1989) have limited
utility atlow valuesof thermalcontactconductane,sincebothhavea lower boundinherent

in theform of thecorrelation.

SUMMARY
Cylindrical contactsoccur in many diverse applications. As a consequence,
conduction through cylindrical contactsis an important phenomenono understand.

Cylindrical joints behaveifferently thanflat joints. In flat contacts,nterfacepressurecan
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be monitoredand controlled independentlyof the heatflux through the interface, and
thermalcontactconductanceesultsareoftenpresenteés a functionof interfacepressure.
In cylindrical contactstheinterfacepressures dependenon theinitial degreeof fit andthe
differential expansiorof the cylinders(which is due to the temperaturedifferenceat the
interfaceandto the temperaturalistributionwithin the individual cylindrical shells). As a
consequenceahe heatflux is far moreimportantfor cylindrical contactsthanit is for flat
contacts.

The presentinvestigation provides a comparativestudy of the thermal contact
conductancén cylindrical contactsfor selectedmaterialsandconditions. While thereare
morestudiesdevotedo thermalconductionthroughcylindrical contactghantherewere six
yearsago,thisphenomenotis still ratherunderrepresentei the literature. The available
experimentaldata may not include all of the information requiredby current contact
conductancenodels,including materialdesignationmicrohardnesspr surfaceroughness
andwaviness(axially andcircumferentially). Thereis a need,thereforefor more,quality
experimentabdata. Sufficiently complexmodelsmaybe ableto more adequatelypredict
the behaviorof specificfinnedtubeapplications. Basedon this review, it is evidentthat
some areas of cylindrical thermal contact conductancehave not been adequately
investigatedjncluding the effectsof macroscopiceccentricitiessuch as out-of-roundness
andwaviness. Therearestill manygapsin our understandinghat needto be explored,

hencahepresentnvestigation.
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CHAPTER I
EXPERIMENTAL PROGRAM

Many factorsinfluence experimentaldesign. The designof the apparatusnust
balanceherequirementf appropriatescalewith therestrictionof availableresources.The
apparatugnust facilitate the measurementshat need be made for calculation of the
guantitiesof interest. Appropriatestepsmustbe takenwhendesigningan experimentto
reduceheuncertaintyof theexperimentatesults. Somesortof controlmustbeexertedon
the experimentto ensurerepeatability(which assureghe reliability of the experimental
results). Instrumentatiorand dataacquisitionequipmentmust be ableto makeaccurate
measurementsver the expectedangeof experimentalariablesat the appropriatetimes.
Precautionsnustbetakento ensureghe safetyof thoseinvolved andto preventdamageto
the experimentafacility. Additionally, in orderto havereliable experimentalresults,the
valuesof appropriatgparametersnustbeknownasafunctionof temperature.This chapter
disclosesand explainsthesedetails of the experimentaldesign and the experimental

procedure.

DESIGN OF APPARATUS

In orderto evaluatethe thermalcontactconductancehroughcylindrical interfaces,
anapparatusvasdesignedo obtaindataover a rangeof materid andthermalconditions.
The primaryfeatureof the experimentabpparatuss the assemblyof co-axial cylindrical
shells(eachmadefrom oneof four differentmaterials:CU-102,AL-6061, BR-360,0r SS-
304). Thesamaterialswith awide rangeof thermojysicalpropertieswere chosenso that
the material propertiespart of a parametricstudy would have enoughvariability to be

meaningful. Thesematerialsarealsoin relativelywide use somewhaeasyto machine,and
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Table 3.1 — Nominal Material Propertiesat 300K (from Touloukian and Ho, 1972)

Copper Aluminum Brass 360 Stainless Steel
Alloy 102 Alloy 6061 70% Cu, 30% Zr Alloy 304

Thermal Conductivity,

K, W/m-K 401 154.9 110 16.3

Density,
o, kg/n’S 8933 2700 8530 7900
Specific Heat!

%, Jlkg-K 385 962.9 380 502
Modulus of Elasticity|

E. GPa 110 70 110 193

Poisson’s Ratid,

v, unitless 0.35 0.33 0.35 0.27
Coefficient of Thermal

Expansion! 16.5 234 19.9 17.3

a, 10° m/m-K

" Reported uncertainties in these values are within 3.5%.

readily obtainable. The nominal propertiesof the materialsusedin this investigationare
listedin Table3.1.

Thedimensionsf the cylinderswere determinedafter consideringhe constraints
of availablespacewithin the vacuumsystem,maximumavailableelectricalpower, massof
componentsavailableinstrumentationandthe desiredrangeof interfaceheatfluxes. The
cylindrical shellthicknesseweredictatedby availablemetalstocksizesandthedianeterof
the heater. The nominalinterface diameter,0.0508 m, was chosenso that stock heaters
couldbeusedto producea rangeof interfaceheatfluxes approachinghoseof previously
publishedresults. Shellclearancesvere selectedo facilitate roomtemperatureassembly
while providing appropriate contact pressuresat operating temperatures. Future
experimentshouldconsidewariationof theshellthicknesseandtheinterfaceclearanceo

fully investigateheeffectsof shellgeometryonthecontatconductance.
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Heatwas suppliedto the assemblyby a 0.1397 m long, 0.00127 m diameter,
1000 W cartridge heaterplacedalong the axis of the inner cylinder. This provided a
maximumheatflux of 4.93E4W/m at the nominalinterfacediameterof 0.508 m. Thin,
multi-layer, foil radiationshieldswere placedat the endsof the assemblyto reduceheat
lossesdueto radiationfrom the flat, end surfacesof the assembly,andto promoteone
dimensionalradialconductionthroughthe cylinders. Heatis removedfrom the assembly
by two coolingringsthatareheldontothe externalsurfaceof the outercylinder with hose
clamps. Thecoolingringsusedin thisinvestigationareshownin Figure3.1.

Eachof thesecoolingrings is construted of threeloops of 0.00635m (0.25")
coppertubingsolderedntotwo 0.0508m (2”) wide copperstraps. Sufficient solderwas
usedto completelyfill the spacedormedby adjacentcoursesof tubing and the copper
strapbeneaththem. Prior to solderingthe tubesonto the straps,the strapswere formed
into arcsthatwould fit snugglyontothe outercylinder. Relief arcswere formedin the
tubingcoursegiuring fabricationto allow therings to expandto facilitate assembly. The
rateof coolantflow throughthecoolingrings (approximately30 I/min) wasassumedo be
sufficient to maintain a near-uniform exterior surfacetemperature. In practice, the
temperaturedifference betweenthe supply and return legs of the coolant at the feed-
throughring wasnegligible.

After assemblythe experimentabpparatusvaslocatedwithin a vacuumenclosure
to reducaheheatlossesdueto convectionduringtesting. The apparatusvasplacedupon
afour-pointsupportto minimize heatossesdueto conductionduringtesing. Thevacuum
within thechambemwasmaintainecdoy anoil diffusion pumpbackedy aroughingpump.

Figure 3.1 shows partially assembledpair of cylindrical shells with attached
coolingringsanda partially insertecheater. Eight of thesixteerthermocouplegstalledin
thetwo cylindersarevisible on theleft side of the figure. The outercylinder has been

instrumentedvith straingagesatthe mid-plane,betweenthe two coolingrings. Thetube-
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Figure 3.1 — Partially assembledtest fixture. Indicated parts are (A) thermocouples,
(B) 1000W heater, (C) inner cylindrical shell, (D) outer cylindrical shell, (E) cooling
rings, and (F) a strain gagerosette.

hosecouplingatthetopright of thefigureis oneof two the supply or returnchilled water.
Powereadsfor the heaterandleadwiresfrom the thermocouplesndstraingageswould

beconnectedo appropriatdeed-throughsvithin thevacuumchamber.

INSTRUMENTATION

In orderto calculatethe thermalcontactconductancet theinterfacesusedin this
investigation,it is necessaryo havemeasurementsf the temperaturedistribution within
eachof thecylinders. Also, sincethepressureatthe interfaceareof interest,somemeans

of determinng this empiricallywasdesirable.All sensorswere connectedo anautomated
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recordingandtestcontrolsystemnto facilitate dataacquisition. The dataacquisitionsystem
alsoservedo increaseherepeatabilityof testresultsby providingaconsistencriterion for

thedeterminatiorof steadystate.

Thermocouples

Thetemperaturalistributionwithin eachcylinderis monitoredby eight fiberglass
sheathed, AWG 36, special limit of error (SLE) grade, Chromel-Alumel (type K)
thermocouples.The SLE gradethermocouplesiavea vendor-specifiecerror of £ 1.1 K,
andgenerallyhaveasmallererror. Characterizatiortestingof thewire usedin the present
studyrevealedanaverageerrorof + 0.3K for thewire from the samespoolthatwasused
for instrumentilg thecylindersin thisinvestigation. SeeAppendixE for details.

The thermocouplesare located within each cylinder so that there are two
thermocouplesteachof four different, evenly spacedyradial locations,placedoppositeto
eachother. Thethernocouplesvereinstalledin holesdrilled parallelto the centralaxis of
thecylindrical shell,to differentdepthgvaryingfrom 0.01270m to 0.02794m, dependent
onradiallocation),andoffset5° from eachothercircumferentially. Thesedifferent deptts
andoffsetswereusedto ensurehatthethermocoupldeadswvere locatedfar enoughaway
from eachotherthatthedistortionof thetemperaturelistributiondueto thepresencef the
otherholeswould be minimized. Small amountsof fine powderedcopperwere tamped
into the holesprior to installationto assurethat the thermocoupleseporteda reading
representativeof the temperaturein the material around the holes. The SLE grade
thermocoupldeadswereconnectedo extensiorgradewire (usedin the feed-througlring)

within ashieldedsothermablock.

Strain Gages
Metal foil straingageswere evenly placed aboutthe mid-plane on the exterior

surfaceof the outershellsto facilitate the measuremendf the averagecircumferentialand
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axial expansios of the outercylinders. The placeswhere the strain gageswere to be
mountedvereslightly roughenedavith steelwool andcleanedprior to cementingthe strain
gages.Greatcarewastakento ensurealignmentof the four dual-gageencapsulationsvith

themid-planeandmainaxisof eachcylinder. Solderterminalsfor eachof the gageswere
locatedneareachencapsulatiorandterminalsfor the gagearraywere locatedandfixed to

thecylinderon themid plane. Moderatepressuravasappliedto eachencapslation during
thetemperaturecuring procesdor the adhesiveat least50 K abovethe expectedservice
temperaturdor atleasttwo hours (in accordancevith Measurement&roup Instruction
Bulletin B-129,Measurement&roup,Inc., 1999c).

The temperaturedistribution within the outer cylinder can be used with Lamé
thermalstresselationsto calculatetheamounthatthe exterior surfaceshouldexpanddue
to temperature. The difference betweenthe measuredand calculated expansionis
presumedo be dueto the pressureexertedon the outercylinder by theinnercylinder at
the interface. The relevant equationsfor this pressurecalculation can be found in
AppendicesD and E. The uncertaintyof the strain measurementangedfrom 20% to
300%,while the uncertaintyin the calculatedpressureapproximatelyrangedfrom 5% to
140%. Datathathadexcessivelyhigh uncertaintieggreaterthan30%) were not usedin

anyof thecorrelationsor figuresin ChapteiV.

Data Acquisition and Control System

The devicesusedto monitor and recordthermocoupleand strain gage data are
Nationallnstruments-ieldPointmodules drivenby softwarewithin a National Instruments
LabView program. Thesel6 bit A/D deviceshaveaneffectiveresolutionof 0.03125K for
thethermocaiplemodulesand1.984E-6VDC for the voltagemeasurementodulesused
to monitor strain gage output. Additional input/output channelsare provided by the

National Instruments PC/MIO E-series card mounted on the data acquisition
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microcomputer.Thel2 bit A/D inputchannelsusedto measureghe straingageexcitation
voltage,havearesolutionof 0.0051VDC. The 12 bit A/D outputchannel,usedto senda
DC voltageto the heaterop-amp,has a resolutionof 0.00122VDC, correspondingo a

heatempowerresdution of 0.244W. Controlprogramoperationalletailsarecoveredater.

MATERIALS CHARACTERIZATION

As previouslymentionedthefour materialsusedin this studywerechoserfor their
machinability,their wide variation of thermophysicapropertiesandtheir availability. Of
particular interestin this investigationare the thermal conductivity and coefficient of
thermalexpansior{CTE) of thetestmaterials. Both of thesepropertiesstronglyinfluence
thethermallyinducedstressesvithin and at the interface betweenthe cylinders, and the
thermalconductivityobviouslyplaysalargepartin the conductancet the cylindrical joint.
Other material properties(such as Young’s modulus, Poisson’s ratio, and thermal
diffusivity) canbe eitherobtainedfrom thermophysicapropertiestablesor derived from
measuredjuantitieswith sufficientaccuracyfor the purposesof this investigation. The

proceduresisedto determinehesequantitiesaredescribedelow.

Coefficient of Thermal Expansion

The coefficient of thermal expansion(CTE) is typically measuredoy meansof
processethatadher¢o ASTM Standarde 228-95(ASTM, 2002). Processeshatadhere
to this standardutilize a sensitivedial indicator or electronictransduceto comparethe
expansiorof cylindrical specimen®f a quartzor vitreoussilica expansionstandardwith
the expansionof specimenof unknowncoefficients of thermal expansion. However,
makingmeasurementwith thesedilatometerscanbe an exactingtask, especiallyif there
areno suchfacilities athandwith trainedpersonnel. Micro-Measurement3 echnicalNote
TN-513-1(MeasurementSroup,1999a)describes methodo usemetalfoil straingages

to measurdhe coefficient of thermal expansiorwith acceptableaccuracy. The method
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makesuseof unidirectional strain gagesand a thermal expansionstandardo provide a
meansof comparingthe expansiorof materialsof interestto thatof the known material.
Since titanium silicate has a very low and well-characterizedcoefficient of themal
expansionjt wasselectedor useasthe thermalexpansiorreference. Thelinear thermal
expansionof the titanium silicate expansionstandards given in Figure 3.2, with data
suppliedby C. L. Davisof Corning,Inc. (2000.

Thetitanium silicate bar (0.1624m x 0.0254m x 0.00635m) was instrumented
with oneMicro-Measurementg8V/A-06-250BG-120straingage,a 120 ohm unidirectional,
encapsulategage. Cylindrical sampleg0.0254m diameter,0.0762m long) of eachtest
materialwere eachinstrumentedvith a WA-06-250BG-120straingage. Eachgagewas
locatedatthemid-planeof thespecimenalignedwith the majoraxis of the specimen. An
AWG 36, speciallimit of error (£ 1.1 °C) Chromel-Alumelthermocouplewas mounted
0.0191m deepinto oneendalongthe axis of eachof the metallic specimens.All sensors
wereconnectedo appropriatebridging equipmentandto National Instrumentd=ieldPoint
data acquisition modules,driven by a microcomputerrunning a National Instruments
LabView program.All straingagesandthermocouplesisedin thesecharacterizatiortests
were takenfrom the samepackageor reel, to minimize errors due to manufacturing
inconsistencies.

Prior to characterizationthe specimensvere cycled betweenthe maximum and
minimum testtemperatureshreetimesto redistributeany residualstresseqwhich would
makethe measurementson-repeatable) During testing,all specimensvere placedon a
glass wool pad within a controlled-temperaturdurnaceto reduce the resistanceto
expansiordueto friction. Thefurnacewassetto a desiredtemperatureandthe LabView
program was started. The program monitored the temperaturesreported by the

thermocouplesvithin the metal specimens.When steadystatewas achievedthe voltage
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Figure 3.2 — Comparison of temperature dependent strain of test materials with
polynomial curves recommendedby the Thermophysical Properties ResearchCenter
(TPRC) obtained from Touloukian and Ho (1972),and temperature-dependentstrain of
Code7971Ultra Low ExpansionTitanium Silicate expansionstandard (Davis, 2000).
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Table 3.2 — Polynomial Coefficients for Coefficient of Thermal Expanson
(Touloukina and Ho, 1972)

a(T)= Z aT AL-6061 BR-360 CU-102 SS-304
& | -1.5796E+01 4.5359E+01 -1.0837E+00 9.4031E+00
a 4.8889E-01 -2.9227E-01 1.3650E-01 2.1573E-02
a 2.4976E-03 1.1815E-03 -3.7885E-04 -1.3461E-05
a 6.1407E-06 -2.3416E-06 4.0396E-07 8.8909E-09
3 |  -7.0032E-09 2.2972E-09 -3.1051E-10 8.0024E-12
& 2.9983E-12 -8.7285E-13 7.2562E-14 2.7007E-15

acrossappropriatepoints of the bridge were recordedand convertedto apparentstrain.
Sincethethermocouplaevire usedto instrumentthe CTE specimenss of the sameroll as
the wire usedin the other experimentsin this investigation,a standarduncertainty of
+ 0.3 Kis assumedo beappropriate.

Following the procedurerecommendedin TN-513-1 (MeasurementsGroup,
1999a) thestrainof the referencespecimenwassubtractedrom theseapparentstrainsof
the testmaterials,andthe resultingvalueswere plotted as a function of temperatureand
comparedwith the expectedvalues obtained in Touloukian and Ho (1972). There
experimentallyobtaineddatahave good agreementvith the suggestechandbookvalues,
and due to the relatively small amountof data, the polynomial expressionsfor the
coefficientof thermalexpansiorfor thesematerialswill be used. The coefficientsfor the
polynomialexpressiorf thecoefficientof thermalexpansioras a functionof temperature

givenin Table3.2 aretherecommendegdaluesfrom TouloukianandHo (1972).
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Determination of Thermal Conductivity

Thethermalconductivityof the materialsusedin this investigationwasdetrmined
by meanof thecut-bamethod. This method,asemployedn thisinvestigation,jmposesa
flow of heatthrougha stackof instrumentedcylindrical samples. Samplesof known
conductivity areplacedon either side of a sampleof unknownconductiviy, and heatis
introducedat oneendof the stackandremovedat the other. The heatflux througheach
sampleof known conductivity (or heatflux meter)is calculatedusing Fourier’s Law, the
temperaturedependentonductivity of the heatflux meter,and the temperaturegradient
within the heatflux meter. Similarly, given the averageheatflux throughthe sampleof
unknown conductivity and the temperaturegradient within the sample, the thermal
conductivityof thesamplecanbe calculated.

The experimenal testfacility (Figure 3.3) consistsof a vertical framewith sliding
plateswhich supporta load cell, a pneumaticbellows, two source-sinkholder assemblies,
calibratedheatflux meters,andthetestspecimens. An axial force is appliedto the test
column by the pneumaticbellows and is monitored by the load cell. This force is
transmittedthroughtwo hardenedteelspherego the source-sinkholderassembliesand
thenceto the testspecimens. Since the steel spheresdo not supporta moment, this
arrangementensuresa uniform pressureover the test surfaces. Heatersand integral
coolantpassages boththetop andbottom heatflux meterholding assembliedacilitate
control of the temperatureat the interfaceof interestor the averagetemperatureof the
specimen.Thefacility is housedn avacuumbelljarto reduceheradialheatlossesdueto
convection. Stackpressurendspecimenemperaturesensorsareconnectedo a Hewlett-
Packard3497A dataacquisitioncontrol unit, and thento the controlling microcomputer.
Interface pressureand temperatureare controlled by a test control program on the

controlling microcomputer. Principal inputsto the test control programinclude the flux
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Figure 3.3 — Cut-bar thermal conductivity facility usedin this investigation.
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metermaterial,thermocouplelacemeniandspecimerngeometry,desiredtestpressureand
anarrayof testtemperatures.

The specimensand heatflux metersusedin this expeiment were 0.0254 m
diametercylinders,0.0381m long. The flux meterswere madefrom NIST-supplied
electrolyticiron, andthe conductivity testspecimensvere madefrom the samematerialas
thecylindrical contactconductancepecimensTheroughnessf theflat, circular surfaces
wasspecifiedto be lessthan25 um to ensuregood contactbetweenthe heatflux meters
andthetestspecimens.The heatflux metersandtestspecimensvere eachinstrumented
with five fiberglasssheathedspeciallimit of error (+ 1.1 K), Chromel-Alumel(type K)
thermocouplest0.00635m intervalsalongtheirlength. Thethermocouplesvereinstalled
in holesdrilled to theaxesof andat0.00635m intervalsalongthelengthof the flux meters
andthe specimens.Fine powderedcopperwas tampedinto the holesto assurethatthe
thermocoupleseporteda readingrepresentativef the temperaturen the material around
theholes. Eachthermocouplevireswaswrappedaroundthe flux metersor specimen(to
minimize errorsdueto heatconductionawayfrom thethermocoupléeads).

Prior to installationwithin the teststack,the contactingsurfacesof eachspecimen
andflux meterwere cleanedand coatedwith a thermally conductivegreaseandtheywere
placedbetweenthe source/sinkholders. The thermally conductive greasereducesthe
powerrequired by the heaterto maintainthe test specimenat a desiredtemperatureby
reducinghe temperaturaliscontinuitiesat the interfacesbetweenthe specimensheatflux
metersandsource/sinkolderassemblies Alignment of the specimensvith the heatflux
metersvasmeticulouslycheckedo avoiduncertaintyerrorsin themacroscopiconduction
area. A radiationshieldwasplacedaroundthe stackto minimize radial heatloss andthe
associateduncertaintyin stack heatrate. After ensuringthat all sensor and coolant

connectionsveresound the chambemwasclosedand evacuated. Testswere conductedat
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chambeenvironmentapressuresessthan0.13Pa(5.00E-3Torr), which were maintained
by anoil diffusion pumpbackedy atwo stageroughingpump.

Thedesiredstackpressurendthe different meantestspecimerntemperaturesvere
then enteredinto the control software,along with the stack geometry,and testing was
initiated. Thetestcontrolprogrammonitorsand controlsthe interface pressureand the
temperatureseportedoy thethermocouplesadjustingthe powerto the heaterand pressure
within pneumaticbellows to maintainthe specified specimentemperatureand interface
pressureoperatingconditionswithin a consistentrange(typically within 1% of the set
pointvalues). A nominal stackpressureof 1.379E6Pawasusedto ensuregood contact
betweenthe test sampleand the heatflux meters. The thermal conductivity of the test
sampleswas evaluatedover a range of temperaturefrom 300 K to 450 K. Sixteen
temperatures/ereusedto spanthistemperatureange.

All conductivitymeasurementseretakenwhile thespecimensvere at steadystate.
Thecontrolsoftwareascertainshatsteadystatehasbeerreachedvhenthe variation of the
controlparaméersand the measured/alue doesnot exceedthe specifieddrift tolerance
rangefor thirty minutes. Heatfluxes are obtainedby using a leastsquaresfit of the
temperaturest knownlocationswithin the heatflux metersto determinethe averageheat
flux through the test stackvia Fourier's Law. The thermal conductivity of the test
specimens obtainedby dividing theaveragéheatflux by theaveragedemperaturegradient
throughthe specimen. After the data have beenrecordedto disk, the programeither
proceedso the nextsetof conditionsor terminategpowerto the heaterand endsthetest,
whicheveris appropriate.Figure 3.4 showstheresultsof thesethermalconductivity tests,
alongwith other publisheddatafor similar materials,and Table 3.3 lists the fifth order

polynomialcoefficientsof theleast-squarde throughthedata.
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Figure 3.4 — Results of thermal conductivity testing of materials used in this
investigation.
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Table 3.3 — Experimentally Determined Polynomial Coefficients for Thermal
Conductivity
_ i
KT)=2aT AL-6061 BR-360 CU-102 $S-304
I
=) 2.4631E+04 1.4930E+04 3.8046E+04 -3.4083E+03
& -3.4347E+02 -2.1185E+02 -5.4048E+02 4.5791E+01
% 1.9173E+00 1.2008E+00 3.0809E+00 -2.4336E-01
& -5.3156E-03 -3.3771E-03 -8.7093E-03 6.4219E-04
& 7.3167E-06 4.7132E-06 1.2199E-05 -8.4147E-07
& -3.9984E-09 -2.6105E-09 -6.7705E-09 4.3818E-10

Surface Characterizing

Prior to commencingthe experimentalinvestigation, the cylindrical shellsto be
used in the experiment were sent to the Mahr-Federal Corporation for surface
characterization.Dataobtainedin this characterizatiorare presentedn Appendix C. In
addition to the standardlinear roughnessand waviness parameters,the cylindricity,
roundnessandcircumferentialavinessof thecontactsurfacesrealsoprovided.

Someof theseparametergflatnesscylindricity, roundnessarerelatedto geometric
dimensioningandtolerancingerms,and aresometimesusedinterchangeably.Flatnesss
theconditionwhereall pointson a surfacdie onthesameplane. A flathesgolerances the
spacingoetweertwo parallelplanesetweerwhich all pointson the nominally flat surface
mustlie. A flatnesstolerancezoneis a spacealignedwith the specifiedsurfacebounded
by thetwo parallelplanes.Similarly, circularity (or roundnessjs theconditionwhere,on a
cylinderor cone,all pointson the surfaceintersectedy a planeperpendiculato the axis
areequidistanfrom theaxis. A circularity tolerancds the spacingbetweentwo concentric

circlesbetweenwhich all pointson the surfaceintersectedoy a planeperpendiculato the
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axismustlie. A circularity toleran@ zoneis the spacebetweenthe two concentriccircles.
Cylindricity maybevisualizedas a combinationof flatnessandcircularity, extendedo an
entire cylindrical surface. A cylindricity toleranceis the spacingbetweentwo concentric
cylindersbetweenwhich all pointson anominally cylindrical surfacemustlie.

Throughout the test program, surface characterizationmeasurementsof the
contacting surfaceswere made. Since circumferential measurementsare beyond the
capacityof the SurfAnalyzer5000 availablefor use,only axial measurementsould be
checkedover the courseof thetest program. The changein the axial roughnessof the
cylindrical surfacesover the course of testing was within the uncertainty of the
SurfAnalyzer5000 used. Therewer, however,small scratche®n the surfacewhere the

partsrubbedagainseachotherduringassembly.

DETERMINATION OF THERMAL CONTACT CONDUCTANCE

As definedin Chaptei, thermalcontactconductances the ratio of the heatflux
acrossan interface defined by two surfacesand the magnitude of the temperature
discontinuityatthatinterface. The heatfluxes throughthe cylindrical interfacesexamined
in this studywerecalculatedoy dividing theaveragerateheattransferredhroughthe inner
and outer shells, as calculatedthrough Fourier's Law, by the nominal interface area.
Fourier'slaw is alsousedto relate the thermal conductivity and the known temperature
distributionin eachof thecylindersto the innerand outerinterfacetemperaturesandthus
to themagnitudeof thetemperatureliscontinuityatthatinterface.

With four different materialsusedto makethe inner and outer shells,compound
cylinderswith sixteerdifferentmaterialcombinationsareavailablefor testing. In addition
to the effects of the different temperature-dependetiiermophysicalpropertiesof the
materials,different surfacecharacteristicsnfluencethe heattransferas an effect of each

material combination. The surface roughness,asperity slope, and roomtemperature



Table 34 — TestInterface Geometry Parameters

Inner Cylinder Material

AL-6061 BR-360 CU-102 SS-304

or, m| 1.799E-05 1.908E-05 2.193E-05 1.334E-05

6A0L6-1 O, M | 6.896E-05 1.053E-04 8.835E-05 7.736E-05

. m, 1.475E-01 1.475E-01 1.475E-01 1.475E-01
% or, m| 1.156E-05 1.265E-05 1.549E-05 6.900E-06
g BR-360 o, m | 7.595E-05 1.100E-04 9.391E-05 8.366E-05
g m, 1.535E-01 1.535E-01 1.535E-01 1.535E-01
% or, m| 4.233E-07 1.512E-06 4.360E-06 -4.233E-06
8 CU-102 o, m | 4.806E-05 9.295E-05 7.321E-05 5.950E-05
% m, 1.984E-01 1.984E-01 1.984E-01 1.984E-01
or,, m 1.281E-05 1.389E-05 1.674E-05 8.149E-06

SS-304 o, m | 7.146E-05 1.069E-04 9.031E-05 7.960E-05

m, 1.605E-01 1.605E-01 1.605E-01 1.605E-01

6C

interface clearanceplay a role in the contact conductance. Table 34 lists thesetest
parameters.

Certainmaterialcombinations(such as aluminum/copperor aluminum/brasspare
susceptible¢o galling or coldwelding,sothetime thatthecylinder pairsareassembledvas
minimized. Gallingandcold welding arewelding processeshatuse molecularmigration
atroomtemperaturéo join metals. Gallingis adhesioror welding during sliding contact.
Sincethe assemblyof the compoundcylinderstakes place manually and is followed
immediatelyby aslightrotationof onecylinder with respecto the other, it is unlikely that
any “sticking” of the shellstogetherwould passunnoticedandthe effectsof galling are
avoided. Cold pressue welding is the processwhere high contactpressures(1.4E6 —

5.6E6Pa)breaksurfaceoxidelayersto allow molecularbondingto takeplacebetweenthe



61

uncontaminatedsubsurfacemetals. Typically, ductile metals and alloys are good
candidategor thisprocess.

The selectionof the heatersettingsis influencedby the maximum temperatures
allowed. Thethermocouplensulationhasa maximumservicetemperatureof 700K and
the stainlesssteelwill startto undergoa phasetransformationat 670 K. The elastic
modulusof all materialswill becomenonlinearlyvariableat temperaturegabove570 K and
the solderhas a maximum servicetemperatureof 565 K. The epoxy usedto pot the
thermocouplesoftensat elevatedtemperaturdat least,until it is completely out-gassed),
butsinceno strainwasappliedto thewire this wasnot takeninto accountto determinethe
over-temperatureondition. The temperatureusedto determineif an overtemperature
condition existedwas 550 K, ensuringthat none of the componets or instrumentation
weredamagedPreliminarytestingof thetestfacility and programrevealedthatmaximum
heatersettingscouldbe usedwithout violating the over-temperatureriteria. Therefore all

testingincludedthemaximumheatersetting.

Test Plan

For eachof thesixteenmaterialcombinationsisedin standarcconductanceesting,
atleastwelve heatersettingsvereused:0 W, 300W, 500W, 600W, 700 W, 750 W, 800
W, 850 W, 900W, 950 W, 1000W, 501 W, 1 W. More datapoints were collecteda
higherheatersettings,sinceit was assumedhat therewould be better contactand thus
more interestinginformation at thoseconditions. The initial, 0 W, setting provided an
opportunityto checksensorconnectionsthermocoupleuncertainty,andinitial straingage
tare. Thelasttwo settingsallowed somemeasureof testrepeatability. The typical time
from achangen heatersetpointto steadystatewvasroughlyonehour. At lower heatrates
(300 W andlower), eithertheinterfacepressuresveretoo low or the uncertaintiesn the

contactconductanceveretoo highto providevalid conductancelata.
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Someadditionalexperimenttestserieswererun to testexperimentalrepeatability,
usingthesameheatersettingsandcoolantflow ratesasinitial experimentsfor a given pair
of cylindrical shells. The cylindrical shellswere aligneddifferently for eachrepeatability
seriespffsetby atleast45° from theinitial assemblyalignment. In otherexperimentghe
heatersettingswere cycled betweentwo valuesto examinethe effect of repeatloadingon
the thermal contact conductance. One experimentwas run to determineif hysteresis
phenomenavere of importance but the differencesbetweenthe increasingheatflux leg
andthedecreasindneatflux legwere lostin theuncertaintyof the contactconductanceind
interfaceheatflux. Thesesupplementaéxperimentsvere run after all othertestingwas

completed.

Sample Preparation and Assembly

After the cylindrical shellswere cleanedthe working orderof everythermocouple
in eachcylinder was verified and the condition of their mounting was examined for
potentialfailure. Theresistanceacrosseachstraingageandboth straingagearrayswere
checkedo verify thatthe gageswerein goodworkingorder. Prior to cylinder assembly,
the interior contactingsurfacesof the cooling rings were coatedwith thermal grease,
mountedntotheexteriorsurfaceof the outercylinder, andconnectedo eachother. The
coolantring andoutercylinder subassemblyasthenplacedon the teststand. Coolant
feed-throughineswereattachedo theinlet and outlet connector®f the coolantrings and
fluid at323K wasallowedto flow throughthecoolantloop. While the outercylinder was
beingwarmedby fluid, thecontading surfacef theinnerandoutercylinder were cleaned
againwith methanol.

The posteriorthermocoupldeadwiresand connectorplugs of the inner cylinder
werecarefullythreadedhroughtheopeningin the outercylinder. Theinnercylinder was

orientedso thatthe thermocouple®n either the posterioror the anterior sideswere not
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alignedwith thethermocouple®n the outer cylinder. As the inner cylinder was gently
insertednto the opening,the posteriorleadwires, havingbeenwrappedin lint-freetissue,
were graduallypulled though so that they wouldn't contaminatethe contactingsurfaces.
Axial alignmentof the cylinderswas verified by touch. In a few instances,the inner
cylinderwasslightly longerthanthe outercylinder, but not morethan0.001m. In these
cases,the posteriorsurfacesof the cylinderswere aligned and the discontinuity was
allowedattheanteriorendof theassembly. After the cylinderswere aligned,the cartridge
heatewascoatedwith athinlayerof thermalgreaseandinsertedwith a rotary motioninto
theheatercavity attheaxisof theinnercylinder. This wasdoneto ensurean evencoating
of greasdghroughouthelengthof the cavity. Excessgreasevaswiped from the exposed
surface®f thecylindersandhederalignmentwasverified.

Thethermocoupldeadwireson both sidesof both cylinderswere placedso that
theydid notreston anypartof the heater,andtheir connectorplugs were insertednto the
appropriatesockets. Theleadsfrom thelongitudind andcircumferentialstraingagearrays
wereconnectedo theappropriatesignalfeed-throughwvires. The feed-throughwireswere
connectedo appropriatebridging equipmentandto National Instrumentd-ieldPoint data
acquisition modules, monitored by a microcomputerrunning a National Instruments
LabView program. The thermocoupleand strain gagechannelson the dataacquisition
systemwereobservedo verify thatthe sensorswerein working order. The heaterpower
leadswere threadedhroughthe hole in the anterior radiation shield and the shield was
mountedonto thetestfixture. The heaterpowerleadswerethenconnectedo the power
feed-througlandthepowerconnectioncontinuity wasverified. Figure3.5 showsthetest
fixture prior to heaterinsertionandassemblyf theradiationshield.

After the cylinderswere assemble@ndthe thermocouple strain gage,and heater
powerleadswere connectedthe testchambemwas sealedand connectedo the roughing

pump. After the pressuresensorwithin the chamberregisteredessthan 0.001 Torr, the
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Figure 3.5 — Partially assembledest fixture on teststand.

constantemperaturdathwasdisconnectedthe chill water flow was introducedthrough
the coolingrings,andthe testassemblywasallowedto cometo a near-steadtatewhile
thechanierpressureontinuedo its maximumvacuumlevel. Thiswasdoneso thatthere

wouldnotbeanypossibility of condensatiosontaminatingheinterfacialsurfaces.

Control Program

At theheartof thedataacquisitionandcontrolsystemusedin thisinvestigationwas
a microcomputerunningthe National Instrumentd_abView softwarepackage. The test
controlanddataacquisitionprogramwasconstructecusing LabView’s graphicinterface,
by essentiallyplacing “components”and “wiring” them together. Since a complete

reproductionof thevariousscreensaandwindows of the programis meaninglesso those
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who are unfamiliar with the LabView system,a flow diagram and pseaidocodeof the
program detailingits operation arefoundin AppendixB.

Thedesirecheatempowerrangearraywaspopulatedby heatersettings(essentially
percentagesf full power). Whenrunning,theprogramwoulddelivera 0-10V DC signal
to the op-amp suchthatthe desiredamountof powerenergizedthe heater. The op-amp
operatesn afive secondjwo-cycletime basis. For example,a 10 V DC signalto the op-
ampwouldenergizethe heaterwith 120V AC powerfor thefull five secondsa5 V DC
signalwould energizethe heaterwith 120 V AC power for two and a half seconds,
followed by two anda half secondswithout power;anda 1 V DC signalwould energize
theheaterfor a half secondfollowed by four anda half secondsvithout power.

At eachheatempowersetting,thermocoupleandstraingageoutputswere monitored
until steadystatewas achieved. It is importantto be certainthatthe measurementare
being done at steadystate. Unlessthe assemblyis at steadystate, calculationsof the
average heat conduction rate through the cylinders will have unacceptably high
uncertaintiespf the sameorderof magnitudeasthe calculatedvalue. Theseuncertainties
will cascadethroughthe datareduction, renderingthe calculatedvalues of the thermal
contactconductanceand interfacetemperatureuseless. Steadystateis definedfor the
purposesof automateddataacquisitionwhenthe variation of eachof the measuredand
calculatedemperaturess lessthan0.15K per half-hour. This value of allowabledrift is
relatedto theuncertaintyin theinterfaceheatflux (dueto temperaturedrift) thatvarieswith
interface heatflux. An analysisof the influence of allowed temperaturedrift on the
calculatedvalueof the interfaceheatflux is givenin AppendixE. When steadystatewas
observedo havebeenachievedihestraingageandthermocouplereadingswere takenand
recordedappropriatgparametersalculatedandthe next heatersettingsentto the op-amp.
At theendof theassignedestsfor a testassenbly, the control programsetsthe heater

powerto zeroandstopsrunning.
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Data Reduction

While thetestcontrolprogramcalculatedthe valuesof theinterfaceheatflux and
thermal contact conductancefor the purposes of determining steady state, post-
experimentalprocessingvasrequiredto determinethe interfacepressure. A spreadsheet
programwasusedto calculatetheseinterfacepressuresaswell asthe interface heatflux
andinterfacetemperaturesRelevantvaluesarereportedn AppendixC. Therelevantdata

reductionanduncertaintyalgorithmsaredetailedin AppendixE.
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CHAPTER IV
RESULTS AND DISCUSSION

Resultsof the experimentalinvestigationand a discussionof those results are
presentedn this chapter. Samplecalculation of resultsand an associateduncertainty
analysidor aselecteddatapoint may be found in AppendixE. Theresultsarepresented
dimensionallyon aheatflux basisandon aninterfacepressurebasis. Theresultsarealso
presentednon-dimensionallywith previously published results, previously published
correlations,and with empirically derived correlations. In this chapter, data sets are
identified by a two-letter label. The first letter indicatesthe inner shell material (A —
aluminum6061,B — brass360,C — copperl02,and S — stainlesssteel304), and the
secondletter indicatesthe outer shell material. Similar nomenclatureis used when
presentingreviouslypublishedesults,insofarasit is possible.

Powerlaw correlationsare usedto correlateconductancedatafrom the present
study,aswell aspreviously publisheddata, sincelog-log plots of the dataappearto be
linear. Powerlaw correlationgpresumehatonevariableis proportionalto anothervariable
raisedto someexponent. Compoundpowerlaw correlationstakethis further, by relating
onevariableto theproductof severalvariables,eachraisedto a different power, multiplied
by somescalingfactor.

Pearson’s, also known as the correlation coefficient or Pearson’scorrelation
coefficient,hasvalueshetween-1and+1, inclusive. It indicateshow well a linear best-fit
linerelatestwo pairedvariables suchasthecontactconductanceandinterfacepressure. A
valueof O indicatesthatneithervariablecanbepredictedoy theotherwith a linear equation,

andvaluesof 1 and-1 indicate a perfectlinear relationshipsbetveenthe two variables
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(-1 indicatingan inverserelationship,1 indicting a direct relationship). Pearson’sr is

definedfor paireddata(x, y) as:

o NS xy=(5%)(>) @
Ty (3 Ty -(9)

Pearson’s is somewhatsensitiveto extremevaluesin the data, and can be markedly

reducedy outliers.

INTERFACE FLUX EXPERIMENTAL RESULTS

Dimensional Results, Heat Flux Basis

Figures4.1-4.4presenthethermalconductancelatafrom the presenstudy on an
interface heatflux basis. Figure 4.1 presentsthe thermal contact conductancefor the
experimentsn the presentstudythatinvolve the AL-6061 outer shell. Similarly, Figure
4.2 presentsresultsfor the brass-360outer shell, Figure 4.3 presentsresultsfor the
copper-102uter shell, and Figure 4.4 presentgesultsfor the stainlesssteel-304outer
shell. All four figuresshowthatthedataarewell behavedasevidencedby the high values
of Peaison’sr for power-lawfitted curvesdriventhrougheachdataset.

It is not difficult to convinceoneselfthatthe all of the datashould be ableto be
describedby apowerlaw correlation particularlyin light of theclusteringof datapresented
in Figure4.5. In general,inner shellsmadeof high conductivity materials have lower
conductancevaluesthanlow conductivity inner shells. While the power law curve fit
throughtheaggregatelatahasan adequatecarelation betweenthe interfaceheatflux and
thecontactconductancet shouldbe possibleto achievea greaterdegreeof correlationby
using otherparametersn additionto the heatflux. An analysisof the residualsof the

correlationandthedatashowsthat95% of thedatafalls within 27% of thepowerlaw curve
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Figure 4.1 — Thermal contact conductanceas a function of interface heat flux for

aluminum outer shell experiments.
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Figure 4.2 — Thermal contact conductanceas a function of interface heat flux for
brassouter shell experiments.
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Figure 4.4 — Thermal contact conductanceas a function of interface heat flux for
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fit throughthedata. A comparisorof initial andretestdatais foundin Figure4.6 for four
cylindrical shell pairs. The closeagreemenbf the retestdatawith the initial test data
providessomeassurancef thequality of thedata.

Figure4.7 presentsa comparisorof previouslypublisheddata(from Figure 2.5)
with selectedesultsof thepresenstudy. Thevaluesfrom the presentstudy areof nearly
the samemagnitudeandslopeasthoseof previouslypublishedresults,particularly those
of Madhusudanaand Fletcher (1981) and Willams and Madhusudana(1970).
Differencesnaybeaccountedor by the surfacefinish andinitial clearane, in additionto
theobviousenhancemergffectof interstitialair. The designationFe indicatestestswhere

Armco Iron wasusedasashellmaterial.

Dimensionless Results, Heat Flux Basis

The methodchosento nondimensionalizehe interface heatflux uses selected
thermophysicapropertiesof the shellsto correlatethe slopesof the individual powerlaw
curvesfor eachshellcombination. Selectingthefamiliar dimensionles€onductancesthe
ordinate,the abscissgarametemwas constructedof dimensonlessgroupingsof interest,
similar to a Buckingham’sPi analysisof the data. The dimensionlessheatflux was
constructedy dividing the interfaceheatflux by productof theinterfacetemperatureand
effective joint conductivity and multiplying the result by the interface radius. The
coefficientof thermalexpansiorratio (the appropriatevalue for the outercylinder divided
by thevaluefor theinnercylinder)waschoserbecausgfrom the analysisin Appendix D)
the interface pressureis expectedto be dependenton this parameter. The thermal
conductivity ratio, while important,did not havea high degreeof correlationwith the data
andis indirectly usedin the effective conductivity andthe exponenbf the dimensionless
heat flux. The interface separationis nondimensionalizedby the interface radius.

Definitions of theseparameterscan be found in the Nomenclaturesection. Surface



104_ T T T T T T II T T T I_
- o AS ® ASR ’
i O CB m CBR ]
i o SA & SAR 1
A SC A SCR
‘§ 10° | @ -
- - ‘A 0 ]
(] B .
c I T g ;
g ﬁ%} =
g I i ]
3 A
S - ! -
[
Q A
&) X - -
IS A
8
S 17k .
&) - .
[ A ]
101 L L L L L L II L L L L
103 10*

Interface Heat Flux, W/fm

75

Figure 4.6 — Comparison of conductance as a function of interface heat flux for
initial (opensymbols)and retest (filled symbols)experiments.
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roughnesandasperityslopeareusedto nondimensionalizéhe contactconductanceand
do notsignificantlyimprovethecorrelationwhenincorporatedn theabscissgarameter.

The crudeslopematchingtechniquehaslimited effectivenes for the harderouter
shellmaterialg(steelandbrass)buttheinclusionof a hardnesgarameteihada negligible
effect on the slope parameterka*. The negative exponent associatedwith the
dimensionlessnterface gap reflects the intuitive perceptimm that the conductancewill
increaseas the gap decreasegor the interferenceincreases). Similarly, the positive
exponenbf theratio of coefficientsof thermalexpansiorreflectsthe ideathat the inner
cylindrical shellwill expandnto theoutercylindrical shellunderthe conditionsof radially
outwardheatflow.

Only afewpublisheccorrelationghatrelateinterfacethermalstate(of heatflux or
axialtemperaturalistribution)to thecontactconductance Thesearepowerlaw relationsof
heatrake only, andareapplicableto particularcircumstancesWith this reasoningno other
correlationsor dataaredepictedin Figure4.8. All of the dimensionlesglatafall within

42%of thecorrelation,and95% of thedataarewithin 28% of thecorrelation.

INTERFACE PRESSUREEXPERIMENTAL RESULTS

Dimensional Results, Pressure Basis

Dimensional conductancepresentedas a function of calculated pressureis
presentedn Figure 4.9. Initial observationrevealsthat several of the datasetshave
extremely steepslopes. Not unexpectedlythesematerial combinationshave relatively
smallmeaninterfacegapscombinedwith largethermalconductivitiesin oneor both shells
andlow elasticmodulusin oneor both of the shells. Thesefadors leadto the conclusion
that while contactbetweenthe shellsis establishedearly, the contact pressuredoesn’t
changemuchandtheincreasen conductancéhroughtheinterfaceis chiefly afactorof the

increasednterfaceheatflux
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Dimensionless Results, Pressure Basis

Figure4.10 presentghe familiar dimensionlesgontactconductances a function

of the dimensionlesiterfacepressurdor all testdata.

In Figure 4.11, the dimensionlessconductance-dimensionlessterface pressure

dataarecomparedo themodelsof Yovanovich(1981)andLambertandFletcher(1997).

The Yovanovichmodelis valid for conformingsurfacesandhasbeenat the heart

of many of the theoreti@al and experimental studies of cylindrical thermal contact
conductance.lt is not surprisingthatit over-predictsthe conductanceof the cylindrical
interfacesusedin the presentstudy since the cylindrical surfacesof interest are not
conforming.

The modelof Lambertand Fletcher (1997) was developedfor surfaceswith a

singlemacro-contact.Simplifying assumptionsisedto implementthemodelinclude:

» Surfacewavinesscanbe expressed@sthe superpositiorof perpendicularsine
waves, which leadsto tractable expressiongelating the wavinessamplitude,
slopeof the macroscopicasperities,and radius of the macroscopidlux tube
(AppendixE),

* Vicker's microhardnessis an appropriate measure of the contact
microhardnessand

» Contactloadis estimatedss the averagecalculatedcontactpressuremultiplied
by theareaof themacroscopidlux tube.

Detailsof the modelaremorecompletelycoveredin LambertandFletcher(1997)

andLambert(1995).

In generalhigh quality pressureesultsarenotavailablefor usein the construction

of a predictive model. One of the assumptionsn the thermoelasticmethodusedto

calculatetheinterfacepressures thattheshellsarein perfectmechanicakontactwith each
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otherandexerta uniformly distributedstressupon eachotherat theinterface. Sincethe
contactsurfacef theexperimentatylindrical shels havediscernablavavinessthis is not
thecase.Straingageresultswerenot reliable becaus®f severalfactors. An unquantified
straingagemisalignmentwith the mid-planeandthe axis of rotation, easily facilitated by
thesmallsizesof thegagerosettesandtheoutercylindrical shells,may haveintroducedan
uncertaintyin the reportedstrain. Gage output voltage signals were somewhatnoisy,
allowing the uncertaintydueto signalvariationto becomethe dominantuncertaintyin the
measureautput voltage. Insufficient compensatiorior gagethermalresponseaesultedn
calculatednterfacepressureshatwereeithernegativeor muchlower thanexpected.
Probablecausedor the over-predictionof the conductanceédy the Lambert and
Fletchetmodelincludeinsufficientknowledgeof thesurfacevavinessandunevenpressure
distribution. The surface wavinessis not isotropic, as evidenced by the surface
characterizatiomesults. Thelongitudinalwavinessandthe circumferentialwavinessquite
different, andthe effect of the cylindrical surfaceis probablynot adequatelymodeledby
mappingthe two wavinessedo a planesurface. Further,the model presumeshat the
macro-contactarespherical,at leastin thevicinity of the contact. While the sinusidal
surfacemodelmakesthe relation betweenvarious parametergractable it hasthe effect of
enlargingthe macroscopiclux-tube radius. This is not a problemfor single macro-
contactswherethe actualsizeof the flux tubeis measurable.lt is likely thatthe random
natureof the surfaceds manifestedn therebeinga few macro-asperitieshat are higher
thanothersandbearingthe load on a muchsmallercontactarea. This would resultin a
greaterconstrictionof the heatflow on the macro-scaleyhich would not be predictedby

themodel.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

An experimentafacility for the investigationof the thermalcontactconductancef
cylindrical interfaceshasbeendesignecandfabricated. Sixteenthermocouplegand eight
analogchannelsvere monitared, and two analogoutput channelsvere usedto control
heatersindto automatevalves.

An experimentaprocedurdor determiningthevariationof the contactconductance
of compositecylindersin a vacuumwas developedand implemented. While the outer
shellsof the compositecylinderswere instrumentedvith straingagesdataof insufficient
quality was obtained. Repeattestswere performedto provide some measureof data
reliability.

A comparisorof dimensionalconductanceesultswith previously publisheddata
on both the heatflux and interface pressurebaseswere favorable. Cylindrical thermal
contactconductancewas of appropriatemagnitudefor both the heatflux and contact
pressurdevels at the interface. Repeattesting provided someassurane of dataquality.
Dataanalysisshowsthatthecalculatedinterfacepressurds quite sensitiveto uncertainties
in interfacegeometryand shelltemperaturalistribution. Dimensionlesgonductanceand
dimensionles$eatflux havevery good correlation,while dimensionles€onductanceind
dimensionlesiterfacepressurdnaverelatively poorcorrelation(dueto inadequatesurface
characterizationlargecontact pressureuncertaintiesand poor understandingf multiple

macro-contactonductanc@henomena).
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RECOMMENDATIONS

The presentstudy has provided datafor the contact conductanceof a single
compositecylinder geometrywith a variety of materialcombinationsand somewhatmore
limited variety of surfaceconditions. Furtherinvestigationinto cylindiical thermalcontact
conductanceshould takeinto accountthe following recommendationso foster a better
understandingof (and consequently better predictive models for) thermal contact

conductancef cylindrical interfaces.

Composite Cylinder Geometry

In future studies, it is recommendedhat the length of the compositecylinder
shouldbemorethenfive timesthe averageshellthicknessto ensurethatend effectshave
no influenceon thetemperatur@andstrain(pressuremeasurementdonein thevicinity of
thecenterline.

It is suggestedhat different compositecylinder geometriesbe usedin future
experimentsto studytheeffectsof varyingtheshellthicknessjnterfaceradius,andratio of
interfaceradiusand nominal interface clearance(or interference). Longer cylinderswill
make interferencefit cylindrical shells difficult to assembleand disassembleput will
produceresultsmoreappropriateo conditionsfoundin radialthermalcontrolsituations.

Some attempt should be made to transform the presently available contact
conductancemodelsfrom the Cartesiancoordinatesystemto a curvilinear coordinate

system.

Contact Pressure

Techniquesfor directly measuringthe pressureat the interface should be
investigated.Suchtechniquesshouldbe ableto withstandthe temperaturesind pressures
attheinterfaceandshouldberelativelyinsensitiveto ambientpressuren orderto give valid

resultsfor experimentsn vacuumandotherconditions.
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Equivalent Isotropic Waviness
The cylindrical shels have roughnessand waviness in both the axial and
circumferentialdirections. A morerigorousmeansof determiningan equivalentisotropic

wavinessshouldbeinvestigatedn orderto usethesimplified conductancenodels.

Radial Cylindrical Heat Channel

A different macroscopicconstrictionparametershould be developedfor a non-
conforming surface model of the thermal contact conductancethrough cylindrical
interfaces.Similar to parametersn usefor nominally flat interfacesthe radial-cylindrical
constrictionparametershould take into accountthe asymmetricnatureof the heat flux

channebn eithersideof theinterface.

Macrocontact Pressure Distribution

Due to thedifferencein wavinesswavelengthsand amplitudesin the longitudinal
andcircumferentialdirectionsi,it is unlikely thatthemacrocontacspotswill be circular,and
thepressuravithin themacrocontacareacannot be describedas a unidirectionalfunction
of Cartesiaror polarcoordinates.Theeffect of the nominalcylindrical interfacegeometry

on macrocontactadiusandpressuralistributionshouldbeinvestigated.

Multiple Contact Interaction
Greenwood1966)describegheinteractionbetweenclustersof contactsbasedon
thespacingf thecontactsandtheirsizes. He describe theresistancdo be a function of
themeancontactareaandtheHolm radiusof thecontacts. With further consideratiorand
refinements,similarity argumentscan be madefor larger-scalecontactsand a similar
interaction parametercan be constructedfor the macroscaleportion of the contact

resistance.
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APPENDIX B
DATA ACQUISITION PROGRAM

Thediagramin FigureB.1 illustratesthe dataacquisitionand experimentcontrol
algorithm usedin the presentstudy. As explainedin Chapterlll, the control program
acceptdnput regardingthe cylindrical shellsusedand the desiredheaterpower settings
prior to execution. Upon execution,the programinitializes arraysfor controlling the
heater, storing cylindrical shell geometry and temperature-independerthermophysical
propertiesandcalculatingtemperature-variabldnermophysicaproperties.For eachheater
setting,theprogramwrite headerdor the appropriateruntime anddatafiles andinitializes
arraysthat are used for tracking the variables that are used to indicate steady state
conditions. Next, thesensorsarepolledanddatawritten to theruntimefile. Theruntime
file servesaasabackupof sensomatain thecaseof apowerfailure or in thecasewhereit is
necessaro seethetestconditionsat a certaintime. Appropratevariabledisplayson the
screemareupdatedandruntime arraysarecheckedto seeif steadystateconditionshave
beenmet. Steadystatas judgedto haveoccurredf the variationof steadystateindicating
variablesis within the prescribedimits for a 30 minute operationperiod. If steadystate
hasnotbeenreachedthe programwait one samplenterval (approximatelythreeminutes)
andre-entershecontrolloop atthepointwheresensorsarepolled.

Oncesteadystatehasbeenreachedapproprite dataaresentto the runtimefile and
the outputdatafile. If the currentheatersettingis not thelastonein the queuethenthe

next heatersettingis usedin the program,which entersthe control loop at the point



( START

LEVELS, SAMPLE INTERVAL

INPUT: MATERIALS, POWER

10z

INITIALIZE GLOBAL
VARIABLES AND
ARRAYS

FOR EACH HEATER
POWER LEVEL

y
INITIALIZE RUNTIME
—> POLL SENSORS ARRAYS, SET POWER WRITE FILE
HEADERS
LEVEL
/
WRITE SENSOR DATA CALCULATE MAXIMUM DISPLAY SENSOR DATA ANI
TO RUNTIME FILE TEMPERATURE VARIATION CALCULATED VALUES

WAIT ONE
SAMPLE INTERVAL

END LOOP

SET POWER TO ZERO

HAS EXPERIMENT

WRITE DATATO
NO ACHIEVED STEADY —YES
Rkl OUTPUT FILE
HAS LAST POWER SELECT NEXT
YES LEVEL BEEN USED? NO—> POWER LEVEL

END PROGRAM )

Figure B.1 — Flow chart of experiment control and data acquisition program.



10¢

wheretheruntime arraysareinitialized. If the last heatersettingin the queuehasbeen

usedthentheheateris powereddownandtheprogramexecutionis halted.

PSEUDOCODE OF LABVIEW DAQ PROGRAM OPERATION

Input on front panel
Cylinder materials,
Desired power levels,
Sample interval (default 3 min)

Operation - after program is started

Before all testing begins
Determine the number of power levels,
Set heater to off (safety feature),
Initialize sensor error counter =0

For each power level

Initialize variables:
CTE values,
Conductivity values,
Cylinder temperatures,
Uncertainties,
Time-temperature-location array
Store 30 minutes worth of data for calculation for all radial
locations, preloaded to ensure that temperature variation

is greater than steady state limit for temperatures.
Geometry

Location of thermocouples and interfaces,
Labels for cylinder materials

Write runtime and data file headers;

Set heater power;

At every sample interval:
Log time;

While not in error condition, poll sensors:
Check for error reported by FieldPoint units,
Thermocouples - check for Over-Temperature, spurious
data,
Strain gage bridge output - check for spurious data,
Strain gage bridge input - check for spurious data.

If (Over-Temperature)
Report condition,
Shut off heater,
Shut down program.
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Calculate temperature parameters (for each cylinder):
Average radial location temperature,
Slope of log temperature distribution,
Interface temperatures,
Weighted, mean cylinder temperatures,
Uncertainties.

Determine thermophysical properties at average temperatures;
Determine appropriate tolerance band;

Calculate interface heat flux;

Calculate thermal contact conductance;

Calculate corrected strain (for each gage array);

Test for steady state - all must be true
Temperature variation within tolerance for each location?
Variation of averaged interface heat rate within tolerance?
At least 30 min have elapsed since setting heater power?

Calculate temperature change since last poll time;
Set steady state indicator colors;

Output runtime variables:
Sample time,
Heat rate through inner cylinder,
Heat rate through outer cylinder,
Average inner cylinder temperature,
Average outer cylinder temperature,
Interface temperature,
Interface temperature difference,
Corrected strain,
Value of maximum temperature variation over last 30 min,
Averaged temperatures for each radial location,
Averaged interface heat flux

Output to screen:
Calculate temperatures at each location;
Output temperatures to temp-position graph;
Output to time-temperature chart:
High temperature,
Inner cylinder temp,
Interface temp,
Outer cylinder temp,
Low temperature,
Output strain and excitation voltage to time-strain chart;
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Wait for next interval;

At reaching steady state:
While not in error condition, poll sensors:
Check for error reported by FieldPoint units,
Thermocouples - check for Over-Temperature, spurious
data,
Strain gage bridge output - check for spurious data,
Strain gage bridge input - check for spurious data.

If (Over-Temperature):
Report condition,
Shut off heater,
Shut down program.

Calculate temperature parameters (for each cylinder):
Average radial location temperature,
Slope of log temperature distribution,
Interface temperatures,
Weighted, mean cylinder temperatures,
Uncertainties.

Determine thermophysical properties at average temperatures;
Determine appropriate tolerance band;

Calculate interface heat flux;

Calculate thermal contact conductance;

Calculate corrected strain (for each gage array);

Test for steady state - all must be true
Temperature variation within tolerance for each location?
Variation of averaged interface heat rate within tolerance?
At least 30 min have elapsed since setting heater power?

Calculate temperature change since last poll time;
Set steady state indicator colors;

Output runtime variables:
Sample time,
Heat rate through inner cylinder,
Heat rate through outer cylinder,
Average inner cylinder temperature,
Average outer cylinder temperature,
Interface temperature,
Interface temperature difference,
Corrected strain,
Value of maximum temperature variation over last 30 min,
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Averaged temperatures for each radial location,
Averaged interface heat flux

Output to screen:
Calculate temperatures at each location;
Output temperatures to temp-position graph;
Output to time-temperature chart:
High temperature,
Inner cylinder temp,
Interface temp,
Outer cylinder temp,
Low temperature,
Output strain and excitation voltage to time-strain chart;

Write to data file

Determine gage uncertainties;
Output elapsed time;
Output header for temperature distribution;
Output (for each thermocouple in each cylinder):
Temperature,
Temperature uncertainty,
Radial location

Output (for each gage array):
Gage header,
Gage voltage,
Gage uncertainty,
Corrected strain,
Strain uncertainty,
Excitation voltage,
Excitation voltage uncertainty.

Output (for each cylinder):
Average cylinder temperature,
Average thermal conductivity,
Average CTE.

Output:
Interface temperature,
Interface temperature difference,
Inner cylinder heat rate,
Outer cylinder heat rate,
Averaged interface heat rate,
Interface heat flux,
Thermal contact conductance.

Output (for each cylinder):
Raw thermocouple data,
Averaged temperatures,
Raw thermocouple uncertainties.



Output:
Raw gage voltages,
Gage uncertainties,
Corrected strain,
Corrected strain error.

After all power levels have been used

Set heater to off (safety feature),
End Program,;
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APPENDIX C
EXPERIMENTAL DATA

The symbolsin the tableswithin this appendixhave the following meaningsand

units:
E' Hertzian Elastic Modulus, Pa
E. Elastic Modulus, Pa
( Elastic Conformity Modulus of Clausing and Chao (1964)
h* Dimensionless Contact Conductance
h, Thermal Contact Conductance, WKn
H, Effective Vickers Microhardne§sPa
L* Dimensionless Load
mg slope of effective roughness
My slope of effective longitudinal waviness
m, slope of effective circumferential waviness
p* dimensionless interface pressure
P, Calculated interface pressure, Pa
W Plasticity Index of Greenwood (1967)
Q Nominal Heat Rate, W
Q" Calculated Interface Heat Flux, Wim
R. Effective roughness, m
& Waviness Number of Thomas and Sayles (1964)
W, effective longitudinal waviness, m
W, effective circumferential waviness

" RMS average of microhardness, as measured according to ASTM Standard E 92-82
(ASTM, 1997).



Table C.1 — Test Resultsfor CompositeCylinder AA.

Inner Cylinder: Aluminum 6061
Outer Cylinder: Aluminum 6061

10¢

E', Pa 3.939E+10 R, M 6.909E-05
E. Pa 7.000E+10 Mg 1.484E-01
H,, Pa 1.148E+09 W,, m 6.097E-05

My 2.236E-03
Z 7.533E+02 W,, m 1.975E-05
] 4.205E+03 My 2.384E-03

A 5.091E+00
QW Q", Wim? P, Pa = L* he, W/m2K h*

3.000E+02 1.212E+04 5.339E+07 4.649E-02 7.587E-02 2.521E+02 6.973E-04
5.000E+02 1.836E+04 5.458E+07 4.752E-02 7.756E-02  3.794E+02 1.054E-03
6.000E+02 2.169E+04 5.508E+07 4.796E-02  7.827E-02  4.503E+02 1.253E-03
7.000E+02 2.445E+04 5.580E+07 4.859E-02  7.929E-02  5.093E+02 1.419E-03
7.500E+02 2.567E+04 5.588E+07 4.866E-02 7.941E-02 5.354E+02 1.492E-03
8.000E+02 2.701E+04 5.654E+07 4.923E-02 8.034E-02  5.633E+02 1.571E-03
8.500E+02 2.900E+04 5.641E+07 4.912E-02 8.017E-02  6.060E+02 1.691E-03
9.000E+02 3.042E+04 5.695E+07 4.959E-02 8.093E-02  6.372E+02 1.779E-03
9.500E+02 3.202E+04 5.680E+07 4.946E-02 8.071E-02  6.730E+02 1.881E-03
1.000E+03 3.344E+04 5.730E+07 4.990E-02 8.142E-02  7.040E+02 1.968E-03
5.010E+02 1.614E+04 5.474E+07 4.767E-02  7.779E-02  3.293E+02 9.145E-04




Table C.2 — Test Resultsfor CompositeCylinder AB.

Inner Cylinder: Aluminum 6061

Outer Cylinder: Brass 360
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E', Pa 4.838E+10 R, M 7.607E-05
E. Pa 8.556E+10 Mg 1.544E-01
H,, Pa 1.148E+09 W,, m 6.311E-05

My 2.236E-03
Z 6.220E+02 W,, m 1.831E-05
] 3.456E+03 My 2.385E-03

A 6.504E+00
QW Q", Wim? P, Pa = L* he, W/m2K h*

5.000E+02 3.052E+04 5.481E+07 4.773E-02 5.882E-02 8.537E+02 3.432E-03
7.500E+02 4.050E+04 6.123E+07 5.332E-02 6.571E-02 1.151E+03 4.618E-03
8.500E+02 4.481E+04 6.363E+07 5.540E-02 6.828E-02 1.285E+03 5.151E-03
9.000E+02 4.692E+04 6.506E+07 5.665E-02 6.982E-02  1.349E+03 5.404E-03
9.500E+02 4.919E+04 6.695E+07 5.830E-02  7.184E-02 1.661E+03 6.644E-03
1.000E+03 5.132E+04 6.798E+07 5.920E-02  7.295E-02  1.731E+03 6.921E-03
6.000E+02 3.518E+04 5.709E+07 4.971E-02 6.126E-02 9.988E+02 4.012E-03




Table C.3 — Test Resultsfor CompositeCylinder AC.

Inner Cylinder: Aluminum 6061

Outer Cylinder: Copper 102

111

E', Pa 4.838E+10 R, M 4.826E-05
E. Pa 8.556E+10 Mg 1.991E-01
H,, Pa 1.148E+09 W,, m 6.015E-05

My 1.414E-03
Z 7.922E+02 W,, m 1.822E-05
] 4.401E+03 My 2.385E-03

A 8.388E+00
QW Q", Wim? P, Pa = L* he, W/m2K h*

3.000E+02 4.683E+03 9.544E+07 8.311E-02 3.662E-01 8.805E+01 9.115E-05
5.000E+02 6.865E+03 1.039E+08 9.047E-02 3.986E-01  1.238E+02 1.285E-04
6.000E+02 7.782E+03 1.076E+08 9.372E-02 4.129E-01  1.383E+02 1.437E-04
7.000E+02 8.513E+03 1.110E+08 9.662E-02 4.257E-01  1.496E+02 1.557E-04
7.500E+02 9.436E+03 1.132E+08 9.853E-02 4.341E-01 1.649E+02 1.716E-04
8.000E+02 1.020E+04 1.148E+08 1.000E-01  4.406E-01 1.773E+02 1.847E-04
8.500E+02 1.202E+04 1.163E+08 1.013E-01 4.463E-01 2.082E+02 2.170E-04
9.000E+02 1.178E+04 1.180E+08 1.028E-01  4.528E-01 2.029E+02 2.115E-04
9.500E+02 1.349E+04 1.194E+08 1.040E-01 4.581E-01 2.314E+02 2.413E-04
1.000E+03 1.408E+04 1.212E+08 1.055E-01 4.649E-01  2.404E+02 2.508E-04
5.010E+02 3.450E+03 9.299E+07 8.098E-02 3.568E-01  7.104E+01 7.354E-05




Table C.4 — Test Resultsfor CompositeCylinder AS.

Inner Cylinder: Aluminum 6061
Outer Cylinder: Stainless Steel 304
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E', Pa 5.750E+10 R, M 7.159E-05
E. Pa 1.027E+11 Mg 1.613E-01
H,, Pa 1.148E+09 W,, m 6.010E-05

My 2.236E-03
Z 1.570E+03 W,, m 1.823E-05
] 8.811E+03 My 2.384E-03

A 8.079E+00
QW Q", Wim? P, Pa = L* he, W/m2K h*

3.000E+02 1.513E+04 1.073E+08 9.347E-02 9.628E-02  4.189E+02 7.149E-03
5.000E+02 2.188E+04 1.355E+08 1.180E-01 1.215E-01 6.106E+02 1.032E-02
6.000E+02 2.998E+04 1.594E+08 1.388E-01 1.430E-01 8.051E+02 1.363E-02
7.000E+02 3.363E+04 1.652E+08 1.439E-01 1.482E-01 9.002E+02 1.521E-02
7.500E+02 3.541E+04 1.711E+08 1.490E-01 1.535E-01 9.426E+02 1.591E-02
8.000E+02 3.680E+04 1.779E+08 1.549E-01 1.596E-01  9.755E+02 1.646E-02
8.500E+02 3.841E+04 1.848E+08 1.609E-01 1.658E-01 1.010E+03 1.704E-02
9.000E+02 3.986E+04 1.930E+08 1.680E-01 1.731E-01 1.036E+03 1.746E-02
9.500E+02 4.135E+04 1.990E+08 1.733E-01 1.785E-01  1.073E+03  1.808E-02
1.000E+03 4.259E+04 1.951E+08 1.699E-01 1.750E-01  1.087E+03 1.832E-02
5.010E+02 2.415E+04 1.356E+08 1.181E-01 1.216E-01  6.303E+02 1.072E-02




Table C.5 — Test Resultsfor CompositeCylinder BA.

Inner Cylinder: Brass 360
Outer Cylinder: Aluminum 6061
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E', Pa 4.838E+10 R, M 1.053E-04
E. Pa 8.556E+10 Mg 2.885E-01
H,, Pa 1.079E+09 W,, m 3.494E-05

My 6.633E-03
Z 5.120E+03 W,, m 1.069E-05
] 2.844E+04 My 3.658E-04

A 1.294E+01
QW Q", Wim? P, Pa = L* he, W/m2K h*

5.000E+02 1.446E+04 5.003E+07 4.637E-02 1.979E-03 2.776E+02 7.962E-04
6.000E+02 2.138E+04 5.070E+07 4.699E-02 2.005E-03  4.138E+02 1.187E-03
7.000E+02 2.598E+04 5.097E+07 4.724E-02 2.016E-03 5.067E+02 1.453E-03
7.500E+02 2.857E+04 5.134E+07 4.758E-02 2.030E-03  5.595E+02 1.604E-03
8.000E+02 3.083E+04 5.146E+07 4.770E-02 2.035E-03  6.057E+02 1.736E-03
8.500E+02 3.280E+04 5.185E+07 4.806E-02 2.051E-03  6.491E+02 1.861E-03
9.000E+02 3.520E+04 5.199E+07 4.819E-02 2.056E-03 6.968E+02 1.997E-03
9.500E+02 3.782E+04 5.249E+07 4.865E-02 2.076E-03  7.523E+02 2.155E-03
1.000E+03 3.988E+04 5.250E+07 4.866E-02 2.077E-03  7.961E+02 2.280E-03
5.010E+02 1.673E+04 5.019E+07 4.652E-02 1.985E-03  3.206E+02 9.195E-04




Table C.6 — TestResultsfor CompositeCylinder BB.

Inner Cylinder: Brass 360
Outer Cylinder: Brass 360
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E', Pa 6.268E+10 R, M 1.100E-04
E., Pa 1.100E+11 My 2.917E-01
He, Pa 1.079E+09 W,, m 3.856E-05

My 6.633E-03
Z 4.484E+03 W, m 7.726E-06
g 2.472E+04 o 3.756E-04

A 1.694E+01
QW Q", W/m? P, Pa p L* he, W/m?K h*

2.000E+02 6.359E+03 4.828E+07 4.475E-02 1.681E-03 1.624E+02 6.213E-04
4.000E+02 1.957E+04 6.111E+07 5.663E-02 2.127E-03  4.596E+02 1.749E-03
5.000E+02 2.554E+04 6.331E+07 5.868E-02 2.204E-03  5.949E+02 2.260E-03
6.500E+02 3.388E+04 7.271E+07 6.739E-02  2.531E-03  7.324E+02 2.772E-03
7.500E+02 3.879E+04 7.441E+07 6.896E-02 2.590E-03  8.413E+02 3.191E-03
8.000E+02 3.796E+04 7.817E+07 7.245E-02 2.721E-03 8565E+02 3.232E-03
8.500E+02 4.506E+04 7.848E+07 7.273E-02 2.732E-03  1.017E+03 3.837E-03
9.000E+02 4.779E+04 7.581E+07 7.026E-02 2.639E-03  1.124E+03 4.243E-03
9.500E+02 5.048E+04 7.728E+07 7.163E-02 2.690E-03  1.183E+03 4.461E-03
1.000E+03 5.311E+04 7.900E+07 7.322E-02  2.750E-03  1.243E+03 4.682E-03
5.100E+02 2.434E+04 6.443E+07 5.971E-02 2.243E-03 5511E+02 2.094E-03




Table C.7 — Test Resultsfor CompositeCylinder BC.

Inner Cylinder: Brass 360

Outer Cylinder: Copper 102
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E', Pa 6.268E+10 R, M 9.295E-05
E., Pa 1.100E+11 My 3.176E-01
He, Pa 1.079E+09 W,, m 3.350E-05

My 6.403E-03
Z 5.888E+03 W, m 7.518E-06
g 3.246E+04 o 3.738E-04

A 1.845E+01
QW Q", W/m? P, Pa p L* he, W/m?K h*

3.000E+02 1.384E+04 6.776E+07 6.281E-02 2.417E-03 3.736E+02 6.811E-04
5.000E+02 2.397E+04 6.963E+07 6.453E-02 2.484E-03 6.560E+02 1.192E-03
6.000E+02 2.850E+04 7.102E+07 6.582E-02 2.534E-03  7.799E+02 1.416E-03
7.000E+02 3.276E+04 7.199E+07 6.672E-02 2.568E-03  9.017E+02 1.635E-03
7.500E+02 3.415E+04 7.274E+07 6.742E-02 2.595E-03  9.381E+02  1.700E-03
8.000E+02 3.718E+04 7.315E+07 6.780E-02  2.610E-03  1.022E+03 1.851E-03
8.500E+02 3.877E+04 7.369E+07 6.829E-02 2.629E-03  1.066E+03 1.929E-03
9.000E+02 3.993E+04 7.410E+07 6.868E-02  2.644E-03 1.092E+03 1.976E-03
9.500E+02 4.146E+04 7.497E+07 6.948E-02 2.675E-03 1.129E+03 2.041E-03
1.000E+03  4.393E+04 7.546E+07 6.994E-02  2.692E-03  1.193E+03 2.155E-03
5.010E+02 2.525E+04 6.944E+07 6.436E-02 2.477E-03  7.031E+02 1.278E-03




Table C.8 — Test Resultsfor CompositeCylinder BS.

Inner Cylinder: Brass 360
Outer Cylinder: Stainless Steel 304
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E', Pa 7.889E+10 R, M 1.069E-04
E. Pa 1.401E+11 Mg 2.954E-01
H,, Pa 1.079E+09 W,, m 3.341E-05

My 6.633E-03
Z 9.551E+03 W,, m 7.533E-06
] 5.330E+04 My 3.686E-04

A 2.160E+01
QW Q", Wim? P, Pa = L* he, W/m2K h*

3.000E+02 1.508E+04 9.569E+07 8.868E-02 2.072E-03  4.151E+02 6.124E-03
5.000E+02 2.352E+04 1.205E+08 1.116E-01 2.609E-03  7.061E+02 1.021E-02
6.000E+02 2.780E+04 1.320E+08 1.224E-01 2.860E-03  8.076E+02 1.164E-02
7.000E+02 3.441E+04 1.451E+08 1.345E-01 3.142E-03 9.781E+02 1.411E-02
7.500E+02 3.596E+04 1.495E+08 1.386E-01 3.238E-03  1.001E+03  1.443E-02
8.000E+02 3.767E+04 1.494E+08 1.385E-01 3.237E-03  1.022E+03  1.471E-02
8.500E+02 4.001E+04 1.559E+08 1.445E-01 3.377E-03  1.157E+03  1.665E-02
9.000E+02 4.273E+04 1.621E+08 1.503E-01 3.511E-03 1.211E+03 1.740E-02
9.500E+02 4.464E+04 1.672E+08 1.549E-01 3.620E-03  1.265E+03 1.817E-02
1.000E+03 4.826E+04 1.722E+08 1.596E-01 3.731E-03  1.367E+03 1.962E-02
5.010E+02 2.337E+04 1.216E+08 1.127E-01 2.633E-03  6.940E+02 1.003E-02




Table C.9 — Test Resultsfor CompositeCylinder CA.

Inner Cylinder: Copper 102

Outer Cylinder: Aluminum 6061

E', Pa 4.838E+10 R, M 8.835E-05
E., Pa 8.556E+10 My 1.796E-01
He, Pa 8.345E+08 W,, m 9.617E-05

My 2.828E-03
Z 3.368E+02 W, m 1.070E-05
g 1.871E+03 o 2.782E-04

A 1.041E+01
QW Q", W/m? P, Pa p L* he, W/m?K h*

3.000E+02 9.766E+03 4.938E+07 5.917E-02 6.912E-02 1.958E+02 4.075E-04
5.000E+02 1.222E+04 5.503E+07 6.594E-02  7.702E-02  2.250E+02 4.710E-04
6.000E+02 1.723E+04 5.803E+07 6.954E-02 8.123E-02  3.054E+02 6.409E-04
7.000E+02 1.600E+04 6.045E+07 7.244E-02 8.461E-02 2.750E+02 5.781E-04
7.500E+02 1.731E+04 6.139E+07 7.356E-02 8.593E-02  2.942E+02 6.189E-04
8.000E+02 1.894E+04 6.226E+07 7.461E-02 8.715E-02 3.187E+02 6.710E-04
8.500E+02 1.978E+04 6.311E+07 7.562E-02 8.833E-02 3.298E+02 6.947E-04
9.000E+02 2.042E+04 6.422E+07 7.695E-02 8.988E-02  3.371E+02 7.106E-04
9.500E+02 2.146E+04 6.504E+07 7.793E-02 9.103E-02  3.503E+02 7.389E-04
1.000E+03 2.211E+04 6.622E+07 7.935E-02  9.269E-02  3.565E+02 7.525E-04
5.010E+02 1.377E+04 5.493E+07 6.582E-02 7.689E-02 2512E+02 5.256E-04
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Table C.10 — Test Resultsfor CompositeCylinder CB.

Inner Cylinder: Copper 102
Outer Cylinder: Brass 360

E', Pa 6.268E+10 R, M 9.391E-05
E. Pa 1.100E+11 Mg 1.846E-01
H,, Pa 8.345E+08 W,, m 9.754E-05

My 2.828E-03
Z 4.534E+02 W,, m 7.729E-06
] 2.500E+03 My 2.909E-04

A 1.386E+01
QW Q", Wim? P, Pa = L* he, W/m2K h*

4.000E+02 1.633E+04 8.892E+07 1.066E-01 9.019E-02 2.949E+02 9.706E-04
6.500E+02 2.522E+04 1.061E+08 1.271E-01 1.076E-01 4.090E+02 1.344E-03
8.500E+02 3.178E+04 1.197E+08 1.434E-01 1.214E-01 4.779E+02 1.567E-03
9.500E+02 3.487E+04 1.254E+08 1.502E-01 1.272E-01 5.057E+02 1.656E-03
1.000E+03 3.670E+04 1.285E+08 1.540E-01 1.303E-01  5.233E+02 1.713E-03
9.000E+02 3.360E+04 1.228E+08 1.471E-01 1.245E-01 4.957E+02 1.625E-03
7.500E+02 2.825E+04 1.133E+08 1.357E-01 1.149E-01 4.337E+02 1.424E-03
4.100E+02 1.588E+04 9.132E+07 1.094E-01 9.262E-02 2.786E+02 9.171E-04
2.000E+02 9.170E+03 7.567E+07 9.068E-02  7.675E-02 1.829E+02 6.019E-04
5.010E+02 2.381E+04 2.596E+05 3.111E-04 2.633E-04 3.901E+02 1.285E-03




Table C.11 — Test Resultsfor CompositeCylinder CC.

Inner Cylinder: Copper 102
Outer Cylinder: Copper 102

E', Pa 6.268E+10 R, M 7.321E-05
E. Pa 1.100E+11 Mg 2.233E-01
H,, Pa 8.345E+08 W,, m 9.565E-05

My 2.236E-03
Z 2.944E+02 W,, m 7.522E-06
] 1.623E+03 My 2.886E-04

A 1.677E+01
QW Q", Wim? P, Pa = L* he, W/m2K h*

6.000E+02 9.615E+03 8.261E+07 9.898E-02 1.665E-01 2.069E+02 1.731E-04
7.000E+02 1.103E+04 8.421E+07 1.009E-01 1.697E-01 2.352E+02 1.971E-04
7.500E+02 1.178E+04 8.509E+07 1.020E-01 1.715E-01 2.501E+02 2.096E-04
8.000E+02 1.290E+04 8.533E+07 1.022E-01  1.720E-01  2.734E+02 2.294E-04
8.500E+02 1.393E+04 8.639E+07 1.035E-01 1.741E-01 2.941E+02 2.469E-04
9.000E+02 1.491E+04 8.723E+07 1.045E-01 1.758E-01 3.138E+02 2.636E-04
9.500E+02 1.608E+04 8.816E+07 1.056E-01 1.777E-01 3.364E+02 2.828E-04
1.000E+03 1.709E+04 8.911E+07 1.068E-01 1.796E-01 3.557E+02 2.992E-04
5.010E+02 7.479E+03 8.195E+07 9.820E-02 1.652E-01  1.605E+02 1.342E-04




Table C.12 — Test Resultsfor CompositeCylinder CS.

Inner Cylinder: Copper 102

Outer Cylinder: Stainless Steel 304
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E', Pa 7.889E+10 R, M 9.031E-05
E. Pa 1.401E+11 Mg 1.904E-01
H,, Pa 8.345E+08 W,, m 9.562E-05

My 2.828E-03
Z 7.124E+02 W,, m 7.537E-06
] 3.975E+03 My 2.818E-04

A 1.800E+01
QW Q", Wim? P, Pa = L* he, W/m2K h*

4.000E+02 2.069E+04 1.230E+08 1.485E-01 1.017E-01 5.051E+02 8.827E-03
5.000E+02 2.819E+04 1.642E+08 1.967E-01 1.348E-01 6.513E+02 1.128E-02
6.000E+02 3.053E+04 1.833E+08 2.196E-01 1.505E-01  7.103E+02 1.224E-02
7.000E+02 3.785E+04 2.074E+08 2.486E-01 1.703E-01  7.989E+02 1.374E-02
7.500E+02 3.973E+04 2.157E+08 2.585E-01 1.771E-01 8.156E+02 1.402E-02
8.500E+02 4.260E+04 2.334E+08 2.797E-01 1.916E-01  8.390E+02 1.441E-02
8.000E+02 4.158E+04 2.252E+08 2.699E-01 1.840E-01 8.346E+02  1.434E-02
9.000E+02 4.407E+04 2.431E+08 2.913E-01 1.996E-01 8.425E+02 1.447E-02
9.500E+02 4.647E+04 2.534E+08 3.037E-01 2.081E-01  8.655E+02 1.486E-02
1.000E+03 4.820E+04 2.623E+08 3.143E-01 2.154E-01 8.727E+02 1.498E-02
5.010E+02 2.150E+04 1.343E+08 1.609E-01 1.103E-01 5.423E+02 9.425E-03




Table C.13 — Test Resultsfor CompositeCylinder SA.

Inner Cylinder: Stainless Steel 304
Outer Cylinder: Aluminum 6061
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E', Pa 5.750E+10 R, M 7.736E-05
E., Pa 1.027E+11 My 1.557E-01
He, Pa 2.576E+09 W,, m 3.771E-05

My 2.828E-03
Z 1.130E+03 W, m 8.807E-06
g 6.341E+03 o 1.887E-04

A 3.477E+00
QW Q", W/m? P, Pa p L* he, W/m?K h*

3.000E+02 1.556E+04 3.669E+07 1.424E-02 8.107E-03 4.784E+02 9.030E-03
5.000E+02 2.383E+04 3.628E+07 1.409E-02 8.017E-03  8.422E+02 1.591E-02
6.000E+02 2.790E+04 3.741E+07 1.452E-02 8.266E-03 1.019E+03 1.928E-02
7.000E+02 3.077E+04 3.694E+07 1.434E-02 8.164E-03 1.162E+03 2.199E-02
7.500E+02 3.288E+04 3.676E+07 1.427E-02 8.124E-03 1258E+03 2.381E-02
8.000E+02 3.419E+04 3.748E+07 1.455E-02 8.283E-03  1.327E+03 2.511E-02
8.500E+02 3.603E+04 3.732E+07 1.449E-02 8.248E-03  1421E+03 2.689E-02
9.000E+02 3.790E+04 3.741E+07 1.452E-02 8.267E-03 1514E+03 2.865E-02
9.500E+02 3.979E+04 3.796E+07 1.474E-02 8.388E-03  1.610E+03 3.048E-02
1.000E+03  4.165E+04 3.775E+07 1.465E-02 8.341E-03  1.714E+03 3.242E-02
5.010E+02 2.303E+04 3.654E+07 1.419E-02 8.075E-03 8.154E+02 1.541E-02
9.990E+02 4.115E+04 3.762E+07 1.461E-02 8.314E-03 1709E+03 3.234E-02
4.990E+02 2.253E+04 3.686E+07 1.431E-02 8.146E-03 7.976E+02 1.507E-02




Table C.14 — Test Resultsfor CompositeCylinder SB.

Inner Cylinder: Stainless Steel 304

Outer Cylinder: Brass 360
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E', Pa 7.889E+10 Re, M 8.366E-05
E., Pa 1.401E+11 My 1.614E-01
He, Pa 2.576E+09 W,, m 4.108E-05

My 2.828E-03
Z 1.859E+03 W, m 4.783E-06
g 1.038E+04 o 2.071E-04

A 4.944E+00
QW Q", W/m? P, Pa p L* he, W/m?K h*

3.000E+02 1.329E+04 8.301E+07 3.223E-02 1411E-02 2.869E+02 5.991E-03
6.000E+02 3.011E+04 9.722E+07 3.775E-02 1.653E-02  6.547E+02 1.361E-02
7.500E+02 3.659E+04 1.043E+08 4.049E-02 1.773E-02  7.909E+02 1.637E-02
8.500E+02 4.067E+04 1.076E+08 4.175E-02 1.828E-02 8.757E+02 1.807E-02
9.500E+02 4.479E+04 1.128E+08 4.379E-02 1.917E-02 9.598E+02 1.972E-02
1.000E+03 4.695E+04 1.156E+08 4.487E-02 1.965E-02 1.002E+03 2.053E-02
9.000E+02 4.281E+04 1.100E+08 4.269E-02 1.869E-02  9.292E+02 1.913E-02
8.000E+02 3.840E+04 1.051E+08 4.079E-02 1.786E-02 8.431E+02 1.743E-02
6.010E+02 3.057E+04 9.722E+07 3.774E-02 1.653E-02  6.794E+02 1.414E-02
4.000E+02 2.186E+04 8.656E+07 3.361E-02 1471E-02 4.942E+02 1.032E-02
2.000E+02 9.475E+03 7.706E+07 2.992E-02 1.310E-02 2.131E+02 4.449E-03




Table C.15 — Test Resultsfor CompositeCylinder SC.

Inner Cylinder: Stainless Steel 304

Outer Cylinder: Copper 102
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E', Pa 7.889E+10 R, M 5.950E-05
E. Pa 1.401E+11 Mg 2.046E-01
H,, Pa 2.576E+09 W,, m 3.638E-05

My 2.236E-03
Z 1.445E+03 W,, m 4.441-06
] 8.063E+03 My 2.039E-04

A 6.267E+00
QW Q", Wim? P, Pa = L* he, W/m2K h*

3.000E+02 6.048E+03 1.757E+05 6.820E-05 5.555E-05 1.845E+02 1.944E-03
5.000E+02 7.184E+03 7.570E+07 2.939E-02 2.394E-02  2.226E+02 2.349E-03
6.000E+02 9.996E+03 7.595E+07 2.948E-02 2.401E-02 3.204E+02 3.383E-03
7.000E+02 1.223E+04 7.660E+07 2.974E-02 2.422E-02 4.038E+02 4.267E-03
7.500E+02 1.113E+04 7.670E+07 2.978E-02 2.425E-02  3.730E+02 3.942E-03
8.000E+02 1.181E+04 7.691E+07 2.986E-02 2.432E-02 4.022E+02 4.253E-03
8.500E+02 1.285E+04 7.710E+07 2.993E-02 2.438E-02  4.443E+02 4.698E-03
9.000E+02 1.316E+04 7.706E+07 2.992E-02 2.437E-02 4.626E+02 4.892E-03
9.500E+02 1.410E+04 7.755E+07 3.011E-02 2.452E-02 5.037E+02 5.328E-03
1.000E+03 1.460E+04 7.766E+07 3.015E-02 2.456E-02 5.305E+02 5.612E-03
5.010E+02 7.618E+03 7.527E+07 2.922E-02 2.380E-02  2.442E+02 2.576E-03
3.010E+02 5.409E+03 7.482E+07 2.905E-02 2.366E-02  1.613E+02 1.700E-03




Table C.16 — Test Resultsfor CompositeCylinder SS

Inner Cylinder: Stainless Steel 304
Outer Cylinder: Stainless Steel 304

124

E', Pa 1.064E+11 R, M 7.960E-05
E., Pa 1.930E+11 Mg 1.681E-01
H,, Pa 2.576E+09 W,, m 3.629E-05

My 2.828E-03
Z 3.836E+03 W,, m 4.466E-06
] 2.186E+04 My 1.941E-04

A 6.944E+00
QW Q", Wim? P, Pa = L* he, W/m2K h*

2.000E+02 8.645E+03 1.011E+08 3.926E-02 1.072E-02 2.550E+02 8.770E-03
4.000E+02 1.573E+04 1.495E+08 5.805E-02 1.584E-02 3.825E+02 1.281E-02
5.000E+02 1.966E+04 1.886E+08 7.321E-02 1.998E-02 4.679E+02 1.549E-02
6.000E+02 2.524E+04 2.155E+08 8.368E-02 2.284E-02  5.734E+02 1.877E-02
6.500E+02 2.792E+04 2.239E+08 8.691E-02 2.372E-02  6.141E+02 2.014E-02
7.000E+02 2.783E+04 2.211E+08 8.585E-02 2.343E-02  6.288E+02 2.061E-02
7.500E+02 2.943E+04 2.332E+08 9.053E-02 2.471E-02 6.483E+02 2.116E-02
8.000E+02 3.038E+04 2.446E+08 9.497E-02 2.592E-02 6.365E+02 2.069E-02
8.500E+02 3.228E+04 2.541E+08 9.864E-02 2.692E-02 6.689E+02 2.165E-02
9.000E+02 4.029E+04 2.873E+08 1.115E-01 3.044E-02 8.189E+02 2.642E-02
9.500E+02 4.196E+04 2.759E+08 1.071E-01 2.923E-02 8.207E+02 2.642E-02
1.000E+03 4.332E+04 2.877E+08 1.117E-01 3.049E-02  8.149E+02 2.616E-02
5.010E+02 2.046E+04 1.785E+08 6.928E-02 1.891E-02 5.029E+02 1.677E-02
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APPENDIX D
CALCULATION OF INTERFACE PRESSURE

Onegoalof this analysisis to use datacollectedin the experimentalpart of the
presenstudyto determinethe contactpressuregxperiencedy the compoundcylindrical
shells. Anothergoalis to developa methodologyto estimatethe pressureexperiencedy
other compoundcylindrical shells from publisheddata. An estimateof the interface
pressuremust be obtainedso that the results of this study may be comparedwith
previouslypublishedesults(both flat and cylindrical thermalcontactconductancepn the
samebasis. Due to thedifficulty in placingreliable pressuraneasuremergensorsat the
interfacewithout disruptingtheflow of heat,weturnto themathematicatheoryof elasticity
in orderto deteminetheinterfacepressure- specifically the theoriesassociatedvith the
Laméproblem. Throughsuperpositionywe canusetheseparateolutionsfor the thermally
inducedstressandthe mechanicallyinducedstressin conjunctionwith the experimental
dataandtheinitial geometryto determinghepressureexertedattheinterface.

Thematerialin this appendixs developedrom materialby Kozik (1997),Popov

(1978),Boley(1997),andTimoshenkandGoodier(1951).

SUPERPOSITION OF STRESSES

The equatios andboundaryconditionsfor the stressesand displacementswithin
thecompouncylinderarelinear. We maythendivide the probleminto two pieces,solve
themseparately and calculatethe displacementsand stressedo be the sum of the two

solutions. Posingthisin mathematicaterms:

0-total = o-mechanical-i- c)-thermal

3 (D.1)
u(r) total u(r) mechanical+ u(r)thermal
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This analysiswill first addresgshe mechanicalpart of the problem,including the
effectsof theinitial stressattheinterface. The casesof negligible and full longitudinal
restraintat the interfacewill be considered.Later, the thermalpartof the problemwill be
addressedThesolutionsfor thetwo partswill beusedtogetherto obtainthe solutionsfor

thetotal problem.

MECHANICAL EFFECTS

As notedin ChaptenV, thecylindrical shellsusedin this study are thick-walled
andhaveaninitial clearancefit. The cylindrical shellsare unrestrainedexceptby each
other. Each cylindrical shell is instrumentedwith thermocouplesat different radial
locations sothetemperaturelistributionwithin eachshellcanbedetermined. Additionally,
theoutershellsareinstrumentedvith 90° straingagerosetteplacedatthe mid-plane. It is
assumedhat the stressesand the thermal distribution are axi-symmetric. It is not
unreasonableo assumehatthetemperaturedistributionin our experimentafacility is not
going to be uniform. Instead, the radial temperaturedistribution due to the steady

conductionis likely to beof theform:

T(r) = Mln (r/r) + T(r,)

In(r, /r)
- TIn(r /r [I )]+ 7(r)
)0 )=T() L
Q In (r/r gn (In)(ri /ro() )In(ro)E
=m In(r) (D.2)

Theaxialtemperaturelistributionshouldbeuniform, with somepossiblevariation nearthe

ends.



The analysisof the compoundcylinder begins with the analysisof a single
cylindrical shell. Fromstaticequilibrium, the sum of forcesupon an infinitesimal element
of the cylinder mustbe zero. Following Popov(1978)anddefiningu(r) to be the radial
displacemenof any radial location, the resultingdifferential equationcanbe expressedn

termsof radal displacements:

du 1du u
prleprei ALl (B-3)

Thesolutionof this differentialequationis of theform:

u(r) =A,r +% (D.4)

whereconstant®\, andA, are determinedby the boundaryconditions. The radial and

tangentiakstrainsaredefinedin termsof u(r):

du A
e =—=A ——2 D.5
r dr 1 r2 ( )
g=d=A+ 02 (D.6)

Fromelastictheory, the deformationof a body is relatedto the stressesppliedto
thatbody. Theseelationsarespecializedormsof Hooke’slaw. In thecaseof cylindrical

shellstheserelationsare,for abodyexperiencingnechanicaktresseslone:

1
€ :E(o’ -V0,-V0,)
£ :é(—v 0,+0,-V0,) (D.7)
1
€,= E(_V 0, —V0,+0,)
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Thislastrelationis furtherrefinedby thetypeof longitudinalboundarycondition. For the
caseof a cylinderwith axially restraineddeformation,e, = 0. This caseis termedplane

strain. Similarly, theformulationsfor thestressesireobtainedrom elastictheory:

r (1+ V) [(1_V)8r + V& + (1_\))82]

=m

_2\))

[ve, +(1-V)g, +(1-V)e,] (D.8)

=|m

%0 = [+ v)(1-2v)

m

g, :m [(1-V)e, +(1-V)e, +ve,)

—_~

Analogously,in thecaseof planestressno stressis exerteduponthecylinder in the axial
direction (e.g. asin a thin, annulardisk). Thesetwo casesgive rise to two different
solutionsto the differential equationexpressedn EquationD.3 — however,in eithercase,

therelationsfor theradialandtangentialstressesrein theforms:

Table D.1 — Summary of Constantsfor Mechanical Problem.

Plane stress Plane strain
A (l_ V) I:)iriz _ Poro2 (l+ V)(l—ZV) I:)iriz _ Poro2
! E ri-r’ E r>—r?
A 1+v (R -R)rT, 1+v (R -R)rT,
2 E roz _ riz E roz _ riz
C Piri2 ~ Por02 (1_ V) Piri2 - P0r02
! r?—r? (1+v)@-2v) rZ-r?
c (P-R)rr 1 R-P)np1
2 rZ-r? 1-2v) rZ-rf r?
g, = X(o +0,)
7 ‘ E ' ® O-z = V(Or + 09)
=2vC,

C,

m |




o(=C-=% (D.9)

C
og(r) =C, +—5 (D.10)

where C, and C, are determinedthrough substiution of the displacemenfunction into
stress-straimnelationswith theappropriatdooundaryconditions. Therelationsdefiningthe
displacementstrainand stressconstantsn equationsD.4, D.5, D.6, D.9, and D.10 are
presentech TableD.1, alongwith relationsfor theappropriateaxial stressor strain.

Let uy, (r) betheradial displacemenat any radial location of the cylindrical shell,
dueto mechanicabktresses.If an applied longitudinal stress,g, , were to exist, thenthe

radialdisplacemenof anylocationwithin theshellis:

A, Lvo rL

u,fr)= Ayr+ B2 (D.11)

Theplanestresgorm of thisis:

OBl BB s oy

Initial Clearance

Since the cylinderswere designedfor room-temperatureassembly,a clearance
existsattheinterface. Many analysesof compoundcylinder problemsassumethatthe
adjacentylindrical shellsarein contactwith eachotherandsuperposeaninitial pre-stress
due to an interferencefit upon the problem (e.g. Lemczyk and Yovanovich, 1987).
However,by stipulatingthattheinterfaceradii arethesamegneglectingthe planeseparation
from the contactconductanceanalysis), we accountfor the stressrequiredto bring the

surfacesnto contact:



13C

g uB(ro,B) =hiatUy (ri,A) (D.13)

If theinitial interferencefit is given, but not theinitial, unassemblethterfaceradii,
the assembledadii canbe usal as in Hsu and Tam (1978) to determinethe contact

pressure.

Longitudinal Restraint

Considemow two cylindrical shellsthatinitially are placedin load contactwith
eachotherand then heated. Considerthen steadystateconditionsand assumethat the
radialdisplacementattheinterfacearethesame. However,the longitudinal displacements
(alongtheaxis of the shells)neednot be the same. Thus thevalueof o, canbe zeroif
thereis no longitudinalrestraint,or asignificantvalueif the longitudinaldisplacementsre
thesame. Sincethe cylindrical shellsareassembledvith a clearancdit, we mustassume
that the actuad displacementis somewherebetweenthe no restraint and full restraint

conditions,andthusbothanalysesnustbedone. Obviously, for the planestraincasethis

Cylinder A

Cylinder B
—> >l <«

r
—————————————— - f—r
0-)oIIIIIIIIiiio 7o
3
\\

> > <« <«

Figure D.1 — Stressstatesat the interface of cylindrical shellsA and B.
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analysigs moot.

Considerthe loading on the cylindrical shellsat the interface (Figure D.1). In
additionto theradial stressesheremay be shearstresse®xertedbetweenthe cylindrical
shells. For equilibriumto bemaintainedthe shearstressescting at the interfacial surface
of eachcylindrical shellmustsumto zero. Further thestressegxertedon shell A by shell
B mustbeequalandopposing.

Considemowthefreebodiesof thecylindrical shells(FigureD.2). At equilibrium,
theshearstressry, actingovertheinterfacialsurfaceof eachshell mustbe counteredoy the
longitudinalstress o, , actingwithin thewall of thecylindrical shell. However,theseshear
stressearegenerallyfunctionsof theaxial distancez. It thenfollows thatthe longitudinal
stresawithin the shellwould alsobe a functionof z. For the equilibrium conditionto be

satisfied:

L/2

GL,ATr(rjA —rfA) =2m,, [1dz (D.14)
0
L2
Ols rr(er - rfB) =21, [ 1dz (D.15)
0
andfrom equilibrium,
OLa T[(r(f,A - ri,2A) =08 T[(roz,B - ri,ZB) (D.16)
<_'l' 4___>o-|-xA _>'[ -><-—0-L'B
—_— — — —

Figure D.2 — Free body diagrams of cylindrical shellsA and B.
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thus,
2 .2
OLo= GH (0.17)

For the purposesof this discussionthe variation of 1 as a function of z will be
assumedo benearlyconstant.Thus,thelongitudinal stressesvithin the cylindrical shells
canbe assumedo be constants. Consideringthe resulting deformationof cylindrical
shellsA andB, letL’ bethedeformedengths letw representhe axial displacemenbf the
cylindrical shell, and let Aw representhe changein lengthdueto load. The deformed

lengthsdueto bothloadandthermalexpansiorareexpresseds

L,=L+a,AT,(r )L +Aw, =L +¢,, L

. (D.18)
L's =L + AT, (r,5)L +Awg =L +¢,,L
Theaxial strain, €, , is givenas:
g, = ow (D.19)
z
Fromelastictheory,
Ea= iﬁ _V_A (Gr,A + G(—],A) +a AATA(ri,A)
EA EA
(D.20)
€8~ _ﬂé _V_B(Gr g T 0q B) + GBATB (ro B)
E. E; ’ ’
but, from inspection,
__20
O, pt0ga _rz_'_?
oA A (D.21)
230
or,B+06,B -7 2

log ~lis
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Thus,
€ — 0-LA D 2r'IAo- AT
A EA A oA |Aﬁ+ IA
(D.22)
e U or2

szB -

ELBB+ %QB IB%—F AT OB

SinceattheinterfaceL'A = L'B, € A = &y g,andwecansetthetworelationsin D.22 equal

to eachotherandsolvefor thelongitudinalstresses

On_ 0.8 _ H’ . V_Dﬁ 2 n
EA ' EB ZO%B ﬁ'oB E |2A % (D23)
(0( OTo(rs) — 0 AATL(r; ))

SubstitutingequationD.19for 0, g andrearranginglightly:

D EA (r E_ VBroB D DVArIA I
oL,A%+— 20 ﬁ %
= (I’ H FE, B_rlB QA_rlA (D.24)

((1 BATB( QB) —0 AT, (ri,A)) Ea

Solvingfor | A,

0, 2 O g DVBroB M

A|A E+ %
2 2
QA_rlA E -

(D.25)
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This may in turn be substitutedinto Equation D.12 (or into Equation D.17 then into
EquationD.12, dependingn thecylindrical shell)ard usedto eventuallyfind the interface

contactstress.

THERMAL EFFECTS

TimoshenkandGoodier(1951)posethestressanddeformationequationss:

1+va | D
uT(r):E?!AT(r)rdr +Dr +TZ (D.26)
oE 17 E UD D.L
Gr]T(r):—EFIAT(r)rdr + [ D, __22E (D.27)
_oE 17 _OEAT(r) . E D, DL
0gr(r)= vl AT(r)rdr STy w2 (D.28)
6. (1) = _aEAT(r ) 2VED, .29

1-v (1+ v)(1-2v)

Takinginto accountthe appropriateboundaryconditionsfor the thermal stressproblem

(radialstressesirezeroon thecurvedsurfaces)wesolvefor constantd, andD,:

[l D, D2D
o .r)= -—==0 D.30
- (n) %_—2\) 7 %= (D-30)
) (r)———O(E lrjzAT(r)rdr s 20 _&D 0 (D.31)
rTYel s 1-vrl 1+ v%—Zv r2 %: '
Solvingthesefor usefulgroupings:
2
ED; 9 & P AT(r)rar (D.32)

1+v 1- vr—rIr
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ED, aE 1
= AT(r)rd
(1+v)@-2v) 1-vrZ-r? rJ (0)rdr

(D.33)

Substitutingthesanto Equation®.26 — D.29, we obtainthefollowing expressiongor the

stressesindradialdisplacement:

1+ Vv I,2 r2_r2 r E
u,(r)= Vi %1 2v)r - IAT(r)rdr +TrjAT(r)rdrE (D.34)
2 _ .21, r L
() :OL—E%%TZIAT(r)rdr —[AT(r)rdr L (D.35)
1-vrifgl -r’; ‘ g
24,2 L
0, (=25 i%;—rjm rdr +jAT )rdr —AT(r)r?C (D.36)
1-vri g E
aEH 2 % E
GZ'T(r):EQD_Z—r.Z AT(r)rdr —AT(r)E (D.37)

These,in turn, may be substitutednto EquationsD.7 to obtainrelationsfor the thermal

strains.

INTERFACE STRESSES

Therearetwo approachet determiningthecontactpressurevailablein this study
—relyinguponthetemperaturalistributionswithin thecylinders,andusing the temperature
distributionsin conjunctionwith thestrainreportedy gagesplacedon theoutersurfaceof

theoutercylinderatthemid-plane.

Case | — Without Longitudinal Restraint
Startingwith thethermaldisplacemenéquation(EquationD.34), whenevaluatedat

theinnerandouterradii, it is reducedo:
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UT(ri):rfg: 1+v) IAT r)rdr

(D.38)
u.(r,) = gar 1+VIAT r)rdr

anddefiningnewinnerandouterradiusvalues,

F=r+u.(r) (D.39)
theresultingradii may be substitutednto the mechanicadisplacemenequationgo solve

for thestressesiecessario maketheinterfaceradiithesame:

Fo,B + uM,B(FO,B) = Fi,A + uM,A (Fi,A) (D-40)
Expanding,
. v, %H} % 50
B B i,B % LB oB
r0'B+ OZB_HB%EB %084- OB%I %

O

(D.41)
r A Va +VA 0A AOLAliA
TLER SN T

neglectingthelongitudinalstressermsandsolvingfor interfacestresso = g, :

(D.42)

D D I’OZB

EA " EA ,
_VBD +Vg i?B
2 %0,8 +
E Ho B r| EB EB oB

Case Il — With Longitudinal Restraint

Returningto EquationD.41 and recall the relationsfor the longitudinal stresses

from thediscussiorof longitudinalrestraint Equation®.17 andD.25, therelationsfor the

longitudinalstressesnaybesubstitutednto EquationD.41 to obtain:
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Definingathermalexpansiorterm(dueto thelongitudinalstresgerm):

LV lia
_% :
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andsolvingfor interfacestresso = 0, :

O, =

(D.45)

o N
> ><
I | =
s>
mualm
rn|rn
w >
= = -gjl\)m<
—L Q_T\:
‘E:'”|“j
EEEEg%%%DDDDDDDDDDDDDDDDD

Case lll — Strain Gage Formulation
Sinceweassumehatthedisplacementf theouterradiusis dueto the temperature

distributionandtheeffectof theexpansiorof theinnercylinder:

_A8 _Ar,2m_ u(,) _Ur (o) +
° e ro,A ZT[ r.o,A rQA ro,A

(D.46)

Solving for the mechanicaldisplacenent,the relation can be subsequentlhgolved for the
interfacepressure. The reportedexpansioriessthataccountedor by thermal expansion

is:

—Ton = Ur(rn) = Uy (o0 (D.47)



Recallthat

Solvingfor o = oy,

AO

= %ﬂ%&%ﬁ%

13¢

(D.12)

(D.49)
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APPENDIX E
SAMPLE CALCULATIONS AND ANALYSIS OF UNCERTAINTY

The experimentadatausedin this appendixare takenfrom the aluminum 6061-
stainlessteel304 compoundcylinder datasetat the 750 W experiment. The uncertainty
analysistakesadvantageof the work of Kline and McKlintock (1953). Given some

function,f, of n variablestheuncertaintyof thefunctionfor asetof parameterss:

n Lot

%TU g% (E1)
xR

The uncertaintiescalculatedin this appendixare valid for this data point only, but are

0
KM(f)=U, =

representativef the uncertaintiedor all datain the study, which (in extremecases)may
takevalueshetweeronehalfandtwo anda halftimesthevaluescalculatechere. A table of
thecalculatedvaluesandrelevantuncertainiesfor thedataof this experimentcanbe found

attheendof thisappendix.
GEOMETRIC DATA

Cylindrical Shell Geometry

TableE.1 detailsthelength,innerradius,outerradiusof the AL-6061 and SS-304
cylindrical shellsthatform the compositecylinder usedto acquirmahethe experimental
datausedin this samplecalculation. Theseradii were obtainedthrough measurements
takenin thelaboratory,and measurementtakenat the Providence RI facility of Mahr-

Federallnc.. Fromtheseadiiaredeterminedhenominalinterfaceradius:



r. = r-iA + r-oB
' 2
andnominalinterfacearea:
A =2mLr,

Defininganaverageerrorof theinterfaceradii:

u =[ui, +u ]12

fia fop

Theuncertaintie®f thenominalradiusandnominalareaare

and

U, =[enLu,) +(emru, )7

Cylindrical Waviness

141

(E2)

(E3)

(E4)

(E5)

(E6)

Linear surfaceparanetersare suppliedby the SurfAnalyzerandby Mahr-Federal

aftercharacterizatioof thecylindrical shells. Circumferentiawavinesgparametersarenot.

Table E.1 — RelevantCylindrical Shell Dimensions

Length

Inner Radius Outer Radius
Cylinder (m) (m) (m)
B 0.1270 0.00635 0.0253824
AL-6061 + 0.00127 + 7.6E-4 + 3.4E-05

A 0.1270 0.0253958
SS-304 +0.00127

0.049399
+ 6.4284E-06 + 6.35E-5
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(A) (B)

Figure E.1 —Wavinessfor (A) a nominally flat surface,and (B) a curved surface.

However, partially processedsensor output was included with the roundnessand
cylindricity data. Thesensomutputconsistedf 4096datapointstakenateachof the four
locationsof thecylindrical scans. Wavinesdor the cylindrical surfaceis calculatedin the

sameamanneiasfor aflat surface.For aflat surface assuming uniformsampledensty:

1 1
W :%yﬂd)@ - % :1 y?é (E7)
Similarly for acylindrical surface:
h o é’ n E';’
W, = %llyzldeg = %;%5 (E8)

Radius of Curvature
If theisotropicsurfacewaviness(or roughness)s assumedo takethe shapeof a

sinusoidalvaveform:
S(x) =Asin(Bx) (E9)

andtakingadvantageof the naturalsymmetryof the trigonometricfunctions, the average

slopeis calculatecas
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|A BcogBx)|dx (E10)

ot Nl:l

2
m = tan(@) |——B

After somemanipulation,

2AB
|tan(6)| =—— (E11)
arelationbetweerthereportecamplitude,reportedwavinessslope,andradiusof curvature
at the tip canbe constructed. Recall that the radiusof curvaturefor a plane curve in

Cartesiarcoordinatess:

p(X) = M (E12)
e (¥) |
or
[1+ ABcogBx) )2]E 4AA £13

IA B2sin(BX) | (T[|tar(e |)

Note that both A and |tan(e)| are parametersobtained through the surfacemetrology,

whereA is eithertheroughnesgag,,s) or thewavinesyW,,s)of thesurface.
EXPERIMENTAL DATA

Measurement Uncertainty

Characterizatiorof the thermocouplewire consistedof comparingthe indicated
temperaturesof eight thermocouplejunctions with that of a NIST-traceablemercury
thermometer. The thermocoupleswere installed in a single copperblock, which was

submergedn a constant-temperaturerculating bath along with the thermometer. The
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bathtemperaturevas varied between260 K and 560 K, and temperaturereadingswere
takenat leasttwo hoursafterthe bat temperaturevas changed. Thermocouplereadings
were obtainedthrougha FieldPointprogram,which waswritten to take300 sampls at a
rateof four persecond. Thethermometewasreadthreetimes. Averagereadingswere

compared.Thethermocouplaincertaintywascalculatedateachof thefive temperatureas

U, O ﬁ
U= e Toverage™ Thist E1l4
, %@;H% oo™ Tuisr) - (E19

which is the sum of the squareof the averagethermocouplechannel measurement
uncertaintyandthesquareof thedifferencebetweenthe averagethermocouple¢emperature

andtheNIST-traceabléghermometetemperature.

Temperature Data

The recordedthermocouplereadings within the AL-6061/SS-304 composite
cylinderatsteadystatefor the 750 W heatersettingaretabulatedin TableE.2. Similarly,
The recordedthermocouplereadingswithin the AL-6061/SS-304compositecylinder at
steadystatefor the300W heatersettingaretabulatedn Table E.3. Thelisted temperature
uncertaintiearethoseobtainedthroughmultiple polling of thethermocouples.

Temperatureuncertaintiesused in thesecalculationsare a combination of the
systemicuncertaintyof + 0.003K (due to the resolutionof the FieldPointtemperature
module), the thermocoupleuncertaintyof + 0.3 K (obtainedthrough comparisonof a
readingsof a NIST traceablethermometerwith multiple measurementf samples
immersedin a constanttemperaturebath), and the measuremenuncertainty obtained

throughmultiple polling of thethermocouples.

4
UT :[Uzystem+u12'/C+Ul%/l]2 (E15)
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Table E.2 — Location-Temperature Data Acquired in the AL-6061/SS-304Composite
Cylinder at a Nominal Heater Power of 750W

r,m T, K U, K
. 0.01016 377.198 0.0403
é " 0.01397 376.829 0.0529
> 0.01778 376.652 0.0470
© 0.02159 376.223 0.0380
— 0.03048 326.046 0.0480
é < 0.03556 313.210 0.0370
> 0.04064 306.153 0.0442
© 0.04572 300.312 0.0534

Temperature Distribution
Understeadyone-dimensionatonductian conditions(without internal generation),
thetemperatureaistribution within a cylindrical shellis a functionof radial locationonly.

Knowingtheinnerandoutertemperatureandradii, thisrelationis expresseds:

- in_ 'out r Tin out u = OUt E
T(r) TOUt+ In( In/ out %1 out% @n(rln /rOU‘) %n + g |n |n /rOU |n(rOUt)E (E'16)
=min(r)+b

Table E.3 — Location-Temperature Data Acquired in the AL-6061/SS-304Composite
Cylinder at a Nominal Heater Power of 300W

r, m T, K U, K
— 0.01016 349.010 0.0276
[B)
© 0.01397 348.886 0.0313
Em
8\ 0.01778 348.896 0.0240
0.02159 348.935 0.0225
- 0.03048 305.552 0.0196
[}
o 0.03556 298.895 0.0135
S«
3 0.04064 295.370 0.0128

0.04572 292.194 0.0116
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By changingthe independentariable from the radial location to the naturallog of the
radial location, this relation is reducedto a linear form. The standarderror of the
correlationof the correlationis the expectederror of the predictedvalue,andis calculated

as:

C
bl

SE, = 3= i (E17)
C
F

Theuncertaintyof themearninterfacetemperatures:

T- - -rl A + To B
' 2
3 (E18)
U. = ETA|j+%ETB BD
K > 47072 HE
andinterfacetemperatureliscontinuityarefoundto be:
AT, =T, 5= Tia
(E19

U, =[SEZ, +SEZ)*

The uncertaintyin theleast-squareslopeis determinedby solving EquationE.16

for theslopeandusingtheresultingrelationto find theuncertainty:

oo™

Q%ESE g

A leastsquaregechniquds usedto determinethe parametersn andb for the best-fitline

E
0
T—T2D P
=20 (E.20)
2 rD b
i
B

throughthedata. Theuncertaintyof theparameterb, is takento bethestandarderror.



Average Shell Temperature
Sincethetempeaturedistributionwithin the shellsis likely to be non-linearwith

respectto r, the appropriateaveragetemperaturefor eachshell must be the integral-

averagedemperature:

Tg

T=5— J(mln(p)+b)pdp (E21)

[0} iri

This is the averageshel temperaturethat will be used to determine the value of
temperature-dependenthermophysical properties. The uncertainty for this average
temperaturemay be obtainedby symbolically evaluatingthe expressiorfor the average

temperatur@andthenapplyingtheKM operator:

1 N N
MO r TImrrir

(E22)

THERMOPHYSICAL PROPERTIES

Althoughtheroom temperaturéhermophysicapropertieof the materialsusedin
the presentstudy interestare tabulatedin Table 3.1, the conductivity and coefficient of
thermalexpansiorhavea significantdependencen temperature.Fifth order polynomial
expressionsave beenobtainedfor the conductivity and coefficientof thermalexpansion.
Onecommorpractice(adoptechere)hasbeeno assumehathandbooksaluesandderived
polynomialexpression$or thermophysicalalueshavea fixed uncertaintyon the order of

(and probablylessthan)five percent,unlessotherwisespecified. The inclusion of the
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temperatureuncertaintyneglgibly affectsthe value of the uncertaintyof the fifth order

polynomialexpressiorior thethermophysicaproperties.For anarbitrarypropertyW:

@ e (E23)

E @a, T'%)OSj

Taking, for example the thermalconductivity of the aluminuminnershell, theincreasein

thepercentagencertaintyis 0.003% andis negligible.

Interface Heat Flux
From conductiontheory, the expressionsfor the heatrateand heatflux througha
cylindrical shellatthenominalinterfaceradiusis

g, =—2mL km

i =m rE . (E.24)

Thecorrespondingncertaintyrelationfor theinterfaceheatflux is:

K K
%u D+ oo5k5 %—u Dﬁ (E.25)

o’ ""Ef

The histogramin Figure E.2 illustratesthe distribution of the uncertaintyin the

valueof theinterfaceheatflux on apercentagbasis.

The Effect of Temperature Drift on the Heat Flux Calculation
If theinterfaceheafflux is dividedby thermalconductivity (appropriateto the other
parametersisedto determingheinterfaceheatflux), the resultingexpressiorhasthe units

of temperature.Theuncertaintyof theheaftflux-conductivityratiois expresse as:
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%’_B 2u gg (E.26)

e

D:I]I:I

expandinghe uncertaintyfor the leastsquaresslope, and using the formulation for the

outercylinder:

(E27)

MMM OO L

U
U
s o i,
U _g %E r2 * I éé %-FE r? +FU”
nEA Nt

Takingthe uncertaintyof the temperatuee to be equalto the allowedtemperaturelrift and
holding all else constant,a relation betweenthe temperaturedrift toleranceand the
uncertaintyin thecalculatecheatflux canbeobtained. FigureE 3 relatesthe changdn the
calculatedheatflux to the heat flux-thermal conductivity ratio as a function of the

temperature@rift tolerance.

Thermal Contact Conductance

The thermal contactconductancas the ratio of the heatflux to the temperature

discontinuityattheinterface:

hc:%_ (E28)
W, 8 0g gk
UhCZ%thﬁ %ﬁ U”%% (E29

Figure E4 illustratesthe distribution of the percentuncertaintyin the thermal contact

conductancealculation.
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Figure E.2 — Histogram of the percentageuncertainty in the value of the interface
heatflux for the 170data points usedin this study.
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Figure E.3 — The effect of temperature drift tolerance on heatflux uncertainty.



152

60 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

50 — —

40 —

30 - —

Count

20 —

10 — —

%Uncertainty in p

Figure E.4 — Histogram of the percentageuncertainty in the value of the thermal
contactconductancefor the 170data points usedin this study.
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Radiation View Factor and Heat Loss

If the radation shield and exposedend surfacesof the cylindrical shells are
approximatedas parallel annularrings, the radiation view factor (and subsequentlthe
radiationheatossfrom the ends)may be determined. Following the methodof Example

6-81in SiegelandHowell (1992) theview factorfrom shellsA andB to theradiationshield

is atleast:
F,_s=0.709C
(E30)
F;_s=0.7303
Theradiationheattransferfrom theinnershellis expresseds
qrad = qradA + qradB
O O (- 2 [ C
%A A, Gg_ (1-&)ALF ﬁsg-r: _ T;‘) E
_ o0 Ag i (E3)
0 O (1-— 2 [ C
e, A, og— (=&s)As FB*SWTQ -TIE
E A, B E

Theuncertaintyof theradiationheatosscalculationis
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Strain

Taking the initial test results, with heaterpower set to zero, as the unstrained
condition,andall subsequenvnesas strained,we candeterminethe changein strain for
eachsetof testparameters.Thepartially correctedstrainreportedy the gageis expressed

as:

< (E33)
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However,wemustfurthercorrectthestrainfor transversesersitivity:

1-vKy /o
€ = 1——Kt2(£i - thj) (E34)

Theresultsreportedirom the 90° straingagerosettesanthen be usedto determinethe
interfacestress. Strainand relateduncertaintiesn the longitudinal and circumferential
directionsare calculatedand correctedaccordingto methodsrecommendedy Omega
EngineeringInc. (1995)and Measurement&roup,Inc. (1999b). Embeddedwithin the
uncertainty calculation are uncertaintiesin measuredutput voltage and gage thermal

outpult.
INTERFACE PRESSURE

Thermal Expansion

FromEquationD.38, thethermaldisplacemenbf theinnerradiusof shellA is

2ar for
Ur(ria) = r2—_'=rAT(1+ v) [AT(r)rdr (E35)
0A i,A fiA

Similarly, thethermaldisplacemenof theouterradiusof ShellB is

Ur(res) = rfo‘_forg (1+v) TAT(r)rdr (E.36)
oB i,B fip

Since thesedisplacementsare approximatelyfour orders of magnitudeless than the
undisplacedadii, the uncertaintief the displacedradii are assumedo be thoseof the

undisplaceaadii.
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Case |
The mechanicalrestraint due to the contacting cylinders are imposedon the

displacedadii. Fortheinterfaceradiito bethesametheinterfacestressesnustbeaswell.

FromAppendixD (EquationD.42):

(E.37)

(E.38)

(E.39)

(E.40)

(E4)
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Theuncertaintyof theinterfacepressuraelationis then:

N

S
%UBE (E43)
g
H

(E44)
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Similarly, whentheeffectsof thelongitudinalstressareincluded,(EquationD.45):
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To facilitateanuncertaintyanalysisthisis brokeninto pieces:

_FF
O-II__
DIl

DIl =BB CC+DD EE-GGHH +GG Il JJ

(E 45)

(E .46)

(E47)
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Again, to facilitate anuncertaintyanalysisthisrelationis brokeninto pieces:

(E.49)

(E50)

1B__M_4DDDDDDDDDDDDDDDDD

) o [
TIOOd Ur
—
2.nm, nm,
< | \.)vl?_
— 0 QU_H__H_D <|” >
2r|0 VB Zr.h 2rnm, N
oo 2 bl o)
d . 2m f|.e wooo
— | ~——| \”)
x| LW | | | N ~ 2
s mEY Y

= [
< < ~—
m@_.% Sul Oompg OOoT
[aa]
+ + + o o0
OO O AB_H_EBD VB L
F 3 y (N
Ll U U
- — - ~N— +
< N N PN =
rA?__.EA M _r _r _r 2rAm 2vll
I = ~ 3 2A ZnM : :
o o
+ _— — —_ — ZrM 2ulnnbv,
AH__H__AH”_ w om B?_ om UHI._H__('_\
> [ ul rB L B— o
U om

4,5 G i
ooSommodoooocoo
1

-

D

LB = (0 ATy (Fos) ~0 AT, (ri6)) E

ULBZE

(E51)

1W_Dm£u_u_u5u

E\ATy(rys)Uq. | +[ExtlsSEr]
2
E.AT, (ri,A)U an ] + [EA a ASETA]

%—[(G sQATg (ro,B) AT, (ri'B))UEA ]



16C

(E52)

I | |

o [ [

=)

o
oom o T3k
o U j - —
\I/U ~ 2 & M
ST 4T E=

,_l __l = ZB, <
Y P {ro\ LLI EB
SIS oNOO

<|onv @ L +
At o [

+ pe.

n =)

mom D2 S

EA - —_—
S E gl
MM@/ M_r LT
N 0 N 0 ~——
D@mﬁaﬂm%mm Hish
o 0

U

(E53)

TIOr
UvB 9
wo 2D
COO0 o~ OO
14 C = il |
o) =l 2
~ NS +
A < __% TCOOCT
b &.m S[®
= [ + o 2L
>|as mom o—
= o rO N -
Dm_ w C 0 -
+ I | |
GDD&Q G
= s —
U_L m _B A_ m
< > 2r0, w
rA0n n s @ O™
~ = +
= . &Lt_& CO0Om
>|No 04
Rss moo 319
+ u| O a|>—
Torgp 21— v~z
= C 2.B|w w __[
O ZB __[ rB N
o < o > o0
o K ~—
= E_E
Hi___& mlmi

D@@MDD@DDDDUDH

G
o

D

(E55)



161

”_ EbBrOBlé
EB
1 (E56)
i i 3, A
U, =0zesy, O+EVey O+ BZ’vBUED%
HEs =0 kg 0O OEg gu=
JJ (rj,A_rl,ZA)
— 12 2
s~ lip
1
]
ﬁ (E57)
U
U
O
U
Theuncertaintyof g, is then:
i
(3 i (3
%FF + FCZCUBBE_FgF_BZBUCCE O
I DIl DIl E
%FDD F(1 93-HH)  EE
+ U E58
g DII® GGED (E59
O
:

]
0., = PR UL
oo, [ froon, §.dreen, g



162

Case llI
As developedn EquationD.49, thestressattheinterfacedueto differentialthermal
expansiorof thetwo shellscanbedeterminedising the known temperaturalistributionin

the outer cylinder and the correctedstrains in the circumferential and longitudinal

directions:
A—er At lon T,
o, = - - (E59)
?: A ?: A rlA
% |AE
or
KK
o, =——— (E60)
LL MM
by parts:
KK =¢& rc:,A Tlhon _FQA
0 , 12 (E6Y)
U ={[reaV, ) + 213
2
r
LL = 22—
fon ~lia
- o, B[g (E62)
U _ 2I’0‘A _ 2r0A Duz +|:|2r0AriA U DE
LL 2 _ 2 2 _ E R > >\ 2 rDD
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Table E.4 — Calculated Values and AssociatedUncertainties for AL-6061 - SS-304

700W Test
Absolute Percent
Parameter Value Uncertainty Uncertainty

I, 2.5380E-02 5.2480E-05 0.207%
A, 2.0250E-02 7.9844E-04 3.943%

SE;, 1.7982E+00 — —

SE; 9.9000E-02 — —
T, 3.5619E+02 9.0047E-01 0.253%
AT, 3.9862E+01 1.8010E+00 4.518%
m, -6.2899E+01 4.9715E+00 7.904%
b, 1.0519E+02 1.7982E+00 1.709%
mg -1.2205E+00 1.4843E-01 12.161%
bg 3.7162E+02 9.9000E-02 0.027%
T, 3.1080E+02 3.8025E+00 1.223%
T, 3.7660E+02 1.3263E-01 0.035%
a, 3.5467E+04 2.9974E+03 8.451%
h, 8.8976E+02 8.5267E+01 9.583%
Q:ad 3.5247E+00 1.3431E-01 3.811%
JAYA 9.5710E-05 3.5834E-05 37.439%
Ae, -1.6974E-04 5.6185E-05 33.100%
| 7.2478E+07 8.1790E+06 11.285%
g, 5.0203E+07 7.2747E+06 14.491%
d, -8.5829E-06 1.1791E-06 13.738%
o, 1.3474E+07 6.4256E+06 47.689%
AA 4.0354E-05 4.2992E-06 10.654%
BB 3.5904E-01 1.3135E-04 0.037%
CC 7.4144E-13 3.7491E-14 5.057%
DD 1.0668E+00 7.0177E-05 0.007%
EE 2.7237E-13 1.4759E-14 5.419%




Table E.4 (continued)

Absolute Percent
Parameter Value Uncertainty Uncertainty

FF 3.1771E-05 4.4580E-06 14.032%
GG 1.1912E-01 1.1950E-02 10.032%
HH 8.0267E-14 5.6757E-15 7.071%
Il 2.4274E-13 1.7164E-14 7.071%
JJ 2.9619E+00 9.5725E-04 0.032%
KK 1.5161E-05 4.3028E-06 28.381%
LL 1.3590E+00 1.3135E-04 0.010%
MM 8.2792E-13 4.1560E-14 5.020%
LA 3.1934E-13 2.5577E-14 8.009%
LB 2.4636E+08 2.2699E+07 9.214%
LC 9.1726E+00 2.5592E-14 8.009%
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Table E.5 — Calculated Values and AssociatedUncertainties for AL-6061 - SS-304

300W Test
Absolute Percent
Parameter Value Uncertainty Uncertainty

I, 2.5380E-02 5.2480E-05 0.207%
A, 2.0250E-02 7.9844E-04 3.943%

SE;, 5.5899E-02 — —

SE; 9.1365E-01 — —
T, 3.2986E+02 4.5768E-01 0.139%
AT, 3.8049E+01 9.1536E-01 2.406%
m, -3.2534E+01 2.5453E+00 7.824%
b, 1.913E+02 5.5899E-02 0.029%
m, -1.0133E-01 5.7762E-02 57.001%
bg 3.4851E+02 9.1365E-01 0.262%
T, 2.9768E+02 1.9431E+00 0.652%
T, 3.4892E+02 6.6407E-02 0.002%
q 5.6847E+01 1.8033E+04 31722%
h, 1.4940E+00 4.7394E+02 31722%
Urag 1.7254E+00 7.8005E-02 4.521%
JAYA -5.0739E-06 8.3765E-06 165.089%
Ag, -9.6557E-05 8.4121E-06 8.712%
| 1.5993E+07 4.0868E+06 25.554%
o, 1.6044E+07 4.0961E+06 25.530%
d, 3.6018E-08 2.0991E-07 582.790%
o, -1.1777E+06 1.3822E+06 117.363%
AA 1.3652E-05 4.2992E-06 31.491%
BB 3.5924E-01 1.3146E-04 0.004%
CC 2.0727E-12 1.0500E-13 5.066%
DD 1.0668E+00 7.0226E-05 0.007%
EE 1.0225E-13 5.4477E-15 5.328%




Table E.5 (continued)

Absolute Percent

Parameter Value Uncertainty Uncertainty
FF 1.3688E-05 4.3043E-06 31.446%
GG 1.1465E-01 7.0882E-03 6.183%
HH 2.4233E-13 1.7135E-14 7.071%
Il 2.0304E-14 5.678E-15 7.071%
JJ 2.9663E+00 9.5952E-04 0.032%
KK -3.6835E-06 4.3191E-06 117.255%
LL 1.3592E+00 1.3146E-04 0.010%

MM 2.3010E-12 1.1559E-13 5.0234%
LA 2.0618E-15 1.2014E-14 582.693%
LB 3.6264E+07 3.6275E+06 10.003%
LC 2.0759E+00 7.6080E-02 3.660%
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