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SUMMARY

Twostraightmineraloilsanda polymer-centsiningoilhavebeen
testedina rotating-cylinderviscometerathighshearrates(maximum
O.= miXLionreciprocalseconds)andtheaccompanyingheateffectshave
beeninvestigated.

Thetorquemeasurementsareoflowaccuracyandfailto establish
themoderatelynon-Newtonimbehaviorofthepolymer-containingoil,
butthetemperaturemeasurements,whichareingoodagreementwitha
thermalanalysis,do indicatethepresenceoftemporaryviscositydecreasem athighshearratesforthisoil.

INTRODUC?ICHIN

Infullfluidfilmorhydrodynamiclubricationtheviscosityisthe
nestimportantphysicalpropertyofthelubricant,andotherquantities
involved,suchasdensity,thermalexpansioncoefficient,heatcapacity,
andthermalconductivity,areofrelativelyminorconcern.Theload
capacityandfrictiontorqueofa bearingaredirectlydependentonthe
viscosityofthelubricant,andthusthebearingperformanceiscontrolled
by theinfluenceoftheoperatingtemperature,pressure,sadshearrate
or stressontheviscosity.

Theeffectoftemperatureonviscosityisconsiderableandwell
know. To indicateordersofmagnitude,a lightmineraloilmayundergo
a tenfoldreductioninviscosityfora temperaturerisefrom2’j0C to
100°C!.Theeffectofpressureislessstriking;but,indew ofthe
highfil.mpressuresgeneratedinheavilyloadedbearings,it is stiU
importantandhasbeenwidelystudied.A lightmineraloil,forexample,
mayincreasefifteenfoldinviscosityat no C andfivefoldat 100°C
fora pressurerisefrom1 to 1,000atmospheres.

b Mostlubricatingoils=e Newtonian,at anyrateoverthenormal
rangeofoperatingconditions,andviscosityis independentof shear
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rate. Nevertheless,thepossibleeffectof shearratehasbeena matter
of interestformanyyearsinasmuchastherehasbeenscxnecontroversy
asto whetherstraightmineraloilsshownon-Newtonianbehavioratvery F
highshearrates;sayover1 millionreciprocalseconds.Withthe
increasinguseofveryhighspeedbearingsthisquestionhasgainedin
significance,sinceinhigh-speedbearingsthewholeoftheoilfilmis
subjectedto a highshearrate,whereasinheavilyloadedlowerspeed .-
bearingstheshearrateishighonlyovera smallfilmarcnearthe
pointofminimumfilmthickness.

It is,however,thequestforlubricantssuitableforuseat
extremesoftemperature,highorlow,and/orwithimprovedviscosity.
temperaturecharacteristics,thathascausedan increaseof interestin
non-Newtonianeffects.Syntheticadditives(viscosityindeximprovers)
formineraloilshavebeendevelopedwhichgivea flatterviscosity-
temperaturecharacteristicattributableto thecoilingoflongmolecular
chains;thatis,thetemperatureriqecausesuncoilingdueto increased
volubilityinthebaseoilandthischangeofformpartiallyoffsetsthe
viscositydropnormallyarisingfroman increaseintemperature.

Theeffectivenessofviscosityindex@rovers increases,ingeneral,
withincreaseinmoleculechainlengthbutis inpartvitiatedbythe
effectof shearrate.Undershearconditionstherecanbe a permanent *

viscositylossduetomechanicalbreakdownofthemolecularchaininto
smallermolecules,smd.therecanbe temporaryorreversibleviscosity
lossduetomolecularorientation.

K
Theseeffectsbecomemorepronounced

withincreaseinmolecularchainlengthsothata compromisemustbe
soughtbetweentheuseof smallq~tities ofhigh-molecular-weightaddi- =
tivesonthescoreofeconomyandtheuseoflargeramountsoflower
molecularweightcompoundsonthescoreof stability.

Itmaybe mentionedthattheamountsofthepoQmerizedestersof
acrylicandmethacrylicacidsorpolymerizedisobutyleneusedforthis
Pqose are-, oftheorderof”2or3 percentby weight;and,since
theirmolecularweightsmaybe 100timesthatofthebaseoil,themolecu-
larratioisverysmallindeed.Themechanismoftemporaryviscosityloss
isthesameasthatexpectedforstraightmineraloils,butthelonger
moleculessufferalinementat lowershearstresses.

—

An experimentalstudyofnon-Newtonianeffectsinlubricantsis
complicatedby thetendencyforhighshearratestobe associatedwith
considerableheatdissipationduetoviscouslosses,sothatviscosity
dropsdueto shearrateareovershadowedbyviscositydropsduetotem- .

peraturerise.Thermaleffectsathighshearratescanbeminimizedby
a suitablechoiceofvariablesinbothcapillaryandrotating-cylinder
viscometers,sincetherateofheatproductionforeitherisapproxi-
matelyproportionaltotheproductofviscosity,filmthickness,and
shearratesqmed. It isthereforeclearlyadvantageousto obtain
thehighshearraterequiredas faraspossibleby useof smallfilm
thicknessesor capillarydiameters.

4“
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*
Inregardtothechoiceof equipmentforthistypeof investigation,

therotating-cylinderinstrumentisgenerallypreferredto thecapillary
1 instrumentwhenallfactorsaretakenintoaccount.Thelatterisproba-

blysimplerandhastheadvantagesofa staticpieceofequipment,but,
ontheotherhand,thepumpingnecessaryintroducesthefurthercomplica-
tionofpressure-viscosityeffectsandpossibleexternalpermanentvis-
cosityloss.Theshearstressandshearratevaryacrossthecapillary
crosssection,whereasintherotating-cylinderinstrumentshearstress
isconstantacrossthefilmandshearratevariesonlywhenvelocities
andfilmthicknessesarelarge.Withthecapi31arytube,thetimeof
flowpassageathighshearratesmaybe sosmallthatmolecularorienta-
tionmaynothavetimetobecomefullyestablished,whereasinthe
rotating-cylinderviscometerthessmefluidsamplecanbe continuously
sheared.

Thedesirabilityofusinga smallfilmthicknessintherotating-
cylinderviscometerissubjectto thelimitationsimposedby difficulty
andcostof construction.Witha smallclearancesuchmattersasround-
ness,alinement,surfacefinish,andthermalexpansionbecaneincreasingly
important,andas smallclearancesaredifficultto measureaccurately
theinstrumentmustbe calibratedintermsofviscosityinsteadofbeing
usedabsolutely.Ultimately,whenthefihnthicknessis comparablewith
thesmplitudeofthesurfaceroughness,thereisdangerthatanomalous
resultsmaybe obtainedwhenhydrodynamiceffectsaremeasuredon a
microscopicscale.4

Thisinvestigation,whichwasbeguniu1948,coversthedesign,
construction,andmodificationofan apparatusfordetermininghydrody-
namicbearingperformanceandthetestsmadeusingthisapparatus(refs.
to 4 andpresentreport).Thelubricantstestedwerekerosene(ref.2),
frcmnwhichanomalousviscosityresultswereobtained,n-butylsebacate,
siliconeGE 200,andEtnaOilLight(ref.3), allofwhichprovedto be
Newtonianwhentestedat shearratesupto 0.224,0.067,and0.2C6mil-
lionreciprocalseconds,respectively.Inthepresentreport,whichis
thelastphaseofthisinvestigation,thermalconditionsintheviscome-
terareinvestigatedathighshearrateswhenusingbothNewtonianand
non-Newtonianoilsofknownproperties.As isevidentfromthecompara-
tivefiguresintableI, inwhichtheworkof otherinvestigators(refs.
to 20)is summarized,thepresentviscometeris inefficientinthesense
thattheshear-raterangeisnotverygreatwhiletheheatdissipationis
large.Thisdifficultycanbe overcomeby furthermodification,butas
itstandstheequipmentisverywe’llsuitedto an eqloratoryexamination
ofthethermalconditionswhichwillariseatveryhighshearratesof
theorderof severalmillionreciprocalsecondswhenrecourseto small
clearancesas intheviscometersofNeeds(ref.19)andBarber,Muenger,
andVillforth(ref.20)willno longerpreventthecomplicationofther-

* maleffects.

.
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thermaleffectsfirstdevelopedbyBrattas
andextendedby I&g (ref.15)isusedfor

thisstudy.Blok,ina paperpresentedattheSixthInternational v.

CongressforAppliedMechanics,hasgivena veryusefulgeneralization
ofthistheory,andtheresultsaregiveninappendixA. Theanalysis,
whichisbasedontheexistenceoflaminarconditionsina Newtonian
fluidandontheassumptionofan exponentialviscosity-temperature
relation(validfora notgreaterthanfourfoldvariationoflubricant
viscosityacrossthefilm),expressesrotor-statortemperaturedifference
M’,apparent:iscosityqar,andshearstressS (allexpressednon-

—

dimensions.11~)intermsoftwonondimensionalvariablesP and N
givenby thefollowingformulas: -.

Heat-partitionfactor,

P= Heatconductedfromfilinviastator
Heatgeneratedinfilm

Heat-dissipationfactor,

~= ~%@
k

where

P viscosity-temperaturecoefficient

7s viscosityat statortemperature

u surfacespeed

k thermalconductivity

Thetheoryshowsthatthe

oflubricant

relativeviscosity(theratioofthe
apparentviscosityqar deducedfromthemeasuredtorquetothevis-
cosityqs atthestatorsurfacetemperatureTs)decreasesfromthe
isothemalvalueofunityas P and N increase.

Ithasbeennecessaryto extendtheanalysisforthepresent
research,andthesenewresultsappearinappendixB. Expressionsare
givenforthefilmtemperaturegradient,a quantitymeasuredinthe
presentreportinsteadofrotor-statortemperaturedifference,andfor
thetemperaturecorrectiontothestatorsurfacetemperaturetobring ~
itintolinewiththeapparentviscosity.Thelatterisa moreexact
formofthe“parabolic*’constant-viscositycorrectionusedearlierin

—

8

k.,
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thisinvestigation(ref.3),anditiscomparedwitha generalizedform
ofthisparaboliccorrection.Sincetherotating-cylinderviscometeris

9 a constantshear-stressinstrument,theanalysiscanbe extendedto non-
Newtonianfluidsprovidedthattheratioofthehigh-shearto zero-shear
viscosityisa functionoftheshearstressonly.An examinationof
existinginformationonnon-Newtonianlubricantssuggeststhatthisis
notanunreasonableassumption.Thesenewresultspermittheeffectsof
temperatureandshearstressonviscositytobe separated.

Themeasurementofviscositybyflowandpressuredropthroughthe
annulusnecessitatesan extensionofthetheoryto accountfortheeffect
ofthedecreaseinviscosityontheaxialvelocity.Thepressuredrops
usedwereso smallthattheaxialshearstressandtheflowenergydis-
sipatedarebothnegligiblecomparedwiththecorrespondingrotational
quantities.Theresultsofthistialysisareagainexpressedas a rela-
tiveviscosity(theratiooftheapparentviscosity~a deducedfrom
theflowandpressuredroptotheviscosityI’ISattheStatorsmface
t~erat~e Ts)=

Thisworkwasdoneat EarvardUniversityunderthesponsorshipand
withthefinancialassistanceoftheNational.AdvisoryCommitteefor

. Aeronautics.

SURVEYcm’LmmATum

A numberofwritershavespeculatedthatthepossiblereductionof
liquidviscosityundershearingflowconditionsiscausedby orientation
ofrod-shapedmolecules.Bondi(ref.22)hascalculatedthatforthe
molecular-weightrangeappropriateto ordinarylubricatingoils,a mini-
mumshearstressoftheorderof500,000dynes/sqcmwouldbe necessary
to producea perceptibletemporaryviscositydecrease.Formuchlarger
molecules,suchastheviscosityindeximproversalreadymentioned,
smallershearstresseswouldbe required.

It isinstructiveto examineearlierexperimentalworkonflow
orientationwiththisvalue in mind,amplifyinga similarreviewpre-
sentedbyBlokattheSixthInternationalCongressforAppliedMechanics.
Table.Isummarizesinvestigationscarriedoutduringthepast20years,
theearlierworkdealingonlywithordinarylubricantsandthelaterwork,
withpolymer-containingoilsalso. It seemsthatinno casewasBondi’s
criticalshearstressreached,and,inthefivecaseswherenon-l?ewtonian
effectswereclaimedforordinarylubricants,therewerealsolargether-
maleffects.Thema~orityoftheevidenceindicatesthatstraightmineral
oilsbehaveinpracticeasNewtonianfluids;evenat shearratesashigh.
as 2 millionreciprocalseconds,thestressisunlikelyto a~roach
Bondi’scriticalvaluebecauseofheatdissipationandconsequentviscosity

.
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reduction.Theonlyrecentinvestigatorsto claimnon-Newtonianeffects
areWard,Neale,andBilton(ref.17),inwhoseapparatuscarewastaken
tomeasurethelargethermaleffects.Therearetwopossiblesourcesof w
errorintheirwork:Heatlossviatherotor,saidtobe “virtuaKly
thermallyinsulated,”wouldpermita temperaturemaximumto occurinside _
thefilminsteadofattherotorasassumedandtheir“criticaltest”for

—

anomalousviscositythenbreaksdown;and,further,itseemslikelythat
insufficienttimewasallowedfortheestablishmentofthemalequilibrium.

Thedefinitivepapersonpolymer-containingoilsarethoseof,Fenske,
Klaus,andDannenbrink(ref.18),Needs(ref.19), andBarber,Muenger,
ad Villforth(ref.20)inwhichagreementontheextentofviscosity
dropfora givenoiliswithinabout~ percent.

SYMBOIS

h

k

N

N’

n

P

P

s

T

u

u

w

w

Y

filmthickness

thermalconductivity

heat-dissipationfactor,1+ ~2

B? ‘
modifiedheat-dissipationfactor,+$

maximumrotationalspeed

heat-partitionfactor, Heatlostviastator
Heatgeneratedinfilm

pressure

circumferentialshearstress

temperature

rotorsuxfacevelocity

radialvelocity

axialvelocity

axialflowper

film-thickness

unitcircumference

coordinatemeasuredfromrotorradiallyoutward

.—
“

K
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viscosity-temperature

i

Pnondimensionalshearstress,Sh—qsk

temperaturedifferencebetweenTs
temperature

absoluteviscosity

measuredorapparentviscosityfrc?n

measuredorapparentviscosityfrom
measurements

andeffectivefilm

torquemeasurements

flowandpressure-drop

viscosityat statortemperatureunderzero-shearconditions

viscosityat statortemperatureunderprevailingshear
conditions

kinematicviscosity

Subscripts:

r rotor

s stator

APPARATUS

TheHarvardrotating-cylinderviscometerhasbeendescribedinpre-
viousreportsofthisinvestigation(refs.1 to 3). Briefly,itconsists
ofa 2-inch-diameterhardenedNitra120ysteelrotorsupportedvertically
attheupperendby twoangularcontactprecisionballbearingsand
rotatinginsidea bearingor statorofthesamematerial,4 incheslong
with0.003-inchradialclearance.Thisstatoriscarriedona dog-leg
springmounting,whoseeffectivetorsionalstiffnessisapproximately
0.032poundperthousandthofan inchasmeasuredatthestatoroutside
diameterof6 inches.

. TherotorIsdrivenby an electronicallyspeed-controlled15horse-
powerdirect-currentmotorthrougha gearboxandfinalbeltdrive.

-.i
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Interchangeablegearsandtwosupplyvoltagesgivea controlledspeed
rangeof12to 1.2,500rpmanda maximumpossiblespeedof25,000rpm.
Motorandrotorspeedsareelectricallyindicated. ?-

Thestatortemperaturefieldisdeducedfromthereadingsof
H thermocouplessytmnetricallydisposedthroughoutthestatorand
switchedto a manuallybalancedprecisionpotentiometer.A single

——

thermocouplerecordsoilinlettemperatureandothersrecordoilout-
lettemperatures.

Torquecanbe deducedfromtheangulardeflectionofthestatoron
itsmounting,whichmaybe indicatedonanextendedscaleusingan elec-
tronicpickupdescribedindetailinpreviousreports(refs.1 to 3) of
thisinvestigation.Sincethecompletionofreference4,torquemeas-
urementhasbeendirectlymadeby a nullmethod,thetorsionmounting
beingusedmerelyasa springpivot.Torqueisappliedby a deadloading
systato restorethestatorto thezeropositionas indicatedby an ‘
X75microscope.As describedina subseqwntsection,torquemeasure-
mentisnotveryprecise.Thisisascribedtotheimperfectelastic
propertiesofthestatorthemnocoupleleadscontributingaboutone-third
ofthetorsion-mounthg-stiffnessvaluequoted.

Thetestlubricantissuppliedviaa tqbepassingdownthecenter m

ofthehollowrotor.A stationarydiskattheendofthetubeinsures
—

thatthestatormeasuredtorquedoesnotincludethatdueto theendof
theshaft.As notedinthepreviousreport(ref.k),thePresentlarge

,w.

clearancetendsto emptyandgivean incompletefilmunlessa continuous
supplyofoilundera smallheadisarranged.In orderto kep theaxial
flowto a minimum,an alternativeoilsupplysystemmaybe used,oil
drippingintoa constant-headsightglassattachedtothestator.This
doesnotinvolvea forceonthestatorwhichwouldaffectthetorque

—

reading.
.

A fewtestsweremadeat severaldifferentheads.Theoilflowwas
measuredby collectingtheoilina calibratedcylinderfora measured
periodoftime. An independentmeasureofviscositywasthusobtained.

Therotor-statorfilmresistanceandcapacitymaybe recordedduring
a testrun.

A detailedcriticalexaminationofthedesignandconstructionof
theapparatusispresentedinreference4. Itwasconsideredthatthe
locatedrotor,a funcbnentalfeatureofthedesign,wasonthewholeless
satisfactorythanthemoreusualself-centeredrotoremployedinother
designsandunsuitableforuseasa preset-eccentricityjournal-bearing
machine.A numberoflesssweepingchangesweresuggested,butttmehas
notpe?mittedtheiradoption.Theseincludedtheuseofa coaxialflexi- -
blecouplingforthefinalrotordriveinplaceofthepresentbeltdrive,

-,
#
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theuseofa sma~errotorclearance,a stiffeningof
framework,andtheprovisionofrotorthermocouples.--

An unexpectedlimitationonthemaximumspeedat

theviscometer

whichtheviscom-
etercouldbe operatedarosefromoverheatingofthemainbearingsand
impendingseizureofthefiberretainers.Thisdifficultyincreased
duringthecourseoftheinvestigation,permittingspeedsupto only
>,000rpm,andreplacementbesxingswerenotreceivedintimeto estab-
lishwhetherthiseffectwasinherentinthedesign,becauseofthe
inevitablehightemperaturesathighshearratesandabsenceof continu-
ouslubricationofthemainbearings,orwhetheritwasmerelya result
ofbearingdeteriorationovertheseveralyearsthe-chinehasbeenin
use. Thebearingsarenotprotectedagainsttheingressof dustfrom
theatmosphere.

EXPERIMENTAL

Thebasicrequirementfortheuse
thermalconditionsnowpresentathigh

MEmKm

oftheinstrumentunderthesevere
shearratesisthattemperature

equilibriumshallbe established,inasmuchasthethermaltheoryused.
postulatesthermalequilibrium.

Torqueandtemperaturereadingsduringa wazming-uprunhaveshown\ thattheratesoftemperatureriseandtorquedecreasebecomesmallafter
2 to 3 hours,bute~rience hasindicatedthatit isdesirableto oper-
ateatthetestspeedforabout6 hoursbeforemakingthefinaltempera-
turerecord,andthisrestrictsteststo oneperday. Onceconditions
aresufficientlysteady,thereadingsfrcmthen statorthermocouples
andothertemperaturesaresuccessivelyrecordedanddividedforcon-
venienceintothreegroups.At thebeginningandendofeachgroupa
controltemperatureisreadasa checkonthetemperatureequilibrium,
thepotentiometeris checked,andreadingsaretakenofspeed,torque,
andoiloutflow.Theccsnpletesetofreadingstakesabout1 hour.

Statortemperaturesareplottedona largescaleagainsttheloga-
rithmoftheradiusandarefoundto followcloselytheeqectedlinear
relation.Thegraphicalmethodhelpsto eliminaterandomerrorsandis
usedto givethebestapproximationto theextrapolatedstatorinside
surfacetemperatureandradialtemperaturegradient.Thestatortempera-
tureandthegradientvarysomewhatbothaxiallyandcircumferentia12y,
especiallytheformer,andthearithmeticmeansaretaken.Torqueand
speedareaveragedoverthewholerun.

Fora givenoil,thesurfacetemperature,temperaturegradient,and
% torqueshouldgivea smoothcurvewhenplottedagainstspeed,witha

smallscatterdueto day-to-dayvariationofroomtemperature.Thishas

-i
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beenfoundtobe a usefulcheckontheconsistencyofreadings,particu-
larlyWhenthereisanydoubtabouttemperatureequilibriumor oilfilm
campleteness.

●

PRECISION

Thermocouplevoltagesareactuallyreadto 0.1microvoltandare
probablyrepeatableto *1microvolt.TheInternational.CriticalTables
calibrationforthecopper-constantanthermocouplesisused;the100°C
fixedpointisoccasionallycheckedand,asmentioned,thepotenticaneter
isveryfrequentlychecked.Themaximumprobableerrorsintheextrapo-
latedstatorsurfacetemperatureandthestatorgradientareestimated
to be 0.05°C (maximumvalue,lx0 C)andO.@” C perinch(maximum
value,~“C perinch).

LowshearviscositiesaremeasuredinA.S.T.M.U-tubeviscometers;
temperaturesaremeasuredwiththetest-rigthermocoupleequipment.
Densitiesaremeasuredina rektive-densitybottle.Thefind centi-
poiseviscosityisestimatedtobe within1/2percentofthetruevalue.

Therotorspeedvaries1 percentduringa testrun;theaccuracy
.

ofmeasurementof speedisabout1 percent.

Ifthenullmethodfortorquemeasurementisused,thereappearsto
*.

be a variationin zeropositionduetotemperatureandotherfactorsof
about60,000dyne-cmandthe’microscopepermitsadjustmentundertesting
conditionsto about20,000dyne-cm.Thus,thetorqueerrorcanbe as
highas80,000dyne-cm,andfortheusualtorquevaluesofapproximately
~ milliondyne-cm,thisrepresentsa precisionof3 percent.

Themanufacturingandmeasuringtolermcesfortherotorandstator
are*0.OCXllinchsothattheradialclearancemaybe atworst0.0001inch
or 3.3percentdifferentfromthenamindvalue of 0.003. Themaximum
possibleerrorduetomisalinementanddifferentialthermalexpansionis
about1 percent.Thus,theclearanceprecisionisabout4.3 percentto
whichshouldbe addedtheerrordueto surfacecurvatureintroducedby

—

useoftheformula

Apparentviscosity= (Stress)(l@dialclea~ce)
Surfacevelocity

whichisabout0.3percentmaximum.

.
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Thus,usedabsolutelytheviscometermayindicateapparentviscosi-
tieswitherrorsas largeas 9 percentatworst,andusedrelativelywith
a standardviscosityfluid,abouthalfthisemount.

msuims

Duringthepresentinvestigationthreelubricantshavebeentested
intheshearraterange0.001to 0.25millionreciprocalsecond.These
areEtnaOilLight(Socony-VacuumOilCo.),an SAE10 straightmineral
oildenotedby EOL;Flowrex300(Socony-VacuumOilCo.),an SAE30
straightmineraloildenotedbyF300;API103(AtlanticRefiningCo.),
a mineraloilcontaininga relativelylowmolecularweightpolymeras a
viscosityindeximprover.DatafortheAPI103non-Newtonianlubricant
havealreadybeenobtainedby otherinvestigators(refs.18to 20).

Figures1, 2,and3 showthemeasuredviscositiesforeachofthe
oilsplottedonA.S.T.M.chartsagainsteffectivefilntemperature,with
theparaboliccorrectionforthestatortemperaturebeingused. Thelow-
shear-viscosityvaluesobtainedwithU-tubeviscmetersandtherangesof
shearrateandstressareshown.

Figures4, 5,and6 showtherelativeviscositiesandindicatemore
clearlytheetientofdeviationsfromtheexpectedvalues.

Figures7,8, and9 showthefilbntemperaturegradients;a steel-
oilconductivityratioof 320isassumed,asusedpreviously.Thether-
malconductivityofau threeoilshasbeentakenas 0.00033cal/°Cunits.
Theviscosity-temperaturecoefficientistakenfroma graphofviscosity
againsttemperaturededucedforeachoilfromitslowshearviscosity-
temperaturecurve,sincethecoefficientvariesconsiderablyoverthe
temperaturerangeoftheseexperimentseventhoughitis sufficiently
constantfortherangeoftemperaturesoccurringinthefilminanyone
testto satisfytherequirementsoftheanalysis.Calculationofthe
Reynoldsnuaibershowsthatthemaximumvalueinthepresenttestsis
abo~two-thirdsoftheTaylor-criticalvalue.

Measurementshavebeenmadeoftilmdielectricconstantandfilm
electricalresistivity(thelatterundera gradientof 0.6kilovolts
direct-currentpercenttiter).ForboththeNewtonianandthenon-
Newtonianoilstherewasno significantdecreaseof eitherquantitywith
shearrate.Resistivityshowedsomedecreasedueto temperaturerise.
Themeasurementswereoflimitedpreci.sionbecauseofelectricalnoise
attherotorgroundingbrush.

In allthetestsreportedhereina smallaxialflowoflubricant
wasmaintainedto insurecompletefillingoftheclearancespace;however,

—
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theconvectiveheatdissipationby thisflowwassmallandshouldnat
affecttheapplicationofthethermalanalysisofappendixA. A small
PUKPi%actionathighspeeds,attribtiedto centrifugalaction,has P
beenobservedandhasbeenUscussedinreference4.

Inthefewtestsmadewithvaryinghead,inwhichthe“axial”vis-
cositywasobtained,thedissipationremainednegligible.

DISCUSSION

IntheA.S.T.M.viscosity-temperaturechartsoffigures1,2,and3,
therandomdeviationsofthemeasuredviscositiesfromthemeanstraight
linesdrawnandthedisplacementsoftheselinesfromthelow-shearlines
areingeneralagreementwiththeestimateofprecisiongivenpreviously.

Thedisparitybetweentheobservedandlow-shearviscositiesfor
EOLislargerthanthatpreviouslyreportedbyllmnonsandSoo(ref.3)
usingthesameapparatus.Theirlow-shearviscositiesappeartobe
incorrecthowever;thisisprobablyattributabletotheiruseofa
Sayboltviscometer.

Thelowaccuracyofviscositymeasurementisemphasized the
relative-viscosity-heat-dissipation-factorcurvesoffigures$ 5,and6
inwhicharealsoindicatedtheexpecteddeviationsfromthelo~-shear
viscosityratioofunitydueto filmtemperatureriseand,inthecase
ofAPI103,dueto non-Newtonianbehavior.Thelattervaluesarebased
onresultsbyNeeds(ref.19) forthisoil,andfigure5 bringsoutthe
constant-stresscharacteristicoftheviscometer.Fora givenoil,
thereisa comparativelysmallchangein shearstressovera rangeof
shearrate,andthenon-NetionianviscositydecreaseforAPI103is
fairlyconstantat only5 or6 percentovermostoftheshear-raterange
covered.Thisoilcontainsa low-molecular-weightpoQmerandisnot
mcrkedlynon-Newtonian.Thepresentequipmentfailsto establishany
non-Newtonianbehavioraccordingto figure5.

Figure6(b)showsthethreetestpointsobtainedfromaxial-flow
measurements.Thedataaccuracyis insufficientto establishthecor-
rectnessoftheanalysis.

Figures7,8,and9 showthefilmtemperaturegradientatthestator
intermsoftheheat-dissipationfactor.InthecaseofAPI103(fig.9),
thefactoristhemodifiedvariableN’ basedontheviscosityatthe
statortemperatureandtheprevailingshearstress,Needs’resultsagain
beingused,sothatthetheorystillappliesas showninappendixB.
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.
Valuesoftheheat-partitionfactorP areindicated(fig.9)and

theagreementwiththepredictionsofthethermaltheoryisgood. In
“7 thecaseofAPI103,thismaybe takenas confirmingthevaluesobtained

by Needsfortheextentofthenon-Newtonianbehavioroftheoil,although
itwouldbemoreconvincingiftheoriginallycalibratedheat-partition
factorP, eqpalto A, stillapplied.Howeverjcontinueddeterioration
ofthemainbearingshasalteredP, thereasonbeingthattheincreased
frictionalheatdissipationatthesebearingsatthetopoftherotor
reducesthetemperaturegradientfrombottcmtotopandthusmoreofthe
heatdissipatedinthefilmmustescapeviathestator.Thetwoanoma-
louspointsmarkd A infigure9 correspondtothosesimilarlymarked
irifigure3. Excessiveheatdissipationatthemainbearingsoccurred
duringthesetests.

CONCLUiIINGREMARKS

Theresultshaveconfirmedthefactthattheviscometerusedcom-
parativelyindicatesapparentviscositywithratherlowprecision,about
*5percent, andthusfailsto &l.fferentiatebetweenstraightmineral
oils,ahnostcertainlyNewtonianoverthepresentrangeoftestcondi-

. tions,anda polymer-containingoilofbown smallnon-Newtoniancharac-
teristics.Thetemperaturemeasurementsdo
be made.,-,

Thethermalconditions eAsting inthe
examinedandaresubstantiallyaspredicted
sivedeteriorationinthemainbearingshas
partitioncalibrationoftheviscometer,as
shear-ratersageavailable.

permitthisdistinctionto

apparatushavebeenthoroughly
by thetheory,buta progres-
causeda changeintheheat-
wellasfurtherlimitingthe

As itstsds,thevisccmeterisrelativelyinefficient:Thelarge
clearancenecessitateshighspeedsand,conseqwntly,bothlargethermal
correctionsanda low-shear-stressrangeforan onlymoderateshear-rate
range.Torqueaccuracyislowbecauseofthethermocoupleconnections
tothestator.Axialflowisnecessarytomaintaina completefiUnand,
consequently,a fairlykrge tests~~e oflubri~t isneeded.

Withoutchange,otherthanimprovedmainbearings,theapparatus
willbe usefulforan investigationofmoreviscouslubricantsatmoder-
atelyhighshearrates,sincelargertorquescanbe measuredmoreaccu-
rately.Thegoodtemperatureinstrumentation,improvedearlierinthis
investigationbytheadditionofrotorthermocouples,makestheequipaent
usefulforan investigationofheateffectsinoilfilmsalongthelines
nowstarted.Twoproblemsmeritingattentionaretheeffectoflarger

. axialflowsandconsequentheatconvection,andtheheateffectsunder
theturbulentconditionsoftheTaylorvortexmtiion,withandwithout
axialflow.
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Witha changeto a smallerclearance,thelocated-rotorfeatureof
.

thedesignwillbeccmemoreobjectionable,buttheshearstressandrate
rangestillbe increased.Thevisccnneterusedinthisinvestigation P
wouldstillbe inferiortotheinstrumentsofNeedsandofBarber,Muenger}
andVillforthbecauseoflowtorqueaccuracyexceptatveryhighshear
rateswherethereappeem.nceoflargethermaleffectsdespitetheuseof
a smallclearancewouldJustifythethermocouplesystem.

HarvardUniversity,
Cambridge,Mass.,June12,1953.
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APPENDIXA

TBERMALEFFECTSINABEAKENGOILFIIM

Theresultsaregivenhereinofa generalizationby Blokpresented
attheSixthInternationalCongressforAppliedMechanicsofHagg1s
analysisofthermalconditionsina concentricbearing,theanalysis
beingbasedonthefollowingassumptionsandbasicequations:

(1)Thebearingisinfinitelylong,andthe
smallrelativetothediameter

(2)ThelubricantisNewtonianandthe flow

filmthicknessh iS

laminar

(3) Lubricant
equilibriumexists

(4)Lubricant

(5)Theshear

thermalconductivityk isconstant,andthermal

viscosityq variesexponentiallywithtemperatureT

stressandenergydissipationresultingfromtheaxial
flowofoilarenegligiblecomparedwiththecorrespondingrotational
effects

(Newtonianflow) (1)

(Thermalequilibrium) (2)

-13T
n = qse (Viscosityis qs at stator, (3)

wheretemperaturedatumistaken)

Intheanalysisa parameterP, theheat-partitionfactor,anda non-
dimensionalvariableN,theheat-dissipationfactor,areintroducedas

P= Heatconductedfromfilmviabearingstator
Heatgeneratedinfilm

f% $N=—
k
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.

where

u rotorsurfacevelocity

Theresultsareexpressednondimensionall.yas

~(Tr- ‘s)= 10ge[l+(p -:)Nl
(4)

(5)

(6)

whichrepresentrotor-statortemperaturedifference,shearstress,and
relativeviscosity,respectively.Relativeviscosityistheratioof
themeasuredorapparentviscositytothestatortemperatureviscosity
andisunityintheabsenceofthermaleffects.

.

*
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APPENDIXB

EXTENSIONOFANALYSISFORPRESENT

Thefil.mtemperaturegradientatthestator

RESEARCH

ismeasuredinthe
presentapparatusinsteadofthatgiveninequation(4)anditcanbe
showntobe

(7)

Thus,oncetheapparatushasbeencalibratedto determineP,
ideally,nofurthertorquemeasurementsareneededto findtherelative
viscosityinasmuchas itcanbe deducedfromtemperature-gradieti
measurements.

TO obtaintheeffectivefilmtemperaturea correctionAT mustbe
addedtothemeasuredstatortemperatureTs inorderto correspondto

. themeasuredviscosityTIm andmaybe derivedas

plsr (r=loge~ %+2Ncoth
)

r .,% P,.1 P?N+2N (8)
PN+2

()
13~

dy/dhs

Fora valueof P notexceedingunityanda valueof N whichis
smallcmnparedwithunity,equations(4)to (8)canbe represented
approximateelyby

,(Tr- Ts) =(P - *)N

r=N

%r—=1 .-*PN
%

(9)

(lo)

(U)

)%%iEs
= PN (12)
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.

pm .*PN (13) -

Itfollowsfromequation(9)thatforverysmallvaluesof N (and
thereforeconstantviscosity)thetemperaturedistributionacrossthe
filmisparabolic.Onthis-assumptio~,thetemperature
Ts canbe showntobe

withthetemperaturegradientpositive
fromtherotor.

()3P-2 d!l— —
6(P- 1)’dy/dh~

inthedirection

Thecase P = 1/2 isequivalentto thecorrection
ence4,buta highervalue P = 3/4 hasnowbeenshown

correctionto

(14)

of y increasing

usedinrefer-
to applyto the

apparq~us.The~araboliccorrectionisthenadequateforallpractical
purposesupto N = 0.1.

Theanalysismaybe extendedto non-Newtonianfluids.Thereis
theoreticalande~rimerrtalevidencethatthehigh-shearviscosityof .
a polymer-containinglubricantisa functionof
maybe e~ressedas

~highshear- f(s)

~zeroshear

where f(S) isa nondimensionalfunctiontobe

form e-yS(7constant)).

If N is stilldefinedas ~U2, where

zero-shearviscosityatthestatortemperature,

N? = ~vs’U2 c~be introduced,where qs’ is
k

tfieshearstressS and

-.

(15)

(determinedprobablyof

% is stillthestandard

a modifiedvariable

theviscosityatthepre-

vailingshearstressandthestatortemperature.

Analysisthenshowsthat

‘(*) = ~- tanh-ls
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Tar—=
78‘

Fora fluidof

* ‘“-1JkQcfLa (17)
PN’+2

unknownshearproperties,measurementofthetempera-
gradierrtenablesN! tobe &du~edfrc&equation(16)andhenc~

T=
canbe foundfromequation(17).Theratio— isknownfrc$nthe

7s—
measurementssothatthevalueof f(S) appropriateto theshearstress
prevailingduringthemeasurementscan-bededu~ed

Theseresults,
viscositydecreases

believedtobe new,shouldbe
duetothermaleffectsandto

asfolJows:

(18)

of servicein separating
shear-stresseffects

duringtestsonnon-Newtonianfluidsat highshearandthemalconditions.

In orderto determineaxialflow,theassumptionsas statedin.
appendfxA areaccepted.However,thefollowingadditionalbasiceqw-
tionsarereqyired:

dp+d
dz T’-%=*

(axialmomentumequation) (19)

J’hw= Wdy (continuity) (20)
o

Theintegrationofeq~tion(19)andtheirdnmductionof q =+
gives .

s

whereA istheconstantof
to u frcmtherotor(u= U,

dw dp—=-zy+Adu

integration.Now,integratewith
w E ()) to theStator (U = (), w

du/dy

(21)

respect
=0):

(22)
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.

Substitutionofeq@ ion(22)intoequation(20)resultsinthefollowing
relationbetweentheflowperunitofcircumferenceW andthepressure
gradient:

Noticethatthisrelationbetweentheaxialflowandthepressuxedrop
—

is independentoftheviscosityanditsvariation(with
rate of shear)withintheoriginalassumptions.

Forviscosityas givenby eqpation(3),Blokgives
betweentangentialvelocityu andthepositiony as

temperatureand

therelation
follows:

By expansionof u asa powerseriesin y,theintegralsinequa-
tion(23)canbe evaluated,~d a f-l res~t~Y be obtainedaS

(24)

w [(dph31+N. ~
=-x 1276 5

+gP-3P2)-

(
J&’z+—

p3)117P,-UP2+T +.. * (25)
60 u 420

Inthisformulatheexpressionwithinbracketsistobe ijientifiedwith
7#1~” Thefollowingapproximateformulaisthenobtained:

~aa
~ (

=l-N-l+
7

Thisresultisplottedinfigure6(b).

7~P - 3P2) (26)

.

.

..
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