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SUMMARY

Thehot-wtieanemometerdescribedhereinwasusedto studyturbojet-
enginecompressorrotatingstalJandsurge.Thesystemwascapableof
measuringflowovera frequencyrangeof zeroto 500cyclespersecond.
A self-sustaining,8-kilocycle-per-secondoscillationwasusedtoheat
thewireina constant-temperaturesystem.The
diameterwireallowedtheuseoftheanemometer
performancetestingof co~ressorsandturbojet
audio-frequencyamplifierusedreducedthecost
to~buildtheanemometer.

INTRODUCTION

relativelyrugged,large-
duringthefull-scale
engines.Thecommercial
andthetimerequired

Theanemometerdescribedinthisreportwasdevelopedforcompres-
sorstallandsurgeindicationduringtheperformancetestsof compres-
sorsandturbojetengines.Theprincipalrequirementwastheability
to followlarge-scaleflawfluctuationsatfrequencies~ to 500cycles
persecond.Otherhportantspecificationswerereliabilityandease
ofoperation.Althoughspecificallydesignedtomeasurestalland
surge,theanemometeralsoprovedusefulforotherapplicationswhere
theupperfreqpencylimitwasnothighandwherelongwireMf’ewas
necessary.

References1 and2 explainthesuperiorityoftheconstant-
temperatureanemometerovertheconstant-currentanemometerforhigh-
amplitudeflowfluctuations.Flowchangesproducesimultaneous
wiretime-constantchanges.Thesechangesoftimeconstantwithflow
variationsdonotproduceanydifficultiesintheconstant-temperature
system;however,intheconstant-currentsystemseriouserrorinthe
indicatedflowmayresultiftheflowchanges=e lsrge.

An improvedmodeloftheOssofskyconstant-temperatureanemometer
(ref.3)hasbeenusedextensivelyattheLewislaboratoryforstudies
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ofvariousnonsteadyflowphenomena,suchas compressorrotatingstall,
.

bladewakefluctuations,andturbulence(ref.4). Thechieflimitation
ofthisOssofskyanemometeristheshortservicelifeofthesmalldiam- ~
eterwireswhentheoperatingconditionsarenotideal.Themaximum.
heatingcurrentisabout150milliamperes,whichisadequateonlyfor
the0.00015-to 0.0004-inch-diameterwires~thesewiresaretoofragile
formanystallandsurgemeasurements.

-.

Therequirementofanupperfrequencylimitofnomorethan50Q
cyclespersecondforroutinecompressor-stallstudieshaspermitted
developmentofa simplerconstant-temperatureanemometercapableof
heatinga relativelyruggedO.001-inch-dismeterwire. A carriertype “ Z
ofoperation,utilizinga commercialaudio-frequencyamplifier,isused.
Theoperationofthisanemometerisrelativelysimple;theonlyopera-
tionalcontrolnecesssryisan on-offpowerswitch.

Thealternatingcurrentusedforheatingthewireisproducedby
a self-exzitedoscillationoftheentireloopcomposedofamplifier,
bridge(includingthehot-wire),andtransformers.A similartypeof
selY-excitedsystem,operatingatabout1.5megacyclespersecondand
utilizinga specitiydevelopedamplifier,wasdescribedbyWeskeinan m
unpublishedmemorandumin1949.Thepresentdesignoperatesat about
8 kilocyclespersecondandtherebyallowstheuseofa comercialaudio-
frequencyamplifier. If

Thesimplifiedheat-transferequationforthehotwireis

d~w
*= fiDIH(Tw-Te]+:D2LPwcw~ (1)

(AllsymbolsaredefinedinappendixA; seeappendixB, eq.(B3),for
derivationofeq.(l).)Forconstant-temperatureoperation,d~/dt is
zeroandtheheatingcurrentvariesasthesqparerootoftheheat-
transfercoefficient.As discussedinappendixB, variousformulasare
availableto expresstheheat-transfercoefficientortheNusseltnuniber
intermsoftheairflow(refs.4 and5). Forlowvelocityfluwat
constantdensity,Kings’sequation(6](ref.6)maysuffice.Forjet-
enginecompressorstudies,however,theReynoldsnuniberorthemass-flow
rate,togetherwithparametersrelatedtothedensityorMachnumber,
areusedto definetheheatloss(ref.7). A usefulapproximationfor
a constant-temperatureanemometeristhattheheatingcwrentvariesas
thefourthrootofthemass-flowrate.

.
Principleofoperation.- Theblockdiagramoftheself-excited,

alternating-current,constant-temperatureanemometerisshowninfigure
1. Thesystemincludesanaudio-frequencyamplifierthatsupplies

--c
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electricpowerto a resistancebridge.Thisbrfdgecontainsthehot
wirewhose“resistanceisa functionof itstemperature.Thetemperature
ofthewireisfixedby thebalancebetweentheamountofelectricpower
suppliedto itby theamplifierandby thecoolingeffectof airfl~ing
pastthewire. Thebridgeunbalancevoltage,whichisa functionofthe
hot-wiretemperatureandthehot-wirecurrent,is steppedupby a trans-
formerandappliedto theamplifierinput.

Thebridgeisadjustedsothatitwillbe balancedwhenthewire
iSat a ‘balancetemperature”‘??bwhichishigherthantheaireffective
temperatureTe. The’electriccircuitisarrangedto giveregenerative
feedbackwhenthewiretemperatureislessthan ~. Whentheamplifier
isconnected,a self-inducedoscillationoccursata highaudiofrequency.
As thewire,whichisheatedby thealternatingcurrent,approachesthe
balancetemperature,thebridgeunbalancevoltagedecreasesuntila
stablepointisreachedwheretheunbalancevoltageis justlargeeno_u@
to providetheheatingcurrentto keeptheaveragewiretemperatureTw
nearto,butlessthan ~. As thegainofthesmplifierisincreased,
thedifferencebetween~- and ~w decreases.Theexpressionforthe
temperaturedifferenceisderivedinappendixC.

Advantagesofa-esystem.- Theaudio-frequencyheatingcurrent
permitstheuseoftransformersendan a-camplifier.Theamplifierout-
puttransformerefficientlydeliverstheamplifierpowertothehot-wire
bridge.Thefactthata commercialaudio-frequencyamplifiercanbe
usedgreatlyreducesthecostoftheanemometersystem.

Theamplifierinputtransformerreducestheamountofamplifier
gainrequiredandimprovesthesignal-to-noiseratioofthesystem,
sincethevoltagegainobtainedby matchingthelowbridgeimpedance
to thehighsa@ifierinputimpedanceisachievedwithouttheaddition
ofnoise.

Oscillationfrequency.- Thefrequencyofoscillationisdetermined
by thefrequencyresponseoftheentireloop,whichincludesamplifier,
bridge,transformers,cables,andthehot-wireprobe.Theoscillation
willo curata frequencywherethephaseshiftis zero,or somemultiple$of 360, sincethesevaluescorrespondtoregenerativefeedback.Under
theconditionsofsustainedoscillation,anover-allvoltagegainof
unityexists.Intheself-excited,constant-temperatureanemometer,
theamountofbridgeunbalancewillbe thatvaluewhichisassociated
withan over-allvoltagegainofunity.

~stem instabilitiesleadingtowireburn-out.- Thevoltage gain

andphaseshiftofthesystemlargelydeterminethestabilityofthe
system.Inorderto studythestability,assumethatthewireisheated
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beyondthebalancetemperature;thiscorrespondsto a @ase shiftof
180°.Whenthisshiftoccurs,thefeedbackbecomesdegenerativeatthe
frequencywhereoscillationexistedandtheoscillationwillceaseor
willchangeto a newfrequencywhereregenerativefeedbackcanexist
withthewiretoo.hot.Theoperationthenbecomesveryunstable;the
smallincreaseinwiretemperatureresultsina largerinputsignalto
theamplifierthatcausesadditionalheattobe suppliedtothewire
whichfurtherincreasesitstemperature.Inordertopreventthisin-
stability,whichusuallyburnsoutthewire,thesystemmustbe designed
sothatthegainislowatthefrequencieswherethephaseshiftwith
thewireunheatedisl~ooor someoddmultipleof 180°.

Reactivebridgeunbalanceisanotherpotentialsourceofinstability
sincetheunbalancevoltageofthebridgewillnotapproachzeroasthe
wiretemperatureapproachesthebalancetemperature.

.
Ifthereactive.,, __ __

unbalanceistoolarge,theheatingcurrentmaycontinueto increase,
sincetheminimumunbalancevoltagemaybe toolargetolimitthecurrent.

Timeresponseandstabilityofthesys-tem.- Theconstant-terq?erat~e
modeofoperationinherentlyproducesanappreciableimprovementinthe
responserateovertheuncompensatedconstqnt-currentmode. Fromequa- !!
tion(1)itcanbe seenthat,ifthetemperaturewerekeptatexactly

—.

thesamevalue,theheat-storagetermwouldvanishandtheheatingcur- —-
rentwouldfollowwithoutlagvariationsin_.theairflow. Ifthegain-of u
thesystemishighsndtheelectricallagsofthesystemsresmall,the.—
changesinwiretemperatureareverysmall,andtheanemometerisable
to followrapidchangesinflow. Theextenttowhichthisisaccomplished
isdeterminedlythegain,andislimitedb-ythefactthatstabilityis

—

impairedwhenthegainismadetoo.high.(Theresponsetimeofthehot- ..__.
wireanemometerdescribedin thisreportis_aboutone-fortieththatOf:
an uncompensatedbare-wireanemmneter.)

.-

DE3CRITTIOIlOFMEMQMFICER

Generaldescription.- Figure2 isa photographoftheself-excited,
constant-temperatureanemometer.Thepanelvoltmeterreadstheaverage
voltageappearing.attheoutputterminals.Theseterminalsalsosupply

.—

signalstothecathode-rayoscilloscopefor_dynamicmeasurements.A
calibrationcurveisfurnished,relatingthisvolt~eto air-flowrate. .-.....—_
fora givenprobedesign.

Figure3 showsthewiringdiagrsm.Theimportantcomponentsand
wiringtechriiq,uesaredescribedinthefollgwingparagraphs.

.
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Wire.- Thehot-wirematerialusedis 72-percentnickel- 28-
percentironalloythatcombineshighspecificresistivity(20micro-
ohmcmwhichistwicethatof iron)witha hightemperaturecoefficient
of resistivity(a= 0.0029/%).Thehighresistancereduceseffectsof
changesinsupportresistance.A high-temperaturecoefficientofre-
sistivityreducestheamountofamplifiergainreqtiredfora givendif-
ferencebetweenthebalanceandoperatingtemperatures.

A O.10-inchlengthofl-raildiameterwireisused. Thislength-
to-diameterratioyieldsanend-conductioneffectofabout20percent
at a Machntier of 0.1. Thisvalueiscalculatedfromdatainrefer-
ences7 and8. Sincetheconductioneffectisincludedintheoriginal
calibrationofthewire,thepresenceof thiseffectproducesno serio~
errors.

Probe.- Thehot-wireismountedona probeas shownin figure4.
Thesmallprobediameterinthevicinityofthewirepermitsmeasurements
incompressorswithoutexcessiveflw blockage;fortheradf~-tYPeof
mounting,thewirewillbe normaltotheaxialandtangentialcomponents
offlowforaxial-flowcompressors.Thisconfigurationrendersthewire
insensitivetoflowamglefortheprincipalflow. Sincethewirecanbe
consideredtorespondonlyto thecomponentofflownormaltothewire
(overananglerangeofaboutt65°),thealternatewiremountingshown
infigure4 isalsouseful.Herethewireis?nountecinormalto the
axialflowbutpsxalleltothetangentialflowforaxial-flowcompres-
sors. Thisconfigurationpermitsthemeasurementoftheaxialcomponent
offlowwhenradialflowisneglected.

Currentandpotentialleadsareprovidedsothattheeffectofthe
resistanceofallbuta shortlengthofthesupportingprongscanbe
minimizedby properbridgedesign.

Three-wirebridgeconnection.- Thebridgeconsistsofthehot
wire,(3-ohrabalanceresistor)correspondingto a balancetemperature
of700°F, and”two15-ohmratio-srmresistors.Thelowresistanceof
thewirenecessitatesa bridgeconnectionthatwillcompensateforthe
leadresistance;inaddition,thereactivebalancemustalsobe main-
tained.Themajorsourceofreactiveunbalanceisthecableinductance.
Thethree-wireSiemensconnectionshowninfigure5 providesbothre-
sistiveandinductivecompensationforthecablesinceit,ineffect}
placesoneoftheleadsoneachlegofthebridge.Whenthisarrange-
mentisused,cablelengthcanbe changedfromzeroto 50feetwithout
appreciableeffectonthebridgebalance.

Bridgeisolationtransformer.- Thetransformerthatconnectsthe
bridgeoutputto theamplifierinputmustisolatethebridgeoutput
fromthegroundtoavoidshuntingofonearmanda resultingshiftin
bridgebalance.Forthisreason,a high-qualitybridgetransformer
havinga verylowunbalancedcapacitanceto groundwasused. A voltage
gainof4 wasobtained;thisreducedtheamountofamplifiergain
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required.Thetransformerhasa goodhigh-frequencyresponsesothat
thephaselag,whichwouldaffectthestability,issmall.Thetrans-
formerspecificationsare:

Primaryturns. . . . . . . . . . . . . . . . . . . . . . . . . . . 60
Secondaryturns... . . . . . . . . . . . . . . . . . . . . . . .240
Frequencyrange,.+6decibels,cps. . . . . . . . . . . 2000to 500,000
Primarytosecondsxycapacitance,~w . . ~-. . . . . . . . . . . . 0.3

lo~ae&lwfer* Thesarplifierusedisa slightlymodifiedcommercial
Themodificationconsistsof (a)replacement

oftheoutputtransformerby onehavinga betterfrequencyresponse,
.

and(b)increaseof degenerativefeedbackfromtheoutputtransformer
to thesecond-amplifierstagetoprovidea moreacceptableamplitude

.-

ratio- phase-shiftdiagram.Themodifiedamplifierhasthefollowing
,.

specifications:

Inputimpedance,megohms. . . . . . . . . . . . . . . . . . . . . . 5
Outputimpedance,ohms. . . . . . . . . . . . . . . . . . . . . . . z
Voltagegain,maximum. . . . . . . . . . . . . . . . . . . . . . 130
Equivalentinputnoiselevel,wv . . . . . . . . . . . . . . . . . . 50

=–

Frequencyresponse,+3decibels,cps. . .:.. . . . . . 100to 60,000”
Ratedoutput-power,watts. . . . . . . ... . . . . . . . . . ...10

.
“—

Completecircuit.- Themajorindividualcomponentsofthecircuit
havebeendiscussedintheprevioussections.Theover-auassembly fS

showninfigure3. Theresistor-capacitorcombination(locatedatthe
amplifierinput)andthecouplingcapacitorinthebridgesupplycircuit
area low-passanda high-passfilter,respectively.Thesefilterspro-
videthepro,perdropinamplitudeasthefrequencyvsriesfromthenormal
operatingvalue.Therefsalsoa shuntwhichgivesa voltagepropor-
tionaltotheheatingcurrent.Themeter-typerectifierandconventional
filtercircuitprovidethed-coutputvoltage.

Theelectricalperformanceoftheassembledcomponentsistested
by determiningthecircuitopen-leapfrequencyresponse.Thecircuit
isopenedatthebridgeoutputanda sigti is insertedatthebridge
isolationtransformer.Thehotwireisreplacedby a fixedresistor
whosevaluegivesanover-allvoltagegainofapproximatelyunityat
thenominaloperatingfreqmncy.Figure6_showstypicalpolarplotsof
theratioofthebridgeunbalancevoltagetotheopen-loopinputsignal
andthephaseshiftbetweenthesetwovoltagesforvariouscablelengths.
Theresistor-capacitorcombinationattheamplifierinputandthecou-
plingcayacitorinthebridgesupplycircuitareadjustedto setthe
oscillation(zerophaseshift)frequency.

—
—

.

. .

—

—

—
—
-

.

Examinationoffigure6 alsoshowstheadverseeffectofcable
lengthonthefrequencyresponse.A cablelengthof greaterthanabout &
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25feetisa sourceofinstability.Forexample,fora 100-footcable
length,moregainis avail~leat180°phaseshiftthanatthenormal.
zero-phase-shiftoperatingpoint.Forthiscondition,a relatively
smalldisturbancecancausea shiftfromthestable
point. Thisshiftcancausewireburn-out.

DYNAMICCHARACTERISTICS

totheunstable

dynamicresponseofMethodsof determiningdynsmicresponse.- The
thesystemhasbeendeterminedexperimentallyinthreeways:

(1)By theintroductionof a smallstepchangeinthebridgebalance
pointby meansofthecircuitoffigure7(a).

(2)Bytheintroductionof a smallstepchangeinheatingcurrentby
meansofthecircuitoffigure7(b).

(3)By exposingthewireto a lsrge-amplitudestepchangein air
flowby useoftheshock-tubearrsmgementshowninfigure8.

Simulatedandactualflowchanges.- Methods1 and2 providea sud-
denunbalance,whichthesystemseeksto eliminate.A high-speedrelay,
drivenat60cyclespersecond,isusedtoproducethesechanges.These
disturbances,iftheysresmall,canbe usedto simulatea flowchange,
and.hence,to determinetheresponseofthesystemto smallflowchanges.
Theshocktubeisusedto determinetheresponseto a flowchangefrom
zeroto a relativelyhighvalueofmass-flowrate. Inthismethod,a
Cellophanediaphragm,insertedin a tubeof constantmea, formstwo
chsnibers,whicharekeptatdifferentpressures.Whenthediaphragmis .
ruptured,a shockwavetravelsdownthetubeatapproximatelysonicspeed.
Thewavefront,whichbecomesverysharpasitprogresses,separatesa
regionof zeroairflowfroma regionofrelativelyhighairflow.When
thewireisat a rightanglewiththeflow,thetimetslsenfortheshock
topassthewireisnegligible.Althoughthewavetravelsataboutthe
speedof sound,theairvelocityimmediatelybehindthewavefrontis
subsonic.Therearenumerousreflectionsenda temperaturediscontinuity
frontwhich,intime,modifytheairflowjhowever,thedimensionsofthe
shocktubewerechosensothata rectangularpulseof shout10-mill.iseconds
durationhavingnegligiblerisetimewasavailableto checktheanemometer
response.Reference9 givesa morecompleteanalysisoftheshocktube
andtabulatestheparametersneededto calculatethemass-flowrate.

Comparisonofmethods.- Figure9 showsthetimeresponseofthe
systemasdeterminedby methods1, 2,and3 fora finslflowrateof 20
poundspersqusrefootpersecondandfora voltagegainof40. Thepho-
tographsoffigure9 showtheoutputvoltageoftheanemometertogether
witha 1000-cycles-per-secondtimingtrace.Theoutputvoltageisob-
tainedfromtherectifiedsndfilteredcurrent-shuntvoltagedrop;except
fortheslightnonlinearityoftherectifier,theamplitudeoftheoutput
voltageisproportionalto theheatingcurrent.
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Thethreemethodsyieldessentiallythesamethe historyofresponse
toa stepchange.IUeachcasethereis a dampedoscillationsuperimposed_ ._
ontheexponential.change.Theeffectivetimeconstantofthesystemis
thatvalueoftimeatwhichthechangeis 63percentof itsfinalvalue;
infigure9 itisabout0.6millisecond.Methods1 and2 offera conven-.
ientmeansofdeterminingthecharacteroftheresponseandcanbe justi-
fiedby theiragreementwithmethod3.

Effectofgainondynamicresponse.- Fora givensystem,thedy-
namicresponse1slargelydeterminedby thevoltagegainofthesystem
andby thewiretimeconstant.Theshocktubemethodisusedinfigure10
to showtheeffectof voltagegainata constantvalueofwiretimecon-
stant. Thefind.flowrateproducedbytheshocktubeisabout20pounds

——

persquarefootpersecond.Overshoot,optimumresponse,andundershoot
canbe producedby smallchangesinvoltagegain.Theimprovementin
speedofdynsmicresponseovertheuncompensatedconstantcurrentsystem
is approximatelyequal.tothevoltageg@n forlowvaluesofvoltagegain.
Forhighervaluesofgain,theovershootimposesanupperlimitonthe
improvementinresponse.A moderateamountofovershootappearsto give

—

thebestresponseratejthefrequencyofthedampedoscillationofthe
overshootrangesfrom6Q cyclespersecondat zeroair-flowrateto about .-

1200cyclespersecondatveryhighflowrates.

Effectofwiretimeconstantondynamicrespo~e.
.

-For a givenwire ._.. ..
sizeandmaterial,thewiretimeconstantvariesinverselywiththe
Nusseltnuniber,o; approximatelyinverselyasthesqusre~ootofthemass-
flowrate.Figure11 showsthiseffect,usingmethod1 offigure7(a),on
theamountofovershootandontherapidityofdecayofthedampedoscil-
lation.Ifa voltagegainof50 anda flowof60poundspersqusrefoot
persecond,correspondingto a timeconstantof0.01secondsreused,
thereisno Overshootatthe.ssmegainbutwithlowerflowsof 20 and5 “-
poundspersquarefoot~ersecond,correspo@ingtowiretimeconstants
of0.02and0.03second,respectively,anincreasingsmountofovershoot
occurs●

Optiqumgainsetting.- At anyflow,andthereforeatanywiretime
constant,thereisa gainsettingthatgivesa relativelyfastresponse

—

ratewithanacceptablysmallamountofovershoot.Fortunately,the
rangeofgainsettingsissma3Jfora widerangeof-flawssothatgood
responsecanbe obtainedwitha singlegainsetting.

.
A voltagegainof

about40is actuallyused.

.

STATICCHARACTERISTICS

Wiretemperature.- Thewiret~eratureis calculatedfromequation .
(B4)of appendixB andisplottedk fi~e 12 ssa functionofthevolt- - ~
agegainofthesystem.Intherangeofga$nsthatareactuallyused,the
wiretemperatureisreasonablyindependentofthegain.Fora voltage

L

gainof40 anda balancetemperatureof700°F, thewiretemperaturewas
640°F.
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Flowcalibration.- The
theoutputvoltageasa

9’

anemometerwascalibratedexperimentallyto
functionofmass-flowrate.Figure13 shows

calibration.The
us~le upperfrequency
gainof40wasused.

calibrationisvslidformeasurementsup to the
Jlmit,asdeterminedexperimentally.A voltsge

OPERATIONANDF%RFORMANCH3

Auxiliaryecgiipment.- Reference4 describesthear@Lkry equipment
andthetechniquesusedforvarioushot-wireapplications.Forcompres-
sorrotatingstall,anoscilloscopeisordinarilyusedtorecordtheflow
patternandanaudio-frequencyoscillatorisusedto determinethefunda-
mentalstallfrequencyby formingIiLssajousfigures.Determiningthe
numberofrotating-stallsegmentsrequirestheuseoftwoanemometers.
Thetwoprobesaremountedatthessmecongyessorstationbutarespaced
at a knownangle.Ifthereisonlyonesegmentof stalledflow,the
electricalphaseanglebetweenthetwopatternswillbe thesameasthe
mechanicalspacing.Forann-segmentstall.theelectricalphaseangle
wouldbe n timesthatoftheprobespacing.

Effectof anemometerdynmicresponseonoscilloscopepatternsof
rotatingstall.- Thedependenceofthesmmometerresponsetimeonthe
airflowmayresultin a certslnamountofdistortionintheoutputvolt-
agepatternifthefundamentalstallfrequencyishigh.Forexsmple,at
ausirflowof40poundspersqusrefootpersecond,theeffectivetime
constantof‘diesystemisabout0.3tillisecondjthiscorrespondsto an
upperfregyencylimit(-3decibels)of about500cyclespersecond.At
a flowof5 poundspersqusrefootpersecond,theupperfreqyencylimit
isabout250cyclespersecond.Ifthefundamentalcomponentof stsll
frecpencyis,forexsmple,150cyclespersecond,therew be a notice-
shlelagintheresponseduringthelowflowyartofthestallpattern.
Thislimitationisnota fundamentalfaultof a self-excited,constant-
temperatureanemometersystemandcanbe correctedbyusinga smaller
diameterwire,iftheapplicationpermits.

Wireservicelife.- Thefourfactorsthataffectwirelifeare:
(a)aerodynamicloadingandshock,(b)bcmibartbnentby foreignparticles
intheairstremn,(c)mechanicaldamageduringh~dl.ingandmounting,
(d)vibrationeffects.Reference7 discussessomeoftheseproblemsin
detail.

Thewireofthelengthsnddiameterusedinthisanemometerisade-
quatelystrongfortheusualcompressoraerodynamicloads.However,wire
breakagemayoccurunderverysevereconditionssuchastheperiodic
passingof a strongshockwavepastthewire. Reducingthelength-to-
dimeterratiowillimprovethestrengthforaerodynamicloads,butwill
resultinlarger“endlosses.~t
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ofpsrticlesonthewireathighvelocitywill
Wirebreakagecanbe reducedby increasingthe

3406

.
cause
disnl-

to reducethemagnitudeofthestress,by reducingthewtrelen@h
toreducetheprobabilityofhits,orby useof a materialhavi~ga higher
yieldpointintension.Theeffectofthesechangeswouldbeeithersn
increaseintimeconstant,anincreasein“endlosses,morthelossof
certaindesirableelectricalcharacteristics.Iftheparticlehappens
tobe a l.iqyiddroplet(suchasoilorwater)thereistheadditional
effectofa suddenchangeintheeffectiveheat-tr~fercoefficient.
Thischangemaydisturbtheoperationoftheanemometerenoughto cause
wireburn-out.

Mechanicaldamagetdthehot-wireprobeshasbeenminimizedbya
protectivesleevekeptoverthewireduringhsdlingandstorage.The
mechanicalstrengthofthewireishigh,sothatwirebreskageisrare
duringmountinginthetypicalapplication.Theeffectsof vibration
havenotbeensystematicallyinvestigatedforthepresentwire
configuration.

Witha reasonablycleanairsupply,wireservicelifehasraged
from2 to 6 hours,withanaverageof4 hours.

.
COIWIT.JDINGREMARKS

A simpleinexpensiveconstant-temperature,hot-wireanemometerhas
beendescribedthatcanbeusedbyperscymelwhohavenotbeenspecially
trainedinhot-wireanemometry.Inactualoperationithasproventobe
a practicalinstrumentforthemeasurement~ofcompressorrotatingstall.
Onelimitationoftheperformanceofthisanemometeristhesomewhat
limltedspeedofresponseatlowflowwhichmay,ifthefundamentalstall
frequencyishigh,causesomedistortionofthestallpattern.In a
typicalrotating-stsllapplication,wheretheairisreasonablyclean,a
wireservicelifeofabout2 to 6 hourscanbe expectedwithan average
lifeofabout4 hours.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,January12,1955

.

.
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APPENDIXA
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M

Nu

Pr

P

R
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T

t

v

SYMBOIS

Thefollowingsymbolsareusedinthisreport:

voltagegain}Es/Eu

surfaceareaofwtie

specificheat

wiredismeter

rmsvalueof voltage

frequency

mass-flowrate

heat-transfercoefficient

rmsvalueof current

thermalconductivityof air

wirelength

Machnuniber

Nusseltnumber,DH/k

Frandtlnuniberevsluatedatfilmtemperature

staticpressure

resistance

Reynoldsnunikr,IXI/V

temperature

time

volume
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a temperaturecoefficientofresistanceateffectivetemperature

A mesnfreepath

P absoluteviscosity

P spectiicdensity

Subscripts:

II

e

f

P

r

e

u

w

o

conditionatwhichbridgeisbelated.

effective,withreferencetotemperatureattdnedbyunheatedbody
inairstresm

meanfilmvalue,basedon eritbmeticmeanofobjectandeffective
temperature ——

pressure

bridgeratiosrms

bridgesupply

bridgeunbalance

wire

smpl.ifieroutput

Superscript:

averagevslueover1/?cycleofoscillation

.

.
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RELNTIONBETWZXNAIRFLOW

Theapproximateexpressionforthe
theairflowcsnbe o%tainedby writing

B

ANDEEATINGCURRENT

heatingcurrentasa functionof
theheat-transfer-rateequation

inwhichradiationandconductionlossesareneglected:

[@~,i~(2fi~ 2~=~(Tw-Te)+Vw~~~

Fora wireof circularcross-section

&[l - cos(4&jl ~=~LE(~-Te) +fD2L~~~

Ifthefrequencyf oftheheatingcurrentishighcompsred
theupperfrequ&y tit oftheanemometer,thecosineterm-
neglected:

(Bl)

(B2)

with
canbe

(B3)

where Tw istheaveragetemperatureovertheperiodl/43cf.Interms
oftheNusseltnumber,

(B4)

Ifonlythesteady-stateresponseisrequired,theheat-storageterm
involvingthetimederivativecanbe omitted.Forconstanttemperature
operationof~ hot-wireanemometerina stesiiyairflowof constanttem-
perature,thecurrentisgivenby:

Severalexpressionsfortherelationbetween
Reynoldsnumberaretobe foundintheliterature
erence4 gives

Nu = 0.19+ 0.52Re0”5

(B5)

Nusseltnfier and
(refs.4 and5). Ref-

(B6)

wheretheFrandtlnmniberistslcentobe 0.72.Reference5 gives

Nu = 0.32+ 0.43Re0”52 (B7)
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At highermass-flowrates,equationsofthisformbecomeinaccurate
andsnadditionalpsrametermustbeusedto definetheNimseltnuniber.
Thisparsmetermsyconvenientlybe takentobe eithertheMachnuniber,or

b

theratioofwiredismetertothemeanfreepath D/A(proportionalto
Re/M)jingeneral,ata givenReynoldsnuniber,theNusseltnuniberreaches
a minimumatabouta Machnumiberof1.0. An e~erimentall.ydetermined
plotofNusseltnuniberagainstReynoldsnunberinreference7 showsthe
effectofMachnuniber.

.
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WIRETEWERATURECAIJXMIOM

Whentheeffectof cableimpedanceis
bridgeunbalancevoltage (fig.
currentis

%=

whereitassumedthatthewire
l/(4mf). Eut

5)interms

‘b-%
Rb+~

2+~
r

neglected,theopen-circuit
oftheamplifiaoutput

.

and

Conibiningequations(Cl)and

10 (cl)

resistanceis constantovertheperiod

Ea/Eu= A

(c2)andsolvingfor(~ -~) yield@

4%
‘b-%=-

(C2)

(C3)

Intermsof effectivetemperature,

Tb %
‘F”=~

(C4)

where ~ isthewireresistanceataireffectivetemperature.
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