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OFTEEttOT-WIREANEMOMETER

ByRaymondA.RunyemendRobertJ.Jeffries

.-

I@rowmente in the design of equipnentassociatedwiththehot-
snemometerfo2rthemeasurementoffluctuatingair-flowquantities

we descrfhed.An improvedtechniqueandanelectroniccircuitfor
thefrequencycompensationofa hotwireem presentid.Useofthe
electroniccircuitpermitsrapidempiricaldeterminationofthe
frequency-responsecharacteristicofa hotwireunderactualwind-
tuID3eloperatingconditions.A frequency-compensationcircuitis
provided,thefrequency-res~onsecheracteristtcofwhichmaybe
Continumsl.y~rieatomatchwind-tunneloperatingconditions
throughoutthedesi~frequencyran~ oftheinstru,mnt(10to
1000Cps). ExperimentalverificationofthetheorJinvolvedsn.d
ofthefrequBncy-compensELtioII cwcuitdevelopedisincluded.The
methodsdev@.o-pedarenotlWitedtotheswclfi.cfrequemies*
IEtss-flowmea&re~ts-consideredbutare
masuremsntiwitha hotwireinwhichthe
withrespect‘tothemeanflow.

INTRODUCT!20N

applicableG EW dynsmic
flowvariationsaresmall—

Thenwasnzrementof”d-c-air-flow phenomenainwindtunnels
isbecomtc,g.$ncreas.j.~y 5m@orkt. Thehot-wireanenomteris
welladapted.tormmuremntsofthis~pe becauseofthehigh
sensitivity,&maXL.sizejknowntheoreticalfrequencyresponse,and
Smyleconstruction.TheImowntheoreticalfrequency-responsechar-
acteristicofa hot~ -s itparticularlyapplicabletothe
~t8ntan.e~m~*~*~ ofrapl* varying flow quantities.

.
The-n .disadvELIY@ges inusingthehot-tireSmenIoms*r~

thenonuniformresponsecharacteristicsofthewireandthefact
thattha.corroctj_.o~tibetie forcompressibilityeffectsare
unknown.Thedynamic.responseofa hotwireissuchthatthe
Slqplitude-of“elec&ical.outyutsignalproducedbya cohstailt-
amplitude.flowvariationdecreasesa8thefrequencyofthefkw



2 NACA~ NO.1331

variationincreases(reference1). A numberofcircuitscompensating
forthiseffecthavebeendevelopedbutnoneofthesehasproved
completelysatisfactoryex&ptunderspecificisolatedoperating
conditions.

TheworkhereindiecussedwasundertakenInanefforttoover-
comethedisadvanta~sofpreviousnmthodsfordeterminingthe
frequency-responsecharacteristicofa hotwireandforeffecting
a compensationforthisresponse.(See,forexample,reference2.)
Itwasalsodesiredtoextendtheusefulrangeofthehotwireto
highairspeedsforwhj,chthepotential-flowconditionsass-d in
theclassicslhot-wiretheorynolongerapply.

THEORYOl?TEEHOT-WIREANEMOMETER

Thesteady-statetheoryofthehot-wireanemometerisbased
uponKing’sequationfo~theheat10SSfrcma smallheatedcylinder
ina movingairstream. (See reference 3.) King’s equationrelatma
heatloss,cylinder*mperature,endair-flowconditionsasfollows:

where

H

P

v

T

To

t

C,K

heatener~per
centjmdxw

~=(K+@(T -To) (1)

unitlengthofcylinder,wattsee- per

airdensity,gramspercubiccentimeter

airvelocity,centimetersper second

cylindertemperates,‘C

free-streamtemperature~ ‘C

time,seconds

constants

Equation(1)isbasedontheasswnptionofnonviscousincom-
pressibleflowconditions. TheairvelocityV isalsoassmd
lar@ comparedwiththefreeco~vectionvelocitieswhichwould
normallyexistaboutthewire.Understeady-flowconditi.ansthe
quantitydH/dtisequaltotheelectricalpowersuppliedtothe
wire“
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A differentialequationforthedynsmicresponseofa hot-wire
anemometerwheno~ratadwithconstantcurrenthasbeenderivedin
reference1 asfell.ows:

(2)

where

a densit~ofwire,~smspercubiccentimeter

A cross-sectionalareaof’W.pe,squarecentimeters

s specificheatofwire,caloriesper@mm per‘C

Equation(2)istheWme derivativeofthefemiliarrelationship. .
emongheat,thermalcapaci~,andtemperature.Algebraicmanipulation
oftherelationshi~smongtemperature,resistance,andthe+=q?er~ture
coefficientofresistanceyields

—

R -R.
T- TO. ——

Roa
(3)

where

. a temperaturecoefficientofresi.stence,ohmsperohmper‘c

R wireresistance
centimeter

PQ wireresistance
centimketir

Fromequation(3)

perunttlengthattemperature‘2,ohmsper -

perunit lengthattemperatureTo} ohmspa?

dTldR—— (4)
~=~adt

Sincethechan~inMat contintoftk wiregivenbyequa-
tion(2)mustbeequaltothedifferenceletweenthepower
suppliedi% smdtheforcedconvectionlossgivegbyequation(1),
thefollowingequationresultsiftheright-handsideofegx%-
tion(3) issubstitutedforthequantityT -To andtheright-hand
sideofequation(4)issubstitutedfor dT/dtintlhecombination
ofequation(1),equation(2),and i2R:
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(5)

where

i wiresupplycurrent,smperes

Theconstant-velocityconditionir3obtained.byXetting~.= O
inequation(~)j thus

i2Re-(K+C~]~~) ‘o (6)

where

Re equilibriumvalueof’R,

ThevalueRe isthevalue
IfthequantityK+C@ is
equation(6), the restitis

ohms
d(pV) o

ofthewireresistancetf’— = .

eliminatedbetweenequation~) and

flowquantitiesp and VInequation(’7)the
andreplacedbythe
accordancewithequation(6).

(7)

havebeeneliminated
forcingfunction~ whichvarieswith pV in

A solutionof-equation(7) isobtainedbyassuminga sinusoidal
variationof R andsolvingfortherequiredformofthevariation
oftheequilibriumvalueRe. Forsmallvariationsin Re thesolu-
tionobtainedshowsthattheamplitudesof
me relatedbytheequation(reference1)

fluctuationof R and Re

(8)

where

(IJ frequency,radianspersecond

M tineconetant,seconds

.
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Equation(8) includesthe-phaseandemplitudevariationsirdwcd.uced.
ThequantityM isthesoleparameternecessarytodeterminetom- .
pletelytheshapeofthedynamic-responsecurveofthewire.The
paremeterM isrelatedtothephysicalconatmtsoftiiewireend.
thetunneloperatingconditionsbythefolbwingequation:

4.2aA2S(T-TO)
M= (.9)

i2R0

Thepresenceof T, TO, and ~ inequation(9)demonstratesM
.tibea functionofthetunnelope~*atingconditionsaswellasofthe
physicalcharacteristicsofthewire.Thisconsiderationisimportant
becausetunneloperatingconditionscamnotalwaysheaccurate~nor
convenientlyevaluated.

THEORYANDLIMITATIONSOFCONSTANT-CURRENT

DYTTAMICHOT-WIRESYSTEM3

Veriousmthodshavepreviouslybeendevisedfordetermining
thefrequency-responsecharacteristicofanygivenhotwireandfor
com~nsatingforthischaracteristic.

MethodsforDeterminationof

ResponseoftheHot

the?Rcequency

Wire

Thedynamicresponseofa hotwirehasbeenexperimantelly
determinedlymchanicaloscillationofthewireina movingair
stream.Thee~rimmxtalresultsobtainedareincloseagreemm.t
withtherespcxmepredictedby tietheoretical.workgiveninrefer-
ence 1. InherentmechanicalcliffIcultieshavelimitedtheapplica-
bilityofthismechanical-oscillationmethodtofrequenciesnot
exceeding 60 cycles ~er second.

Inreference4 a syntheticcalibrationtechniqueforthe
extmnsionofthisfrequencyrang3isdevelo~d.Refinsmentsof
thistechniquegiveninreference2 resultedinexperimental
verificationofthetheorythroughouttheaudio-frequencyran@.
Thesyntheticteohntquedependsuponthesimileri~oftheheat
transferfroma wireheatedbya smallalternatingcurrentsuper-
posedonthedirectheatingcurrenttotheheattiansferinresponse
toair-flowfluctuationsoftheseznefrequency.
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Inordertopermitcompensationforthetirefrequencyreeponse
thetimeconstantmust-bedetermhed.Inbothexperimentalnmthods
(al.ternating-current--suprpositionandnmchanicaloscillaticm)the
frequency-responsecurveis determined, and fromthisdetermination
a eaphic~evaluationofthetimeconstantismads.Thethe
constantmayalsobedetermhed.fromequation(9) .

Theuseofequation(9) todeterminethet~ constantrequires
thatthetunneloperatingconditionsaswellasthsphysicalcharac-
t.eristicsofthewirebeknown.Thedifficultyofaccurately
evaluatingtheq~titiesin equation(9)whichdependupontunnel
operatingconditionsend-theq~titiesdetezmimedby thephysical
propertiesof’a wireofextremelysmalldiametnrmakestheaccuracy
ofthecomputedtimeconstantuncertain.

MethodsofFrequencyCkmyensationofa HotWire

Numsrousmethodshavebeendevisedforcompensatingforthe
am@itudereductionfactorexpressedbyequation(8}.Thiscom-
pensationmaybemadeforperiodicallyvaryingfluctuationsby
employingthemethodofFoWieranalysisandapplyinga correction
factortoeachfrequencycomponentpresent.Becauseofthe
complexityofthisB thodandthefactthatth2Qwthadisnot
applicableifthefluctuationsareaperiodic,thisdynamicreduction
f&ctormustbecompeneatidforbeforethesignalisappliedtothe
recorder.Compensationistie bytheintroductionofa frequency-
com~nsatingnetwork.

In earlierworka valueof M computedfromequation(9) was
usedtodeterminethefrequencycharacteristicrequiredofthe
compensatin~circuittoeffecta coqpositafrequency-responsecurvo
whichisuniformthroughoutthedesiredrange.(See,forexample,
reference2.)

Theelectrical.circuitsdesi~edtohavea freqmncyresponee
reciprocaltothatofthewirehaveVeenoftwo~neral types: a
resistance-inductancenetworkanda resistance-capacitancenetworls.
A methodofcomynsatingforthefrequencycharactaristlcofthe
wirewhichmakesuseofa seriesresistance-Inductancecombination
is giveninreference1. Althoughsucha systemcanbemadeto
satisfytherequi.remmtsexactlyona theoretical%asfs,thereare
practicalconsiderationswhichlimittheapplicabilitytoa
restrictedran~ oftimeconstant.Theutilityoftheresistmme-
inductanceQ-peofcompensationcircuitislimltedbythedifficulty
ofconstructi~inductancecoilswithratiosofinductanceto
resistancewhichproducevaluesofthetim constantsthroughout
therangelikely‘iberequired.Inordertoproducelergetime

.

,

.
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constantsphysicallylargeiron-coreinducixmcecoilsarerequired..
Theseluge coilsareobjectionablebecausetheirinductanceis
dependentuponfrequemy,theassociatedstrayca~acitymakesa
predictionofthecircuitcharacteristicsuncei?tain,andthecoils
aresubjecttotheinfluenceofstiqyma-tic fields.

Anothermsthod,firstproposedinreference4,forthecom-
pensationofthefrequencycharacteristicofa hotwire makesuse
ofa resistance-capacitancecombinationtoyieldanapproximately
correctfrequency-responsechamcteristic.Thismthodhasa
disadvantageinthatitrequiresbotha resistanceend.a capacitance
valuetohechangedshmil.taneouslywhenthevalueof M istobe
varied.A systemwhichdependsonthesimultaneousvariationof
resistanceendcapacitance~ssessesthedisadvantageofrequiring
a spaciallyconstructedgsn~dresistance-capacitancecombination
andisusuallypracticableonlywithfixedcondensers,theuseof
whichresultsina stepvariationinthet- constantratherthan
themoredesirablecontinwusvariation.

‘Theneed
constantofa
conditionsis

EMPIRICALETWQUENCYCOMPENSATIONOFA

CONSTANT—CURRENTEm -WIREmm

fcmanempirical~tlmdofdeterminingthetilw
hotwireisapparentwhentheanalysisofthedynamic
extendedtopermitmeasurementsW bemadeunder

compressible-flowconditlo&.Theuseofanempiricalmthodfor
determiningthisconstanthastheadditional.advantagesofgreateo?
easeofoperationandincreaseddapendabili~ofresultssincethe
tiamconstantismeasuredundertheactualtunneloperating
conditions.

Thehot-wiretheoryofreference3 isbasedupontheassump-
tionofincompressible-flowconditions.Thederivationofequa-

[
tton7) showsthatthequantityK+c@J taLwnfromequa-
tion 1)hasbeeneliminatedbetweenequations(5)smd(6], which
indicatesthattheratioofthedynemicresponsetmthestatic
responseof the wire to variationsintherateofheattransferis
inde~endentofLtherelationshiphetweenrataofheattransferend
steady-statemassflow.TheeliminationofthequantityK+c~
fromequation(7) isoffundamental@ortancesinceitpermitsthe
extensionofhot-wiredynamicmeasure~ntsintotherangeOfcom-
pressibleflow.

ToccmrputethevalueofthetineconstantM fromequation(9)
inthecompressible-flowr- ofvelocitiesisimpossible,however,
becausetheairtemperatureinthevicinityofthewireunderthese
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conditionsmaydifferconsiderablyfrcmuthefree-wtresmtemwrature.
Thetemperatureoftheairad~acenttothewirewhlohdeterminesthe
respcnsecharacteristics ofthewit’ewillhaveaneffectivevalue
betweenthefree-streemandthestagnationtemperatures.Thisfact
makesnecessaryempirical.determinationofthetiamconstantunder
actualtunneloperatingconditions.

Anexper-ntal.verificationof‘theapplicabilityoftheampli-
tudereductionequation(8)tohot-wiremeasurementsundercompressible-
flowconditionshasbeenmade.Thomethodusedwasa modificationof
themethodsofreferences2 and4. InthismodifiedWthod~
alternatingcurventofanydesiredfrequencyis.superposedonthe
directcurrent‘heatingthewire.Thefluctuationinheatsupplied
tothewireproducesa resistancevariationanalogoustothatre6ulthx3
froma fluctuationinmassflow.~ “

TheBthodofoperationandgeneralanalysisofthistypeof
circuithasbeendiscussedin reference 2. Thegreatestdifference
betweentheoircuitanalyzedinreference2 andtheoneshownin
figure1 liesinthemethodofintroductionoftheal+xu’nating
componentofcurrent-intothebrid.wsystim..Inthecircuitshown
infigure1 thealternatingcomponentisIntroducedthrougha
transformer.Thstr~fo~i- ~owerratingissuchthatthedlrect-
currentcomponentinitssecondaryproducesa negligibledistortion
ofthealternating-current component.Thiscircuitconfiguration

.

waschosenra.bherthanthecapacitycouplin~usedinreference2 so
astominimize losses inherent-incapacitycoLI.plingatlowfrequencies. ,

Thecircuitandcomponentvaluesshownin figure1 producean
essentiallyconstantdirect-currentsystemforsmallvariationsin
wireresistance.S.nal.l.deviationsfromtheconstamtdirect-current
conditionareunimportantsincetheyarepresentduri~boththe
static-wirecalibrationandthesyntheticdyne.mlc-reeponm
determination.

Whenthefrequencyresyonseofa hotwireisexperimen~w
determined,thebrid~unbalanceresultingfromanin~ectedcarrisr
ofconstantamplitudebutvariablefrequsncyisproportionaltothe
responseofthehotwiretothmsignalfrequency(referenoe2).

Inordertoinsurethatthebridgesi@@ outputwastheresult_
ofchangesinwireresistanceandwasnotdw “toanelternatlng-
currentunbalanceintiebridgeitself,thehotwire in the brld~
circuitwasreplacedlya resistorofwhichthevaluewasindependent
ofthesmallchangesincurrentthroughitandthebridebalance
wascheckedthroughouttheaudio-frequencyrange.Thealternating-
currentbridgenullwasfoundtoheindependentoffrequency
throughoutthisrange.Withthealternating-cumentbalanoeof

r
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✎ thebridgeestablished,thevolta&eappex acro,6sthebridgeoutput
temninalswiththehotwireintlie.c~rcuitisa fimctiononlyofthe
changesinwireresistamewithchangeinHc@ingmrrent~

Theexperlruen+zallydetezmfned.freqnency-respmsecharacteristio
ofa tire operatingundercompressible-flowconditionsobtainedby
theprecedlngmethodisshowninfigure2. Theparticularvalue
ofthethe constantM whichcharacterize~thiscurvehasbeen
deteunlnedgraphicallyandthetheoreticalresponsefora wire
havingthessmethe oonstantissh.cxmforpurposesofcomparison.
Theexperimentalcurveisseentobe ofthesamegeneralfozm
theoreticallypredictedbythetime-.constaatrelationderivedin
reference1. Theagreementiswithinthelimitsofexperimental
errorthmughtoutthefrequencym.nge.

Inordertocompensateforthedynamicerrorrepre~entedby
theamplitudereductionequation(~)andillustratedinfigure2,
theoutputsignalofthebridgemustbesuypliedtotherecorder
througha networkwhichhasa responsethatisthereciprocalof

thefactor 1 SincethetineconstantM
r~”

dependsuponoperatingoondltions,thevalueof
. cimuitmustbecontinuouslyad~uetabletoadapt

conditions,

of thehotwire

M ofthereciprocal
thesystemtotunnel

\ In Ordei- topermitanexactdeterminationofthetimeconetantM
whenthefactorsentering intoequation(9)arenotaccuratelylmown,
thetfmeconstantmustbedeterminedempiricallybecausethe
physicalpropertiesofthewirematerialmaybeconsiderablyaltered
whenthewireisdrawntosmall.diameters.A furtherlimitationto
anaccurateevaluationof M fromequntion(9)3.stheuncertai.nty
regardingthevalueoftheeffemtivefree-streamtemperature.

Thefactthat the hot-wireresponsecurveiscompletelydetez%
minedbytwoparameters,thetimeconetantandthestaticsensi-
tivity,suggeststhatthevalue oftheseparametersmaybedetermined
fromthealsoluteresponseof the wire atanytwosignalfrequencies.
Thevalue of M alonemaybedetemninedfromtherelativeresponse
atanytwofrequenciesby eliminatingthestaticsensitivitybetween
theequationeforthetwofrequenctes.

Znpractice,thesystemshownasa blockd3agramin figure 3
is usedfordeterminingthetimeoonstantM undertheactual
operatingconditionsandforeffectinga unl.fozmfrequency-response
charmteristic.Withthissysta,twosi~ls ofequalamplitude
butofclifferentfrequencies‘are$n~ecteds~.ltaneouslyintothe
bridgediscussedherein,Thebri~eurhalancevol~e isthen
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amplifiedbya conventionalaudio-amplifier,andthieSipl is
suppliedtothecompeneatcr.Thecompensator@s a responsewhich
isthereciprocaloftheamplitudereductionequation(~).After
thecompensatoraretwoamplifierstunedtoWe injectedsi@al.
frequenciesanda meterindicating the differenceIetweentheir
Outputsignals.Xnordertoset-theccrrectvalueof M inthe
compensator,thesettingofthetime-constantcontrolisvzwied
untiltheresponseofthesystemisthesamsf& eachfrequency~
asindicabdbya zeroreadingontheoutputmeter. Thisadjust-
mentmakeE!theover-allsystemresponGeflatwithin the frequency
limitationsofthecompensatorcircuit.

Theamplifiershownbetweenthebrid~circuitandthe
compensatorinfigure3 isa convanticmalaudio-amp~fierdesl&ned
togivea midfrequencygainofapproximately10,CQOandwitha
frequencyresponseuniformtowlthln3 decibelsovera ran= from5
to10,000cycles~r eecond.Fi&urek showsthetypicalwaveforrns
thatexistattheamplifieroutputterminalsandatthecompensator
outputterminalswhenthewireissimul~ ouslysuljeotidto100
and500cyclespersecondsignalsofequal@mplitudes.TheinJected
frequenciesarechosenat103and500cyclespr secondratherthan
attwofrequenciesshavinga greaterratio“becausetheessential
nonlinearityofthehotwirewillproduceinternmdulationproducts
towhichthetunedaudh-amplifierswouldreqxmd.

THEORYOF

Thecompensatorckrcuit

COMPENSATORCIROUIT

hasleenshowntobeoneofthe
essentialcc&ponentsintheconstant-currentdynamichot-wire
system.Thecompensatorcircuitnmmthavea frequencyrespcnse
proportionalta l+JW, thereciprocaloftheright-handside
ottheamplitudereductionequation(8). Thecompensatorcircuit
developedforusewiththisequipnentconsistsbasicallyofa
seriesR-Ccircuitdrivenbya currentsourcewhichisproyorti~
tosignalemplitudeandfrequency.

Ifanalternatingcurrentissuppliedtoa seriesR-Ccirctit,
thevoltagedevelopedacrossthecombinationis

.,

●

“(%$? (lo)
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.

InwhichM =RC= timeconstantinsecondswhen R isinohms
and C isinfsrrads.Thee~ressioninjxu%nthesesisseentobe
thereciprocaloftheright-handsideofequation(8) exceptfor
thepresenceoftheterm jxCin thedenominator.Thistermmay
becanceledbytakingtheproductoftheresponseoftheseriesR-C
circuitandtheresponseofa circuitwhichis~royortionalta @C.
Theproductoftwosuchcircuitsmsybeobtainedelectronically
byfee~ngtheoutputofonecircuitintothein~utofthesecond.
Thevoltageoutputofsucha combinationis,then,thepr,oductof
theresponsesoftheindividualcircutts.Intheactualcompensator
circuitthecurrenti (equation(10)) includestheamplitude
responseofthewireaswellasthefrequencyproportionalfactor
whichcancelsm inthedenominatoroftheparenthetical
expressim.The
pensatesforthe

numeratorofthisparenthetic-dexpressioncom-
emplitudereductionfactorexpressedbyequation(8).

fTPPmATus

TheFrequencyCompensator

Thecompensatorcircuituse~isshowninfigure5. Thehsic
conrpensatorcircuitwhichdeterminesthetimeconstantisinthe
platecircuitofthethirdsqlifierstage.Thiscircuitconsists
ofa fixedcondenser~ inserieswitha variableresistorRM.
Thecurrenttothiscircuitissupylied&ough a largeseries
resistor Rs. Thisresistorissochosenthatthemaxhumimpedance
ofthecompensatingR-Ccircuitisnegligiblysmellbycomparison.

Thecurrentofequation(10)isthecurrentthroughthecom-
binationof ~ and ~ intheplatecircuitofthethirdstage
andisproportionaltothesignalamplitudeandfreqiiency.The
combtiationof RM ~d CM hasanimpedanceglvenbytheequation

——

(w

Inorderto&ekethecurrentthroughthecombinationof RM :
and Cisrelatively~dapendentofthevalueof ~, a resistor“RB
havinganohmicvaluemuchgreaterthanthemaxbmml%lue of Q
throughthedesiredfrequencyrange(lO”to1000cps)tsplacedin
serieswiththecombination.; % .-
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Theresponse proportionaltofrequencywhichisrequtrecl
supplythebasiccompensatorcircuit~-CM (tocancelthe

1331

to

Juil-terminthedenominatorofequation(10))isprovidedby the
firststage.IfthereactanceofthecouplingcondenserCc
betweenthefirsttwostagesismadelargecomparedwiththe
resistanceofthegridleakRg towhichitcouples,throughout
thedesiredfrequencyrangethevoltageacrossRg ise~sent~~
proportionalto #X. Obviouslythisvoltagecannotbeexactly
proportionalto JuC becauseoftheresistivecomponentofthe
coupling-circuitimpedance.Thecomponentvaluesshownintroduce
anamplitudeerroroflessthan1 percentanda phaseerrorof
approximately3°attheextremecondition(1000cps).

Thesecondstageofamplificationservestoovercomethe
severeattenuationoccurringinthefirst-stagecouplingnetwork;
thesignalmustbemaintainedata comparativelyhighlevelto
mintmizeshoteffectandmcrophonicnoisegeneratedinthetubes.

TheI&namicCalibrator

Thedynamic-signal-injectionequipmentshowninfigure6
consistsoftwooscillators(100and~0 cps),theoutputsof
whicharemixedandthensupplledtoa push-pullpoweramplifier.
Theoscillatorsusedareofthephase-shifttype.Thistypewas
selectedbecauseofthegoodwaveformsobtainableatthelow
frequenciesemployed.Themixerisofa conventionalt~e. The
outputofthemixerissuppliedtoa ?floatlngparaphase”phase
inverter(reference~). Thisi.nverterinturnsuppliesa conven-
tionalpoweramplifier.Voltagefeedbackfromthepoweramylifier
h thephaseinverterisutilizedtostabilizethegainofthe
system.Theoutputtransformerchosenhasa ratingconsiderably
greaterthanthepoweractuallyconsumedfor reasonsexplainedin
thediscussionofthebridge circuit.

CompensationZetector

Inordertopermitthecomparisonoftheresponseofthewire
tothetwoinJectedsignalfrequencycomponentswhen-the_wireis
eubJectedtofluctuatingflowconditionsin a windtunnel,ithas
beennecessarytodevelopindividual detector amplifierssharply
tunedtothecalibrat~gsi~alfrequencies,Thesetunedamplifiers
OhownInfigure7 areusedfordetectingtheinJectedsignalFre-
quenciesinthecompensatoroutput.Extremelynarrowbandwidths
maybeobtainedintheseamplifiersbyma.ki~useofa paraUel-
nullnetworkinthefeed-backlooptoproducea peakamplification

.

#
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atthenetworknullfrequency(reference6) . Thegainisstabilized
bytheuse.ofanadditionalfeed-backlooptotheinputcathode.
Thenull-networkoutputisfedbacktotheinputstageononegrid
oftheinputdualtriode,whichiselectricallyequivalenttofeeding
a partof this voltage to the cathodeofthesametube.Thecircuit
usedhastheadvantageofallowingthevoltagefeedbacktobe
introduceda+a highimpedsncelevelintheinputcircuit.A pair
ofinfiniteimpedancedetectorsareusedinthetuned-aurpllfier
outputs. Theindicatormeterisconnectedbetweenthetwooutputs
sothatdifferencesinresponsetothetwoinj%ctedfrequencies
are indicatedby the~ter.

Th9operationofthisequipmentisasfollows:tietwo
calibratingfrequencies,100end~0 cyclespersecond,areinjected
simultaneouslyintothehot-wirebridgewiththetiremountedin
thetunnelandthetunneloperatingattheconditions.underwhich
dataobservationsaretobemade.ThevariableresistorRM in
thefrequencycompensatorcircuitisthenadjusteduntilthemeter
readingthedifferencebetweenthetwoinjected-frequencycomponents
presentintheoutputreadszero.Thefrequencyresponseofthe
systemisthenuniformthroughoutthedesignrange(10to10C)Ocps)
andwillremainsoaalongasthetunneloperatingconditimsare
notchanged.

Instancesmayconceivablyoccurinwhichthetunnelcondition6
willbecontinuouslychsmgingduringa seriesoftestobservations.
A continuouslyvariableself-balancingfrequencyco~ensationmay
beeffectedbyfeedingtievoltagethatwouldnormallybeapplied
totheco~ensationindicatormeterintotheinputofanamplifer
whichdrivesa rotortoturntheshaftoftherheostat~. This
continuousadjustwntwGtidtakeplaceup totieinstantofdata
observations.Severaleuchself-balancingsystemsareavailable
commerciallyandtheadditionofthisfeaturewouldentailonlya
slightcircuitmodification.

ExperimentalVerificationoftheDynamicSystem

Experlmentslverificationofthedynamicsystemisdemonstrated
infigures8 and9. A typicalexperimentalfrequency-responsecurve
forthecompensatorcircuitfora time-constantsettingcorresponding
tohigh-speedtunneloperatingconditions(Machnuniber= 0.75j
0.0005-inch-diametertungstenwire;timeconstant= 2x 10-3see)
isshowninfigure8. Thesettingofthecompensatorforthiscurve
wasdeterminedwiththesystemendthetechniquesdescribedpreviously
herein.Fi@re9 showBtheresultofgraphicalcombinationof‘the
experimentalresponsecurvesofthewiresndtiecompensatorhaving
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thesametimeconstant(2x 10-3see). Thisconibinedfrequency-
responsecurveshowstheresponseofthesystemtobeflat
withinapproximately10percentthroughoutthefrequencyrenge
forwhichmeasurementsweremade.

CONCLUIXNGREMARE3

A re-examinationofthehot-wiretheory
hot-wireanemometerISs,ppl~cabletodynamic
fluctuationsunderanyflowconditionswhich
calibrationtobemade.

Theequipmentdescribedpermitsa rapid

hasshownthatthe
measurementsofsmall
permita static

empirical coqensation
ofa hotwireunderactualoperatingconditions.

!I!hefrequency-responserelationshipsbaeeduponclassicalhot.-
wiretheoryarealsoapplicabletocompressible-flowcondltdmneif
thefactorsinvolvedereproperlyevaluated.

LangleyMemorialAeronauticalLaboratory
National.fi.dvisoryCommitteeforAeronautics

Langleyl?feld,Vs.,April18, 1947
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