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ASiliconMicromachinedFlowSensorUsing

ThermopilesbrHeatTransftrMeasurements
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AbstTYZC仁一Asiliconmicromachinednowsensorcomposedofa

㌫霊筑豊慧諜蒜崇漂禁霊慧霊
Oenowmeasuretheamountofheatcarriedbythenuid，Whilethe

otbertWOarrangedperpendiculartOthenowdirectionmomitoJ；

tbeheattranSfbrredfromtheheatertothefluid・ThisarChitecture

dloWSthenormalizationofoutputoftheupanddownStreamther－

popilesbythemonitoredoutput・Experimentalresultsshowthat
thenOrmalizationlSquiteuseful払rachievingarangeablityaswide

asl：1000andalsomrreducingtemperatureandpressuredepen・

denCe・

［〝dex7brms－Flowsensor，heattransfbr，nOrmalization，Silicon

鵬CrOmaChining，thermopiles・

F　　　　　　　　　Ⅰ．INTRODUCTION

LOWmetersbasedonheattransftrallowmassandpres－

sure－loss－freeflowmeasurements．Theirpnnciplesofmea－

surementcan be dividedintotwo methods：Oneis hot－Wire

anemometry，Whichiswidelyappliedtoommi－directionalflow

measurementsl1］－［4］．Theotheristheheatpropagationmethod

t5］，【6］．Thismethodrequirestemperaturesensorsinaddition

toaheatsource，butarranglngtWOtemPeratureSenSOrSSym－

metricallywiththeheatsourceallowsthedirectionalmeasure－

mentoflaminarflow．Therefbre，thepropagationmethodfacil－

itatesmeasurementofaccumulatedflOwquantlty，eVenifthe

nowispulsatlng・Tbwidelyapplythismethodingas－meterS，

micromachiningtechnologleSareuSedtofabricateaheaterand

temperaturesensorsonasiliconchipl7］－［9］・Asatemperature

SenSOrfbrsuchamicromachinedflowsensor，a丘neplatinum

Wireformedbydepositionisusedfbreasyfabrication・

TheamountofheatQtransftrredfromtheheatsourcetoa

nuidisemplnCallyglVenby

Q＝（A＋B＼斤）（Th－Tf） （1）

WhereAandBareconstantsdependingonthermalproperties

Ofthefluid，Visfluidvelocity，andThandTfareheaterand

nuidtemperatures，reSPeCtively［2］．Tbreducetemperaturede－

Pendenceandtherebyincreaserangeability，thetemperaturedif－

ftrence，Th－Tf，Shouldbekeptconstantandthesensorshould

detectthetemperaturechangeduetotheheattransftrredbythe

nuidl10］－［12］．Constanttemperature－difEbrenceoperationof

theheaterisalsousefulfbrreducingpowerdissIPationofthe

micromachinedsensor，butrequlreSanOthersensorfordetectlng
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Fig．1．Microphotographofthemicromachinedflowsensor・

fluidtemperatureandmakesforacomplicatedheaterdrivecir－

Cuit．Iftheheatcamiedbythefluidisnomalizedbytheheat

transftrredtothefluid，areductionintemperaturedependence

ispossiblewithamuchsimplerdrivecircuit［13］・Asfbrthe

temperaturesensortomeasuretheheat，athermOPileissuperiOr

toaplatinumwirebecauseltgenerateSanelectromotiveforce

（EMF）proportionaltothetemperaturedifftrencebetweenthe

hotandcoldjunctions．Basedontheseideas，amicromachined

flowsensorusingfourthemOPileshasbeendevelopedl14］，

［15］．AdescriptionofitsstructureandperfomanCefbllows・

II．FLOWSENSOR

Fig・lisaphotographofthemicromachinedflOwsensorde－

Veloped・Thechipmeasures2mmx2mmandiscomposed

OftheheaterandfourthermOPilessurroundingit．Theheateris

bmedbydeposltlngPlatinumontothecentralpartofanelec－

tricallyandthermallyisolatedsilicondiaphragm・Thetwother－

mopiles，TPlandTP2，Whicharearrangedalongtheflowdi－

rectiontomeasuretheheatcamiedbythefluid，COnSistof23

StaCkedthemOCOuPles・Theothertwo，TP3andTP4，Which

arearrangedperpendiculartotheflOwtomonitortheamount

ofheattransftrredto thefluid，COnSist ofnine stacked ther－

mocouples・Eachthermocoupleconsistsofplatinumandhighly

boron－dopedsilicon・ThehotJunCtionsarearrangedonthedi－

aphragmandthecoldjunctionsonthethicksubstrate・Thesub－

StratehashighthermalconductlVltyandthecoldjunctionsare

assumedtostayatthefluidtemperature・

III．SENSORPERFORMANCE

A．且甲grfme和才dJCo〝血われ∫

Fig・2showsacross－SeCtionoftheductusedtoevaluate

themicromachinedflow sensorperfbrmanCe・This sensoris
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Fig．2．Cross－SeCtional view ofthe duct used for charaCterization of the
micromachinedflowsensor．

Fig・3・Thermal bridge　for the heater to operate under constant

temperature－difftrencemode．

installedontheceilingofthisduct．Thefluidisairandfour

Platesparalleltotheflowareusedfbrlamination・Assumlng

thecharacteristiclengthL＝3・6mm，theReynolds，number

Ofthefluidpathis about2，000ataflowrateof2，0001瓜．

Measurementsarecarriedoutat250C，101．325kPa．Afloat

typeflOw meteruslng amOnOlayernlm ofsoap on water

SurfaceisusedtomeasureflOwratesupt06001nl・Forhigher

flOwratesupt0120001爪，amaSSflOwmeterbasedonheat

transftrbyafluidisusedasarefbrence．

Forconstanttemperature－difftrenceoperation，animproved

thermalbridgeisusedtodrivetheheater・Fig・3showsitscircuit

diagram・Inthiscircuit，Rrisaplatinumresistorwiththesame

temperaturecoefncientrcasthatofthemicromachinedheater

Rh・AssumlngthatRrisinthermalequilibriumwiththefluid，

OneCaneaSilyderivethefollowlngrelation：

△T＝K・Rc意＝K・Rc・箸　（2）
WhereRh。istheheaterresistanceatTf．Thisrelationindicates

that△TcanbearbitrarilysetbymeansofRc．

Aninstrumentationamplinerisusedtotakethedifference

intheelectromotivebrce（EMF）betweenup－anddownstream

thermOPiles・TheEMFsofthetwothermopilesplacedperpen－

diculartOtheflow，Ontheotherhand，areSummedtobethe

monitoroutput・InthefollowlngBgures，thedifftrenceinthe

EMFisdenotedbyVlandthemonitoroutputbyV2・

且　FbwCゐαmCJer如fc∫

Fig・4showsoutputvoltagesofthethermopilesasafunction

Offlowrate・ForflowratesuptolOOlnl，Vlisproportionalto
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Fig・4・Outputvoltagesofthethermopilesasafunctionofflowrate．
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】

flOwrateandV2remainsconstant．Thisindicatesthattheheat

transferredfromtheheatsourcetothefluidisindependentof

fluidvelocityandconventionalhot－WireanemometrylSinappli－

Cabletosuchalowflowratemeasurement［2］．Becauseofcon－

Stantheattransftrtothefluid，thesameresultisalsoobserved

intheconstantvoltagedriveoftheheater・Forflowrateshigher

thanlOOl瓜，VltendstosaturateandV2decreasesmonotoni・

Callywithflowrate．ThisindicatesthatlowerflOwratescanbe

measuredbyVlandhigherflOwratesbyV2・Fig・5showsthe

nomalizedoutputVl／V2asafunctionofflowrate．Ascanbe

Seen，therangeabilitybr土3％readingerrorisl：1000，Which
ismuchwiderthanthatofaconventionalmicromachinednoW

SenSOruSingplatinumwiresastemperaturesensorsl8］．

Figs・4and5alsocomparetheperformanCeOftwosensorS！

AandB，fabricatedbytheidenticalprocess・AdiscrepancyOf
about10％canbeseeninbothVlandV2．Thisisattributed

mainlytothedifftrenceintheheaterresistances．NoapPre・

Ciablediscrepancycanbeseeninthenormalizedoutputplotted

inFig・5，however，indicatlngthatthenormalizationsucceSS・

fullycancelsheaterdependence。



oAelal・：SILICONMICROMACHINEDFLOWSENSOR

8

　

6

　

4

　

2

　

0

　

8

　

6

　

4

＞
∈
こ
＞
l
⊃
d
一
⊃
○

一・一一一1．12V

十 1．77V

一・一2．4 7V

一十 3．27V
3 86V－う← ∴

了

0　100　200　300　400　500　600　700

VolumeflowrateHhour－1

8

　

6

　

4

　

2

　

0

　

8

　

6

　

4

　

2

　

0

1

　

1

　

1

　

1

　

1

　

0

　

0

　

0

　

0

　

0

⇒
q
二
コ
d
l
⊃
O
P
肖
ニ
q
∈
L
O
Z

（a）
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Fig・6shows the dependence oftheflOw characteristics

Onheatervoltage・Sincetheheaterisdrivenintheconstant

lemperature－di飴rence mode，the difftrence between heater

andfluidtemperaturesincreaseswithheatervoltage・Wltage
Vlincreasesalmostlinearlywithheatervoltage，aSCanbe

SeeninFig・6（a），butthedependenceisgreatlyreducedbythe

nOrmalization，aSShowninFig．6（b）．Thelowsensitivityof

也enormalizedoutputtoheatervoltagesuggeststhatconstant

temperature－difftrenceoperationoftheheatercanbereplaced

byamuchsimplerconstantvoltagedrivewithouttemperature

dependencedeterioratlng・

D・P柁那〟作か甲e乃血Ce

Fig・7showsthedependenceoftheflOwcharacteristicson

Pressure・Nopressuredependenceisobservedintherange

fromatmospheriCpressuret00．8MPa．Inthesemeasurements，

a12－mmdiametercylindricalductisusedasthefluidpath

tOwithstandhighpressure・Thesameflowmetersdescribed

earlierareusedtomeasureflowrate．

E花川pem助作か甲e乃de〝Ce

Fig・8showsthedependenceonfluidtemperature・Tbmper－

aturedependencestillremainsinthenormalizedoutput・The
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Fig・8・Tbmperaturedependenceoftheflowsensor．

measurementswererepeatedfbr100units，anditwasfound

thatallunitshavethesametemperaturedependencethatcan

becompensatedbyalinearfunctionoftemperature・Theslope

OfthelinearfunctionwasfbundtobeapproximatelyO・2％／OC

intherangefrom－250Cto＋600C．

TheEMFsofthethermopilesareindependentofpressure，but

dependlinearlyonfluidtemperature・Thetemperaturedepen－

denceoflOOunitswasbundtobethesamedespitedifftrences

inheaterresistances・Theseexperimentalfactsindicatethattem－

Peraturedependenceiscausedsolelybythermalpropertiesof

thefluid・TheefftctofthethermalconductlVltylSCanCeledby

thenormalization，aSdemonstratedinFig・5・Therefore，thefluid

ViscosltylSCOnSideredtobethemainhctorresponsiblefbrtem－

Peraturedependence．

Tbconnrmthevalidityoftheabovededuction，datainFig・8

arereplottedinFig・9asafunctionoftheReynolds’number．

TheReynoldsnumberReisglVenby

L

Re＝pU－
77

（3）

WherepandllarethedensltyandviscosltyOfthefluid，re－

SPeCtively・TheReynolds’numberRerepresentsmassflOwrate

PVnOrmalizedbytheviscoslty77。Asexpected9thenormalized
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Fig・10・Tbmperaturedependenceoftheoffsetoutputs・

OutPutVl／V2inFig・9isindependentoffluidtemperatureover

therange－250Cto＋600C．TheviscosltylSnOtalinearfunc－

tionoftemperaturebutproportionaltothesquarerOOtOftheab－

SOlutetemperature・Neverthelessthenomalizationbythevis－

COSltyCanCelsthelineartemPeraturedependence・Thismeans

thattheviscosltyCanbewellapproximatedbyalinearfunction

Oftemperatureinthepracticaltemperaturerange・

貫悌eJかr折

Theoff岳etvoltageintheEMFdependsonthedetailedstruC－

tureofthesensorandalsoonfluidtemperature・Fig・10showsa

typicaltemperaturedependenceoftheoffgetvoltage・Theordi－

nateindicatestheoffsetvoltagenomalizedbythatat25OC．In

the鎖gure，temPeraturedependenceoftheoffsetinthenormal－

izedVlⅣ20utPutisalsoplotted・Companngthetwoplots，One

noticesthatthenomalizationisalsousefulfbrreducingtem－

peraturedependence，therebyresultinglnmOreaCCuratemea－

SurementSOflowflowrates．

IV．CoNCLUSION

Asiliconmicromachinedflowsensorcomposedofaplat－
inumheaterandfourthermopiles was described．Evaluated

TP2，bythatoftheheatmonitonngthemOPiles，TP3andTP
墨一芸：言霊Ⅰ霊一霊ごこ罠こ．霊芯ごr昔霊

4

isqulteuSefu1forrealizingthewiderangeabilityandalsofbr

reducingtemperatureandpressuredependence・Thevalidity

OfthenormalizationhasalsobeenconBrmedforhydrocarbon

gases・Thelowestmeasurableflowrateislimitedbynoise．

Improvlngtheslgnal－tO－nOiseratiobyincreaslngheaterpower

andsupplyvoltageoftheslgnalprocesslngCircuitwillfurther
expandtherangeability．
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