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AHHoTauus. [To pe3yibTaTaM HCC/IeOBAaHUI TeIJIOBOIO CEHCOPa MAcCOBOTO Pacxo/ia rasa rokas3aHo, 4To IIpU
Pa3THYHBIX CXeMaX aHAJIOrOBOM 06pabOTKU ero CUTHa/Ia MOKHO JOOUTHCSI YHUKATBHO BBICOKOK YyBCTBUTEIBHO-
CTH U COBMeILleHH I U3MepeHH I Ileperia/ia TeMIIepaTyp Ha GPOHTe U CIIaJie U IIaileHH s TeMIIepaTypbl HarpeBaTeIs
B OJHOM CHUTHaJIe.

KiroueBble C/10Ba: MACCOBBI pacxof ra3a, TeryioBor MOMC-ceHCop, IIOTOK ra3a, BlJe/leH e 1 06paboTka curHasia

Jnst uutupoBanusi: B.T. Psibos, H.A. [[toxkeB. HcciieoBaHMe TeIJIOBOIO MOMC-CEHCOPA MAacCOBOIO PAcX0Ofia rasa.
HAHOUWHJYCTPUS. 2022. T. 15, Ne 3-4, C. 216-221. https://doi.org/10.22184/1993-8578.2022.15.3-4.216.221

Received: 20.05.2022 | Accepted: 27.05.2022 | DOI: https://doi.org/10.22184/1993-8578.2022.15.3-4.216.221

STUDY OF A THERMAL MEMS SENSOR FOR GAS MASS FLOW RATE
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Abstract. Based on the experimental results of the thermal gas mass flow rate sensor it was shown that the use
of various analogue signal processing circuits makes it possible to achieve uniquely high sensitivity and combine
measurements of the temperature difference at the front, decline and drop of the temperature of the heater in a
single signal.
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BBEAEHUE INTRODUCTION

JIAaTYHMKU MaCcCOBOTO PacxXofia rasa MMpPOKo Hcmonb- | Gasmass flow sensors are widely used in vacuum pro-
3YI0TCSI B BAKYYMHOM TeXHOJIOTMYeCKOM U Hcciefo- | cess and research equipment. Recently, the use of such
BaTeJIbCKOM 000pyIOBaHHUU. B mocienHee BpeMs oco- | sensors in medical equipment, especially in ventilators,
GeHHO aKTyaJIBHO CTaJI0 UCIIO/Ib30BAHKE TAKUX JATYMKOB | has become particularly relevant.

B MeJULITHCKOM 000pyIOBaHUH, B YaCTHOCTH B aIlIlapa- Application of microelectromechanical systems tech-
TaX UCKYCCTBEHHOM BeHTHIISLIMY JTeTKuX (UBJI). nology makes it possible to create the miniature mass
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VMcronb3oBaHMUE TEeXHOJIOTHMM MHUKPO3JIeKTpoMe-
XaHHYeCKHUX CUCTEeM II03BOJISIeT CO34aBaTh MUHHA-
TIODHBIE YYBCTBUTE/IbHbIE 37IeMEHTbI (CEHCOPbI) Mac-
COBOI'0 pacxofa rasa Ha KpeMHHeBBIX KpHCTajjax
(YHMIIax). MaccoBbIM XapaKTep IIPOH3BOACTBA 60/b-
1100 YHCJIa CeHCOPOB C aHAJIOTMYHBIMH [IapaMeTpaMHU
Ha OJHOM IIJIaCTHHe I03BOJIUT CyIIeCTBEHHO YMEHb-
IIUTb UX CTOUMOCTD. IIITMPOKO M3BeCTeH TaKOM CeHCop
dupmer Honeywell, namepsirommuii nepernaz reMmeparyp
Ha QpoHTe U crajie "TeIioBoro obnaxa’, co3aBaemMoro
HarpeBaTejeM. TeXHO/IOIHs IIPOU3BOACTBA 3TOrO CeH-
copa bpl1a aske II0JIOKEHA B OCHOBY Y4ueOHOro I1ocobus
IU1s Kypca 6akanaBprara yHUBepcUTeTa JIyucBrs [1).
TOT ceHCop 6L co31aH B Hadasle 80-X FOOB IIPOILJIOrO
BeKa U ABJIIETCS OCHOBOM OOJIBIIMHCTBA JATUKUKOB
IOTOKA 5TOM KOMITAaHUH.

HegoctaTkoMm TemnioBeIX MOMC-CeHCOPOB ABJISIOTCS
OTpaHHUYEHHUS Ha JHala30H HU3MepeHUs CKOPOCTeHr
II0OTOKA ra3a, obycioBlIeHHBIe N3MeHEeHHeM Xapak-
Tepa ero MOTOKa: JaMHUHAPHBIA HIH TypOyIeHT-
HBIN. [IJ1s1 U3MepeHHUs pacxoja B IaMHUHApHOM IIOTOKe
HCII0/Ib3YeTCsl KaJIOpUMeTPUYeCKUH MeTOo[l, OCHOBaH-
HBIM Ha M3MepeHUH Ieperaia TeMIIepaTyp B TEIIOBOM
obnaxke, co3maBaeMoM HarpepareneM. [l U3MepeHUs
pacxoza B TypOyIeHTHOM ITOTOKE HCIIOIb3yeTCsI TEPMO-
aHeMOMeTpHUYeCKHH MeTOJ, OCHOBAaHHBIH Ha OTBOJe
TeIl/Ia OT HarpeBaTesis.

Llenp JAHHOTO HCC/IeNOBAHUS — pa3paboTka oTeve-
CTBEHHOI'0 TeIJIOBOro MOMC-ceHcopa ¢ pacIIMpeHHBIM
JHATIa30HOM M3MepeHU s CKOPOCTH IIOTOKA Ia3a C ITOBBI-
IIeHHOM TOYHOCTBIO M YYBCTBUTE/ILHOCTBIO. Kpome Toro,
MBI CTPEMHUJINCh CO3/IaTh OTeUeCTBeHHBIH aHaJIOT AaT-
yrka AWM?720P1 dupmsl Honeywell [2] mist ucrions3oBa-
HUs B annapartax MBJIL.

METO/bl UICC/IEAOBAHMSA

[TpoBOAM/IHCh aHATUTHYECKHE U SKCIIepUMEeHTaJIbHbIe
HCCIIeOBaHHU I 06pa3a MOMC-ceHcopa M3 OIIBITHOH I1ap-
Tuu. KpemHueBbIl YUIT nMeeT pa3mep 3x4 MM, Ha HeM
BBITpaBJleHa MeMbpaHa pa3Mepamu okoso 0,5x0,75 MM,
COCTOSIIIASI 3 YePeAYIOLIHXCS CTI0eB Si3N 4,1 Si0,. Obrmas
TOJIIIIMIHA MeMbpaHBb!I 0KoJ1o 0,6 MKM (pHcC.1).

Ha xpucTaie copMHUPOBAHBL HATh [JIaTHHOBBIX
TePMOpPe3UCTOPOB. OfYH Pe3UCTOP PACIIONIOKEH Ha TeJle
KpHUCTaaa (pe3ucTop cpefsl, puc.l, cieBa). OH mpesa-
HasHauveH I W3MepeHHs TeMIlepaTypbl KpeMHUe-
BOT'0 KPHCTA/I/Ia, BBIBOZBI 3TOTO pe3KCTopa 0603HAUeHEI
Ha puc.1 cuMBONIaMU S,. YeThIpe APyrHux TePMOPe3UCTOpa
PaCIIONOKeHbI Ha MeM6paHe U BKJIIOUeHbI B U3MepPUTelb
HBIM TepMOMOCT. OH Ipe/lHa3HaueH /149 GOpMHpPOBa-
HHUS "TeIUIOBOro obyaka’ ¥ M3MepeHHsl ero TeMIIEPaTy Phl
Ha QppoHTe U CI1aie I10 II0TOKY rasa. IIpy 3TOM ITOTOK rasa
HaIlpaBJieH CjeBa HAIIPaBo, YTOOBI "'TernyioBoe 061aKko”
OKa3bIBaJI0O MUHHMAaJIbHOE BO3/IeICTBHE Ha Pe3HCTOP
Cpenpl.

flow sensing elements (sensors) on silicon crystals (chips).
Mass production of a large number of sensors with simi-
lar parameters on a single wafer will significantly reduce
their cost. A well known sensor from Honeywell measures
a temperature difference at the front and decline of a "heat
cloud" created by the heater. The technology of this sensor
was even used as the basis of a textbook for an undergradu-
ate course at the University of Louisville [1]. This sensor was
developed in the early 1980s and is the basis of most of the
company’s flux sensors.

A disadvantage of thermal MEMS sensors is the limi-
tation of the gas flow velocity measurements range due to
the changing nature of the gas flow: laminar or turbulent.
To measure the flow rate in a laminar flow, the calorimet-
ric method is used which is based on measuring the tem-
perature difference in the heat cloud created by the heater.
To measure the turbulent flow, the thermo-anemometric
method based on the removal of heat from the heater is
used.

The purpose of this research is to develop a domestic
thermal MEMS sensor with an extended range of gas flow
rate measurement with improved accuracy and sensitivity.
In addition, we tried to create a domestic analogue of the
Honeywell AWM?720P1 sensor [2] for use in artificial lung
ventilation (ALV).

RESEARCH METHODS
Analytical and experimental studies were carried out on
a sample MEMS sensor from a pilot series. A 3x4 mm sili-
con chip was prepared with an etched membrane of about
0.5x0.75 mm, consisting of alternating layers of Si;N, and
Si0,, is etched on it. The total thickness of the membrane is
about 0.6 pm (Fig.1).

Five platinum thermal resistors are formed on the crys-
tal. One resistor is located on the crystal body (medium
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Puc.1. OnbimHbili 06pazeu, mennogozo MIMC-ceHcopa macco-
8020 pacxo0dd 2a3a
Fig.1. Prototype thermal MEMS gas mass flow sensor
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Pe3KCTOPBl TEPMOMOCTA PACIIONIOKEHBI B IBYX CEK-
LIMSIX, BO BXOLHOM In (c1eBa Ha MeMbpaHe Ha puc.l) u B
BBIXOLHOM Out (crrpaBa). CxemMa TePMOMOCTA [TOKa3aHa
Ha puc.2a. Kaskgast ceKLMs COAEPSKUT I10 ABA AHAJIOTH Y-
HBIX Pe3UCTOpa C COIIPOTUBIEHUSIMU R; U R,, 06pasyo-
X [1JIEY0 MOCTA. Pe3KCTOPHI R; PacIiosioskeHbI BO BXOZ-
HOM CeKLIMH, a R, - B BBIXOIHOM. BBIBOJI pe3ucTopa BXOZ-
HOM CeKLIMH ITOAK/IIOUEH K KOHTAKTHOM IUIOIIA/IKe KPU-
ctasuia R;,, a BEIBOJ, Pe3UCTOPA BBIXOIHOM CEKLIMH IO/
KJII0YeH K KOHTaKTHOH IUIoIaaKe R ..

Ha pe3ucropax R; 1 R, H306paskeHbI CTPeIKHU, IIOKA3bI-
BaIOIIMe, YBeIMYHUBAETCS M/IH YMEHbIIAeTCsI 3HAUYeHHe
COITPOTUBJIEHHUS COOTBETCTBYIOIIEr0 TEPMOPE3UCTOPA
IIpY TIOSIBJIEHUH [I0TOKA rasa, obayBaroniero MmeMopaHy.
Mesxny pe3ucTopaMH R; u R, cdopMHUpPOBaHBI BBIBOJEI
OUAroHaJlu TepMoMocTa Dy; U Dy, IOJBeleHHBIE
K COOTBETCTBYOIIMM KOHTaKTHBIM ILIomaaKkam (puc.l).
Ha BbIBozie Dy,; HaIIpsoKeHUe BO3pacTaeT C yBelIMUeHHeM
II0TOKA ra3a, a Ha BbIBOJe Dy, - YMeHBIIAeTCsI.

Ha puc.2b nmoka3aHa cxeMa IPOXOKIEHUS TOKOB
IO II/IeYaM MOCTA M U30TepMa TeIUIoBOro obnaka, KoTo-
poe GopMHpYeTCs IIPU IIPOXOKAEHU U TOKa | uepe3 MocT.
[IpryeM I10 KaKIOMY IUIeYy B CHIy CHMMETPHHU IIPOTe-
KaeT I10JIOBMHA TOKa MOCTa.

DKCIepHMeHTaIbHbIe UCCIeOBAHUS YYBCTBUTEIb-
HOTO 37IeMeHTa IIPOBOU/IHCh HAa aBTOMATHU3HUPOBAHHOM
cTeHze [3], OCHAIIeHHOM Cpe[CTBAMHU 3aaHMUS II0TOKA
rasa M Cpe[iCTBAMH U3MepeHUs], CePTUGHLIPOBAHHBIMH
B Poccuu. [I1s 3ajaHM S BeJIMYHHBI [IOTOKA I'a3a HUCIIO/b
30BaJIHCh 12-pa3psiiHble HUPPOAHAIOrOBbIe, a A1 GUK-
CaLIMH Pe3y/IbTaToB 16-pa3psiAHble aHAIOrOBO-I[PPOBEIE
rpeobpasoBaresnu.

PE3Y/IbTATbI U OBCY)XXAEHUE

Ec/ti MOCT HarpyskeH YITpaBIsieMbIM HCTOYHHKOM TOKa [
Y [IOTOK I'a3a OTCYTCTBYET, TO COIIPOTHUBIIEHHE R, KaKI0T0
13 Pe3HCTOPOB TEPMOMOCTA COCTABUT:

R,=R(1+a-At,), o

30ech R, - conpoTHBIeHHe TepMOPe3KUCTOpa IIPU HOP-
MaJIbHOHU TeMIIepaType; o — TeMIIepPaTyPHBIK K03ddH-
LIMEHT COIIPOTHUBJIEHH S (TKQ); At, - IIOBBILLIEHHe TeMIIe-
PaTypbl TePMOpe3KCTOpa OTHOCKTE/IBHO HOPMaJIbHOH.

CurHan Ha guaroHanu AD = (Dy; - Dy,,,) IIpH IIOSIB-
JICHHH II0TOKA Ta3a, MCKaskaIoIero TeraoBoe 0baako,
OyneT paBeH:

AD =%Rt'oc'Atoi, @

37ech At,; - Ilepenaj, TeMIIepPaTypbl MeXXAY BBIXOJHOMN
Y BXOTHOM CeKLIMSIMH Te€PMOMOCTA.

ITpu yBennueHUH ToKa I yepes MocT curtdan AD ¢ fua-
TOHAJIM BO3PACTaeT, BO-TIEPBLIX, M3-3a TOIO, YTO TOK BXO~
JIHT B 3TOT CUT'HAJI B KAYeCTBe COMHOKUTEIs], BO-BTOPBIX,

oM e 33—
HAHO MHAVCTPUA Tom 15 Ne3-42022

Puc.2. MpuHuun pabomel mepmomocma: a — 3neKmpuyeckas
cxema nodkAl4eHus mepmopesucmopos; b — usomepma me-
nA08020 06AAKA U CXeMa NPOXOXKOEeHUsI MOK08 8 NAe4ax mepmo-
mocma

Fig.2. Thermal bridge operating principle: a - wiring diagram of
thermistors; b - heat cloud isotherm and diagram of current flow
in the arms of the thermal bridge

resistor, Fig.1, left). It is designed to measure the sili-
con crystal temperature. The outputs of this resistor are
marked with the symbols Sr in Fig.1. Four other thermis-
tors are located on the membrane and are included in the
measuring thermal bridge. It is designed to form a ‘heat
cloud’ and measure its temperature at the front and decline
of the gas flow. The gas flow is directed from left to right
so that the ‘heat cloud’ produces the minimal effect on the
media resistor.

The thermostat resistors are located in two sections, in
the input In (left on the Fig.1) and in the output Out (right).
A schematic of the thermal bridge is shown in Fig.2, a.
Each section contains two similar resistors R; and R, that
form the bridge arm. Resistors R; are located in the input
section and R, in the output section. The output of the
input section resistor is connected to the terminal block R,
and the output of the output section resistor is connected to
the terminal block R ;.

Resistors R; and R, show arrows indicating whether
the resistance value of the respective thermistor increases
or decreases when gas flow is applied to the membrane.
Between the resistors R; and R, are formed diagonal
thermo-bridge leads Dy,; and Dy, brought to the respective
contact pads (Fig.1). On the Dy; pin, the voltage increases
with the increasing gas flow and on the D, pin, the volt-
age decreases.

Fig.2, b shows the current flow through the bridge arms
and the isotherm of the heat cloud that forms when cur-
rent I flows through the bridge. Each arm carries half the
current of the bridge due to symmetry.

Experimental studies of the sensing element were car-
ried out on an automated test bench [3] equipped with gas
flow setters and measuring instruments certified in the
Russian Federation. To set the gas flow rate, 12-bit digital-
to-analog converters were used and to record the results,
16-bit analog-to-digital converters were used.
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3a cUeT yBeJIMYeHH s 3HaueHHUs R, 13-3a JOMOTHUTe/Ib-
HOTO Pa3orpeBa Pe3HCTOPOB. JIOMOIHUTENbHBIN Pa3o-
I'PeB IIPOIIOPLIMOHAIEeH KBaZpaTy Toka. B-TpeTbux, pocT
TOKa ITPOUCXOJHUT 3a CUeT [epepacIipe/ieleH s MOIIHO-
CTU Me>XK[Y BXOLHOM In 1 BEIXOLHOM Out-cCeKIIUsIMU H3-3a
HCKaskeHU s H30TePMBI TeIJIOBOro 06/1aKa IIOTOKOM Ia3a,
obmyBarommero MeMbpaHy. B cekLiMH, TeMIlepaTypa KOTo-
Ppoti 6orIbllle, COITPOTUBIEHIE BO3PACTAET U, IIPHU PaBeH-
CTBe TOKOB, BbIZe/IsIeTCs 60/IbIIasi MOIIHOCTE. [JpyrUMH
CJlI0BaMHU, B H3HUeCcKOM IIpolecce GOPMUPOBAHUS
CHUTHajIa pPacCMaTpPHUBaeMOro CeHCOpa, 3allUTaHHOIO
MIOCTOSIHHBIM TOKOM, IIPUCYTCTBYeT MeXaHH3M I10/I0KH-
TeJIbHOM 00PaTHOH CBSI3H.

Bce 9T0 IPUBOAUT K YHHUKAIBHO BBICOKOM UyBCTBH-
TeJIBHOCTH TEPMOMOCTA ITPHU MUTAaHUHU €T0 UCTOYHHUKOM
ToKa. TaKkue cxeMBl C [IOBBIIIEHHOM YyBCTBUTETBHOCTBIO
MOTYT OBITh [IEPCIIEKTUBHBI 1JI51 UCII0JIb30BAHU S B Ta30-
BBIX XpoMatorpadax.

CeHcop, 3alIUTaHHBIN UCTOYHUKOM TOKa, UCIIONb30-
BaJICS AJIS1 CO3IaHMS aHaJIora JaTyKKa MacCoBOTIO pac-
xoma AWM720P1 ¢pupmsl Honeywell [2]. On 6511 BcTpoeH
B 6aNIIacHBIM KaHAT U CMOHTHPOBAH BMecCTe CO CXe-
MOM 06paboTKH CHUIHasla B KOPIIyCe 3TOr0 AATYHKA.
HcnplTaHKUA MOKa3aaH, YTO IIPU TOKe NHUTaHHUS Tep-
MOMOCTa 0K0JI0 4,5 MA U K03QOUIIHeHTe YCHUTIeHUS
0K0710 60-TH IIPOUCXOAMIO HACBILIIeHHe CUTHA/Ia Hallpsi-
SKeHUeM MUTAaHUS. Ycu/ieHue ObII0 CTUIIIKOM BETHKO,

Ha puc.3 mpencTaBieHo CpaBHeHHe CTaHAAPTHOIO
CHMTHaJa gaTuyruka AWM720P1 U OIBITHOTO 06pa3ua
MDBMC-ceHcOpa, KOT/IA Ha BBIXOZie 6a IIacHOro KaHaia
KopItyca 6T yCTaHOBJIEH APOCCENIb C TUAMeTPOM OTBEp-
cTus 0,75 MM. 9TO 3aMeTHO CHU3HJIO BeIMYHHY BBIXO[-
HOT'O CUTHaJIA.

U3 puc.3 BUSHO, UTO AUAIIA30H U3MepeHHUs [10TOKa
C HOBBIM MDMC-ceHCOpPOM CTaj LIHpe U eCTh BO3-
MOKHOCTbh IIOBTOPUTBH XapPaKTepPHUCTUKY AaT4dHKa
AWM?720P1 3a cuet mopbopa ToKa MUTAHUS, JPOCCETH-
poBaHuUs baracHoro KaHana U Beibopa Ko3adoHULILeHTa
YCHJIeHH S CXeMBI JaTUHKA.

Jlpyras cxeMa Ioly4eHHsI CUTHaIa C K3MepUTeIbHOIO
TePMOMOCTA [I0Ka3aHa Ha pHc.4. Takas cxeMa KCII0/Ib30-
BasIack A1 06paboTKY CUTHAJIA IIOYIIPOBOJHHUKOBOTO
IaTYMKa JaB/IeHHs [3]. 9To ABa UIeHTUYHBIX UICTOYHHKA
TOKa, YIIPaBJIsieMbIX CUTHa/IOM Uy. BEIXOZHOM CHUIHAI
Uy, 3TOH CXeMBI paBeH (3).

3mech R, Kak U B IpelblayllleM caydae, - YyCTaHO-
BHBIIIeeCsI COIIPOTHB/IeHIEe TEPMOPe3HCTOPa MOCTa IIPU
OTCYTCTBHH II0TOKA rasa, o -~ TKC; At,; - mepemnaz TeMIie-
PaTypbl MeXXy BBIXOJHOU M BXOAHOL CeKLIKeHr TepMo-
MocTa; Ri(t), R,(t) - cormpoTHBIIeHe pe3ucTopa BXOLHOMN
Y BBIXOJIHOM CEKLIMH IIPU IIOTOKe Ia3a; Py, (L) - IpoBOI K-
MOCTb TEPMOMOCTA.

AHanu3 ¢opmMynsl (3) IIOKa3bIBaeT, YTO BBIXOZ-
HOI CHTHaJI TEpPMOMOCTa 3aBUCUT He TOJIBKO OT pas-
HOCTH TeMIIepaTyp BXOJHOM U BBIXOLHOM CeKIIUM At,;

—o— CeHcop Pt 3,13
Sensor Pt 3.13

‘|- AWM720P1

CurHan gatymka, B | Sensorsignal, vV
w

0 50 100 150 200 250 300 350
Pacxoa, n/muH | Flow rate, |/min

Puc.3. CmaHdapmHbili cuzHaa damyuka AWM720P1 u damuyu-
Ka c onbimHbIM 06pasu,om MIMC-ceHcopa

Fig.3. Standard AWM720P1 sensor and prototype MEMS sen-
sor signal

RESULTS AND DISCUSSIONS

If the bridge is loaded by a controlled current source I and
there is no gas flow, the resistance R, of each of the ther-
mal bridge resistors will be equal to

R,=R,(1+a-At). 0

Here R, - thermal resistor resistance at normal temper-
ature, a - thermal resistance coefficient (TRC), At, means
increasing of thermal resistor temperature relatively to the
normal one.

The signal in the diagonal AD = (Dy; - Dy,,,) when gas
flow distorts the heat cloud will be equal to:

AD = %Rt Ca- At @)

where At,; - temperature difference between output and
input sections of the thermal bridge.

As the current I through the bridge increases, the sig-
nal AD from the diagonal increases, firstly, because the
current enters into this signal as a factor and, secondly,
because the value of R, increases due to additional heat-
ing of the resistors. The additional heating is proportional
to the square of the current. Thirdly, the increase in cur-
rent is due to power redistribution between the input In
and output Out sections due to distortion of the heat cloud
isotherm by the gas flow blowing on the membrane. In
the section which temperature is higher, the resistance
increases and when the currents are equal more power is
released. In other words, there is a positive feedback mech-
anism in the physical signal formation process of the
described DC-operated sensor.

All these factors result in a uniquely high sensitivity
of the thermal bridge when powered by a current source.
Such circuits with increased sensitivity could be promising
for use in gas chromatography.

Vor.15 No. 3-4 2022 NANO INDUSTRY
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tm

U= Uout_Uin= Ud.Rt [

- j'd'At.:Ud~Rt~pt—m'(x~At
Ri(t) Ro(t) o 2

(3)

oi

V1 COITPOTUBJIEHUS R, HO OT ITPOBOIMIMOCTH TEPMOMOCTA.
Korpa IoToK M3 JIAMHUHAapPHOTO CTAHOBUTCS TypOyIeHT-
HBIM, CUTHAJI Pa3HOCTU TeMIIepaTyp At,; [lepecTaeT yBe-
JTMYHBATBCS C BO3pacTaHHEM pacxojia rasa. Bospacraer
TOJIPKO OTBOJ, TeIl/la, CPeJHSsI TeMIlepaTypa TepMo-
MOCTa I1a/laeT, a ero MPOBOAUMOCTb p,(t) Bo3pacTaer.
BBIXOAHON CHMTHAJ IIPOAOJIsKAeT PACTH. DTO PacIlH-
psieT [Malla30H CKOPOCTel IIOTOKA rasa, Mu3MepsieMbIX
M3MC-ceHCOpOM.

Ha puc.5 nmpefcTaBieHbl pe3ylbTaThl 3KCIIEPUMEH-
TaJIBHBIX MCCJIJ0OBAHHUM BTOPOTO BapHaHTa CXeMBbI
(puc.4). CeHcop ObLI yCTAaHOBJIEH B ITPUCTEHOYHOM 0671a-
CTH OCHOBHOI'O KaHaJIa JaTYHKa JUaMeTpoM 0,5,

I'paduK, MoKa3aHHBIN Ha PUC.5, YeTKO paclafaeTcs
Ha TPH 30HBI. B 30He | IOTOK TaMHHAPHBIH, TEIIJI0BOe
ob71aKo ¢ yBellMUeHHEeM pacxofa Bce 6osblle IIPUKHU-
MaeTcsl K I0OBePXHOCTH KPUCTa/l/la, ero TeMIepaTypa
Y CUTHAJ C Pe3UCTopa cpefbl pacTyT. CUTHAJ C Tep-
MOMOCTA IMPaKTHYeCKH IMHeeH. B 30He 2 HaUMHaeTCs
CPBIB JJAMHUHAPHOTO [I0TOKA, TeMIIepaTypa KpHUCTasla
najaeT. ITo IepexofHas 30Ha. II0TOK CTAaHOBUTCS TYP-
OyneHTHBIM B 30He 3. OTBOJ, TeIl/la OT TePMOMOCTa C yBe-
JTHMYeHHeM CKOPOCTH II0TOKA PacTeT, a TeMIepaTypa
nafaeT. CUTHAJI C CeHCOpa IIPOJO/IKaeT PacTH, TaK KaK
pacTeT IPOBOAKMMOCTb TEPMOMOCTA Py, (t) C IIOHMKe-
HHeM ero TeMIlepaTyphl.

BbIBOJAbI

PaccMOTpeHHBIN TepMOMOCT MOMC-ceHcOpa U3 YeThl-

pex TepMOpesHCTOPOB, PaCIIOIOKEHHBIX B BYX CeK-

LIMSIX, BXOJHOM K BBIXOJHOM I10 IIOTOKY ra3a, II03BOJISIeT:

* OJHOBPEMEHHO CJIY>KUTh HarpeBaTejieM, TO eCThb CO3-
IABaTh 'TeIlJIOBOe 00JIaK0" ¥ U3MEPSTh [1eperas TeM-
repaTyp MeKAy ero ppoHTOM U CIIaZIOM;

* CYLIeCTBEHHO IIOBBICUTH YYBCTBUTEIBHOCTH CEHCOPA
[IPY MU TAHHUHU TEPMOMOCTA KCTOUHMKOM TOKA K CHH-
3UTh TPebOBaHUS K CXeMe IIOC/IeyIOIero yCuaeHu
M HOpMaJIM3aLMK CUTHAJIa JAaTYHKa;

* PaCIIMPHTH JHAIIA30H M3MepsieMbIX pacxomoB MOMC-
CeHcopa U 06beJUHUTD B OLHOM CHUTHaJle Iepemnaf,
TeMIIepPaTyp U MaJeHHe TeMIIepaTyphl B 3aBUCUMO-
CTH OT MAacCOBOI0 pacxofia rasa;

e II03BOJISIeT BeCTH M3MepPeHHUs MAaCCOBOr0O pacxoma
B YCJIOBHSIX TAMHHAPHOIO, [I€PeX0JHOr0 U Typby-
JIEHTHOI'O TeYeHHMs rasa.

UHOOPMALNA O PELIEH3UPOBAHUN
Pegaknous 61arofapuT aHOHKMMHOIO pelleH3eHTa
(peLieH3€HTOB) 32 KX BKJIAJ B PelleH3WPOBAaHLe 3TOH
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A current powered sensor was used to develop an ana-
logue of Honeywell’s AWM720P1 mass flow sensor [2]. It was
built-in the bypass channel and mounted with the signal
processing circuitry in the sensor housing. Tests showed
that with a thermo-bridge supply current of about 4.5 mA
and a gain of about 60, a signal saturation with supply volt-
age occurred. The gain was too high.

Figure 3 shows a comparison between the AWM720P1
standard sensor signal and a prototype MEMS sensor when
a 0.75 mm orifice choke was fitted to the bypass channel
output of the housing. This markedly reduced the magni-
tude of the output signal.

Figure 3 shows that the flow measurement range with
the new MEMS sensor is wider and it is possible to dupli-
cate the AWM720P1 sensor characteristic by adjusting the
supply current, throttling the bypass channel and select-
ing the sensor circuit gain.

Another scheme for acquiring a signal from a measur-
ing thermal bridge is shown in Fig.4. Such a circuit has
been used for signal processing of a semiconductor pres-
sure sensor [3]. These are two identical current sources con-
trolled by the signal Uy. The output signal U, of this cir-
cuitis equal to (3).

HereR,, as in the previous case, is the steady-state resis-
tance of the bridge thermistor when there is no gas flow,
a means TRC, At,; means the temperature difference
between the output and input sections of the thermostat,
R;(t), R,(t) means the resistance of the input and output
section resistors when gas flow occurs, p,,(t) means the
thermostat conductance.

Analysis of formula (3) shows that the output signal of
the thermal bridge depends not only on the temperature

Puc.4. BapuaHm cxembl 0AS1 noay4vyeHus cuzHana ¢ MOMC
CeHcopa pacxoda 2asa

Fig.4. Circuit variant for receiving a signal from MEMS gas flow
sensor
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Puc.5. DkcnepumeHmanbHble 3a8ucumocmu YCUAEHHO020 8bl-
X00H020 CU2HAAG MEePMOMOCMA CeHCOpd U CU2HAAA, CHUMAe-
MO020 C pe3ucmopa cpeobl

Fig.5. Experimental dependencies of the amplified output sig-
nal of the thermal bridge sensor and the signal taken from the
medium resistor

paboTshl, a TaKkKe 3a pasMellleHHe CTaTekl Ha CakTe Kyp-
Haja ¥ Imepefady X B 3JIeKTPOoHHOM Buze B HIb eLl-
BRARY.RU.
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Jexkaapauus o KoHpAuKme uHMmepecos. Asmopbl 3as84atom 06
0MCymcmauu KOHPAUKIO8 UHIMEpecos UAL AUMHBLX OMHOUIeHUL,
Komopble mozAu bbl nosAUAML Ha pabomy, npedcmasAeHHyk 8 0aHHOLI
cmamee.

difference between the inlet and outlet sections At and
resistance R,, but also on conductivity of the thermal
bridge. When the flow turns from laminar to turbulent,
the temperature difference signal At ; ceases to increase
with the higher gas flow rate. Only heat removal
increases, the mean temperature of the thermal bridge
decreases and its conductivity p,,(t) increases. The out-
put signal continues to increase. This extends the range
of gas flow rates measured by the MEMS sensor.

Figure 5 shows experimental results of the second ver-
sion of the circuit (Fig.4). The sensor was mounted in the
near-wall area of the main sensor channel with a diam-
eterof 0.5".

The diagram shown in Fig.5 splits clearly into three
zones. In zone 1 the flow is laminar, the heat cloud is
increasingly pressed against the crystal surface as the
flow rate increases, its temperature and the signal from
the medium resistor increases. A signal from the ther-
mal bridge is almost linear. In zone 2 the laminar flow
starts to break down and the crystal temperature drops.
This is the transition zone. The flow becomes turbu-
lent in zone 3. Heat removal from the thermal bridge
increases as the flow rate increases and the temperature
decreases. A signal from the sensor continues to rise as
the thermal bridge conductivity p,,,(t) increases and the
thermostat temperature decreases.

CONCLUSIONS

The studied MEMS sensor thermal bridge of four therm-

istors, arranged in two sections - inlet and outlet by gas

flow - makes it possible:

« to simultaneously serve as a heater, i.e. to create a
"heat cloud" and measure the temperature difference
between its front and its decline;

« to significantly increase the sensor sensitivity when
the thermostat is powered from the current source
and reduce the requirements for the subsequent
sensor signal amplification and the sensor signal
normalisation;

 to extend aMEMS sensor measurement range and
combine in a single signal the temperature difference
and the temperature drop as a function of gas mass
flow rate;

+ allows of making mass flow rate measurements under
laminar, transient and turbulent gas flow conditions.
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OBOPY,0OBAHME AJ11 HAHOUHAYCTPUM

KAK YCUIUTD CUTHANDI OT ®NIYOPECLIEHTHDBIX AATYNKOB?

®nyopecueHTHbIe AAT4NKK UCTIONb3YIOTCA ANS paMeLLeHns B buonoru-
YeckWX TKaHSIX, YTO MOMOraeT MeaukaM AMarHoCTUpOBaTh Pak U OCYLLeCT-
BNSITb MOHUTOPUHT ONYXONeN. /X MPUMEHSIIOT sl MapKUPOBKM U MONyYe-
HIS M306pKEHNIA LIMPOKOTO CMeKTPa MOMEKYA, YTO MO3BONSET 3arSHYTL
BHYTPb JKUBbIX KNIETOK. K COXaneHuto, Ux MOXHO MCMOAb30BaTb TOMLKO B
KNeTKax, BblpaLLeHHbIX B 1a60PaTOpuy MM B TKAHSX, PACIONOXEHHLIX Y
MOBEPXHOCTY Tena, NOCKO/LKY NPy Fy60KOA MMNAAHTALMM CUTHAN OT AaT-
YIKOB TEPSIETCS BCIEACTBME 3aTyXaHWSl B TKAHSX.

WHeHepbl Maccayycetckoro TeXHONOru4eckoro MHCTUTYTA Npuaymany
Cnocob NMpeofoneTb 370 OrpaHuyeHue. Mcnonb3ys paspabotaHHoe WK
HoBoe (hOTOHHOE 060pyL0BaHMe 1S BO3BYXZEHNS (NyOpecLieHTHOro AaT-
YK, UM YAANOCH 3HAYUTENLHO YCUAUTbL MOAYYAEMblid BAyopecLieHTHBIA
curHan. C MOMOLLbIO 3TOA METOANKA MOXHO MMMIAHTUPOBATL AATYUKM
Ha MybuHy f0 5,5 CM B TKaHb W MOAYYATb CUALHDLIA YCTOWYMBLIA CUTHA.
M0 MHeHWI0 WCCnefoBaTenei, 3Ta TEXHONOTUS MO3BOASIET WCMONb30BaTb
dnyopecLieHTHble AaTYNKM ANS OTCIEXMBAHMS CeLmdrYeckinx Monekyn B
MO3re UK APYrux TKaHSX, pacnonoXeHHbIX My6OKo B Tene Yenoeka uin
KMBOTHOTO f/151 MEAULIMHCKON AMArHOCTUKW 1 MOHUTOPUHTA BO3AENCTBUS
NIeKapCTB HA OPraHM3M MaLMeEHTa.

“Ecn y Bac ectb GAYOpecLeHTHbIM AaT4nK, CMOCOBHbIA 30HANPOBATL
BMOXMMUMYECKYI0 MHPOPMALMIO B KYNLTYPE KNETOK WAW B TOHKMX CNOSX
TKaHW, 3Ta TEXHONOTsS NO3BOASIET NepeHeCTy Bee (yopecLieHTHbIe Kpack-
TEW 1 30HAbI B TONCTYIO TKaHb', — pacckasbiBaeT Bnagvmmp KomaH, Hayy-
HbI COTPYAHMK MaccayyceTckoro TeXHONOrMYeCkoro MHCTUTYTA 1 OAMH 13
BeZyLMX aBTOPOB HOBOTO MCCNEAO0BAHMS. Pe3ynbTarbl MCCNeA0BaHMS ony-
6nmKoBaHbI B ypHane Nature Nanotechnology.

B KkayectBe (nyopecLEHTHbIX [aT4MKOB Y4eHble WUCMOMb3YIOT KBaH-
TOBble TOYKM, YINIEPOAHbIE HAHOTPYOKM W (yopecLeHTHbIe benkn Ans
MapKUpOBKM MOEKYN BHYTPU K1eToK. ®nyopecLieHLnio JaT4NKOB MOXHO
06HapYXKWTb, OCBETMB X CBETOM 1a3epa. OfHAKO M3-3a CUNLHOTO MOFI0-
LieHNs GnyopecLIeHTHOTO 13y4eHWs 3T0 He PabOTaeT B TONCTLIX U MOTHDIX
TKaHSIX AW Fy6OKO BHYTPM TKaHe MOTOMY, YTO Cama TKaHb Takxke SBAS-
€TCsl UCTOYHUKOM (AIYOPECLIEHTHOMO M3nYy4eHms. ITOT IGdeKT HabiBaeTCs
aBTO(yopecLeHumeit, 6narogaps KOTopoi CUrHJI, MOCTYNAIOWMI OT AaT-
YNKa, 3arNyLLAETCS.

Ecnm Bce TkaHM aBTOGAYOPECLMPYIOT, TO 3TO CTAHOBMTCS OrpPaHN4NBA-
foLmm dakTopom. o Mepe Toro, kak CUTHaA OT AAT4NKa, MPOXOAs CKBO3b
TKaHM, CTaHOBMTCA BCe C/labee 1 cnabee, ero HaYMHaeT nepekpbIBaTb ayTo-
dnyopecLieHLms 3TUX Xe TKaHew.

oM e 3-
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PO OCBELLIEHMM AAT4IMKA KONEOMIOLLMMCA TY4OM J1a3epa YacToTa (yopecLieHT-
HOrO M3ny4eHus AaT4MKa YABAUBAETCS, YTO MO3BONSET BbIARAUTL NONE3HLIA (nyo-
PECLeHTHbI CUrHaN U3 (GOHOBOI aBTO(AYOPECLIeHLMM. MCnonb3yst 3TO, YHeHble
CMOTTIV MOBBICUTD COOTHOLLIEHIE CUTHA/LUYM A3T4VKOB 60r1ee Yem B 50 pas.

OZHMM 13 BOMOXHDIX MPUMEHEHNIA TakX AATYUKOB SBASIETCS MOHUTOPUHT
3 deKTMBHOCTI XMMMOTEPANEBTMYECKVX MPenapaToB. YTobbl NPOAEMOHCTPUPO-
BaTb NOTEHLWAN HOBOI TEXHONOTM, UCCIRLOBATENN COCPEAOTOHMANCH HA MNO-
bnactome, arpeccyBHOM TUNe paka Mo3ra. MaLveHTbl € 3TM TUMOM paka 0bbI4HO
M0ABEPratoTCs XVPYPru4eckoMy BMeLATeNLCTBY A1 YAIEHNS KK MOXHO 60Mb-
LLIei? YaCTy OMYXOKA, @ 3aTeM NMONYHALOT XMMMOTEPANeBTUYECKVIA Mpenapar Temo-
30/10MIE, YTOBDI MOMLITATHCS YHUHTOXMTD BCE OCTABLUMECS B OPraHy3Me pakoBble
KIeTKW. STOT Mpenapar MOXET OKa3biBaTb CepbesHble MobouHbIe IhdeKTbl Ha
OpraHy3M YeNoBeKa, HO He BCeM MaLleHTam MOMOraer, M03TOMY MOHUTOPYHT ero
BO3ZE/CTBMS HA OpraH3M 04eHb MOJIE3eH NPy NPUMEHEHA 3TOTO Nperapara.

Ceityac uaet paboTa Haf TEXHOMOr el CO3AaHNS HEBOMbLUMX AATUNKOB, KOTO-
pble MOXHO 610 Obl MMMAAHTMPOBATH PSAOM C CAMOIA OMYXObIO, YTO MOMIO bbl
[aTb NPeACTaB/eHMe 0 TOM, CKONLKO Mperiapara NocTynaeT B onyXo/b 1 MeTabo-
NM3MPYETCS /1K OH. MOXHO pa3MecTuTb AAT4uK PSEAOM C OMYXObHO W NPOBEPUTDL
CHApYXKV OpraHu3Ma 3G deKTMBHOCTL BO3AEICTBIAS Mpenapara B peasibHoi OnyXo-
NIeBON Cpege.

Korzia Temo30/10MI1Z, NONaJaeT B OpraHu3M, OH pacniafiaeTcs Ha bornee Menkve
COefiHenws, B yactHocn, AIC. Konnekv MaccadyceTckoro TexHONor4eckoro
WHCTUTYTA pa3paboTasl AaT4mK, CoCobHbLIN 0BHapykvieaTb AlC, 1 MoKasat, YTo
MOXET UMTMNIAHTPOBATL €r0 B MO3T XVBOTHONO HA MyBUHY 0 5,5 CM, 1 CUrHaN OT
JATHMKA YANOCH CHATATD AKE CKBO3b Yeper.

AHaNOrMYHbIe AAT4UKIA MOTYT BbITb pa3paboTaHbl U A4S 06HAPYIKEHNS Mone-
KYNSIPHbIX MPU3HAKOB MO OMyXONeBbIX KIETOK, OAHIM 113 KOTOPbIX SBASETCS
TaK Ha3blBaeMblli PEaKUMOHHbIA BIAT, KUCOPOZa. MOMVMO 06HapYXeHWs aKkTuB-
HOCTW TeMO30/IOMIWAA, WICCIeRoBaTeAM MPOAEMOHCTPUPOBAIN WCMONLb30BaHME
WIFF fns ycuneHins CurHana 1 ot pyrix pasanyHbIX AaT4MKOB, BIUTHOHAA JATHMKN
Ha OCHOBE YIMEpOAHLIX HAHOTPYBOK, KOTOpble bbUin paspaboTaHbl B naboparo-
puM Anst 0BHapyKeHWsl mepekcy BoJopoaa, pubodiasuHa M ackopbyHOBOM
KUCNOTbI.

Mpe1MyLLECTBOM TaKOI TEXHONIOTVN SIBASIETCS TO, YTO TeXHUKA paboTaeT Ha
N106OI [/IMHE BOMHbI, M ee MOXHO 1CrI0nb30BaTb A5 1toboro ¢nyopectieHTHoro
[aT4MKa. T10CKOMbKY Teneph PerucTpupyeMasi MHTEHCUBHOCTb (yopecLieHTHOro
CUrHa/1a ropasfio BbILLE, AATYMK MOXHO UMMIAHTUPOBATH HA PaHee HefOCTIKV-
MYIO FyOUHY TKAHM.

B cBOel paboTe y4eHble UCMONb30BaMN TpU Ma3epa A CO3/aHMS Kone-
bioLLerocst Na3epHoro Ny4a, HO B AA/IbHENLIEM MIAHUPYETCS MCMONMb30BaTL
OfVH MepecTpavBaeMbli Nasep AN CO3JAHNS CUrHANA W 3TUM elle bonblue
YAYHLWNTL 060pyaoBaHue. OfHUM 13 MPEnsTCTBAM SBASETCA BLICOKAS LieHa
MepecTpanBaeMblx 1a3epoB, HO y4eHble HAAEIOTCA, YTO B bavkaiLuem byaywiem
3TV BUZbI N33ePOB MOJELLEBEIOT, @ CKOPOCTb MEPeK/HOHEHIs YacToT M3NyYeHNs
YBEMYMTCS.

[N obneryeHms UCMONb30BaHUS AN MALMEHTOB (AYOPECLeHTHBIX AaT-
YWKOB WCCNEO0BATENN PabOTAIOT Haj CO3ZaHMeM BUOMOrnYecky pasnaraemblX
CEHCOPOB, KOTOPble HE HYKHO OYAET YAANATb XVPYpriAYeckvM MyTem nocne
WCONBL30BAHNS.

o mamepuanan: https://statnano.com
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