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NCCIEJOBAHUE YYBCTBUTEJIBHOCTU U CEJEKTHUBHOCTH
TEPMOKATAIMTUYECKOI'O CEHCOPA BOIOPOIA

BrepBble oka3aHa BBICOKAs CENEKTHBHOCTh TEPMOKATATUTHYECKUX CEHCOPOB BOJOPOAA K APYTUM YIIIEBOAOPOAAM
(Merany, pomnany, TekcaHy, OyTaHy, 3TaHy U 3TWIEHY) nipu paboueit Temmepatype mernee 70 °C. B xagecTBe m3me-
PUTEIBHOM CXEMBbI HCIIOIb30BATIMCH CXEMa JeUTEINs HAalpsDKEHHsS U MOCTOBas M3MepuTenbHas cxema. [lokaszaHo,
YTO CEJIEKTUBHOCTH CEHCOPOB BOJAOPOJA 3aBUCHT OT TEMIIEPATYyphl YYBCTBHTEIBHOTO DJIEMEHTa TePMOKATaIUTHYe-
cKoro ceHcopa. MccrenoBaHHs CEJIEKTHBHOCTH CEHCOPOB BOJOPOZA INPOBEAEHHI B JAMANa30OHE TeMIeparyp 66—
130 °C. bpu1o nokasaHo, 4TO CEHCOPBI HIMEIOT BBICOKYIO YyBCTBUTEIILHOCTb, Nopsiaka 30 MB/%, u Hu3KyI0 moTpeo-
JSIEMYIO MOLIHOCTB, Topsiaka 8.6 MBT. [loka3zaHo, 4To MakCHMallbHbIE 3HAYEHHS CEJIEKTUBHOCTH U 4YBCTBHTEIBHO-
CTH MMEIOT MECTO IPH UCIIONB30BAHMU MOCTOBOH H3MEPHUTENIBbHON cxeMbl. [lomydeHHbIe pe3yabTaThl MOTYT OBITH
WCIIONB30BaHbI IS pa3pabOTKH Ira30aHaIM3aTOPOB BOAOPOIA.

K. cn.: TepMOKaTalIUTHYECKUI CEHCOP BOAOPOI, HU3KOTEMIIEPAaTYPHBIE H3MEPEHNUS, CEIEKTUBHOCTD,

YYBCTBUTEJIBHOCTD, HOTpe6J'IH €Mas MOIIIHOCTh

BBEJIEHUE

OnHUM 13 OCHOBHBIX HalpaBlIeHWH B TOHKE JKO-
JIOTMYECKH TNPHUEMIIEMBIX HHEPreTHYECKUX TEXHOJO-
THI cTalmo cTpeMyIeHHe K JalbHedmieil nexapOoHn3a-
nuu atMocdepsl. B 3TUX 1mensx ocymiecTsisercs co-
KparieHue norpedieHns Ma3yra, HeTH U yIIisa ¢ Bpe-
MEHHOW 3aMEHOH HX 3KOJOIMYEcKH Oo0jee YHCThIM
MPUPOIHBIM Ta3oM. B mepcrekture 60pbda 3a s dek-
TUBHBIE NCTOYHUKU SHEPTUU U JIEKapOOHM3ALHUIO atT-
Moc(hepsl HEM30EKHO MPUBEIET K Pa3BUTHIO BOJO-
POAHOM SHEPTeTHKH, KOTOpasl IMO3BOJUT BBIIOIHATH
(yHKIMIO OalaHCUPOBKM HArpy3Kd DJHeprocereit
B YCJIOBHUSIX UMEIOLIEH MECTO HECTaOMIBHOCTU €€ Ie-
HEepaluy C HCIOJIb30BAHHEM BO300OHOBISIEMBIX HC-
TOYHHUKOB SHEPTHUH.

[IpenmymiecTBO BOAOpOAA COCTOUT B TOM, YTO BO-
JOpOX — HAeaNbHBI MCTOYHUK SHEPIMH U 3KOJIOTH-
YEeCKU MPUEMJIEMOE TOIUIMBO. Teriora ero cropaHus
(1.17 I'JIx/kr) mouTu B TpH pasa BHIIIE, YeM Y He(TH,
U B YeThIpe pasa OoJblle, 4eM y KaMEHHOI'O YIJIsl WM
npupogHoro raza. K 2030 r. MOXHO oXuaaTh pocT
ero romosoro cipoca 10 100-114 mua ToHH [1].

BMecre ¢ TeM Ha IyTH 3KOJIOTHYECKH MPHUEMIIEMO-
IO HCIOJIB30BaHMUS BOAOPOJA Ha 3JIEKTPOCTaHIMSX,
B JIBUTaTENAX aBTOMOOWIEH M APYTuX TPaHCIOPTHBIX
CPEICTBaxX CYIIECTBYIOT JOCTATOYHO BBICOKHE "Oaph-
epbl", OrpaHNYMBAIOIINE JAHHOE HAIlpaBJICHHE.

XO0Ts1 BOLOPOA BCTPEUAETCS B IPUPOAHBIX 3aIeKax
(mampumep, yriisi), MPAKTUYECKH BECh MCIIOIB3YEeMBIi
CeroJHs BOIOPOJ INPOM3BOIUTCA TOJNBKO IPOMBILI-
JICHHBIM CHOCOOOM U HCIIOJNIB3YETCsl, YTO OYEHb BaXK-
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HO, B MECTaxX €ro MpoM3BOJCTBA (I HYXI HedTere-
pepaboTKH, XUMHUYECKOI MPOMBIIIEHHOCTH U METal-
mypruun). s menei SHEPreTHKH U TPAHCIIOPTa HEOO-
XO0AUMO, KpPOME €aMOro IPOU3BOACTBA, 00ECIIEYUTH
€ro TPaHCIOPTHUPOBKY, XpaHEHHE M 0€3011aCHOE CXKH-
raHue.

[Ipu 5TOM, C Yy4E€TOM BBICOKOM FOPIOYECTH BOJAOPO-
Ila, BAKHOE 3HAUYEHHE UMeeT olecrieueHne 0e30macHo-
CTH JIIOJIeH M UMYILECTBA BE3/€, 1€ Mbl OyJeM cTaj-
KHBaThcA ¢ BogopoaoM. CeHcopbl Bomopona HeoOxo-
IUMBI JUIS COOJIIOZEHUS IPAaBUII TEXHUKH O€30IacHO-
CTH 1 o0ecredeHusl IJIaBHOIO U 0€30I1acHOr0 BHEApe-
HUSl BOJIOPOZAA B KadecTBE AJIbTEPHATHBHOIO HMCTOY-
HUKa DHEPTUU. JTO TpeOyeT pa3paboTKH MepCIeKTHB-
HBIX CEHCOPOB BOZOPOAA C MCIOIb30BAHUEM HOBBIX Ma-
TEpUAJIOB, JW3aiiHa, CCHCOPHBIX NMPUHLMUIIOB U METOAUK
W3MEPEHUS] B 3aBHCHMOCTH OT TEKYIIMX TpeOOBaHUI
¥ HOBBIX objactell mpuMeHeHHH Bogopoza. [loatomy
B MOCJIEIHNE TO/IbI TOSABUIIOCH OOJIBIIOE YHUCIIO CTATeH
1 0030pOB 110 Pa3lIWYHBIM ACHEKTaM CEHCOPOB BOJO-
ponma [2-7].

MHorue rpynnsl paboTaroT HaJ, MUHUATIOpH3aLU-
el TepMoKaTaIUTHUYECKUX ceHcopoB. Ho MuHunatopu-
3a1us He pellaeT NpUHIMIHAIBHBIX TPpo0ieM KaTalu-
TUYECKUX CEHCOPOB, B YACTHOCTH BBICOKOHM TemIlepa-
Typel u3MmepeHus [8]. Jpyrue rpynmel paboTatoT Haj
YMEHBIIEHHEM MOTpeOyIieMOl MOIIHOCTH 3a CUeT
MPUMEHEHUS] MHKPOIIEKTPOMEXaHUUYECKUX CHUCTEM
(MBMC) u ymenbIieHns Temrepatypsl [9].

Benyrcs pabothl Mo pa3paboTke HOBBIX KaTalld3a-
Topos [10].
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Hawnbonee pacnpoctpaHeHHOU 3amadeii B o0OmacTu
ra3oBOr0 aHajM3a SBISETCS KOHTPOJIb COAEP’KAHUS
BOJIOpPOJa B PA3IMYHBIX IpoOLEccaX B METaLTypruu,
XUMUYECKOW MPOMBIIIEHHOCTH U MeauuuHe. Kpome
TOro, B KayecTBE TOIUIMBA PAacCMATPHUBAIOTCS TAKKE
CMECH METaHa C BOAOPOAOM, T.K. OHH OOE€CIIEUHBAIOT
Hu3k#e Be1opocsr NOy [11].

C TOYKHM 3peHHus NpPENOTBPAILEHHS B3PHIBOOIAC-
HBIX CUTyallUil IpU CXXHUTAaHWUM BOJOpOnA, Hambosee
aKTyaJIbHBI JAMana3oH W3MEPEHHMsS KOHLEHTPalUH
Bozopona B Bozxyxe jexur or 0.1% o00. (HwkHuit
npezesn oOHapyXeHHs BOIOPOa, yCTaHOBJIEHHBIN B pa3-
HBIX cTpaHax) 10 2% 00. (50% HIKHEro KOHLEHTpa-
LMOHHOTO Npefeia pacIpoCcTpaHeHus wiamMenu). s
9TOT0 JMana3oHa ONTHUMAJIbHBIM SBIISETCS] UCIOIb30-
BaHHE B Ta30aHaIM3aToOpax BOAOPOJA TePMOKaTalu-
TUYECKUX CEHCOpOB. JlOMOMHUTENbHBIE UX IMPEUMY-
LIECTBA, 10 CPABHEHUIO C IPYTUMH BHIAMH CEHCOPOB,
3aKJIIOYAIOTCSl B OBICTPOM OTKJIMKE, HU3KOH CTOMMO-
CTH, MaJIOM pa3Mepe U Bece.

B 10 ke BpemMs OCHOBHBIMH HEAOCTaTKaMH TEPMO-
KaTaJIUTHYECKUX CEHCOPOB SIBIISIOTCSL:

— HU3Kas CEIEKTUBHOCTH (KpOME BOAOPOJA CEHCO-
pBl OyZnyT pearupoBaTh M Ha APYrHE TOPIOYHE Ta3bl
Y TIapbl), KOTOpast OCIOXKHSAET MX UCTIOIh30BAHNE;

— BBICOKOE dHepromorpediienne (3To CBA3aHO C He-
00XOAMMOCTBIO HAarpeBa CEHCOPOB /0 paboueil TeM-
nepatypsl mopsanka 400 °C) orpaHWYMBaeT WX HC-
[10JIb30BAaHUE B aBTOHOMHBIX I'a30aHAIN3aTOPax;

— Jerpajanus KaTajau3aTropa 3a cueT BO3ICHCTBUS
KaTaJMTHYECKUX SA0B (HAImpuUMep, CepoBOAOpOAa)
1 KapOOHM3ALMHU €ro IOBEPXHOCTH.

[IprMeHNTENBHO K BOIOPOIHBIM TEPMOKATAIUTH-
YECKUM CEHCOpaM B JONOJIHEHHUE K BBIIIECKA3aHHOMY
HEOOXOJMMO YUHUTHIBATH BBICOKYIO TEKY4YECTh M B3PbI-
BOOIACHOCTh BOOpOAa. JTO TpebdyeT obecmedeHus
crieu(prUecKoil B3pHIBO3AILUTH BOJOPOAHBIX CEHCO-
poB [12]. A ¢ mpyroii CTOPOHBI, UCMIOIB30BAHIE UHC-
TOr'0 BOJIOPOJA OIHO3HAYHO YMEHBLIAET JIerpaialiiio
KaTalu3aTopa CeHcopa BBUAY OTCYTCTBHUS OTPABJISIO-
IIMX KOMIIOHEHTOB.

Kax yxxe 0pI10 MOKa3aHO B MPEABIAYIINX padoTax,
KaTaln3aTopbl TEPMOKATAIMTHUECKUX CEHCOPOB Be-
IyT ceds 0-pa3HOMY B CIIy4asiX yIriIeBOJOPOAOB U BO-
nopoma. B wactHocTH, Temmeparypa Hadama ''rope-
Hus" BOAOPOZA M YIVIEBOJOPOIOB CUIBHO pas3jindyaeT-
cs [10, 13]. ITpu sToM 00IIMM SIBISETCS TO, UTO HA TIEp-
BOHAYAJIbHOM YYaCTKE MMEET MECTO CHJIbHAsl 3aBHCH-
MOCTb OTKJIMKa CEHCOpa OT TeMIIepaTyphl, a B Jajlb-
HEeHIeM OTKIMK TEpPMOKAaTaJIUTHYECKOI0 CEHCopa

Ta6u. 1. KoHIleHTpanmu 1eneBsIX ra3oB

BBIXOJUT Ha MOCTOSHHOE 3HaueHue. [loatomy Tepmo-
KaTaJIUTHYECKHE CEHCOPbl PabOTar0T MMEHHO B 3TOM
QMarna3oHe TeMIIeparyp.

Heo6xoaumMo oTMEeTHTh, YTO, XOTSI MOLIHOCTD Tep-
MOKATaJIUTUYECKUX CEHCOPOB YAAJOCh CHHU3UTH
10 3HaueHuit Mmenee 10 MBt 3a cuer MOMC-au3aiina,
nx pabodas temrmepaTypa Bce eme Boime 200 °C [14].

C TOYKM 3peHus NPUMEHUMOCTH CEHCOPOB BOJO-
poAa OCHOBHBIMH HpoOIeMaMH TepMOKaTaJIUTHYe-
CKHX CEHCOPOB SBJSIIOTCS HM3Kasl CEIEeKTMBHOCTh
U BBICOKas pabodasi TemIreparypa 4YyBCTBHTEIBHOI'O
3JIEMEHTa M, KaK CJIEICTBUE, BBICOKOE 3HEPronoTpeo-
JIHHWE M TOBBIIIEHHAS] B3PBIBOONACHOCThH (B YacTHO-
CTH, DSK30T€PMUYECKas peaKkuus KaTaJIUuTHYECKOIro
OKHCIIEHHSI BOAOpOAa paccMmarpuBaercss B "CraHmap-
Tax..." Kak BO3MOXHBIM HMCTOYHHMK BOCIUIAMEHEHUS
[15]). IloaTomy mensio maHHOW pabOTHI ObLTa paspa-
00TKa CENEKTUBHBIX, HU3KOTEMIIEPATYPHBIX U MaJo-
NOTPEOIISIOMNX TEPMOKATAIUTUIECKIX CEHCOPOB BO-
JIopofia ¢ pabovYMM AWAIa30HOM TEeMIIepaTyp BOIU3H
KOMHATHBIX.

ABTOpBI yXe NPOBOAWIN aHAIN3 METOAUK HH3KO-
TeMIepaTypHbIX u3Mepenuit [16]. B manHoli pabote
MBI YAEIWIM 0c000€ BHUMAHNE CEJIEKTUBHOCTH BOJIO-
POAHBIX CEHCOPOB IIpH TEMIEpaType HU3MEpEHUs
menbuie 100 °C.

SKCIIEPUMEHTAJIBHASA YACTb

TepMoKkaTalIuTHUECKE CEHCOPbI BOAOPOIA SIBIIS-
IOTCSI TIEJUTUCTOPaMH M OBUIM M3TOTOBJIEHBI B KOMIIa-
mnn OO0 "HTL UT'J]" (r. Jlro6epmsr). Cencop co-
CTOSUT U3 CHHUPAJIN, U3TOTOBJIEHHON M3 JUTOrO IUIATH-
HOBOTO MMKPOIIPOBOJA B KBAapLEBOM H30JIALUU.
KBapueBas wn3onsinusi oOecriedrBaeT AOMOIHUTEb-
HYIO 32Ty IUIaTUHBI OT BHEIIHETO BO3ACHCTBHS IPH
BBICOKHMX TEMIIEpaTypax U TEM CaMbIM CTaOUIH3UPYET
ee nmapamerpsl. CONPOTUBIIEHUE CEHCOPOB NPH KOM-
HAaTHOW TeMIepaType COCTaBiseT NPHOIM3UTEIBHO
11 Om.

Jns M3roToBIIEHNS pabovyero ceHcopa TIaTHHOBBIN
MUKPOIIPOBOJ Ha TIEPBOM 3TaIle MOKPBIBAIN TIOPUCTHIM
v-AL O3, KOTOPBII BBICTYIAT B Ka4eCTBE HOCHTENS Ka-
taimzaropa. Ha Bropom stamne y-Al,O; mponwthiBamu
pacTBOpaMH, COAEPXKAILUMHU MPEKYPCOPBI TPeOyeMoro
Katanu3aropa. B kauecTBe Karajn3aTopa HCIIOIb30-
Basnca Pt:Pd-karammzaTop B cooTHOmeHun 1:3, momy-
YEHHBI W3 BOJHOIO pactBopa, cogepxkamero 0.6 M
PdClL, n 0.2 M H,PtCls. bonee moxpobHOe ommcanue
CeHcopa MOXKHO HaifTu B urepatype [10, 17].

X aDaKTenHCTHEA Tun nmoBepouHoii razosoit cmecu (I11'C)
paKTep Bonopon Meran [Iponan I'ekcan Byran OtaH OtuieH
Konuerpaua 1.004 1.01 1.01 0486 | 0.666 | 1.026 | 1.035
B Bo3zyxe, % 00.

HAVYYHOE ITPUBOPOCTPOEHME, 2022, Tom 32, Ne 2



44 N. 1. UBAHOB, A. M. BAPAHOB,

A. H. JILIMHH, C. M. MUPOHOB

a 0
UHIIT U

T R e ] TIHT
Ta3 kJ_ _I_ e || '

""" ' : RI > k :
> N Rpas : 10 xOm PN Rpes. |

= : < N

E E UBBIX _____ T—

! KE 5 I {3 Puc. 1. MocroBas H3MepUTENbHAS
¢ s E R2 - cxeMa (a) W W3MEpUTENBHASs CXeMa
_____ , \PHBHE 10 kOMm JienuTens HanpspkeHus (0)

Ta3 '

Cencopsl pacronarajiuch Ha U3MEPUTEIbHOM IJa-
T€ B KaMepe, B KOTOPYIO HaIlyCKalld ILIeleBble Ia3bl.
B kauyecTBe MCXOAHBIX Ta30B OBLIM B3ATHl IOBEPOU-
Hble TazoBbie cmecu (I11°C) Bomoponma u yrieBomopo-
JIOB, yKa3aHHBIE B Ta0Om. 1.

Jnst u3MepeHns OTKIIMKA CEHCOPOB B 3aBUCHMOCTH
OT NPUJIOKEHHOI'0 HAarpeBaloIero HaupsHKeHus ObLIN
HCIIOJIb30BaHbI ABE U3MEPUTEIbHbBIE CXEMBI: MOCTOBAS
M3MEepHTeIhbHas CXeMa U cxema ¢ JenuTenem (puc. 1).
Kaxkpmass 3 3TUX CXeM HMeEeT CBOM NPEeHMYILEecTBa
W HEeJOCTAaTKH, OIMCAHHBIE B JIUTEpaType. DKCIEpH-
MEHTaJbHbIE PE3Yy/IbTaThl IIOKAa3bIBAIOT, YTO CXEeMa
JeTUTEIIsl HaNPsDKeHU 00ecrednBaeT 3HaYUTEIbHYIO
9KOHOMHIO PHEPTHH 3a CYET HCIOIb30BAHUS OIHOIO
pabodero ceHcopa BMECTO IBYX ceHCopoB (pabodero
U CPaBHUTEIBHOIO) B M3MEPHUTENBHOW CXEME MOCTa
YutcroHa. 3T0 04eHb Ba)KHO Ul aBTOHOMHBIX IPHU-
MEHEHHUIl, B YaCTHOCTH [yl OECIPOBOAHBIX Ta30BBIX
JIaTYMKOB. B TO ke BpeMs cxema AenuTelNs HarpsbKe-
HUS UMEET MEHBIIMH OTKIIMK, YeM CXeéMa MOCTa Y HT-
CTOHA TIpH TexX ke ycnoBusax [18]. MoxxHO 0XuAATh,

TemnepaTtypa ceHcopa, °C

21 a0 167 248 328 402 21

80 40

66

9TO CEJeKTUBHOCTh WM3MEPEHHH CceHcopa BOJOpoa
TaKKe 3aBHCHUT OT CXEMbI H3MEPEHUSL.

HeobOxomMo OTMETHTB, YTO B pacCMaTpPHBAEMOM
JMana3o0He TeMIlepaTyp SHepro3aTpaTbl 00EHX CXeM
IpUOIH3UTENEHO PAaBHBI.

PE3YJIbTATBI 1 OBCYXKJIEHUE

Tak xkak onTHMalbHBIC 3HAYSHHS TEMIIEpaTyp pa-
0OTBI CEHCOpa 3apaHee ObUIM HEU3BECTHBI, HAMH OBLITH
MIPOBEICHBI U3MEPEHMsI 3HAUYSHU OTKINKA OT TIPHIIO-
YKEHHOTO HarpspkeHus. M3amepurenbHas cxema Mo3Bo-
JIsTa TIOAaBaTh Kak Ha MOCTOBYIO CXEMY, TaK M CXeMY
¢ genurteneMm Hanpsbkenue Uy, B nuamaszone ot 0.1
10 3.25 B ¢ marom 50 mB. s obecnieueHus crabu-
JU3aIUN TEMITepaTypbl CEHCOPOB U3MEPEHMS OTKIINKa
BBIMIOJIHSUIACH Yepe3 25 ¢ mocie Kaxaoro u3MeHeHus
HaIpsDKEHUS.

Ha puc. 2, a, u 2, 6, mpencraBieHbl dKCIIEPUMEH-
TaJgbHBIE 3aBUCHMOCTH OTKIMKa TePMOKaTaTUTHUe-
CKHX CEHCOPOB B BOJIOPOJICO/IEPIKAIIel Cpe/ie OT MpH-
JI0KEHHOTO HATPSDKEHUSI T TAHMSL.

TemnepaTypa ceHcopa, °C
167 269 369 471
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60 . 30

40 20+

OTKknuKk ceHcopa, MB
OTKNKK ceHcopa, MB

Puc. 2. 3aBucCUMOCTD OT-
KITUKa CeHcopa OT IIPHJIO-
JKEHHOT'O HaATIPSDKCHUS
JUTSL BOAOPOZNA U YTIIEBO-
JIOPOIOB.
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HanpsbkeHwe nutanns mocta, B
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Hanpsikenve nutanus genutens, B
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Veenuuenne HanpsokeHus Uy, ot 0.1 mo 3.25 B
COOTBETCTBYET M3MEHEHMIO TeMIepaTypbl pabodero
ceacopa ot 21 mo 500 °C mis MOCTOBOH CXEMBI
(puc. 2, a) u ot 21 mo 622 °C (puc. 2, 6) I CXEMbI
c menuTeneM. BuiHo, 4TO BCe MOMydYEeHHBIE 3aBUCH-
MOCTH UMEIOT OJIMHAKOBYIO ()OPMY OTKIIMKA, COCTOSI-
LIero U3 Tpex yvactkoB. Ha HavanpHOM yuyacTke OT-
KJIIMK CEHcopa cl1ab0o BO3PACTAET C YBEIHMUEHUEM TEM-
nepaTypsl (JUis BOJOPOAA JAHHBI y4acTOK OTCYTCT-
BYET, CKOpEe BCEro, OH HaXOAUTCS B 00JIaCTH OTpHLIA-
TeNbHBIX TemiepaTyp). Ha BTopom ydacTke OTKIMK
CEHCOpa PE3KO BO3PACTAET C YBEIMYEHHEM TeMIlepa-
Typsl. Ha 3TOM yuyacTke CKOpPOCTH pEakLUU IOpEHUs
3aBHCHT OT TeMmIieparypsl ceHcopa. Ha Tperbem yua-
CTKE OTKJIMK CEHCOpa HaduHaeT ciabo 3aBHCETh OT
TEeMIIepaTypbl, T.K. CKOPOCTb F'OPEHUSI OIpaHUYUBAET-
csi cKopocThio M dy3un TEeNeBbIX Ta30B K YyBCTBU-
TEILHOMY BJIEMEHTY CeHcopa. TpaluioHHO u3Mepe-
HUSl KOHLIEHTPALMK NMPOBOISITCS MMEHHO Ha TPEThbeM
y4acTKe.

BaxHno emie pa3 OTMETUTb, YTO TEMIIEpPAaTypa CEH-
copa B MOCTOBOH CXEME U CXEeMe C JlenuTeneM Oyaer
HEMHOT'O Pa3HOM IpU OJHOM M TOM K€ IIPUII0KEHHOM
HanpsDKEHUHU.

N3 puc. 2 Takxke BUIHO, YTO OTKIIUK TEPMOKATAIU-
TUYECKOI'0 CEHCOpa Ha BOAOPOJ HA4YMHACTCA IPH
KOMHAaTHOH Temmepatype. B To ke BpeMsi akTUBHOE
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IpH TEeMIepaType BbIIIE€ ONPEAEICHHOIO 3HAaYEHMS
Harpeparomero Hanpsbkenuss — 1 B, xoropoe coor-
BerctByeT 167 °C. OcoOeHHO YeTKO 3TO BHIHO Y MOC-
TOBOM cxeMbl. [Ipy 3TOM BHIHO, YTO CENEKTUBHOCTH
CEHCOPOB BOJOPOAA 3aBHCUT OT TEMIIEpPaTyphbl TyBCT-
BUTENILHOTO 3JIEMEHTA CEHCOpa. Y MEHBILEHHE TeMIIe-
paTyphl HOBBIIIAET CEIEKTUBHOCTh CEHCOPOB BOJOPO-
na. Takum o0pa3oM, O4EBHIHO, YTO IIyTEM yMeEHbIIIe-
HUSl TEMIIEpAaTyphl TEPMOKATAIUTHUECKOTO CEHCOopa
MOXHO 00UTHCS CEIEKTUBHOTO M3MEPEHUS BOAOPOAA
B IM00OH yrieBogopoaHoi atMocdepe. Baxxkno orme-
TUTh, YTO OTKJIHMK CXEMbI C ACIHUTEIEM BCErja MEHb-
111, YeM Y MOCTOBOM CXeMBbI (Kak OBLTO CKa3aHO BHIIIE,
3TO SIBJSIETCS PE3YABTATOM METOIAMKHI U3MEPEHN).

CeneKTHBHOCTh BOJOPOJHBIX CEHCOpPOB ObIIa Om-
pemeneHa mpu JAByX paboumx HampsokeHHsx: 500
u 775 mB. Pabouee Hanpsokerune 775 mMB HarpeBaer
YyBCTBHUTEJIBHBIH 3JIEMEHT CEHCOpa [0 TeMIepaTyp
mopsiaka 121 u 131 °C cOOTBETCTBEHHO UISI CXEMBI
JEeMUTeNsT W MOCTOBOM CXeMBbl. A HalpsOKEHHE
500 MB — no temmeparyp mopsinka 66 u 90 °C
IUISL CXEMBI JEIUTENSI U MOCTOBOH CXEMBI COOTBETCT-
BEHHO. T0 €CTh MBI PaCCMOTPENH CIy4dau C TeMIlepa-
Typoii 4yTh BhIIe 1 9yTh Hke 100 °C. Temmeparypa
100 °C sBrsercss KpUTHYECKON ISl TePMOKATaIUTH-
YECKOro CEHCOpa, T.K. HEPEBOAUT MOJEKYIbl BOJIBI
B Ia3000pa3HOE COCTOSIHHE.
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Puc. 3. /lnarpamma 9yBCTBUTEIHHOCTEN 8§ CEHCOPOB K Pa3IMYHBIM ra3aM IpH HanpspKeHuu 775 MB
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s nccnenoBanus ObUIO B3STO BOCEMb CEHCOPOB,
YCTAHOBJICHHBIX Ha HW3MEPUTENbHOW IuIaTe, IOMe-
LIEHHOW B ra3zoByro kamepy. IIpu aToM cencopsl 1 u 2
ObUIM yCTaHOBJIEHBI B CXEMY C JAEIUTENIEM C CONpO-
TuBNeHneM pesucropa R1 = 12 Om (uto mpubnmsu-
TEJIbHO PAaBHO CONPOTUBIIEHUIO CEHCOPa IPU KOMHAT-
Hoii Temniepatype). Cercopsl 3 u 4 Takke ObLTH ycTa-
HOBJICHBI B CXEMY C JACIMTENIEM, HO CONPOTHBIICHUE
R1 =15 Om (uTO IpUOIM3HUTENEHO PAaBHO COMIPOTHB-
neanro cencopa npu Temiepatrype 130 °C). Cencopsl
5—8 OBLTH YCTaHOBJIEHBI B MOCTOBYIO H3MEPUTENHHYIO
CXEMY.

Ha puc. 3 npencraBiieHbl pe3ylbTaThl U3MEPEHUS
OTKJIMKa 8§ TEPMOKAaTaIUTHYECKHX CEHCOPOB Ha BOJO-
POZ U pazInyHBIE YIIIEBOAOPObI, yKa3aHHbIE B Ta0. 1,
npu HampspbkeHun 775 MB, KoTopoe cOOTBETCTBYET
TeMIlepaType YYBCTBUTEIBHOIO »3JjeMeHTa oT 121
no 131 °C (B 3aBUCHMOCTH OT W3MEPHUTEIHHON CXe-
MBEI).

W3 nonydeHHbBIX pe3ysbTaToOB BUIHO, IIPU pabouem
HanpsbkeHuu 775 MB ceHcopbl BOIOpPOJa UMEIOT BbI-
COKYI0 CEJIEeKTUBHOCTh BOJOPOAA II0 OTHOLICHUIO
KO BCEM HCCIEIOBAaHHBIM yriieBogopoaaM. Ilpu stom
OTKJIMK CEHCOPOB BOZIopoza coctasisieT 10 35 MB/% 00.
OT0 sABNSETCS JOCTaTOYHO BBICOKMM 3HAYCHHEM,

40

N W
o o
1 1 1
]

N
o
1

YyBcTBUTENBHOCTL, MB/% 006.

U. 1. UBAHOB, A. M. BAPAHOB, A. H. JIsIMHUH, C. M. MUPOHOB

XOTSL M 4yTh HIKE, YeM OTKIHMK TEpMOKaTaJIHTHYe-
CKOI'0 CEHCOpa Ha YIJIeBOAOPOIbl HA TPETbEM y4acTKe
(puc. 2, a). llpm >TOM BHAHO, YTO MOCTOBAs CXeMa
o0nafaer Tydiel CeJeKTUBHOCTBIO, YEM CXeMa C Jie-
JIUTENEM HalpsDKEHUs, T.K. UId oOpas3LoB CEHCOPOB
5—8 mpakTUYECKH HE BUJIEH OTKJIMK HA YIJIEBOAOPO.IbI
(puc. 3).

Ha puc. 4 npencraBiieHbl pe3ylbTaThl U3MEPEHUS
OTKJIMKA T€X *e€ 8 KaTalUTUYECKHX CEHCOPOB Ha BO-
JOpOX 1 pa3IMyHbIe YITIEBOAOPOABI IPU HAIPSKESHUN
500 MB, KOTOpOE COOTBETCTBYET TEMIIEPATYPE UYBCT-
BHUTEILHOTO deMeHTa oT 66 mo 90 °C (B 3aBHCHMO-
CTH OT U3MEPUTENBHON CXEMBI).

W3 nomnyyeHHbIX pe3yabTaToOB BUIHO, YTO IIPH Ha-
npsbxkennuu 500 MB ceHcophl BOIOpOAA TAKKE UMEOT
BBICOKYIO CEIEKTUBHOCTh BOJOPOAA IO OTHOLICHUIO
KO BCEM HCCJIEeI0BaHHBIM yriieBogopoaam. Ilpu stom
OTKJIMK CEHCOpPa, XOTS U YMEHBIIWIICS, HO COCTABIISIET
nopsizka 25 MmB/% 00.

[Ipu sTOM naHHbIE Ha puc. 3 U 4 JEMOHCTPUPYIOT,
YTO MOCTOBAs CXeMa MMEET SIBHOE IPEUMYILIECTBO B Ce-
JIEKTUBHOCTH, XOTSI M1 U3MEPUTEIIbHAS CXeMa C JeIuTe-
JIeM IIOKa3bIBaeT XOpOILIMe pe3ysbTaThl. Takum o0pa-
30M, OBUIO IIOKa3aHO, YTO CEJIEKTHBHOE H3MEpEHHE
BOJIOPOJ]a MOJKHO IPOBOIUTH IIPHU TEMIIEpaTypax HU-
xe 90 °C.

*
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Taou1. 2. Pacxo/ ra3oBbIX KOMIIOHEHTOB 2-KOMIIOHEHTHBIX CMecel M pe3yJbTaThl H3MEPEHHs! BOZOPOaa
MIpH HapsDKEHUH muTanus ceacopa 500 u 775 MB
o =) =)
IToTok ra30B cMeCH B OTHOCHTENBHBIX SANHUIIAX s 5 5 = =
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= =
OTHOCHUTEIbHBIE €UHULIBI % 00. % 00. % 00. % 00.
40 40 — - - - 0.502 0.505 0.512 0.519
40 - 40 - - - - 0.502 0.505 0.511 0.535
40 - - 40 - - - 0.502 0.243 0.426 0.515
40 - - - 40 - - 0.502 0.333 0.486 0.506
40 - - - - 40 - 0.502 0.513 0.533 0.534
40 — — — — — 40 0.502 0.518 0.567 0.767

Tao6a. 3. IlorpebasiemMast MOIIHOCTD PA3JIMYHBIX MIEKTPHUECKUX CXEM C CEHCOPOM BOJOPOJA NP HANPSHKEHUH

mutanug 500 u 775 mB

[orpebnsemas momuocTs | [loTpebnsemas MOIIHOCTH
[otpebnsiemast MOIITHOCTH
HanpsokeHne nuTanus ., CXEMBI C JIeUTeNIeM CXEMBI C JIeUTeNIeM
MOCTOBOW CXEMBbI

MB (MBr) R=110wm R=150m

(MBT) (MBT)
500 8.6 9.1 8.56
775 15.5 19.9 18.5

Janee ObuTH TIpOBEIEH

bl UBMEPCHUA JIBYXKOMIIO-

HEHTHBIX CMecel, B KOTOPBIX IEpBBIM KOMIOHEHTOM
OBLT BOZIOPOI, a BTOPHIM ra3 u3 Tabmn. 1. Takue cmecn
9aCTO BCTPEYAIOTCSI B MPOMBIIIIEHHOCTH U SIBIISIOTCS

‘IpCSBH‘I&ﬁHO CJIO)KHBIMH

U paclio3HaBaHuA, T.K.

B UX COCTaBe BCE ras3bl roproure. M3Mepenns mpoBo-

AWUJIACH TTPU HAIIPSXKCHUAX

500 u 775 MB B MocTOBOI

W3MEpPUTENBHOU cXeMe. BHHapHbBIE CMECH TOpIOYUX
ra3oB IMONydYasu ImyTeM cMmemmuBaHus ucxoausrx [1I'C
(tabm. 1) B muddysnonHoir raszoBoit kamepe. Coot-
HOLIEHHE MOTOKOB MCXOIHBIX KOMIIOHEHTOB 3a/1aBa-

JIOCh PEryJIsTOpaMH I'a30B

oro moroka. Cxema ycra-

HOBKM omrcaHa B paborax [10, 13]. B tabm. 2 mpen-
CTaBJICHBI 3aJ[aHHBIE M W3MEPEHHBIC 3HAYECHHs KOH-

HeHTpanuu BOAOpOIda B C

MeCsIX BOJIOpPOI—YTIIEBOIO-

pox. IlpencraBiieHHble pe3yabTaThl SBISIFOTCSA Cpel-

HUMH 3HA4YEeHUSIMH 1o 15

n3mepeHusMm. M3 tabm. 2

BHUIHO, pa3pabOTaHHbIE TEPMOKATAJIUTHUYECKUE CEH-
COpbl U METOJMKA HU3KOTEMIIEPATypHBIX M3MEpPEHUN
BOJIOPOJIa MMEIOT BBICOKYIO CEIEKTUBHOCTh M T03BO-
JSIIOT OIpeneNsaTh KOHIIEHTPALMI0 BOAOPOJa B yrile-

BOJIOPOAHBIX CMECHX.

[Tony4yennsle 3HaueHHs KoHUeHTpauuii npu 0.5
u 0.775 B HariaHo MOKa3bIBAIOT, YTO Y MPEIIOKEH-
HOI'O METOZa M3MEPEHHUIl CYIIECTBYIOT TI'pPaHHYHbIE
ycioBus ero npuMmeneHus. llpu temmnepaTtypax Hike
100 °C nHa mporecc U3MEpPEeHHsS BIUSAIOT (aKTOPHI
BHEILIHEH Cpenbl, KOTOPhI€ YBEINYUBAIOT OIIMOKY M3-
Mepenuii. HeoOxoammo oOTMETHTb, dYTO OonbIIas
omrOKa B M3MEPEHHUSIX CMECH BOIOPOI—ATHUJICH CBSI-
3aHa C MOBBIIICHHON OKHCIUTENbHOU CIIOCOOHOCTBIO
9TUJICHA HA MOBEPXHOCTU YKA3aHHOI'O THIA KaTanu3a-
TOpa, YTO XOPOIIIO 3aMETHO Ha pHuc. 2, a. Meromp! 60pb-
Obl C 3TUMHM SIBJICHUSMH HE SBISIOTCS LIEJbIO JaHHOU
paboTHI 1 TPEOYIOT AOMOIHUTETFHOTO UCCIICAOBAHUSL.

B pabGore Obima cpenmaHa oOIeHKa MOTPeOIsIeMOit
MOIIIHOCTH BOAOPOJHBIX CEHCOPOB. AHAJIOTMYHBINA
CEHCOp METaHa B MOCTOBOWM HM3MEPHUTEIBHOM CXeMe
nmeer sHepronorpednerne 140-150 mBt npu pabo-
yem HampspkeHuu 2.8 B [17]. 3Hadenus motpebise-
MOl MOIIHOCTH YCTPOMICTB €O CXEMaMH AEIUTENs
U MOCTOBOH MOIKIIOUEHHS TEPMOKATAIUTHYECKOIO
CEHCOpa BOJOPOAA IPU HArpeBaroLIeM HampsHKEHUH
500 u 775 MB mpuBenens! B Tabm. 3.
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3AK/IIOYEHHUE

B pabore BnepBble MoKa3aHa BBICOKAsl CEIEKTHB-
HOCTb KaTaJIMTHYECKUX CEHCOPOB BOAOPOAA K APYTUM
yraeBogoposaM (MeraHy, TpomaHy, TekcaH, OyTaHy,
dTaHy W JTHIEHY) mpu paboueil TemmepaTrype MeHee
70 °C.

Jnst m3MepeHns OTKIIMKA CEHCOPOB B 3aBUCHMOCTH
OT MPWJIOKEHHOI'0 HAarpeBaloIlero HaupsHKeHus! ObLIN
HCIIOJIb30BaHbI ABE U3MEPUTEIbHbBIE CXEMBI: MOCTOBAS
n3MepUTenbHAs cxeMa M cxema c¢ genureneM. [loka-
3aHO, YTO CEJIEKTUBHOCTh CEHCOPOB BOAOPOXA 3aBHU-
CUT OT TEMIIepaTypbl YYBCTBHUTEIBHOIO 3JIEMEHTA
TEpPMOKATaJIUTHYECKOI0 ceHcopa. Bricokas cenexkTus-
HOCTb K BOJIOPOLY AOCTUTAeTcss B OONACTH HU3KHX
temnepatyp, meree 150 °C. Pa3paboransl MeTOTMKH
n3MepeHns Bopopoaa B auamnazone 66—130 °C. Ilpu
3TOM CEHCOPBl MMEIOT BBICOKYIO UYBCTBUTEIBHOCTD,
nopsizka 30 MB/% 00.

OueBnIHO, YTO BO3MOXKHO U JajIbHEHIIEee CHHXKe-
HUE TEMIIEpaTyphl KaTaJUTUYECKOI0 CEHCopa A0 KOM-
HATHBIX 3HAYCHHH. DTO JAENaeT ero KOHKYPEHTHBIM
C IPYTHIMH THUTIAaMH BOAOPOIHBIX ceHcopos [19].

Iloka3aHo, 4TO MakKCHMallbHOE 3HAa4YEHUE CeJeK-
TUBHOCTH U YyBCTBUTEIBHOCTH MMEET MOCTOBAs M3-
MepuTenbHas cxema. [Ipu 3ToM MMHUManbHasE MO-
TpeOsieMast MOIITHOCTh cocTaBiser 8.6 MBT, 4to co-
OTBETCTBYET JIYYLINM SKCIIEPUMEHTAIILHBIM 00pa3nam
KaTAINTHYECKUX TaTdukoB [20].

VY4uuThIBas, 9YTO KaTAIUTHYECKUE CEHCOPHI MMEIOT
OBICTPBIIl OTKJIMK, MOXHO 3aKJIFOYMTh, YTO TEPMOKa-
TAJIUTHYECKHE CEHCOPHI BOLOPOJA SBISIOTCS JIYUIINM
pewieHreM i oOHapy>KeHUsl BOJOPOAA B AxAINa3oHe
NOB3pbIBHBIX KOoHUeHTpaumid 0.1-2% 00. Hccneno-
BaHHBIE B 3TOH padoTe CEeHCOphl BOIOPOJA H3rOTaB-
JMUBAIOTCS 10 CcepuitHON TexHomoruu. COBOKYITHOCTH
XapaKTEPUCTUK CEHCOPOB, TAaKUX KaK YyBCTBUTEIb-
HOCTb, CEIIEKTUBHOCTb, HU3Kas padodas TemIeparypa,
Majoe JHepromnorpeldieHue, MO3BOISIET HaAesIThCs
Ha MX IIMPOKOE NPHMEHEHHE B Tra30aHaIM3aTOpax
BOJIOPOJIa B PA3JIMYHBIX O0IACTIX MPOMBILIUICHHOCTH.

Paboma evinonnena npu noodepycxke PH®D, npoexm
Ne 22-29-00433.
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INVESTIGATION OF THE SENSITIVITY AND SELECTIVITY
OF A THERMOCATALYTIC SENSOR OF HYDROGEN

I. 1. Ivanovl, A. M. Baranovl, A.N. Lyaminl, S. M. Mironov®

"Moscow Aviation Institute, Russia
2Scientific and Technical Center for Measuring Gas Sensing Sensors named after E.F. Karpov, Lyubertsy, Russia

For the first time the study demonstrates the high selectivity of catalytic hydrogen sensors to other hydrocar-
bons (methane, propane, hexane, butane, ethane and ethylene) at an operating temperature less than 70 °C. Two
circuits were used to measure the response of sensors: a Wheatstone bridge circuit and a divider circuit. The hy-
drogen measurement was conducted at the temperatures ranging from 66 to130 °C. It is shown that the sensors
have a high sensitivity of 25-35 mV/% and a low power consumption of approximately 8.6 mW. The Wheat-
stone bridge circuit was observed to have the maximum value of selectivity and sensitivity.

Keywords: thermocatalytic hydrogen sensor, low-temperature measurements, selectivity, sensitivity, power consumption

INTRODUCTION

One of the main directions in the race for environ-
mentally acceptable energy technologies is the desire
for further decarbonization of the atmosphere. To this
end, the consumption of mazut, petroleum, and coal is
being reduced due to the temporary replacement of
these fuels with environmentally cleaner natural gas.
In the future, the struggle for efficient energy sources
and the decarbonization of the atmosphere will inevit-
ably lead to the development of hydrogen energy,
which will allow for the load balance of energy net-
works in the conditions of the current instability of
energy generation using renewable sources.

The advantage of hydrogen is that it is an ideal
source of energy and an environmentally friendly fuel.
Its heat of combustion (1.17 GJ/kg) is almost three
times that of petroleum and four times that of coal or
natural gas. By 2030, its annual demand can be ex-
pected to grow to 100-114 million tons of hydrogen
[1].

However, on the way to the environmentally sound
use of hydrogen in power plants, in car engines, and
other vehicles, there are quite high "barriers" that limit
this direction.

Although hydrogen can be found in natural depo-
sits (for example, of coal), almost all hydrogen con-
sumed today is produced only industrially and is used,
— this is very important, —in the places of its pro-
duction (for the needs of oil refining, chemical indus-
try, and metallurgy). For the purposes of energy and
transport, it is necessary, in addition to the production
itself, to ensure its transportation, storage, and safe
combustion.

At the same time, given the high flammability of
hydrogen, it is important to ensure the safety of people
and property wherever we encounter hydrogen. Hy-

50

drogen sensors are essential to comply with safety
regulations and ensure the smooth and safe introduc-
tion of hydrogen as an alternative energy source. This
requires the development of advanced hydrogen sen-
sors using new materials, design, sensor principles,
and measurement techniques, depending on current
requirements and new areas of hydrogen application.
As a result, a large number of articles and reviews on
various aspects of hydrogen sensors [2—7] have ap-
peared in recent years.

Many groups are working on the miniaturization of
thermal catalytic sensors. But miniaturization does not
solve the fundamental problems of catalytic sensors,
in particular, the high measurement temperature [8].
Other groups are working to reduce power consump-
tion through the use of microelectromechanical sys-
tems (MEMS) and temperature reduction [9].

Work is underway to develop new catalysts [10].

The most common task in the field of gas analysis
is the control of the hydrogen content in various
processes in metallurgy, the chemical industry, and
medicine. In addition, mixtures of methane with hy-
drogen are also considered as fuel, since they provide
low NOy emissions [11].

From the point of view of preventing explosive sit-
uations during hydrogen combustion, the most rele-
vant range for measuring the hydrogen concentration
in air lies between 0.1% vol. (lower limit of hydrogen
detection established in various countries) and 2% vol.
(50% of the lower concentration limit of flame propa-
gation). For this range, it is optimal to use thermal
catalytic sensors in hydrogen gas analyzers. Their ad-
ditional advantages, compared with other types of
sensors, are fast response, low cost, small size and
weight.

The main disadvantages of thermal catalytic sen-
sors are:
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— low selectivity (in addition to hydrogen, the sen-
sors will also respond to other combustible gases and
vapors), which complicates their use;

— high power consumption (due to the need to heat
the sensors up to an operating temperature of around
400 °C) limits their use in autonomous gas analyzers;

— degradation of the catalyst due to exposure to
catalytic poisons (for example, hydrogen sulfide) and
carbonization of its surface.

Considering hydrogen thermal catalytic sensors, in
addition to the above, it is necessary to take into ac-
count the high fluidity and explosiveness of hydrogen.
This requires specific explosion protection for hydro-
gen sensors [12]. On the other hand, the use of pure
hydrogen unequivocally reduces the degradation of
the sensor catalyst due to the absence of toxic compo-
nents.

As has already been shown in previous works, the
catalysts of thermal catalytic sensors behave different-
ly in the presence of hydrocarbons and hydrogen. In
particular, the temperatures at the onset of "burning"
of hydrogen and hydrocarbons vary greatly [10, 13].
At the same time, the common thing is that in the ini-
tial stage there is a strong dependence of the sensor
response on temperature, and then the response of the
thermal catalytic sensor goes to a constant value.
Therefore, thermal catalytic sensors operate in this
temperature range.

It should be noted that, although the power of
thermal catalytic sensors has been reduced to less than
10 mW due to the MEMS design, their operating tem-
perature is still above 200 °C [14].

Considering hydrogen sensors, the main problems
of thermal catalytic sensors are low selectivity and
high operating temperature of the sensitive element
and, as a result, high energy consumption and in-
creased explosiveness (in particular, the exothermic
reaction of catalytic oxidation of hydrogen is consi-
dered in the "Standards ..." as a possible source of ig-
nition [15]). Therefore, the aim of this work was to
develop selective, low-temperature, and low-power
thermal catalytic hydrogen sensors with an operating
temperature range close to room temperature.

The authors have already analyzed the methods of
low-temperature measurements [16]. In this work, we
paid special attention to the selectivity of hydrogen
sensors at measurement temperatures below 100 °C.

EXPERIMENTAL PART

Thermal catalytic hydrogen sensors are pellistors
and were manufactured by OOO NTC IGD (Lyubert-
sy). The sensor consisted of a spiral made of cast pla-
tinum microwire in quartz insulation. Quartz insula-
tion provides additional protection for platinum from
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external influences at high temperatures and thus sta-
bilizes its parameters. The resistance of the sensors at
room temperature is approximately 11 €.

To fabricate a working sensor, a platinum micro-
wire was first coated with porous y-Al,O;, which
acted as a catalyst carrier. In the second stage, y-Al,O;
was impregnated with solutions containing precursors
of the desired catalyst. The catalyst was Pt:Pd in
a ratio of 1:3, prepared from an aqueous solution con-
taining 0.6 M PdCl, and 0.2 M H,PtCls. A more de-
tailed description of the sensor can be found in the
literature [10, 17].

The sensors were located on the measuring board
in the chamber into which the target gases were intro-
duced. The control gas mixtures (CGM) of hydrogen
and hydrocarbons indicated in Tab. 1 were taken as
initial gases.

Tab. 1. Target gas concetrations

To measure the response of sensors depending on
the applied heating voltage, two measuring circuits
were used: a bridge measuring circuit and a circuit
with a divider (Fig. 1).

Fig. 1. Bridge measuring circuit (a) and voltage
divider measuring circuit (0)

Each of these schemes has its advantages and
shortcomings described in the literature. Experimental
results show that the voltage divider circuit provides
significant energy savings due to the use of one work-
ing sensor instead of two sensors (working and refer-
ence) in the measurement circuit of the Wheatstone
bridge. This is very important for stand-alone applica-
tions, in particular for wireless gas sensors. At the
same time, the voltage divider circuit has a lower re-
sponse than the Wheatstone bridge circuit under the
same conditions [18]. It can be expected that the se-
lectivity of hydrogen sensor measurements also de-
pends on the measurement scheme.

It's worth noting that the energy consumption of
both schemes is roughly comparable in the tempera-
ture range under consideration.

RESULTS AND DISCUSSION

Since the optimal temperature values of the sensor
operation were not known in advance, we measured
the values of the response to the applied voltage. The
measuring circuit made it possible to supply both the
bridge circuit and the divider circuit with voltage Uy,
in the range from 0.1 up to 3.25 V in 50 mV steps.



52 U. 1. UBAHOB, A. M. BAPAHOB, A. H. JIsIMHUH, C. M. MUPOHOB

Fig. 2. Dependence of the sensor response on the ap-
plied voltage for hydrogen and hydrocarbons.

a — in the bridge circuit,

6 — in the voltage divider circuit

To ensure the stabilization of the temperature of
the sensors, the response measurements were per-
formed 25 s after each voltage change.

Figs. 2, a, and 2, 6, show the experimental depen-
dence of the response of thermal catalytic sensors in
a hydrogen-containing medium on the applied supply
voltage.

An increase in voltage U, from 0.1 to 3.25 V cor-
responds to a change in the working sensor tempera-
ture from 21 to 500 °C for the bridge circuit (Fig. 2, a)
and from 21 to 622 °C (Fig. 2, 6) for the circuit with
divider. It can be seen that all the obtained depen-
dences have the same shape as the response, which
consists of three stages. In the initial stage, the sensor
response slightly increases with temperature (for hy-
drogen, this section is absent; most likely, it is in the
region of negative temperatures). In the second stage,
the sensor response sharply increases with tempera-
ture. At this stage, the combustion reaction rate de-
pends on the temperature of the sensor. In the third
stage, the sensor response begins to weakly depend on
temperature, since the burning rate is limited by the
rate of diffusion of the target gases to the sensitive
element of the sensor. Traditionally, concentration
measurements are carried out in the third stage.

It is important to note again that the temperatures
of the sensor in the bridge circuit and in the circuit
with a divider are slightly different at the same ap-
plied voltage.

Fig. 2 also shows that the response of the thermal
catalytic sensor to hydrogen starts at room tempera-
ture. At the same time, active combustion of other
hydrocarbons began at a temperature above a certain
value of the heating voltage — 1 V, which corres-
ponds to 167 °C. This is especially evident in the
bridge circuit. It can be seen that the selectivity of hy-
drogen sensors depends on the temperature of the sen-
sitive element. Reduction of the temperature increases
the selectivity of hydrogen sensors. Thus, it is obvious
that by reducing the temperature of the thermal cata-
lytic sensor, it is possible to achieve a selective mea-
surement of hydrogen in any hydrocarbon atmos-
phere. It is important to note that the response of a
divider circuit is always less than that of a bridge cir-
cuit (as mentioned above, this is a result of the mea-
surement technique).

The selectivity of hydrogen sensors was deter-
mined for two operating voltages: 500 and 775 mV.
An operating voltage of 775 mV heats the sensitive
element of the sensor up to temperatures of the order

of 121 and 131 °C, respectively, for the divider circuit
and the bridge circuit. A voltage of 500 mV — up to
temperatures of about 66 and 90 °C for the divider
circuit and the bridge circuit, respectively. We looked
at cases where the temperature was slightly higher and
lower than 100 °C. A temperature of 100 °C is critical
for a thermal catalytic sensor, because it transforms
water molecules into a gaseous state.

For the study, eight sensors were taken, installed
on a measuring board placed in a gas chamber. In this
case, sensors 1 and 2 were installed in a divider circuit
with the resistance R1 = 12 Q (which is approximately
equal to the sensor resistance at room temperature).
Sensors 3 and 4 were also installed in a divider circuit,
but with the resistance R1 = 15 Q (which is approx-
imately equal to the sensor resistance at a temperature
of 130 °C). Sensors 5-8 were installed in a bridge
measuring circuit.

Fig. 3 shows the results of measuring the responses
of 8 thermal catalytic sensors to hydrogen and various
hydrocarbons listed in Tab. 1, at a voltage of 775 mV,
which corresponds to a temperature of the sensing
element from 121 up to 131 °C (depending on the
measuring scheme).

Fig. 3. Diagram of the sensitivity of 8 sensors to vari-
ous gases at a voltage of 775 mV

From the obtained results, it can be seen that at an
operating voltage of 775 mV, hydrogen sensors have a
high selectivity for hydrogen with respect to all inves-
tigated hydrocarbons. In this case, the response of hy-
drogen sensors is up to 35 mV/% vol. This is a high
enough value, although slightly lower than the re-
sponse of the thermal catalytic sensor to hydrocarbons
in the third stage (Fig. 2, a). It can be seen that the
bridge circuit has better selectivity than the circuit
with a voltage divider, because the response to hydro-
carbons is almost invisible (Fig. 3) for sensor samples
5-8.

Fig. 4 shows the results of measuring the response
of the same 8 catalytic sensors to hydrogen and vari-
ous hydrocarbons at a voltage of 500 mV, which cor-
responds to a temperature of the sensitive element
from 66 to 90 °C (depending on the measuring cir-
cuit).

Fig. 4. Diagram of the sensitivity of 8 sensors to vari-
ous gases at a voltage of 500 mV

It can be seen from the results obtained that, at
a voltage of 500 mV, hydrogen sensors also have
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a high selectivity for hydrogen with respect to all the
studied hydrocarbons. In this case, the response of the
sensor, although it has decreased, is about 25 mV/% vol.

The data in Figs. 3 and 4 show that the bridge cir-
cuit has a clear advantage in selectivity, although the
divider circuit also performs well. Thus, it was shown
that the selective measurement of hydrogen can be
carried out at temperatures below 90°C.

Further, measurements of two-component mixtures
were carried out, in which the first component was
hydrogen, and the second was the gas from Tab. 1.
Such mixtures are often used in industry and are ex-
tremely difficult to recognize, because all gases are
flammable. The measurements were carried out at
voltages of 500 and 775 mV in a bridge measuring
circuit. Binary mixtures of combustible gases were
obtained by mixing the initial CGMs (Tab. 1) in a dif-
fusion gas chamber. The ratio of the flows of the ini-
tial components was set by the gas flow regulators.
The set up layout is described in [10, 13]. Tab. 2
shows the given and measured values of the hydrogen
concentration in hydrogen—hydrocarbon mixtures. The
results presented are averages of 15 measurements.
Tab. 2 shows that the developed thermal catalytic sen-
sors and the method of low-temperature measure-
ments of hydrogen have a high selectivity and make it
possible to determine the concentration of hydrogen in
hydrocarbon mixtures.

Tab. 2. Gas components consumption in 2-component
mixtures and hydrogen measurement results at sensor
supply voltage of 500 and 775 mV

The obtained concentration values for 0.5 and
0.775 V clearly show that the proposed measurement
method has boundary conditions for its application. At
temperatures below 100 °C, the measurement process
is affected by environmental factors that increase the
measurement error. It should be noted that a large er-
ror in the measurements of the hydrogen—ethylene
mixture is associated with an increased oxidizing abil-
ity of ethylene on the surface of this type of catalyst,
which is clearly seen in Fig. 2, a. Methods of combat-
ing these phenomena are not the aim of this work and
require additional research.

In the work, an estimate was made of the power
consumption of hydrogen sensors. A similar methane
sensor in a bridge measuring circuit has a power con-
sumption of 140-150 mW at an operating voltage of
2.8 V [17]. The values of the power consumption of
the hydrogen sensor for a voltage of 500 and 775 mV
per sensor are given in Tab. 3.
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Tab. 3. Power consumption of the hydrogen sensor at
500 and 775 mV voltage supply

CONCLUSION

For the first time, the work shows the high selec-
tivity of catalytic hydrogen sensors to other hydrocar-
bons (methane, propane, hexane, butane, ethane, and
ethylene) at an operating temperature of less than
70 °C.

To measure the response of sensors depending on
the applied heating voltage, two measuring circuits
were used: a bridge measuring circuit and a circuit
with a divider. It is shown that the selectivity of hy-
drogen sensors depends on the temperature of the sen-
sitive element of the thermocatalytic sensor. High se-
lectivity to hydrogen is achieved at low temperatures
below 150 °C. Techniques for measuring hydrogen in
the range of 66—130 °C have been developed. In this
case the sensors have a high sensitivity of about
30 mV/% vol.

It is obvious that a further decrease in the tempera-
ture of the catalytic sensor to room values is also poss-
ible. This makes it competitive with other types of
hydrogen sensors [19].

It is shown that the bridge measuring circuit has
the maximum value of selectivity and sensitivity. In
this case, the minimum power consumption is
8.6 mW, which corresponds to the best experimental
samples of catalytic sensors [20].

Given that catalytic sensors have a fast response, it
can be concluded that thermal catalytic hydrogen sen-
sors are the best solution for detecting hydrogen in the
range of pre-explosion concentrations of 0.1-2% vol.
The hydrogen sensors studied in this work are manu-
factured using comercial technology. The combination
of sensor characteristics, such as sensitivity, selectivi-
ty, low operating temperature, and low power con-
sumption allows us to hope for their wide application
in hydrogen gas analyzers in various fields of indus-

try.
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